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Abstract
It is rather common today to apply steel fibre reinforced self compacting concrete (SFRSCC) 
in bonded overlays. Major benefits are that the demanding handling of steel bar reinforcement 
is eliminated and that no external vibrators are needed for the compaction. The use of 
SFRSCC can thus lead to a substantial improvement of the working environment and 
additionally, increase productivity. An obstacle for the application of steel fibre reinforced 
concrete (SFRC) is however that a method for the design with regard to crack width limitation 
is lacking. This is troublesome considering that steel fibres typically are applied as a 
reinforcement controlling cracking.

The work presented in the thesis has thus primarily focused on methods to evaluate the 
efficiency of steel fibres in this regard. More specific, test methods and theoretical analyses 
have been used to assess the cracking response of thin concrete specimens exposed to 
restrained shrinkage. The experimental methods adopted for the evaluation were: (1) a test rig 
in which restraint was only provided at the ends and (2) so-called half scale overlay strips, 
where a more realistic restraint was provided by bond to an underlying slab.

Results showed that steel fibres may provide a significant contribution in regard to crack 
width limitation. However, the considered type and amounts of fibres, up to 0,75 % by 
volume (or 60 kg/m3) of an end-hooked type of fibre, did not offer sufficient resistance so as 
to distribute cracks in situations when bond to the substrate was excluded, i.e. when restraint 
was only provided at the ends. For bonded overlays on the other hand, a well distributed 
pattern of fine cracks, in the order of 0,05-0,1 mm, were observed both for un-reinforced 
concrete as well as for SFRSCC. An important conclusion is that reinforcement will not be 
required to control shrinkage cracking of thin overlays (50 mm in the tests) if a sufficiently 
high bond strength is achieved. It may however be difficult to determine in advance when 
adequate bond conditions can be expected so as to prevent major debonded areas.  

Some guidance on the bond conditions can be given based on results from pull-out tests, in 
which factors such as surface treatment and concrete quality of substrate were assessed. 
Roughening was not found to be essential for high bond strength to be achieved. Instead, the 
humidity condition in the substrate seems to be the most critical parameter. It is recommended 
that moistening of the substrate is initiated one or a few days in advance and finalised some 
hours prior to overlaying in order to let the surface dry back. Notice that there is an apparent 
risk of completely destroying the bond strength if moisture is added to the substrate too late. 
Poor bond strength may also result if the substrate is not moistened at all. However, it was 
found that the need for pre-moistening depends on the quality of the substrate concrete, or 
rather the permeability. Thus, for concrete substrates with w/c-ratios below approximately 
0,45 it was observed that pre-moistening is not necessary in order for high bond strength to be 
achieved.

Furthermore, an analytical model, which was shown to give rather good correlation with 
experimental results, has been developed to assess the risk of cracking and to predict crack 
widths. Factors considered are the shrinkage development, maturity, stress relaxation and the 
degree of restraint provided by the substrate while the residual strength of SFRSCC is 
employed to predict the influence of fibres on crack widths.
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Sammanfattning
Tunna pågjutningar är en relativt vanlig applikation för stålfiberarmerad självkompakterande 
betong (SFRSCC). Fördelar är att den ofta tunga och slitsamma hanteringen av armering 
elimineras samt att externa vibratorer inte krävs för att kompaktera betongen. Användning av 
SFRSCC leder således framför allt till en bättre arbetsmiljö men även till en markant ökning 
av produktiviteten. Ett stort hinder är dock att det idag saknas metoder för att dimensionera 
fiberbetong med avseende på sprickviddsbegränsning. Detta är bekymmersamt eftersom 
stålfibrer primärt används som just sprickarmering.   

Arbetet som presenteras i rapporten har således inriktats på metoder för utvärdering av 
stålfibrers inverkan på sprickbegränsning. Mer specifikt har försök och teoretiska 
analysmetoder använts för att studera sprickbildning i tunna pågjutningar till följd av 
mothållen krympning. Provningsmetoder som utvecklats och använts inom projektet var en 
försöksrigg där tunna betongprismor spändes fast i ändarna samt så kallade 
halvskalepågjutningar som gav en mer realistisk tvångssituation.  

Resultaten från försöken visade att stålfibrer ger en betydande reduktion av sprickvidden i 
jämförelse med oarmerad betong. Det kan däremot konstateras att de stålfibrer och mängder 
som studerats, upp till 60 kg/m3 av en fibertyp med ändkrokar, inte klarade av att fördela 
sprickor i situationer där mothållet endast uppstod i betongens ändar, det vill säga då 
pågjutningen inte var vidhäftad mot underlaget.     

För vidhäftade pågjutningar observerades dock fleruppsprickning, med sprickvidder i området 
0,05-0,1 mm, för såväl fiberbetong som för oarmerad betong. En viktig slutsats som kan dras 
är således att armering inte krävs för att kontrollera krympsprickor hos tunna pågjutningar 
(upp till 50 mm har studerats) om hög och jämn vidhäftning mot underlaget kan garanteras. 
Problemet är att det på förhand kan vara svårt att göra en bedömning av i vilka situationer 
som tillräcklig vidhäftning kan förväntas.     

Viss guidning kan ges baserat på resultat från genomförda utdragsförsök, där inverkan av 
förbehandling av motgjutningsytan och betongkvalitet hos underlaget studerades. När det 
gäller förbehandling visade det sig att ytråheten inte har någon avgörande betydelse för 
vidhäftningen medan däremot underlagets fukttillstånd verkar vara en kritisk parameter. 
Generellt rekommenderas att motgjutningsytan förvattnas någon/några dagar före pågjutning. 
Det är dock viktigt att ytan tillåts torka de sista timmarna innan pågjutning eftersom en fuktig 
motgjutningsyta kan ge mycket dålig vidhäftning. Det kan också vara värt att nämna att 
behovet av förvattning minskar då vct hos betongen i underlaget sänks, vilket säkert kan 
relateras till en avtagande permeabilitet. Om underlagets vct är lägre än ca 0,45 behöver 
förvattning inte utföras.

En analytisk modell för bedömning av sprickrisk och beräkning av sprickvidd har även 
utvecklats och överensstämmelsen med försöksresultat visade sig vara relativt god. Faktorer 
som beaktas i modellen är bland annat inverkan av krympning, relaxation, betongens 
mognande och graden av tvång medan fiberbetongens residualhållfasthet utnyttjas för att 
bestämma fibrers effekt på sprickvidder. 
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1 Shrinkage cracking of concrete overlays 

1.1 Background
The technique of applying thin bonded overlays on concrete substrates is frequently applied in 
order to repair or strengthen deteriorated bridge and parking decks or damaged industrial 
floors or as finishing layers on prefabricated elements. In order to ensure that the overlayed 
system maintains durable and fully functioning during the intended service life it is of 
significant importance to limit crack widths and to prevent de-lamination along the interface 
between the two layers.

Both phenomena, cracking and delamination, are usually perceived as being a result of 
deformation differences between overlay and substructure, originating from shrinkage and/or 
temperature variations, settlements or external loads according to Denarié & Silfwerbrand 
(2004). Many researchers and building clients have pointed out that shrinkage is the single 
most important factor determining the service life of an overlayed structure, e.g. Granju et al 
(2004), Rahman et al (2000), Weiss et al (1998), Yuan et al (2002).

Shrinkage in the newly cast overlay causes normal tensile stresses to develop as the 
contracting movement to some extent is restrained by the substrate. If the stresses reach the 
strength of the overlay material cracks will start to propagate through the overlay, see Figure 
1.1. The restrained shrinkage also induces a stress field near free edges that tends to lift the 
edge vertically, so called curling or edge lifting as shown in the figure.

Figure 1.1 – Cracking and edge lifting of a bonded overlay exposed to shrinkage.

Why is cracking and curling undesired? 
The severity of cracking and curling depends on the situation in which the overlay is applied. 
For instance, Sherman et al (2004) argues that cracks (and curling) in a concrete floor will 
impede fork lift truck traffic, inhibit cleaning in addition to being aestetically unacceptable. 
Other negative aspects related to un-controlled cracking may be impaired load capacity or 
durability, decreased stiffness and increased deformations of the overlayed structure, Concrete 
Report no 3 (1994). A cracked and debonded overlay can furthermore not be expected to fulfil 
demands on noise reduction. Cracks may also cause corrosion on embedded reinforcement or 
destroy the function of water retaining structures.  

What can be done to avoid cracking? 
Several measures may be undertaken in order to minimise the risk of cracking and curling. 
The most obvious is certainly to reduce the material shrinkage, as it is the driving force for 
stresses. This may be done by optimising the concrete composition through minimising the 
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content of cement paste and maximising the amount of coarse aggregates. A problem is 
however that demands on e.g. pumpability and workability are often governing for thin 
overlays, which implies that it is rather difficult to limit the amount of paste and so the 
shrinkage. An alternative measure may be to introduce a Shrinkage Reducing Admixture 
(SRA). The effect of SRA has been studied quite extensively over the last 10-15 years, e.g. 
Ohama et al (1988), Shah et al (1992), Grzybowski & Ohama (1996) and Weiss & Shah 
(2002), and the technique may now be regarded as an accepted method to control concrete 
shrinkage.

Other measures that may be undertaken to limit the effect of cracks are to maximise the strain 
capacity of the concrete or to provide reinforcement to limit and distribute cracks according to 
Concrete Report no 13 (2006). To increase the strain capacity for normal concrete is however 
not a realistic ambition as the stiffness (E-modulus) more or less follows the strength. 
Reinforcement on the other hand, may be provided either by welded mesh or steel bars or by 
mixing fibres into the concrete matrix. Steel fibres are typically used for the purpose of 
limiting crack widths even though the use of so called macro fibres made of polypropylene 
and other polymers have increased over the last few years.

1.2 Significance of the bond situation 
The function of the overlay relies to a significant extent upon the degree to which the overlay 
is bonded to the substrate (e.g. Granju, 1996, 2004 and 2006, Garbacz et al, 2005, 
Silfwerbrand & Paulsson, 1998). Recognising the important role of the bond situation 
Silfwerbrand divided overlays into three categories: (1) fully bonded, (2) partially bonded and 
(3) un-bonded overlays (e.g. Concrete Report no 4, 1995 and Concrete Report no 13, 2006). 
The third category is obtained by separating the overlay from the substructure by for instance 
applying a slippery membrane. Interaction is thus excluded, which means that the design and 
execution will be similar to that of slabs on grade. In case of full interaction on the other hand, 
(1) in Figure 1.2, the strengthened structure will behave in a monolithic way. This means that 
the overlay can be expected to provide an increase in load carrying capacity. In addition, the 
situation creates conditions conducive for an effective crack distribution to be obtained even 
without additional reinforcement.  

In many cases, however, full interaction cannot be guaranteed as the circumstances under 
which overlays are employed vary extensively. It is not unusual, for instance, that appropriate 
measures for preparing the substrate before overlaying are not undertaken. A result will be 
that parts of the overlay are bonded while other parts debond, (2) in the figure. Hence, there 
will not be full interaction between the two layers, and an expected increase in e.g. load 
capacity for a strengthened structure may fail to come. Additionally, it is likely that major, 
uncontrolled cracks develop in debonded zones, particularly in case of insufficient 
reinforcement.  
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Figure 1.2 – Significance of the restraint situation in regard to the crack response of 
overlays. (1) Fully bonded overlay and (2) partially bonded overlay.  

The question for a designer is when it is reasonable to assume continuous interaction (1 in the 
figure) between overlay and sub-base and when partial interaction (2) should be expected. 
Based on the fact that the second case is always the most critical, the safest alternative would 
clearly be to assume a case of partial interaction in all design situations. However, such 
assumption may not always be preferable as it will have impact on the choice of 
reinforcement required to distribute cracks as will be discussed in the following section.

1.3 Crack reinforcement in overlays 
The need for crack reinforcement will be considerably higher in the second case illustrated in
Figure 1.2 as the distributed restraint provided in case of high and even bond conditions has a 
reinforcing effect. This was also recognised by Groth (2000) who stated that the mode of 
failure for an un-reinforced concrete topping would range from well-distributed cracking in 
case of full bond to complete debonding in case of poor bond characteristics. When 
debonding occurs in between areas that are well bonded to the substrate, a situation occurs 
where the restraint is provided at the ends of the un-bonded zone only. The substrate can then 
be expected to contribute solely through frictional action within the corresponding area. In 
such a case it is reasonable to design reinforcement for the full force released as the concrete 
overlay cracks.

Reinforcement has traditionally been provided by steel bars or welded steel mesh. It is 
however becoming more common to use steel fibre reinforced concrete (SFRC) for the 
purpose. An attractive feature of SFRC is that the rather demanding handling of traditional 
reinforcement is eliminated resulting in an improved working environment. The use of fibre 
concrete further implies that the productivity can be increased and that more rational 
production techniques can be adopted. In some situations it may also be possible to reduce the 
thickness of the overlay as no covers are required. Yet another favourable feature of SFRC is 
that corrosion related concerns diminish as conventional steel bars are left out. This means 
that slightly wider cracks may be allowed in some cases. Even for SFRC the load capacity 
may however be put at risk if extensive cracks appear (e.g. Nordström, 2005). Another 
favourable feature of SFRC, which is lifted forward by many researchers, is that the fibres are 
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distributed within the entire section. The general opinion is that this makes SFRC more 
efficient as fibres will come to action earlier than steel bars. 

Despite the fact that SFRC is regularly adopted for the purpose of limiting crack widths and 
distribute cracks there is no reliable method available for the design on this regard. In other 
words, no methods exist to determine what requirements should be put on the SFRC in order 
to guarantee that crack widths are kept within a prescribed limit. Instead it is common that 
fibre concrete is designed/selected based on recommendations relying on experience. A 
number of such experience based design proposals are available according to Granju & 
Turatsinze (2006). Although these methods occasionally may prove to result in “crack-free” 
overlays it is obvious that more reliable approaches, based on real material behaviour, need to 
be developed for the future use of SFRC in overlays.

1.4 Applications for fibre reinforced concrete 
The concept of reinforcing concrete, or rather clay, with fibres goes back several thousands of 
years. However, the major developments have primarily occurred since the 1960’s (Beddar, 
2004). Since then several fibre types, such as natural, vegetable, mineral, glass, 
polypropylene, carbon and steel fibres of various shapes and types, have been developed. The 
use of SFRC as a building material has further increased from originally being applied mainly 
in defence related structures (Groth, 2000). Common application areas today are shotcrete, 
pavements, industrial floors, precast elements and various kinds of repairs. It has further been 
shown that steel fibres may be used to substitute for shear reinforcement in beams and in the 
anchorage zones of pre-stressed structures and for some of the conventional reinforcement in 
house frames, see e.g. Noghabai (1998), Gustafsson et al (1999), Groth (2000), Salomonsson 
(2002) and Dössland & Kanstad (2005).

Even though there is some limited experience of steel fibres being applied for structural 
purposes in e.g. walls and free bearing slabs the most prevailing applications are ground 
supported slabs and overlays, shotcrete disregarded. For instance, Beddar (2004) estimated 
that over 70 % of all field-work undertaken in the USA during the last 25 years on fibre 
reinforced concrete involved different kinds of overlays and ground supported concrete. The 
main incentive for applying fibres rather than welded mesh or steel bars in these situations is 
to increase productivity, reduce costs and improve the ergonomic situation for the workers.  

Several guidelines and recommendations have been proposed over the years for the design of 
fibre concrete, e.g. Holmgren (1987, 1992, 1993), ACI 544 (1988), Skarendahl & Westerberg 
(1989), Concrete Report No 4 (1995), Dramix (1997), Silfwerbrand (2001), Kanstad (2003), 
RILEM TC 162-TDF (2003), Norwegian Guidelines for SFRC (2006). However, a deficiency 
of the proposed methods is that they focus on ultimate limit issues even though serviceability 
demands, such as crack width limitation, are most often decisive as was also discussed above. 
In other words, the design guidelines available specify methods to estimate the load carrying 
capacity in the cracked stage while no guidance is given on how to deal with cracks resulting 
from restrained shrinkage or temperature changes.  

The reason for this is certainly not that research within the field is lacking. Numerous studies 
have been conducted over the years to experimentally evaluate the effect of fibres on cracks, 
e.g. Grzybowski (1989), Grzybowski & Shah (1989, 1990), Weiss et al (1998), Mesbah & 
Buyle-Brodin (1999), Groth (2000), Carlswärd (2002) and Shah (2004), and a few theoretical 
models have been proposed, e.g. Grzybowski (1989) and Shah et al (1998). The question is 
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thus why SFRC is still selected in a more or less experience based manner. One explanation 
may be that the theoretical methods proposed so far are either too complex or that they are not 
directly applicable in practice. Thus, to find a reasonably simple analytical method to assess 
the effect of steel fibres on crack widths was the starting point for the research presented in 
this report.  

1.5 Aims of the research 
A main incentive of the present study is thus to evaluate the response of thin overlays exposed 
to drying shrinkage. More precisely the effect of parameters related to the occurrence and 
growth of cracks are evaluated. The main issues focused on are: 

the effect of steel fibres on cracking due to restrained shrinkage 
development of free shrinkage and the possibility of reducing the shrinkage by adding 
Shrinkage Reducing Admixture (SRA) 
restraint situation or stiffness relation between overlay and substructure 
bond between overlay and substrate. Is it possible to control the quality by selecting a 
proper method of preparation of the substrate and how does the bond situation 
influence the cracking? 
creep response or stress relaxation of concrete exposed to long term loading 
maturity of concrete, i.e. the development of elastic modulus and strength in time 
theoretical modelling of the aforementioned factors 

The intention is for the research to form a basis for future guidance and design of overlays 
with respect to cracks. Such recommendations should consider both design related aspects as 
well as measures required at the construction site in order to accomplish the desired function 
of the overlay. A main ambition is thus to be able to give guidance on e.g. type of steel fibre 
concrete required in order to limit crack widths or how to prepare the substrate surface in 
order to produce a high and even base restraint. It is believed that guidance of such kind will 
facilitate the promotion and utilisation of steel fibre concrete in the future.

1.6 Research approach 
The influence of various parameters on the response of thin bonded overlays is evaluated 
experimentally and theoretically. The experimental part of the study is divided into a series of 
tests as indicated in Figure 1.3. Material properties of the overlay, such as the extent of free 
shrinkage, visco-elastic properties (creep) and the maturity and toughness characteristics of 
steel fibre concrete, are first investigated individually. The influence of the overlay properties 
on cracks is then examined by exposing thin concrete specimens to an end-restrained 
condition, for which a new test method is proposed. A theoretical model of the situation is 
also developed.

The next step is to incorporate the effect of the bond condition. This is accomplished by first 
executing bond tests for various cases of substrate preparations in order to study the effect of 
the preparation technique on the bond quality. Half-scale tests are then conducted, in which 
strips of concrete are cast on old concrete slabs. Methods of substrate preparation are selected 
with the aim of attaining a range of bond levels, i.e. from poor up to perfect bonding, based on 
results from the previous bond tests. It is believed that this will give information regarding the 
crack distributing effect of steel fibres at different degrees of bond restraint. The results are 
also compared to theoretical predictions.  
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The ambition was originally to include a series of full scale tests at the end, in which the 
effect of steel fibres as well as the method of preparation on the cracking of overlays could be 
verified. However, this part was left out as it was difficult to find an appropriate construction 
site within the time span given for the project.  

Figure 1.3  – Components of the research adopted for assessing the influence of various 
factors on the response of overlays exposed to shrinkage according to the original plan. 
Notice that full scale testing was excluded.  

1.7 Limitations 
Numerous factors influence the response of bonded overlays. For obvious reasons it is not 
possible to include all of these in a limited research project. The most important limitations 
concern the following areas:

Overlay geometry: only thin layers of concrete, within the range 35-50 mm, have been 
studied. It is believed that the potential of cracking and debonding is most severe for 
such overlays as an increased thickness will reduce the degree of restraint for a given 
substructure and slow down the rate of shrinkage.

Concrete: only one type of concrete has been used in the restrained shrinkage tests, 
self compacting concrete with a w/c-ratio of 0,58 and a maximum aggregate size of 8 
mm. This may be regarded as a typical concrete type for thin overlays.

Shrinkage: only drying shrinkage is considered. The present research is thus primarily 
related to concrete of normal to high w/c-ratios for which the autogeneous shrinkage is 
negligible. The effect of Shrinkage Reducing Admixture, which was investigated 
within the test programme, was restricted to only one type.

Steel fibres: the test programme only includes one type of fibres; end-hooked steel 
fibres of the type Dramix® RC-65/35-BN (RC-80/60-BN in Appendix B). It is realised 
that different results may be obtained with other types of fibres or fibre-concrete types.

Free shrinkage

Creep

Bond

HEA 160

Bonded overlay strips

End-restrained shrinkage

Toughness

Theoretical 
model

Material 
properties

Full scale 
tests
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Creep: creep tests were conducted in compression although it is clear that the tensile 
creep is the factor of interest. The creep response was further studied only for two ages 
of load application, 1 and 7 days after concrete mixing.  

Bond: the bond was evaluated between overlay and concrete substructure only. The 
methods of preparation of the substrate prior to overlaying adopted in the tests were 
further restricted to priming (one type), pre-moistening and milling. Moreover, a 
similar type of concrete, self compacting with w/c ratios of 0,53-0,58, was used in all 
cases. Another factor left out in the studies, which most certainly will affect the bond, 
is the quality of the substructure. New bottom slabs were produced in order to ensure 
similar properties for all tests. As the quality of the slabs was rather high the test 
results do not give any evidence regarding the bond that can be expected in case of 
old, degraded concrete.

Test methods: Deficiencies can certainly be found in the set-ups and procedures 
adopted for restrained shrinkage testing. However, it should be pointed out that a main 
focus of the work has been to develop the test methods. In other words, the tests 
should to some extent be regarded as initial trials in a limited test series.   

1.8 Outline of the report 
Test methods reported for the evaluation of restrained shrinkage cracking are reviewed in 
Chapter 2. Some examples of results on the effect of fibres on crack widths are also provided 
in the chapter. Previous theoretical modelling approaches of overlays exposed to restrained 
shrinkage are then brought up in Chapter 3, while the various parameters required for the 
design of overlays are discussed in Chapter 4.

The tests carried out within the project are dealt with in Chapters 5, 6 and 7. A test method 
developed to evaluate the cracking response of end-restrained concrete exposed to shrinkage 
is described in Chapter 5. The chapter also includes a description of a theoretical model 
developed to predict the response of the end-restrained tests. In Chapter 6 and 7 the effect of 
the bond conditions is evaluated through two types of tests. The bond strength achieved for a 
few different substrate preparations and substrate concrete types is discussed in the first of the 
chapters while half-scale bonded overlay tests are presented in the last mentioned chapter. 
The basis of a theoretical model is also discussed here.  

An analytical model, based on experience from the previously mentioned tests and the review 
of previous research, is proposed in Chapter 8. Finally, some conclusions as well as 
suggestions for further research are given in Chapter 9. 
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2 Test methods available to validate the efficiency of steel fibres 
on crack width limitation 

2.1 General
Numerous test methods have been reported in literature to evaluate the influence of fibres on 
the cracking behaviour of concrete exposed to shrinkage. Among these there are mainly three 
categories of set ups that may be distinguished: end-restrained, base restrained and ring tests. 
End-restrained set-ups have been applied by e.g. Opsahl & Kvam (1982), Westin et al (1992, 
1994), Banthia et al (1993), Kovler (1994), Bloom & Bentur (1995) and Altoubat & Lange 
(2001a and b) while examples of studies on base restrained specimens are Carlswärd (2002) 
and Banthia et al (1996). A few studies have further been reported in which both end-
restrained and base-restrained set-ups have been adopted, e.g. Kraai (1985) and Weiss et al 
(1998) while rings have been used by e.g. Malmberg & Skarendahl (1978), Grzybowski & 
Shah (1989, 1990), Shah et al (1992, 1998), Weiss et al (1998, 2000a and b), Mesbah & 
Buyle-Bodin (1999), Groth (2000), Najm & Balaguru (2002), Weiss & Shah (2002), See et al 
(2003), Shah et al (2003), Hossain & Weiss (2004, 2005), Voigt et al (2004) and Bissonnette 
et al (2006).

Some examples of results using the three main categories of test methods are given below. A 
discussion is also provided on the appropriateness of the methods for assessing the crack 
response of overlays.

2.2 End-restrained test methods 
An advantage of the end-restrained type of set-up is that it facilitates a direct evaluation of the 
effect of for instance fibre type or fibre amount. In other words, it represents a more or less 
pure axial load case, not disturbed by the occurrence of bond stresses along the interface to 
the substructure. However, it is rarely the case that fibre concrete shows a strain hardening 
response, which means that crack distribution can generally not be expected for this restraint 
situation. The recorded effect of fibres on crack widths may thus be less significant as 
compared to the real conditions, where bond between topping and substructure favourably 
influences the crack distribution.

To some degree this was also verified in a study of Westin et al (1992). End restrained 
specimens with a dimension of 100x1000x5000 mm, as shown in Figure 2.1, were exposed to 
normal indoor drying conditions, i.e. 20 C and 60 % relative humidity. The development of 
cracks was followed for plain, steel bar reinforced and steel fibre reinforced concrete. In case 
of SFRC two types of fibres were used in amounts of up to 52 kg/m3. Results showed that 
only one crack formed in all plain and fibre reinforced specimens while multiple cracking 
occurred in case of bar reinforced concrete.  

In a latter study (Westin et al, 1994) the authors used the same set-up to show that the crack 
width for SFRC is not only related to the amount of fibres but also to the tensile strength of 
the concrete, see Figure 2.1. The figure illustrates that the amount of fibres needs to be 
increased if the tensile strength is increased as the concrete becomes more crack sensitive. For 
instance, a crack width of 0,7 mm was measured for un-reinforced concrete with a tensile 
strength of 2,4 MPa while SFRC of the corresponding strength was found to be un-cracked. 
For a tensile strength of 3,2 MPa, on the other hand, cracks did appear even for SFRC. An 
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amount of 30 kg/m3 of fibres was required in order to get a crack width of 0,7 mm while 80 
kg/m3 was found to reduce the crack width to 0,4 mm.

An objection that may be rised to the set-up is that a considerable amount of elastic energy is 
stored in the rig. The situation is somewhat un-realistic in the sense that the fracture will be 
strictly load controlled as the energy is suddenly released when a crack develops.

Width = 1000 mm
Depth = 100 mm

5000 mm

Figure 2.1 – Effect of fibre amount and tensile strength of concrete on crack widths. From 
Westin et al (1994).   

An end-restrained set-up, consisting of a 500x40x40 mm specimen fastened between end 
anchors on a rigid frame, was also adopted by Banthia et al (1993), see Figure 2.2 (a). Tests 
were initiated 3 hours after mixing by exposing the specimens to a drying environment of 50
C and a relative humidity of 50 %. Based on results from tests on mortar, as shown in Figure 
2.2 (b), it was concluded that steel fibres significantly influence the maximum crack widths as 
well as the number of visible cracks already at fibre contents in the order of 0,5 vol% or 40 
kg/m3.

The results are quite interesting considering that the load situation after cracking is similar to 
that of the tests described above. However, a major difference is that the drying was initiated 
earlier in this case, which implies that the concrete was in a plastic, more deformable state. An 
important conclusion that can be drawn is thus that it might be favourable from a crack 
distribution point of view to apply the shrinkage load at an earlier stage.  
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Concrete sample
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 (a) (b) 
Figure 2.2 – (a) End restrained set-up used by Banthia et al (1993) and (b) some results from 
the study on the effect of restrained shrinkage.

Another type of end-restrained set-up has one movable and one fixed end, see e.g. Kovler 
(1994), Altoubat & Lange (2001a and b) and Schwartzentruber et al (2004). The stress 
development in the specimen due to the applied shrinkage is determined by measuring the 
load required to maintain the specimen un-deformed. The technique, which is described in 
Figure 4.18, also allows for the determination of the effect of creep.

2.3 Ring tests 
The most common test method adopted to study the effect of fibres on crack widths is most 
certainly the ring test. One of the first studies in which such set-up was used to assess the 
efficiency of steel fibres was presented in Malmberg & Skarendahl (1978). Since then the ring 
test has been adopted by several researchers. A provisional standard has even been developed 
by the American Association of State Highway and Transportation Officials (AASHTO PP34-
99) to be used in the development of suitable mix designs. A variant of the ring test has 
recently also been adopted as an ASTM-standard (ASTM C1581-04 “Standard test method 
for determining age at cracking and induced tensile stress characteristics of mortar and 
concrete under restrained shrinkage”).

The basic outlook of the ring is illustrated in Figure 2.3. A concrete ring with outer radius ro
and inner radius ri is simply cast around an internal steel ring. After a prescribed curing period 
the concrete is exposed to drying either through the circumferential face or through the top 
and bottom faces. The shrinkage of the ring generates circumferential tensile stresses and 
radial compressive stresses as the free contraction is prevented by the inner steel ring. The 
stress distribution depends to some extent on the type of drying applied. In the standards 
mentioned above it is specified that the top and bottom faces should be sealed, thus allowing 
drying only through the circumferential face. This results in a maximum tensile stress at the 
circumference while drying through the top and bottom leads to a stress top at the internal 
face as shown in the figure.  
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The significance of the type of drying direction adopted has been studied by Hossain & Weiss 
(2005). Results showed that the rings that were allowed to dry from the top and bottom faces 
developed higher interface pressure, possibly due to the higher free surface to volume ratio. 
Nevertheless, the authors found that the specimens that were allowed to dry from the 
circumferential surface cracked at an earlier age. The explanation is that for the last 
mentioned rings the crack will be initiated from the outer surface while the crack starts from 
the inner circumference in the first case.

Figure 2.3 – Typical configurations of a ring specimen and the internal pressure and 
circumferential stress distribution resulting from restrained shrinkage. Observe that the stress 
situation will be different if drying is permitted only through the circumferental surface as 
compared to the situation when drying is allowed through the top and bottom surfaces. 

Ring testing typically provides information on the age of cracking as well as on the maximum 
or average crack width at a specified time and for a certain drying environment. The values 
can be used to compare different mix compositions or to evaluate the efficiency of different 
types of fibres regarding crack width limitation. However, as stated by Tritsch et al (2005), 
the test is not intended for prediction of cracking in actual service.

Some examples of results from ring tests, in which drying has been allowed through the 
circumferential faces only, reported in literature are shown in Figure 2.4. The relative crack 
widths, i.e. maximum crack width of the considered type of concrete or steel fibre concrete 
divided by the crack width of plain concrete, have been plotted as a function of fibre content 
in vol%. A result that is most common when evaluating the effect of steel fibres using the ring 
test set-up is that a remarkable effect is obtained already at rather low dosages. An optimum 
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content of fibres, over which further contribution to the crack width limitation is rather 
insignificant, is often observed for dosages in the range of 0,25 to 0,5 vol%.

It should also be mentioned that in the study of Voigt et al (2004), as shown in Figure 2.4 (b), 
the effect of conventional steel bar reinforcement was also studied. The selected 
reinforcement was a single steel wire of diameter 3,4 mm, corresponding to the amount of 
steel that is typically applied in practice as minimum reinforcement for slabs on ground. The 
results showed that the single wire was approximately as effective as 0,25 vol% of steel 
fibres, i.e. a maximum relative crack width of 0,17 was obtained for the situation.
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Figure 2.4 – (a) Relative crack width as a function of steel fibre content as reported by 
Mesbah & Buyle-Bodin (1999), Malmberg & Skarendahl (1978) and Grzybowski & Shah 
(1990). (b) Evaluation of effect of the fibre configuration, from Voigt et al (2004).  

The favourable results obtained already at rather low volume contents of fibres are clearly 
quite attractive. However, there is a peculiarity that is seldom discussed. It is that multiple 
cracking is regularly obtained in the concrete ring already at rather low fibre volumes. In fact, 
more than one crack has sometimes even been observed in case of un-reinforced, plain 
concrete, e.g. Groth (2000), Shah et al (1992, 2003) and Bissonnette et al (2006). Considering 
that crack distribution would clearly not take place for plain or “under”-reinforced concrete 
such results lead to speculations regarding the validity of the method to assess the effect of 
fibres.

One explanation could be that frictional resistance is generated due to the increasing normal 
pressure exerted on the steel as the concrete ring shrinks even though special care is usually 
taken to minimize the coefficient of friction. A result would be that the demands on the post-
cracking response of the SFRC would decrease, as the friction provides a reinforcing effect. 
However, the hypothesis does not give an explanation as to why multiple cracking is 
sometimes observed even for plain concrete. For this situation the ring should be completely 
un-loaded when a crack develops, which means that frictional resistance cannot be generated. 
Thus there must be other factors that influence the response. A further discussion on the 
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subject is provided in Section 3.4.1, where two theoretical models to predict stresses in 
concrete rings are reviewed.

2.4 Test methods where restraint is provided at the base 
The most representative way of evaluating the cracking response of toppings would be a 
method in which the restraint is provided along the base. Two such methods have been 
reported in Carlswärd (2002), see Figure 2.5. In the first type of test, set-up 1, toppings with a 
width of 300 mm, a length of 1800 mm and a depth of 150 mm were cast on old concrete 
slabs fastened to a thick and inflexible laboratory floor. A non-uniform temperature field, as 
indicated in the figure, was applied in order to simulate one-directional drying shrinkage. Two 
specimens were tested simultaneously at each test occasion, one un-reinforced and one fibre 
reinforced. In this way a direct evaluation of the fibre effect was facilitated.

The other test series, set-up 2, consisted of toppings (60 and 120 mm) cast directly on an old 
concrete floor. End anchorages were also applied in order to avoid free movement in case of 
complete debonding. After three days of drying the specimens were exposed to a drying 
environment of 15-20 C and 50-70 % relative humidity. The test programme included un-
reinforced, steel fibre reinforced (30 and 60 kg/m3) and steel bar reinforced specimens.   

Test set-up 1)

Bottom slab

F F F

T1

T2

Concrete topping w=300

Laboratory floor

20
0

15
0

1800

Test set-up 2)
Topping w = 900 mm,
t =60 or 120 mm

L = 2700 mm

End
anchorage

Old concrete floor

Figure 2.5 – Two set-ups used in Carlswärd (2002) to study the influence of steel fibres on the 
cracking behaviour of toppings exposed to imposed deformations.

Results from the two studies are summed up in Figure 2.6. The general tendency from both 
set-ups was that increasing amounts of steel fibres resulted in smaller maximum crack widths 
for both set-ups. For the first test, (a) in the figure, the scatter in results was however rather 
significant. For instance, in case of un-reinforced concrete the recorded maximum crack 
widths varied between 0,05 and 0,42 mm. This was believed to be an effect of varying bond 
quality in the different tests.

For tests I:1, I:2 and I:4 the upper surface of the slabs had a brushed texture while the slabs 
for tests II:2 and II:3 had a board levelled surface and a grinding procedure had been applied 
on the slabs of tests II:1 and II:4. The smoothest texture was achieved for the grinded surfaces 
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while the brushed slabs used in tests I:1, I:2 and I:4 had the coarsest texture. Thus, the 
presented results indicate that crack widths for un-reinforced concrete (PC) increased as the 
texture became smoother. Assuming that the bond quality varied in accordance with the 
surface texture it can be concluded that crack distribution is achieved even for plain concrete 
when the bond to the substructure is sufficient. Unfortunately, no measurements were 
conducted to support this theory.

For set-up 2, as shown in Figure 2.6 (b), a fibre amount of 30 kg/m3 resulted in approximately 
the same crack widths as was observed for the conventionally reinforced specimens, i.e. steel 
mesh with diameter of 7 mm and mesh width of 150 mm. Another interesting result was that 
cracks were observed considerably earlier and were also wider at the end of the measuring 
period for 60 mm toppings than for overlays with a depth of 120 mm. This was due to the 
more rapid rate of drying experienced for the thin overlay.  

Also important to mention is that the bond condition was rather poor for the toppings of the 
second study. A vertical bond strength of only between 0,05 and 0,5 MPa was measured in 
pull-off tests. This implies that the restraint conditions for the second set-up were more or less 
similar to the end-restrained situation as discussed in Section 2.2. 
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Figure 2.6 – Results from the studies conducted by Carlswärd (2002) on the effect of steel 
fibres on the cracking response of concrete exposed to restrained deformations.

Malmgren et al (2005) studied cracking and de-bonding of concrete specimens sprayed on a 
previously sandblasted and well-cleaned concrete substrate. The test series included a total of 
six specimens as shown in Figure 2.7; four un-reinforced (PC) and two SFRC specimens 
(SFRC 40). Three of the specimens were covered by plastic sheets for a period of 24 hours 
after casting while the remaining specimens were dry-cured in the surrounding environment 
of 12˚C and 78 % relative humidity. Cracks and debonded areas were mapped at an age of 
109 days. The authors concluded that rather well-distributed cracking was achieved in areas 
that were still bonded at the end of the test period while single major cracks were obtained in 
case debonding occurred in internal parts (e.g. specimen no 4 from the left). The influence of 
fibres was further said to be insignificant considering that the crack pattern and debonding of 
plain and fibre reinforced specimens were similar.  
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Interesting to notice is that a debonded area was established at each free end of the specimens. 
This is a rather common feature referred to as curling, compare with Figure 1.1. The 
mechanisms causing debonding and lifting at free ends are discussed further in Section 3.4.4.

wtot = 0,26 mm 0,32 mm 0,33 mm 0,80 mm 0,27 mm 0,54 mm

SFRC 40SFRC 40PCPCPCPC

B
Lww ii

tot

Specimens sprayed on a sandblasted well-cleaned concrete substrate

20
00

250

No curing

Covered by plastic 
sheet for 24 hours

Total crack width calculation:

wi = width of individual crack

B = width of specimen

Li = length of individual crack

Debonded area

SFRC 40 = Concrete with 40 kg/m3

of Dramix RC-65/35-BN

Figure 2.7 – Crack widths and debonding measured after 109 days of drying in an 
environment with T = 12˚C and RH = 78 % as reported by Malmgren et al (2005) for plain 
and steel fibre concrete specimens sprayed on a sandblasted and well-cleaned concrete 
substrate.

Another type of set-up where continuous restraint is provided by bond is the so-called 
Baenziger block shown in Figure 2.8. The method was developed to evaluate the performance 
of repair materials with respect to workability, cracking tendency and adhesion to a concrete 
substrate according to Shiegg & Baenziger (2006). A test is conducted simply by casting the 
repair material on the previously sandblasted concrete surface of the Baenziger block and 
subjecting it to a drying environment.  

In the above mentioned reference a study was carried out to assess the influence of different 
types of fibres, such as steel, glass, carbon, polypropylene etc, on the cracking of repair 
mortars. The volume content of fibres added was kept constant at 0,26 %. Results showed that 
some types of fibres gave a positive contribution in regard to limitation of plastic shrinkage 
cracks while other types mainly contributed to an increased age before drying shrinkage 
cracks appeared. The efficiency of fibres on plastic shrinkage cracks was found to be directly 
proportional to the number of fibres per volume of mortar. In other words, at a given addition 
rate in kg/m3, the most significant reduction in crack width was observed for the finest and 
shortest fibre type.

Typical cracks observed due to drying shrinkage are indicated in Figure 2.8. The most 
effective type of fibres with regard to this type of cracking was found to be carbon fibres and 
mineral fibres, for which the age to first crack was approximately 28-30 days as compared to 
only 7 days for the reference concrete. For the steel fibre type investigated, a straight fibre 
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with a length of 6 mm and a diameter of 0,16 mm, cracks were observed within the interval 7-
14 days.

Figure 2.8 – Baenziger block for testing of repair mortars with respect to cracking and 
adhesion. Modified from Shiegg & Baenziger (2006).  

A comparison between different types of test set-ups was provided in Weiss et al (1998). The 
study included tests with restrained ends (RE), restrained base and ends (RBE) and ring tests. 
Set-ups adopted for the RE and RBE situations as well as some results are shown in Figure 
2.9 while typical set-ups adopted for the ring test are shown in Figure 2.3. The specimens 
were subjected to a severe drying environment of 40 % relative humidity and 30 C after an 
initial curing period of 24 hours.

From the results shown in Figure 2.9 (b) it can be seen that the RE situation and the ring test 
provided similar average crack widths both in case of High Strength Concrete (HSC) as well 
as for Normal Strength Concrete (NSC). A conclusion is thus that the restraint conditions for 
the two set-ups were rather similar. For the RBE specimens on the other hand the crack 
widths were significantly smaller, indicating that multiple cracking has occurred due to the 
reinforcing effect provided by the continuous restraint.

It may also be seen that HSC cracked considerably earlier as compared to NSC. A possible 
reason for this, put forward in the paper, is that the development of shrinkage strain is much 
more rapid initially for HSC as compared to NSC. Other factors influencing the crack rate are 
that the gain in stiffness is more rapid and that the creep related stress relaxation is somewhat 
lower in HSC. It can further be seen that the average cracks were wider for the HSC 
specimens, possibly due to a higher shrinkage strain at the time under consideration. As there 
is no information as regards the distribution of cracks, however, it is possible that the number 
of cracks may have varied which would also have effect on the results. 
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Figure 2.9 – (a) Test set-ups employed by Weiss et al (1998) to study shrinkage induced 
cracking in concrete under restrained conditions. (b) Average crack widths and time to first 
crack.

2.5 Significance of the choice of test set-up 
The choice of set-up for evaluating the effect of restrained shrinkage is clearly important. The 
most realistic test method is certainly where a continuous restraint is provided along the 
interface to the substrate. A problem is however that it is difficult to ensure an even bond 
quality. Thus, a situation of full and continuous restraint (1 in Figure 1.2) may be obtained at 
one occasion while partial interaction (2 in Figure 1.2) is obtained the next time. The results 
thereby depend not only on the type of concrete and/or fibres but also on the degree to which 
the overlay is bonded. It should further be observed that situations where the overlay is 
adequately bonded to the substrate are not particularly interesting to study from a 
reinforcement point of view. The reason is that crack distribution is typically obtained even 
without reinforcement for this situation as demonstrated for instance by the tests presented by 
Weiss et al (1998) (see Figure 2.9 b).    

An advantage of end-restrained set-ups and ring tests is that a similar restraint condition can 
be guaranteed in each test. Information on crack width, stress development and creep response 
can further be achieved quite easily as shown by e.g. Hossain & Weiss (2004) and Altoubat & 
Lange (2001a and b). A drawback of end-restrained tests compared to ring tests is that more 
consideration is required for the development of restraint. A possible negative aspect of the 
ring test is however that the effect of fibres may be overvalued somewhat, as multiple 
cracking is regularly reported even at very low fibre rates as discussed earlier. This was the 
main reason as to why it was decided to use an end-restrained set-up in the present study (see 
Chapter 5).
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3 Theoretical analysis with respect to restraint stresses – available 
methods 

3.1 General
Cracking due to restrained shrinkage is a rather serious concern for overlays. The possibility 
of wide cracks developing through the depth increases in case of varying bond properties to 
the sub-base, which seems to be the prevailing condition in reality. For the limitation of 
cracks, or rather crack widths, in such situations it is necessary to apply reinforcement. 
Methods are available in the building codes for the design of conventional steel bars or 
welded wire mesh. For fibre concrete, on the other hand, there are still no recommendations in 
the codes although SFRC is used on a regular basis.

In most cases today the amount of fibres is selected on a purely empirical basis. In other 
words, it is assumed that if a certain amount of fibres has previously proved sufficient it will 
work also in the next case. It should be pointed out that a similar philosophy is also common 
in case of mesh reinforcement, where the full steel area required for crack distribution is 
seldom adopted. A problem is of course that such experience based approaches do not 
consider that the circumstances are rarely identical from case to case. 

It is quite clear that the designers demand a somewhat more consistent method. The question 
is if an analytical method can be derived for the purpose or if it is necessary to rely on 
complex numerical analysis or even simple practical, experience based approaches. Quite a 
few methods have been proposed in literature over the years and a few of these are presented 
and discussed in the following sections.

3.2 Comparison between steel bars and fibres 
When searching for a rational design method applicable for SFRC it is necessary to realise 
that the action of fibres is somewhat different as compared to conventional steel bars or mesh 
reinforcement. In the latter case the design with respect to cracks according to e.g. the 
Swedish building code for concrete structures BBK 04 (2004) is rather simple and straight 
forward. The steel bars crossing a section of the overlay is simply designed to carry a load in 
excess of the tensile capacity of the concrete, expressed as: 

cthcstscs fAfAorFF  (3.1) 

where As is the area of steel in a direction perpendicular to an imagined crack plane, fst is the 
allowed yield strength of the steel, Ac is the effective concrete area and fcth is a high value of 
the tensile strength of the concrete (equal to 1,5 multiplied with the characteristic tensile 
strength).  

A similar approach could also be adopted in case of steel fibres. This would require a strain 
hardening response, which means that the load carrying capacity increases when the tensile 
capacity of the concrete has been exceeded. A problem is however, that the amount of fibres 
typically applied today is generally not sufficient to give a strain hardening response in uni-
axial tension. Thus, different from a properly designed conventionally reinforced element, the 
load carrying capacity of a steel fibre reinforced decreases after the formation of a crack. The 
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implication is that the simple design approach for conventional steel bars is usually not 
applicable for SFRC. 

3.3 Empirical design approaches of SFRC overlays 
Two empirical methods to estimate the required amount of steel fibres for distributing cracks 
in overlays have been found in Swedish literature. A simple and straight forward approach 
was proposed by Thorsén (1993). In a survey of various applications for SFRC the author 
proposed that the amount of fibres required for overlays is 1,5 kg/m2. The content of fibres 
per unit volume will thus increase as the depth of the overlay decreases. For a 100 mm 
overlay the required amount would be 15 kg/m3 of concrete while the corresponding amount 
for a depth of 50 mm would be 30 kg/m3. This seems reasonable from the viewpoint that the 
shrinkage rate and the restraint, the two most significant driving forces for cracks to occur, 
will increase as the overlay depth decreases. However, the recommendation is contradictory 
in a comparison with the prevalent design philosophy for crack reinforcement, for which an 
increased reinforcement ratio is related to an increased overlay depth.

The second method is given in BRO 04 (2004), the regulations of the Swedish National Road 
Administration for bridges. It allows a designer to replace a specified amount of conventional 
steel bars with steel fibres in case of bonded overlays in accordance with:  
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where Vf is the volume fraction of fibres, s and s are the diameter and distance between 
rebars to be replaced and lf and df are the length and diameter of the steel fibres. The diameter 
and distance between bars can be calculated from the minimum requirement set up in a 
previous paragraph in the same reference. It is stated that the amount of reinforcement, 
expressed as the ratio of steel area to concrete area (As/Ac), must be at least 0,33 % in both 
directions. For 50 and 100 mm overlay depths this requirement corresponds to a minimum 
reinforcement of e.g. s5s120 and s7s120 respectively. Inserting the corresponding values 
into Eq. (3.2) and assuming that a fibre with a diameter of 0,5 mm and a length of 35 mm is 
used the required volume fractions would be 0,6 and 1,2 % respectively. The equivalent 
amounts are approximately 48 and 93 kg/m3, i.e. considerably higher as compared to the 
proposal of Thorsén. It is easy to understand that steel fibres will not be a general 
reinforcement in the repair of Swedish bridges, at least not for thick overlays.

Another simple method to estimate the effect of fibres on crack widths was presented by 
Miller (1985). The author discussed the concept of average distance between cracks as a 
function of the Specific Fibre Surface (SFS). Referring to earlier work by Krenchel (1975) a 
relation between SFS and crack spacing as shown in Figure 3.1 was given for the case of 
round fibres with diameter df. For steel fibres with a diameter of 0,5 mm the average crack 
spacing would be approximately 25 and 82 mm respectively as indicated in the diagram for 
fibre amounts of 0,25 and 1 % by volume respectively. An estimate of the average crack 
width can be obtained simply by multiplying the spacing with the free shrinkage. For a 
shrinkage of 0,1 % the average crack widths would be 0,025 and 0,082 mm respectively for 
the two cases. These values seem to be somewhat underestimated in a comparison with cracks 
observed in practice.
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Figure 3.1 – Relation between specific fibre surface (SFS) and average crack spacing as 
proposed by Krenchel (1975). Modified from Miller (1985).  

3.4 Theoretical methods for prediction of restraint stresses 

3.4.1 Models to predict stress state of restrained concrete rings 
The ring test is the most widespread laboratory method to assess restrained shrinkage 
cracking, as mentioned in the previous chapter. Effort has also been put in to develop 
theoretical methods to simulate the stress development and cracking in the rings. One of the 
first analytical models developed to predict stresses in the ring was proposed by Grzybowski 
& Shah (1989) (see Section 3.4.2). Recognising that the model was rather complex and time 
consuming to use Shah and co-workers developed a somewhat simpler theoretical method to 
predict the age of cracking (e.g. Shah et al, 1998, Weiss et al, 1998). Different from the 
previous model that was based on damage mechanics, a fracture mechanics approach was 
adopted in the latter model. Since then the model has been further refined and used to 
illustrate e.g. how the size and geometry of the ring shaped specimens influence the stress 
situation (e.g. Weiss, Yang & Shah, 2000a and b and Weiss & Shah, 2002).  

The model proposed by Shah and co-workers is described below. An alternative theoretical 
concept, proposed by Noghabai (1995, 1998) to determine the capacity of concrete rings 
subjected to an internal pressure, will also be discussed.

The model proposed by Shah and co-workers 
The theoretical approach is based on the so-called fracture resistance, or R-curve, concept, 
which can be seen as a non-linear version of the Linear Elastic Fracture Mechanics (LEFM) 
theory. In LEFM approaches fracture is assumed to occur when the stress intensity factor K
reaches a critical value Kc. A weakness is that only the peak load can be predicted. However, 
the R-curve approach allows the description of the complete crack growth process and the 
determination of load-displacement curves according to Bazant & Planas (1998).   

In other words, the model considers that the extension of a crack in a loaded structure is 
associated with some energy release, denoted G. However, the crack extension also consumes 
some energy and the rate of change of the energy consumed in the crack is denoted R. The 
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requirements for unstable crack growth, i.e. failure, were defined in Shah et al (1998) and 
Weiss, Yang & Shah (1998) as shown in Figure 3.2. The extension of a crack, with an initial 
length of a0, is assumed to be stable as long as the crack driving energy, G, related to the 
stress level, remains lower than the crack growth resistance R. However, when the crack has 
propagated to a critical length, denoted acr in the figure, the crack growth consumes exactly 
the same amount of energy as is released in the crack, i.e. R = G and dR/da = dG/da. At this 
point the crack growth is assumed to proceed in an unstable manner.  

GR

da

dG

da

dR

G
-o

rR

Increasing stress

Figure 3.2 – Illustration of the fracture criterion according to the R-curve approach. 
Modified from Weiss, Yang & Shah (1998). 

The energy release rate G is intimately related to the so-called stress intensity factor KI, a 
parameter that stems from LEFM. Based on numerical analysis Shah et al (1998) derived an 
expression for estimation of KI for the ring geometry with a single crack of length ac as shown 
in Figure 3.3. f(ac/w) is a geometry function related to the crack length and the width w of the 
concrete ring. The equations given in the figure can be used to determine the rate of fracture 
energy release G for different values of the crack length ac and internal pressure pi.

Notice that the model assumes that the crack starts from the internal circumference, which 
may not be correct for all geometries and boundary conditions. For instance, results described 
in Hossain & Weiss (2004) indicated that cracking was initiated from the outside when the 
concrete ring was allowed to dry from the outer circumference (see Figure 2.3). Drying 
through the top and bottom faces on the other hand, was verified in the same reference to 
result in a crack initiated from the inside.  
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Figure 3.3 – Simplified ring geometry with a single crack and equations used to determine the 
crack driving energy G. Modified from Shah et al (1998).  

In order to be able to calculate the maximum pressure it is necessary to first find the critical 
crack length acr. The approach proposed in Shah et al (1998) is illustrated in Figure 3.4. 
Equations were derived for KIC and CTODc (critical Crack Tip Opening Displacement) based 
on an infinite plate with a short single edge crack exposed to mode I loading. The third 
equation, with acr as the only unknown variable, was obtained by combining and rearranging 
the first two formulations. The factor a0 is the initial crack length, representing a flaw in the 
concrete ring. A value of 2 mm was adopted in the study of Weiss, Yang & Shah (1998).
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The ratio of energy change consumed in the crack as a function of critical crack extension acr,
R(acr), can be determined from the following relation (Shah et al, 1998): 
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where cr is the ratio acr/a0 while d1 and d2 were given by: 
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The critical internal pressure may be found by fulfilling the criteria for unstable crack growth 
as defined in Figure 3.2.

The described procedure can be used to find the critical pressure for the ring specimens. 
However, in order to evaluate the potential for cracking it is necessary to also include 
functions to calculate the actual pressure, which is related to the successive development of 
shrinkage and creep or relaxation in time. Shah and co-workers proposed the following 
equations for calculating the internal pressure pi(t) and elastic stress (t) as a function of the 
circumferential strain (t):
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where Ec(t) is the age dependent modulus of elasticity and c is the poisson’s ratio. Shah et al 
(1998) used measured shrinkage to first calculate the internal pressure. The circumferential 
stress (t) was then estimated at mid section of the ring, i.e. for r = (ro+ri)/2, and the strain 
due to elastic strain and creep at any time t was estimated as:  
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where J(t,ti) is the creep compliance related to a unit stress applied at time ti and (ti) is the 
corresponding elastic stress increment. Failure was assumed to be reached if the difference 
between measured shrinkage and creep strain exceeded the maximum allowable tensile strain 
of the ring. The last mentioned factor was determined from the ultimate pressure as obtained 
using the fracture resistance approach, i.e. from the criterion G(acr) = R(acr).

The model proposed by Noghabai
Another theoretical approach for prediction of stresses in concrete rings was proposed by 
Noghabai (1995 and 1998). Different from the previously described model however, the 
method was developed based on a test set-up used to assess the bond capacity between re-bars 
and concrete covers. The test method, referred to as the thick walled cylinder test, has also 
been adopted by Gustafsson et al (1999) to evaluate the effect of steel fibres on splitting and 
spalling cracks developing in the end zone of prestressed beams.  
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In the thick-walled cylinder test an internal pressure is applied through a membrane placed in 
a small concentric hole in the concrete cylinder, as shown in Figure 3.5 (a). Thus, there is a 
similarity between the two test methods considering that an inner pressure also develops in 
the previously described ring test, as shown in Figure 2.3. A difference is however that the 
relative layer depth is more extensive in the thick walled cylinder test. The load is further 
applied directly to the specimen as opposed to the ring test, where the internal pressure is an 
indirect result of the contraction of the external concrete ring.

Despite the differences it might be interesting to compare the fractures. The failure of the 
thick walled cylinders was typically characterised by two major cracks forming at an 
approximate angular distance of 120˚ even though 180˚ cracking also occurred in some cases, 
see Figure 3.5 (a). Crack patterns of plain and steel fibre reinforced concrete rings as reported 
from the ring test study of Malmberg & Skarendahl (1978) are shown in Figure 3.5 (b) for 
comparison reasons. For the SFRC specimens, 0,25 and 1,2 vol% of steel fibres of a straight 
round type with a length of 25 mm and a diameter of 0,3 mm, it is interesting to see that the 
angular distance between cracks  seems to be approximately 120˚, i.e. similar to the thick 
walled cylinders. It should be pointed out that the illustrated crack patterns are only examples 
found in the article and may perhaps not be regarded as typical for the ring test.

1,2 % 0,25 %

0 %

Wmax = 0,05 mm
Wmax = 0,25 mm

Wmax = 0,56 mm

Steel fibres l/d = 25/0,3

Results from Malmberg & Skarendahl (1978)

 (a) (b) 
Figure 3.5 – (a) Thick walled cylindrical specimens after failure due to an applied internal 
pressure (From Gustafsson et al, 1999). (b) Typical crack patterns as obtained from the ring 
test presented in Malmberg & Skarendahl (1978). 

Noghabai (1998) studied the phenomenon numerically using a Non-Linear Fracture 
Mechanics (NLFM) approach in order to find a logical explanation for the often observed 
crack pattern. Results from the analysis showed that a significant number of radial micro 
cracks developed already at a load level of approximately 35-40 % of the ultimate pressure. 
Some of the cracks continued to propagate through the concrete layer at higher load levels. As 
the pressure approached the ultimate value the fracture process was dominated by three major 
active cracks 120° apart even for plain concrete. This was explained to be the reason for the 
characteristic crack pattern often observed in the thick walled ring tests, i.e. with 120 rather 
than 180° distance. However, at complete failure only two of the cracks localised while the 
third vanished as may be seen in Figure 3.6.  

Results from Gustafsson et al (1999)
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Figure 3.6 – Crack pattern obtained for a thick walled cylinder. Experimental result at the left 
and result from FE-analysis to the right. From Noghabai (1995). 

It is reasonable to assume that the fracture mechanism for the concrete rings exposed to 
drying is quite similar, i.e. that there are more than one active crack at failure. Clearly this 
would explain the fact that more than one crack develops even at rather low fibre contents and 
sometimes even for un-reinforced concrete. There may however be an effect of the difference 
in geometry between the rings. In the ring test the ratio between outer and inner radius of the 
concrete ring is generally in the range of 1,25-2 while the thick walled cylinders had a 
corresponding ratio of 8,7.

A discussion on a possible size effect in relation to different theories was provided in 
Noghabai (1998). The author proposed a diagram as shown in Figure 3.7 to explain how 
geometrical factors as well as fracture mechanical properties might influence the cracking. In 
the diagram the relative internal pressure at failure pi,max, normalised with respect to the 
tensile strength fct, is plotted to the brittleness number B in logarithmic scale. The last 
mentioned factor is defined as the physical length, e.g. the outer radius of the ring, divided by 
the fracture mechanical length, the characteristic length lch, obtained with the following 
expression:

2
ct
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ch f

GEl  (3.8) 

where Ec is the elastic modulus and Gf is the fracture energy, i.e. the area below the tensile 
stress versus crack opening curve as obtained in uni-axial tension tests. In other words, lch is a 
non-physical length parameter that provides a measure of the toughness of the concrete. 
Considering that the geometry strongly influences the elastic energy generated prior to failure 
the brittleness number thus gives information on the relation between elastic and fracture 
energy. An increasing brittleness number indicates that a more brittle response may be 
expected while a more ductile one can be foreseen for decreasing values.
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Figure 3.7 – The relative maximum internal pressure as a function of brittleness number B. 
Bold line represents the approach proposed by Noghabai (Eq. (3.10)) while the thin lines are 
obtained for other theoretical approaches. Also shown is the crack patterns that can be 
expected for different values of the brittleness number. Modified from Noghabai (1998). 

Noghabai claims that for concrete rings with high brittleness numbers, e.g. in case of very 
large outer diameters in relation to the diameter of the inner hole, the response will be 
unaffected by the structural boundaries, which means that the assumptions of LEFM are valid. 
In such case two cracks would develop directly opposed to each other as indicated in Figure 
3.7. However, for decreasing outer diameters in relation to the inner radius the brittleness will 
decrease and the response will be better captured by a NLFM approach, which gives an 
angular distance of 120° between the two cracks as discussed above. A plastic response with 
resulting multiple cracking may be expected if the concrete layer is further reduced for the 
same type of material. The same effect would also be achieved in case fibres are introduced as 
the fracture energy Gf would increase leading to a lower brittleness number. This was also 
verified experimentally by Noghabai for the thick walled cylinders.

The horizontal lines indicated in Figure 3.7 correspond to the solutions that would be obtained 
with some other theoretical methods. A lower bound value for the capacity of the ring can be 
expected if a linear elastic approach is adopted while an upper bound limit is obtained for a 
plastic response. The assumption of a partly cracked elastic ring using a strength based failure 
criterion as proposed by Tepfers (1973) (see equation in the figure) will give a solution in 
between these two extremes. Notice that the curve denoted NLFM in the figure is also based 
on partly cracked elastic response. The difference is that the last mentioned curve is obtained 
with an energy based approach, which is discussed in detail below.

The analytical approach proposed by Noghabai (1995, 1998) to calculate the stress situation 
in the rings was based on the model proposed by Tepfers (1973), modified by introducing 
tension softening properties of the cracked concrete, see Figure 3.8. Cracks extend through 
the concrete as a result of the internal pressure pi. When the ultimate capacity of the ring is 
reached the cracks have propagated to a critical crack depth, rcr. The pressure at which failure 
will occur can be calculated by dividing the ring into an outer ring with elastic response and a 
cracked inner softening ring, see the figure. This leads to the following equilibrium condition 
for the cracked part:
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For the sake of simplicity Noghabai (1995) adopted a linear softening law to describe the 
post-cracking properties of the concrete in tension, t(r). After some calculation work the 
author eventually arrived at the following expression for prediction of the internal pressure 
required to provoke fracture in the ring:
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where lch was described above and n is the number of cracks, which was set to 2 by Noghabai 
based on observations from tests. If the inner radius ri or the critical radius rcr exceeds the 
term n·lch/  the second term in Eq. (3.10) is simply ignored, as the solution would be invalid 
for this situation (the logarithm is not valid for negative values).  

Figure 3.8 – Principles of the partly cracked elastic ring model as proposed by Noghabai 
(1995, 1998).

Irrespective of material properties the maximum internal pressure has to fall within the 
solutions of the theory of elasticity and plasticity respectively as indicated in Figure 3.7. The 
ultimate capacity according to the theory of elasticity is reached when the internal stress pi at 
the inner radius reaches the tensile strength. For the theory of plasticity on the other hand 
failure is assumed to take place when the tensile strength is reached in the entire ring, i.e. the 
ring consists only of a cracked part. The solutions are obtained with the following expressions 
according to Noghabai (1998): 
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The normalised ultimate pressure as a function of the normalised outer radius using Eq. (3.10) 
is illustrated in Figure 3.9 for a concrete ring with an inner radius ri of 150 mm and three 
different outer radiuses ro of 187, 225 and 300 mm, i.e. geometrical configurations that have 
been reported in literature for the ring test. Tensile strength and elastic modulus were kept 
constant at 3 MPa and 30 GPa respectively while the fracture energy Gf was varied. It can be 
seen in the figure that for ratios of ro/lch exceeding approximately 0,75, 0,9 and 1,3 for outer 
radiuses of 187, 225 and 300 mm respectively, the response will be determined by the first 
part of Eq. (3.10). If the ratio is less than this value, on the other hand, the softening of the 
cracked part of the ring, as shown in Figure 3.8, will contribute to the capacity. Uni-axial 
tensile tests carried out by Noghabai showed that fracture energy of approximately 100 
Nm/m2 can be expected for plain concrete. In other words, for concrete with an elastic 
modulus of 30 GPa and a tensile strength of 3 MPa the considered rings will end up in the 
region where non-linear fracture mechanics apply as indicated in the figure. Following the 
argumentation of Noghabai, as illustrated in Figure 3.7, at least two major crack zones should 
then develop 120˚ apart.  

As regards the effect of fibre additions it should be recognised that fibre concrete has 
considerably higher values of fracture energy Gf as compared to plain concrete, thus implying 
that the response will approach the ideal plastic solution (Eq. (3.12)). In other words, the 
ultimate capacity can be expected to be higher for fibre reinforced concrete, which explains 
the fact that the age at first cracking in the ring test is typically prolonged when fibres are 
added (see e.g. Voigt et al (2004) and Shah et al (2003 and 2004).

From the results shown in Figure 3.9 it may further be seen that an increase in fracture energy 
will give a considerably higher effect for the larger ring as compared to the ring with the 
smallest radius provided that the ratio ro/lch is less than 1,3, 0,9 and 0,75 respectively for rings 
with outer radiuses of 0,3, 0,225 and 0,187 mm. The reason is that the crack must extend 
further through a thicker ring before it reaches a critical value. In other words, the 
contribution from the cracked part will increase as the depth of the ring increases.  

The conclusion was also experimentally verified in a study of Hossain & Weiss (2005), in 
which rings with outer radiuses ranging from 187 to 300 mm and inner radius of 150 mm 
were exposed to shrinkage. The authors reported that a higher stress, and a longer time to first 
cracking, was observed as the thickness of the ring increased.
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Figure 3.9 – Normalised pressure as a function of normalised outer radius of the concrete 
ring using the approach proposed by Noghabai (Eq. (3.10)) for three different outer radiuses 
and a constant inner radius. 

Comparison of methods to predict the ultimate stress capacity of concrete rings 
A problem when comparing the theoretical model proposed by Shah and co-workers with the 
one proposed by Noghabai is that the material parameters used as input differ. While the latter 
model requires knowledge on the cohesive crack parameters Gf and ft in addition to some 
assumptions regarding the shape of the softening curve the first mentioned approach needs 
information on the critical stress intensity KIc and Crack Tip Opening Displacement CTODc.
In order for a comparison to be possible it is thus necessary to establish relationships between 
these parameters.

Such correlations have been proposed in Bazant & Planas (1998) between the parameters of 
the cohesive crack approach and the fracture properties adopted in the Shah-model, referred to 
as factors of the Jenq-Shah two parameter model as originally proposed by Jenq & Shah 
(1985a,b). The following relations were said to hold within a few percent for size ranges in 
the order of 120 to 400 mm for ordinary concrete and notched specimens (see also Elices & 
Planas, 1996): 

1tIC 91,0 lfK  and 1C 52,0 wCTOD (3.13)

In the above relations ft and w1 are the tensile strength and ultimate crack opening of an 
assumed linear softening response. The factor l1 is intimately related to the characteristic 
length lch and was defined by Elices & Planas (1992) as: 

t

1c
1 2 f

wEl   (3.14) 

where Ec is the elastic modulus of the concrete.  
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A hypothetic situation is illustrated in order to compare the two models. Consider a ring with 
inner and outer radiuses of 150 and 225 mm respectively and that the concrete has an elastic 
modulus Ec of 30 GPa and a tensile strength ft of 3 MPa. A linear softening response is further 
assumed with fracture energy Gf of 100 Nm/m2. Inserting the parameters into Eq. (3.13) and 
(3.14) yields a KIC and CTODc of 50 N/mm1,5 and 35 m respectively. Results for the two 
models are given in Figure 3.10 (a) and (b).

The approach of Noghabai gives the normalised internal pressure as a function of the crack 
extension in relation to the outer radius ro (a). The total response is separated into the 
contributions of the elastic part and the softening part respectively (see Eq. (3.10) and Figure 
3.8). It can be seen in Figure 3.10 (a) that the contribution of the cracked, softening part to the 
maximum stress capacity is significant. The calculated critical crack extension rcr, for which 
the maximum pressure is predicted, is equal to 0,751·ro = 169 mm. In other words failure is 
predicted when the crack has extended 19 mm (169-150 mm) into the concrete ring.  

For the Shah model the R- and G- curves, as calculated with Eq. (3.3) and the equations given 
in Figure 3.3, are plotted as a function of normalised crack extension in Figure 3.10 (b). 
Notice that ac in the equations proposed by Shah et al is the crack extension, corresponding to 
the radius to the crack tip minus the inner radius of the ring, rc-ri. It can be seen in the figure 
that the critical stage, defined in Figure 3.2 as the point when R = G and dR/da=dG/da, is 
reached for a critical crack length rcr equal to 0,755·ro = 170 mm. In other words, the 
predicted crack extension related to unstable growth is roughly the same as predicted with the 
Noghabai approach for the considered ring.

The corresponding ultimate pressure can be calculated with the approach proposed by Shah et 
al using the equations given in Figure 3.3 and with ac equal to 20 mm (rcr-ri = 170-150 mm). 
The calculations result in a value of 1,162 MPa for the internal pressure pi, thus giving a 
normalised value (pi/ft) of 0,387. Although slightly lower it is in reasonable agreement with 
the value of 0,419 as calculated with the Noghabai approach (see Figure 3.10 (a)).
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Figure 3.10 – Results of calculations using the model of Noghabai in (a) and the model 
proposed by Shah and co-workers in (b) for a ring with outer radius ro of 225 mm and 
internal radius ri of 150 mm. Material properties assumed were as follows: Ec, Gf, ft, KIc and 
CTODc of 30 GPa, 100 Nm/m2, 3 MPa, 50 N/mm1,5 and 35 m.
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It can thus be concluded that even though the model developed by Noghabai (1998) was 
originally not intended to be used to predict the response of restrained concrete rings 
subjected to shrinkage it may be used for this purpose. The main advantage compared to the 
method proposed by Shah and co-workers is that it is simpler, as only one equation needs to 
be solved (Eq. (3.10)) in order to get information about the ultimate internal pressure pi, max at 
failure.  

The question is if information on the ultimate pressure of a concrete ring has any relevance 
for the estimation of cracking in restrained overlays. It is clear that in an assessment of the 
efficiency of different concrete types and/or fibres on the age of first cracking the information 
is certainly appropriate. However, none of the methods described above to predict the 
response of rings provide information regarding the efficiency of fibres on crack widths.

Concluding remarks on ring testing 
A question was raised in Section 2.3 regarding the applicability of the ring test for assessing 
the crack response of overlays as multiple cracking has sometimes been reported even for un-
reinforced concrete. It was also believed that the ring test gives somewhat overoptimistic 
results with respect to the effect of fibres on crack widths. A possible explanation may be that 
the failure of a ring is actually characterised by two major cracks, as shown numerically and 
experimentally by Noghabai (1998) (Figure 3.6). It was further illustrated in Figure 3.9 that 
the cracked part of the ring will contribute to the ultimate capacity even for un-reinforced 
concrete (Gf  100 Nm/m2) and that just a slight increase of the toughness will increase the 
failure load and give a more ductile failure. This explains the fact that already a relatively low 
addition of fibres gives higher failure pressure and thus a longer time to cracking of the 
shrinking ring. A possible conclusion is thus that the ring test does not realistically represent 
the fracture response of an overlay or a slab, which is rather believed to be similar to a uni-
axial tension test. For this situation it is believed that a strain hardening response would be 
required in order to increase the ultimate failure load or to give multiple cracking.   

3.4.2 Model to predict restraint stress without considering bond 
A general model to calculate the stress history in a fully restrained concrete specimen 
subjected to one-dimensional shrinkage was presented in Grzybowski (1989) and Grzybowski 
& Shah (1989, 1990). The model was divided into two parts, diffusion and stress-strain 
analysis. In the diffusion part the shrinkage strain development was calculated based on the 
pore humidity distribution over the depth as a function of drying time. The so obtained 
shrinkage strains were used as load to calculate the stress development in a fully restrained 
shrinking specimen.  

The stress calculations involved analysis of the un-cracked and the cracked section. In the un-
cracked stage the increasing stress due to the successively imposed shrinkage strain was 
estimated as illustrated in Figure 3.11, i.e. using a stepwise procedure. In each step the 
restraint stress was calculated incorporating both the effect of non-linear response of the 
concrete due to micro-cracking as well as stress relaxation due to visco-elastic behaviour 
(concrete creep).    
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Figure 3.11 – Response of the un-cracked element in which the stress at a specific age is 
calculated using the principle of superposition. The model considers damage of the concrete 
at high stress levels as well as stress relaxation due to creep.  

When the so calculated stress equals the tensile strength it is assumed that a major crack 
develops. A schematic illustration of the calculation principles for the cracked element is 
shown in Figure 3.12. The imposed shrinkage strain is simply distributed in the cracked 
( i

cr+ i
f) and un-cracked ( i

d) zones respectively. In the cracked zone the strain is due to 
cohesion, fibre debonding and elongation of the fibres. The un-cracked part of the element 
may experience either un-loading in case of low reinforcement content or continuous loading 
even after cracking in case of a strain-hardening material. For the first situation the un-loading 
modulus E  is used while the tangent modulus of elasticity is adopted for the second case 
(included in the stiffness D).

The total stress change at a certain age, i, is calculated by summing the contributions from 
the cracked and un-cracked zones and subtracting the stress change due to relaxation i

R. In 
the equations for stress calculation presented in the figure the factor f(wi) is a function of the 
crack width, L is the length of the element, fct is the tensile strength and Ef is the elastic 
modulus of the fibres.
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Figure 3.12 – Principles for stress calculation in the cracked stage according to the model of 
Grzybowski & Shah (1989, 1990). 
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The model was verified through comparison with results from the ring test (see Figure 2.3 in 
Section 2.3), as presented in Grzybowski (1989). Results of the comparison, shown in Figure 
3.13, demonstrated that the model was able to realistically predict the cracking in restrained 
SFRC. Exceptionally good correlation has also been reported by Mesbah & Buyle-Brodin 
(1999) for the prediction of cracking of rings. Grzybowski (1989) further showed that the 
model was able to capture the stress development and cracking of end restrained slabs tested 
by Opsahl & Kvam (1982).  
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Figure 3.13 – Average crack width obtained in experimental and numerical analysis of the 
ring test as described in Grzybowski (1989).  

3.4.3 Models to predict restraint stresses including the effect of bond 
No guidance is given in the previously reviewed model on how to consider the effect of bond 
to the substrate. Thus, the solutions using the model can be regarded as the worst case 
scenario, as a high and continuous bond plays the role of an effective crack distributing 
reinforcement. In order to get a realistic assessment of the cracking potential of overlays, 
however, the interface properties should be considered. Some examples of numerical and 
analytical methods where the bond is taken into account are reviewed below. 

Finite Element Models  
An accurate prediction of the cracking and debonding potential of shrinking SFRC overlays 
requires fracture mechanical aspects to be considered. In other words, relationships to 
describe the toughness characteristics in the form of stress versus crack-opening and/or slip 
are essential to predict the redistribution of stresses that follows on the initiation of a fracture 
zone. However, for a fracture mechanics approach to be adopted it is almost a demand to use 
numerical analysis. Several researchers have used computer based tools to validate the effect 
of fibres and/or to study debonding of restrained concrete overlays. In the following a few 
examples of such methods are presented and discussed. 

Already in the 1970’s Jonasson (1977 and 1978) studied the stress development in bonded 
concrete overlays using Finite Element Analysis (FEM). A more thorough description of the 
results from the analysis will be discussed later on in the report. However, it can be mentioned 
that a weakness of the model was that the calculations were finalised at the point when the 
strength of the material was reached, i.e. no information was obtained regarding the 
distribution of cracks and debonding.
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A more recent attempt to analyse thin, bonded overlays exposed to shrinkage loads was 
presented in Groth (2000). The author developed an FE-model in which visco-elastic 
properties were assumed for the un-cracked concrete to simulate stress relaxation due to 
creep. Relaxation spectra were evaluated based on measured creep or compliance functions 
obtained from Westman (1999). Cracks were modelled with a fracture mechanics approach 
referred to as the inner softening band (ISB) method. The ISB model was originally 
introduced by Klisinski et al (1991) and has been further developed by other researchers at 
Luleå Technical University (e.g. Tano, 1997). Interface elements with a much higher stiffness 
than the overlay were used in order to eliminate the influence of the substrate. In other words 
the restraint was nearly 100 %. It was further assumed that debonding could only occur due to 
mode I stress (uni-axial tension).

Results from the analysis of a 100 mm topping showed that multiple surface cracking 
occurred within the first week after initiation of drying, see Figure 3.14. The next 3 weeks of 
drying were characterised by selective crack growth and localisation. When the major cracks 
reached the interface some secondary curling cracks were initiated in a direction along the 
interface. Considering the effect of the geometry it was shown that the crack density increased 
as the depth of the topping was reduced, i.e. wider cracks were associated with increasing 
thickness. It was also found that SFRC plays an important role in distributing cracks, 
particularly for thicker toppings. For thin toppings on the other hand the importance of the 
strain softening behaviour of the concrete diminished. However, in case a weakness was 
introduced at any position at the interface it was observed that severe cracking would localise 
to that region. In other words the bond will play a decisive role as regards the distribution and 
widths of cracks.

Figure 3.14 – Results from the analysis of a 100 mm topping using the Inner Softening Band 
(ISB) approach as presented in Groth (2000). Diamond shaped symbols indicate softening 
interface elements (i.e. debonding).  

A similar experience was also achieved in analysis conducted by Carlswärd (2002). The 
author used a non-linear, two-dimensional finite element model to simulate the cracking and 
debonding response of 15 cm thick toppings bonded to concrete slabs and exposed to a 
temperature differential, see Figure 2.5 (a). A discrete approach was adopted to study the 
development of cracks. This means that interface elements (springs) were inserted between 
nodes of the elements used to simulate the overlay and also between the substrate and the 
overlay. In this way it was possible to follow both overlay cracking and the development of 
debonding.
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Some examples of results obtained in the analysis are given in Figure 3.15. The plot shown in 
(a) represents a case of strong and tough interface between overlay and substrate while the 
plot in (b) was obtained for a weak and brittle interface. The bond strengths assumed for the 
interface in the two cases were 2 and 1,2 MPa respectively in both directions, i.e. for mode I 
and II (uni-axial tension and shear). As expected the strong bond situation resulted in more 
cracks and less curling. It should be pointed out that the properties of the interface elements 
for the weak bond situation were selected in order to avoid complete debonding. Thus when a 
lower bond strength than 1,2 MPa was assigned for the interface layer the overlay was 
completely delaminated and instability problems occurred in the analysis.  

 (a) (b) 
Figure 3.15 – Examples of results from FE modelling of concrete overlays subjected to 
temperature gradient as presented in Carlswärd (2002). (a) Strong and tough interface. (b) 
Weak and brittle interface.

Even more recently Bolander & Berton (2004) presented numerical simulations of shrinkage 
induced cracking and debonding in cement composite overlays. The authors used so-called 
random lattice modelling to simulate the moisture transport through the overlay, from which 
moisture and corresponding shrinkage profiles at different ages were established. The effect 
of aging and creep was not incorporated in the succeeding stress analysis although the authors 
recognised the criticality of the parameters for the response of overlays. A reason for 
excluding the factors was to be able to compare results with previous work conducted by 
other researchers. In order to enable assessment of cracking and debonding the overlay and 
substrate concrete as well as the interface were assigned non-linear softening response.  

The overlay was given a tensile strength of 4,5 MPa, an elastic modulus of 26 GPa and a 
fracture energy of 161 Nm/m2 while the corresponding values for the substrate were 4 MPa, 
33 GPa and 96 Nm/m2. Two different situations for the interface were investigated: a strong 
and a weak interface. For the strong interface the tensile strength, elastic modulus and fracture 
energy assigned were 4 MPa, 28 GPa and 129 Nm/m2 while the combination of values for the 
weak interface was 1 MPa, 28 GPa and 32 Nm/m2.

Results from a stress analysis illustrated clearly that there are two main potential fracture 
mechanisms, tensile cracking through the overlay and debonding of the overlay from the 
substrate starting at the free end of the composite system. It was further shown that for a weak 
interface a successive propagation of debonding occurred as the shrinkage load increased 
without any vertical cracks forming through the overlay, see Figure 3.16 (a). For the strong 
interface on the other hand, numerous vertical fracture zones developed at an early age (b). 
Additional drying resulted in localisation of some of the cracks. The results also showed that 
when the major cracks reached the substrate the crack turned and started to run laterally in the 
direction of the interface. In other words, debonding followed on the development of new free 
ends.
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 (a) (b) 
Figure 3.16 – Results from FE-analysis as presented in Bolander & Berton (2004). 
(a)Debonding along weak interface at 20 and 50 days exposure to a drying environment. (b) 
Crack patterns obtained for a strong, tough interface at 10 and 110 days exposure.

Analytical methods that include the effect of bond 
Although numerical analysis, as described above, may be quite advantageous for assessing the 
fracture response of shrinking overlays it cannot be expected to be adopted by the typical 
designer. For this purpose it is clear that a somewhat simpler method is demanded. An 
example of a more practical approach, for the calculation of stresses in bonded overlays 
exposed to drying shrinkage, was proposed by Silfwerbrand (1997). The author introduced the 
following simplifications in the analysis: overlay and substrate concrete behave linearly 
elastic, poisson’s ratio is zero, Bernouilly’s hypothesis is valid, an even shrinkage distribution 
through the overlay, zero shrinkage in the sub-base and complete bond between overlay and 
substrate. These assumptions made it possible to establish equations based on simple beam 
theory for predicting the stress distribution across the section prior to cracking.  

Silfwerbrand presented solutions for different combinations of geometries and support 
conditions. However, only one case is illustrated here; a simply supported beam with equal 
width of the overlay and bottom slab. This means that the centre of gravidity of the combined 
structure, z = 0, will end up at mid depth of the combined section shown in Figure 3.17. Also 
indicated in the figure is the distribution of normal stresses x(z) over the depth due to the 
applied overlay shrinkage cs. The situation is valid in case the base concrete is considerably 
older at the time of overlaying, which implies that the shrinkage of the substrate may be 
disregarded.

Figure 3.17 – Beam composed of overlay on old substrate concrete exposed to differential 
shrinkage according to Silfwerbrand (1997).  

20 d 

50 d 

10 d

110 d



3. Theoretical analysis with respect to restraint stresses – available methods 

42

With an overlay depth ho equal to ·h and an elastic modulus of the substrate of Eb = m·Eo the 
following equations can be set up for the normal force N and moment M along the beam axis 
x:
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The values within parenthesis describe the strain distribution over the section for the case that 
plane sections remain plane even after flexure, i.e. the equation for an elastic line where 0 is 
the normal strain and  is the curvature. For a simply supported beam, as shown in Figure 
3.17, or continuously supported by a stiff and slippery substrate, the equations above may be 
solved by setting N=M=0. For this situation Silfwerbrand (1997) derived the following 
solutions for the normal strain and curvature respectively (solutions for other boundary 
conditions may be found in Silfwerbrand, 1996): 
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Based on the assumption of an even shrinkage distribution across the overlay depth it can 
further be shown that the maximum tensile stress develops at the level of the interface. The 
stress can, according to Silfwerbrand, be calculated as: 
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The coefficient  was denoted by Silfwerbrand as the degree of restraint, and is dependent 
upon the stiffness relation m=Eb/Eo and the geometrical relation =ho/h. The parameter 
assumes a value of 1 in case of full restraint and approaches zero in case of no restraint. Some 
plots showing the variation of the degree of restraint as a function of the relative overlay 
depth  are shown in Figure 3.18 for stiffness relations m varying from 0,25 to 8. Noticeable 
is that the calculated restraint does not decrease linearly with increasing . The restraint will 
first decrease rapidly when the relative overlay depth is increased slightly above zero. In the 
region of -values between approximately 0,15 and 0,75 the restraint will be almost constant, 
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or even increase slightly, while it approaches zero when the overlay depth constitutes more 
than 75 % of the total depth.       

0

0,2

0,4

0,6

0,8

1

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Relative overlay depth 

D
eg

re
e 

of
 re

st
ra

in
t 

m = 1/4
m = 1/2

m = 1
m = 2

m = 4
m = 8

Figure 3.18 – Degree of restraint  as a function of the relative overlay depth  for different 
stiffness relations between overlay and substrate m based on the Silfwerbrand model. 

The approach proposed by Silfwerbrand was intended to be used for design purposes to 
estimate the possibility of cracks developing in overlays. Thus, the designer must be able to 
determine the final shrinkage cs and the elastic modulus of the overlay and substrate 
respectively. Shrinkage can either be taken directly from a building code or calculated based 
on a shrinkage model as given in e.g. CEB-FIP MC 90 (1990), EC 2 (1991), ACI (1992) or 
elsewhere. Information is also given in the codes on the E-modulus for various concrete types. 
However, it should be recognised that it is necessary to consider the favourable effect of creep 
in order to predict realistic stress levels.  

For the substrate it may be reasonable to neglect the effect of creep as it has a relaxing effect 
on the overlay stresses, which means that an assumption of a constant Eb will give stress 
predictions on the safe side. However, there may be a considerable effect of creep even for 
relatively old substrates. For instance, Beushausen & Alexander (2006) claims that creep in 
the substrate may account for as much as 30-40 % of the total strain experienced by overlays.

For the overlay material it is definitely necessary to consider the effect of relaxation as the 
creep coefficient  may be as high as 5 to 6 for concrete exposed to drying shrinkage in early 
age (Silfwerbrand, 1987). If the stress history is neglected in the design the effect of creep can 
be accounted for by adopting the effective modulus concept such that: 

1
o

o,eff
EE  (3.20) 

where Eo is the elastic modulus of the overlay material at 28 days and  is the creep 
coefficient. The extent of creep can be determined from creep models as proposed in building 
codes considering the age at loading, the properties of the overlay and environmental 
conditions. A modified stiffness relation m is thus obtained by dividing the modulus of the 
substrate Eb by the effective modulus of the overlay Eo,eff and the maximum stress can be 
calculated with Eq. (3.19).  
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Another rather simple analytical model to calculate the stress situation in bonded overlays was 
proposed by Beushausen & Alexander (2004 and 2006). The model is rather interesting in the 
sense that it contradicts the general methodology adopted to deal with restraint stresses. Most 
researchers seem to agree that restrained shrinkage can be analysed using beam theory, as 
proposed by Silfwerbrand. The application of beam theory implies that shear stresses can only 
develop at member ends or at internal supports as the bending moment, and so the normal 
stress, will be constant along the “beam”. Hence, interface shear stresses will be non-existent 
in major parts of the overlaid structure. However, Beushausen & Alexander claim that this 
situation is not realistic and thus introduced the idea that stresses must be analysed on the 
local level at the interface.  

In order to prove that beam theory (hypothesis of Bernouilly) gives inaccurate results the 
authors conducted a series of experiments in which substrate “columns” of 1600 mm depth 
were overlaid with concrete of depths varying from 20 to 80 mm as shown in Figure 3.19 (a). 
Results from strain measurements on the upper 250 mm of the composite sections for two 
overlay depths are shown in the same figure. Based on these results the authors concluded that 
the assumption of plane sections remaining plane is not true. The reason is that substrate 
strains had a maximum value at the interface and approached zero approximately 250 mm 
below the interface or even less as can be seen in the figure. Notice that the strain distribution 
according to beam theory would be a linear gradient extending all the way to the bottom of 
the 1600 mm deep column.
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Figure 3.19 – (a) Distribution of strains in composite sections for two different overlay depths 
as reported in Beushausen & Alexander (2006). (b) Ratio between substrate strain at the 
interface IF and free overlay shrinkage cs for three overlay depths as reported in the same 
reference.  

In order to evaluate the effect of the overlay depth on the degree of restraint the measured 
substrate strain at the interface IF was divided by the measured free shrinkage of the overlay 

cs at different times. The free shrinkage was obtained at a position corresponding to the 
interface on unrestrained companion overlays cured in the same environment as the restrained 
specimens. Observe that an increasing strain ratio if/ cs indicates that the restraint decreases 
as the measurable strain at the interface approaches the free shrinkage strain.  
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The results are shown in Figure 3.19 (b) for three overlay depths; 20, 40 and 80 mm, cast on 
the 1600 mm deep columns shown in (a). Notice that beam theory would predict an increasing 
strain ratio for increasing overlay depth due to reduced restraint, at least for relative overlay 
depths  = ho/h in the region of 0,2 and lower according to Figure 3.18. However, in this case 
the results indicate that the restraint was not lower for the 80 mm overlay than for the other 
two depths. In fact it was even slightly higher (i.e. a lower strain ratio if/ cs). The conclusion 
drawn by the authors was that the dimensions of the composite member do not influence the 
stress situation at the interface. This finding made it possible to derive the following simple 
formulation for calculating the strain at the interface: 
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where 0(t,t0) is a relaxation factor while Eb and Eo are the elastic modulus of the substrate 
and overlay respectively. C  is a factor introduced to consider the shape of the strain 
distribution across the section and has to be empirically determined for different materials and 
structural systems. In the study of Beushausen & Alexander it was shown that a value of 1 
gave the best correlation between measured and calculated strains. The tensile stress in the 
overlay was obtained by multiplying the overlay interface strain with the elastic modulus. The 
method can be used to predict the potential of cracking by comparing the stress with the 
tensile strength at different times.  

It should be mentioned that the proposed method of proving the non-applicability of beam 
theory is somewhat distrustful as the adopted substrate “beam”, or rather column, was far too 
deep. The applicability of Bernouilly’s hypothesis requires that the depth of the beam is 
considerably smaller than the length. A rule of thumb is that the depth should be less than the 
length divided by three (h < L/3). Notice that a depth of approximately 8L was applied in the 
verification experiments presented by Beushausen & Alexander (2006), see Figure 3.19 (a). 
This means that the results used by the authors to verify the inapplicability of beam theory do 
not actually give any proof on this regard.

Moreover, most research results support the conventional belief of the applicability of beam 
theory. For instance, the stress state in continuously and fully restrained concrete overlays 
exposed to one-sided drying has been analysed through simple linear elastic Finite Element 
calculations with the FE-code DIANA (Carlswärd, 2002). The results for an overlay of 120 
mm depth at a drying age of 90 days are shown in Figure 3.20. It can be seen that the normal 
stress in the overlay increases from a low value at the end of the section to a maximum over a 
distance of approximately 400 mm. After this point the normal stress is constant along the x-
axis. The shear stress at the interface on the other hand, has a maximum at the free end and 
decreases to zero over the same distance. Referring to the previous reasoning this stress 
variation agrees well with the results of conventional beam theory, i.e. that shear stresses only 
exist near free ends. Similar results were also obtained in the Finite Element analysis 
conducted by Jonasson in the 1970’s (Jonasson, 1977 and 1978).
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Figure 3.20 – Stress distribution obtained in Finite Element calculations for a fully restrained 
overlay of depth 120 mm exposed to one-sided drying. From Carlswärd (2002). 

3.4.4 Stresses at free edges 
Curling and delamination starting from free edges or near cracks is a widely recognised 
problem for overlays as discussed previously, e.g. Figure 1.1. The phenomenon is related to 
the stress state developing at free ends due to the transfer of normal stresses from the overlay 
to the substrate as illustrated in Figure 3.20. Prestress analogy is often used to explain the 
effect. In the same way as a stressed tendon requires a certain distance to transfer the full 
prestress to the concrete the normal stress develops from zero to the maximum value over a 
certain distance in the overlay, see Figure 3.21. In other words, the horizontal stress is equal 
to zero at the end points x=0 and x=L and a transfer zone exists, lt in the figure, over which 
the normal stress develops to a constant value. The generation of normal stress is facilitated 
by shear stresses xz acting along the interface in the same region.  

A similar situation arises each time a vertical crack develops through the top layer as 
indicated in the figure.

Figure 3.21 – Assumed distribution of normal stresses in the overlay and shear stresses at the 
transition zone between overlay and sub-base.
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Finite element analysis has indicated that the length of the transmission zone is in the order of 
3 to 5 times the depth of the overlay (Jonasson, 1977). The finding was also verified in the 
previously described FE-analysis of Carlswärd (2002), where a transmission length of 350-
450 mm was obtained for a 120 mm overlay; see Figure 3.20.   

There is a strong relation between the horizontal normal far field stresses x and the stresses 
acting at the interface layer between overlay and substrate in the vicinity of a free end, z and 

xz. Relations applicable for a simply supported composite beam end as proposed by Jonasson 
(1977, 1978) are given in Figure 3.22.
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Figure 3.22 – Vertical stresses and shear stresses in the end zone at the level of the interface 
(z=-h/2+ho) due to normal stress x at a distance l from the support, Jonasson (1977).   

For the prediction of stresses the parameters l, x1, x2, z and zx given in Figure 3.22 need to 
be quantified. Jonasson (1977) used FE-analyses of overlayed beam ends to make such 
quantification. For a variety of overlay and substrate depth combinations and different 
material properties it was shown that the maximum stress across the interface z,max and the 
corresponding tensile force component Ft could be approximated as follows:  

x22maxz, )118(
)1(20 M

h
    for 0 <  < 2/3 (3.22) 

xt )118(
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h
F              for 0 <  < 2/3 (3.23) 

Notice that the formulations, derived based on regression analysis, are only valid for overlay 
depths h below 2/3 of the total composite depth h.

For a triangular distribution of tensile stresses across the interface, z, the length of the tensile 
zone x1 will take on a value of 0,4 h. Jonasson further concluded that, if a triangular 
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distribution is also assumed for the shear stress at the interface with a maximum value zx,max

at the free end, the distance x2 will approximately equal 3 h. The maximum shear stress, 
according to Jonasson, can thus be estimated as: 

h
N x

maxzx, 3
2  (3.24) 

where Nx is the normal force in the overlay calculated by integrating the normal overlay stress 
x over the overlay depth h as indicated in Figure 3.22.

The so calculated stresses in end-zones may be used to assess the risk of debonding starting 
from a free end. Jonasson (1977) proposed that the risk of debonding may be evaluated based 
on the shear stress component in Eq. (3.24), i.e. by comparing the calculated shear stress with 
the shear bond strength. However, based on numerical analysis of shrinking overlays Granju 
et al (2004) claimed that the initiation of debonding is rather related to the vertical lifting 
stress z, which implies that it would be more appropriate to define a failure criterion based 
on the tensile bond strength of the interface. In the last mentioned reference it was also 
verified, through numerical analysis and tests, that debonding is in fact always initiated from 
the extremities of an overlay and additionally, that the softening of the interface plays an 
important role in preventing a sudden and complete propagation of debonding along the entire 
length.

3.5 Prediction of crack widths 
It has been experimentally verified according to Jonasson (1977) that cracks developing 
through the overlay will be well distributed and fine if the bond quality between overlay and 
substrate is sufficient so as to prevent debonding. In the same reference it is stated that a 
distance between cracks approximately corresponding to the depth of the overlay may be 
expected, even in case of un-reinforced concrete. The statement has been verified in more 
recent tests conducted by Laurence et al (2000) as refereed in Concrete Report no 13 (2006), 
see Figure 3.23. The authors found that the crack pattern was related to the overlay depth such 
that an increased thickness resulted in increasing crack distances and crack widths, see Figure 
3.23. The observed distances were in the order of 1 to 3 times the overlay depth.  

Figure 3.23 – Crack mapping of 400x400 mm overlays made of cement paste illustrating that 
the distance between cracks increase with increasing overlay depth. (a) ho = 25 mm, (b) ho = 
50 mm and (c) ho = 75 mm. From Laurence et al (2000). 

Based on the crack distance observed in experiments it was suggested in Concrete Report no 
13 (2006) to roughly estimate the crack width in case of un-reinforced concrete by 
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multiplying the distance by the free shrinkage cs. For the worst case discussed above, with a 
distance between cracks of 3 times the overlay depth, the following equation is thus valid: 

csocr 3 hw   (3.25) 

Reinforcement is required if the so calculated crack width exceeds the maximum allowed 
width. In case of SFRC it was proposed in Concrete Report no 13 to consider the fibre 
contribution by introducing the residual strength factor R10,20 of the material such as:  

cso20,10cr 31 hRw  (3.26) 

Reference is made to Section 4.2.3 for a definition of residual strength.

For an overlay with a depth of 50 mm and a final shrinkage value of 1 mm/m, which may be 
considered a fair assumption, the predicted crack width will reach a maximum value of 
3·0,05·1 = 0,15 mm in case of un-reinforced concrete (Eq. (3.25)). Thus, for concrete overlays 
with small depths (up to about 100 mm) it may be concluded that reinforcement is generally 
not required if full bond between the two layers can be guaranteed.

Observe that Eqs. (3.25) and (3.26) are somewhat idealised in the sense that the favourable 
effect of relaxation is not considered. Furthermore, the concrete will still be strained 
somewhat in between cracks as long as the overlay is interacting with the substrate. This 
means that parts of the applied shrinkage strain cs will be consumed by relaxation and strain 
in the uncracked concrete, rel and c in Figure 3.24. In other words, the formulations will give 
an upper bound limit for the crack width.  

Lw crelcscr

Figure 3.24 – Relaxation and elastic strain in the uncracked concrete between cracks reduces 
the crack width.

3.6 Concluding remarks 
Based on the review it can be concluded that there are some alternatives available for 
prediction of the response of concrete exposed to restrained shrinkage. The most precise 
method is possibly to use numerical simulations (FEM), which allows the fracture response of 
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SFRC to be accurately modelled by considering the complete softening curve. Another 
advantage is that parameter studies can easily be conducted to evaluate the significance of 
various factors when an appropriate FE-model has been established. A drawback is however 
that numerical analysis is quite complex and not available for the typical design engineer.

Thus, it is believed that a somewhat simpler method is demanded and the question is if any of 
the other methods reviewed above can be used. On this regard the methods proposed for 
assessing the response of concrete rings are not directly applicable, as they were mainly 
developed for prediction of the stress situation in rings. The model of Grzybowski & Shah 
(1989, 1990), on the other hand, seems quite attractive in the sense that it considers both the 
stress development and the cracking response. A disadvantage of the model is however that it 
does not take the degree of restraint into account, i.e. it is assumed that the concrete is 100 % 
restrained and not bonded to the substrate. The model is further somewhat complex as it 
requires the damage of concrete prior to failure, the fibre pullout response and the softening of 
SFRC to be accurately modelled.

In the theoretical analysis presented later on in the report (Chapters 7 and 8) it is proposed to 
use the method of Silfwerbrand (1997) to predict the stress development in bonded overlays. 
An attractive feature of the model is that it is rather simple. The model is however only 
applicable for fully bonded and un-cracked overlays. In other words, modifications are 
required in order to be able to predict crack widths or to account for the effect of steel fibres 
in the cracked stage. A possible approach on how to deal with the crack response is discussed 
in Chapters 5, 7 and 8.
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4 Components required for the design of overlays with respect to 
restrained shrinkage 

4.1 General
Numerous factors influence the stress development in a shrinking concrete overlay. In 
addition to the rate and magnitude of the shrinkage, or rather the difference in shrinkage 
between overlay and substructure, it is necessary to consider the effect of stress relaxation and 
ageing of the concrete. For the estimation of the risk of cracking it is further essential to have 
knowledge about the tensile strength development, and for SFRC additional information is 
required on the post-cracking properties. As discussed previously the distribution and widths 
of cracks will to a significant extent also rely on the bond quality at the interface between the 
two layers.

The intention of the chapter is to review available methods and theories for assessing the 
material responses. Suitable theoretical models are then identified, based on a critical 
assessment of the various theories, to be adopted in the analysis of the restrained shrinkage 
tests described in Chapters 5 and 7 and in the analytical model of Chapter 8. A thorough 
discussion is also provided on the effect and significance of the various parameters on the 
response of overlays exposed to shrinkage.

4.2 Elastic modulus and strength of SFRC 

4.2.1 Elastic modulus 
The stiffness relation between substrate and overlay concrete plays a significant role for the 
stress analysis in the sense that it influences the degree of restraint, see e.g. Figure 3.18. An 
increased elastic modulus of the substrate in relation to the modulus of the overlay yields 
higher restraint. The restraint situation will further change over time due to the maturity 
process of the overlay concrete. This effect will be even more pronounced as a result of creep 
or stress relaxation.

The elastic modulus may be determined with the CEB FIP Model Code 90 formulation as a 
function of loading age t0 as follows: 
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where Ec(28) and fcm are the tangent modulus of elasticity and the mean cylinder compressive 
strength at 28 days respectively while cc(t0) is a time development function and s is a factor 
to consider the type of cement used. A value of 0,20 can be adopted in case of rapidly 
hardening high strength cement, 0,25 for normal or rapidly hardening cement and 0,38 for 
slowly hardening cement. As proposed by Larsson (2003) the expression for the factor cc(t0)
was further modified by introducing an apparent setting time ts. Based on experiences from a 
wide range of tests Larsson found that the parameter could be fixed at 0,25 days.  

The compressive strength development calculated with Eq. (4.4) with s = 0,20 is given in 
Figure 4.1 for concrete strength classes C28/35 and C40/50. Also shown, as a comparison, are 
the corresponding tendency curves for Swedish Byggcement, of the type CEM II/A-L 42,5 R. 
This cement has been used in the tests described later on in the report. It can be seen that the 
correlation is reasonable.
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Figure 4.1 – Comparison between the CEB FIP MC 90 model (Eq. 4.4) for prediction of 
compressive strength development with tendency curves for Swedish Byggcement. 

4.2.2 Tensile strength 
Although the proper way of measuring the tensile strength is through performing tests on 
specimens with a uni-axial load, as for instance proposed by RILEM TC 162-TDF (2001), it 
is most common to adopt an indirect method. The reason is primarily that it is rather 
complicated to conduct uni-axial tests in tension. An example of a difficulty is to assure that 
the load is not eccentrically applied, which would give a lower apparent strength.  

Indirect methods frequently used to represent the axial tensile strength are the splitting and the 
flexural tests although the most common methodology is perhaps to estimate the tensile 
strength based on the compressive strength. Numerous standards are available for the flexural 
and splitting tensile test and some examples are given in Figure 4.2.
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Figure 4.2 – Configurations of various test methods for evaluating the tensile properties of 
concrete and fibre reinforced concrete. References to standards are also given in the figure.  

Several functions have been proposed to relate the axial tensile strength to the strength values 
obtained through compressive, splitting or flexural tests. For instance, the following 
relationship can be used according to EC 2 (1991) for calculating the tensile strength based on 
the compressive strength:  

3
2

ckctm 30,0 ff  (4.5) 

Where fctm is the mean value of the tensile strength and fck is the characteristic cylinder 
compressive strength. An approximate relationship is further proposed in EC 2 between axial 
and splitting tensile strength fct,sp:

spct,ct,ax 9,0 ff  (4.6) 

If the flexural tensile strength fct,fl has been measured it is suggested in EC 2 to calculate the 
axial strength by multiplying the result by 0,5. A more nuanced method to relate the axial 
tensile strength with the flexural strength is however given in CEB/FIP Model Code 90 
(1993), where the influence of the depth h of the beam is considered as follows: 
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In case of h = 75 mm, which was used in the experimental program presented in Chapter 5 the 
above relation reduces to a value of approximately 0,62 fct,fl. The relation between tensile 
strength calculated based on splitting tests and flexural tests respectively for the concrete 
types within the experimental program of Chapter 5 are shown in Figure 4.3. In general it 
seems as if the estimation of the axial tensile strength using measured values from flexural 
tests, Eq. (4.7), yields slightly lower results than the corresponding values obtained from 
splitting tests, Eq. (4.6).  
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Figure 4.3 – Relationship between tensile strength calculated from splitting tests, Eq (4.6), 
and flexural tests, Eq. (4.7) with h = 75 mm. The splitting and flexural tests results were 
obtained in the test series described in Chapter 5.

Recalculated results from the splitting tests (Eq. 4.6) have further been compared to the 
prediction of axial tensile strength based on compressive strength, Eq. (4.5). Notice in Figure 
4.4 that the last mentioned equation was slightly modified. The reason was to improve the fit 
with experimental results obtained in Chapter 5 (see Figure 5.8). Moreover, rather than using 
the characteristic compressive strength the mean cylinder strength fcm was used. An example 
of results obtained for concrete type PC of the study in Chapter 5 is given in Figure 4.4. When 
comparing results with the tensile strength evaluated from splitting tests on concrete type PC, 
Figure 4.4, it may be seen that the correlation is again reasonable.
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Figure 4.4 – Tensile strength calculated from measured splitting strength at 2, 14 and 28 days 
(Eq. (4.6)). Also shown is the tensile strength development obtained from compressive 
strength using Eq. (4.4) and a slightly modified version of Eq. (4.5) (see also Figure 5.8).  

Several methods are thus available for the determination of the tensile strength based on 
indirect tests. The choice of method is clearly dependent upon what test results or parameters 
that are available. The only factor that is known, or may be defined, in advance is usually the 
compressive strength, which means that an equation relating the tensile strength to the 
compressive as Eq. (4.5) is propably the most useful.     

4.2.3 Post-cracking response of SFRC 
For normal volume ratios fibres are known to have little or no effect on the ultimate strength 
of concrete, e.g. Strange & Bryant (1977), Shah & Ouyang (1991), Gettu & Barragán (2003). 
Instead fibres start to act at the moment when crack activity is initiated. The influence may be 
noticeable already at the micro-crack stage, thus giving a stiffer response of the structure even 
for loads not exceeding the material strength. However, for the sake of simplicity it is 
commonly assumed that the response of fibre concrete is similar to that of plain concrete up to 
the point when a major crack develops. The behaviour will on the other hand be quite 
different in the post-crack region. For plain concrete the stress drops to zero almost 
immediately while fibres bridging the crack will contribute to the load carrying capacity up to 
relatively wide openings, thus increasing the residual stress of the composite.    

An important task is to quantify the response of SFRC after a crack has been established, i.e. 
the post-cracking properties. This is commonly accomplished through evaluating the load-
deflection response of small beams, for which a number of test standards are available, e.g. 
ASTM C1018 (1992), RILEM TC 162-TDF (2002) and JSCE-SF4 (1984). The principles of 
testing and definition of material properties according to the first two standards, ASTM and 
RILEM, are explained in the following. It should be mentioned that in the tests described later 
on in the report (Chapter 5) the ASTM standard was adopted to evaluate the toughness. The 
reason for the choice was simply that the corresponding test set-up was available in the 
laboratory.
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ASTM C-1018 
An un-notched simply supported beam loaded with two loads at the third points is proposed in 
the American standard ASTM C1018. The basic measures of a beam according to this 
standard can be seen in Figure 4.5 (a). The span-to-depth ratio l/h should be kept at a value of 
6. In the tests described in Chapter 5 the span l and depth h were set to 450 and 75 mm 
respectively. The response of the beam is evaluated by applying the loads under displacement 
control.

 (a) (b) 
Figure 4.5 – The geometry and load configuration for the ASTM C1018 beam test is shown in 
(a) and a typical load-deflection diagram for SFRC is shown (b). From Concrete Report No 4 
(1995).   

The results are plotted in a load-deflection diagram as shown in Figure 4.5 (b). From the 
diagram the load at which the concrete cracks Fcr and the ultimate load Fu are evaluated. 
Based on these values the cracking strength fflcr and the ultimate strength fflu are calculated 
using the following relation: 

2fl hb
lF

W
Mf  (4.8) 

The post-cracking region is defined by residual strength factors, R10,x, calculated based on 
toughness indices Ix and I10 as follows:

100
10

10x
x10, x

IIR  (4.9) 

where the toughness indices are given by the following equations with denotations as shown 
in Figure 4.5 (b):
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The toughness is generally defined up to deflections corresponding to at least x=20 and 30 but 
sometimes even 40, i.e. I20, I30 and I40. The residual strength may be obtained by multiplying 
the flexural strength at cracking with the residual strength factor as: 

x10,flcrflres Rff  (4.12) 

What residual strength that should be used depends on the type of application and the 
expected deformation requirement. For floors and toppings it is suggested in Concrete Report 
No 4 that R10,20 is used while a residual strength corresponding to at least R10,30  should be 
adopted for other structural applications.

Three point beam test according to RILEM TC-162-TDF (2002) 
According to the RILEM standard the toughness characteristics of SFRC is evaluated from 
simply supported beams exposed to a mid point load. The beams, as shown in Figure 4.6, are 
provided with a notch in mid-section to enable measurements of the crack mouth opening 
displacement (CMOD). The depth of the notch should be 25 mm thus leaving an un-notched 
height of 125 mm.  
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Figure 4.6 – Geometrical configuration of the beams proposed in RILEM TC-162-TDF 
(2002). 

The results of the tests may be represented in terms of the load versus CMOD or load versus 
deflection response. In situations where only the mid point deflection  is measured the 
following formulation can be used to convert the results to CMOD according to Vandewalle 
& Dupont (2003): 

0416,018,1CMOD  (4.13) 

The evaluation is initiated by finding the limit of proportionality Ffct,L, which is defined as the 
maximum load recorded within the first 0,05 mm of CMOD, and the corresponding ultimate 
strength is calculated as: 
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where L is the span, b is the width and hsp is the un-notched depth of the beam. The residual 
flexural strength fR,i is determined from the residual loads FR,i at CMOD:s of 0,5, 1,5, 2,5 and 
3,5 mm as: 
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The strength at a CMOD of 0,5 mm is defined as fR,1 while the corresponding value at a 
CMOD of 3,5 mm is referred to as fR,4.

Other test methods to evaluate post-cracking response 
In addition to the bending tests there are a number of other test configurations used for 
evaluating the post-cracking response of fibre concrete. The most straight forward approach, 
in the sense that no structural model is required to determine the stress-crack opening 
relationship, is clearly to conduct uni-axial tests on notched cylinders, e.g. Groth & Noghabai 
(1996), Hedlund (2000), RILEM TC-162 TDF (2001), Stang & Li (2004).

For the estimation of flexural strength some guidelines recommend the use of plate tests. An 
example of such is the EFNARC panel test, which is typically used for shotcrete applications 
(EFNARC, 1996), and the Swiss Standard on SFRC (SIA 162/6, 1999), in which a circular 
plate is prescribed. Another rather simple test method for determining the fracture parameters 
of concrete in tension is the Wedge Splitting Test (WST). Standard sized cubes, or cylinders, 
with a notch are loaded with a wedge that splits the specimen while monitoring the CMOD. 
The method, which was originally proposed by Linsbauer & Tschegg (1986) and Brühwiler & 
Wittman (1990), is rather attractive as it is stable and rather simple to perform (Löfgren, 
2005). Several researchers have used the method over the years to determine the fracture 
properties of plain concrete, e.g. Elser et al (1996), Abdalla & Karihaloo (2003, 2004) and 
Karihaloo et al (2006), while Löfgren (2005) used the WST to determine the fracture toghness 
of SFRC. The wedge splitting test has also been evaluated using numerical analysis by Ferrara 
& di Prisco (2001) and Leite et al (2004).

Fibre orientation 
There is generally a rather significant scatter in results when evaluating the softening response 
of fibre concrete. This is primarily due to the variation in the number of fibres in a small test 
specimen. Even though this factor may be of less significant order in the full scale structure it 
is important to recognise that the orientation of fibres may be influenced both by the 
production technique adopted as well as by the fresh concrete properties and the structural 
boundaries.

Regarding the effect of the boundaries of the structure it can be stated that a completely 
random orientation will only occur in case the dimensions are considerably larger than the 
length of the fibre, which is not the case for thin overlays. This implies that the structural 
geometry should be considered in the design of SFRC for such cases. The effect has been 
studied extensively over the years and a number of theoretical models have been proposed to 
predict the orientation. An expression often found in literature for the estimation of the 
number of fibres crossing a potential crack plane is given in Eq. (4.16), e.g. Soroushian & Lee 
(1990), Schnütgen & Erdem (2003), Thorenfeldt (2003), Grünewald (2004), Dupont & 
Vandewalle (2005) and Löfgren (2005). 
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where Nf is the number of fibres per unit cross-sectional area of concrete, Vf is the volume 
fraction of fibres and Af is the cross sectional area of a single fibre. The factor f, referred to 
as the orientation factor or fibre efficiency, is introduced to account for the orientation of 
fibres in the structure.

Some previous theoretical approaches on how to calculate the orientation factor were 
reviewed in Löfgren (2005). Examples of results are given in Figure 4.7 for two fibre lengths, 
35 mm in (a) and 65 mm in (b). Regarding the effect of the fibre length it is clear that a 2-D 
orientation ( f = 0,64) will be approached for considerably larger members in case of the 
longer fibre type. However, 3-D orientation ( f = 0,5) will not be achieved unless the 
structural dimensions are quite substantial.   
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Figure 4.7 – Average fibre efficiency factor f as a function of beam geometry for a fibre 
length of 35 mm in (a) and 65 mm in (b). Modified from Löfgren (2005). 

A theoretical evaluation of the fibre orientation factor has also been conducted by Soroushian 
& Lee (1990). Relations between the orientation factor f and the ratio b/lf for depth divided 
by width relations of h/b = 0 and h/b = 1, as shown in Figure 4.8, were given in the reference. 
It may be seen that for the pure 2-D (0,64) and 3-D (0,5) cases the results agree well with the 
results given by Löfgren (2005), see Figure 4.7. For a slab, where the ratio h/b is close to 0 
and b/lf is infinitely large, the factor will assume a value between 0,6 and 0,7, which indicates 
that more than 60 % of the fibres will intersect a unit cross-sectional area of the slab. 
However, in experiments described in the same article it was found that the orientation factor 
of fibres in a 3-D environment, i.e. h/b=1, was actually substantially higher than the 
theoretical prediction. This was explained as being the result of the vibration of concrete, 
which tends to influence the fibres towards a more 2-D-oriented distribution. Based on this 
observation the authors proposed that an orientation factor between 2-D and 3-D is chosen in 
case of three-dimensional boundary conditions.   
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Figure 4.8 – Approximate values of orientation factors of fibres in specimens with different 
geometries and fibre lengths according to Soroushian & Lee (1990).  

The actual number of fibres crossing 125x150 mm beam sections has been reported in Barros 
& Antunes (2003). The study included two types of fibres, Dramix RC-80/60 and RC-65/60 
(end-hooked steel fibres with circular section), added in amounts ranging from 10 to 45 
kg/m3. Results showed that the number increased almost linearly with increasing fibre 
volumes. It was further shown that a fibre volume of 30 kg/m3 of the RC-80/60 type resulted 
in about 70-90 fibres while between 50 and 65 fibres were obtained for the second fibre type.

From Figure 4.8 it may be seen that the theoretical orientation factor for the situation, i.e. a 
cross section of 125 mm width and 150 mm depth and a fibre length of 60 mm, is 
approximately 0,6. Inserting the value into Eq. (4.16) and multiplying with the actual area of 
the cross-section (125x150 mm) gives a number of 62 fibres for the 65/60 type (diameter of 
0,92 mm) and 94 fibres for the 80/60 type (diameter of 0,75 mm). Thus, the values are near 
the upper limit of the observed numbers, implying that the model may overestimate the 
orientation factor somewhat.  

To some extent this conclusion was supported by results presented by Schnütgen & Erdem 
(2003), where the orientation factor was estimated based on the number of fibres, of the type 
Dramix RC-65/60-BN, in the fracture zones of thin panels and beams with cross sections of 
100x1000 and 150x150 mm respectively. The dimensions give orientation factors f of 
approximately 0,55 for the beams and 0,65 for the panels, i.e. for a relation between the depth 
h and the width b of 1 for the beams and 0,1 for the panels and a fibre length lf of 60 mm. 
However, based on the actual number of fibres in the fractured specimens the orientation 
factors were calculated to between 0,41 and 0,48 for the beams and 0,45 and 0,55 for the 
panels. Thus, the number of fibres bridging the fracture zones was in both cases lower than 
predicted. Another interesting result obtained in the study was that the orientation decreased 
as the volume fraction of fibres increased. A possible reason for this, according to the authors, 
could be that a free fibre alignment is somewhat restricted when the fibre density is high.  

Regarding the effect of the casting technique and the fresh concrete properties it has been 
reported that the orientation of fibres to some extent is likely to follow the flow of the fresh 
concrete or to orient mainly in a 2D plane at right angle to the direction of casting.
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For instance, a significant influence of the casting direction on the orientation of fibres was 
reported by Schnütgen (2003). The author investigated the load capacity of garages made of 
SFRC and tests on plates were conducted to be used as a basis for the design. In order to get 
realistic results the plates were produced in the same way as in the production process of the 
garage. This means that some of the specimens were cast horizontally, as a slab, and some 
vertically to simulate a wall. It was found that the roof elements had a load capacity after 
cracking that was three times higher than the wall plates, see Figure 4.9. The reason for this, 
as stated by the author, is that fibres tend to orient themselves in a predominantly horizontal 
direction. This implies that in a wall element most of the fibres are oriented in a uni-axial 
horizontal plane while in a slab they are randomly oriented horizontally.
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Figure 4.9 – Moment-curvature relations for wall, roof and roof at walls based on plate tests. 
From Schnütgen (2003). 

Robins et al (2003) studied the orientation of fibres through cracked sections of sprayed and 
cast SFRC beams. Through X-ray photographic analysis it was shown that there was no 
difference between casting and spraying on the resulting orientation of fibres. However, in 
both cases it was found that the method of placement caused the fibres to align in a mainly 
random 2D plane at right angles to the direction of casting or spraying. 

The orientation effect has been shown to be even more pronounced in case of Self 
Compacting Concrete (SCC), in which the fibres will be influenced by the flow of concrete. 
For instance, Dössland (2003) reported results from beam tests on steel fibre reinforced SCC 
(SFRSCC) and normal SFRC. Results showed that the residual strength was significantly 
higher for SFRSCC than for vibrated SFRC, primarily attributed to a more favourable 
orientation of fibres observed in the beams produced with SFRSCC. A substantial increase in 
residual strength for SFRSCC as compared to SFRC of the same strength was also reported 
by Grünewald (2004). The author further argues that this was mainly caused by a more 
favourable orientation factor in the crack zone of the SFRSCC beams although it was also 
verified that the pull-out response of fibres from a SCC matrix was better than for a NC 
matrix.  

Further evidence on the effect of fibre orientation in SCC was presented by Busterud et al 
(2005). The authors tested beams that had been cut in different directions of a wall and a slab 
cast with SFRSCC. It was concluded that the fibres tend to orient themselves in a direction 
parallel to the flow of SCC and that this will play an important role as regards the load 
capacity.
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The influence of the flow of SCC on the orientation of fibres has further been verified by 
Groth (2000), who used X-ray images of hardened SFRSCC for the analysis. An example of a 
photo taken on a cut section of an L-box test, a test method used to evaluate the passing 
ability of SCC (see e.g. European Guidelines for SCC, 2005), may be seen in Figure 4.10. It is 
quite clear that the majority of the fibres are aligned in a direction following the flow of the 
concrete.

Figure 4.10 – X-ray image of a cut section from an L-box test. From Groth (2000). 

Grünewald & Walraven (2003) showed that not only the flow of SCC will influence the 
orientation but also the flow along a wall. In other words, the authors found a more 
pronounced orientation near the bottom and the wall sides of a beam than far from the 
boundaries.

Considering the significant influence of the casting direction and the structural boundaries as 
reported in literature it is clear that such factors must be considered in the design of fibre 
concrete. The best method to account for the casting technique is clearly to produce test 
specimens in a representative way, i.e. similar as in the real structure. Such technique is also 
recommended in RILEM TC 162-TDF (2003) in case application specific testing, such as 
plates, are adopted. 

A similar approach is also proposed in the Norwegian Guidelines for the Design of SFRC 
Structures (2006). Regarding the evaluation of the residual strength characteristics of fibre 
concrete it is stated that test beams should be sawn from an element cast in the same direction 
as the structure to be produced as shown in Figure 4.11. The measured strength parameters 
may then be adopted directly in the design. On the other hand, for test specimens that are not 
produced representatively for the structure it is recommended to recalculate the obtained 
residual strength as follows: 

14 ff

nomf,
resfl,normres,fl, V

V
ff  (4.17) 

where
ffl,res,norm = normalised residual strength with respect to actual fibre content and 
orientation
ffl,res = residual strength as obtained from test specimens 
Vf = measured volume content of fibres 
Vf,nom = nominal fibre content with respect to the mix design 

f = orientation factor for the lower half of the beam specimen calculated based on the 
actual number of fibres.  

Casting direction 
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Figure 4.11 – Recommended methods for producing test beams to evaluate flexural strength 
parameters according to the Norwegian Guidelines for the design of Steel Fibre Reinforced 
Concrete (2006).  

For thin overlays made of SFRSCC, which is the topic of the present report, the orientation 
should be favourably influenced by the production method. In other words results on the safe 
side are likely to be achieved even if the technique of casting the test specimens is not 
considered in the design. The structural boundaries, on the other hand, may be necessary to 
take under consideration as the dimensions of the real structure may deviate from that of the 
test specimen.  

Orientation factors obtained for some of the test specimens of the end restrained shrinkage 
tests and the half scale overlay tests as described in Chapter 5 and 7 are shown in Figure 4.12. 
The “measured” orientation factors were obtained based on the counted number of fibres 
crossing a sawn section of the test specimens using Eq. (5.8). Also indicated in the figure are 
theoretical orientation factors estimated from Figure 4.8. The geometrical relation h/b was 
35/100 for the end restrained tests and 50/150 for the half scale overlay tests, while the steel 
fibres had a length and diameter of 35 and 0,5 mm respectively, resulting in theoretical 
orientation factors of 0,63 and 0,61 for the two tests. The lines representing h/b = 0 and h/b = 
1 from Figure 4.8 are shown for comparison reasons.  

It can be seen that the scatter in results was quite extensive. Both considerably higher as well 
as substantially lower values were obtained. The rather small geometry of the test specimens 
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is certainly influential on this regard, as it makes sampling somewhat difficult, i.e. to select a 
representative amount of concrete from a bucket. Nevertheless, the lowest values were 
somewhat unexpected considering that SCC was used in all tests, which according to the 
previous reasoning should influence the orientation favourably.

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6

b /l f

O
rie

nt
at

io
n 

fa
ct

or
 

f

Half scale overlay 
tests (Chapter 7)

End restrained tests 
(Chapter 5)

SFRC 30 kg/m3

SFRC 60 kg/m3
SFRC 20 kg/m3

SFRC 30 kg/m3

SFRC 40 kg/m3

f,theor =  0,61

f,theor = 0,63

h/b = 1
h/b = 0

Figure 4.12 – Orientation factors obtained for the end restrained shrinkage and the half scale 
overlay tests described in Chapter 5 and 7 respectively.

Pull-out response of fibres 
The favourable post-cracking response of fibre concrete may be attributed to the fibres that 
bridge the crack being slowly pulled-out of the matrix. This implies that besides the 
orientation and amount of fibres added to the concrete the crack-resisting characteristics of the 
SFRC is also dependent on the load-slip response of the single fibres. It is thus not surprising 
that the pull-out response of single fibres has been investigated thoroughly over the years. A 
summary of research conducted within the field was presented already in the early 1990´s 
within a state-of-the-art report on the mechanical behaviour of fibre concrete (Shah & 
Ouyang, 1991). A more recent summary of research conducted on the pull-out response of 
fibres was provided in Löfgren (2005). 

The effect of fibre configuration, fibre inclination, embedment lengths and matrix properties 
on the pull-out resistance of single fibres have been studied by e.g. Gray (1984), Bentur et al 
(1985), Naaman et al (1991a,b), Naaman & Najm (1991), Nammur & Naaman (1989), 
Banthia & Trottier (1994, 1995), Armelin & Banthia (1997), Groth (2000), Guerrero & 
Naaman (2000), Bindiganavile & Banthia (2001), Robins et al (2002), Cailleux et al (2005). 
Regarding the effect of inclination angle it was shown by e.g. Armelin & Banthia (1997) and 
Banthia & Trottier (1994) that approximately the same peak pull-out load is obtained for 
inclination angles ranging from 0-67,5 degrees in case of end-hooked steel fibres. However, 
the slip at which the peak pull-out loads occurred increased with increasing inclination angle, 
implying that inclined fibres will not contribute fully until a certain crack width has been 
reached.

On the subject of matrix strength it has been shown by Groth (2000) that the pull-out load 
increases with increasing strength. It has also been verified that the bonding properties 
between fibre and matrix can be improved by selecting sand of high fineness, Guerrero & 
Namaan (2000). The peak pull-out force was increased by up to 190 % in case of smooth steel 
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fibres and 70 % in case of end-hooked by using very fine sand (microsand). At the same time 
the energy absorption, defined as the work conducted during pull-out, was increased by a 
factor of 350 % for the smooth fibre and 60 % for the hooked-end fibre. Notice however that 
too high matrix strength may lead to fibre fracture and a corresponding brittle failure 
according to Banthia & Trottier (1994). A conclusion that can be drawn is thus that it is 
important to choose a fibre type that is suitable for the concrete to be used. 

Some research has further been dedicated to study the pull-out of fibres from SCC, e.g. Klug 
& Holschemacher (2003), Grünewald (2004) and Holschemacher & Klug (2005). In the last 
mentioned reference some 1800 tests (!) were performed. The tests included SCC and Normal 
Concrete (NC) designed to achieve approximately similar mechanical properties, i.e. a 
compressive strength of 65 MPa and a splitting strength of 4,5 MPa. Furthermore, two 
different types of end-hooked fibres were used, both with a length of 50 mm while the 
diameter was either 1 or 0,8 mm. The hook was also cut off in some cases in order to study 
the influence of the hook. Two different geometries were adopted for the concrete specimens, 
100x100x100 and 45x45x50 mm prisms and the embedment length was varied between 12,5 
and 25 mm. The pull-out tests were conducted after 3, 7, 14 and 28 days of water curing. 
Some main results of the study were: 

The influence of the type and age of concrete and fibre geometry was more 
pronounced for a fibre type with an aspect ratio (lf/df) of 50 as compared to one with a 
corresponding ratio of 62,5. 
A higher bond was obtained for fibres embedded in SCC than in NC. This was 
attributed to the improved interface between fibre and matrix. 
The end hook was found to be very important for the pull-out response. For one of the 
fibre types the ultimate load decreased from over 500 N to 150 N when the hook was 
cut off.   

Comparisons of the pull-out response of single fibres from NC and SCC were also reported in 
Grünewald (2004). Three strength classes were included in the study, B45, B65 and B105 
with target compressive strengths of 45, 65 and 105 MPa. It was found that the maximum 
pull-out load was generally slightly higher for SCC than for NC. By dividing the ultimate 
force with the embedded area of the fibre an average bond strength in the range of 4 to 5 MPa 
was obtained for SCC while the corresponding range for NC was approximately 3,5 to 4,5 
MPa.

Quite a few analytical models have further been proposed to predict the pull-out response of 
fibres. Early work conducted within the field by Cox (1952), Lawrence (1972) and Laws 
(1982) were based on the so-called shear lag theory, in which it is assumed that load is 
transferred to the fibre by shear stresses acting at the fibre/matrix interface. Debonding is 
assumed to take place when the shear stress reaches the bond shear strength. After this point 
the pull-out response is dependent upon the frictional shear stress at the debonded interface. 
According to Shah & Ouyang (1991) the model was later modified by Gopalaratnam & Shah 
(1987) to account for the fibre deformation and later by Stang et al (1990) who introduced a 
parameter to account for the weak zone between fibre and matrix.  

As an alternative to the stress based failure criterion, fracture mechanics approaches have 
been proposed to describe the pull-out response, e.g. Hamoush & Salami (1990), Hamoush et 
al (1991) and Stang et al (1990). These approaches were based on the assumption that 
debonding is controlled by an energy criterion rather than a stress criterion, i.e. debonding is 
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initiated when the strain energy release rate exceeds a critical interface debonding energy 
release rate.

Analytical approaches to predict post-cracking response of SFRC based on pull-out of 
single fibres 
Theoretical models have further been proposed to relate the results from single fibre pull-out 
tests to the response of SFRC specimens subjected to bending or uni-axial tension. For 
instance, Lim et al (1987) developed an analytical model based on a simple bond-slip 
relationship and incorporating the effect of the boundaries on the fibre orientation. A very 
good agreement was obtained when comparing the theoretical predictions to results from uni-
axial tension tests. A constitutive model for predicting the response of SFRC in tension after 
cracking, incorporating the mechanism of fibre pull-out as well as fibre fracture, has also been 
proposed by Kullaa (1994).

Moreover, Armelin & Banthia (1997) developed a model to predict the flexural post-cracking 
response of SFRC beams. The authors assumed rigid-body motion of the two broken halves of 
the beam. To realistically calculate the resistance provided by fibres in the crack zone it was 
further assumed that the fibres were randomly oriented at different fibre inclinations and with 
various embedment lengths. As was also the case for the model of Lim et al (1987) the 
resemblance between predicted and experimentally obtained results was surprisingly good.

A method to calculate the residual tensile strength based on results from pull-out tests on 
single fibres is further proposed in the Norwegian Guidelines for the design of SFRC (2006). 
It is proposed that the residual stress fct,res is calculated from the average fibre stress as 
obtained from single fibre pull-out testing as:

midfk,f0resct, Vf   (4.18) 

where Vf is the volume fraction of fibres and 0 is a factor to consider the relation between the 
normal force resultant of fibres with orientation as expected in the structure and the resultant 
in case all fibres would be uni-axially oriented in the load direction. In a case with randomly 
distributed fibres it is stated that the factor would attain a value of 1/3. The average fibre 
stress fk,mid is obtained as:

maxfk,1midfk,  (4.19) 

where 1 is equal to 0,5 in case of smooth, straight fibres. For fibres with end-hooks or other 
end anchorages the factor will assume higher values. fk,max is the maximum tensile stress in a 
fibre as obtained from single fibre pull-out tests with anchorage length equal to lf/2 within a 
slip interval 0,5- 2 mm. The fibre stress can however not be higher than the tensile strength of 
the fibre fsk, i.e: 

skmaxfk, f  (4.20) 

Simplified approach to model post-cracking response of SFRC 
A somewhat simplified method to model the toughness of SFRC was proposed in Stang & 
Olesen (2000), Olesen & Stang (2000) and Stang & Li (2004). Rather than adopting a bi-
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linear response, as is most common, it was proposed that the uni-axial stress drops to a 
constant value after cracking as may be seen in Figur 4.13. The level of the post-cracking 
stress t(wcr) was defined by toughness classes  and is calculated as follows based on the 
uni-axial tensile strength fct:

ctcrt )( fw  (4.21) 

It was proposed that the factor  should be associated with a maximum crack width. In the 
example given in Figur 4.13 it may be seen that a toughness class of 0,5 can be used for crack 
openings up to approximately 0,55 mm while a value of 0,25 is applicable up to 1,25 mm. A 
toughness class of 0,75, on the other hand, may only be used for very fine cracks.
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Figur 4.13 – Typical bi-linear stress to crack opening relationship often adopted to fit 
experimental results and the proposed toughness classes 0,25, 0,5 and 0,75 for concrete with 
a tensile strength of 3 MPa. From Stang & Olesen (2000).  

4.2.4 Recommended model to represent the post-cracking response of SFRC 
Results from pull-out tests on single fibres and the fracture energy, or shape of the softening 
curve, as obtained from uni-axial tests are not often available for a designer. This means that a 
simplified approach, as for instance proposed by Stang & Olesen (2000), may prove more 
applicable to represent the post-cracking response of SFRC. Thus, in the theoretical models 
proposed in Chapters 5, 7 and 8 the formulation given above (Eq. (4.21)) was adopted. 
However, residual strength factors as obtained from bending tests were used rather than 
toughness classes . The residual stress can thus be expressed as: 

ct20,10t fR  (4.22) 

Based on test results described in Chapter 5 (see Figure 5.9 and 5.10) it may be stated that the 
assumption of a constant residual stress after cracking is reasonable, at least for small crack 
openings of the bending test.
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4.3 Shrinkage

4.3.1 General
Shrinkage of concrete is a rather complex topic as there are several mechanisms involved. 
Initially, within the first few hours after casting, the concrete can be subjected to plastic 
shrinkage. Deformations will also develop as a result of autogeneous shrinkage, related to the 
chemical hydration process. A major part of the autogeneous shrinkage occurs within the first 
weeks after casting. However, for concrete types with w/c-ratios in the range of 0,50 and 
higher it is a widely accepted viewpoint that the type of shrinkage causing problems in many 
concrete structures is rather the long term drying shrinkage, associated with the moisture loss 
in the hardened concrete.  

Even though the present study mainly focuses on the last mentioned type of shrinkage a brief 
presentation of the various shrinkage mechanisms are given in the following. Also discussed 
are different methods available for the calculation of drying shrinkage.

4.3.2 Plastic shrinkage 
Cracking due to plastic shrinkage can shortly be explained as being a result of a rapid 
evaporation of water from the young concrete, which causes a volume change. The age at 
which plastic shrinkage develops coincides with the time when there is a pronounced 
reduction in the strain capacity of the concrete. This will further increase the cracking 
potential at early age as cracks develop as soon as the shrinkage exceeds the strain capacity of 
the material. The problem can easily be avoided by simply preventing the moisture from 
leaving the concrete during the first day.

The phenomenon of plastic shrinkage as well as its effect on restrained concrete has been 
studied extensively over the years, e.g. Branch et al (2002), Bloom & Bentur (1995), Holt & 
Leivo (2004). Exposure to rapid drying (high wind velocity, low humidity, high temperature), 
presence of microsilica and high amount of superplasticiser or retarding additives are often 
mentioned to give higher plastic drying shrinkage rates and so increase the risk of cracking in 
early age. It has also been reported that the addition of shrinkage reducing admixture (SRA) 
can drastically reduce the early age drying shrinkage by lowering the surface tension of the 
water (Holt & Leivo, 2004).

4.3.3 Autogeneous shrinkage 
Autogenous shrinkage is related to self-desiccation resulting from the chemical process of 
cement binding the water. The extent depends on the composition of the concrete, type of 
cement and temperature according to the Concrete Handbook – High Performance Concrete 
(2000). Regarding the effect of w/c-ratio it is proposed in the same reference that autogenous 
shrinkage is negligible for w/c-ratios exceeding 0,50. However, recent research conducted at 
Chalmers Technical University in Göteborg (Esping & Löfgren, 2005a and b) has indicated 
that autogenous shrinkage may be present for concrete with w/c-ratios as high as 0,55 to 0,60. 
Similar observations have also been reported by Altoubat & Lange (2001b), where significant 
autogeneous shrinkage was recorded for concrete with a w/c ratio of 0,50.

It has been shown that autogeneous shrinkage can be reduced by the use of SRA. For 
instance, Rongbin & Jian (2005) reported up to 50 % reductions of the autogeneous shrinkage 
for concrete containing SRA as compared to a reference concrete. 
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4.3.4 Drying shrinkage 
Drying shrinkage of concrete is intimately related to the change in relative humidity (RH) of 
the concrete due to evaporation of water. Several mechanisms have been found to influence 
the drying shrinkage. The significance of the different types depends mainly on the internal 
pore humidity. At high RH values, or equilibrium moisture contents, the shrinkage will 
primarily be related to the evaporation of free water from the capillary pores in the cement 
gel. Shrinkage occurs as the surface tension of the evaporated water is transferred to the walls 
of the pores. The range of RH in which this mechanism plays a dominant role is usually 
considered to be from 45-50 % up to nearly 100 % (e.g. Concrete Handbook – Material, 1997, 
Rongbin & Jian, 2005, Beltzung & Wittman, 2005). At lower RH values there is no longer 
any free water available in the capillary pores and the shrinkage will rather be related to the 
removal of adsorbed water from the pore walls.  

As the equilibrium moisture content in most situations will be higher than 50 % it may be 
concluded that the first mentioned mechanism usually dominates.  

Factors influencing the drying shrinkage 
The most important factor influencing the drying shrinkage is the amount and composition of 
the cement paste, in addition to the structural geometry and drying conditions. The significant 
effect of the cement paste was verified in a study of Bissonnette et al (1999). For concrete 
with w/c-ratios of 0,35 and 0,50 it was shown that the extent of shrinkage was directly 
proportional to the amount of cement paste. In practice, this implies that the shrinkage for a 
given w/c-ratio can be reduced by minimizing the water amount and maximising the content 
of coarse aggregates. The effect of coarse aggregates on the shrinkage is two-fold according 
to Nmai et al (1998). A high coarse aggregate content will reduce the water and paste demand 
of the mix at the same time as it provides a restraint to the drying shrinkage of the paste. Hard 
and rigid aggregates such as dolomite, granites, feldspar, limestone and quartz should be used 
in order to maximise the restraining action and produce concrete with low shrinkage.

Nmai et al (1998) further reports that some admixtures and additions, such as calcium 
chloride, ground granulated blast furnace slag and some pozzolans, may increase shrinkage 
primarily due to an increase in the volume of fine pores in the concrete. Regarding water 
reducing admixtures the effect is reported to be somewhat conflicting. It is however fully 
clarified that in case the admixture is used to reduce the total water content in the mixture the 
shrinkage will decrease.  

Regarding the effect of the w/c ratio it is often assumed that the total shrinkage (drying + 
autogeneous) will decrease when the w/c ratio is reduced. However, Bissonnette et al (1999) 
reported approximately equal total shrinkage of paste and mortar with w/c ratios of 0,35 and 
0,50. Wiegrink et al (1996) studied the influence of silica-fume on the free and restrained 
shrinkage of concrete with low w/b ratios between 0,29 and 0,40. Results showed that the 
addition of silica fume up to 15 % of the cement weight did not significantly influence the 
free shrinkage. Different results as regards the effect of adding silica fume was reported by 
Alsayed (1998). The author found that the addition of silica fume in an amount of 10 % of the 
cement weight reduced (!) the long term drying shrinkage quite dramatically.   

Numerous research studies have been conducted to verify the effect of SRA on drying 
shrinkage of concrete since the first type was first developed in Japan in the early 1980´s. 
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SRA has further been used quite extensively in full scale structures such as slabs, pavements, 
bridges etc according to Nmai (1998) and Sherman et al (2004). 

Most researchers seem to agree that the positive effect of SRA comes from the ability to 
reduce the surface tension of water evaporating from capillary pores of a certain size, in the 
range of 2,5-50 nm according to Rongbin & Jian (2005). An experimental study was also 
described in the article verifying that the surface tension of water was actually dramatically 
reduced by the addition of SRA. It has further been shown that the use of SRA does not effect 
the rate of evaporation of water from the concrete, e.g. Shah et al (1992), Collepardi et al 
(2005a). This is yet another proof that there is a direct relation between reduction in surface 
tension and drying shrinkage.

The potential of reducing cracking in restrained concrete exposed to drying shrinkage by the 
use of SRA have been verified in numerous studies. For instance, Shah et al (1992) studied 
the effect of different brands and volume contents of SRA:s on the cracking potential of 
internally restrained ring shaped specimens (see Figure 2.3). It was shown that the free 
shrinkage could be reduced by up to approximately 50 %, resulting in prolonged times to 
cracking in the restrained ring specimens in addition to considerably smaller average and 
maximum crack widths at the end of the studied period. Shrinkage reductions in the order of 
50 % have also been reported by Weiss & Shah (2002). Similar to the aforementioned study it 
was shown that the age of cracking of ring specimens was significantly prolonged, and in 
many cases cracks were completely avoided due to the addition of SRA.

Moreover, free and restrained shrinkage of high performance concrete incorporating SRA 
have been studied by Folliard & Berke (1997). Results indicated a reduction in drying 
shrinkage in the order of 35 to 50 % for an addition rate of SRA of 1,5 % of the cement 
weight. It was further shown that cracking could be completely eliminated in restrained ring 
specimens by the use of SRA.  

Collepardi et al (2005b) studied the drying shrinkage of SCC in comparison with that of NC. 
Results showed that there was no significant difference in shrinkage. The shrinkage of SCC, 
characterised by a compressive strength fcm of 55 MPa, was also evaluated by Mazzotti et al 
(2005). Experimental measurements were compared to predictions using the Eurocode 2 
model (see Figure 4.14). It was shown that, even though the strength of the concrete was 
approximately 55 MPa, there was a much better correlation between experiments and 
predictions if a compressive strength of 37 MPa was assumed. The EC 2 model gives higher 
shrinkage for a lower strength, which may indicate that the shrinkage of SCC is higher than 
that of NC, provided that the model gives accurate predictions.

Chern & Young (1989) studied the influence of steel fibres on the drying shrinkage of 
concrete. The type of fibre used was a straight one with a length of 19 mm and an equivalent 
diameter of 0,43 mm, and the addition rate was either 1 or 2 vol%. Results of the study 
showed that the shrinkage was slightly lower for the SFRC mixes than for the corresponding 
plain concrete (PC) mixes. Similarly, Grzybowski (1989) reported a slight reduction in 
shrinkage in the order of 10 % when steel fibres were added in amounts of 1 vol%. Shrinkage 
reductions of 10-20 % have also been reported by Malmberg & Skarendahl (1978) and 
Swamy & Stavrides (1979) due to steel fibres. Furthermore, Barr et al (2003) showed that the 
addition of 2 vol% of crimped steel fibres with a length of 40 mm and a diameter of 0,75 mm 
reduced the free shrinkage by approximately 20 % for concrete with compressive strengths of 
45 and 65 MPa while the shrinkage of concrete with a strength of 30 MPa was unaffected. 
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A favourable influence of fibres was contradicted by results presented in Altoubat & Lange 
(2001), where no distinguishable effect of steel fibres on the free shrinkage was observed. A 
slight increase in shrinkage was on the other hand measured when fibrillated polypropylene 
fibres were added to the concrete.

4.3.5 Theoretical modelling of shrinkage 
Numerous models have been proposed over the years for predicting the free shrinkage of 
concrete. A comparison of some of the most popular ones was provided in Mokarem et al 
(2005). The models considered in the study were the ACI 209 Code Model, Bazant B3 Model, 
CEB 90 Code Model, Gardner/Lochman Model and the Sakata Model. The authors found that 
the error percentage of the predicted values as compared to experimental results was in the 
range of 15-30 %. However, considerably higher errors were observed for concrete containing 
micro-silica, between 70 and 145 %. A reason for this may be that the shrinkage in most of 
the models is related to the compressive strength, such that an increased value results in a 
reduced shrinkage. There are, however, other parameters that need to be considered as well. 
An example of such, as mentioned in the article, is the pore size distribution, which is known 
to be affected when additions such as microsilica, fly ash and slag are introduced.  

Barr et al (2003) measured the long term drying shrinkage for a wide range of concrete types 
stored in different environments and the results were compared to the ACI 209 shrinkage 
model. It was shown that the predictions agreed rather well with experimental results in case 
of low strength concrete. However, the correlation became poorer as the strength increased 
above 45 MPa. Based on this finding the authors concluded that further work is required to 
improve current prediction models to apply for high strength concrete, i.e. to consider 
autogeneous shrinkage.

The value of using models as mentioned above as a basis for the calculation of restraint 
stresses in real structures is somewhat questionable for the reason that shrinkage gradients 
occur due to uneven moisture distribution through the section. In order to realistically predict 
the stress situation in overlays it is more appropriate to adopt a model that considers the 
variable shrinkage over the section. The most common method is to use diffusion analysis to 
establish moisture profiles at different ages, e.g. Jonasson (1977), Grzybowski (1989), 
Carlswärd (2002), Bolander & Berton (2005). After that a formulation is set up to relate the 
humidity to a corresponding free shrinkage value.  

However, such analysis requires the use of numerical tools. As the main purpose of the 
present work is to establish a simple analytical model to predict crack widths in overlays it 
was decided to use a direct formulation as defined in various codes and guidelines. Thus, two 
models were selected and evaluated with regard to measured shrinkage as presented later on 
in the report. The EC 2 (2001) model and the method proposed in the Swedish Concrete 
Handbook – Material (1997). 

EC 2 formulation for drying shrinkage 
A condensate of the model as presented in a draft version of EC 2 published in 2001 is given 
in Figure 4.14. In this version of EC 2 a factor has been introduced to account for the 
autogeneous shrinkage, which is added to the drying shrinkage part to obtain the total 
shrinkage of a concrete element. Thus, it is likely that the shrinkage of High Strength 
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Concrete (HSC), for which significant autogeneous deformation may be expected, will be 
predicted more accurately.    

fcm = 28 d cylinder compressive strength (MPa)
fck = characteristic value of the compressive strength (MPa)
RH = Relative Humidity (%)
t = time (days)
ts = age of concrete at initiation of drying (days)

ds1 = equals 3 for slowly hardening, 4 for normal or rapid hardening and 6 for rapid hardening 
high strength cement

ds2 = equals 0,13 for slowly hardening, 0,11 for normal or rapid hardening and 0,12 for rapid 
hardening high strength cement

h0 = notional size = 2Ac/u (mm)
Ac = concrete cross section (mm2)
u = perimeter of concrete in contact with air (mm)

Total shrinkage:

Shrinkage model of EC 2:

Input variables:

Autogeneous shrinkage ca (t):
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Figure 4.14 – Shrinkage model presented in EC 2 (prEN 1992-1 2nd draft version Jan 2001).  

The Concrete Handbook formulation for drying shrinkage 
The shrinkage model presented in the Swedish Concrete Handbook – Material (1997) only 
considers the effect of drying shrinkage. A completely different method was later introduced 
in the Concrete Handbook – High Performance Concrete (2000) for the calculation of the 
combined effects of autogeneous and drying shrinkage of HPC. As the present study mainly 
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deals with concrete of relatively low strength it was however decided to only consider the first 
mentioned model in the report. 

The shrinkage strain of an unrestrained concrete member is defined as a sum of the reference 
shrinkage s0, the time development factor t(t) and the relative humidity RH such as:

cs0RHtcs )()( tt  (4.23) 

Several options are given in the Concrete Handbook to estimate the reference shrinkage. For 
instance, if the w/c ratio and the cement content are known it is possible to use a graphical 
method as shown in Figure 4.15. For typical concrete recipes used today, with w/c-ratios in 
the range of 0,4-0,7 and water contents between 150 and 225 kg/m3, the reference shrinkage 
would assume values in between approximately 0,4 and 0,9 mm/m.  

0

0,2

0,4

0,6

0,8

1

1,2

200 250 300 350 400 450 500 550 600

Cement content, kg/m3

R
ef

er
en

ce
 s

hr
in

ka
ge

, m
m

/m

vct 0,3

vct 0,4

vct 0,5

vct 0,6vct 0,7

v = 150

v = 175

v = 200

v = 225

v = 250

Figure 4.15 – Reference shrinkage based on w/c-ratio and cement content. Modified from 
Concrete Handbook – Material (1997).

Other empirical evidence refereed in the Concrete Handbook has indicated that a thorough 
enough prediction can be established based on the water content W alone such as:  

3

cs0 215
W  (4.24) 

It should however be mentioned that the results from which the relation was derived were 
obtained before 1941 (Bjuggren, 1941), i.e. when mix compositions and cement types were 
different. Thus, it cannot be expected to give a correct estimate of the reference shrinkage for 
modern concrete types. In order to get an accurate prediction of the shrinkage development it 
is proposed to correlate a theoretical model with experimental results, if available.

The time development function t(t) is defined in the Concrete Handbook as: 
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where t is the time, ts is the start time for drying and t50 is the time required for the concrete to 
reach 50 % of the final shrinkage value. The last mentioned time parameter is calculated as 
follows: 
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In the above formulation the notional depth is calculated as c0 2 AVh , where V is the 
volume of concrete and Ac is the area in contact with air. Factor ks is related to the geometry 
of the structure and assumes the value of 1 in case of a slab. T is a factor to take the influence 
of the ambient temperature T under consideration and is calculated as:
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where s is a parameter that considers the effect of curing in moist conditions calculated as 
follows with ts equal to the start of drying: 
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4.3.6 Recommendation regarding the method for shrinkage prediction 
Several methods have been proposed over the years to predict the long term shrinkage 
development of concrete and most of them, if not all, have surely been correlated with 
experimental results. It may thus be suspected that several alternative models may give 
accurate predictions. In the studies carried out in the present report, Chapters 5 and 7, it was 
found that the method proposed in the Swedish Concrete Handbook gave considerably better 
correlation with measured shrinkage values than the EC 2 method, see Figure 5.13. However, 
this was mainly due to a better estimate of the reference shrinkage for the considered concrete 
type. It is possible that a better fit may be obtained with the EC 2 model, or any other model, 
for other mix compositions. Thus, in order to facilitate correct stress and crack width 
predictions it is believed that a correlation need to be done based on measurements on 
concrete of a similar type as will be used in the considered situation.        
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4.4 Creep and relaxation 

4.4.1 General
Creep is defined as the time dependent deformation of a material exposed to a constant load. 
The effect is schematically illustrated in Figure 4.16. A concrete member loaded with a stress 

(t0) at time t = t0 undergoes a momentary elastic strain (t0) intimately related to the elastic 
modulus of the concrete. The strain in the element is continuously increasing in time even 
though the stress is kept constant. This is due to the viscous properties of the concrete and is 
defined as the creep strain. Upon unloading the elastic strain will instantaneously be 
recovered, elastic recovery in the figure. Parts of the creep strain also tend to reverse over 
time, a phenomenon referred to as creep recovery or delayed elastic deformation, see e.g. 
Westman (1999) and Larsson (2003). The remaining deformation after elastic and creep 
recovery is the irreversible creep component.

Creep recovery

Elastic recovery

Irreversible creep

Time, tTime of load 
removal

(t0)

Time, tt0 t0 tt

Elastic strain

Creep strain

(t0)

(t,t0)

 (a) (b) 
Figure 4.16 – Principle illustration of the strain response of concrete under a constant stress 

0 applied at t = t0 and removed at t = t. Modified from Larsson (2003). 

The total strain (t,t0) at time t is calculated as a sum of elastic and in-elastic strain as: 
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where E(t0) is the elastic modulus at the age of loading and (t,t0) is the creep coefficient at 
time t due to the load applied at t = t0. Rather than dividing the deformation into two parts it is 
sometimes preferable to express the total strain using a compliance function J(t,t0) such as: 

)(),(),( 000 tttJtt  (4.30) 

The creep compliance function thus includes both instantaneous as well as time dependent 
response. This technique of considering creep is particularly useful when test results are 
available as it may be rather difficult to set a limit time at which the instantaneous 
deformation shifts to creep response. In other words, it is not necessary to define the elastic 
modulus.
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It should further be recognised that the situation is somewhat different if a structure is 
exposed to restrained shrinkage or temperature change. A constant strain is then applied rather 
than a constant load or stress and the associated reduction in stress over time is referred to as 
stress relaxation.

 (a) (b) 
Figure 4.17 – Principles of stress relaxation in concrete exposed to sustained strain.

The stress (t,t0) at time t due to a strain (t0) applied at t0 is defined as follows where Rc(t,t0)
is the so called relaxation modulus: 

),()(),( 0c00 ttRttt  (4.31) 

Creep or relaxation has a significant effect on the stresses built up in a concrete structure over 
time. The creep deformation can, according to Grzybowski (1989), be as high as 3 times the 
elastic deformation after some years of sustained loading. Even higher values of 5 to 6 have 
been reported by Silfwerbrand (1987) as mentioned previously.  

4.4.2 Factors influencing the creep of concrete 
Numerous parameters influence the magnitude and rate of creep, such as the surrounding 
environment, the age at loading as well as the load level and the composition of the concrete. 
Regarding the influence of the surrounding environment it is stated in the Concrete Handbook 
- Material (1997) that the creep deformation increases significantly with increasing 
temperature. The effect is to some extent counteracted for concrete loaded at young age, i.e. 
prior to 28 days, by the fact that the rate of maturity will be more rapid in high temperature. 
Furthermore, the creep rate depends on the moisture conditions. The higher the moisture 
contents in the concrete the higher the creep rate. There is also an effect of the drying 
conditions such that the creep increases as the rate of drying increases.

The last mentioned effect was first observed in experiments conducted already in the 1940’s 
by Picket (1942). Deformations were observed to be higher in case of specimens exposed to 
simultaneous drying and sustained compressive loading than in the case that the effect of 
creep and shrinkage was separated, so-called Picket-effect. The same observation was later 
reported in a study on concrete loaded in tension by Domone (1974). It is thus common to 
make a distinction between basic creep and drying creep. Basic creep is the relative time 
dependent deformation of a specimen in humidity equilibrium with the surroundings while 
drying creep is primarily related to the mechanisms of stress induced shrinkage and 
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microcracking according to Altoubat & Lange (2003). The drying creep is determined from 
the difference between the total creep and the basic creep for a specimen subjected to load and 
simultaneous drying. More information on the mechanisms controlling drying creep of 
concrete may be found in e.g. Brooks (2001).  

There will further be a strong effect of the time of loading, such that a higher creep will be 
achieved in case the time at which the concrete specimen is loaded decreases. Several studies 
have revealed that a particularly pronounced creep response may be achieved in case the load 
is applied at an age less than 1 day. The strong age dependency for such early loading ages 
has been verified by e.g. Westman (1999) and Larsson (2003) for concrete loaded in 
compression. Moreover, Östergaard et al (2001) showed that a similar relation may be 
expected for the tensile creep response. For instance, a dramatic difference in specific creep 
strain and rate was obtained when comparing the loading ages 0,67 and 1 day. Östergaard et 
al (2001) also showed that the magnitude of the load had a strong influence on the tensile 
creep. Nearly 4 times higher specific creep strain rate was recorded when a specimen was 
loaded to 45 % instead of 25 % of the tensile strength at an age of 1 day.

The effect of the concrete composition is primarily related to the volume, constituents and 
mix proportions of the cement paste as the creep of aggregates is practically zero. Regarding 
the influence of the w/b ratio Östergaard et al (2001) found that the tensile basic creep of 
concrete with w/b ratios between 0,32 and 0,50 decreased with decreasing ratios. Similar 
results have also been reported by Wiegrink et al (1996) for concrete with w/b ratios of 0,32 
and 0,40 and Bissonnette & Pigeon (1995). However, Vandewalle (2000) reported somewhat 
contradicting results on this regard. The author studied the influence of the w/c ratio in 
addition to the type and content of cement on the basic and total compressive creep of 
concrete. The results did not indicate any particular difference in creep response when the w/c
ratio was varied from 0,4 to 0,6. 

The influence of the w/c ratio, and steel fibres, on the development of tensile creep has also 
been studied by Altoubat & Lange (2001a and b) using an experimental set-up as shown in 
Figure 4.18 (a). Two identical dog-bone shaped specimens were tested simultaneously, one 
restrained and the other un-restrained. The restraint was obtained by applying a load to 
compensate for the shrinkage deformation, thus allowing the development of shrinkage stress 
to be followed. The creep strain was evaluated by comparing the results of the free specimen 
with the restrained specimen according to Figure 4.18 (b). In other words, the creep strain was 
calculated by subtracting the free shrinkage from the deformation of the restrained specimen, 
i.e. the deformation that was required to recover the specimen to zero displacement.  

 (a) (b) 
Figure 4.18 – (a) Test set-up developed by Altoubat & Lange (2001a) to study the 
development of creep, shrinkage and cracking of restrained concrete. (b) Principle diagram 
describing how creep can be evaluated from the free and restrained shrinkage tests.
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Altoubat & Lange (2001a) observed that the stress development was more rapid and that 
cracking occurred earlier in case of high strength concrete (HSC) as compared to normal 
strength concrete (NSC). This was attributed to the higher shrinkage rate measured for the un-
restrained specimens of HSC. It was also observed that the time to cracking could be 
somewhat delayed by adding steel fibres. The magnitude of tensile creep strain was in the 
order of 50 to 60 % of the free shrinkage strain for all mixes, and the authors estimated that 
the strain reduction corresponded to a prolongation of the time to fracture by two to three 
times. For the steel fibre concrete a slight increase in tensile creep was recorded.    

In a later article, Altoubat & Lange (2001b) the tensile creep was evaluated on concrete under 
sealed conditions in order to separate the basic creep strain from the drying creep. Regarding 
the effect of the w/c ratio it was shown that creep was higher for concrete with w/c ratio of 
0,40 as compared to concrete with a corresponding value of 0,50. However, the authors 
stressed that the basic creep results are highly dependent on the selected method of curing. 
Measurements on sealed specimens may give inaccurate results in early age, particularly for 
high strength concrete, as internal autogeneous shrinkage cannot be avoided. This means that 
comparisons between concrete with different w/c ratios may be difficult to conduct. To avoid 
the problem the authors promote a moist curing technique to be adopted. The swelling 
resulting from absorbed moisture will then compensate for the shrinkage due to self 
desiccation.

Regarding the effect of steel fibres Altoubat & Lange (2001b) observed a slight reduction of 
the initial rate of basic creep. The reason for this, according to the authors, is that micro-
cracking, that dominates the creep of plain concrete at high stress levels in relation to the 
strength, is somewhat suppressed in SFRC. However, the creep of plain concrete stabilized 
earlier than that of SFRC, which may indicate that steel fibres provide stress relaxation over a 
longer period of time.

Collepardi et al (2005b) compared the compressive creep of normal concrete (NC) and SCC 
containing limestone or fly ash. The tests were conducted by exposing specimens to a 
compressive stress of approximately 25 % of the material strength immediately after the 
finalisation of wet-curing at an age of 7 days. As the specimens were not sealed the creep 
strain had to be calculated by subtracting the free shrinkage strain, as obtained on un-loaded 
companion specimens, with the total strain measured on the loaded specimens. Results 
showed that the creep strain was of the same order of magnitude for SCC containing 
limestone as compared to NC. However, a considerably higher creep was obtained for SCC 
with fly ash, 430 m/m as compared to 275 m/m for NC. 

4.4.3 Tensile versus compressive creep 
The creep of concrete subjected to compressive loading has been extensively studied by 
numerous researchers since the turn of the past century according to Altoubat & Lange 
(2001a). All existing models for predicting the creep response has consequently been 
developed on the basis of experimental results from compressive creep tests. However, for the 
evaluation of the stress built up in restrained concrete exposed to shrinkage the tensile creep 
component is more appropriate. The question is if tensile and compressive creep can be 
expected to be approximately equal in rate and magnitude.
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According to Westman (1999) it has been shown in a few experimental studies that creep in 
tension is of the same magnitude as creep in compression provided that the stress level is kept 
at moderate levels. The same opinion was also expressed by Grzybowski (1989), based on a 
review of literature. However, in the latter reference some experimental evidence was 
reported to show a slightly higher creep at low stress/strength ratios while the difference 
diminished as the ratio approached approximately 50 %. This was attributed to the effect of 
microcracking that is more significant at low stress/strength ratios for loading in tension.

A more recent study in which the tensile and compressive creep of early age concrete was 
studied was reported in Atrushi (2003). Results indicated that a higher E-modulus may be 
expected if concrete is loaded in tension than in compression. A slightly higher rate of creep 
was further observed in compression than in tension within the first 24 hours after loading. 
However, after continuing load the compressive creep rate decreased while the tensile creep 
rate remained approximately constant. As a result it was shown that the long term creep was 
higher in tension than in compression.  

4.4.4 Modelling of creep and relaxation 
Several methods have been proposed to predict the creep of concrete. The methods vary from 
simple engineering methods to more advanced research oriented formulations. One of the 
most frequently adopted basic creep prediction models is the Double power law proposed by 
Bazant & Panula (1978). The formula was later extended by Bazant & Chern (1985) to give a 
more accurate description of the long term creep (Larsson, 2003). The latter formulation is 
known as the Triple power law. In a later study on temperature induced stresses in young 
concrete Emborg (1989) added some functions to improve the modelling of early age 
concrete. The formulation of the Triple power law in the last mentioned reference was 
expressed as: 
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Westman (1999) later adjusted the above formulation to apply for HPC. A more recent 
approach on how to predict the creep response as originally proposed by Bazant & Prasannan 
(1989a and b) is the solidification theory. According to the method the effect of ageing is 
considered indirectly by successively increasing the volume fraction of load-bearing 
solidified, hydrated cement, which in itself is described as a non-ageing visco-elastic material. 
The solidification theory was mathematically formulated as:   
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Östergaard et al (2001) found that the solidification theory gave inaccurate results in case of 
very early loading ages, at 1 day and below. The authors thus proposed a slight modification 
to the factor q2 in the original formulation in order to better capture the response of concrete 
loaded at early age.

Although expressions of the kind described above may be shown to give accurate results it is 
not simple to use them directly in the design of concrete structures considering the significant 
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number of parameters that needs to be defined. Thus, a simpler formulation is often preferred 
for the evaluation of creep. So called engineering creep models have been proposed by e.g. 
Westman (1999) and Larsson (2003). The model proposed in the first mentioned reference is 
a so called effective modulus approach based on the CEB-FIP Model Code 90 and EC 2 creep 
formulation expressed as: 
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where
Ec(28d) = tangent modulus of elasticity at 28 days (Pa) 
Ec(t0) = tangent modulus of elasticity at the age of loading, t0 (Pa) 

In the above expression the creep coefficient is related to the elastic deformation at 28 days 
rather than to the actual age at loading, as was the case in Eq. (4.29). The relation between the 
creep coefficients (t,t0) and (t,t0) is described by: 
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The need for a simple, robust and easy to understand formulation for creep was also 
acknowledged as an important task by Larsson (2003). The author proposed a function based 
on piece-wise linear curves in logarithmic time scale, the Linear Logarithmic Model (LLM). 
A principle illustration of the model for loading age t0 is outlined in Figure 4.19. J0 in the 
diagram is the inverted value of the elastic modulus 1/E(t0), defined from the strain developed 
during a time interval t0 of 0,001 days. The inclinations for “short-term” and “long-term” 
creep are defined by factors a1 and a2 while t1 sets the limit between the two inclination 
rates.

Larsson (2003) further compared the prediction using the LLM and a few other creep 
formulations with experimentally obtained compressive creep response of HPC. The 
comparison showed that the LLM, together with a model referred to as the Log Power Law, 
gave the best agreement with experimental results. 
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Figure 4.19 – Creep development according to the Linear Logarithmic Model (LLM) as 
proposed by Larsson (2003).  
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Different approaches to calculate the creep response of concrete are also given in the building 
codes. An example of such is the EC 2 (2001) model, outlined in Figure 4.20.
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Figure 4.20 – Creep model as presented in EC 2 (prEN 1992-1 2nd draft version Jan 2001).  
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Limitations for the EC 2 model is that it is only applicable for ordinary structural concrete of 
strength classes from C12/15 to C50/60, that the compressive or tensile stress to which the 
specimen is subjected does not exceed 45 % of the corresponding strength and that the mean 
relative humidity and temperature of the surroundings is in the range of 40-100 % and 10-20 
C respectively.  

In order to consider that the maturity of concrete is influenced by the concrete temperature 
during ageing it is recommended in EC 2 to modify the loading age t0 as follows:  
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where t0,T is the age of concrete at loading adjusted to 20 C (= t0 when T = 20 C) and  is a 
cement power value, which is equal to -1 for slowly hardening, 0 for normal or rapidly 
hardening normal strength cement and 1 for rapidly hardening high strength cement. The 
equivalent loading age may be calculated from the following equation: 
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ti is the time interval over which a certain temperature, T( ti), is valid. In the special case 
that the temperature is constant and equal to 20 C the equation will give the result 1, i.e. no 
adjustment is required. It can further be established that the equation yields results that 
coincide rather well with the prevailing Swedish methodology, the equivalent age analogy.

If stresses are not constant in time it is customary to adopt the principle of superposition. The 
total response c(t) at time t is obtained by adding the strains from each stress increment (ti)
applied, see e.g. the Concrete Handbook – Material (1997) or Westman (1999), such that:
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The assumption is applicable as long as the creep is linearly proportional to the stress. Non-
linear response can be expected if the stress exceeds approximately 40 % of the strength as 
mentioned previously. Nevertheless, it is customary to use superposition for the estimation of 
creep even at higher stress levels, implying that an overestimation of the stress can be 
expected.

When calculating the long term response due to successively increasing load the first step is 
thus to divide the load history into a convenient number of steps. A separate creep function 

(t,t0) is defined for each new load increment applied at the beginning of the time step t0, by 
applying a suitable creep model, e.g. the EC 2 model described in Figure 4.20. The 
corresponding compliances J(t,t0) may then be calculated based on the creep functions with 
Eq. (4.34).
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Some results for concrete with a mean compressive strength fcm of 30,5 MPa are given in 
Figure 4.21 for loading ages t0 = 1 and 7 days. Also shown in the diagram are the 
corresponding creep compliances as obtained from compressive creep tests described in 
Chapter 5 for concrete type PC, for which a corresponding compressive strength was 
obtained. The procedure of calculating the compliances was as follows: 

1. The elastic modulus Ec at 28 days was calculated based on fcm with Eq. (4.2). 
2. Calculation of the elastic modulus Ec(t0) at the loading ages of interest, i.e. 1 and 7 

days with Eq. (4.1). 
3. Creep functions for the two loading ages (t,t0) were calculated using the equations of 

EC 2 (Figure 4.20). However, a modification of the increasing factor (t0) was 
necessary in order to better capture the response at loading age 1 day. The new 
formulation, originally proposed by Westman (1999), is: 
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4. Translation of creep functions into compliances J(t,t0) using Eq. (4.34). 

The correlation between tests and predictions was reasonable, although it should be 
recognised that the creep tests were finalised quite early. However, cracks were typically 
observed within the first 10 days after the initiation of drying for both the end restrained 
shrinkage tests of Chapter 5 as well as for the half scale overlays as described in Chapter 7. 
This means that an accurate prediction of the response within the first week or so was 
certainly the most important. Further details on the test procedure adopted for the creep tests 
can be found in Chapter 5. 
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Figure 4.21 – Creep compliances for loading ages t0 = 1 and 7 days calculated with the EC 2 
model and Eq. (4.34). Also shown are examples of compliances obtained for concrete type PC 
in Chapter 5 (see Figure 5.15). 
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Transformation of creep into relaxation 
Several approaches are available to estimate the relaxation based on known creep functions. 
The simplest and most widely adopted method is most certainly the effective modulus method,
in which the relaxation function is calculated directly from the corresponding creep or 
compliance function such as: 
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The above formula is known to give acceptable results in case the load is applied to a mature 
concrete, i.e. after 28 days of age. However, for loadings applied to young concrete the error 
may be quite substantial according to e.g. Bazant (1972), Grzybowski (1989) and Larsson 
(2000). An alternative model, that considers the age of loading as well as the effect of varying 
strain or stress, is the so called age adjusted effective modulus approach, which was first 
introduced by Trost (1967) and later refined by Bazant (1972): 
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where (t,t0) is a factor called the ageing coefficient, introduced to consider the fact that there 
is a rather strong age dependency when loading is applied at early age. The ageing effect was 
explained in Westman (1999) as being a result of the on-going hydration. Initially, when a 
load is applied the cement gel that has formed carries all stress. Parts of the stress are then 
continuously transferred to new cement gel that develops as the concrete continues to hydrate, 
which means that the stress in the original gel decreases. Bazant (1972) showed that for large 
values of the loading age t0 as well as for long load durations (t-t0) the ageing coefficient 
approaches 1,0, which corresponds to the classical effective modulus approach (Eq. 4.40). 

In the same article Bazant presented a method for exact determination of the ageing 
coefficient. For two typical creep curves it was shown that the factor assumed values in 
between 0,5 and 1,0 depending on the time and duration of loading. This agrees rather well 
with later findings of Larsson (2000), where it was stated that the ageing coefficient is in the 
range 0,45 <  < 1.

The accuracy of the method for prediction of the stress development in young maturing 
concrete due to variable temperature was evaluated in the last mentioned reference and also in 
a more recent study of the same author (Larsson, 2003). Based on comparisons with a 
computer program for thermal stress estimation, ConTeSt Pro (1999), the author found a 
rather good accuracy for the age adjusted effective modulus approach with a value of the 
ageing coefficient in the region of 0,85. 

Bazant (1972) and later Bazant & Wu (1974) further proposed a more exact method of 
converting creep into relaxation by considering the strain history to be a unit step function, i.e. 
(t) = 1. In other words the stress relaxation was determined for a case of constant applied 

strain. The relaxation function can thus be solved from the following integral expression 
according to Bazant (1972):  
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Bazant proposed that the integral expression could be approximated from the following finite 
sum:   
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A subroutine used in a computer program called RELAX has been developed to compute the 
above summation formula, using discrete time steps and a stepwise procedure (see e.g. 
Westman, 1999). 

4.4.5 Recommendations on creep and relaxation prediction 
In the theoretical models proposed in Chapters 5, 7 and 8 a stepwise procedure was adopted to 
predict the stress development. Relaxation functions were established by first calculating 
creep functions (t,ti) using the EC 2 model (Figure 4.20) modified as mentioned earlier to 
better capture the response of early age concrete. Creep compliances J(t,ti) were then 
calculated with Eq. (4.34), where the elastic modulus Ec(ti) and Ec(28d) were predicted using 
Eqs. (4.1) and (4.2). For loading ages 1 and 7 days a reasonable accuracy was demonstrated 
with measured creep responses for concrete types evaluated in Chapter 5 (see Figure 5.15). 
Corresponding relaxation functions Rc(t,ti) were defined as:
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As mentioned above there are more exact methods available for transforming creep into 
relaxation. However, the process requires that a computer program is available, which is not 
the case for typical design engineers.

Another issue that need to be commented is that superposition of creep strains is only valid if 
the stress is below approximately 40-50 % of the strength as the concrete response will be 
non-linear for higher stresses. Nevertheless, it is proposed here to use such technique in order 
to keep the calculations at a reasonably simple level. It should also be realised that the 
predicted stress rate will be overestimated, i.e. results on the safe side will be obtained.    

4.5 Factors influencing the bond between overlay and substrate 

4.5.1 General
Numerous factors have been found to influence the adhesion between a newly cast concrete 
overlay and an old concrete sub-base. Based on experimental tests and extensive follow ups of 
Swedish bridge repairs during the 1980’s Silfwerbrand & Paulsson (1998) identified the 
following parameters as the most significant:  
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Cleanliness of substrate 
Absence of micro-cracks 
Absence of laitance 
Overlay compaction 
Overlay curing 

Additional parameters that are usually assumed to be influential are e.g. the roughness and 
moisture conditions of the substrate and the presence of bonding agents. It is further clear that 
the strength of both the substrate as well as the overlay play decisive roles by setting an upper 
bound limit on the bond strength. However, in spite of numerous studies conducted to 
estimate the effect of these parameters there is no general conclusion available. Contradictory 
results are often presented, possibly for the reason that the testing conditions are not exactly 
identical. A significant factor on this regard is most certainly also the choice of test method.

In subsequent sections a discussion is provided on the significance of the test method selected 
for bond evaluation as well as on the influence of different factors on the potential to achieve 
a high and even bond quality.

4.5.2 Choice of test method 
The measured bond strength between two layers of concrete is to a significant extent 
influenced by the choice of test method. Quite a number of set-ups have been proposed in 
literature to evaluate the bond strength in field and laboratory, e.g. pull-off, push-off, direct 
tension, splitting, direct shear, slant-shear, flexure, guillotine, torsion etc. A lower bound 
value for the adhesion is generally obtained in case of direct tension testing while set-ups 
where shear is combined with compression, e.g. slant-shear, give the highest values. The 
question is whether there is a method more suitable than others. For a method to be applicable 
it should clearly enable application of the results directly onto practical situations. A problem 
however, according to Austin et al (1999), is that tests used today only provide a limited 
picture of bond characteristics. In order to obtain an accurate estimate of the true bond 
strength it is necessary to find a method in which a realistic stress state is generated.

The significance of selecting a bond test that represents the state of stress in reality was also 
stressed by Momayez et al (2005). In the article data obtained from four different set-ups, 
pull-off, splitting, direct shear and slant-shear testing as indicated in Figure 4.22, were 
compared. Although all methods gave acceptable results in respect to the coefficient of 
variation (cov) the ultimate value of the bond varied significantly depending on the type of 
set-up used. For instance the slant-shear test, which was used already in the 1930’s, and later 
proposed by researchers in Arizona (Kreigh, 1976) to evaluate the bond strength of resinous 
materials, gave resulting bond strengths up to eight times as high as compared to the pull-off 
test method. The reason is obviously that different properties are evaluated.

In a slant shear test the interface is subjected to a combination of compressive and shear 
stresses, where the ratio is dependent upon the inclination of the bond plane. Such confined 
shearing is clearly not representative for overlays exposed to shrinkage, where the interface is 
rather subjected to shear and tension. Moreover, in tests conducted by Robins & Austin 
(1995) it was demonstrated that bond failure only occurred in case of relatively smooth 
surfaces. A small increase in roughness resulted in compressive failure of repair or substrate 
material. In the study it was further shown that substantial failure loads, up to 50 % of the 
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compressive capacity of the solid specimen, was obtained even in cases where two rough 
surfaces were completely un-bonded.   
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Figure 4.22 – Comparison of bond strengths using pull-off, splitting, direct shear and slant 
shear test for rough and smooth substrate. Results from Momayez et al (2005).  

It can further be seen in Figure 4.22 that the bi-surface shear testing, as proposed by 
Momayez et al (2005), gave approximately twice as high values as the splitting and pull-off 
testing. When studying results reported in literature this seems to be a rather common relation 
achieved when comparing results from direct shear and tensile tests. For instance, Austin et al 
(1999) reports a ratio shear-to-pull-off of 2,13 while a slightly lower mean value of 2,04 was 
obtained in a study of Delatte et al (2000a). A difficulty reported in the last mentioned 
reference is to align the bond plane so that it exactly coincides with the loading direction. 
Some un-intentional bending may therefore be introduced, which means that the stress state is 
difficult to define.

Another problem with shear tests, reported by Momayez et al (2005), is that stress 
concentrations will be generated at the edge of the bond line. There is thus an apparent risk 
for overestimation as the bond strength is calculated by dividing the ultimate force by the total 
fracture surface. This may be the reason as to why the shear bond strength tends to increase as 
the joint length in a direct shear test decrease, see e.g. Reinhardt (1982, 1989) and Karshenas 
(2003).

Although it seems to be a general opinion that a test that produces a combined shear/tension 
stress state is most appropriate for assessing the risk of debonding of shrinking overlays 
Kunieda et al (2000) and Granju et al (2004) claim that mode I (uni-axial tension) stresses are 
the most essential. In other words, the authors declare that a horizontal crack is always 
initiated due to tensile stresses across the interface, see vertical stress component z in Figure 
3.22. A coupled effect of shear/tension will then define the continuous propagation of 
debonding. Tensile bond tests may thus give a rather good estimate of the risk of debonding in 
overlays. Among the tension test set-ups available pull-off seems to be the most popular, 
possibly because it is simple and that it can be used in field testing. A drawback of the 
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method, as stated by Bonaldo et al (2005), is that the measurements depend on instrumental 
parameters, e.g. type of apparatus and loading rate, which means that results obtained from 
different devices may be difficult to compare.  

A quite interesting set-up was further proposed by Austin et al (1999) to account for a mixed 
mode tension/shear stress state. As indicated in Figure 4.23 the authors used a slant shear set-
up loaded in tension rather than in compression to provide a realistic simulation of the stress 
conditions. The inclination of the bond plane was varied from 90° to 30° with respect to the 
loading direction. By evaluating the stress state at each angle  through a simple elastic 
analysis the authors found relations between normal tensile and shear stresses as shown in the 
diagram for a rough and smooth substrate respectively. The actual failure stresses are also 
indicated in the figure at each separate point.

It can be seen in Figure 4.23 that the shear stress component did not have a significant 
influence at low shear to normal stress ratios, i.e. at inclinations over 75°. However, for lower 
inclinations the resulting ultimate strength was more affected by the combined actions of 
shear and tension. For the lowest values of inclination,  = 30°, the failures were due to 
fractures of the repair materials rather than due to bond breakage. In order to estimate the 
“correct” values for the bond capacity in the high shear region Austin et al presented the idea 
of bond failure envelopes. In other words the region of nearly pure shear, i.e. normal stress 
approximately equal to zero, was covered through interpolation between results obtained from 
tensile slant shear testing and compressive slant shear results, see small diagram enclosed in 
the figure. 
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Figure 4.23 – Tensile slant shear test results obtained in a study by Austin et al (1999) for 
various inclinations of the bond plane. Enclosed is also a diagram with proposed bond failure 
envelopes based on combined compressive and tensile slant shear testing. Modified from 
Austin et al (1999).  

Provided that a realistic test method is used it is possible to estimate if bond failure will occur 
for a given stress situation. However, in order to enable accurate predictions of the response 
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of overlays exposed to shrinkage it is further essential to establish what happens after the 
ultimate strength has been reached. If no post-cracking resistance is assumed in a cracked 
joint the result would be that complete debonding occurs along the entire bond plane as soon 
as the ultimate bond strength is exceeded. This has been verified by numerical simulations 
presented in Granju et al (2004). In the last mentioned reference it was further shown that a 
continuous debonding is prevented, or delayed somewhat, by softening in the joint.  

The significance of the softening has also been highlighted by Kunieda et al (2000), in which 
it is declared that fracture mechanics properties, i.e. stress versus crack opening or slip 
response, are essential for an accurate simulation of the bond failure. In the study, softening 
relationships were established from tests on notched three point loaded beams. Three point 
bending tests were also adopted by Zhu (1991) to investigate the bond properties between old 
and new concrete, see Figure 4.24. Based on a total of nine test beams the author found that 
the ultimate resistance was in average approximately 80 % of that of an un-repaired beam 
while the corresponding value for the fracture energy, Gf, was found to be 50 %.

4.5.3 Substrate properties 

Cleanliness 
It is easy to realise that the presence of loose particles, oil, dust etc will completely destroy the 
possibility of developing a high quality bond. Silfwerbrand & Paulsson (1998) even states that 
this is the single most important factor. This opinion is mainly based on follow ups of 
Swedish bridge repairs in 1984 and 1985. It was established that in most of the cases where a 
poorly bonded section was found the reason was that the substrate had been insufficiently 
cleaned prior to overlaying.

Absence of micro-cracks 
In case a new layer is cast as a repair to replace old deteriorated concrete it is important that 
damaged concrete is removed. There are numerous methods available for the removal, e.g. 
high pressure water jetting, sand- and shotblasting, scrabbling, grinding, flame cleaning, 
milling and chipping. Results from several studies have indicated that aggressive treatments, 
such as milling, scrabbling and chipping, may cause micro-cracking in the substrate, which 
will have a deteriorating effect on the bond. For instance, Silfwerbrand (1990) presented a 
comparison between the pull-off strength obtained for water jetted, mechanically chipped and 
sand-blasted substrates. Results showed that the mean failure strength was approximately 70 
% higher for water jetted surfaces as compared to the chipped ones. The sandblasted 
substrates on the other hand, gave pull-off strengths of similar magnitude as water jetted.     

The problem of micro-cracking resulting from mechanical removal of deteriorated concrete 
was also highlighted by Morgan (1996). The author states that if mechanical devices such as 
chipping hammers, scrabblers or scarifiers are used it is necessary to follow up by 
sandblasting or high pressure water blasting in order to avoid a bruised, micro-cracked layer. 
This was verified in a study presented in Talbot et al (1994), where high bond strength was 
obtained for a substrate treated with jack-hammer followed by sand-blasting. In tests 
conducted by Naderi et al (1986), as referred to in Austin et al (1999), the pull-off bond 
strength was between 20 and 50 % lower for a surface roughened through chisel-hammer 
splitting than for a saw-cut surface, in spite of the considerably higher roughness obtained 
with the chisel-hammer technique. 
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The inappropriateness of aggressive treatments was also discussed by Hindo (1990) and 
Warner et al (1998). In the first article, considerably higher pull-off strength was obtained for 
overlays cast on substrates that had been hydro-blasted than in case of jack-hammered 
substrates. It was also verified that the last mentioned technique resulted in extensive micro-
cracking while hydro-demolition did not. Extensive follow ups of debonded overlays were 
discussed in the second article. The main reason for debonding to occur was found to be the 
bruising damage resulting from unsuitable substrate treatments. In agreement with most other 
studies the authors concluded that preferred methods are hydro- and sandblasting. Based on 
full-scale experience the authors further proposed shot-blasting with small steel shots as an 
appropriate method to treat the substrate.   

Absence of laitance 
When casting particularly horizontal structures it is rather common that a thin and weak layer 
of paste is established at the surface, a so called laitance layer. The reason is that some water 
tends to bleed towards the surface and dilute the cement (Technical Report 34, 1994). It is 
clear that a laitance layer will destroy the potential of achieving good bond and it is thus 
essential to remove it prior to overlaying. Sand-blasting or grinding is recommended as a deep 
acting method, such as water-jetting, is not required in this case.

Excessive vibration and the use of high consistency concrete are parameters that will increase 
the risk for laitance. Attention is further recommended when using SCC with high slump 
flows.

Influence of roughness 
The texture of the substrate is widely accepted as one of the most significant parameters for 
high quality bond to be achieved. It is often conceived that the larger surface area related to an 
increased roughness is positive from a bond perspective. Moreover, interlocking will certainly 
play a more significant role on the shear transfer for a rough surface than a smooth. 
Accordingly, it is proposed in many codes to adopt a higher value for the interface shear 
strength in case of rough surfaces, see e.g. CEB-FIP Model Code 1990 (1993), EC 2 (1991), 
ACI 318 (1999) and BBK 04 (2004).

In case the failure is of a purely shearing type or due to combined shear and compression it is 
certainly a reasonable recommendation, see e.g. results from slant shear testing in Figure 4.22. 
However, for a shrinking overlay the interface will rather be subjected to a combined 
shear/tension stress state near free ends and cracks, as discussed in Section 3.4.4 and 4.5.2. 
Although results presented by Austin et al (1999), see Figure 4.22, and Momayez et al (2005) 
(Figure 4.23) indicated slightly higher values for a rough substrate even in case of pure tensile 
pull-out it is not certain that an increased roughness will always be favourable.

For instance, Courard (2005) compared the tensile bond strengths of sand-blasted and 
polished concrete substrates overlayed with different types of cement slurries. Results 
indicated that roughening through sand-blasting was not beneficial as the direct tensile bond 
strength was of the same magnitude or even higher for a polished substrate. High adhesion for 
glass-like polished substrates was also reported by Saucier & Pigeon (1991) as referred to in 
Júlio et al (2004). Pull-out strengths of similar order of magnitude were further obtained for 
milled and un-treated substrates in a study conducted within the present report, see Figure 6.4.   

However, in a study on the pull-off strength of overlayed sandblasted, wire-brushed and un-
treated substrates presented in Júlio et al it was found that the effect of roughening was 
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positive. Sand-blasting gave the highest value followed by wire-brushing. In the case of no 
treatment debonding occurred already before any load had been recorded in the pull-off test.

Influence of moisture conditions 
Courard (2005) studied the effect of the moisture conditions of the interface layer on the bond 
strength between cement slurries and old concrete in addition to the influence of roughness. 
The moisture conditions were either dry or saturated surface wet (SSW). Bond strength was 
measured through direct tension tests. Results showed that the SSW condition for most of the 
tested slurry types gave higher bond than dry conditions. The bond strength was in average 38 
% higher in case of sandblasted and 8 % for polished substrates.

The influence of the moisture conditions in the substrate was also discussed by Morgan 
(1996). Based on findings of previous studies, Pigeon & Saucier (1991), Saucier & Pigeon 
(1991) and Yeoh et al (1992), Morgan concluded that for cement based repair materials an 
optimal condition exists at which maximum bond will be achieved. Experimental results 
indicate that the best bond is reached when overlaying is executed on a concrete substrate 
which has just dried back from a saturated surface dry (SSD) condition. It is further pointed 
out that an excessively wet surface (defined as a surface condition that would wet a hand 
drawn on it) will give a high local w/c-ratio at the bond interface while a too dry substrate will 
absorb too much moisture from the overlay. In both cases there is an apparent risk that the 
bond strength will be damaged.  

A discussion on the influence of the moisture conditions was further provided in Júlio et al 
(2004). The authors refer to a study of Cleland & Long (1997), in which four moisture 
conditions were compared. Results showed that the best bond was achieved in case of 
laboratory dry or SSD conditions while oven dry or SSW conditions resulted in lower bond 
strength.

The influence of the surface wetness of the substrate on the ultimate bond strength has also 
been investigated by Zhu (1991). Three point bending tests on repaired concrete beams, as 
shown in Figure 4.24, were used for the evaluation. The wetness of the old concrete beam 
halves, as obtained from previous flexural tests, was varied by first introducing the beams into 
a water tank for 28 days. The specimens were then allowed to dry in air of 65 % relative 
humidity and 20˚C for different period of times prior to placing the fresh concrete. Results are 
shown in the figure for drying times ranging from 15 minutes to 7 days. The main conclusion 
of the study was that the drying time for the old concrete prior to overlaying should at least 
not be shorter than 2 days in order for full bond to develop.
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Figure 4.24 – Results from three point bending tests on repaired notched beams as presented 
in Zhu (1991).  

Influence of concrete substrate strength 
A general problem when evaluating the bond strength between two layers is that the fracture 
often occurs either in the overlay or in the substrate and not at the joint. In other words, it may 
be rather difficult to estimate the real effect of e.g. the strength of the substrate on the bond. 
This was illustrated in studies conducted by Karshenas (2003) on the pull-off strength of 
overlays cast on substrate concrete of grade K25 (~C20/25) and K50 (~C40/50).
Approximately 50 % higher values were obtained for the higher strength. However, as none 
of the tests failed at the interface the results rather reflected the tensile capacity of the 
substrate, in which most of the failures occurred.

Bonaldo et al (2005) studied the bond between concrete substrates and SFRC overlays with an 
intermediate layer of bond coat. The strength of both the substrate and overlay concrete was 
varied extensively. For the substrate three different strength classes were adopted: C16/20, 
C35/45 and C55/67, while the overlay quality was varied from C20/25 up to C60/75 in six 
steps. Results indicated a clear relationship between the pull-off strength and the substrate 
mean compressive strength. However, as was also the case in the study of Karshenas most of 
the failures, at least for the low and medium strength, took place in the substrate. Another 
interesting observation was made regarding the influence of the moisture conditions at the 
interface. Pre-wetting had a positive effect on the pull-off strength for the substrates of low 
and medium strength. However, for the substrate of the highest strength pre-wetting prior to 
overlaying gave a strength reduction. The authors suggest that this is due to the higher 
penetration resistance for high strength concrete, i.e. the water used to saturate the substrate 
cannot penetrate deep enough leading to the formation of a water film on the surface that 
affects the bond strength negatively.

The results was to some extent contradicted by results obtained in a test series described in 
Chapter 6, where the pull-off strength of dry and premoistened overlayed substrates of w/c-
ratios 0,35, 0,45 and 0,55 was compared, see Figure 6.6. It was found that the bond strength 
increased with decreasing w/c-ratio for both dry as well as premoistened substrates. However, 
premoistening was found to be less important for the substrates with w/c 0,35 and 0,45, which 
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is believed to be related to the lower absorption capacity of high strength concrete. A more 
thorough discussion on the subject may be found in Section 6.4.2.

4.5.4 Factors related to the overlay 

Strength of overlay 
Shin & Lange (2004) studied the coupled effect of overlay concrete strength and moisture 
conditions in the substrate. The authors measured the concrete-to-concrete bond strength as a 
function of the w/c-ratio through splitting tests on cylindrical specimens at different ages from 
1 to 8 days and results from day 7 are given in Figure 4.25. Noticeable is that the bond 
strength showed an increasing trend as the w/c-ratio of the overlay concrete increased. The 
authors claim that water transport from the fresh concrete into the substrate is essential for 
high quality bond to develop. Thus, the poor bond in case of low w/c-ratio is related to the 
low content of free water available in such types of concrete. The intrusion of water into the 
substrate was verified through measurements of the swelling of the substrate after overlaying. 
For the concrete with w/c-ratio of 0,30 the swelling was practically zero, thus indicating that 
the transport of water from the overlay was insignificant.
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Figure 4.25 – Effect of w/c ratio on the split tensile bond strength and swelling measured at 
the 7th day after overlaying as presented by Shin & Lange (2004). 

Shin & Lange (2004) also conducted tests and numerical analysis (FEM) to evaluate the 
potential of debonding between overlays and substrates. Overlays with a depth of 50 mm cast 
on a 75 mm substrate were exposed to a drying environment of 23˚C and 50 % relative 
humidity after an initial curing period of 24 hours. It was found that high performance 
concrete (HPC) with a w/c-ratio of 0,30 was more sensitive, as bond failure occurred from the 
end of the overlayed substrate already 1,4 days after the start of drying while no debonding 
occurred for overlays of w/c 0,40, 0,51 and 0,65. This was explained as being the result of the 
lower tensile bond strength (see Figure 4.25) in addition to a higher shrinkage gradient giving 
a more rapid stress development.  
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Rheological properties of overlay 
In studies on the effect of roughness on the bond potential of repair mortars to concrete 
Garbacz et al (2005) found that the rheological properties of the fresh overlay material had a 
significant influence. Five techniques to remove or roughen the concrete substrate were 
compared in the study: grinding, sand blasting, shot blasting and milling by hand and 
mechanically. An additional parameter investigated was the effect of polymer modified 
cement based bond coating. Results from pull-off tests are shown in Figure 4.26. For the case 
of no bond coat the highest values of bond were achieved in case of no treatment followed by 
sand blasting, i.e. the smoothest surfaces. For the other treatments that resulted in higher 
surface roughness, the pull-off strengths were lower, in some cases even considerably lower.  

This was explained in the article as being the result of too viscous overlay mortars. A 
consequence was that irregularities were not entirely filled, thus causing voids to appear at the 
interface. The negative effect of roughening disappeared in case a high workability bond coat 
was placed before the repair mortar. This is evident when studying the pull-off strengths for 
the cases with bond coat, which were considerably more even. Interesting to notice in the 
diagram is also the ratio of cohesive failures, i.e. when fracture occurred outside the interface. 
For the specimens with bond coat the ultimate strength was in all cases limited by cohesive 
failure in the substrate slab. Without bond coating, on the other hand, adhesive failures were 
more common. In other words, the bond coat used in the study was rather effective in 
preventing interface failures.
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Figure 4.26 – Measured pull-off strengths for repair mortars on concrete substrates with 
various surface preparations as reported in Garbacz et al (2005). Also indicated in the 
diagram are the ratios of cohesive failures, i.e. failures in the repair or substrate. 

The pull-off bond strength between SCC and hardened concrete substrates has been studied 
within Subtask 8.2 in a BRITE EuRam project on SCC (Contract No BRPR-CT96-0366). 
Results showed that bond strength of similar magnitude may be expected in case of SCC as 
for NC. However, the study only covered smooth substrates that had been previously cleaned 
with high pressure water but without surface treatment. It is possible that different results 
would be obtained for rough substrates, particularly if SCC with high viscosity and/or poor 
flowability is used. On the other hand, experience from full scale repairs of e.g. water jetted 
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columns and decks of bridges has shown that high and even bond strength will be obtained if 
SCC with adequate properties in the fresh state is applied.

Influence of fibres 
Based on results from extensive field testing of the bond of repaired highways Delatte et al 
(2000b) found a tendency of better bond for SFRC overlays as compared to plain or synthetic 
fibre reinforced ones. Similar findings were also reported by Granju (1996), in which field 
investigations of thin bonded overlays on a motorway in Montreal were refereed. For overlays 
of un-reinforced concrete severe cracking and debonding resulted in a quick deterioration of 
the pavements. All the overlays had worn away within a period of only 2 years according to 
the author. For the lanes overlayed with SFRC, on the other hand, the crack intensity and 
degree of debonding were much less pronounced. A direct result of this was that the SFRC 
pavements were still in use 8 years after the repair.  

Quite interesting results on the effect of steel fibres have further been reported by Granju 
(1996). The author tested overlayed beams loaded in three-point-bending. The test set-up 
adopted and some results given in the article are shown in Figure 4.27. Debonding was 
measured by means of three LVDT transducers fitted to measure the vertical gap between 
beams and overlays while deflection was obtained with a centrally positioned LVDT gauge. 
As may be seen in the figure the gauges used to follow debonding registered a shortening 
initially, reflecting a perfect bond between overlay and beam.  

For un-reinforced (PC) overlays the curve suddenly changed direction at the same moment as 
a vertical crack developed, thus implying that major debonding occurred instantaneously. 
Approximately the same response was obtained for concrete with 20 kg/m3 of steel fibres. 
However, for the two types of fibre concrete illustrated in the figure the response was quite 
different. For FRC 1 debonding was initiated when the first crack developed. Propagation of 
the debonding was however delayed until the second crack appeared. An even better response 
was obtained for FRC 2, where no debonding was recorded throughout the test period. The 
fibres used in FRC 1 were of the brand Harex SF01-32 in an amount of 80 kg/m3 while FRC 2 
contained 30 kg/m3 of Fibraflex FF30 steel fibres. The first mentioned fibre is triangularly 
shaped, has end hooks and is twisted along its length while the second type, referred to as a 
metallic glass fibre, is defined in the article as thin and shiny flexible ribbons. 

An important feature of the Fibraflex fibre is the high specific surface (10 m2/kg as compared 
to 1,6 m2/kg for Harex), which gives the fibre very good bond to the matrix. This is, according 
to the authors, the explanation for the exceptional resistance to debonding observed in the 
tests even for a rather moderate addition of 30 kg/m3 (Figure 4.27).
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Figure 4.27 – Test technique adopted by Granju (1996) to study the influence of steel fibres 
on the debonding and cracking of repair layers and measured deflection and debonding for 
plain concrete and two types of fibre concrete.

The conclusion is thus that fibres do not have a direct impact on the bond properties. 
However, as debonding potential is high in theory at free edges, as discussed in Section 3.4.4, 
fibres may seem to contribute to the bond resistance by preventing vertical cracks to open 
freely.

Overlay compaction 
The importance of thorough compaction of the overlay concrete was discussed by 
Silfwerbrand & Paulsson (1998). It was concluded that compaction is especially important in 
case of water-jetted surfaces in order to overcome the problem of air pockets in the valleys of 
the rough surface. This is also the reason as to why careful compaction using poker vibrators 
and vibrating platforms are recommended by the Swedish National Road Administration. It 
might further be suspected that the viscosity and flowing properties of SCC are extremely 
important if SCC is used, particularly in combination with a very rough surface, see also 
discussion above.

Curing of the overlay 
It is further argued in Silfwerbrand & Paulsson (1998) that the shrinkage development can be 
slowed down by careful curing of the overlay. A result of a slower shrinkage rate would be 
that the tensile stresses developing in a restrained overlay can be reduced, or at least 
postponed to a later time at which the tensile strength of the concrete is higher. This would 
clearly reduce the risk for debonding and cracking.
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4.5.5 Building Code recommendations 
Recommendations on the design value for the shear resistance in a joint between two concrete 
layers are often intended for situations where the interface is simultaneously loaded in shear 
and compression. It is further often assumed that reinforcement is provided across the joint. 
For such situations design values are typically given based on simple friction theory such as 
= c’ +  ( n + fyd), where c’ is the cohesion, n the normal compressive stress,  the 
reinforcement ratio As/Ac and fyd the design yield stress of the reinforcement. Relations of this 
type are recommended in e.g. EC 2 (1991) and the CEP-FIP Model Code 90 (1993). For the 
case of no external compression and without reinforcement the permitted level of shear is 
given by the cohesion part c’ alone. For this case the shear strength in the codes may be 
obtained as: 

ctRd ' fkc  (4.45) 

For the factor k it is proposed in EC 2 to adopt values of 0, 0,35 or 0,45 for very smooth, 
smooth and intentionally roughened surface respectively. Slightly lower values of 0,2 and 0,4 
are given in MC 90 for smooth and rough substrates. The results are plotted in the diagram of 
Figure 4.28 for values of fct equal to fctk,0,05/1,5, i.e. the characteristic tensile strength divided 
by 1,5.

Also shown in the diagram are the limits for the joint shear capacity according to ACI 318 
(1999) and BBK 04 (2004). In comparison with the previously mentioned codes (EC 2 and 
MC90) it is clear that the recommendations in ACI and BBK are more conservative, 
particularly in case of low strength concrete. It should further be pointed out that the constant 
value recommended in ACI and BBK only applies for roughened joints, while the shear 
strength is assumed to be zero for smooth joints. As indicated in the figure the application of 
the low value of 0,4 MPa proposed in BBK even requires that the substrate has been water 
jetted and cleaned prior to overlaying. ACI is more open to new solutions as the requirement 
is complemented with a paragraph, in which it is stated that the use of any design method that 
results in strength predictions in agreement with results from comprehensive tests is allowed.    
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The values plotted in the diagram of Figure 4.28 are only valid if the joint is loaded in pure 
shear. However, the combined shear/tension stress state at the interface between a substrate 
and a shrinking overlay represents an even more dangerous situation from a failure point of 
view.

4.5.6 Bond strength development 
The rate of bond development was studied by Delatte et al (2000a and b) for three different 
concrete mixes defined as standard strength, high early strength and very high early strength 
concrete. Comparisons were also made with the development of compressive and tensile 
strength, where the latter property was measured through indirect splitting. The experimental 
results were fitted to a function of the type: strength = A + B·log(maturity), where maturity 
was calculated as: 

 Maturity
t

tT
0

)10(   (4.46) 

For a constant temperature of 20˚C the maturity at 28 days would be 840˚C days or 
20160˚C h. Correlation coefficients (R2) of between 0,90 and 0,97 were established for the 
various properties with individual values of A and B determined based on the results, thus 
indicating that the fit was excellent in all cases. Results using the above function for a 
standard type of concrete are plotted in Figure 4.29. The strength parameters have been 
divided by the calculated strength at 28 days and 20˚C in order to facilitate comparisons. 
Although the difference may not seem extensive a somewhat more rapid development was 
predicted for the bond strength (both shear and tension) as compared to compressive or 
splitting tensile strength.  
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A rapid bond development was also reported by Silfwerbrand and Paulsson (1998). In 
laboratory tests it was shown that at an age of 24 hours in laboratory environment, pull-off 
strengths of over 1 MPa were measured. It was further established that the rate of bond 
development was faster than the development of compressive strength.  

4.5.7 Summary of factors influencing bond between substrate and overlay 
Numerous parameters influence the development of a high quality bond at the joint between 
two cementitious layers. Based on findings of previous studies discussed above, the following 
recommendations can be given:  

Concrete removal or preparation of substrate should be carried out using sand-
blasting, water jetting or shot blasting with small steel shots. Tools that have a direct 
impact on the concrete should be avoided as they tend to create a weak, bruised and 
micro-cracked layer.   
Excessively wet or dry substrates should be avoided. Most studies indicate that 
saturated surface dry (SSD) condition is optimal, which is achieved when all 
permeable voids are filled with water but without free water on the surface. It agrees 
well with Swedish practice, e.g. HusAMA 98 and Bro 04, recommending pre-wetting 
24 to 48 hours in advance and a short period of drying prior to overlaying.
Premoistening may however reduce the bond strength for high strength concrete 
substrates as the added water remains near the upper surface, due to the low 
permeability, thus preventing the overlay to penetrate into the substrate.   
Some results have indicated a reduction in bond strength for increasing strength of the 
overlay material. This was believed to be related to the reduced content of free water 
available in concrete with low w/c-ratios.   
Particularly in case of rough substrates it is important that sufficient compaction of the 
overlay is conducted in order to avoid air pockets. In case of SCC, which is not 
vibrated, it is likely that a too high viscosity may lead to similar problems.  
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5 End restrained shrinkage test series 

5.1 General
A prerequisite for verification of theoretical analysis is that appropriate experimental results 
are available. To find suitable test methods is thus an important task. As mentioned already in 
the introduction (Section 1.2) there are two possible scenarios when considering the fracture 
response of overlays. The most favourable is clearly when the overlay is well bonded to the 
underlying substrate, (a) in Figure 5.1. It may not even be necessary to provide crack 
reinforcement for the situation as a reinforcing effect is provided by bond between the layers, 
resulting in well distributed, fine cracks, see e.g. Figure 3.14.

However, for different reasons this condition is not always obtained. It is rather common that 
some parts of the overlay are well bonded to the substrate while other parts debond. The 
situation is similar to a case of end-restraint only, as indicated in Figure 5.1 (b), provided that 
friction to the substrate is neglected. 

 (a) (b) 
Figure 5.1 – (a) Evenly distributed restraint in case of full bond to the substrate and (b) end 
restraint over debonded area.

An experimental set-up was developed to simulate the situation of Figure 5.1 (b), in which 
restraint was obtained by anchoring the ends of thin overlays to a rigid steel beam. The 
appropriateness of the test rig for evaluating the crack sensitiveness of concrete, with and 
without steel fibres, was assessed through a series of tests and results were compared to 
theoretical analysis of the situation.

Details on the experiments and theoretical modelling are given in succeeding sections and in 
Appendix A. It should also be mentioned that a second test series was carried out to further 
assess the appropriateness of the test rig. However, mainly due to shortage of time, the results 
are only briefly described in Appendix B.

5.2 Test set-ups and experimental program 

5.2.1 End-restrained shrinkage test set-up 
Several methods have been proposed in the past for the evaluation of the effect of restrained 
shrinkage as discussed in Chapter 2. Nevertheless it was decided to develop a “new” set-up as 
shown in Figure 5.2, consisting of a HEA steel beam with a thoroughly grounded and 
polished upper flange, giving a smooth and slippery surface to ensure that restraint would 
only develop at the ends of the concrete specimen. L-shaped supports of steel 80x45 mm with 
20 mm thick goods in the vertical handle and 12 mm in the horizontal handle were secured to 
the flange by means of bolts at a distance of 1 m. The bolts, which had a very tight fit, were 
fastened prior to each test. The reason for choosing bolts rather than to weld the L-steel to the 
flange was to simplify the removal of the concrete specimen after the finalization of a test.  
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A 10 mm thick steel platen of 800 mm length with smooth surfaces was further manufactured. 
The platen had been divided in two parts by cutting out a wedge at mid-section to allow for 
easy removal after casting the concrete. Just prior to placing concrete the platen was loosely 
positioned directly at the oiled and smooth surface of the upper flange. Forms were then 
fastened along the sides before the concrete was placed. The restraint was achieved through 
three 10 mm threaded bars at each L-shaped support extending approximately 120 mm into 
the concrete, i.e. past the smoothened ends of the steel platen.

Directly after casting, the surface was covered by plastic foil to allow for a curing period of 
24 hours. The test was then initiated by removing the cover and the form sides. The wedge in 
the steel platen underneath the concrete was also removed in order to ensure that no restraint 
would generate along the bottom of the specimen and an air proof tape was put on the sides to 
prevent drying through the side faces.  

Target points for deformation measurements were glued to the concrete surface at an 
individual distance of 200 mm starting 100 mm from each support. Thus, a total of four 
measuring distances were obtained along the concrete specimen. For some of the tests 
additional target points were positioned at one of the L-shaped supports as well as on a piece 
of steel that had been fastened directly at the upper flange 100 mm away from the support to 
allow measurements of support deformation.  
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Figure 5.2 – Set-up for evaluating the effect of restrained shrinkage.

An experimental program was conducted according to Table 5.1. SRA refers to Shrinkage 
Reducing Admixture of the type Sika Control 40, which is a compound of polyhydroxides. 
The dosage was either 1 or 2 % of the cement weight. Steel fibres, SFRC, of the type Dramix 
RC-65/35-BN was added to some of the mixes in volume amounts of 20, 30 or 40 kg/m3. The 
fibres, manufactured by Bekaert, are made out of cold drawn wire of strength 1100 MPa with 
hooked ends and length and diameter of 35 and 0,55 mm respectively. The designation PFRC, 
finally, refers to polymer fibres of the type Strux 90/40 by Grace Construction Products, with 
a length of 40 mm and an aspect ratio (l/d) of 90. Strux is, according to the manufacturer, a 
structural reinforcement that has the ability to replace steel fibres or even welded wire fabrics 
in flooring and precast applications. The fibres are composed by a blend of virgin 
polypropylene and polyethylene, giving a tensile strength of 540 MPa and an elastic modulus 
of 9,5 GPa.
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The same basic concrete recipe was used for all tests, corresponding to SCC of class C28/35 
with a maximum aggregate size Dmax of 8 mm, cement content of 370 kg/m3 and a w/c-ratio 
of 0,58. The cement was Byggcement Standard PK Slite by Cementa, which is of the type 
CEM II/A-L 42,5 R, and the sand was of a natural occurring type from Riksten, southwest of 
Stockholm. A limestone filler of the type Limus 40 by Nordkalk was further added in 
amounts of 100 kg/m3 in order to ensure stability for the SCC. Furthermore, a superplasticizer 
of the type Sikament 56 by Sika, which is a chemical compound based on poly-carboxylate-
ether, was used to obtain the target slump flow of 700 mm.  

Table 5.1 – Experimental program and concrete mix composition. 
Material PC SRA 1 SRA 2 SFRC 20 SFRC 30 SFRC 40 PFRC

Cement, kg/m3 370 370 370 370 370 370 370 
Sand 0-8 mm, kg/m3 1623 1613 1603 1617 1613 1609 1616 
Filler, kg/m3 100 100 100 100 100 100 100 
Sikament 56, kg/m3 3,7 3,7 3,7 3,7 3,7 3,7 3,7 
Sika C40, kg/m3 - 3,7 7,4 - - - - 
Dramix 65/35, kg/m3 - - - 20 30 40 - 
Strux 90/40, kg/m3 - - - - - - 2,3 
Water, kg/m3 215 215 215 215 215 215 215 
W/C 0,58 0,58 0,58 0,58 0,58 0,58 0,58 
Start Date 9/2-04 25/2-04 3/3-04 7/4-04 24/3-04 17/3-04 14/4-04 
End Date 23/2-04 15/3-04 22/3-04 2/6-04 13/4-04 5/4-04 2/6-04 

Each test included two parallel test rigs for end restrained shrinkage, placed aside each other 
in a climate chamber, see Figure 5.3. The ambient temperature and humidity aimed at was 25 
C and 40 % respectively. However, as is evident from Figure 5.12 the target humidity level 

could not be maintained. An average of approximately 50-55 % was rather obtained with 
quite substantial local variations.  

Two specimens for free shrinkage measurement were placed aside the test rigs to evaluate the 
unrestrained deformation, or free shrinkage, under similar conditions (see Figure 5.3 (a)). 

 (a) (b) 
Figure 5.3 – Test rigs for studying the effect of restrained shrinkage. Specimens for 
measuring the free shrinkage may be seen in a).  
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Material properties for the produced concrete types were assessed from 150 mm cubes and 
600x125x75 mm beams. The cubes were used to evaluate the splitting and compressive 
strength while the beams were tested in bending in order to measure the toughness properties 
of the SFRC. A thorough description of testing procedures as well as results from the material 
testing can be found in Section 5.3.1. The creep response was evaluated for some of the 
concrete types as described in Section 5.3.3. 

5.2.2 Free shrinkage test 
Free shrinkage was measured on two specimens of 35 mm depth, 500 mm length and 100 mm 
width as mentioned previously. Immediately after casting, the moulds were wrapped in plastic 
foil to avoid early drying and were then de-moulded and placed in the climate chamber after 
24 hours. Target points for deformation measurement were glued to the surface instantly after 
demoulding, at 200 mm individual distance. Measurements were conducted by placing a 
mechanical device, of the type Staeger, in between the target points.

To simulate an overlay the sides and the bottom face were covered with air proof plastic foil. 
Thus, drying was only permitted through the upper face as illustrated in Figure 5.4. A 
consequence is that a highly non-linear moisture, and thereby shrinkage, distribution develops 
over the depth initially. With increasing drying time the gradient will successively level out 
and after infinite time equilibrium will eventually be reached. However, the response of the 
specimens was only followed over a period of approximately two weeks, thus implying that 
the latter situation was not achieved.   

Figure 5.4 – Illustration of a specimen for free shrinkage measurement as well as the 
principle response on the top and bottom faces due to one-sided drying. 

In order to accurately predict the stress development it is clearly necessary to consider the 
variable shrinkage distribution. Direct measurements were unfortunately not conducted to 
determine the moisture profiles through the overlays. However, for some of the free shrinkage 
test specimens the deformation was measured at the covered bottom face in addition to the 
upper surface. This made it possible to determine the actual unrestrained deformation history 
of the overlays. 

5.2.3 Creep test 
Even though it is clear that the parameter sought for in the present study is the tensile creep it 
was decided to adopt a compressive creep test, for which a testing procedure has been 
developed at Luleå University of Technology, see e.g. Westman (1999) and Hedlund (2000). 
In the analysis presented later on in the chapter it was assumed that the response in tension is 
similar to that in compression. Following the discussion in Section 4.4.3 this may be a 
reasonable assumption, at least for stress levels not exceeding approximately 40-50 % of the 
material strength.  
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The tests were accomplished by loading a concrete cylinder with a dead load. Geometrical 
configuration of the specimen as well as the position of deformation gauges is shown in 
Figure 5.5. The measuring distance of the gauges, of the type inductive LVDT strain gauges, 
was 100 mm. Two gauges were positioned at opposite sides of the cylinder and the mean 
value of the two recordings was used in the evaluation.

150

30
0

Deformation
gauges

[mm]

Figure 5.5 – Geometry of specimen used in the creep test. 

A creep test included the production of two cylinder specimens and two 100 mm cubes. 
Almost immediately after casting, the moulds with concrete were placed in a 20 C water tank 
and the specimens were stored in water until testing was initiated. At the time of testing the 
compressive strength was determined on the cubes and the magnitude of the dead load, to 
which the cylinders were exposed, was selected as 20 % of the measured strength.  

Directly after removal from the water tank the cylinders were sealed with plastic foil in order 
to avoid moisture exchange with the surroundings. One of the specimens was loaded while the 
other was used as a dummy. Measurements on the dummy provide information on load-
independent strains, i.e. due to temperature changes and shrinkage. The fact that the 
specimens were sealed and that the temperature was more or less constant at 20 C in the 
laboratory implies however that the load-independent strains were rather small. The 
autogeneous shrinkage should be almost zero for a concrete with a w/c ratio of 0,58, 
according to the discussion in Section 4.3.3. The sealing further means that the parameter 
investigated was the basic creep.

Experience obtained over the years at Luleå Technical University has shown that, for a 
calibration to a theoretical model, it is sufficient to conduct tests at only two ages and with 
rather short durations. The long-term response as well as the creep for other loading ages can 
then be estimated with good accuracy by correlation with a suitable theoretical model. 
Loading ages adopted in the present study were 1 and 7 days and the load duration was in the 
region of 7 to 12 days.
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5.3 Test results 

5.3.1 Compressive, tensile and residual strength 
The compressive strength was measured at an age of 28 days using 150 mm cubes while the 
tensile strength at ages 2, 14 and 28 days was evaluated based on the splitting strength of 
cubes of the same dimension. Additionally, beams with 75x125 mm cross section and 600 
mm length were produced for measuring the post cracking flexural properties at 28 days of 
age. Illustrations of the different test methods used to evaluate the material properties are 
shown in Figure 5.6.

75 15
0

15
0 15

0

15
0

Figure 5.6 – Illustrations of the different test methods used to evaluate the compressive, 
splitting and flexural strength of the concrete. 

Compressive and tensile strength 
Regarding the evaluation of the various strength parameters it is important to consider the 
geometry as well as the methods of curing. For instance, in most national codes it is 
customary to refer to the strength of water cured cylinders. However, the normal procedure in 
Sweden is to assess the compressive strength on cubes stored in air. This means that a 
correction is required in order to relate test results to values given in codes. Based on results 
from a study by Petersons (1964), presented in the Concrete Handbook – Material (1997), it 
was decided here to apply the following relation between wet cylinder and dry cube 
compressive strength:  

dry
cubec

wet
cylc ff ,, 76,0  (5.1) 

Observe that this correlates rather well with the recommendation given in SS 13 70 03 
(National adaption document to SS-EN 206-1), where the following relation is given for 
recalculation of wet cube compressive strength from dry stored cubes: fc,cube

wet = 0,92·fc,cube
dry.

The strength of a 150 mm cylinder with l/d = 2 is obtained, according to the Concrete 
Handbook – Material (1997), by multiplying the strength of a 150 mm cube with 0,8. This 
gives a value of fc,cyl

wet of 0,8·0,92·fc,cube
dry = 0,74·fc,cube

dry.

The compressive strength obtained with Eq. (5.1) is given in Table 5.2 for the studied 
concrete types. Also shown are the measured values of the splitting and flexural tensile 
strengths as well as the residual strength factors evaluated in accordance with ASTM C1018-
92b (1992), see Section 4.2.3. The intent of measuring the splitting strength at different ages 
was to get an idea about the tensile strength development, for which the splitting test is quite 
convenient since it is rather simple to conduct.  
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Table 5.2 – Measured strength parameters for the concrete types of the test program.
Splitting strength, MPa 2) Flexural and residual strength fcm

1)

fsp, 2d fsp, 14d fsp, 28d ffl,cr ffl,ult R10,20 R10,30 R10,40

Concrete 
type 

No

MPa MPa MPa % % %
PC a 4,29 4,29 3 1 0 
 b 

30,5 2,50 2,77 3,24 
4,15 4,15 6 4 2 

SRA 1  a 4,39 4,39 5 3 2 
 b 

30,6 2,28  3,55 
4,60 4,60 3 2 1 

SRA 2 a 4,41 4,41 5 3 2 
 b 

38,1 2,07  3,03 
4,32 4,32 3 2 1 

SFRC 20  a 4,56 4,58 31 32 32 
 b 

36,7 2,88 3,03 3,14 
4,25 4,25 21 21 21 

SFRC 30  a 4,15 4,15 37 37 37 
 b 

39,2 2,36 3,47 3,31 
4,35 4,35 38 39 40 

SFRC 40  a 4,59 4,59 60 60 60 
 b 

36,4 2,19 2,76 3,21 
4,91 4,91 58 60 61 

PFRC 2,3  a 4,08 4,08 9 9 8 
 b 

36,6 2,89 3,22 2,99 
4,10 4,10 14 14 14 

1) Wet cylinder compressive strength calculated from measured dry cube strength using Eq. (5.1). 
2) Mean value of two tests 

The parameters of interest for the analysis of the stress development in the overlays are 
mainly the elastic modulus, the tensile strength and the residual strength of the fibre concrete. 
A discussion on the methods of evaluation as well as on the results is given in the following.

Development of elastic modulus 
The elastic modulus at 28 days of age Ec(28) and for other loading ages Ec(t0) was calculated 
with Eq. (4.1) and Eq. (4.2) respectively with fcm taken as the cylinder compressive strength; 
see Table 5.2. In order to validate the predicted values a comparison was made to results 
evaluated from creep tests for loading ages 1 and 7 days. Based on the comparison, given in 
Figure 5.7, it may be seen that the predicted stiffnesses correlate fairly well at loading age 1 
day. For loading at 7 days on the other hand, the predicted values seem to be slightly too high. 
It should however be pointed out that the E-modulus as obtained in a test is rather sensitive to 
the choice of evaluation method, i.e. the definition of the time duration for instantaneous 
deformation. Higher values for the E-modulus will be obtained if a shorter duration of time is 
selected for the evaluation. The results presented in Figure 5.7 were evaluated for the first 1,4 
minutes of loading. Further dicussions on the creep tests are provided in Section 5.3.3.
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Figure 5.7 – Calculated development of the elastic modulus in time using Eq. (4.1) compared 
to elastic modulus evaluated at 1 and 7 days from creep tests in Section 5.3.3 (Eq. 5.5).

Development of tensile strength 
Methods for analysing the tensile strength, based on splitting, flexural or compressive 
strength, have been discussed earlier (Section 4.2.2). It was decided to adopt the relation 
between tensile and compressive strength as proposed in EC 2 (1991) (Eq. 4.5), with a slight 
modification in order to get a better agreement with the experimental splitting strengths 
measured at 2, 14 and 28 days. The modified version of the EC 2 equation was: 

)(28,0)( 32 tftf cmct  (5.2) 

where fcm(t) is the mean compressive strength at age t calculated from the compressive 
strength at 28 days, fcm, using Eq. (4.4). Predicted results may be found in Figure 5.8. Also 
shown are the tensile strength values calculated from the splitting strength at 2, 14 and 28 
days with Eq. (4.6). The correlation was reasonably good for the first age, i.e. at 2 days. 
However, it seems as if the predictions based on the compressive strength gives slightly too 
high values for ages 14 and 28 days for most of the concrete types. Nevertheless it was 
decided to adopt the method of prediction in the theoretical analysis of Section 5.4.
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Figure 5.8 – Tensile strength development calculated from the compressive strength using Eq. 
(5.2). Also shown is the tensile strength at 2, 7 and 28 days calculated from the splitting 
strength with Eq. (4.6). 

Residual strength 
In order to enable estimations of the crack arresting function of fibres it is necessary to have 
information on the residual strength or toughness of the fibre concrete. This was 
accomplished from deformation controlled beam tests conducted in accordance to ASTM 
C1018 (1992) standard. Geometry and loading configuration for the test beams are shown in 
Figure 5.6 while results from the tests are given in Figure 5.9. The deformations given in the 
diagrams were obtained from LVDT gauges positioned at the mid-point underneath the beam 
and the support settlements were subtracted in order to obtain the true deflection.

As observed the toughness increased with increasing steel fibre content. It may also be seen 
that the effect of 2,3 kg/m3 of polymer fibres, which approximately equals a volume ratio of 
0,25 %, was considerably lower than all steel fibre additions (20 kg/m3 of steel fibres equals 
0,25 % by volume). Regarding the actual fracture response of the fibre concrete beams it may 
be seen that a sudden drop followed immediately after the ultimate strength was reached. The 
load carrying capacity then stabilised at a nearly constant level at least over the first 5 mm of 
deflection. It has been shown by Armelin & Banthia (1997) that the ratio between crack width 
and mid point deflection approaches a value of 4/3 as the neutral axis moves toward the top of 
the section. This implies that the crack width is at least not less than the deflection. In other 
words, it may be assumed that the residual load carried by fibres over a crack is more or less 
constant for crack widths up to approximately 5 mm for the type of fibres studied here. 
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Figure 5.9 – Measured load versus mid point displacement response for the concrete types in 
the experimental program based on flexural tests conducted in accordance with ASTM 
C1018. (a) Complete responses. (b) Curves limited to the first 5 mm of deflection.

A similar response, i.e. with a virtually constant residual load capacity, has also been 
measured in previous four point flexural beam tests (ASTM) on SCC with 20, 30 and 60 
kg/m3 of the same type of steel fibres, see Figure 5.10. Residual strength factors R10,20 of 
approximately 23, 40 and 60 % were obtained for SCC with 20, 30 and 60 kg/m3 respectively 
as indicated in the figure. In the present series the corresponding residual strength factors for 
20 and 30 kg/m3 of fibres were 26 and 38 % in average, as may be seen in Table 5.2. Thus, a 
rather good correlation was obtained for these amounts. For SCC with 40 kg/m3 (SFRC 40) 
on the other hand, the value of 59 % may seem a bit high in a comparison with the result of 
the previous study, where a corresponding value was obtained for 60 kg/m3.
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Figure 5.10 – Results from four point bending tests (ASTM) obtained in a earlier study 
(Carlswärd, 2002) on SCC with steel fibres of the type Dramix RC-65/35-BN.  
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The observation of an almost constant residual stress level is useful for the estimation of the 
effect of fibres on crack widths in overlays. Although not entirely correct it may thus be 
assumed that after a crack has been initiated the crack bridging stress can be calculated as (see 
also Eq. (4.22) in Section 4.2.4): 

)( crct20,10resct, tfRf   (5.3) 

where R10,20 is a residual strength factor and fct(tcr) is the tensile strength at the age of cracking 
tcr as obtained using the procedure described above (Figure 5.8). The choice of tensile strength 
rather than flexural may be debated. However, the use of tensile strength for the design of 
overlays with respect to shrinkage stress is recommended in Concrete Report No 4 (1995) and 
in a draft version of Concrete Report No 13 (2006). According to Section 4.2.3 it is further 
recommended in the last mentioned references to adopt the residual strength factor R10,20 for 
the prediction of cracking in overlays.

Differences in geometry between overlay and specimens used for evaluating the residual 
strength may be considered by taking the fibre orientation into account, as discussed in 
Section 4.2.3. The orientation factor f may be obtained from Figure 4.8 if only the influence 
of the structural boundaries is considered (and not the properties of the concrete or the casting 
technique). For the flexural test specimens, with a height of 75 mm and a width of 125 mm, 
the orientation factor f,beam would be approximately 0,59 for steel fibres of 35 mm length. 
The corresponding value f,rig for the specimens of the restrained shrinkage tests, with a depth 
of 35 mm and a width of 100 mm, is 0,63 according to the same figure. This means that the 
“true” residual strength factor to be adopted for the design of the restrained shrinkage 
specimens can be calculated as: 

beam
20,10

beam
20,10

beam
20,10

beamf,

rig
frig

20,10
07,1

59,0
63,0 RRRR  (5.4) 

For the steel fibre concrete within the present test program the average residual strengths for 
the crack rig can thus be calculated to 28, 41 and 63 % for SFRC 20, 30 and 40 respectively 
based on the mean values obtained for the three mixes (R10,20

beam = 26, 38 and 59 %). It should 
further be mentioned that the influence of the casting method and the use of SCC in general 
can be expected to have positive influences on the orientation of fibres in overlays.   

5.3.2 Free shrinkage 
The importance of the shrinkage gradient was unfortunately not recognised when the 
experimental study was initiated. Thus, for PC, SRA 1, SRA 2 and SFRC 40, deformations 
were only measured at the upper face, while additional measurements were conducted at the 
bottom for SFRC 20, SFRC 30 and PFRC revealing the highly non-linear distribution 
developing due to one-sided drying, see Figure 5.11.

When comparing the free strains obtained at the upper face of the specimens it can be seen 
that the addition of SRA had a positive effect. Compared to the reference concrete, PC, the 
reduction within the studied period was approximately 20 and 35 % for 1 and 2 % 
respectively. Notice that reductions of up to 50 % and above have been reported in literature 
as mentioned in Section 4.3.4. It is further clear that the free shrinkage of some of the other 
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concrete types deviated from that of PC as well. This is however most likely related to the 
variations in the ambient environment rather than to the addition of fibres, see Figure 5.12.
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Figure 5.11 – Measured free shrinkage at the upper exposed face of the specimens and at the 
bottom face for three of the concrete types.   

The reason for the un-stable humidity conditions, Figure 5.12, was that the so-called climate 
chamber did not allow for RH control even though it was possible to maintain the temperature 
at a stable level. Thus, a long-term trend of increasing humidity was recorded following from 
the fact that the indoor RH increased due to seasonal changes from winter to spring to 
summer. Moreover, quite extensive short-term variations were observed during the test 
period. The reason for this was believed to be that a new test was initiated approximately one 
week after the previous test had been started up. The introduction of the newly cast, wet 
specimens resulted in a rapid increase in RH. A few days were then required to get the 
humidity level back to the long term trend line.  
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Figure 5.12 – Relative humidity recorded during the free shrinkage measurements.
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Comparison between theoretical and experimental free shrinkage 
The theoretical models (EC 2 and Concrete Handbook) proposed to predict the free shrinkage 
development, as discussed in Section 4.3.5, have been compared to measured values in order 
to validate the accuracy. Important to recognise is that drying was only permitted from the 
upper face of the free shrinkage specimens in the experimental study. As the theoretical 
models give a mean value of the shrinkage it is thus necessary to estimate the corresponding 
value for the test specimens. Thus, an approximate shrinkage value was calculated by taking 
the mean of the measurements at the top and bottom faces, where available (for SFRC 20, 
SFRC 30 and PFRC).

Some of the parameters required in the EC 2 and Concrete Handbook formulations are shown 
in Table 5.3. It should be mentioned that the reference shrinkage, cs0, in the Concrete 
Handbook model was predicted directly from the water content using Eq. (4.24). Notice also 
that the mean value for the RH was approximately the same in all cases, 53 %, despite the fact 
that it varied quite substantially throughout the testing period.

Table 5.3 – Values introduced in the equations of Concrete Handbook and EC 2, as presented 
in Section 4.3.5, to predict the free shrinkage development. 

EC 2 (Figure 4.14) Concrete Handbook (Eq. (4.23)) Concrete
type

RH
%

T
C

ts
days 

h0
mm

fcm
MPa

ds1
-

ds2
-

cs
1)

mm/m
W

kg/m3
s

-
T
-

cs0
mm/m 

SFRC 20 52,8 25 1 70 36,7 6 0,12 -0,82 215 1,82 0,70 -1,00 
SFRC 30 52,9 25 1 70 39,2 6 0,12 -0,80 215 1,82 0,70 -1,00 
PFRC 53,3 25 1 70 36,6 6 0,12 -0,82 215 1,82 0,70 -1,00 
1) Sum of drying shrinkage and autogeneous shrinkage components, cs  = cd + ca

Predicted shrinkage compared with experimentally measured for concrete types SFRC 20, 
SFRC 30 and PFRC are shown in Figure 5.13. It can be seen that the model proposed in the 
Concrete Handbook gave more accurate results than the EC 2 model, even though the 
shrinkage was slightly overestimated. The reason for the poor agreement of the EC 2 model is 
that the predicted reference shrinkage was significantly underestimated. A problem is that the 
EC 2 model relates the reference shrinkage directly to the compressive strength without 
considering the composition of the concrete. In other words, the effect of an increased water 
or paste content, factors that are known to influence the shrinkage, will not be taken into 
account. The same problem was also encountered in some of the studies reviewed in Section 
4.3.5.
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Figure 5.13 – Measured free shrinkage for three concrete types in the experimental study 
compared with calculated free shrinkage according to methods proposed in the EC 2 and the 
Concrete Handbook respectively, see Section 4.3.5.

5.3.3 Creep response
A total of four sets of creep tests were conducted using the methodology presented in Section 
5.2.3, i.e. with loading at 1 and 7 days. The concrete types were PC, SRA 1, SFRC 20 and 
SFRC 40. As the creep response was found to be similar for all materials it was decided to 
exclude the other concrete types from the creep testing. Results are presented in Figure 5.14, 
where compliance is the measured strain divided by the applied constant stress.
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Figure 5.14 – Creep compliance as obtained from creep compression tests on some of the 
concrete mixes included in the study.
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As expected the instantaneous strain of the specimens loaded at 1 day was considerably 
higher than that of the specimens loaded at 7 days (Figure 5.14). It may further be seen that 
the rate of creep was slightly higher for the early loading age. However, when comparing the 
different types of concrete the response seems quite similar, which implies that the influence 
of steel fibres and shrinkage reducing admixture on the creep behaviour was insignificant.  

Rather than expressing the response using the compliance it is also possible to divide the 
strain into instantaneous elastic deformation and long term creep response. However, a 
problem is to decide upon a limiting value for the loading time after which the elastic 
deformation changes to creep. Following the methodology proposed by e.g. Emborg (1989) 
Westman (1999), Hedlund (2000) and Larsson (2003) it was decided here to choose a value of 
0,001 day to represent the instantaneous elastic response. Thus, all deformation appearing 
after the load duration 0,001 day (1,4 minutes) is treated as creep. Based on the creep 
compliances the elastic modulus at time t0 may be calculated (by rearranging Eq. (4.34) with 

(t,t0) = 0) as: 

),001,0(
1)(

00
0c tdtJ

tE  (5.5) 

The values of the elastic modulus obtained for the tested concrete types are given in Table 
5.4. Although there were some differences in results, particularly for loading at 7 days, it is 
difficult to draw any conclusions regarding the effect of SRA and steel fibres as the number of 
tests was rather limited.  

Table 5.4 – Elastic modulus evaluated from the creep tests for loading ages 1 and 7 days.

Concrete type PC SRA 1 SFRC 20 SFRC 40 
Ec(1d)  GPa 15,3 14,5 13,9 15,1 
Ec(7d)  GPa 26,0 24,2 27,1 28,5 

Comparison between modelled and experimental creep 
In order to verify the EC 2 model (Figure 4.20) comparisons were made with the 
experimentally obtained creep developments. Notice that the increasing factor (t0) in the EC 
2 model was modified, as proposed in Eq. (4.39), in order to better capture the response of 
concrete loaded at early age.

Results of the comparison are shown in Figure 5.15 for the tested mixes. The predictions were 
calculated based on compressive strengths of 30,5 MPa and 36,7 MPa, corresponding to the 
strengths obtained for concrete type PC and SFRC 20 respectively (see Table 5.2). It may be 
seen that the fit was reasonable, particularly for loading age 7 days. For loading at 1 day, it 
seems as if the creep is somewhat overestimated from duration time of approximately 7-8 
days and forward. However, the restrained specimens typically cracked within the first week 
after the initiation of drying, which means that it was most essential to accurately predict the 
creep at the first few days of loading. 
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Figure 5.15 – Creep compliance evaluated from laboratory tests and corresponding response 
calculated with the EC 2 model as outlined in Figure 4.20.  

Transformation of creep into relaxation 
For overlays exposed to restrained shrinkage it is necessary to define the relaxation. This may 
be done by converting creep into relaxation, for which several methods are available, as 
discussed previously in Section 4.4.4. It was decided here to calculate the relaxation directly 
from the corresponding compliance function as:   

),(
1),(

0
0c ttJ

ttR  (5.6) 

where Rc(t,t0) is the relaxation function for loading at t = t0 and J(t,t0) is the corresponding 
creep compliance. The compliances were calculated using Eq. (4.34) from creep functions 

(t,t0) obtained with the EC 2 model (Figure 4.20) and the elastic modulus Ec(t0) and Ec(28d)
with Eq. (4.1) and (4.2) respectively (see also Section 4.4.4). Resulting creep compliances and 
corresponding relaxation functions are given in Figure 5.16 (a) and (b). It should also be 
mentioned that the calculations were carried out based on a compressive strength of 30,5 
MPa, i.e. similar to concrete type PC. This was the reason for showing only the creep 
response and relaxation obtained for PC in the diagrams.    



5. End restrained shrinkage test series 

117

0

0,1

0,2

0,3

0,4

0,5

0,001 0,1 10 1000

Load duration t -t 0 (days)

C
om

pl
ia

nc
e

J
(t

,t
0)

 (1
/G

Pa
)

)28(
),(

)(
1

),( 0

0
0 dE

tt
tE

ttJ
cc

t 0 = 1 d

t 0 = 28 d

PC 1 d

PC 7 d

0

5

10

15

20

25

30

35

0,001 0,1 10 1000

Load duration, t -t 0 (days)

R
el

ax
at

io
n

R
c(

t,
t 0

), 
G

Pa

),(
1),(

0
0 ttJ

ttR
t 0 = 1 d

t 0 = 28 d

PC 7 d

PC 1 d

 (a) (b) 
Figure 5.16 – (a) Calculated compliances and (b) relaxation functions at different loading 
ages ranging from 1 to 28 days. Also shown is the measured compliance and relaxation for 
loading at 1 and 7 days for concrete type PC. Notice that the “measured” relaxation was 
calculated with the relation given in (b).  

5.3.4 Restrained shrinkage 
A discussion is provided on some of the main features of the restrained tests, such as the 
degree of restraint provided by the rigs, the strain development and cracking response.

Degree of restraint 
A factor of significance for the response of concrete exposed to imposed deformation is the 
extent to which the element is restrained. The ambition was to develop a test rig that would 
produce as high restraint as possible in order to ensure that cracks would occur within a 
reasonable period of time. Based on the results it was however clear that the restraint offered 
by the test rigs (Figure 5.2) was at least not 100 % as deformation was measured on the 
restrained specimens even prior to cracking. The reason for the strain loss was that the steel 
beam bended and contracted slightly due to the successively increasing load from the 
concrete.

Measurements further indicated that the supports deformed somewhat. An example of this is 
illustrated in Figure 5.17, where the mean strain as well as the support related strain is plotted 
for one of the specimens of SRA 1. Mean strain corresponds to the average measured strain at 
the surface of the restrained specimen while the support deformation was measured in relation 
to the upper flange, indicated by Lm = 100 mm in the figure. Observe that support 
measurements were only conducted on one side, which means that there is an uncertainty in 
the total support loss. It was assumed however that deformation of equal magnitude 
developed at both supports. In other words, the total support loss was obtained by multiplying 
the measured strain by 2.  
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Figure 5.17 – Support strain (support deformation measured at one support multiplied by 2 
and divided by the specimen length of 1 m) and average strain at the surface of one of the 
specimens of SRA 1.

From the strains presented in Figure 5.17 it can be concluded that the support deformation 
constituted approximately 60-65 % of the total strain loss for the specimen of concrete type 
SRA 1. Notice that the total strain loss is simply the measured strain on the upper face of the 
specimen. Provided that there are no other sources for the restraint losses it can thus be 
presumed that the remaining strain comes from the curvature and contraction of the steel 
beam. This conclusion was further verified by the theoretical model presented in the 
succeeding section, see e.g. Figure 5.26.   

Strain development 
The strain development measured at the top of a specimen with plain concrete (PC) is shown 
in Figure 5.18 (a) while the corresponding results for a specimen of concrete type SFRC 40 is 
shown in Figure 5.18 (b). The curve presented as the strain in un-cracked parts is the mean 
value of the strains measured in the areas where no crack occurred, while crack strain is the 
deformation measured in the crack zone divided by the gauge length, Lm/Lm in Figure 5.19. 
This implies that not only the crack width but also the contraction of the un-cracked parts is 
included. Also shown in the diagrams are the corresponding free shrinkage at the exposed 
upper faces of dummy specimens.  

When studying the response after crack initiation it can be seen that the crack strain increased 
rapidly while the strain in the un-cracked parts of the PC specimen approached the curve 
representing the free shrinkage, see Figure 5.18 (a). This indicates that no stresses were 
transferred across the crack and that the un-cracked concrete was completely un-loaded. The 
remaining difference between free and restrained strain in un-cracked parts can be attributed 
to creep effects and, in case of, irreversible support deformation.  
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Figure 5.18 – Measured strain development at the exposed upper face of a restrained 
specimen as well as the corresponding measured free shrinkage (dummy specimen) at the top. 
Concrete type PC in (a) and SFRC 40 in (b). 

The response of the fibre reinforced specimen, as shown in Figure 5.18 (b), was somewhat 
different. It can be seen that the growth in crack strain was considerably slower than that of 
the plain concrete specimen. Furthermore, it is evident that the un-cracked parts were not 
unloaded to the same extent as the PC specimens. The difference in strain as compared to the 
free shrinkage remains even after cracking. This is due to fibres that bridge the crack transfer 
load from one side to the other, thus preserving the stress in the concrete to some extent. It 
should however be mentioned that the response for concrete with less fibres, SFRC 20 and 
SFRC 30, quite logically, was not as good in regard to crack width limitation.  

Cracking
A summary of results obtained are given in Table 5.5, where the time to cracking and the free 
shrinkage strain at the top at the corresponding time are given. Also shown is the observed 
crack width for the cracked specimens. Notice that multiple cracking did not occur in any 
case. It should further be mentioned that it is somewhat difficult to compare widths as the free 
shrinkage development was not identical for all tests. In order to be able to make comparisons 
the value measured at the age corresponding to a free shrinkage strain at the top of 600 m/m 
was selected. Moreover, rather than measuring the crack width directly it was calculated from 
the strain measurements following the procedure illustrated in Figure 5.19, see also previous 
discussion. The term uncracked is the mean value of the measured strains in un-cracked parts of 
the specimen, i.e. obtained over the three measuring lengths where no crack was detected. Lm
is the measuring distance of 200 mm and Lm1 is the distance after cracking.  
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Figure 5.19 – Principles for calculation of crack widths. Lm is the measuring length, Lm1 is the 
distance after cracking and uncracked is the strain in uncracked parts.  

The results presented in Table 5.5 verify that cracks occurred within the test period for all 
concrete types except for SRA 1 and 2. In other words, the reduction in free shrinkage due to 
the addition of SRA, see Figure 5.13, was sufficient to prevent cracking. It can further be seen 
that only one of the two specimens with 40 kg/m3 of steel fibres cracked. Although it is 
difficult to draw any certain conclusions, considering the rather poor statistical base, a 
possible explanation could be that the number of fibres was higher in the un-cracked 
specimen, 63 in average as compared to 45.  

For the remaining specimens a crack typically occurred within the first week after test 
initiation. Although there is a rather broad span it seems as if cracking can be associated with 
a free shrinkage at the exposed upper face of approximately 400-500 m/m. The reason for 
the uncertainty regarding the time to crack initiation is that cracking in some cases occurred 
during weekends.

From the results it cannot be concluded that the addition of steel fibres did prolong the time 
until a major crack developed, which was reported in other studies discussed in Chapter 2 and 
3. On the other hand, the specimens reinforced with polymer fibres (PFRC) did not crack until 
after 11 to 12 days at a corresponding free shrinkage strain of 530 and 580 m/m respectively 
for the two specimens. This is rather strange considering that the contribution of this type of 
fibres to the residual strentgh was considerably poorer than that of the steel fibres, see Figure 
5.9. Further discussions on the issue are provided below.
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Table 5.5 – Summary of results from the restrained shrinkage tests.
Number of fibres in cross section Concrete type Time to 

cracking,
(Days)

Free shrinkage 
strain sh at 
cracking,
( m/m) 2

Crack width at 
free shrinkage at 
top of 600 m/m,
(mm)

Average3 Cracked 
section4

Theoretical5

PC A 340-500 0,40    
 B 

3-61)

3-61) 340-500 0,44    
SFRC 20  A 40-530 0,29 25 (4) 19 24 
 B 

0-51)

0-51) 40-530 0,34 15 (3) 10 24 
SFRC 30 A 130-350 0,37 27 (6) 31 36 
 B 

1-41)

6-7 465-490 0,21 34 (9) 40 36 
SFRC 40  A 405-420 0,22 45 (8)  43 48 
 B 

6-7 
- - - 62 (16) - 48 

SRA 1  A - -    
 B 

-
- - -    

SRA 2  A - -    
 B 

-
- - -    

PFRC  A 530 0,27    
 B 

11
12 580 0,22     

1) Cracking occurred during weekend when no measurements were conducted. 
2) Strain measured at top of the section. An approximate value for the mean shrinkage in the section may be 
obtained by dividing the top value by two.  
3) Standard deviation calculated from 9 sawed sections within brackets. 
4) Total number of fibres at both sections in the crack zone 
5) Theoretical number of fibres calculated with Eq. (5.7) 

Regarding the width of cracks it can be seen in Table 5.5 that steel fibres had a favourable 
effect. The reduction was in the order of 20-50 % for steel fibre amounts of 20 to 40 kg/m3.
Important to mention in this context is the variation in steel fibre distribution along the 
specimens. All of the SFRC members were cut in nine sections. At each section the number of 
visible fibres was counted giving an average value and a standard deviation as shown in the 
table. Also shown in the table is the number of fibres that crossed the cracked sections.

A rather peculiar result is that a crack in some specimens developed in sections where the 
number of fibres were higher than average (SFRC 30 A and B) and sometimes in sections 
with less fibres (SFRC 20 A, B and SFRC 40 A). This may be related to the fact that fibres do 
not come to action until after a crack has developed. In other words a crack will form in the 
weakest section, which may depend on small deviations in geometry or material irregularities.  

Estimates of the theoretical number of fibres are also indicated in Table 5.5. The method 
adopted was the one proposed by Soroushian & Lee (1990) as discussed in Section 4.2.3 (see 
Figure 4.8). For the geometry of the test specimens and the fibre configuration (h/b = 0,35 and 
b/lf = 2,85) an orientation factor f of approximately 0,63 was estimated (see also Section 
5.3.1). The number of fibres can be estimated by inserting this value in Eq. (4.16) and 
multiplying with the actual area of the cross-section (100x35 mm). Thus, for concrete with 40 
kg/m3 of steel fibres the number of fibres in the cross section is calculated as: 

fibreshb
d

Vn 4835100
54,0

8000/4063,044 22
f

f
ff  (5.7) 

Similar calculations for fibre volumes of 20 and 30 kg/m3 gave 24 and 36 fibres respectively. 
When comparing the theoretical estimates with the counted number of fibres (Table 5.5) it can 
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be seen that there is a reasonable agreement although the deviation between two test 
specimens of the same material in some cases was rather significant.  

The actual number of fibres crossing a crack should be considered in order to make a correct 
assessment of the effectiveness of steel fibres. One way of doing this is to relate the counted 
number of fibres to a corresponding theoretical volume fraction. The simplest method is to 
use the orientation model as discussed above. However, rather than calculating the number of 
fibres in a section, the volume fraction is calculated based on the actual number of fibres as 
follows: 

hb
dnV

f

2
ff

f 4
 (5.8) 

The measured crack widths plotted to the “actual” volume fractions of fibres are compared to 
results with non-adjusted values in Figure 5.20. It may be seen that in the present situation the 
adjustment did not make a big difference for the trend. Regarding the effect of fibres both 
methods of evaluation gave a tendency of finer crack widths as the ratio of fibres increased. 
The trend lines further indicate that a fibre volume in the order of 0,8 % would be required in 
order to limit the widths of cracks to below 0,1 mm. Noticeable is however that the given 
crack widths were measured within two weeks after the initiation of testing, long before the 
final shrinkage had been reached. This implies that the cracks will continue to grow, thus 
resulting in an upward movement of the trend lines.
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Figure 5.20 – Crack width as a function of volume fraction of fibres. Adjusted volume fraction 
was calculated from the number of fibres counted in the cracked sections using Eq. (5.8). The 
crack width was chosen as the value obtained at a measured free shrinkage at the top of 600 

m/m.

Regarding the effect of polymer fibres the reduction in crack width was approximately 40 %, 
compare PFRC with PC in Table 5.5. Again this is somewhat strange considering that the 
fibres only had a minor influence on the post cracking response, see Figure 5.9. This may 
partly be explained by the fact that cracks developed later in the PFRC specimens, which 
implies that a higher fraction of the shrinkage strain is transformed into creep strain. Other 
possible explanations are discussed in Section 5.5.1.
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5.4 Theoretical model of the restrained shrinkage test 

5.4.1 General
A theoretical model was developed in order to predict the stresses and strains in the elastic 
stage and the development of crack width in the cracked stage. The methods of analysis as 
well as some comparisons with experimental results are described below. 

5.4.2 The basis of the theoretical model 
The basis of the theoretical model was originally developed within a master’s of science 
project, Keyes & Sindler (2004). Supplementary work was then conducted within the present 
thesis in order to get better agreement with experimental results. The principle of the model is 
that a normal force N, related to the stress development in the concrete specimen, is applied at 
the two supports as indicated in Figure 5.21. As a consequence of the eccentric loading, the 
steel beam will bend and contract slightly. There will further be some deformations at the L-
shaped supports that need to be considered.

Nz

l

e

N

Figure 5.21 – Model of the test rig for calculation of strains and stresses in the concrete. 
From Keyes & Sindler (2004). 

The normal force N is related to the free shrinkage strain imposed on the concrete member. As 
the shrinkage is successively increasing with time it is convenient to adopt a step-wise 
iteration based calculation. At the beginning of a step, corresponding to a time duration of 1 
day in the calculations, the proportion of free shrinkage strain cs(ti) developed within the 
period ti-ti-1 is applied as shown in Figure 5.22 (a). The corresponding momentary change in 
stress at the beginning of the ith time step c(ti) can be calculated as: 

)()()()( iciresticsic tEttt  (5.9) 

where rest(ti) is the strain loss due to the partial restraint and Ec(ti) is the elastic modulus at 
time ti. However, due to the creep of concrete there will be some stress relaxation over time, 
see Figure 5.22 (b). This is considered in the model by substituting the elastic modulus in Eq. 
(5.9) with the relaxation function Rc(t,ti), calculated directly from creep functions according to 
Section 5.3.3. In other words the stress at any time t > ti, c(t,ti), due to the increment of strain 
applied at time ti is calculated as:  

),(),()(),( iciresticsic ttRttttt  (5.10) 

The substitution of rest(ti) with rest(t,ti) follows from the fact that the strain loss is 
proportional to the stress in the concrete. In other words the strain loss will successively 
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decrease as the stress relaxes with time. The latter variable thus refers to the strain loss at time 
t due to the shrinkage strain applied at ti and considering the relaxation developed within the 
period ti to t.

),()(),( 111 iicic ttRttt
),()(),( iicic ttRttt

),()(),( 111 iicic ttRttt

(a) (b)
Figure 5.22 – (a) The free shrinkage strain is divided into increments, each corresponding to 
a time of 1 day in the analysis. (b) Principle method of considering the stress relaxation due 
to creep. 

The total stress in the concrete at time t = tj can be estimated by summing all previous stress 
increments with the momentary stress applied at tj, such as: 

1

1
ijcijresticsjcjrestjcsj ),(),()()()()()(

j

i
c ttRttttEttt  (5.11) 

In order to predict the stress situation in the concrete it is thus necessary to be able to calculate 
the strain loss due to partial restraint. The two separate actions contributing to the loss, the 
deformation of the steel beam and the support movement, are discussed in the following.  

5.4.3 Reduction of restraint due to curvature and contraction of the steel beam 
The strain loss in the concrete due to curvature and axial contraction of the steel beam is 
calculated as:  

ss
axial AE

N  (5.12) 

z
IE
eNz

IE
M

ssss
curve  (5.13) 

where
Es = Elastic modulus of steel = 210 GPa 
As = Area of steel = 3,88 ·10-3 m2 (HEA 160) 
Is = Moment of inertia of steel beam =  16,7·10-6 m4 (HEA 160) 
e = lever arm between centre line of steel beam and load application point = 104 mm 
z = position in relation to the centre line of the steel beam 
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5.4.4 Reduction in restraint due to support deformation 
The deformation of the support originates from three separate actions as shown in Figure 
5.23; (1) the deflection of the tip of the vertical part of the L due to bending, (2) the axial 
elongation of the horizontal part of the L and (3) the rotation of the L due to the eccentrically 
applied load.
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Figure 5.23 – Principles and equations for the estimation of restraint losses due to 
deformation of the supports.
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Figure 5.24 – Details of the L-shaped support of Figure 5.23 (All measures in mm). (a) Side 
view and (b) view from behind.

In order to make an accurate estimate of the support deformation, i.e. the sum of the 
deflections 1- 3 in Figure 5.23, it is important to define the different measures correctly. A 
detailed drawing of the support as well as the position of the bolts and threaded bars can be 
found in Figure 5.24. The load is transferred from the concrete to the support by three 8 mm 
threaded bars that extend approximately 100-120 mm into the concrete. The force N is applied 
at a position corresponding to the centre of gravidity of the three bars. In the first load case, 
(1) in Figure 5.23, it is assumed that the cantilever constituted by the vertical part of the L is 
fixed at the centre line of the horizontal part, thus giving a lever arm a1 of approximately 22 
mm and a length L1 of 39 mm. In the second case (2) the elongation is calculated over a 
distance corresponding to the length between the centre line of the vertical part of the L and 
the centre of the bolt, i.e. L2 = 53 mm.

Finally, for the last load case (3) in Figure 5.23, it is assumed that the horizontal part of the L 
is simply supported at the corner of the L and at the centre of the bolt, thus giving a length 
between the supports L4 of 63 mm. A value of 24 + 4 = 28 mm is further assumed for the 
lever arm a2 of the load N and the deflection 3. The conjugate beam method is used to 
calculate the rotation at support B as illustrated in Figure 5.23. In this method the moment 
distribution is first calculated. The “beam” is then loaded with the “elastic load” -M(x)/EI(x)
and the support reactions of the conjugate beam correspond to the rotations of the real beam at 
the supports, mA and mB. As can be seen in the figure the “load” distribution changes abruptly 
at a position corresponding to the thickness of the vertical part of the L, b = 43 mm. This is 
due to the variation of the stiffness of the “beam”.  

The total deformation at the supports is obtained by summing the deflections, 1- 3, and the 
corresponding strain loss in the concrete, support, may be calculated by dividing the 
deformation by the length of the concrete specimen.  

The strain loss related to the shrinkage increment applied at time ti, rest(t,ti), can thus be 
calculated by summing the strains resulting from beam and support deformation such as: 

),(),(),(),( isupportiaxialicurveirest tttttttt   (5.14) 
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Substituting rest(t,ti) in Eq. (5.10) with the separate strain factors given in Eq. (5.14) leads to 
the following formulation: 

),(),(),(),()(),( icisupportiaxialicurveicsic ttRttttttttt   (5.15) 

This may also be written as: 
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The displacements 1, 2 and 3 are multiplied by 2 as there are two supports. It is further 
evident from Figure 5.23 that all of the displacements related to the support depend on the 
normal force. By substituting the appropriate formulations for each of the support 
displacements it is possible to dissolve the change in normal force in Eq. (5.16). This leads to 
the following expression for the normal force related to the increment of shrinkage strain 
applied at time ti:
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The distance from the centre line of the steel beam to the level at which the deformation is 
calculated, z, is taken as 104 mm, corresponding to the position at which the normal force is 
applied. All other parameters in the above formulation have been defined previously.

A similar procedure is adopted for each increment of shrinkage strain applied within the time 
period under investigation, i.e. the stress c(t,ti) due to the shrinkage strain cs(ti) is 
calculated with Eq. (5.15). The total stress at time t, c(t), is then obtained by summing all 
stress increments c(t,ti) in accordance with Eq. (5.11).  

5.4.5 Modelling after cracking 
A crack is assumed to develop when the average overlay stress reaches the tensile strength of 
the material. It should be mentioned that a fracture mechanical approach, as the ones reviewed 
in Section 3.4.1, might be more appropriate for the situation, as it captures the energy 
consumed by fibres more accurately. The reason as to why a strength based fracture criterion 
was adopted was however that the use of fracture mechanics is quite complex, and requires 
computational analysis to be applied. The intention in the present report was to establish a 
simple methodology crack width prediction. 

A procedure is presented below for the determination of crack widths when the fracture 
criterion has been fulfilled, i.e. when the overlay strength has been exceeded. The approach is 
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divided into two steps, where (1) the initial crack width at the time of cracking is determined 
and (2) the growth of the crack due to further shrinkage strain is calculated. Important to 
mention is that it is assumed in the analysis that only a single crack develops. The assumption 
is supported by results from the experimental study, in which multiple cracking was at least 
not obtained for concrete with steel fibre amounts of up to 40 kg/m3.

1) Determining the initial crack width at t = tcr
At the moment when a crack occurs the concrete will be completely relieved in case of no 
reinforcement. The steel rig will further go back to its original position provided that the 
restraint deformation is strictly elastic. This means that for plain concrete the crack width at 
the time of cracking, t = tcr, can be calculated as the elastic concrete strain, )( crc t , plus the 
restraint strain at the corresponding time, )( crrest t , and multiplied by the length L of the 
specimen, i.e.:  

Ltttw )()()( crrestcrccr  (5.19) 

In the above formulation it is assumed that the concrete and restraint strains are positive.  

For FRC the situation is slightly different as parts of the stress at cracking are maintained 
even after cracking due to fibres bridging the crack. This means that fractions of the concrete 
and restraint strains will remain, as illustrated in Figure 5.25 (a) and (b). At the time of 
cracking, tcr, the strains are equal to c(tcr) and rest(tcr) respectively. The crack results in a 
sudden strain drop in the un-cracked parts of the concrete, which also leads to a reduced 
restraint strain. The time just after cracking is denoted tcr+ and the corresponding strains are 
thus c(tcr+) and rest(tcr+). After this point the concrete strain would be further reduced over 
time due to relaxation if the load situation is unchanged. However, the strain relaxation will 
be counteracted by continuous shrinkage strain, which may lead to increasing crack width as 
will be discussed later on.    
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Figure 5.25 – (a) Principle concrete strain response prior to, at and after cracking for FRC. 
(b) Strain due to restraint loss at the corresponding moments. 

The equation for plain concrete (Eq. 5.19) can thus be reformulated to account for FRC as 
follows:  
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Ltttw )()()( crrestcrccr  (5.20) 

where c(tcr) is the change in concrete strain at cracking and rest(tcr) is the corresponding 
change in restraint strain, see Figure 5.25. The change in concrete strain is determined by 
summing the contribution from each increment applied prior to cracking as follows: 
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where Ec(ti) is the elastic modulus at time ti, c(tcr,ti) is the stress at cracking for increment i
and c(tcr+,ti) is the corresponding stress just after cracking. The same E-modulus is thus used 
for un-loading as was used for loading. The change in restraint strain is calculated as: 

)()()( crrestcrrestcrrest ttt  (5.22) 

where the strains rest(tcr) and rest(tcr+) are determined with Eq. (5.14) based on the normal 
force at and just after cracking. From the assumption that a crack develops at the moment 
when the average stress reaches the tensile strength of the concrete it is realised that the 
normal force at cracking N(tcr) can be obtained as follows: 

ccrctccrccr )()()( AtfAttN  (5.23) 

where fct(tcr) is the tensile strength at the time of cracking and Ac is the area of concrete. The 
normal force after cracking N(tcr+) is directly related to the residual strength. A simplified 
approach is adopted here to describe the response of FRC, as discussed previously in Section 
5.3.1 (Eq. 5.3). It is simply assumed that the stress drops to a constant level after cracking 
defined by the residual strength factor R10,20, i.e:

ccrct20,10ccrccr )()()( AtfRAttN  (5.24) 

With the directions given so far the initial crack width at the time of cracking may be 
calculated. However, the width of the crack will increase as the shrinkage development 
continues after cracking. Two alternative methods have been proposed to estimate the growth 
of the crack width for FRC. In the first method the strain due to stress relaxation of the 
uncracked parts of the concrete is considered, while the crack width in the second method is 
assumed to be directly proportional to the residual strength of the fibre concrete.

Method 1) Estimation of crack growth by considering stress relaxation 
The fact that stress is still maintained in FRC even after cracking implies that the stresses in 
uncracked parts of the concrete will continue to relax. If the reduction in concrete strain due to 
relaxation, see c(t,tcr+) in Figure 5.25 (a), is higher than the applied shrinkage strain the 
crack width will not increase. However, an increase in crack width will occur if the shrinkage 
strain exceeds the relaxed strain. For the latter case the crack width at any time t > tcr may be 
determined as: 
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Ltttttwtw ),(),()()( crccrcscr  (5.25) 

where cs(t,tcr) is the shrinkage developed from the time of cracking ( cs(t)- cs(tcr)) and 
c(t,tcr+) is the reduction in concrete strain due to relaxation between tcr+ and t, see Figure 

5.25 (a). Observe that the change in restraint strain does not need to be considered as it is 
assumed that the total stress after cracking is constant, at least as long as the shrinkage stress 
exceeds the relaxed stress, i.e. rest(t,tcr+) in Figure 5.25 (b) is equal to zero.  

The change in concrete strain due to relaxation is determined by summing the contribution 
from each of the increments applied prior to cracking as:  
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The incremental concrete stress immediately after cracking, c(tcr+,ti), is calculated based on 
the residual strength factor of the fibre concrete as discussed previously. It is simply assumed 
that the stress transferred by fibres in the crack zone is equally distributed amongst the 
increments, i.e.: 

),(),( icrc20,10crc ttRtt i  (5.27) 

For the determination of the incremental stress at time t after cracking, c(t,ti), it is assumed 
that the rate of relaxation is the same after as prior to cracking. This means that the stress 
factor can be calculated with a similar expression, i.e.: 

),(),( ic,fictive20,10ic ttRtt  (5.28) 

The incremental stress factor c,fictive(t,ti) is denoted fictive as it represents a value that would 
be reached if a crack had not occurred. For the calculation of c(tcr,ti) and c,fictive(t,ti) Eq. 
(5.10) can be used.  

All information required in Eq. (5.24) is thus known and the growth of the crack width w(tcr)
can thus be estimated. Observe that the principles are valid for plain concrete as well. 
Different from fibre concrete, the residual strength factor is however set to zero, which means 
that the entire shrinkage strain applied after cracking will contribute to crack opening.   

Method 2) Estimation of crack width based on residual strength 
In the second method the relaxation of uncracked parts of the concrete after cracking is 
ignored. Instead it is assumed that the growth of the crack is related to the residual strength 
factor as follows: 

 LRtttwtw )1(),()()( 20,10crcscr  (5.29) 
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For plain concrete the predicted crack width will thus be determined by the shrinkage 
development while a zero crack width is obtained for FRC with a residual strength factor of 1 
(100 %). Observe that the model is not applicable in case of higher residual strength factors 
than 100 %. For this situation it is assumed that crack distribution will occur, which in theory 
would result in numerous cracks with insignificant width.  

5.5 Comparison of theoretical model and experimental results 

5.5.1 Degree of restraint 
A comparison between calculated and measured strains for concrete type SRA 1 and SRA 2 is 
shown in Figure 5.26 (a) and (b) and for SFRC 40 and PFRC in Figure 5.27 (a) and (b). 
Notice that there is an uncertainty in the measured support strain as deformation was only 
measured at one of the supports and for one of the specimens as mentioned previously in 
Section 5.3.4. It should further be mentioned that total strain is the sum of the strains due to 
bending and contraction of the steel beam and the support strain, i.e. the measurable strain at 
the concrete surface.

For SRA 1 the calculated total strain was exactly the same as the measured, while the support 
strain was slightly underestimated, see Figure 5.26 (a). This may indicate that the strain due to 
contraction and bending of the steel beam was slightly overestimated. However, another 
possibility is of course that the deformation loss at the not instrumented support did not have 
exactly the same magnitude as the instrumented one.  

A rather accurate fit was obtained for SRA 2 as well, Figure 5.26 (b), although both the total 
strain and the support strain were slightly overestimated from day 8 and forward. At the end 
of the studied period the deviation was approximately 10-20 % if the total strain is considered, 
which is regarded as a sufficient correlation.  
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Figure 5.26 – Measured and calculated strains at the upper face of the specimens of concrete 
type SRA 1 in (a) and SRA 2 in (b).  

Regarding the results for SFRC 40 and PFRC, as shown in Figure 5.27, it may be seen that 
cracks disturbed the comparisons somewhat. Observe that cracks were manifested by a rapid 
drop in measured total strain and an increase in support strain, indicating that the un-cracked 
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concrete contracted while the support was un-loaded due to the reduction in stress caused by 
the crack. The fact that the support strain in case of PFRC, (b), returned to a zero strain value 
after cracking implies that the residual stress in the concrete was negligible. For SFRC 40, in 
Figure 5.27 (a), on the other hand some support strain was maintained even after cracking, 
which is due to steel fibres transferring load across the crack as was also discussed previously, 
see also Figure 5.18.   

Regarding the accuracy of the predictions prior to cracking it may be seen that the fit was 
reasonable in case of SFRC 40, both in regard to the total strain as well as for the support 
strain. For PFRC on the other hand, a considerably poorer fit was obtained in case of the total 
strain while the predicted support strain was again quite accurate. The results thus imply that 
the contraction and bending of the steel beam was misjudged for this type of concrete, which 
means that the stress development must have been lower than calculated. It is somewhat 
difficult to explain the error as the correlation for the other concrete types was rather good. A 
possibility is perhaps that the relaxation properties for PFRC are completely different as 
compared to SFRC, PC and SRA. If the relaxation was higher the stress development would 
clearly be slower giving a lower measaurable strain rate. No evidence have however been 
found in literature to support that polymer fibres would have such influence on un-cracked 
concrete.

Another possible explanation may be that the shrinkage development of the restrained 
specimens, for unknown reasons, was less significant than for the dummy specimens. This 
would clearly explain the fact that cracks developed later. It would also give an explanation as 
to why the effect of PFRC on crack widths, as discussed in Section 5.3.4, was surprisingly 
high despite the relatively poor residual strength (see Figure 5.9). The low residual stress is 
also apparent when studying the measured support strain of PFRC A, see Figure 5.27 (b).

It may also be suspected that a slip occurred at the not instrumented support. However, this 
would result in a higher measured total strain, which was clearly not the case.    
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Figure 5.27 – Measured and calculated strains at the upper face of the specimens of concrete 
type SFRC 40 in (a) and PFRC in (b). 

If the results obtained for PFRC, as shown in Figure 5.27 (b), are disregarded it may be 
concluded that the fit between measured and calculated strains was satisfactory. This verifies 
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that the deformation of the steel beam and the support was reasonably captured by the 
theoretical model. It also means that the method adopted to consider the effect of relaxation 
was reasonably accurate.  

5.5.2 Stress and crack development 
The calculated mean stress development for concrete type PC and SFRC 40 is shown in 
Figure 5.28 (a) and (b). It may be seen that cracks were predicted at ages 8 and 11 days 
respectively for the two concrete types. This did not quite agree with the results of the 
experiments, where the corresponding time was approximately 4-7 days for PC and 7-8 days 
for SFRC 40. It should be mentioned that the difference was consistent for all concrete types 
except the concrete with polymer fibres (PFRC), as may be seen in Appendix A. Thus, it may 
be concluded that the fracture criterion, based on the mean stress, was not completely 
accurate. The reason for the inaccuracy is believed to be that the non-linear distribution of 
stresses was not considered.  

When comparing the calculated response after cracking it may be seen that the plain concrete 
specimen is assumed to be completely relieved, see Figure 5.28 (a). For fibre concrete (SFRC 
40) on the other hand, the stress is maintained at a certain level even after cracking (Figure 
5.28 b). The level of the post-cracking stress is of course related to the assumed residual 
strength factor as discussed previously in Section 5.4.5.
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Figure 5.28 – Calculated stress development compared with the predicted tensile strength 
development for concrete type PC in (a) and SFRC 40 in (b). 

The strain development for the corresponding concrete types and for SFRC 20 and SFRC 30 
is given in Figure 5.29 (a)-(d). There was a rather good agreement between calculated and 
measured response even though the age at cracking in all cases was overestimated. It is 
however difficult to determine which of the two methods proposed to calculate the crack 
width of SFRC, as described in Section 5.4.5, is most accurate. If the crack growth rate is 
considered it seems as if method 2 better correlated to the experimental results.  

Important to mention is that the residual strength factors (R10,20) used in the theoretical 
analysis was adopted from flexural tests conducted on the different concrete types (see Table 
5.2) and modified to account for the differences in geometry between test beams and overlay 
specimens using Eq. (5.4). As the counted number of fibres crossing the cracks, see Table 5.5, 
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deviated from the expected number it is however likely that the adopted R10,20-values were not 
completely adequate. For instance, for concrete type SFRC 30 in Figure 5.29 (c) the number 
of fibres in the crack zone was 31 and 40 respectively for specimen A and B, to be compared 
with a theoretical estimate of 36 fibres. This implies that the R10,20 value may have been 
slightly higher than the value adopted in the analysis for specimen B and lower for specimen 
A. This reasoning also makes sense considering that the theoretical crack strain, for both 
methods, lies in between the measured crack strains for the two specimens of SFRC 30.  
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Figure 5.29 – Measured and calculated strain development in specimens of concrete type PC 
in (a) SFRC 40 in (b), SFRC 30 in (c) and SFRC 20 in (d).  

5.5.3 Effect of restraint and relaxation 
It may also be interesting to discuss the favourable effect of relaxation and partial restraint on 
the stress development. In order to illustrate the effects the calculated mean stress for concrete 
type PC is shown in Figure 5.30 for four cases: (1) relaxation and partial restraint (2) 
relaxation and 100 % restraint, (3) no relaxation and partial restraint and (4) no relaxation and 
100 % restraint. Partial restraint refers to the actual state of restraint provided by the rigs and 
100 % restraint was modelled by giving the steel an E-modulus of 10100 Pa.
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The first case corresponds to the situation in the previously discussed analysis, for which a 
crack was predicted at 8 days. If the relaxation would be neglected for the same restraint 
situation (2) it can be seen that the tensile strength is exceeded 3 days earlier. Approximately 
the same effect was predicted for the third case, in which the restraint situation was the same 
as for the tests but the relaxation effect was ignored. In the fourth case finally, for which 100 
% restraint and no relaxation was assumed, the mean stress reaches the tensile strength 
already at 3 days.
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Figure 5.30 – The effect of creep and restraint on the development of mean stresses in the 
concrete.

Based on the results presented in Figure 5.30 it can thus be concluded that stress relaxation 
and restraint losses significantly influence the stress development in restrained concrete. The 
calculation of these factors is thus critical for an accurate estimate of the stress situation. As a 
reasonable correlation was established between experimental and theoretical results it is 
believed that both the restraint situation as well as the effect of relaxation was captured rather 
accurately in the theoretical analysis.  

5.6 Concluding remarks
Two series of tests have been carried out in order to evaluate the suitability of the test rig. The 
first of the series was described in previous sections while information on the second series 
may be found in Appendix B. A main focus in both test series was to evaluate the effect of 
steel fibres. In the first series tests were also conducted on concrete with shrinkage reducing 
admixture (SRA) and polymer fibres.  

5.6.1 Effect of SRA 
In general it may be concluded that the rigs provided a sufficient restraint so as to provoke 
cracks to appear, most often within the first week after the initiation of drying. However, in 
the case of shrinkage reduced concrete, cracks were avoided throughout the test period. The 
reason was clearly that the shrinkage strain imposed on the corresponding specimens was 
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reduced to such extent that the tensile stress was kept below the strength. The free shrinkage 
was reduced in the order of 20-35 % for addition rates of 1-2 % of the cement weight. 

5.6.2 Effect of fibres 
The steel fibre used in the test series described in the main chapter was an end-hooked, 
straight fibre of the type Dramix RC-65/35-BN, added to the concrete in amounts of 20, 30 
and 40 kg/m3 while a longer type of steel fibres, Dramix RC-80/60-BN, in amounts of 40 and 
80 kg/m3 was adopted in the second series described in Appendix B. The polymer fibre tested 
in the first series was a so called macro fibre of the type Strux 90/40.  

The effect of fibres is illustrated in Figure 5.31 where the crack widths have been normalised 
with respect to the crack width of plain plain concrete. It can be seen that there is a tendency 
of decreasing crack widths with increasing fibre content. For an amount of 0,5 vol%, or 40 
kg/m3, the reduction was approximately 40-50 % in both test series, while an addition of 1 
vol% gave a corresponding reduction of 60-80 %. This verifies that steel fibres have the 
ability to limit crack widths. Noticeable is however that the scatter in results was quite 
extensive, thus implying that the trend line is uncertain.  

The efficiency of steel fibres in series II was further demonstrated by the fact that, for some of 
the specimens, a second crack appeared some time after the first. However, the cracks 
appeared near the anchorages, and in one case even through one of the threaded bars, see 
Figure B6 (a) in Appendix B. A possible reason may be that high amounts of fibres increase 
the failure load to such extent that the anchorage capacity is exceeded prior to the capacity of 
the concrete section. Either way it implies that the results obtained in the second series are 
somewhat questionable.  
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Figure 5.31 – Influence of different fibres on the crack width as obtained in series I as 
described earlier and for series II described in Appendix B. Also shown are results obtained 
in ring tests of Grzybowski (1989).   

A somewhat peculiar result was that the polymer fibres in the first series gave a larger 
reduction in crack width as compared to the corresponding volume fraction of steel fibres, see 
Figure 5.31, implying that the polymer fibres would be more effective as crack reinforcement. 
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However, more tests need to be conducted in order to verify the effect as it is suspected that 
the surprisingly positive influence was due to an un-intentional error in the test procedure. 

Notice also that some results from ring testing (Figure 2.3), as presented in Grzybowski 
(1989), are shown in Figure 5.31 for comparison reasons. The results verify that the fibre 
effect obtained from the ring test is considerably higher than for the rig. This may indicate 
that the load situation for the two test methods is different. 

5.6.3 The theoretical model 
A theoretical model was further developed in order to predict the response of the restrained 
rig tests, and the accuracy of the model was verified by comparisons with experimental 
measurements. A reasonable correlation was established although the age at cracking was, in 
general, overestimated by a few days. It is believed that one of the main problems is the non-
linear stress distribution over the depth of the section developing due to one-sided drying, see 
Figure 5.32. In the calculations it was simply assumed that a crack develops when the mean 
stress in the section reached the tensile strength, although it might be more likely that 
cracking starts when the strength is exceeded in the upper region. A fracture mechanics based 
failure criterion may thus be more accurate to determine when a major crack zone is 
established.  

Figure 5.32 – Mean stress distribution over the depth, as assumed in the calculations, and 
“real” distribution.

5.6.4 Appropriateness of the test rig 
A main objective has been to develop the test procedure and to evaluate the appropriateness of 
the test as such for studying crack development. It is quite clear that the restraint provided by 
the rigs was sufficient, as cracks did occur. Measures may also be taken to improve the 
restraint further, e.g. by increasing the dimensions of the L-shaped supports and/or by 
increasing the thickness of the bottom flange of the steel beams. However, the fact that cracks 
appeared near or even through the threaded anchorage bars for concrete with a high content of 
steel fibres, see Figure 5.33, implies that the method of transferring load from the supports to 
the concrete needs to be improved. It is also believed that the bending moment developing 
due to eccentric loading and the variation in concrete thickness near the supports influenced 
the cracking.  
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Figure 5.33 – Typical positions of cracks observed for PC and SFRC with fibre contents up to 
30 kg/m3 in (top) and for fibre contents of 40 and higher (bottom).  

Another problem, addressed previously, concerns the non-linear stress distribution, with high 
tensile stresses developing near the upper face while the bottom is still compressed. In the 
first series of tests this was acknowledged as one of the main problems when predicting the 
exact time at which a major crack would extend through the depth. Thus, for the second series 
of tests, as described in Appendix B, it was decided to remove the steel platen placed 
underneath the concrete. The intent was to facilitate two-sided drying and thereby a more 
even strain and stress distribution. However, as discussed further in the appendix the results 
showed that drying through the upper face still occurred at a higher rate, most certainly due to 
insufficient space underneath the concrete specimens. A possible way to overcome this 
problem for future testing may be to provide some ventilation for the 10 mm space underneath 
the specimens.  

It is further likely that the small dimensions of the section influence the results. A slight 
unevenness can reduce the sectional depth by several percent and thus steer the crack to a 
certain position. The same situation may occur in case of a material irregularity. It was also 
found to be difficult to ensure an even fibre distribution for the small specimens, which 
certainly influenced the post-cracking response.

Another important question is how the results should be interpreted. In other words, is it 
possible to translate results obtained for a small scale test specimen directly to a full scale 
structure or is the test only useful for comparing different types of fibres? Provided that only a 
single crack develops the crack width should be directly related to the length between the 
supports. This implies that the measured widths would only be applicable for situations where 
the length between restraints is in the order of 1 m. In theory it would then be possible to 
obtain an accurate estimate of the crack width simply by multiplying by the length.   

However, the load situation in the test rigs is somewhat unrealistic as a significant amount of 
elastic energy is generated in the rig. The energy is released at the moment a crack occurs, 
which implies that the fracture will be load controlled. In reality a somewhat more gentle 
response may be expected as the energy built up in the substrate will generally not be 
released, at least not immediately. The reason is that cracking is generally a local 
phenomenon, which means that the substructure will remain strained even after a crack has 
formed. Different from the situation of the test rigs the fracture will thus be more or less strain 
controlled, which is a situation that is clearly more favourable for fibres.  
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6 Pull-out bond tests 

6.1 General
The bond situation is, as discussed previously, one of the most important factors in regard to 
the limitation of overlay cracking. However, a challenge for the design engineers is to foretell 
how the newly cast layer will bond to the older substructure. There are numerous factors 
influencing the bond strength and the significance of some of them were discussed earlier 
(Section 4.5).

A few parameters have been selected for further evaluations in two laboratorial studies. In the 
first test series, the effect of the substrate treatment was investigated (Sections 6.2 and 6.3). 
The primary aim was to give basic data for making decisions regarding the choice of substrate 
treatment in the half scale tests of Chapter 7. A follow-up study was then conducted to study 
the influence of the substrate strength and pre-moistening on the bond (Section 6.4).  

6.2 Test methodology 
In the first laboratory series the effect of substrate moistening, priming and roughness was 
assessed. To ensure that the properties of the substrates were similar for all areas to be cast on 
it was decided to produce slabs in advance of the tests. Thus, a total of six un-reinforced slabs 
of 100 mm depth and 1000x1000 mm area were cast, see Figure 6.1. Details on the 
composition of the concrete as well as the 28 day compressive strength measured on 100 mm 
cubes can be found in Table 6.2. The slabs were levelled off after casting, leaving a fairly 
smooth surface to be cast on, and covered with waterproof plastic sheets initiating a curing 
period of a few weeks. After that the slabs were stored in laboratory environment, 60-70 % 
relative humidity and a temperature of 20 ºC.   

10
0
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Figure 6.1 – Dimensions of the concrete slabs produced as substrates for the overlays. Only 
part A was treated with primer.   

The testing was resumed after approximately 2 months by milling the surface of three of the 
slabs, 1, 3 and 5 in Table 6.1. An indication of the roughness is provided by the photo shown 
in Figure 6.2 (b). Milling may not be the optimal method to roughen the substrate according 
to the discussion provided in Section 4.5.3, as micro-cracking may be produced. However, the 
choice was made based on the fact that it is a rather common method in practice.    

Pre-moistening of the substrate of slabs 1, 2, 4 and 5 was initiated a few days prior to 
overlaying. The procedure adopted was to cover the surface with wet sack-cloth and plastic 
sheets after first having sprinkled water on it. This methodology ensured that the concrete 
would be sufficiently moist at casting. The coverage was removed some hours in advance of 
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overlaying in order to avoid any free water and to allow the surface to dry somewhat. The 
remaining slabs, 3 and 6, were kept dry until casting.   

Another parameter studied within the test series was the influence of priming, both in 
combination with pre-moistening and on a dry surface. This was achieved, as indicated in 
Figure 6.1 and Figure 6.2 (a), by dividing each of the slabs into two parts. Part A of all slabs 
was treated with primer of the brand MD 16, which is an acrylic compound, intended to be 
used as a bond enhancing agent. The concentrate was first mixed with water in the 
proportions primer:water 1:3 before it was carefully applied to the substrate with a brush to 
form a covering film. A second coating was applied in the same manner as soon as the first 
layer had dried, which approximately corresponded to a drying period of 1 day. In order to 
prevent dust particles that could have influenced the bond, the surface was then covered with 
plastic foil until the time of overlaying.   

(a) (b)
Figure 6.2 – (a) A slab divided in two parts, where the upper part (A in the photo) has been 
primed. (b) Detail showing the roughness of a milled surface.

A time table covering all steps in the test procedure is provided in Table 6.1 while the 
different types of substrates, corresponding to slab nr 1-6, are summed up in Table 6.3.

Table 6.1– Timetable for the different stages included in the bond tests.
Measure Slab nr Part of 

slab
Start
date

End date 

Casting of substrate slab 1-6  040618 040625 
Milling of substrate surface 1, 3, 5  040823 040827 

1, 2  A 040827 040830 
1, 2  B 040827 040901 
4, 5  A 040902 040903 

Pre-moistening + covering with wet sackcloth and plastic 
sheet. Part 2 was kept moist until overlaying while part 1 
was kept moist until priming, then covered by plastic foil. 

4, 5  B 040902 040907 
1, 2  A 040830  040830 
3, 6  A 040831 040831 

Priming coat 1 

4, 5  A 040903 040903 
1, 2  A 040831  040831 
3, 6  A 040901 040901 

Priming coat 2 (applied when the first coating was surface 
dry, approximately 1 day later). The primed surface was 
then covered by plastic sheet. 4, 5  A 040906 040906 

1, 2 A, B 040901 040901 
3, 6 A, B 040902 040902 

Overlaying with concrete 

4, 5 A, B 040907 040907 

Part A 
(Primed)

Part B 
(Unprimed)

Steel bars used 
to lift the slab 
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SCC overlays, see Table 6.2, with a target slump flow of 700 mm were cast on the surface of 
the slabs in depths of 70 mm. Based on a visual inspection it was found that the SCC fulfilled 
the basic demands of self compactibility, i.e. the stability and fluidity of the concrete was 
sufficient. However, no measurements were carried out to actually determine the slump flow 
or any other fresh concrete properties.

It can further be seen in the table that polypropylene fibres of the brand Scancem-pp, a micro-
fibre of 19 mm length, was used in the overlay concrete cast on substrate slabs 4 and 5. The 
intention was to evaluate if the addition of such fibres would influence the bond response, 
which seems to be a rather common opinion. A slightly increased dosage of superplasticiser 
was required for the concrete with polymeric fibres in order to attain approximately the same 
fluidity as the other mixes.  

Table 6.2 – Concrete composition adopted for the substrate slabs and overlays.
Substrates Overlays Materials

1-6
(kg/m3)

1, 2, 3, 6 1)

(kg/m3)
4, 5 2)

(kg/m3)
Slite Bygg (CEM II/A-LL 42,5R)               
Degerhamn anl (CEM I 42,5 BV/LA/SR) 350

350 350 

Limestone filler type Limus 40  150 150 
Coarse aggregates 8-16 824 580 580 

Fine aggregates 0-8 1007 1077 1077 

Plasticiser type Sikament 56
                  type Cementa 92 M 3,7

3,0 3,9 

Water 170 185 185 

w/c-ratio 0,49 0,53 0,53 

Polypropylene fibres type Scancem PP  0 0,9 

Cube compressive strength at 28 d3) 74,4 MPa 49,8 MPa 54,8 MPa 
1) Concrete referred to as SCC.  2) Concrete referred to as PFR-SCC.  
3) Compressive strength measured on 100 mm cubes cured in dry conditions 

The overlay concrete was allowed to cure for a period of approximately one and a half month 
before bond tests were conducted. In order to avoid the overlays being influenced by the 
action of differential shrinkage, which could have resulted in debonding and deterioration of 
the bond quality, the overlays were kept underneath waterproof plastic sheets during the entire 
period.

The bond strength between substrate and overlay was evaluated by means of pull-off tests, 
thus implying that the vertical bond strength was measured. Based on the review of literature 
presented in Section 4.5.2 it may be concluded that a pull-off test will give a considerably 
lower value than a shearing type of test (approximately 50 %), see e.g. Figure 4.22. However, 
for the estimation of bond failure it is believed that the tensile bond strength is more critical as 
debonding is most likely initiated by the high tensile stress developing near a crack or a free 
end (see Figures 3.20 and 3.22).
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The methodology adopted is illustrated in Figure 6.3. As a first step a cylindrical core of 
diameter 76 mm was drilled through the overlay and approximately a centimetre into the 
underlying slab. The upper visual face of the core and the nearest surroundings was then 
grinded using the device shown in Figure 6.3 (a), which ensured that the pull-out would be 
conducted in a direction perpendicular to the surface.  

The next step was to attach a cylindrical steel platen to the core, as indicated in Figure 6.3 (b) 
and (c), using a 2-component fast curing adhesive of the type X60 by HBM. A screw device, 
consisting of a cog wheel on a bar threaded at the end, was then fastened at the centre of the 
steel platen. The third step was to place the distance block, as indicated in Figure 6.3 (b), 
around the steel platen with the assembled screw. The function of the distance block was to 
transfer the load from the pull-out equipment to the concrete surface. The device used for the 
pull-out, finally, was attached to the cogwheel of the pull-out screw. A bond test was 
conducted by manually lifting the device using a steering wheel placed on the side of the 
vertical tube. The speed adopted was approximately 2 seconds per revolution, which was in 
accordance to the recommendations of the manual. This corresponded to a loading speed of 
approximately 0,05 mm/s as each revolution resulted in a vertical displacement of 0,1 mm. 
The final, ultimate load was manually read on a display.  

(a) (b) (c)
Figure 6.3 – Equipment used for the pull-out tests. (a) Planing of the area at and around the 
core. (b) The parts of the pull-out device. (c) The pull-out equipment fastened and ready to 
use.

Three pull-out tests were conducted for each of the two parts on every slab, giving a total of 
2x3x6 = 36 pull-out tests. This was considered to give a sufficient statistical basis to draw 
conclusions from. All of the tests were conducted within a period of one week.

6.3 Results from the pull-out testing 
Mean values and standard deviations obtained in the pull-out tests are given in Table 6.3 and 
Figure 6.4. Important to mention is that the fracture in all cases occurred in direct connection 
to the bond zone. This does not necessarily mean that the bond strength was the decisive 
parameter, as for some of the test specimens the fracture may have entered a millimetre or so 
into the bottom slab or into the overlay. It was somewhat difficult to establish from observing 
the fracture surfaces. The appraisal is however that the bond strength between the two layers 

Steel platens 
Steel platen 

Distance
block

Pull-out
screwMilling (planing) 

equipment 

Pull-out
equipment 
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in most cases was the critical factor, thus implying that the presented results are in fact a good 
estimate of the pull-out bond strength.

Table 6.3 – Results from pull-out tests on 76 mm cores.
Slab no Mechanical

treatment 
Pre-treatment Concrete type fvb

2)

(MPa)
Std dev 
(MPa)

Part A: Pre-moist+Priming 2,93 0,36 1 Milling 
Part B: Pre-moist 

SCC
1,98 0,24 

Part A: Pre-moist+Priming 2,13 0,13 2 None 
Part B: Pre-moist  1,94 0,50 
Part A: Dry+priming 1,48 0,10 3 Milling 
Part B: Dry   0,83 0,42 
Part A: Pre-moist+Priming 1,67 0,57 4 None 
Part B: Pre-moist 

PFR-SCC1)

 1,7 0,66 
Part A: Dry+priming 2,0 0,35 5 Milling 
Part B: Dry  1,32 0,26 
Part A: Dry+priming 2,28 0,31 6 None 
Part B: Dry 

SCC
 0,2 0,06 

1) PFR-SCC = Polypropylene Fibre Reinforced Self Compacting Concrete 
2) Mean of three tests 

Based on the results it can be established that, from a bond strength point of view, it is not 
recommendable to completely neglect preparations of the substrate. In case of dry surface that 
was not milled, the bond strength was practically non-existent, only 0,2 MPa was obtained in 
this case. A slightly higher mean value of 0,83 MPa was achieved for the milled/dry substrate. 
On the other hand, the standard deviation was quite substantial for this substrate, implying 
that the bond quality was un-even. A conclusion that can be drawn is thus that an overlay 
should not be placed on a dry surface, irrespective of roughness. Noticeable is however that 
the addition of polymeric micro-fibres to the overlay concrete improved the bond strength 
somewhat even in case of a dry surface (1,32 MPa).  

Results further shows that significant improvement of the bond strength may be obtained due 
to pre-moistening. The fact that almost similar values were obtained for a smooth and a rough 
substrate (1,94 compared to 1,98 MPa) also implies that pre-moistening is considerably more 
important than roughening.  

Priming was found to give similar favourable effect as pre-moistening for a non-milled, 
smooth surface. For the milled substrate, on the other hand, it seems as if priming was less 
effective than pre-moistening. The effect of primer on a previously pre-moistened substrate, 
on the other hand, was more effective for a rough substrate. However, the effect is rather a 
hypothetical matter considering that primer is typically applied only in cases where pre-
moistening is not a practical alternative.

Concerning the addition of polypropylene fibres for the purpose of improving the bond 
characteristics the effect may be both positive and negative. As mentioned previously, there 
was a favourable influence in case of dry/rough surface. A possible reason for this may be that 
the fibres reduce the water loss from the concrete (e.g. Knapton & Ellerton, 1994). This would 
have a favourable effect considering that the poor bond strength often obtained for dry 
substrates is generally attributed to the rapid suction of water into the underlying slab. 
However for pre-moistened substrates the bond strength was lower for PFR-SCC than for 
SCC, and the standard deviation was more extensive.  
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Figure 6.4 –Pull-out bond strength and standard deviations based on three tests. Results for 
milled substrates are shown to the right while results for non-mechanically treated substrates 
are given to the left.   

6.4 Influence of the substrate concrete quality 
A second test series was conducted to study if the type of substrate concrete influences the 
bond strength. Another important aim was to verify if the need for pre-moistening depends on 
the absorption capacity of the substrate. It was suspected that pre-moistening would be 
required for permeable substrates in order to prevent a rapid moisture loss from the overlay, 
which can be deteriorating for the bond strength. For low permeable substrates on the other 
hand, results found in literature (Section 4.5.3) have indicated that pre-moistening may be 
negative due to insufficient moisture exchange.     

The hypothesis is thus that a substrate with high w/c-ratio requires pre-moistening and/or 
priming in order to prevent excessive amounts of water to be absorbed from the overlay. A 
substrate with low w/c-ratio, on the other hand, is suspected to give a higher bond in case it is 
not pre-moistened.    

6.4.1 Test procedure 
A similar procedure as used for the first series was also adopted here, i.e. overlays were cast 
on substrate slabs 1000x1000x100 mm according to Figure 6.1. A total of three mix designs 
were used; type A, B and C with w/c-ratios of 0,55, 0,45 and 0,35 and two slabs were 
produced with each w/c-ratio, Table 6.4.
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Table 6.4 – Concrete composition adopted for the substrate slabs and overlays.
Substrate slabs Overlays Materials

A
(kg/m3)

B
(kg/m3)

C
(kg/m3)

A-C
(kg/m3)

Cement Slite Bygg (CEM II/A-LL 42,5R) 340 400 500 350 

Limestone filler Limus 40    150 

Coarse aggregates 8-16 757 797 815 580 

Fine aggregates 0-8  1046 974 883 1077 

Superplasticiser Sikament 56                  1,5 3 5 6,0 

Water 187 180 175 185 

w/c-ratio 0,55 0,45 0,35 0,53 

Immediately after casting, the surface of the slabs was just levelled off and covered with a 
plastic foil to prevent rapid initial moisture loss. A few days later the foil was removed and 
the surfaces were treated with a steel-brush in order to remove a possible weak laitance layer. 
The slabs were then stored without coverage in laboratory environment, 15-30 % relative 
humidity (RH) and a temperature of 20 ºC (standard laboratory environment during winter), 
for a period of approximately 3 months.   

The next step in the test procedure was to prepare the slabs for overlaying. One of each type 
of slab (A, B and C in Table 6.4) was moistened while the other was kept dry. The moistening 
procedure was as follows: 

The moistening was initiated five days in advance of overlaying and finalised the day 
before.
During this period the surfaces of the slabs were kept moist by adding water to the 
substrate and then covering it by plastic foil. As soon as the moisture was observed to 
have been absorbed into the substrate (dry surface) more water was provided. 
The last water was added approximately one day in advance of overlaying and the 
plastic foil was kept until three hours before placing the overlays. 
At the time of overlaying the surfaces of the slabs were observed to be light. The 
condition, described as Saturated Surface Dry (SSD), is often recommended if a high 
quality bond is to be achieved (e.g. HusAMA, 1998, BRO 04, 2004).  

A rather significant difference was observed as regards the absorption capacity of the slabs. 
The type A slab, with a w/c-ratio of 0,55, absorbed the added water extremely rapid while the 
moisture remained at the surface for a longer time for the other types of slabs with w/c-ratios 
of 0,45 and 0,35.

Dust and other loose particles were removed from the slabs through careful vacuum cleaning 
just prior to casting the overlays. The procedure adopted for the overlaying is illustrated in 
Figure 6.5. A wooden frame was first fastened at the substrate surface. SCC, with mix design 
as presented in Table 6.4 giving a slump flow of approximately 700 mm and a T50 slightly 
exceeding 3 s, was then produced and poured by hand directly into the form using buckets as 
shown in Figure 6.5 (d). At the end the surface was slightly “hand vibrated” and levelled off. 
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After approximately half an hour a plastic foil was placed to cover the surface and prevent 
rapid moisture loss.  

It should be mentioned that in spite of the careful coverage, plastic shrinkage cracks were 
observed approximately 4 to 5 hours after casting the overlay on the dry substrate of type A
(w/c-ratio of 0,55). The surface was thus immediately moistened and grinded by hand until 
the cracks disappeared in order to limit a possible negative effect of the cracking. The plastic 
foil was then replaced to prevent further moisture loss. It is suspected that the plastic 
shrinkage cracks developed due to rapid absorption downwards into the substrate slab. The 
fact that the phenomenon was only observed for this particular slab (A - dry) verifies that the 
absorption capacity was of higher order for the slab of w/c 0,55 than for the slabs with lower 
w/c-ratios.  

 (a) (b) (c) 

 (d) (e) (f) 
Figure 6.5 – Photos illustrating the overlaying procedure. (a) Fastening of the form, (b) 
slump flow of the overlay concrete, (c) and (d) casting the overlay, (e) levelled surface and (f) 
surface covered by plastic foil. 

In order to minimise the risk of damages due to differential shrinkage, i.e. due to cracking 
and/or debonding, the overlays were kept under cover until the bond tests were conducted 
after approximately four weeks.   

6.4.2 Test results 
The ultimate bond strength was evaluated as described previously (Section 6.2). For each of 
the overlayed slabs six to nine cores were drilled through the overlay and approximately 10 
mm further into the substrate. All cores were then pulled out within a period of 2 days.

Results from the tests are summed up in Figure 6.6 and Table 6.5. In general it may be 
concluded that rather high bond strength was achieved for all situations. Values of practically 
identical magnitude was obtained for the slabs of w/c-ratio of 0,35 and 0,45 while slightly 
lower bond strength was measured in case of the highest w/c-ratio of 0,55. It may further be 
seen that there was a positive effect of pre-moistening in all cases although the importance of 
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the moisture conditions seem to increase with increasing w/c-ratio. In other words the 
difference between dry and pre-moistened substrate was considerably larger for the slab of 
w/c 0,55 than for the other cases. Although not tested here it is suspected that the difference 
will be even more substantial for higher w/c-ratios.  
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Figure 6.6 –Mean pull-out strength results obtained for overlays cast on substrate slabs with 
different w/c-ratios and different moisture conditions. The values inscribed in the diagram are 
the standard deviations obtained for each situation.

Although the result was expected it was somewhat surprising that the bond strength was as 
high as 2 MPa for the dry slab of w/c 0,55. In the previous study a similar situation resulted in 
almost zero bond strength, see Figure 6.4. The only plausible explanation is that the recipes 
for the substrates differed somewhat considering that the same mix design was used for the 
overlays. In the previous study a slightly lower w/c ratio of 0,49 was adopted as shown in 
Table 6.2, thus implying that a more dense surface might be expected and consequently a 
higher bond strength. However, the lower w/c-ratio may have been compensated by the use of 
a considerably coarser cement type. A cement of the type CEM I 42,5 BV/LA/SR with a 
specific surface (Blaine) according to SS-EN 196-6 of 300-320 m2/kg was used in the 
previous study while a limestone filler cement of the type CEM II/A-LL 42,5R with a specific 
surface of 450-470 m2/kg was adopted in the present investigation. Unfortunately no further 
tests were conducted to check the actual absorption capacity of the substrates.
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Table 6.5 – Results from pull-out bond tests fb on overlays cast on substrates with different 
w/c-ratios and different moisture conditions.  
Mix no W/C-ratio Pre-treatment fb

(MPa) 
Comment 

1,32 Joint failure 
2,23 Joint failure 
2,14 Joint failure 
0,97 Joint failure 
1,52 Joint failure 
2,76 Joint failure 
2,69 Joint failure 
2,12 Joint failure 

A 0,55 Dry 

1,85 Joint failure 
Mean value and standard deviation 1,95 Standard deviation: 0,60  

1,76 Joint failure 
2,84 Joint failure 
2,89 Joint failure 
2,62 Joint failure 
3,90 Failure in overlay 
3,42 Joint failure 
3,24 Joint failure 
3,95 Joint failure 

A 0,55 Pre-moistened 

3,26 Failure in overlay 
Mean value and standard deviation 3,12 Standard deviation: 0,72 

3,35 80 % in substrate, 20 % in joint 
2,65 1-2 mm into the substrate 
3,22
3,15
3,09 80 % in substrate, 20 % in joint 

B 0,45 Dry 

3,11
Mean value and standard deviation 3,09 Standard deviation: 0,24 

3,62 In the substrate 
3,09 In the overlay 
3,81 90 % in substrate, 10 % in joint 
3,50 In the overlay 
3,35

B 0,45 Pre-moistened 

3,46 60 % in joint, 40 % in substrate 
Mean value and standard deviation 3,47 Standard deviation: 0,25 

3,35 60 % in joint, 40 % in overlay  
3,62 Joint failure  
2,73
3,22 In the overlay (near the load plate) 
2,84 90 % in joint, 10 % in overlay 
1,63 Joint failure 
3,42
4,21 In the overlay 

C 0,35 Dry 

2,67 Joint failure 
Mean value and standard deviation 3,08 Standard deviation: 0,73 

3,59 90 % in joint, 10 % in substrate 
3,66 90 % in substrate, 10 % in joint 
3,68 In the overlay 
3,48
3,53 90 % in joint, 10 % in overlay 

C 0,35 Pre-moistened 

3,55 In the overlay 
Mean value and standard deviation 3,58 Standard deviation: 0,08 

Some examples of tested cores are shown in Figure 6.7. A typical result obtained in the study 
may be seen when comparing the fractures of the specimens shown in (a) and (b). The main 
part of the cores that were pulled off the slabs with a w/c-ratio of 0,55, shown in (a), failed at, 
or in direct connection to the joint. On the contrary, the main factor limiting the strength for 
the slabs with lower w/c-ratios of 0,35 and 0,45 was rather the substrate or overlay as may be 
seen in (b). The reason is possibly that the bond strength improves with increasing strength of 
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the substrate, and/or overlay. If the bond strength is higher the possibility of a tensile failure 
in the overlay or the substrate will clearly increase.

(a) (b)
Figure 6.7 – (a) Typical cores from tests on the slab with the highest w/c-ratio in (a) and with 
the lower w/c-ratios in (b).    

6.5 Conclusions on the influence of substrate preparation and strength on the bond 
quality

Two series of tests have been conducted to assess the influence of substrate treatment and 
substrate concrete strength on the pull-out bond strength and the following main conclusions 
have been identified: 

- The roughness of the substrate is not a critical parameter 

- Pre-moistening was always found to give high bond strength 

- Priming was found to be almost as effective as pre-moistening 

- The substrate concrete strength does not seem to be a critical parameter for high bond 
strength to be achieved if the substrate is pre-moistened. Bond strength of almost 
similar order of magnitude was obtained when the w/c-ratio was varied between 0,35 
and 0,55 (see Figure 6.6). 

- If the substrate is not pre-moistened (dry) it can be concluded that the substrate 
quality is considerably more influential. In the second test series it was found that the 
bond strength was approximately 40 % lower for a dry substrate than a pre-moistened 
for w/c 0,55 substrates while the corresponding reductions for w/c 0,35 and 0,45 
substrates were only 10-15 %. It should also be mentioned that nearly zero bond 
strength was measured for a dry substrate in the first test series (Figure 6.4). 

- A conclusion that can be drawn is thus that the need for pre-moistening depends on 
the absorption capacity, or the permeability, of the substrate. Pre-moistening is not 
required if overlays are cast on concrete substrates with w/c-ratios below 

Typical failure:
w/c 0,35 and 0,45

Typical failure:
w/c 0,55
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approximately 0,45, provided that a similar type of cement as used in the second test 
series is adopted. Results indicate that a lower w/c-ratio may be required if a coarser 
cement type, like the Swedish Anläggningscement, is used.    
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7 Half scale tests on bonded overlays 

7.1 General
The function of an overlay is, as mentioned previously, to a significant extent dependent upon 
a well implemented preparation of the substrate as well as to the choice of concrete material 
and reinforcement applied for the overlay. These factors have been studied individually in 
previous parts of the report. For example, the crack sensitiveness of fibre reinforced and 
shrinkage reduced concrete exposed to end restraint was assessed in Chapter 5 while the bond 
between overlay and substrate for various methods of preparation was studied within the test 
series described in Chapter 6.

The main ambition of the half scale tests in this chapter was to bring these parameters 
together, i.e. to study the effect of fibre reinforcement and shrinkage reducing admixture in 
overlays that are bonded to the substructure to various extent. Focus will also be directed to 
the verification of a theoretical model to be used in the design of shrinking overlays with 
respect to crack width limitation.  

A few different substrate preparations were adopted based on the findings of the earlier tests. 
The aim was to achieve a wide span of bond qualities, ranging from a state of almost zero 
bond strength up to a situation where the bond almost reached the tensile strength of the sub-
base or overlay material. An expected result was that the reinforcing effect of increasing bond 
strength should be possible to estimate, i.e. the influence of the bond on the widths and 
distribution of cracks.

Moreover, different amounts of steel fibres were added to the overlay concrete in order to 
study the effect on cracks. The study also comprised un-reinforced and conventionally steel 
bar reinforced overlays for the sake of comparison.  

7.2 Test set-up and experimental program 

7.2.1 Preparation of substrate 
Four slabs, each with an area of 2x3 m2 and a depth of 300 mm, were produced in June 2004 
by a local prefabrication company (Hedmans Cementgjuteri in Älvsbyn). The slabs were put 
in the testing laboratory of the University of Technology in Luleå for approximately 7 months 
prior to overlaying to ensure that the slabs would dry sufficiently so that at least a significant 
part of the shrinkage would disappear prior to testing. An expected consequence was thus that 
the restraint would be higher due to a more pronounced differential shrinkage.  

For the same reason it was decided to produce the slabs with a rather high concrete quality, 
corresponding to C58/70 with a w/c-ratio of 0,38. A considerably more rapid shrinkage 
development can be foreseen for such concrete compared to a concrete of lower strength. 
Unfortunately there were no tests conducted to verify the quality of the concrete.  

Two of the slabs were mechanically milled a few days after the casting occasion while the 
other two were grinded to obtain a very smooth surface. The difference in texture is illustrated 
in Figure 7.1.
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 (a) (b) 
Figure 7.1 – (a) Texture obtained for the two slabs that were smoothened by means of steel 
grinding. (b) Surface texture of the two slabs that were milled. 

When the 7-month period had expired, i.e. in the beginning of January 2005, the testing was 
resumed by employing different kinds of pre-treatments, see Figure 7.2. Three of the slabs 
were pre-moistened while one slab was left dry until the day of overlaying. In addition to the 
pre-moistening one of the slabs was also primed.  

A summary of the procedure adopted for the preparations is as follows: 

Day 1: Thorough vacuum cleaning of the substrates and coverage by plastic sheets to protect from dust.   

Day 2: Slabs 2, 3 and 4 were moistened three times during the first day and plastic sheets were placed directly 
onto the substrates.  

Day 3: The first coating of primer of slab 4 was brushed into the surface before covering it with plastic sheets to 
prevent dust from attaching to the primed surface. The sheet was placed on distances to enable air to get access 
to the concrete surface. The surfaces of slabs 2 and 3 were continuously moistened as soon as dry areas were 
observed underneath the plastic coverage.  

Day 4 and 5: No new measures taken. 

Day 6: New coating of primer was brushed into the substrate of slab 4. The plastic sheeting was then replaced on 
distances to give a ventilated spacing. The substrates of slabs 2 and 3 were sprayed with water repeatedly at a 
time interval that ensured that the concrete was kept moist.  

Day 7: No measures taken. 

Day 8: The plastic sheets of slabs 1 and 2 were removed before overlaying commenced. The surface of slab 2 
was slightly moistened just in advance of the casting as it appeared to be dry. In this way the substrate was moist 
but without free water at the time of overlaying.  

Day 9: The plastic sheets of slabs 3 and 4 were removed and overlaying was conducted. Some water was 
sprayed on the substrate of slab 3 to obtain a dark surface prior to casting. The primer on the surface of slab 4 
was dry when overlayed. 

Grinded surface Milled surface



7. Half scale tests on bonded overlays 

153

Figure 7.2 – Different preparations adopted for the substrates. Three of the slabs (2,3 and 4) 
were pre-moistened a few days in advance of overlaying while one (1) was dry. One of the 
pre-moistened slabs (4) was further primed in order to guarantee high bond.

The intention of the adopted preparation techniques was to obtain four levels of bond 
qualities. It was expected that the bond should be insignificant in case of smooth and dry 
substrate (slab 1) while a good bond was foreseen in the case of a rough, pre-moistened and 
primed substrate (slab 4). For the remaining two slabs, smooth and pre-moistened (slab 3) and 
rough and pre-moistened (slab 2), bond values in between were expected. The resulting bond 
quality was however not as expected, see Figure 7.18 in Section 7.3.6. It should be mentioned 
that the second series of bond tests (Section 6.4) had not been conducted at this time, which 
means that the expectations were based on the results of the first bond test series (Figure 6.4). 

An ambition of the investigation was to study how the substrate influences the crack 
distribution in overlays. It was thus important to ensure that the overlays would still be 
restrained even in a case of complete bond breakage. Thus it was decided to attach the ends of 
the overlays to the slabs by means of expander bolts as illustrated in Figure 7.3 (b). Two such 
bolts, with an exposed part approximately 30 mm above the substrate, were fastened to the 
slab at each end of the strips (see Figure 7.4) prior to overlaying. The same measure was taken 
not only for slab 1 but for all the slabs in order to provide a similar restraint condition in all 
cases.

 (a) (b) 
Figure 7.3 – (a) Three of the slabs placed directly on the laboratory floor and covered by 
plastic sheeting prior to casting. The pre-manufactured forms for the overlays can be found to 
the left. (b) Expander bolts were fastened to the bottom slab at a position corresponding to 
approximately 100 mm from the end of the overlays to prevent edge lifting and sliding.

Expander bolts 
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7.2.2 Details of the overlays 
Overlaying was conducted in direct connection to the previously described actions of 
preparation. The overlays were designed as out-stretched strips with a width of 150 mm, a 
length of 2500 mm and a depth of 50 mm. As may be seen in Figure 7.4 there were a total of 
ten such strips cast on each of the slabs; two reference strips of un-reinforced concrete, PC, 
two strips with conventional steel bar reinforcement, SBRC, two with shrinkage reduced un-
reinforced concrete, SRA, and four with steel fibre reinforced concrete, SFRC 30 and SFRC 
60. The concrete was cast in pre-manufactured forms of plywood, as can be distinguished to 
the left in Figure 7.3 (a). As it was rather difficult to remove the forms after casting it was 
decided to leave them on during the complete test period.  
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Figure 7.4 – Each slab was overlayed with ten 50x150x2500 mm strips; two with plain 
concrete (PC), two steel bar reinforced (SBRC), two shrinkage reduced (SRA) and four with 
steel fibre reinforced concrete (SFRC 30 and 60). 

Adopted mix designs are given in Table 7.1. The maximum aggregate size, Dmax, was limited 
to 8 mm due to the minor depth of the overlays. The ambition was further to reach a strength 
approximately corresponding to concrete class C28/35. Self-compacting properties, slump 
flow of 650 to 700 mm, were obtained by adding a superplasticiser of the type Sikament 56, 
which is a poly-carboxylate-ether compound, and a limestone filler of the brand Limus 40 was 
added to ensure stability. The basic composition was identical to that adopted in the restrained 
shrinkage tests described in Chapter 5, see Table 5.1.
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Table 7.1 – Concrete compositions adopted for the overlays. PC refers to plain concrete, SRA 
shrinkage reduced, SBRC steel bar reinforced and SFRC steel fibre reinforced concrete with 
30 and 60 kg/m3 of fibres respectively.
Material (kg/m3) PC SBRC SRA SFRC 30 SFRC 60 

Cement type Slite Bygg 370 370 370 370 370 
Sand type Riksten 0-8 mm 1613 1613 1613 1613 1613 
Limestone filler Limus 40 100 100 100 100 100 
Superplast. Sikament 56 4,1 4,1 4,1 4,1 4,1 
SRA type Sika C 40 0 0 5,55 (1,5 %) 0 0 
Steel fibres Dramix® 65/35 0 0 0 30 60 
w/c-ratio 0,58 0,58 0,58 0,58 0,58 

The cement used was of the type CEM II/A-L 42,5 R (Cementa Bygg). The sand fraction was 
natural rounded gravel. Shrinkage reducing admixture was of the type Sika® C 40, which is, 
according to the manufacturer, based on a compound of hydroxides. The steel fibres, Dramix®

RC-65/35-BN, were of a cold drawn wire type of diameter 0,54 mm cut in lengths of 35 mm 
with hooked ends.

Regarding the steel bar reinforced overlays, SBRC, it should be mentioned that only a single 
reinforcement unit of diameter 10 mm was applied centrally in the overlay strip. This was 
sufficient to fulfil the requirement on minimum reinforcement according to the Swedish 
regulations for concrete constructions, BBK 04 (2004), ensuring that the reinforcement will 
be able to distribute cracks by: 

hct,c,effss fAA  (7.1) 

where As is the area of steel, s is the allowed stress in the steel, which is limited to 420 MPa 
in BBK 04, Ac,eff is the effective concrete area and fcth is a high value of the concrete tensile 
strength, which is obtained simply by multiplying the characteristic strength with a factor 1,5. 
Strength class C28/35 gives a characteristic tensile strength of 1,8 MPa and a required 
reinforcement area of 1,5·1,8·50·150/420 = 48 mm2 for the cross section of 50x150 mm2. This 
approximately corresponds to a unit of diameter 8 mm, thus implying that a 10 mm bar is to 
be regarded as more than sufficient to distribute cracks.  

The four slabs were overlayed within a period of two days as mentioned earlier, slabs 1 and 2 
on day 1 and slabs 3 and 4 on day 2. Concrete for the overlays was mixed in a laboratory 
mixer in batches of 50 litres, each sufficient for filling up two strips. The casting sequence 
was such that all strips at the first slab were accomplished before initiating the overlays on the 
second slab.

For each of the slabs a batch of plain concrete was first produced for the two un-reinforced 
strips PC I and PC II, see Figure 7.4. Another batch of the same type was then produced and 
used for strips SBRC I and II. Batches 3 and 4 were produced with concrete containing steel 
fibres, SFRC 30 I and II and SFRC 60 I and II. A batch of shrinkage reduced concrete, finally, 
was placed in strips referred to as SRA I and II in the figure. A photo taken after finalised 
casting on slab 3 can be seen in Figure 7.5 (a). 
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 (a) (b) 
Figure 7.5 – (a) Overlay strips on slab 3 directly after casting has been finalised. (b) The 
concrete was covered by air-tight plastic sheeting approximately four hours later.

A curing period of five days was adopted by covering the concrete surface with plastic sheets, 
Figure 7.5 (b). The coverage was installed as soon as the surface had attained sufficient 
strength, which corresponded to a time of approximately four hours. Before that, water was 
repeatedly sprinkled onto the surface in order to avoid plastic shrinkage cracks to develop. 
The overlays were also moistened a few times even after the plastic sheets had been placed in 
order to further ensure that the overlays would not shrink during the curing period.

7.2.3 Equipment for measuring deformations 
To be able to follow the deformations of the overlay strips it was decided to conduct 
measurements directly on the upper faces using a system of glued metal points and a 
mechanical instrument of the type Staeger. The instrument was manually placed between two 
succeeding points, attached at a distance of 200 mm, and the measuring accuracy was 1 
micrometer. The readings were further normalised in respect to a reference length in order to 
exclude temperature influences.   

Only one of the ten strips at each slab was instrumented along the entire length, PC I in Figure 
7.6. In the other cases measurements were only conducted at the mid-point, distance L6 in the 
figure. The reason for the so adopted restrictions was simply to keep the number of measuring 
distances within a reasonable level. A few measuring points were also attached to the bottom 
slabs as can be seen in the figure, measuring distances L12 and L13, to enable measurements of 
the slab deformation. The points were attached so that the deformation at mid-section could 
be followed near the top and bottom of the 300 mm thick slabs. Such measuring distances 
were provided at both sides of the slabs. Measurements were initiated approximately a month 
prior to overlaying in order to verify that the remaining shrinkage movement of the slabs was 
of insignificant order.
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Figure 7.6 – Positions of the target points for deformation measurements at the surface of the 
overlay strips and at two of the edges of the bottom slabs. 

The target points at the overlay strips were attached to the surface using a two-component, 
rapid curing adhesive of the type X60 just after removing the plastic coverage five days after 
casting. A zero reading was conducted approximately four hours after the initiation of drying 
as some time was required to attach all the points. Deformations and crack growth were then 
followed for a period of three months, from February to April 2005.  

Considering the rather lengthy procedure required for attaching target points and measuring 
deformations it was decided to also employ another method for deformation control. The 
parallel technique selected was photogrammetry, in which displacements are evaluated from 
photos. A limited area of approximately 1x1,25 m2 of slab 4 was studied. The area had been 
prepared in connection to the overlay castings by covering the surface by a randomly 
distributed one-sized stone fraction of diameter 1-2 mm, see Figure 7.7 (a).  

Both the camera and the film used were of conventional types as the digital cameras available 
did not have sufficient resolution. The camera was securely fastened on a lever arm attached 
to the wall approximately 2 m above the overlay surface as may be seen in Figure 7.7 (b). A 
remote control was used to take the shots to guarantee that the camera would be at exactly the 
same position each time a photo was taken. The studied area was represented by one of each 
type of overlay strip on slab 4, PC II, SBRC II, SFRC 30 II, SFRC 60 II and SRA II. Two 
strong searchlights were also installed on two sides of the slab and directed to the area of 
interest in order to give similar light conditions for all shots.
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During the test period the area was photographed approximately twice a week. The photos 
were then developed and the negatives were scanned with high resolution. Using a certain 
type of computer program it was believed that deformations of the overlay strips would be 
possible to follow by comparing “before” and “after” images of the random speckle pattern. 
Unfortunately, this belief did not come true as it proved impossible to get any rational 
information regarding the displacements of the overlays. Reasons for this are believed to be 
related to insufficient speckle contrast and/or unintentional camera displacements.  

It should be mentioned that a similar technique has previously been adopted at the 
Department of Civil and Mining Engineering at Luleå Technical University with success, e.g. 
for studying displacements on beams loaded in shear. In the previous cases however, the 
random speckle pattern was obtained using black and white single sized aggregate particles 
(2-4 mm). Considering that the duration of a test was only some minutes as compared to 
several weeks in the present case it was further much easier to ascertain that the light 
conditions did not vary. Another factor more favourable in the previous tests was that the 
studied area was less extensive. It is also possible that the film may have been more suitable 
and/or that a better camera was used.   

 (a) (b) 
Figure 7.7 – Photogrammetry system adopted. (a) Random speckle pattern obtained with 
single-sized sand on a limited area of slab 4. (b) Conventional camera attached to a lever 
arm.

7.2.4 Evaluation of free shrinkage and mechanical properties 
Specimens for free shrinkage evaluation as well as for testing the compressive strength were 
also produced in connection to the overlay castings. The shrinkage specimens had a length of 
500 mm, width of 100 mm and the same depth as the overlays (50 mm). Two such specimens 
were produced for each concrete type.  

The prisms were covered by plastic sheeting directly after casting until testing was initiated at 
the end of the 5 day curing period. The specimens were then wrapped in an air-tight material 
leaving only the upper face free to dry and the deformations were followed by means of target 
points and a Staeger measurer. Displacements were measured at the upper free surface and at 
the bottom surface, see Figure 7.8. This allowed evaluations of the un-even shrinkage 
distribution over the depth due to one-sided drying.
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Figure 7.8 – Test specimen for free shrinkage measurements as well as principle deformation 
distribution over the section due to one-sided drying. 

Furthermore, a total of nine cubes of 100 mm sides were produced for each of the concrete 
types for testing the compressive strength at 7, 14 and 28 days.

7.3 Results

7.3.1 Compressive and tensile strength 
Although it is recognised that the tensile strength is the material parameter of interest with 
respect to cracking it was decided to only test the compressive strength, see Table 7.2. Also 
inscribed in the table are recalculated values (fcm) to be valid for cylinders with a 
length/diameter ratio of 2. The compressive strength was first translated to 150 mm cubes 
with a relation proposed in the Swedish Concrete Handbook – Material (1997) as: 

05,1c,cube100c,cube150 ff  (7.2) 

The 150 mm cube compressive strength was recalculated to apply for wet 150x300 mm 
cylinders using Eq. (5.1). Furthermore, the tensile strength at the corresponding ages was 
obtained from the mean cylinder compressive strength using Eq. (5.2).

Table 7.2 – Measured cube compressive strength at 7, 14 and 28 days as well as calculated 
cylinder compressive strength and tensile strength.

Measured cube compressive 
strength, MPa 1)

Theoretical cylinder 
compressive strength, MPa 2)

Theoretical tensile 
strength, MPa 3)

Concrete
type

fcc, 7d fcc, 14d fcc, 28d fcm, 7d fcm, 14d fcm, 28d fct, 7d fct, 14d fct, 28d

PC 40,6 46,8 51,4 29,4 33,9 37,2 2,67 2,93 3,12 
SFRC 30 35,1 43,0 51,5 25,4 31,1 37,3 2,42 2,77 3,13 
SFRC 60 40,2 49,7 54,6 29,1 36,0 39,5 2,65 3,05 3,25 
SRA 34,5 41,5 49,1 24,9 30,0 35,5 2,39 2,70 3,02 
1) Results shown in the table correspond to the mean value from three tests on 100 mm dry cubes. 
2) Cylinder compressive strength calculated using Eq. (7.2) and Eq. (5.1). 
3) Tensile strength calculated using Eq. (5.2) 

The calculated compressive strength development, using Eq. (4.4), is given in Figure 7.9 (a) 
while the corresponding tensile strength calculated with Eq. (5.2) is shown in Figure 7.9 (b). 
There was a reasonable agreement between measured and predicted compressive strength, 
although it seems as if the predicted rate of growth was slightly too high for some of the 
concrete types.  
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 (a) (b) 
Figure 7.9 – (a) Compressive strength measured at 7, 14 and 28 days and predicted strength 
development using Eq. (4.4). (b) Predicted tensile strength development for the corresponding 
concrete types (Eq. (5.1)). 

7.3.2 Free shrinkage 
The measured free shrinkage is shown in Figure 7.10. Noticeable is the extensive difference 
in strain between the top and bottom faces of the specimens, resulting from the one sided 
drying conditions. It can further be seen that there was a rather significant effect of the 
shrinkage reducing admixture, compare SRA with the other concrete types. The reduction was 
in the order of 25 % at the end of the measuring period due to the addition of 1,5 % SRA. 
Steel fibres, on the other hand, did not have any influence on the free shrinkage development.   
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Figure 7.10 – Measured free shrinkage at the top and bottom faces of 500x100x50 mm prisms 
and calculated shrinkage with the Swedish Concrete Handbook method (Section 4.3.5).  

Moreover, it should be mentioned that the drying environment was rather harsh. A relative 
humidity of only about 15-20 % was recorded during the test period while the temperature 
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was rather stable at 18 ºC. The drying conditions may be seen as representative indoors 
environment during the winter period, at least in the northern parts of Sweden.

The shrinkage development was further calculated using the method of the Swedish Concrete 
Handbook – Material (1997), as previously described in Section 4.3.5. Input data adopted in 
the modelling was as follows: RH = 20 %, T = 18˚C, ts = 5 d and a water content w of 215 
kg/m3. The reference shrinkage cs0 was calculated based on the water content only using Eq. 
(4.24). It may be seen in Figure 7.10 that an excellent fit was established for the average 
shrinkage, which implies that the model is at least appropriate for the type of concrete studied 
here.

7.3.3 Bottom slab deformation 
The degree to which the overlays were restrained can be evaluated by studying the 
deformations of the bottom slabs. It is also possible to follow the effect of pre-moistening and 
overlay casting from the slab displacements. Thus the deformation, or rather strain 
development, for the slabs are shown in Figure 7.11 (a)-(d). Differences between the 
preparations of the slabs, as discussed earlier, is that slabs 2 and 3 were moistened a few days 
in advance of overlaying while slab 1 was kept dry and slab 4 was both moistened and 
primed. Measurements were initiated approximately 20-25 days before overlaying.  

For slab 1 some contraction was recorded within the period before the overlay strips were 
cast, see the first 25 days in Figure 7.11 (a). This indicates that the slab had not attained its 
final shrinkage. It can further be seen that at the time of overlaying the top of the slab 
expanded rapidly while the bottom contracted, thus implying that the slab bended upwards. 
This was due to the penetration of water from the overlay concrete into the substrate. It is also 
possible that a temperature increase related to the heat development of the overlay concrete 
influenced the bending.

From the point of maximum upwards bending, measured one day after casting, the slab 
rapidly reverted over the next 7-10 days. The fact that the top contracted even during the 
curing period may indicate that the plastic sheets used to cover the overlays may not have 
been sufficient to completely prevent drying. Another alternative is of course that a 
temperature maximum was reached after 1 day and that the contraction over the following 
four days was partly due to the following decrease in temperature. Also possible is that the 
increase in humidity level at the top of the slab, following from the overlaying, was levelled 
out somewhat over the succeeding days.   

During the remaining test period there was a tendency of slight contraction at both the top and 
bottom. However, the magnitude of the deformations seems rather insignificant in comparison 
with free shrinkage (Figure 7.10), which implies that the restraint offered by the slab was 
quite substantial.  

For the other three slabs, Figure 7.11 (b), (c) and (d), it may be seen that the top of the slab 
expanded approximately 50-60 m/m prior to overlaying due to pre-moistening. An increase 
in expansion at the top then followed on the overlaying as was also the case for slab 1. This 
implies that at least part of the expansion was most likely due to a temperature increase rather 
than due to moisture penetration into the slab considering that the slabs had been adequately 
moistened prior to overlaying. The temperature decrease may also be the explanation as to 
why the top of slab 2 in Figure 7.11 (b) contracted from 1 day after overlaying until the start 
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of drying. Notice that no measurements were done to verify the response of slabs 3 and 4 in 
Figure 7.11 (c) and (d) between the time of overlaying and the start of drying.
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Figure 7.11 – Strains recorded at the edges of the bottom slab (distances L12 and L13 in 
Figure 7.6) near the top and bottom starting from approximately 25 days prior to overlaying. 
(a) Slab 1. (b) Slab 2. (c) Slab 3. (d) Slab 4. 

The strain development of the slabs from the start of overlay drying is shown in Figure 7.12, 
i.e. the strains have been zeroed at the point denoted start of drying in Figure 7.11 (a)-(d). 
Quite similar response was observed for all slabs. The top of the slabs contracted somewhat 
over the first 10-20 days or so and were then maintained at an almost constant level for the 
succeeding 20 days. A slight increase in contraction was then measured over the remaining 
period at the top. Considering the bottom of the slabs a slight contraction may be seen within 
the first 5 to 10 days followed by an expansion and a succeeding stabilisation at a zero strain 
level.

It is rather difficult to draw any conclusions from the measured slab strains as the slabs were 
influenced not only by the load related to the overlay shrinkage but also by the drying and 
possible temperature variation of the slabs, i.e. the pre-moistening and overlaying gave an 
initial expansion that successively reverted. Additionally, the slabs had not reached the final 
shrinkage as mentioned above. 
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Figure 7.12 – Slab strains measured at the top and bottom from the start of drying. 

7.3.4 General comments on the response of the overlays 
A setback of the tests was that the two overlay strips furthest out on each slab, PC I and SRA 
II in Figure 7.6, dried somewhat different as compared to the others. It was initially believed 
that drying would be prevented through the sides of the specimens by not removing the 
formsides. However, the outer form sides on these strips expanded slightly resulting in an 
outward bending as can be seen in Figure 7.13 (a). A consequence was that air could enter the 
concrete from one of the side faces in addition to the upper face, which resulted in a deviating 
shrinkage profile. This effect was rather obvious as major cracks that appeared just a few days 
after the initiation of drying were wider near the outer side than at the side adjacent to the 
neighbouring strip.

It can further be seen in Figure 7.13 (b) that debonding followed the formation of a major 
crack in strip SRA II. A result of this was that parts of the bottom face became accessible for 
air. In other words, from this stage on drying was also permitted through fractions of the 
bottom face. A similar response was observed for most of the strips located at the 
corresponding position on the slabs. The strip shown in the photo has been lifted off and 
turned around so that the bottom faces upwards. It can be seen that parts of it are lighter, thus 
indicating that the corresponding areas are dry.
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 (a) (b) 
Figure 7.13 – (a) A major crack in the overlay strip SRA II of slab 1 and outward bending of 
the form allowing drying through the side face of the strip. (b) The same strip removed and 
turned around. The light areas indicate that bond failure has occurred and that air has 
reached parts of the bottom face.

For the remaining overlay strips, where the form sides could not deform as the neighbouring 
strips offered support, the drying may be regarded as one-sided.  

7.3.5 Bond between overlays and substrates 
One of the main ambitions of the tests was to evaluate the effect of the bond between overlay 
and substrate on the development and distribution of cracks. Thus, four different substrate 
preparations were adopted as discussed previously. A poor bond was expected for the 
overlays on slab 1, smooth and dry, while the highest bond was anticipated for the overlay 
strips of slab 4, rough, moistened and primed. The other two slabs were expected to give bond 
values in between.

However, as indicated by the drawings shown in Figures 7.14 to 7.17 the results were rather 
the opposite. The illustrations show the debonded zones as shaded areas at the end of the 
testing period. Debonded areas were detected by knocking on the surfaces of the overlays 
with a hammer. A hollow sound was perceived in areas where the overlay strips had 
delaminated. The best bond performance was obtained for the smooth and dry substrate of 
slab 1, for which debonding areas only occurred for the two strips closest to the edges of the 
slab, PC I and SRA I in Figure 7.14. For the remaining three slabs on the other hand, the 
achieved bond seemed to be of varying quality. Quite substantial debonded zones were 
observed on some areas of the overlays while other parts were found to be well bonded to the 
substrate.

Light, dry area 
Crack wider at 
the outer face 
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Figure 7.14 – Cracking and de-bonding (shaded areas) in the overlay strips cast on the 
smooth and dry substrate of slab 1. The time to cracking and the final width may also be 
found as well as the locations for pull-out tests.

Figure 7.15 – Cracking and de-bonding (shaded areas) of the overlay strips cast on the rough 
and moistened substrate of slab 2. The time to cracking and the final width may also be found 
as well as the locations for pull-out tests. 
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Figure 7.16 – Cracking and de-bonding (shaded areas) of the overlay strips cast on the 
smooth and moistened substrate of slab 3. The time to cracking and the final width may also 
be found as well as the locations for pull-out tests. 

Figure 7.17 - Cracking and de-bonding (shaded areas) of the overlay strips cast on the rough, 
moistened and primed substrate of slab 4. The time to cracking and the final width may also 
be found as well as the locations for pull-out tests.
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The observations were further verified by results from pull-out tests performed using the same 
procedure as was also adopted for the bond strength evaluation described in Chapter 6. In 
other words, cores of diameter 76 mm were drilled through the overlays and approximately a 
centimetre into the sub-base slabs. A device, as shown in Figure 6.3, was then used to pull out 
the cylinders manually.  

Following from the rather extensive debonded areas of particularly slabs 2 and 4 there were 
some difficulties in finding positions to drill the cores. A significant number of cracks in the 
overlays made the choice of positions even more complicated. One of the consequences of 
this was that fewer cores were pulled out for slabs 2 and 4, only six as compared to nine cores 
for the other two slabs, see the selected positions of the cores in Figures 7.14-7.17.

Mean pull-out values obtained for each of the slabs as well as corresponding standard 
deviations are summed up in Figure 7.18. A mean value of over 3 MPa with a low standard 
variation was obtained for the smooth/dry slab. Important to mention is further that the 
fracture in eight out of nine cases ended up in the topping while the last core fractured in the 
bottom slab, thus indicating an even higher actual bond strength. The poorest mean pull-out 
strength was achieved for slab 2, where the cores were taken from strips SFRC 30 I and SFRC 
60 I, see Figure 7.15. All of the cores fractured at the interface between overlay and substrate, 
which means that the values were representative for the bond strength. It should further be 
mentioned that a mean value of approximately 2,5 MPa was obtained for the three cores of 
SFRC 30 I while the corresponding value for SFRC 60 I was only 1,1 MPa. A fourth core was 
further drilled through strip SFRC 60 I, core x in the figure. However, a zero value was 
obtained for the pull-out strength, most likely as the core was drilled through a crack in the 
overlay and that a small debonded zone had appeared near the crack.

Mean values in between the other two were obtained for slabs 3 and 4 as can be seen in Figure 
7.18. Even though the stated values may seem rather good, 2 and 2,5 MPa respectively, the 
bond qualities were clearly lower than that obtained for slab 1. This becomes particularly 
evident when studying the debonded zones indicated in Figure 7.16 and 7.17. The higher 
standard deviations obtained in these cases are yet another proof of the varying quality. It 
should also be mentioned that the cores in most cases fractured at the level of the interface 
between overlays and slabs.
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Figure 7.18 – Results from the pull-out tests conducted to evaluate the bond strength obtained 
for the substrates of slabs 1 to 4. The results are based on 8 pull-out tests in case of slab 1, 6 
for slab 2, 9 for slab 3 and 6 for slab 4.
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It is somewhat difficult to find a logical explanation to the results. However, as the properties 
of the overlays were identical it may be concluded that the results must have been related to 
the different substrate preparations applied. Regarding the effect of the humidity conditions in 
the substrate prior to overlaying it is a common perception that a surface that is too dry 
absorbs excessive amounts of water from the overlay concrete and that too high moisture 
content will give a substrate that is not sufficiently absorbing. Earlier studies reviewed in 
Section 4.5.3 indicate that the best bond strength is obtained for a saturated surface dry 
condition (SSD), due to an optimal moisture exchange.    

For the slabs in the present study this reasoning would imply that the substrate of slab 1 was 
adequately absorbing while the other slabs did not have sufficient absorption capacity. This is 
somewhat strange considering that pre-moistening for the bond tests described in Chapter 6 
always gave a positive effect, see Figure 6.4 and 6.6. However, there was a slight difference 
in the moistening technique. While the substrates in the previous tests were allowed to dry a 
few hours in advance of overlaying some additional water was sprayed onto the substrates of 
slabs 2 and 3 in the present test series just prior to casting as the surfaces seemed rather dry at 
the occasion. This gave a dark colour of the substrate without any free water as was also 
mentioned in Section 7.2.1. It is suspected that this late moisture addition did not be 
sufficiently absorbed into the slab, thus preventing the overlays from adhering to the 
substrate. Notice also that most results found in literature, see Section 4.5.3, support the 
hypothesis that the highest bond strength is obtained for a SSD condition, while a saturated 
surface wet (SSW) condition gives poorer results. 

The question is why the bond quality for the primed slab 4 was inadequate. A possible 
explanation may be that the last coating of primer was applied three days prior to casting. This 
means that the primer was completely dry at the time of overlaying. No particular instructions 
were found in the product guide for the primer regarding limitations of the time after primer 
application for concrete overlaying. However, based on information given for similar products 
it can be concluded that overlaying should have been completed within 24 hours after 
priming. 

Some of the debonded overlays were lifted off after testing and turned around so that the 
bottom face could be inspected. A close-up on the surface of SRA II, slab 2 is shown in 
Figure 7.19 (a) while the photo shown in (b) was taken on the bottom face of SFRC 60 II, slab 
3. The images reveal an extremely porous surface in case of SRA II and a surface filled with a 
fine network crack pattern in case of SFRC 60 II. Both phenomena are generally assumed to 
be related to a dry substrate, i.e. high porosity or shrinkage cracking due to excessive moist 
absorption. However, there must be a different explanation in the present cases as the 
substrate of slabs 2 and 3 were definitely not dry (water was added at several occasions prior 
to overlaying).
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 (a) (b) 
Figure 7.19 – Overlay strips removed and turned around so that the bottom faces upwards. 
(a) A porous surface found on strip SRA II, slab 2. (b) Network crack pattern on parts of strip 
SFRC 60 II, slab 3.

The reason for the exceptionally good bond in case of dry and smooth substrate, i.e. slab 1, is 
believed to be related to the high quality concrete used for the slab (with a w/c ratio of 0,38), 
thus resulting in a surface with low porosity and a correspondingly low absorption capacity. 
This means that pre-moistening will not be required to prevent excessive moisture to be 
absorbed from the overlay. The fact that the need for pre-moistening decreases with 
decreasing w/c-ratio of the substrate concrete was also verified in the bond test study, see 
Figure 6.6, conducted after the half scale overlay tests.

7.3.6 Cracking in overlays 
Regarding the cracking observed in the overlays it must be emphasized that the outermost 
strips responded differently as compared to the others due to the difference in drying 
conditions. A visible result was that cracking occurred almost immediately after the plastic 
coverage was removed from the overlays after 5 days. This is clear when studying the strain 
distributions at a few selected ages measured on the upper faces of the outermost overlay 
strips of plain concrete, PC I, as shown in Figure 7.20. The presented values correspond to L1-
L11 in Figure 7.6.

For two of the strips a crack was detected already a day after the initiation of drying, Figure 
7.20 (a) and (d), and before 7 days for the strip of Figure 7.20 (b). The reason why the strip on 
slab 3, in Figure 7.20 (c), responded somewhat different to the others, with a later crack age 
and a finer crack width, is un-clear. It should also be mentioned that the deformations 
measured over the crack for slab 1, 2 and 4 exceeded the measuring range for the mechanical 
reader, thus implying that the actual values at the end of the testing period were even higher 
than the presented. From the successively increasing strains in un-cracked parts with 
increasing age it may further be concluded that the cracks were accompanied by debonding. 
For PC I on slabs 2 and 4 in Figure 7.20 (b) and (d) the debonded zones extended all the way 
while the zones of de-lamination were slightly less for the two remaining strips.  
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Figure 7.20 – Strain distribution at a few different times after start of drying measured at the 
surface for the outermost overlay strip, PC I. (a) Slab 1. (b) Slab 2. (c) Slab 3. (d) Slab 4. 

A significant number of cracks developed in the other strips, see Figures 7.14 to 7.17. Notice 
also that the formation of cracks was influenced by the bond situation, such as numerous well-
distributed fine cracks developed in overlays that were bonded while one or just a few major 
cracks occurred in case of extensive debonding. It is unfortunately not possible to tell whether 
the cracking was preceded by de-bonding or vice versa. However, it has been theoretically 
shown by e.g. Jonasson (1977) that the vertical lifting stress, and the shear stress, reaches a 
maximum at or close to a free edge and is then practically equal to zero some distance away 
from the edge, see Figures 3.20-3.22. This implies that a crack is required in order for de-
bonding to take place.

The time until cracks were first observed may also be found in Figures 7.14 to 7.17. Observe 
however that the overlays were only inspected at a few different occasions, at 1, 7, 10, 24 and 
112 days after the start of drying for slabs 1 and 2 and at 1, 6, 9, 23 and 111 days for slabs 3 
and 4, thus implying that most of the cracks developed prior to the inscribed value. A general 
conclusion that may be drawn regarding the age at cracking is that cracks were observed 
much earlier for the strips where substantial debonding occurred, in most cases within a week 
after the start of drying. For the strips that were sufficiently bonded even after cracking on the 
other hand, cracks were typically not observed prior to the inspection at 23-24 days.
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This difference may also be distinguished from the measured strain at the mid-point of the 
strips, i.e. distance L6 in Figure 7.6, as presented in Figure 7.21 (a)-(d). For slab 1, for 
instance, where the strips were perfectly bonded throughout the complete test cycle, with 
exceptions for PC I and SRA II, no cracking activity was registered until after 20 days, see 
Figure 7.21 (a). The time of cracking corresponds to the point when the strain development 
becomes somewhat irregular in the diagram. A similar response was also obtained for the 
bonded strips on the other slabs. However, in the cases where significant debonding occurred, 
e.g. PC II, SBRC II, SFRC 30 II, SFRC 60 II and SRA II on slab 3 in Figure 7.21 (c), the 
cracks seem to start already a few days after the initiation of drying. This conclusion was 
drawn based on the fact that quite significant contractions were measured for the 
corresponding strips.

As the responses seem to have been influenced by the quality of the bond it is not possible to 
draw any conclusions regarding the effect of fibres and SRA on the age of cracking.   
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Figure 7.21 – Strain development measured at the mid-point of the overlay strips (distance L6
in Figure 7.6). (a) Slab 1, (b) Slab 2, (c) Slab 3 and (d) Slab 4. Also shown is the free 
shrinkage strain measured at the upper face of concrete type PC.
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A summary of the overlay cracking at the end of the testing period is provided in Figure 7.22 
(a)-(d). The results shown for the overlays on slab 1 verify that crack distribution was actually 
obtained for all overlays, PC I and SRA II disregarded. Several cracks with widths equal to or 
less than 0,1 mm were obtained for all strips. An important conclusion that can be drawn is 
thus that reinforcement is not required if high and even bond strength is obtained.

It can further be seen that a distributed crack pattern was obtained for most of the overlays on 
slab 2 as well despite the somewhat poorer bond characteristics measured for the 
corresponding case (Figure 7.18). For overlays that were not severely debonded the crack 
widths were typically in the range of 0,2 mm or below. This implies that a bond of 1-1,5 MPa 
is sufficient to prevent major cracks to develop. At least it may be concluded that bond 
strength of this magnitude was enough to prevent debonding for strips SFRC 30 I and SFRC 
60 I, for which the bond strength was evaluated (Figure 7.15).

The same conclusion does also seem to be valid for the overlays of slab 3 and 4, see Figures 
7.16, 7.17 and 7.22 (c) and (d), i.e. that a well distributed cracking can be expected if 
sufficient bond strength is achieved.
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Figure 7.22 – Widths of cracks observed on the surface of the overlay strips cast on slab 1 in 
(a), slab 2 in (b), slab 3 in (c) and slab 4 in (d). 
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7.3.7 Reinforcement contribution 
A summary of the effect of reinforcement on the maximum crack widths for the overlay strips 
on all slabs, except for the outermost strips PC I and SRA II, is provided in Figure 7.23. The 
values correspond to the maximum crack detected on the two strips of each type. It can be 
concluded that conventional steel bars were most effective as the crack width for SBRC was 
limited to 0,2 mm or below regardless of debonding.  

In case of steel fibres on the other hand, the effect is more difficult to distinguish. For 
instance, considering the strips on slab 4 the maximum cracks were even wider for SFRC 30 
and 60 than for PC. It is however clear from Figure 7.17 that this may be attributed to the 
difference in bond situation, compare PC II with SFRC 30 I and SFRC 60 I. For slab 2 the 
results given in Figure 7.23 imply that steel fibres were effective as the maximum crack 
widths were significantly smaller as compared to the plain concrete. However, again the 
results were rather due to differences in the bond situation than due to the reinforcing effect, 
compare strip PC II with SFRC 30 I and II and SFRC 60 I and II in Figure 7.15. Notice also 
that the results of Figure 7.23 imply that SRA was at least as effective as fibre reinforcement 
in regard to crack width limitation.  

It can thus be concluded that in order to assess the influence of steel fibres it is necessary to 
also consider the debonded length.
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Figure 7.23 – Maximum crack widths measured at the end of the testing period for the 
different types of overlays. The strips near the edges of the slab, PC I and SRA II, are 
excluded for reasons explained previously. 

Thus, it is quite interesting to study the results for slab 3 where the debonded length was 
approximately equal for strips PC II, SFRC 30 II, SFRC 60 II and SBRC II (see Figure 7.16), 
implying that the free length between bonded areas were approximately equal. The major 
cracks of the corresponding strips are shown in Figure 7.24. For the bar reinforced strip two 
visible cracks were found, each with a crack width of approximately 0,2 mm, while only one 
major crack was observed at the surface of the other three strips. In case of SFRC 30 II the 
width was 0,7 mm as compared to 1 mm for PC II, i.e. a reduction in the order of 30 %. A 
more substantial effect was obtained for SFRC 60 II, where the crack width was found to be 
0,2 mm, corresponding to a reduction of 80 %. 
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Figure 7.24 – Major cracks observed on strips PC II, SBRC II, SFRC 30 II and SFRC 60 II on 
slab 3.

Another factor that needs to be considered when evaluating the effect of fibres is the actual 
number of fibres active in the crack zones. A fibre count was enabled by lifting off some of 
the overlays from the slabs when the tests had been finalised, which facilitated splitting of the 
SFRC strips in positions where cracks had appeared, see Table 7.3. Also shown is the average 
number of fibres in the corresponding overlay strips as well as a theoretical value obtained 
based on the orientation factor as described in Section 4.2.3 (see also Eq. (5.7) in Section 
5.3.4). The mean values were obtained by sawing the overlay strips at 3 to 6 places and 
counting each fibre crossing the section. The reason as to why the strips of slab 1 were not 
investigated was that it was not possible to remove them from the substrate.   

When studying the results shown in Table 7.3 it can be seen that cracks in most cases were 
established at positions where the number of fibres was lower than the average fibre amount. 
The only exception was SFRC 30 I on slab 2 for which a slightly higher value was obtained at 
two of the cracks. Surprising is further the rather low average number of fibres counted for the 
overlays of slab 2. Compared to the theoretical values the results indicate that only half of the 
target fibre amount was actually achieved in case of SFRC 30 II and approximately three 
quarters in case of SFRC 60 II, provided that the theoretical orientation method gives accurate 
results. There may be two possible explanations; (1) the casting technique used for these 
specimens deviated from that applied for the corresponding strips on the other slabs and (2) a 
too low amount of fibres was mixed into the concrete.   

For slabs 3 and 4 the number of fibres was counted for the severely debonded SFRC strips. 
The extensive delamination means that the fibres in the crack zones in these cases definitely 

crack

crackcrack

crack
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played a part in reducing the crack widths. For instance, it can be seen in Table 7.3 that the 
increase in fibre number from 66 to 150 in case of slab 3, compare SFRC 30 II with SFRC 60 
II, contributed to a decrease in crack width from 0,7 to 0,2 mm.  

Debonded zones of approximately equal distribution were further detected for SFRC 30 I and 
SFRC 60 I on slab 4, see Figure 7.17. In this case the widths were found to be 0,8 and 0,5 mm 
for SFRC 30 I and SFRC 60 I respectively, i.e. the reduction was not of the same order as for 
slab 3. Thus, it seems as if the number of fibres required in order to prevent crack openings in 
excess of 0,2 mm is in the order of 150 for the strips under evaluation. Theoretically this 
corresponds to a fibre amount of 60 kg/m3. At least it can be concluded that 109 fibres 
(theoretical amount of 44 kg/m3), as counted in crack 1 of SFRC 60 I of slab 3, was not 
sufficient to restrict a crack width in excess of 0,2 mm. 

Table 7.3 – Number of fibres in crack zones of some of the SFRC overlays and the mean 
values obtained in the corresponding strips as well as a theoretical estimate using Eq. (5.8).  
Slab Overlay Crack1) Crack width 

(mm) 
Number of fibres  

Crack zone2) Mean Theoretical
1 0,25 36 75 
2 0,15 48 75 

SFRC 30 II 

3 0,1 52 

41

75
1 0,2 77 150 

2

SFRC 60 II 
2 0,05 98 

100
150

SFRC 30 II 1 0,7 66 75 75 3
SFRC 60 II 1 0,2 150 182 150 
SFRC 30 I 1 0,8 53 75 75 

1 0,5 109 150 
4

SFRC 60 I 
2 0,1 133 

151
150

1) Crack number can be found in Figures 7.14 - 7.17.
2) Number of fibres obtained by summing the fibres on one of the crack faces with the ones observed on the other 
side.

7.4 Theoretical model 

7.4.1 General
A theoretical model was developed to predict the strains and stresses in the overlays. The 
basics of the model are quite similar to that adopted in the evaluation of the end-restrained 
shrinkage test rigs as described in Section 5.4.2. A major difference however is that the 
overlays in this case, at least initially, were bonded to an underlying slab, see 1) in Figure 
7.25. This means that the overlays and the substrate slab may be treated as an interacting 
composite member. Simple beam theory, as proposed by e.g. Silfwerbrand (1997) discussed 
in Section 3.4.3, was thus adopted for the analysis of stresses in the elastic stage.

Based on results from the experimental study it is possible to distinguish two different 
restraint situations in the cracked stage, 2a) and 2b) in Figure 7.25. For the overlay strips 
where the bond was sufficient so as to prevent major delamination, a well distributed crack 
pattern was obtained for both plain as well as for reinforced concrete. However, a single 
crack, often with a quite extensive width, developed in most of the cases where major 
debonding occurred.
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Figure 7.25 – Significance of the bond situation on the crack pattern of overlays. 

The methodology adopted for analysing the stress situation in the un-cracked stage and the 
crack width development in the cracked stage for the two situations (2a and 2b in Figure 7.25) 
are presented below.

7.4.2 Basic principles of the model 
A simplified drawing of the test set-up is shown in Figure 7.26. The width of all the overlay 
strips are referred to as bc and the overlay depth is defined as h. The corresponding measures 
of the slab are denoted bb and hb. A position z is further defined as the distance in vertical 
direction from the centre of gravidity (COG) of the combined structure. In accordance with 
the approach proposed by Silfwerbrand (1997), see Section 3.4.3, it was decided to neglect 
the self-weight and to assume that poisson’s ratio is zero. 

h

h-
h 1

h 1

h b

Figure 7.26 – Elevation and section through a slab and overlay strips.

If the mechanical properties of the slab and overlays would not be time dependent, the stress 
distribution (z) could be obtained by multiplying the strain with the elastic modulus as: 

Ezzz )()( cs0   (7.3) 

Where 0 is the strain at the centre of gravidity, corresponding to z = 0,  is the rotation of the 
structure, cs(z) is the free shrinkage strain and E is the elastic modulus of the overlay (Ec) or 
substrate (Eb).
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As the system is not exposed to any external loads, provided that the self weight is neglected, 
there are two conditions that need to be fulfilled in order for equilibrium to be maintained for 
the section; the conditions of force and moment equilibrium (N = M = 0). Expressions for N
and M were given previously in Eqs. (3.15) and (3.16) for a situation of similar overlay and 
substrate width. However, the equations need to be reformulated somewhat in order to 
consider that the widths of overlay and substrate deviated in the tests.

Thus, the equation for the normal force, N, will be as follows: 
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While the moment, M, can be calculated as:  
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It can be seen in the equations that the shrinkage of the bottom slab is neglected. This may not 
be entireably correct in the present case as the bottom slabs were only 1 year old at the time of 
overlaying. However, in comparison to the newly cast overlay strips the shrinkage rate was 
certainly insignificant.  

Regarding the shrinkage of the overlay strips a linear distribution was assumed as indicated in 
Figure 7.26. If the shrinkage at the top and bottom are denoted top

cs  and bottom
cs  respectively 

the following equation can be set up to calculate the shrinkage strain at any position z in the 
overlay:

zh
h

z 1

bottom
cs

top
cstop

cscs )(  (7.6) 

In the calculations presented in succeeding sections the shrinkage was obtained directly from 
experimentally measured values as given in Figure 7.10 for the evaluated concrete types. 

7.4.3 Stress analysis in the un-cracked stage 
The above technique can only be used in case shrinkage is applied in a single step. However, 
the main objective of the calculations presented here is to estimate the stress development due 
to a successively changing shrinkage load. It is then more appropriate to adopt a stepwise 
calculation procedure, in which the shrinkage is applied in several small increments.  
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The test period was thus divided into a suitable number of time steps. For the sake of 
convenience the length of each step was set to 1 day. At the end of each step a free shrinkage 
strain corresponding to the shrinkage developed within the current time step as shown in 
Figure 7.27 was applied to the overlay, e.g. )( 1
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Figure 7.27 – Measured free shrinkage at the top and bottom divided into increments ti = t1,2,3
applied in a step-wise procedure in the stress calculations.

The resulting normal strain 0(t1) and curvature (t1) occurring within the corresponding 
time increment t1 can be calculated by solving the stepwise versions of the integral 
expressions of Eqs. (7.4) and (7.5) with N(t1) = M(t1) = 0. In other words, factors 0 and  in 
the equations are replaced by 0(t1) and (t1) respectively while cs(z) is replaced by the 
function given in Eq. (7.6) with top

cs  and bottom
cs  equal to )( 1

top
cs t  and )( 1

bottom
cs t . Notice 

that simple solutions to the integrals as the ones given by Silfwerbrand (1997), see Eqs. (3.17) 
and (3.18), were not possible to establish due to the more complex shrinkage distribution, 
different overlay and substrate widths and the changing material properties. The solutions are 
however easily derived on a computer.  

When the parameters 0(t1) and (t1) are known the corresponding change in stress at any 
level z in the overlays can be calculated by reformulating Eq. (7.3) as follows: 
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cs1101c tEzh

h
tttzttt  (7.7) 

However, the solution is only valid at the moment when the shrinkage is applied. Due to 
relaxation the stress will successively decrease in time as indicated in Figure 7.28. This effect 
is considered in the calculations by replacing the elastic modulus of the overlay in Eqs. (7.4) 
and (7.5) with the relaxation modulus, Rc(t,t1). A consequence is that the integrals need to be 
resolved for each new time step as the relaxation modulus changes in time.  
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Figure 7.28 – Total and incremental stress development in the overlay due to shrinkage 
applied at ages ti = t1,2,3.

The stress in the concrete at any time t due to the increment of shrinkage strain applied at t1
may thus be obtained as follows: 
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where 0(t,t1) and (t,t1) are the normal strain and curvature at time t due to the shrinkage 
strain applied at t1. The total stress at time t is obtained by summing the contribution from 
each of the preceeding increments ti such as: 
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7.4.4 Prediction of failure 
There are basically two different failure mechanisms that need to be investigated, debonding 
and cracking. For the sake of simplicity it is assumed in the analysis that debonding cannot 
occur prior to overlay cracking. The risk of substantial debonding after cracking is assessed 
based on the stress situation developing in the vicinity of the crack (see Figure 3.22). Possible 
criteria for the two types of fracture adopted in the analysis are discussed below.

Determination of overlay cracking 
The fracture criterion adopted for assessing the time to cracking is similar to that proposed for 
the restrained rigs. It is simply assumed that a crack will develop as soon as the mean stress 
obtained from the elastic analysis (Eq. 7.9) reach the tensile strength of the concrete. Thus, the 
following failure criterion can be set up for determining the age at cracking: 

)()( ctmeanc, tft  (7.10) 

When the criterion is fulfilled cracking is assumed to take place and it is essential to be able to 
assess the risk of debonding as the overlay crack pattern and crack width development is 
dependent upon the restraint situation as discussed in Section 7.4.1 (see 2a and b Figure 7.25).
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Assessment of the risk of debonding 
Results from FE-analysis discussed in Section 3.4.4 showed that vertical lifting and shear 
stresses are induced near free ends (see Figure 3.22). Debonding is most certainly related to 
these stress components. However, the ends of the overlay strips in the present tests were 
connected to the substrate by means of shear connectors, which implies that debonding could 
only be initiated after a vertical crack had developed through the overlay. It is recognised that 
the stress situation cannot be expected to be identical in the vicinity of a crack as near the 
ends prior to cracking. Nevertheless, it is assumed here that the stress situation at, or just prior 
to cracking, as obtained in the elastic analysis can be used to estimate the risk of debonding.   

It is further assumed that debonding is mainly caused by the vertical component acting across 
the interface rather than by the shear stress, see Figure 7.29. Jonasson (1977) proposed an 
equation to estimate the maximum vertical stress at the end of the section z,max based on 
regression analysis of results from FE-analysis, Eq. (3.22) in Section 3.4.4. A problem is 
however that the formulation always results in a stress value that exceeds the normal stress x,
thus implying that debonding would always occur prior to overlay cracking. As it is believed 
that this is not the case in reality it was decided to instead adopt the average vertical lifting 
stress over distance x1 to assess the risk of debonding.
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Figure 7.29 – Assumed vertical stress distribution at the interface between overlay and 
substrate at a vertical overlay crack. 

The mean stress, z,mean in Figure 7.29, is established by assuming that the real tensile stresses 
are triangularly distributed within distance x1 in the figure. This means that z,mean can be 
obtained simply by dividing the maximum stress z,max, as given by Eq. (3.22), with 2, which 
leads to the following expression:  

ox22meanz, )118(
)1(10 zN

h
 (7.11) 

The normal force Nx = x·Ao and the lever arm zo are obtained from the elastic analysis as 
described in the previous section. Debonding is assumed to take place in case the lifting stress 
at the time of cracking z,mean(tcr) exceeds the tensile bond strength ft,bond, i.e: 
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bondt,crmeanz, )( ft  (7.12) 

A major problem is of course to determine a realistic value for the bond strength. It is 
virtually impossible to obtain the factor from tests as the area of debonding is not known on 
beforehand. This means that the only parameter that may be measured is the bond strength in 
parts of the overlay that are still bonded. It may be questioned however if such information is 
relevant for assessing the risk of debonding.

7.4.5 Prediction of crack width 
The crack width depends mainly on two factors; the extent of debonding and the 
reinforcement bridging the crack. In case the overlay strip is perfectly bonded even after a 
crack has developed, i.e. if the mean lifting stress z,mean is less than the bond strength, the 
crack width can be expected to be of insignificant order even without reinforcement, see e.g. 
results for slab 1 of the experimental part in Figure 7.14. The need for reinforcement to 
distribute cracks, or at least minimise the crack width, will be considerably higher in case of 
substantial debonding, which was verified by the test results of slabs 2-4 in Figures 7.15-7.17.

Methods to calculate the crack width for the two situations are discussed below. 

Crack width in case of perfect bond even after cracking 
A possible method of estimating the crack width in case of perfect bond has been discussed 
previously in Section 3.5 where the following equation was proposed in Concrete Report no 
13 (2006) to apply for SFRC:

cs20,10cr 31 hRw  (7.13) 

where R10,20 is the residual strength factor, h is the overlay depth and cs is the free shrinkage 
strain. Notice that the equation is valid for situations where the distance between cracks 
corresponds to 3 times the overlay depth. This value was further verified by the crack patterns 
observed on the bonded overlay strips of the current study, see Figures 7.14-7.17, where the 
distance between visible cracks was estimated to approximately 2-4 times the overlay depth.    

Thus, the present situation, with h = 0,05 m and a mean value of the free shrinkage cs after 
120 days of approximately 0,6 mm/m as shown in Figure 7.10, Eq. (7.13) yields a crack width 
of approximately 0,09 mm at the end of the test period even for un-reinforced concrete, i.e. 
R10,20 = 0. This seems to agree rather well with crack widths observed for the strips that were 
well bonded to the substrate throughout the complete test cycle, see e.g. the strips of slab 1 in 
Figure 7.14.

Crack width estimation in case of substantial debonding 
With regard to the reinforcing effect provided by steel fibres it is far more interesting to 
consider a case where substantial debonding takes place. In order to be able to estimate the 
crack width for such situation however, the extent of the debonded area needs to be known on 
beforehand, at least for normal fibre volumes where strain hardening response is not obtained. 
This parameter is however not easy to predict, which means that an accurate estimate of the 
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fibre effect is difficult to get. For the calculations presented here it was somewhat easier as the 
debonded length, Ldeb in Figure 7.30, could be obtained directly from the overlay strips tested.   

)(twcr

)(twcr

Figure 7.30 – Complete interaction between overlay and substrate assumed prior to cracking 
while debonding occurs at the time of cracking. Notice also that fibres to some extent limit the 
crack width by transferring force across the crack. 

The assumed response of an overlay due to cracking is illustrated in Figure 7.30. At the 
moment a crack develops through the overlay and substantial debonding occurs it is assumed 
that the state of restraint changes. For plain concrete the substructrure will be completely 
relieved over the debonded length Ldeb while for SFRC, on the other hand, fibres will transfer 
load across the crack, thus maintaining the substructure in a deformed state to some extent.  

If friction between overlay and substrate is neglected within the debonded area there is a close 
resemblance with the restrained rig tests of Chapter 5. This means that the same principles for 
calculating the crack width, as described in Section 5.4.5, may be applied here as well.   

A different approach is however required in order to assess the influence of the restraint 
deformation. The rig described in Chapter 5 was completely relieved at cracking in case of 
plain concrete. This means that the entire restraint strain developed prior to cracking 
contributed to the crack opening. However, for the present tests the cracking was limited to 
one or just a few of the strips, which means that the substrate slabs were still restrained to 
some extent even efter major debonding. This effect was further influenced by the fact that six 
out of ten strips were reinforced, thus implying that even if cracking and debonding occurred 
forces were still transferred to the underlying slab (N(t) in Figure 7.30).

From the strain measurements conducted on the slabs, as shown in Figure 7.12, it may be seen 
that the deformation rate levelled out after approximately 20 days, which corresponded to the 
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age of cracking. The strains were then stable or even increased slightly over the remaining test 
period. This implies that, in the crack width analysis, it is reasonable to neglect the difference 
in restraint strain prior to and after cracking.  

Two methods were proposed for crack width estimation in Section 5.4.5; one in which stress 
relaxation after cracking was considered and one where crack growth was directly related to 
the residual strength factor. The equations given for the methods were: 

 Method 1:  debcrccrcscr ),(),()()( Ltttttwtw  (7.14) 

 Method 2:  deb20,10crcscr 1),()()( LRtttwtw  (7.15) 

where w(t) is the crack width at time t after cracking, w(tcr) is the initial crack width at the 
time of cracking tcr, cs(t,tcr) is the shrinkage strain applied after cracking and c(t,tcr+) is the 
change in concrete strain from the time of cracking due to relaxation. If the restraint 
deformation is neglected, as discussed above, the initial crack width may be calculated as: 

debcrccr )()( Lttw  (7.16) 

where c(tcr) corresponds to the strain relief in the concrete within the debonded area at the 
time of cracking, see Figure 5.25 (a). The strain change will be equal to the strain capacity of 
the concrete for un-reinforced concrete as all strain is released at cracking. For SFRC on the 
other hand, parts of the strain will be maintained even after cracking due to fibres bridging the 
crack, c(tcr+) in Figure 5.25 (a). The strain decrease c(tcr) may be calculated with Eq. (5.21). 

For un-reinforced concrete, with R10,20 = 0, the crack growth is directly related to the 
shrinkage rate, cs(t,tcr) in Eqs. (7.14) and (7.15). For SFRC on the other hand, with R10,20
above 0, the methods will give deviating results. In the first method it is acknowledged that 
the shrinkage strain applied to the overlay after cracking can only be consumed by the 
relaxation of the uncracked concrete, i.e. the decrease in concrete strain from the time of 
cracking due to the shrinkage applied prior to cracking c(t,tcr+) in Figure 5.25 (a). In other 
words, the part of the shrinkage that exceeds the relaxed strain will contribute to the crack 
width expansion. Formulations adopted for the calculation of the relaxed strain may be found 
in Section 5.4.5 (Eqs. 5.26-5.28).

In the second method the relaxation is simply ignored as may be seen in Eq. (7.15). The crack 
growth is instead assumed to only depend on the residual strength factor, in addition to the 
debonded length and the shrinkage.

7.4.6 Input data for the calculations 
Input data required in order to calculate the stress development in the overlays are the free 
shrinkage strain development, the elastic modulus of the substrate and the overlays and the 
tensile strength development of the overlay concrete. Additionally it is necessary to define the 
creep properties of the overlay from which relaxation functions can be approximated. 
Furthermore, in order to estimate the effect of fibres a residual strength factor, R10,20-value, 
also needs to be defined.
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The free shrinkage was obtained directly from measurements given in Figure 7.10, while the 
tensile strength development was calculated from the compressive strength as discussed in 
Section 7.3.1, see Figure 7.9 (b). The elastic modulus Ec(28d) was obtained based on the 
compressive strength using Eq. (4.1) (CEB FIP MC 90). Notice also that it was assumed that 
the development rate of the elastic modulus was similar to that of the compressive strength, 
i.e. Eq. (4.1) will be valid for all ages.  

Unfortunately, there were no tests conducted to determine the post-cracking properties of the 
SFRC. However, considering that the type of concrete used for the overlay strips was 
identical to that used for the end-restrained shrinkage tests a similar response was assumed. 
The residual strength factors R10,20 obtained for concrete with 0, 20, 30 and 40 kg/m3 of steel 
fibres of the type Dramix RC-65/35-BN in the end-restrained rig tests are plotted in Figure 
7.31. Also shown is a linear trend line, which gave a rather good fit to the experimental 
results. The dotted lines indicate that residual values of approximately 40 and 80 % are 
representative for the amounts of fibres used in the present tests, i.e. 30 and 60 kg/m3.

However, the R10,20 values adopted in the calculations were modified somewhat to account for 
the actual amount of fibres in the crack zones, calculated based on the counted numbers as 
given in Table 7.3. In other words, a “real” R10,20 in the crack zone was calculated by relating 
the actual number of fibres to a theoretical number as follows: 

20,10
theor

crackcrack
10,20 R

n
nR  (7.17) 

For instance, the major crack of strip SFRC 30 II on slab 3 contained an actual number of 
fibres according to Table 7.3 of 66, while the theoretical number for the current cross section 
was calculated to 75. This means that a residual strength factor of 66/75·0,40 = 0,352 was 
used in the calculations for the corresponding situation.
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Figure 7.31 – Residual strength factors R10,20 obtained for the concrete types tested within the 
end-restrained shrinkage tests (see Table 5.2).  
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The creep response was calculated as descsribed in Section 5.3.3, i.e. using the EC 2 method 
(Figure 4.20) modified to better capture the response of the early loading ages by introducing 
a different expression for the increasing factor (t0), see Eq. (4.39). A plot showing the creep 
compliances for loading ages 5-28 days is given in Figure 7.32 (a). It should be mentioned 
that a compressive strength of 37,2 MPa, as obtained for concrete type PC, was adopted in the 
calculations (fcm, 28d in Table 7.2). Moreover, the relaxation functions for the same loading 
ages, calculated directly from the corresponding compliances using the relation inscribed in 
the diagram, can be seen in Figure 7.32 (b). The reason as to why the response for loading 
ages less than 5 days is not given is simply that the overlay strips were cured for a period of 5 
days, i.e. the shrinkage was not initiated until after this time.  
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Figure 7.32 – (a) Compliances and (b) relaxation functions calculated for concrete type PC at 
different loading ages ranging from 5 to 28 days. Also shown are the measured compliances 
for loading at 7 days for three of the concrete types used in the end-restrained shrinkage tests. 

Also plotted in the diagrams of Figure 7.32 are the results obtained in creep tests conducted 
for the concrete used in the end-restrained rig tests, see Chapter 5. The results in Figure 7.32 
(a) represent the creep response obtained for loading age t0 = 7 days while the relaxation in (b) 
was directly calculated from the compliances as previously demonstrated. A reasonable 
correlation between experimental and calculated creep compliances was established, although 
it seems as if the measured creep rate was slightly higher than the theory, at least for the plain 
concrete (PC). 

It should also be mentioned that the bottom slabs were characterised by an E-modulus of 35 
GPa.

7.5 Comparison of theoretical modelling and experimental results 

7.5.1 Bottom slab deformations 
Comparisons of measured and calculated strains at the top and bottom of the slabs are shown 
in Figure 7.33. Measured strains represent the mean value obtained at the centre of the slabs 
on the side faces approximately 10 mm from the bottom and top faces respectively, see Figure 
7.6. Regarding the strains at the top of the slabs it may be seen that the correlation was 
reasonable within the first few days. After the initial period the measured strains were 
however slightly lower than the calculated for all slabs except for slab 4. This implies that the 
contraction at the top of the slabs was somewhat overestimated.  
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The strain at the bottom of the slabs was overestimated for all slabs. It is however somewhat 
peculiar that negative strains were measured at the bottom initially, which would indicate a 
slight contraction. It is difficult to find a reasonable explanation for such response as the 
curvature will clearly give a higher strain (positive) at the outermost fiber as compared to the 
normal contraction (negative).  

As discussed previousy in Section 7.3.3 the situation is however somewhat complicated as the 
slab responses were influenced by slab shrinkage, drying from the initial moistening and a 
possible temperature variation related to the heat of development of the overlay in addition to 
overlay shrinkage. Furthermore, some of the overlays did debond and crack severely during 
the testing period, thus resulting in a somewhat reduced load transferred to the slab. 
Considering these uncertainties it is difficult to draw any certain conclusions regarding the 
accuracy of the predicted restraint situation. 
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Figure 7.33 – Calculated and measured strain development at the top and bottom of the slabs. 
(a) Slab 1, (b) Slab 2, (c) Slab 3 and (d) Slab 4.  
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7.5.2 Prediction of failure
Two failure criteria were defined in Section 7.4.4; one for vertical cracking through the 
overlay and the other for debonding along the interface between overlay and substrate. The 
age at which overlay cracking is predicted as well as the likeliness of debonding to take place 
after cracking is discussed in the following.  

Age at cracking 
The calculated mean stress developments in the overlays, based on the free shrinkage 
obtained for concrete types PC and SRA (shrinkage reduced concrete) respectively, are shown 
in Figure 7.34. Also given is the tensile strength as a function of age. The predicted ages at 
cracking would be approximately 19 days (PC) and 32 days (SRA). A corresponding 
difference was not observed in reality. For the strips that were well bonded most cracks were 
detected at the inspection 23 or 24 days after the start of drying for all concrete types (see 
Figures 7.14-7.17). Observe that the values correspond to 28 and 29 days expressed in 
concrete age. Important to mention is that the preceeding crack inspection was conducted on 
day 9 or 10, corresponding to 14-15 days in concrete age. This means that the actual crack age 
was in fact somewhere between 14-15 and 28-29 days, which means that the predicted time of 
cracking for PC may be acceptable.    

It should however be mentioned that cracking generally was observed earlier for the strips 
that debonded substantially, particularly for slabs 3 and 4 as may be seen in Figures 7.16 and 
7.17. This may imply that cracks developed earlier than stated even in the strips that were 
well bonded. However, these cracks may have been difficult to detect immediately as the 
cracking was not followed by debonding.

From above, the conclusion would thus be that the theoretical model overestimates the age at 
cracking, which was also the case for the end-restrained shrinkage tests of Chapter 5. A 
possibility is that the strength based failure criterion adopted may not be appropriate, see 
discussion in Section 5.6.3. 
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Figure 7.34 – Calculated mean stress development in the overlays with free shrinkage as 
measured for PC in (a) and for SRA in (b). Also shown is the tensile strength for the 
corresponding concrete types (see Figure 7.9 (b)). 
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The accuracy of the theoretical model may further be evaluated from a strain perspective. A 
summary of the strain development measured at the mid-point of the strips are plotted in 
Figure 7.35 (a)-(d). Also given is the calculated strain at the top of the overlays without 
considering the effect of cracking.  

Cracking activity is manifested by sudden variations in measured strains. An increase means 
that the strain was measured over a crack and a decrease that the strain was measured in a 
debonded un-cracked zone. It should be pointed out that the measurements only cover a 
region of 200 mm, implying that cracking and debonding may very well have started even 
earlier in other regions of the strips. The measured strains reveal that cracking activity was 
generally initiated earlier in case of major debonding, as was also mentioned above. For slab 
1, where the strips were bonded even after cracking, the cracking activity seems to start at an 
age of approximately 20 days (see Figure 7.35 (a)). However, for the debonded strips of e.g. 
slab 3 and 4 in Figure 7.35 (c) and (d) cracks seem to have developed almost immediately 
after the start of drying. It can be seen that the predicted strains correlated rather well when 
compared to the measured strains of the bonded overlays.  
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Figure 7.35 – Strains measured at the upper face in mid-section of the overlay strips (distance 
L6 in Figure 7.6) and corresponding calculated strain. (a) slab 1, (b) slab 2, (c) slab 3 and (d) 
slab 4.
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Risk of debonding 
The risk of debonding is estimated by using the methodology described in Section 7.4.4. In 
other words, the vertical lifting stress z,mean at the moment when cracking occurs, i.e. when 
the normal stress x,mean reaches the tensile strength of the overlay, is simply compared to the 
bond strength between overlay and substrate. If the condition of Eq. (7.12) is fulfilled it is 
assumed that debonding is likely to occur and an estimate of the potential length of the 
debonded zone is required in order to predict the crack width.

The calculated vertical stress developments for concrete types PC, SFRC 30 and SRA are 
given in Figure 7.36. Notice that the calculations were finalised at the time when a vertical 
crack was predicted by the theoretical model. It may be seen that the stress development was 
slightly slower for SRA than for the other concrete types. This is obviously due to the 
reduction in shrinkage. At the time of cracking a stress of approximately 2 MPa was however 
calculated for all concrete types. The reason for the similarity is of course that the geometry as 
well as the tensile strength was almost identical in all cases.    
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Figure 7.36 – Calculated vertical mean stress development at free edge for concrete types 
PC, SFRC 30 and SRA. The tensile strength development for PC is given as a comparison.

The results imply that a pull-out bond strength in the order of 2 MPa is required to avoid 
extensive delamination. It is however not a simple task to verify if the criterion is valid as the 
bond strength will always be zero when debonding has occurred. The evaluation would thus 
have to be made just prior to debonding. In the present study, however, pull-out tests were 
only conducted at the end of the test period in areas that were still sufficiently bonded. This 
means that a minimum level for the bond strength cannot be established. Based on the 
obtained results, as given in Figure 7.18, it may however be concluded that a value in the 
region of 1,5 MPa (average value for slab 2) was sufficient to prevent extensive debonding. 
The fact that the calculated vertical stress z,mean at cracking was higher would thus imply that 
the fracture criterion for de-lamination (Eq. 7.12) is not accurate. Observe also that the values 
given in Figure 7.18 are mean values from 6 pull-out tests, indicating that even lower values 
than 1,5 MPa were obtained.  
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It may thus be concluded that a more nuanced methodology, based on fracture mechanics, is 
required in order to accurately determine the likeliness of de-lamination to occur, see also 
discussion in Section 8.4.

7.5.3 Crack width development 
It is somewhat difficult to assess the accuracy of the model to predict the effect of fibre 
reinforcement as strain measurements were only conducted within a limited area of each strip 
if PC I is disregarded, position L6 in Figure 7.6. Thus, the development of a major crack on a 
debonded strip was only captured in one case, for strip SFRC 30 II of slab 3. The 
corresponding crack strain measurement is given in Figure 7.37, i.e. the strain measured over 
the crack zone. Also shown are the measured strains in the un-cracked parts of strips PC II 
and SFRC 60 II on the same slab. As the debonded zones of these strips were of the same 
order as that of SFRC 30 II (see Figure 7.16) it is believed that the strains were also quite 
similar.  

The predicted crack strains were calculated using the two methods described in Section 7.4.5 
with a debonded length Ldeb equal to 1,8 m (as obtained for SFRC 30 II slab 3) and a residual 
strength factor R10,20 of 35,2 % calculated using Eq. (7.17) with ncrack = 66 and ntheor = 75 as 
given in Table 7.3 for SFRC 30 II slab 3.

It can be seen in Figure 7.37 that the crack age was overestimated by approximately two 
weeks. However, the crack strain rate and the strain development in the un-cracked parts were 
predicted quite accurately. It seems as if method 2 better captured the effect of fibres on the 
crack width as the corresponding crack strain gave a very good correlation in the present case. 
Method 1, on the other hand, resulted in a too high crack strain rate, thus implying that the 
technique of considering strain relaxation after cracking was not adequate.
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Figure 7.37 – Measured and predicted crack strains for strip SFRC 30 II on slab 3. Also 
shown is the calculated strain in uncracked parts as well as the corresponding measured 
strain for strips PC II and SFRC 60 II on slab 3.

A summary of predicted results using the two methods proposed to predict the crack width is 
given in Figure 7.38 and 7.39. The first plots show the relative crack width, i.e. crack width 
divided by measured debonded length, as a function of the residual strength factor for most of 
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the strips that were severely debonded (PC I on slabs 1, 2 and 4, PC II on slabs 2 and 3, SFRC 
30 I on slab 4, SFRC 30 II on slab 3, SFRC 60 I on slab 4 and SFRC 60 II on slab 3). It may 
be seen that the relative crack width for plain concrete in most cases was overestimated by the 
theoretical methods. This may indicate that the shrinkage strain applied in the model was 
slightly higher than in reality, even though it was obtained from dummy specimens stored 
next to the overlays. However, a possibility is that the moisture exchange taking place in the 
transition zone between overlay and substrate influenced the shrinkage.

Regarding the accuracy of the methods for predicting the fibre effect it may be seen that 
method 2 again was better. A slightly steeper line for the predicted response as compared to 
the trend line indicates that the method may overestimate the fibre effect. However, the 
predictions using method 1 were far too conservative.
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Figure 7.38 – Predicted and measured relative crack width (width divided by debonded 
length) in the strips where substantial debonding occurred. Calculations based on Eq. (7.14) 
in (a) and Eq. (7.15) in (b). The R10,20-values were approximated based on number of fibres in 
the crack zone using Eq. (7.17).  

The measured and predicted absolute values of the crack widths for all strips where 
debonding was observed in the vicinity of a crack are given in Figure 7.39 (a) and (b). As was 
also stated above it may be seen that method 2 better captured the response of fibre concrete. 
Note that the plotted line represents the relation 1:1 between measured and predicted crack 
width.
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Figure 7.39 – Comparison between calculated and measured crack widths at the end of the 
measuring period for method 1 (Eq. 7.14) and method 2 (Eq. 7.15). 

Although it must be recognised that the experimental evidence is rather limited it can thus be 
concluded that method 2 is more appropriate for determining the crack width of SFRC.  

7.6 Concluding remarks 

7.6.1 Significance of the bond quality 
The principle influence of steel fibres, as obtained in the half scale tests, is illustrated in 
Figure 7.40. For strips that were bonded throughout the test period, numerous well distributed 
fine cracks developed, and the contribution of steel fibres was found to be negligible. For the 
strips where substantial debonding occurred on the other hand, left hand side of the figure, 
only one single crack was established in case of PC and SFRC. It was also demonstrated that 
the effect of fibres for this situation can be quite significant if a sufficient amount of fibres is 
provided.
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Figure 7.40 – Reinforcement to control cracks is only required if the bond strength is 
insufficient to prevent substantial debonding. 
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It may thus be concluded that reinforcement is not required to distribute and control cracks in 
case the bond strength exceeds a certain value, defined as the critical bond strength in Figure 
7.40. The challenge is to find an appropriate value, or rather an appropriate fracture criterion 
for debonding. No conclusion on this regard can however be given based on results of the 
present study.

7.6.2 Effect of reinforcement on crack widths 
Regarding the cracking of the substantially debonded strips it may be concluded that 
conventional steel bars provided a more effective reinforcement as compared to 30 and 60 
kg/m3 of steel fibres. The largest cracks observed in case of steel bar reinforced concrete were 
in the order of 0,2 mm while maximum crack widths of 0,8 and 0,6 mm were measured for 
the two amounts of steel fibres. It should however be pointed out that the comparison is 
somewhat unfair since an un-realistically high reinforcement ratio was adopted in case of steel 
bars. The single steel bar of diameter 10 mm applied in the tests gave a cross sectional area of 
78 mm2, which is approximately 60 % higher than the minimum requirement according to the 
Swedish Code for Concrete Structures BBK 04 (Eq. 7.1).  

Another important parameter that needs to be addressed is the uneven distribution of fibres 
observed in the strips. The actual number of fibres counted in the crack zones was always 
lower than the theoretical amount. This implies that the residual properties of the fibre 
concrete in the actual crack zone was possibly poorer in most cases than what would be 
expected for concrete with the specified amount of 30 and 60 kg/m3 respectively. Based on 
the actual number of fibres counted in the crack zones of the substantially debonded strips it 
can however be concluded that approximately 60 kg/m3 of steel fibres would be required in 
order to maintain crack widths below or in the region of 0,2 mm, see Figure 7.41. Notice that 
this is valid for a debonded length in the order of 2 m. 
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Figure 7.41 – Measured crack width for strips of the half-scale overlay tests that debonded 
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7.6.3 Effect of SRA 
The effect of shrinkage reducing admixture (SRA) was also evaluated in the study. It was 
found that the addition of 1,5 % SRA of the cement weight gave a reduction of the free 



7. Half scale tests on bonded overlays 

194

shrinkage in the order of 25 %. Unexpectedly, the reduction did not seem to have a significant 
effect on the age at cracking. It should be mentioned however that the age of cracking was 
difficult to assess as the cracking response was related to the bond situation, such as visible 
cracks developed earlier in the strips that debonded. It may be concluded though that the 
addition of SRA resulted in a slight crack width reduction as compared to plain concrete (PC), 
see e.g. Figure 7.42.
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Figure 7.42 – Measured crack width as a function of recorded debonded length for the 
debonded half scale overlay strips of concrete types PC and SRA. 

7.6.4 Appropriateness of the test method 
It is believed that the type of test method where concrete is cast on a substrate is the most 
appropriate for evaluating the cracking response of overlays. However, there were some 
factors that complicated assessments somewhat. Firstly and most importantly, it was found to 
be difficult to control the bond situation. A consequence was that the situation of restraint 
varied extensively, from complete bond to debonding along the entire overlay length. This 
made evaluations of results difficult as discussed earlier. Notice however that variations in 
bond conditions are quite common in practice as well.

Secondly, deformations could not be measured satisfactorily as the total overlay area was 
rather extensive. This means that the strain and cracking response could not be closely 
followed as was the case for the more convenient rig tests of Chapter 5. A possible solution to 
this may be to use some kind of optical measuring technique (speckle), which allows strains 
to be evaluated from a series of images. Even for such type of measuring it may however be 
impossible to evaluate deformations of large areas.

Thirdly, the fibre distribution along the strips was found to be uneven, possibly due to the 
small cross section (50x150 mm2). A result was that cracks often developed in sections where 
the number of fibres was lower than what would be expected for the fibre content added to the 
concrete. The problem was overcome in the study by estimating the real amount of fibres 
based on the actual number of fibres observed in a crack.    

A drawback of the tests was also that air was not prevented from reaching the side face of the 
outermost strips on each slab, which resulted in an unrepresentative shrinkage situation. This 
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can however easily be avoided in future testing, e.g. by removing the form side and sealing 
the exposed side of the overlay strips.

7.6.5 Theoretical model 
A theoretical model was further proposed for the prediction of overlay cracking. As was also 
the case in the analysis of the restrained rig tests (Chapter 5), the model tends to overestimate 
the age at cracking. The reason is possibly that the strength based fracture criterion set up is 
not quite accurate. However, it should also be mentioned that a “correct” value for the 
cracking age could not be established as the experimental crack age varied within a period of 
20-30 days.

Two analytical methods were further evaluated for prediction of the crack width development 
in case of substantial debonding. Comparisons with experimental results showed that method 
2 gave the best correlation, see Figure 7.38 (a) and (b) and Figure 7.39 (a) and (b). Observe 
however that a prerequisite for accurate predictions is that the debonded length is known.
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8 Proposed design concept for SFRC overlays – summary and 
generalisation

8.1 General
Some theoretical methods for evaluating the effect of restrained shrinkage were reviewed in 
Chapter 3 with the aim of investigating their adequacy. Most of the methods were however 
intended for the purpose of predicting the stress state in a restrained member or the age at 
cracking while only one of the models was developed to predict crack widths of restrained 
SFRC (see Section 3.4.2). However, although the model has been shown to give rather 
accurate results in case of concrete rings (see Figure 3.13) and other structures it was decided 
to adopt a different methodology in the present report. Thus a somewhat simpler analytical 
method, which can be expected to come to use for almost any design engineer, was 
established as summarised below.    

The analysis was basically divided into three stages (Figure 8.1); (1) an initial analysis in the 
un-cracked stage, (2) prediction of failure and (3) crack width analysis. In the first stage the 
tensile stress development was calculated based on beam theory for a composite member, i.e. 
assuming full bond between the two layers. The analysis follows a methodology proposed by 
e.g. Silfwerbrand (1997) (Section 3.4.3) including the rate of shrinkage and creep, the 
development of stiffness and tensile strength and the situation of restraint.  

Two situations are distinguished in the cracked stage, assumed to be reached when the tensile 
stress exceeds the overlay strength. The first is that substantial debonding occurs and the 
second that the overlay is still bonded. In case of debonding it is assumed that just a single 
crack occurs in the unbonded region while a distributed crack pattern is expected for a bonded 
overlay. The assumptions are based on the observed fracture response of the half scale overlay 
tests, described in Chapter 7, verified to be valid for SFRC with fibre contents up to 60 kg/m3.
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Figure 8.1 – The proposed analytical model divided into three stages; (1) initial stress 
analysis in the uncracked stage, (2) prediction of failure and (3) crack width analysis. 

8.2 Design in the uncracked stage 
The design approach adopted in the uncracked stage is based on the assumption that the 
overlay and sub-structure behaves in a monolithic way. This means that the stress state in the 
composite structure may be evaluated with conventional beam theory for a statically 
determined system, see Figure 8.1. The approach has previously been used by e.g. 
Silfwerbrand (1997), Bernard (2000) and Denarié & Silfwerbrand (2004) to predict the 
potential of cracking (Section 3.4.3). Such analysis was also adopted to predict the stress 
development of the half scale overlay strips (Section 7.4).

The original method proposed by Silfwerbrand was a one step calculation, in which the 
ultimate stress was predicted based on a final shrinkage value, assumed to be evenly 
distributed over the depth of the overlay. However, it is proposed to rather adopt an 
incremental procedure, as described in Section 7.4, in order to consider the shrinkage 
development in time. This enables an estimation of the stress development and the age at 
cracking. An illustration of the methodology to calculate the stress including the favourable 
effect of relaxation is provided in Figure 8.2 (a) and (b).  
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Figure 8.2 – (a) Shrinkage strain development in time and (b) corresponding stress 
development in a restrained structure incorporating the effect of relaxation.  

In the case of different overlay and substrate width and with un-even shrinkage distribution 
over the section, as adopted to predict the response of the the half scale overlay strips in 
Chapter 7, the stress development is calculated with Eqs. (7.8) and (7.9) in Section 7.4.3. On 
the other hand, if the overlay under consideration has the same width as the substrate structure 
and the overlay shrinkage is approximated with an even distribution over the section, as 
shown in Figure 8.1, the solution according to Eq. (3.19) is valid.

However, Eq. (3.19) needs to be modified somewhat in order to account for the successive 
stress development and the stress relaxation. Thus, the new formulation can be expressed as: 
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where  is the relative overlay depth (see Figure 8.1 for definition) and m(t,ti) is the stiffness 
relation between overlay and substrate determined as: 

),(
),(

ic

b
i ttR

Ettm  (8.2) 

where Eb is the elastic modulus of the substrate concrete and Rc(t,ti) is the relaxation function 
corresponding to the shrinkage load applied at t = ti. The total stress at any time t can be 
calculated by summing the contribution from each increment as: 
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It should be mentioned that Eq. (8.1) gives the stress at the bottom of the overlay, which 
corresponds to the maximum value for an even shrinkage distribution. A formulation can 
however easily be derived by solving the equation for the elastic line as given in e.g. Eq. (7.8) 
for z = -h/2 + h/2 (corresponding to the mid-point of the overlay as may be seen in Figure 
8.1). Notice that the expression for the free shrinkage in Eq. (7.8) should be replaced by a 
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single shrinkage value denoted cs(ti). Moreover, the incremental normal strain 0(t,ti) and 
curvature (t,ti) can be obtained by replacing m in Eqs. (3.17) and (3.18) with m(t,ti) and cs

by cs(ti) such as: 
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The solution for the incremental mean stress (at the mid-point of the overlay) based on an 
even shrinkage distribution can thus be expressed as: 
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A formulation can further be derived for the stress at the top of the section for an even 
shrinkage distribution by following the same procedure as described above for z = -h/2.
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Some calculations were conducted based on an even shrinkage strain and a linear gradient 
shrinkage in order to illustrate the significance of the choice of model for the stress prediction. 
Results are given in Figure 8.3 for the two situations, where the top, bottom and average 
stresses for an even shrinkage distribution, according to Eqs. (8.1), (8.6) and (8.7), are shown 
in (a) and for a linear shrinkage gradient (Eqs. (7.8)-(7.9)) in (b). The calculations were 
executed based on the same overlay properties (elastic modulus, relaxation and shrinkage) as 
for concrete type PC in the half scale overlay tests of Chapter 7. The measured top and bottom 
values of the shrinkage for PC in Figure 7.10 was adopted for the linear gradient while the 
mean value of the top and bottom strains was used to obtain an even shrinkage. Moreover, the 
depth and elastic modulus of the bottom slab was assumed to be 300 mm and 35 GPa 
respectively, also in accordance with the previous tests.  

Variations of relative overlay depth was obtained by changing the overlay depth, which in 
reality would result in a change in shrinkage. However, the same shrinkage was used in all 
cases, implying that the exact stress values are only valid for an overlay depth of 50 mm, 
corresponding to  = 50/350 = 0,14, and for a drying age of 30 days.

It is believed that the stress situation obtained for a shrinkage gradient (Figure 8.3 (b)) is more 
realistic than the even shrinkage (Figure 8.3 (a)). The question is if a simplified method as 
shown in Figure 8.3 (a) can be applied to estimate the potential of cracking and if so, which of 
the stress values to adopt (stress at bottom or mean stress). Silfwerbrand (1997) used the 
maximum stress, obtained at the bottom of the overlay, to assess the cracking potential. It 
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should be realised however that the bottom stress is more or less a fictive value as cracks will 
generally develop long before an even shrinkage has been reached. Thus, it is believed that 
the mean stress is more appropriate.  

This implies that an even shrinkage distribution can be adopted as the mean stress will be 
approximately similar as for a shrinkage gradient (compare mean stress in Figure 8.3 (a) and 
(b)). The advantage is that the formulation given in Eq. (8.6) can be used for the stress 
calculations rather than the somewhat more complicated procedure of solving the integrals 
(Eqs. (7.4)-(7.5)). It should also be recognised that an even shrinkage is somewhat easier to 
define in a design situation when the “real” shrinkage distribution is unknown. 
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Figure 8.3 – Predicted overlay stress after 30 days of drying as a function of relative overlay 
depth with input parameters as for concrete type PC in Chapter 7. (a) Stresses in case of an 
even shrinkage distribution and (b) for a linear shrinkage gradient. 

8.3 Parameters required for the analysis in the uncracked stage 
Factors that need to be defined in order to estimate the age at cracking are the free shrinkage, 
relaxation functions, tensile strength and elastic modulus of the substrate and overlay.

Several options are available for the determination of the shrinkage strain distribution over 
the section as a function of time. The most realistic alternative is clearly to establish shrinkage 
profiles as a function of time based on diffusion simulations (see e.g. Jonasson, 1977, Groth, 
2000 and Bolander & Berton, 2004). However, in most cases the tools to conduct such 
simulations are not available. It is thus necessary to be able to make an approximation, which 
will give a realistic estimate of the stress situation. By adopting an even shrinkage profile, 
numerous rather simple analytical models are available. Two examples were thus reviewed; 
the shrinkage models proposed in EC 2 (2001) and the Swedish Concrete Handbook – 
Material (1997). For the concrete types used in the tests of Chapter 5 and 7 the best 
correlation was established for the last mentioned method.  

Similar to shrinkage there are numerous models available to determine the creep response of 
concrete and to convert creep into relaxation. The creep of the concrete used in the tests 
described earlier was predicted with the method proposed in EC 2, as shown in Figure 4.20, 
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modified to better capture the response for early loading ages (Section 5.3.3). Relaxation 
functions were then established directly from the creep using Eq. (5.6).   

Several alternatives are most certainly also available for the determination of the elastic 
modulus and tensile strength development of concrete. It may however be convenient to adopt 
a formulation in which the property sought for is put in relation to the compressive strength as 
this is the only property specified on a regular basis. Methods proposed in EC 2 were used 
here (Eqs. (4.1)-(4.5)).   

Notice that other methods of defining the material parameters may be more appropriate. 
However, the intention in the present report has been to establish a reasonably simple 
procedure of analysis that can be applied by the general design engineer. Thus, it is quite 
convenient to use methods that are available in the building codes.

8.4 Prediction of failure 
Two types of failure need to be considered as indicated in Figure 8.1; vertical overlay 
cracking and debonding. The possibility of overlay cracking is first assessed as it is assumed 
that a vertical crack is required for internal debonding to take place. Observe that debonding 
starting from an edge is not critical from a cracking point of view. The risk of major internal 
debonding starting from a crack is assessed when/if the fracture criterion for vertical overlay 
cracking has been fulfilled.  

A strength based fracture criterion was proposed for assessing the risk of overlay cracking of 
the end-restrained shrinkage tests and the half scale overlay strips (Eq. (7.10)), i.e. cracking 
was assumed to occur when the predicted mean stress in the overlay mean(t) exceeded the 
tensile strength fct(t). It should be mentioned that it was somewhat difficult to determine if the 
criterion was appropriate as the age at cracking varied quite extensively in both test series. 
However, it seemed as if the crack age was slightly overestimated, possibly due to the uneven 
stress distribution (see e.g. Figure 8.3 (b)) rather than to erroneous stress analysis in the un-
cracked stage. Whatever the reason it is proposed here to adopt the simple fracture criterion of 
Eq. (7.10), even though it is possible that a more accurate strength criterion can be established 
based on fracture mechanics as proposed by e.g. Shah et al (1998) and Noghabai (1998) for 
the ring test (Section 3.4.1).

Similarly, for assessing the risk of debonding starting from a vertical overlay crack, a strength 
based fracture criterion was attempted. It was thus proposed to associate fracture with the 
vertical lifting stress developing near a free end at the time of overlay cracking, z,mean(tcr)
shown in Figure 7.29. Debonding was assumed to occur if the stress exceeded the pull-out 
bond strength ft,bond. The vertical stress component may be calculated with Eq. (7.11) and the 
failure criterion was defined in Eq. (7.12). Notice that Eq. (7.12) may be simplified in case an 
even shrinkage distribution is adopted as the normal force Nx will end up in mid-section of the 
overlay, i.e. zo in Figure 7.29 will be equal to h/2. Recognising that debonding is assessed at 
the exact moment when the tensile strength of the overlay is reached it is further possible to 
replace Nx with fct(tcr)· h, where fct(tcr) is the tensile overlay strength at the time of cracking 
tcr. Thus, debonding is assumed to occur if the following inequality is fulfilled (valid for 0 < 
< 2/3 according to Eq. (3.22)): 
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The accuracy of this failure criterion was however even more difficult to verify as the bond 
strength cannot be obtained after debonding has occurred. However, the measured pull-out 
bond strength for overlay strips in Chapter 7, still bonded even after overlay cracking, was in 
some cases lower than the calculated vertical stress. Based on this observation it may be 
suspected that the fracture criterion is not entirely adequate.

An alternative method to assess the risk of debonding may be to conduct numerical 
simulations, in which the bond strength and the fracture properties of the overlay material are 
varied. Some examples of such analysis conducted in the past were reviewed in Section 3.4.3. 
For instance, Bolander & Berton (2004) showed that bond strength of 1 MPa resulted in 
complete delamination while a value of 4 MPa was sufficient to prevent bond failure (Figure 
3.16). Even though the softening response is definitely another factor of significance for the 
progressive growth of a joint crack, as was also verified by Granju et al (2004), the results 
thus indicate that 1 MPa was not sufficient to prevent debonding for the considered situation.

However, even if a failure value for the pull-out bond stress can be stipulated, based on e.g. 
numerical simulations, it must be realised that it is rather useless as long as it is not related to 
e.g. the type of overlay or the selected methods for substrate preparation or other relevant 
factors. This may be a rather difficult task as the bond strength is known to vary quite 
extensively even for laboratory testing. Moreover, it is believed that debonding typically 
occurs due to inadequate substrate preparations, such as insufficient cleaning, which makes it 
even more difficult to define a fracture criterion.  

8.5 Design in the cracked stage 
Two situations are considered in the cracked stage, perfect bond between overlay and 
substrate and partial debonding (see Figure 8.1). The proposed methods to calculate crack 
widths for the two situations are discussed in the following.

8.5.1 Complete interaction between overlay and sub-structure 
It has been verified in the report that numerous well distributed fine cracks will develop in the 
overlay if debonding does not occur; see e.g. Figures 7.14-7.17. It was also found that the 
effect of fibre reinforcement, or steel bars, was negligible for the situation, i.e crack widths of 
approximately the same order of magnitude were observed for all bonded overlays. This 
means that crack distributing reinforcement is not required, at least not for overlay depths in 
the order of 50 mm. A method to roughly estimate the crack width for bonded overlays was 
evaluated by comparisons with test results (see also Eq. (7.13)): 

)(31)( cs20,10cr thRtw  (8.9) 

where wcr(t) and cs(t) are the crack width and shrinkage strain at time t, h is the overlay 
depth and R10,20 is a residual strength factor used to characterise the post-cracking response of 
SFRC. Notice that the last mentioned factor assumes a value of 0 in case of un-reinforced 
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concrete. It was also verified in Section 7.4.5 that the formulation gave a satisfactory 
prediction of the crack widths observed in tests.

8.5.2 Partial debonding between overlay and sub-structure 
The methodology proposed for the estimation of crack widths in case of substantial debonding 
is based on the observations of the half scale overlay strips of Chapter 7. A single crack was 
found to develop in debonded areas for PC as well as for SFRC (see Figure 8.4). The reason is 
most certainly that the amount of fibres used in the tests was not sufficient to distribute 
cracks.

The fact that just a single crack develops implies that the crack width is related to the length 
of the debonded zone, or rather the free distance between bonded parts of the overlay (Ldeb in 
Figure 8.4) in addition to the residual strength of the SFRC.

Figure 8.4 – Examples of typical crack patterns observed for well bonded and substantially 
debonded strips of the half scale overlay tests described in Chapter 7. 

It is of course not a simple task to determine a relevant value for the debonded zone and no 
recommendations are given in the present report on this regard. However, if it is possible to 
stipulate a value for the distance between bonded parts the following formulation has been 
found to give a reasonable approximation of the crack width development wcr(t) (see Eqs. 
(7.15) and (7.16) in Section 7.5.3):

deb20,10crcscrccr 1),()()( LRttttw  (8.10) 

where c(tcr) is the change in elastic concrete strain at the time of cracking tcr and cs(t,tcr) is 
the shrinkage strain applied after the time of cracking (shrinkage strain positive). For the 
calculation of c(tcr) reference is made to Section 5.4.5 (see Eq. (5.21)).  

The formulation given in Eq. (8.10) implies that the concrete will be completely relieved at 
the time of cracking in case of plain concrete, for which R10,20 is 0. In other words, the 
complete elastic strain developed in the concrete prior to cracking will contribute to the crack 
width as well as the total shrinkage applied after cracking. In case of SFRC on the other hand, 
fibres will transfer some load across the crack, which means that the strain release at cracking 
will not be complete, and furthermore, that all of the shrinkage applied after cracking will not 
contribute to crack opening. It can be seen that the crack width will approach zero in case the 
residual strength factor reaches a value of 1 (or 100 %). This is clearly not entirely correct as 
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reinforcement will not prevent cracking. However, multiple cracking is foreseen for R10,20
values in the region of 1, which means that the crack width may be expected to be close to 
zero.

8.6 Examples

8.6.1 Input data 
Some examples of calculations demonstrate the basic function of the analytical model and 
influences of the main parameters. Two overlay depths were simulated, 60 and 120 mm, while 
the substrate depth hb was varied so as to obtain values of  = ho/(ho+hb) ranging from 0 to 
0,5. The substrate was given an elastic modulus of 30 GPa. For the sake of simplicity it was 
further assumed that the shrinkage and creep of the substrate were negligible. 

For the overlay material a mean compressive strength at 28 days of 27,2 MPa was selected 
giving an elastic modulus Ec of 30 GPa when applying the EC 2 model (Eq. (4.2) in section 
4.2.1). Models proposed in EC 2 were also adopted to calculate the tensile strength, shrinkage 
and creep development of the overlay (Eq. 5.2, Figure 4.14 and Figure 4.20). Regarding the 
drying environment it was assumed that the relative humidity and temperature were 50 % and 
20˚C respectively. A more detailed description of the various models may be found in 
Chapters 4, 5 and 7.

The obtained free shrinkage for 60 and 120 mm overlays drying through the upper face only 
in Figure 8.5 (a), shows, as expected, that the development was considerably more rapid for 
the thinner overlay. After 560 days of drying a free shrinkage of approximately 0,67 mm/m 
was obtained for the 60 mm overlay to be compared to only about 0,45 mm/m for the 120 mm 
overlay. The final shrinkage value according to the EC 2 model was 0,904 mm/m.  

-0,8

-0,6

-0,4

-0,2

0
0 100 200 300 400 500 600

Time (days)

Sh
rin

ka
ge

 
cs

 (m
m

/m
)

h  = 120 

h  = 60 mm

-0,1
-0,09
-0,08
-0,07
-0,06
-0,05
-0,04
-0,03
-0,02
-0,01

0
0 1 2 3 4 5 6 7

Time (days)

Sh
rin

ka
ge

 
cs

 (m
m

/m
)

Overlay h  = 60 mm

cs(2d )

cs(3d )

cs(4d )

cs(5d )

 (a) (b) 
Figure 8.5 – (a) Shrinkage development as calculated using the EC 2 model for two overlay 
depths, 60 and 120 mm. (b) Magnification of the first 7 days for the 60 mm overlay. 

8.6.2 Stress prediction in the un-cracked stage 
The development of stresses was calculated with the stepwise procedure (Section 8.2) and 
results from the first four days of the incremental calculations are given in Table 8.1 for a 60 
mm overlay and a relative overlay depth  of 0,2. The calculations were initiated at day 2, 
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after a curing period of 1 day and one day of drying, by applying a strain corresponding to the 
shrinkage developed within the period cs(2d) = 49 m/m, see also magnified shrinkage 
curve in Figure 8.5 (b). The relaxation modulus Rc(2d,2d) of the overlay at the time was 
calculated to 19,3 GPa giving a factor m(2d,2d)=Eb/Rc(2d,2d) of 30/19,3 = 1,55. The 
incremental mean stress mean(2d,2d) of 0,50 MPa was then obtained using Eq. (8.6).

The succeeding increment, at ti = 3d, was initiated by applying a shrinkage strain cs(3d) of 
18 m/m, which resulted in a mean stress mean(3d,3d) of 0,19 MPa with a predicted 
relaxation modulus R(3d,3d) of 21,3 GPa. At the same time the stress applied at the beginning 
of the previous increment mean(3d,2d) was reduced to 0,39 MPa due to relaxation, i.e. Eq. 
(8.6) was solved for a relaxation modulus R(3d,2d) of 12,7 GPa.

The total mean stress at the beginning of the 4th increment (at day 5 in Table 8.1) mean(5d) of 
0,74 MPa was obtained by summing the contribution from each increment in accordance with 
Eq. (8.3). 

Table 8.1 – Calculated stresses within the first 4 increments for an overlay depth of 60 mm 
and a relative overlay depth  of 0,2.

i t, days cs(ti)
-

m(t,ti)
-

mean(t,ti)
MPa

mean(5d)
MPa

2 1,55 0,50 
3 2,36 0,39 
4 2,61 0,36 

1

5

49·10-6

2,78 0,35 0,35 
      

3 1,41 0,19 
4 2,16 0,15 
5

18·10-6

2,38 0,14 0,14 

2

     
4 1,33 0,15  3
5

14·10-6

2,04 0,12 0,12 
      

4 5 12·10-6 1,28 0,13 0,13 
      

Total stress at day 5: 0,74

The so obtained mean stress development for the 60 and 120 mm overlays are given in Figure 
8.6 for a relative depth  of 0,2. Also indicated in the diagrams is the predicted tensile 
strength development. Regarding the effect of the thickness it can be seen that the more rapid 
drying experienced in a thinner overlay gives a more rapid stress development. Cracks can be 
expected after approximately 2 months for the 60 mm overlay while the corresponding time 
for the overlay of 120 mm depth is approximately 10 months.  
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Figure 8.6 – Mean stress development for 60 and 120 mm overlays for a relative overlay 
depth  of 0,2.

Effect of restraint and relaxation 
Some calculations were conducted to illustrate the effect of the degree of restraint on the 
stress, i.e. a variation in the relative overlay depth . The results for a 60 mm overlay given in 
Figure 8.7 represent the calculated mean stress after 560 days of drying. Two situations have 
been considered; (1) relaxation as described previously and (2) without relaxation.

It can be seen that a relative overlay depth of approximately 0,35 would be required in order 
for the mean stress to exceed the tensile strength with the prerequisites given, (1) in Figure 
8.7. Furthermore, there is a significant influence of relaxation ((2) in the figure) with the 
highest effect for a restraint of 100 %, i.e. for  = 0, and decreasing for increasing relative 
overlay depths. The reason is that the relaxation influences the deformation of the composite 
section (see Eqs. (8.4) and (8.5)) in addition to the stress as calculated using Eqs. (8.3) and 
(8.6).
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Figure 8.7 – Influence of relative overlay depth  and relaxation on the stress situation.
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Effect of curing time and material properties 
Some calculations were also carried out to show how the stress development in the un-
cracked stage is influenced by the length of curing and the material properties of the overlay. 
Five situations were considered; (1) reference situation (as above), (2) prolonged curing from 
1 to 14 days, (3) reduced shrinkage by 30 %, (4) reduced elastic modulus of the overlay with 
30 % and (5) reduced shrinkage and elastic modulus with 30 %. The prolonged curing was 
taken into account by recalculating the shrinkage using the EC 2 model with a starting age for 
drying of 14 days instead of 1 day. Situation (3) (and (5)) was obtained by reducing the 
complete shrinkage curve by 30 % while the elastic modulus at all ages was reduced by 30 % 
in cases (4) and (5).

From the results given in Figure 8.8 it may be seen that a prolonged curing time is not 
beneficial in theory. The reason is that the relaxation will not give stress reductions of the 
same magnitude as when the overlay is loaded from day 1. Furthermore, according to the EC 
2 shrinkage model, and the Swedish Concrete Handbook model (Section 4.3.5), the final 
shrinkage is not significantly influenced by the length of the curing period. At least in theory 
it may thus be concluded that the length of curing should be finalised as soon as the risk for 
plastic shrinkage cracks have declined, i.e. often within 24 hours after casting. However, it 
should be emphasised that the more extensive relaxation may be counteracted by the fact that 
insufficient curing may result in reduced strength.

Positive effects on the stress development may be expected if the shrinkage and/or the elastic 
modulus of the overlay is reduced, (3), (4) and (5) in Figure 8.8. A shrinkage reduction of 30 
% prolonged the theoretical age at cracking from approximately 2 months to 7 months. 
Observe that it was verified in Chapters 5 and 7 that shrinkage reductions in the order of 30 
%, and even higher, can be obtained by adding shrinkage reducing admixture (SRA) to the 
concrete. In Chapter 5 it was also demonstrated that the crack age was in fact prolonged due 
to the reduced shrinkage.

A prolonged time to cracking was also predicted when the elastic modulus was reduced from 
30 to 21 GPa (4) while cracks were completely avoided when both shrinkage and elastic 
modulus were reduced (5). As compared to the shrinkage it may be somewhat more difficult 
to reduce the elastic modulus, at least for normal concrete. A possibility may be to increase 
the air content of the concrete, which is known to decrease the elastic modulus. However, the 
positive effect of the reduced elastic modulus may be neutralized by a reduction in strength 
and a slight increase in shrinkage.

An alternative may be to modify the concrete by addition of polymers, which is quite 
common for mortars used in repairs and levelling of floors. Reductions of the elastic modulus 
in the order of 25-50 % are quite common according to the Swedish Concrete Handbook – 
Material (1997). Polymer modified cementitious materials have further been reported to give 
surfaces with higher abrasive resistance, increased strength and increased impermeability as 
compared to the reference material without polymer modification. In the same reference it is 
also stated that the bond properties to the substrate will be higher for polymer modified 
cementitious materials.  
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Figure 8.8 – Influence of curing time, shrinkage and elastic modulus on the overlay stress 
development.

8.6.3 Prediction of crack width 
As discussed previously there is generally no need for reinforcement as long as the overlay is 
bonded to the substrate. If the overlay has debonded over a certain distance Ldeb, on the other 
hand, it is necessary to apply reinforcement in order to maintain crack widths within the 
specified limits.  

Results from the analysis proposed in case of substantial debonding in Section 8.5.2 are 
presented in Figure 8.9 for an overlay depth of 60 mm, a relative depth  of 0,2 and a 
debonded length Ldeb of 5 m. The shrinkage and relaxation was the same as used in the 
previously described analysis in the un-cracked stage (see Section 8.6.1).

From the stress development shown in Figure 8.9 (a) it may be seen that for un-reinforced 
concrete the stress immediately drops to zero after the tensile strength has been reached. For 
SFRC on the other hand, the residual strength limits the magnitude of the abrupt stress 
decrease.

It may further be seen in Figure 8.9 (b) that the predicted crack width decreases with 
increasing R10,20-value. The results imply that it is necessary to apply fibre concrete with a 
rather high R10,20-value in order to maintain crack widths at an acceptable width if extensive 
debonded areas develop. Typical demands on the crack width in the range of 0,1 to 0,5 mm 
would require a residual strength factor of at least 75 % or higher if the debonded length is in 
the order of 5 m. 
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Figure 8.9 – (a) Normal stress development for an overlay depth of 60 mm and a relative 
depth  of 0,2 for different residual strength factors R10,20. (b) Crack width development for 
the corresponding residual strength factors.  

Provided that the theoretical approach is appropriate it may thus be concluded that in order to 
ensure that crack width requirements are not exceeded for plain or fibre reinforced concrete 
overlays the best alternative is to make sure that de-lamination over substantial areas is 
avoided.
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9 Summary, conclusions and suggestions for future research 

9.1 Summary
Experimental and theoretical methods for assessing the effect of steel fibres on shrinkage 
induced cracking in thin concrete overlays have been addressed in the thesis. A review of 
literature, giving an insight into previous test methods and theoretical models for shrinkage 
cracking, was provided in Chapter 2 and 3 while material models of significance for the 
response of overlays, such as shrinkage, creep, relaxation, residual strength of SFRC and 
concrete-to-concrete bond properties, were discussed in Chapter 4.

A new test method for studying the crack response of concrete exposed to restrained 
shrinkage was described in Chapter 5. The appropriateness of the rig was evaluated through 
two series of tests including plain (PC), shrinkage reduced (SRA), polymer fibre reinforced 
(PFRC) and steel fibre reinforced concrete (SFRC). The risk of cracking was found to 
decrease due to the addition of SRA while steel fibres reduced crack widths, up to 
approximately 50 % for a volume addition of 0,5 % or 40 kg/m3. A theoretical model to 
predict the response of the test rigs was also proposed and correlated to experimental results.  

Pull-out bond tests to evaluate the influence of substrate treatment, such as roughening, pre-
moistening and priming, and the w/c-ratio of the substrate concrete, on the concrete-to-
concrete bond were discussed in Chapter 6. Results showed that roughening is not critical for 
high bond strength to be achieved. Pre-moistening, on the other hand, gave a positive 
influence in all tests, although it was not found to be essential if overlays are cast on low 
permeable substrates, i.e. made of concrete with w/c-ratios below approximately 0,45.  

Half-scale overlay tests for evaluating the crack response of overlays under varying degree of 
bond strength were described in Chapter 7. Parameters included were SRA, SFRC and 
conventional steel bar reinforcement (SBRC). The bond condition was found to be critical for 
the cracking response of SFRC, in the sense that a well distributed pattern of fine cracks 
developed for bonded overlays while a single crack formed in debonded areas. For bonded 
overlays the crack distribution or crack widths were not particularly influenced by fibres, or 
steel bar reinforcement. However, steel fibres reduced crack widths for debonded overlays. A 
theoretical model was proposed to predict the age at cracking and crack widths and a 
reasonable fit was established with experimental results.  

Finally, Chapter 8 descibes a generalised and somewhat simplified version of the theoretical 
model outlined in previous chapters. Examples illustrate the effect of increased overlay depth, 
relaxation and degree of restraint. Also, the residual strength was varied in order to illustrate 
the influence of various types of SFRC.

9.2 General conclusions 
Cracking due to restrained shrinkage is a rather serious concern for overlays. For the control 
of cracks it is common to apply a so called minimum reinforcement, designed to distribute 
cracks. A quite common solution today is to use steel fibre reinforced concrete (SFRC) for the 
purpose. The question is if SFRC can be expected to fulfil the intended function, i.e. to 
provide sufficient crack width reduction by distributing cracks.
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Can SFRC distribute cracks? 
It has been verified in the thesis that, for the type of SFRC generally applied in practice, i.e. 
with fibre contents in the order of 0,25-0,5 % by volume (or 20-40 kg/m3), the contribution 
was not sufficient to distribute cracks within an internal debonded area. In fact, it was found 
that crack distribution was not even achieved for a steel fibre content of 0,75 % (60 kg/m3) by 
volume. Thus, although there is certainly a difference between small scale laboratory tests, as 
conducted here, and full scale structures, it may be concluded that rather high contents of steel 
fibres will be required in order to ascertain crack control in case of partial internal debonding. 
Expressed in terms of residual properties it may be stated that a residual strength factor R10,20,
as evaluated in accordance to the ASTM C1018 standard, of approximately 85 %, perhaps 
even 100 %, may be required in order for SFRC to function as a traditional crack 
reinforcement, i.e. to provide crack distribution. 

Can SFRC give any reduction of crack widths? 
Notice however that crack widths may be reduced quite significantly by the addition of steel 
fibres. This means that, although crack distribution may not be achieved within a debonded 
area, it is possible that the width of cracks will be sufficiently reduced even for residual 
strength factors lower than 85 %. On this regard it is however not possible to give any general 
recommendations as the width will not only depend on the residual properties of the SFRC 
but also on the extension of the debonded area, i.e. the length between bonded parts of the 
overlay.

For situations where the overlay was fully bonded to the substrate it was shown that numerous 
well distributed fine cracks (0,05-0,1 mm) develop even for un-reinforced concrete. A 
conclusion that can be drawn is thus that steel fibres, or other types of reinforcement, are not 
required in thin bonded overlays (a depth of 50 mm has been studied) as long as internal 
debonding is avoided.

How can the substrate be prepared to ensure high bond strength? 
Thus, the preferable way of ensuring crack distribution must certainly be to put down some 
effort in the preparation of the substrate prior to overlaying so that debonding is prevented. 
Some advice regarding suitable methods of preparation of the substrate prior to overlaying 
can be given based on results of pull-out bond tests. First and foremost, it may be concluded 
that pre-moistening is always beneficial provided that the substrate is allowed to dry some 
hours prior to overlaying. Observe that a late moisture addition may completely destroy the 
concrete-to-concrete bond strength.

Secondly it can be concluded that the effect of pre-moistening will diminish as the w/c-ratio, 
or rather the permeability, of the substrate concrete decreases. Results indicate that pre-
moistening is not required if the w/c-ratio is below approximately 0,45 for concrete based on 
Byggcement, of the type CEM II/A-L 42,5 R. For substrate concrete containing coarser 
cement types, as for instance Anläggningscement (CEM I 42,5 BV/LA/SR), results indicated 
that the limit w/c-ratio below which pre-moistening is uncalled for is lower.   

Thirdly, it was found that priming can be as effective as pre-moistening. It should be 
emphasised however that rather low bond quality was obtained in the half scale tests for a 
primed substrate. This may indicate that the method is sensitive to the procedure of 
application or that priming is not suitable for concrete substrates of low w/c-ratios (w/c of 
0,38 was used for the corresponding substrate). More research is needed to further study the 
effect. It should also be added that roughening the substrate does not give a significant 
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contribution to the bond strength. Notice though that a treatment may be required nonetheless 
in order to eliminate weak laitance layers or damaged concrete in case of repairs.  

9.3 Appropriateness of the restrained shrinkage test methods
Some conclusions may also be drawn on the suitability of the test methods used for assessing 
the crack response. An advantage of the end-restrained shrinkage test (Chapter 5) is that a 
similar restraint condition is provided for all tests, which implies that a high repeatability can 
be expected. Testing is also rather in-expensive and simple to carry out and furthermore, does 
not require much space. It may thus be concluded that the test rig may be rather useful for 
assessing the crack sensitiveness of e.g. different concrete compositions or different types of 
fibres. However, the test set-up must be adjusted somewhat in order to enable evaluations of 
SFRC with high fibre contents and to give more consistent results.  

The half-scale overlay test (Chapter 7) is more accurate from an overlay perspective as it 
captures the restraint situation more realistically. However, the difficulty in controlling the 
restraint, i.e. to get an even bond quality, is a drawback as it makes assessments of the fibre 
effect rather confusing. Other disadvantages are that it is rather space requiring, cumbersome 
and expensive. It is further somewhat difficult to measure crack developments, at least with 
conventional types of strain gauges, as the position of cracks is not known on beforehand.   

A setback encountered for both types of tests was the uneven fibre distribution obtained, 
which can most certainly be attributed to the small dimensions of the specimens. It was shown 
however that the problem can be solved by estimating the real fibre volume based on the 
counted number of fibres in a crack zone using fibre orientation theory.

9.4 Theoretical modelling 
An analytical method for the design of SFRC with regard to crack width limitation was also 
proposed. The model consists of an initial stress analysis to determine the risk of cracking and 
a succeeding crack width analysis. Regarding the accuracy of the stress calculations it was 
shown that properties included in the model, such as shrinkage, relaxation and maturity, could 
be predicted with reasonable accuracy using simple formulations proposed in the building 
codes. The model was further found to correlate rather well with experimental results, even 
though the age at cracking was slightly overestimated in most cases. 

The effect of steel fibres on crack widths was accounted for by assuming a constant residual 
stress in the crack zone, defined by the residual strength factor R10,20. This simple 
methodology was found to give rather good correlation with test results. A limitation of the 
model, which restricts the applicability somewhat, is however that the debonded area, or the 
length between bonded parts, needs to be known on beforehand.

9.5 Suggestions for further research 
An important task is to further quantify the effect of e.g. different types of SFRC on shrinkage 
cracking. It would also be interesting to compare steel fibres with conventional steel bars in 
order to establish a translation between steel fibres and steel bars.
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Test methods to study cracking and debonding 
It is believed that the end-restrained rig can be quite useful for these purposes. However, as 
discussed previously there are some issues that need to be considered in future testing, such 
as:

o The configuration of the anchorages needs to be improved in order to enable tests on 
concrete with high fibre contents. It would also be preferable to increase the stiffness 
of the supports to reduce the restraint loss.

o Ventilation should be provided underneath the concrete specimen so that a more 
even shrinkage develops through the specimen depth. This is expected to facilitate 
correlation of the analytical model, particularly with regard to crack age prediction.   

o Numerical simulations (FEM) of the rig test should be conducted. It is believed that 
such model can be quite useful for studying the effect of various parameters on the 
stress development and crack response. It is also expected to be useful for the 
correlation of the analytical model. 

It is also proposed to conduct more tests on bonded overlays, e.g. in accordance with the half 
scale overlay tests. A main focus should be to study the relation between overlay cracking and 
debonding, i.e. to study if debonding is always initiated from a vertical crack or from a free 
end. Another critical issue is to define an accurate failure criterion for debonding and to 
determine the driving forces for continuous propagation of debonding. It is also believed that 
a system for surface strain measuring, e.g. speckle image analysis, needs to be developed to 
be able to track the development of cracking and debonding.     

Studies of factors significant for the bond strength 
More tests should also be carried out to study the effect of various parameters on the concrete-
to-concrete bond strength. Some questions that should be addressed in future tests are: 

o Is it possible to define an optimal moisture condition of the substrate and is this 
condition dependent on the substrate concrete quality, i.e. the concrete composition, 
type of cement, w/c-ratio?  

o Can a limit value for the permeability of the substrate be defined below which pre-
moistening is not required to achieve high bond strength and will moistening even 
have a negative effect if it is conducted on low permeability substrates?  

o Will bond strength of the same order of magnitude be obtained for primed substrates 
as for pre-moistened. It is also important to study if primer is less effective for low 
permeable substrates and to quantify the significance of the procedure adopted for 
application.   

o Is the bond strength influenced by the type of overlay concrete used?  

Overlays in practice 
It is also believed that follow ups of SFRC overlays in practice is essential for the correlation 
of the theoretical model. Issues that should be focused on are the accuracy of crack age 
prediction and the effect of fibres on crack widths and crack distribution. It is particularly 
interesting to study if the relation between debonding and cracking observed in the half scale 
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overlay tests is relevant in practice, i.e. to find out if a single crack develops in a debonded 
area.

Crack width criteria 
Finally, it is believed that appropriate limits for crack widths need to be defined for different 
overlay situations considering that the usual crack width requirements, often related to steel 
bar corrosion, are not directly applicable for SFRC overlays.
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Appendix A – Results of series I of the end-restrained shrinkage tests  

The results presented cover the first series of tests conducted with the end-restrained 
shrinkage test rig. For a detailed description on the experimental set-up as well as on material 
properties and free shrinkage reference is made to Chapter 5.  

Results of test series I 
The test set-up for the end-restrained shrinkage test is shown in Figure A1. A concrete 
specimen of 35 mm thickness (45 at the ends), 100 mm width and 1000 mm length was cast 
between two L-shaped supports that were bolted to a rigid steel beam. After a day of curing 
under plastic coverage the concrete was allowed to dry from the upper face and cracks 
occurred as a result of the free shrinkage movement being restrained by the rig. Two such 
tests were conducted simultaneously for each type of concrete. 

Deformations were measured at different times after the initiation of drying with a mechanical 
measuring device positioned in between the target points indicated in the figure. A total of 
four measuring distances, each with a length of 200 mm, was used to record the strains at the 
upper face of the specimens. Moreover, for some of the tests additional measurements were 
conducted to get information on possible support deformation, see left hand side of the rig.  

Lm=200 Lm=200 
Lm=100 

Lm=200 Lm=200 Lm=200 

HEA 160

ca 1400

1000

800 (10 mm steel plate)100

Steel wedgeTarget points

L80x45 

 3 10 threaded 
steel bars

[mm]

20

Figure A 1 – Test set-up for end-restrained shrinkage used in the first series of tests as 
described in more detail in Chapter 5.

A summary of results obtained in the first series of tests are given below.

Measured deformations at different ages 
The distribution of deformations measured at a few different ages is shown in Figures A2-A8 
for the concrete types tested in the first series. For the reference concrete, PC, measurements 
were only conducted to determine the strain development of the concrete while additional 
measurements were conducted for the remaining concrete types to determine the strain loss at 
one of the supports and for one of the specimens (A).  
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Figure A 2 – Deformation measured along the restrained specimens at different times after 
the initiation of drying and crack position for concrete type PC. Specimen A in (a) and B in 
(b).  
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Figure A 3 – Deformation measured along the restrained specimens at different times after 
the initiation of drying for concrete type SRA 1. Specimen A in (a) and B in (b).  
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Figure A 4 – Deformation measured along the restrained specimens at different times after 
the initiation of drying for concrete type SRA 2. Specimen A in (a) and B in (b). 
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Figure A 5 – Deformation measured along the restrained specimens at different times after 
the initiation of drying and crack positions for concrete type SFRC 20. Specimen A in (a) and 
B in (b).  
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Figure A 6 – Deformation measured along the restrained specimens at different times after 
the initiation of drying and crack positions for concrete type SFRC 30. Specimen A in (a) and 
B in (b).  
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Figure A 7 – Deformation measured along the restrained specimens at different times after 
the initiation of drying for concrete type SFRC 40. Specimen A in (a) and B in (b).  
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Figure A 8 – Deformation measured along the restrained specimens at different times after 
the initiation of drying and crack positions for concrete type PFRC. Specimen A in (a) and B 
in (b).  
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Appendix B – Summary of results for test series II of the end-restrained 
shrinkage test  
A second series of tests were conducted with the end-restrained rigs in order to further 
evaluate the appropriateness of the test method for determining the influence of steel fibres on 
cracking. The series is referred to as series II in order to distinguish the results from the 
previously described tests.

Experimental details and material properties 
The test set-up used was similar as in the previous test series. However, it was decided to 
weld one of the supports to the upper flange in order to minimise the support loss. It was 
believed that the support deformation would then be restricted to the bolted support only. 
Another difference was that a measuring distance of 100 mm was selected over the entire 
upper face as indicated in Figure B1. Furthermore, the steel platen in between the concrete 
and the upper flange was removed completely after the curing period had been finalised after 
one day. The reason for this was to allow drying in two directions and thereby get a more 
even shrinkage distribution over the section.

Figure B 1 – Details on the test rig used for the end-restrained shrinkage tests of series II.  

The second series included two tests, A and B. At each test occasion four specimens were 
tested simultaneously, two reference specimens and two fibre reinforced specimens, see 
Figure B2. Concrete compositions and material properties are given in Table B1. The recipe 
was slightly modified as compared to the previous test series. A gravel fraction of naturally 
rounded stones 4-8 mm replaced parts of the sand fraction, which improved the rheological 
properties of the SCC somewhat. Moreover, a limestone filler of the type Limus 15 by 
Nordkalk, with somewhat higher fineness than the filler used in the previous tests, was used 
here.
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Figure B 2 – Four specimens tested simultaneously at each test occasion, two reference 
specimens (PC) and two fibre concrete specimens (SFRC).

The steel fibres were of the type Dramix RC-80/60-BN by Bekaert, i.e. a 60 mm long end-
hooked fibre with an aspect ratio lf/df of 80. It is clear that fibres with such geometry may not 
be the ideal choice for thin overlays. However, a main focus of the second series was to 
investigate if crack distribution could be achieved with fibre concrete. This was also the 
reason as to why rather high fibre contents were adopted, 80 kg/m3 for test A and 40 kg/m3 for 
test B.

A drawback was that the material testing was somewhat restricted although some bending 
tests were conducted to determine the flexural strength and the residual properties, see 
ultimate residual strength measured for some of the concrete types at a few different ages in 
Table B1. The apparatus used for the bending tests was however not quite up to date (it had 
not been used for approximately 10 years), which for instance resulted in a loss of all load-
displacement data. Thus, the only information available was that on the ultimate loads given 
in the table. Also shown in Table B1 are the compressive strength measured at 1, 7 and 28 
days of age for the concrete types in test B. 

Based on the rather limited tests available on the flexural strength it may be concluded that 
the addition of 80 kg/m3 of steel fibres gave a strain hardening response, as the ultimate 
flexural strength was considerably higher than for PC at 28 days (7,56 MPa compared to 5 
MPa). Strain hardening was not achieved for SFRC 40 in test B, for which a value 
approximately equal to that of PC in test A was obtained. Notice that the mix design was 
identical for PC in both series, implying that similar properties may be expected.  
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Table B 1 – Recipes and properties of the concrete types tested in the second series.
Test A Test B Material, kg/m3

PC SFRC 80 PC SFRC 40 
Cement, Bygg (CEM II/A-LL 42,5R) 360 360 360 360 
Sand 0-8 mm 1093 1093 1093 1093 
Gravel 4-8 mm 597 597 597 597 
Filler, Limus 15 (limestone) 40 40 40 40 
Sikament 56, plasticiser 3,6 3,6 3,6 3,6 
Dramix 80/60, steel fibres - 80 - 40 
Water 215 215 215 215 
w/c-ratio 0,60 0,60 0,60 0,60 

-
-

-
-

13,0
32,0

17,4
38,0

Compressive strength fcm, MPa 1) 1 d 
7 d 
28 d - - 40,3 40,5 

Ultimate flexural strength ffl,ult MPa 1 d 
7 d 
28 d

-
-

5,0

-
-

7,56

-
-
-

3,29
5,12
5,73

1) Compressive strength of 150 mm cubes stored in water 

Another important difference between the two series was the environment in which the 
specimens were stored. In the previous case, see Chapter 5 and Appendix A, the specimens 
were kept in a climate chamber with a relatively harsh environment. The second series, on the 
other hand, was conducted in a laboratory with a less severe drying climate of approximately 
65 % relative humidity and a temperature of 20˚C. Measurements taken at a few different 
occasions during the two tests, A and B, are given in Figure B3. It may be seen that there 
were no significant variations in temperature. However, the measured values of the relative 
humidity reveal that it was again somewhat difficult to maintain a stable humidity in the 
room.   
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Figure B 3 – Relative humidity and temperature in the laboratory where the second test series 
was conducted.

Free shrinkage 
The shrinkage was measured on dummy specimens stored aside the restrained rigs. Different 
to the previous test series the specimens were placed on thin steel bars, as indicated in Figure 
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B4, giving a free space of 10 mm between a table and the bottom face. This gave similar 
drying conditions as was applied for the restrained specimens of series II. Despite the two 
sided drying a considerably more rapid contraction was obtained at the upper face; see Figure 
B4. The reason must clearly have been that the 10 mm space below the specimens was not 
sufficiently ventilated.

Thus, an un-even shrinkage distribution was obtained for the restrained specimens of this 
series as well, even though the gradient was not as extensive as for the tests of the previous 
series, see Figure 5.11. Considering the development of the mean shrinkage it may be seen 
that approximately similar results were obtained for the different concrete types.
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Figure B 4 – Measured free shrinkage for the concrete tested in the 2nd series.

Restrained shrinkage 
The strain development obtained at the upper faces of the different specimens tested within 
series II are shown in Figure B5-B8. It was decided to present the measured support loss, the 
crack strain and the strain obtained in un-cracked parts. Also given is the measured free 
shrinkage at the upper faces. Notice that support strain was not measured for all specimens. In 
the first test, test A, such measurements were only conducted at the bolted support of one of 
the PC specimens and one of the SFRC 80 specimens. It may seem somewhat strange to not 
measure the strain loss at all of the supports. However, as mentioned previously it was 
initially believed that the welding of one of the supports would completely prevent 
deformations. It was further believed that similar response could be expected for both 
specimens of the same type of concrete.  

Considering the actual results it may be seen that crack strains of approximately the same 
order of magnitude were measured for the PC specimens of tests A and B, see Figures B5 and 
B7. Roughly 4500 – 5000 m/m were obtained at the end of the studied period. Notice that 
the crack strain of one of the PC specimens of test B, Figure B7 (b), exceeded the measuring 
range of the mechanical strain reader.

From Figures B6 and B8 it may be seen that the addition of steel fibres to the concrete 
resulted in significant reductions in crack strain. For concrete with 80 kg/m3 of steel fibres the 
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maximum strains at the end of the period were 800 and 1600 m/m respectively for the two 
specimens, see Figure B6 (a) and (b). The corresponding values for concrete with 40 kg/m3 of 
fibres were 2300 and 2700 m/m as shown in Figure B8 (a) and (b).   

The effectiveness of steel fibres is further evident when comparing the strain of un-cracked 
parts after a major crack had been established. In case of plain concrete (PC) the concrete 
strain approached the free shrinkage measured at the upper face, thus implying that the 
concrete was completely un-loaded. For fibre concrete specimens on the other hand there was 
still a rather significant difference even after cracking. This verifies that the concrete was still 
stressed due to fibres transferring load across the crack.  
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Figure B 5 – Strain development measured at the upper face of the two restrained specimens 
and the free shrinkage at the upper face for concrete type PC A.
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Figure B 6 – Strain development measured at the upper face of the two restrained specimens 
and the free shrinkage at the upper face for concrete type SFRC 80 A. Crack 1 in the 
specimen shown in (a) developed through a threaded anchorage bar.  
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Figure B 7 – Strain development measured at the upper face of the two restrained specimens 
and the free shrinkage at the upper face for concrete type PC B. Observe that the deformation 
range for the Staeger reader was exceeded in the crack zone of the specimen shown in (b) at a 
time of approximately 40 days.
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Figure B 8 – Strain development measured at the upper face of the two restrained specimens 
and the free shrinkage at the upper face for concrete type SFRC 40 B.

Several previous studies have indicated that the age at cracking may be prolonged by adding 
fibres to the concrete. As discussed previously in Section 3.4.1, this is often explained as 
being a result of the increased fracture energy provided by the fibres. In other words, more 
fracture work will be required to extend a crack through a fibre reinforced than an un-
reinforced section. Such effect (prolonged time to cracking) was observed in case of 80 kg/m3

of steel fibres, as may be seen in Figure B9, while the results for 40 kg/m3 were somewhat 
conflicting. A relationship between increasing fibre content and crack age was not found in 
the previous test series either, see Chapter 5 and Appendix A. In other words the tests 
conducted with the end-restrained set-up did not verify that the addition of fibres would 
prolong the time to cracking. The reason as to why a substantial effect was obtained in case of 
80 kg/m3 of steel fibres is believed to be that the ultimate material strength was increased (see 
Table B1).
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Figure B 9 – Development of crack widths for the concrete types tested in series II. Notice 
that the crack for one of the specimens with 80 kg/m3 of steel fibres went through a threaded 
anchorage bar.

From the results presented in Figure B9 it is however clear that the addition of steel fibres 
reduced the width of cracks. For three of the fibre concrete specimens a second crack was 
even observed as indicated by the drawings shown in Figures B6 and B8. Clearly, this verifies 
that the fibres were effective as crack reinforcement. An important aspect of the results for the 
fibre concrete, that need to be considered however, is that the cracks developed close to the 
transition zone where the sectional depth was increased. For one of the specimens with the 
highest fibre content (SFRC 80 A) the crack even developed through one of the threaded bars. 
For plain concrete, on the other hand, the crack established far from the end grips. A similar 
tendency was also observed in test series I for the concrete with the highest fibre content, see 
Figure A7. A possible explanation may be that the failure load is increased somewhat by 
addition of “high” contents of steel fibres, resulting in more extensive stress concentrations at 
the transition between the thin and the thick section, where force is transferred from the 
concrete to the support by three threaded bars. If the capacity of the fibre concrete exceeds 
that of the transition zone a crack would develop near the supports rather than further away 
from the support.       

Degree of restraint   
For a 100 % restraint situation the deformations measured in the concrete would be zero prior 
to cracking. However, as discussed previously in Chapter 5 deformations did occur from the 
initiation of drying, thus showing that the rigs did not provide 100 % restraint. It was further 
shown that the deformation was partly due to bending and contraction of the steel beam and 
partly due to losses at the supports. For details regarding theoretical evaluations of the 
restraint losses reference is made to Section 5.4.3.   

Measured and calculated mean strain development for all concrete types tested within series II 
prior to cracking are shown in Figure B10. It may be seen that strains of the same order were 
measured in all cases, thus implying that the restraint situation and the applied shrinkage load 
was similar. A rather good correlation was also established between calculated and measured 
response. This means that the deformation of the rig and the support was realistically captured 
by the theoretical model described in Section 5.4.

Crack through anchorage 
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the tested concrete types.  

The measured strain losses due to support deformation for specimens PC A, SFRC 80 A and 
SFRC 40 B are given in Figure B11, from which two interesting conclusions may be drawn. 
Firstly, for the specimens of concrete type SFRC 40 B the deformation was measured at both 
the welded and the bolted support. Different from expected there were no significant 
differences in the recorded strains, at least not prior to cracking that occurred at an age of 
approximately 10 days. This implies that the bolts did provide similar restraint as the welds. 
Secondly, it may be seen that the support strain of PC A reverted to zero after cracking, which 
indicates that the deformation at the support is ideal elastic, i.e. no remaining deformation 
after un-loading.

It may further be concluded that the support deformation corresponded to approximately half 
of the total strain loss. For instance, the measured support deformation at an age of 20 days 
for SFRC 80 A was 35 m, which gives a total loss of 70 m assuming that similar 
deformation occurs at both supports. This corresponds to a measurable mean strain in the 
concrete of -70 m/1 m = -70 m/m. The actual mean strain measured in the corresponding 
specimens at the same time was approximately twice as high (-140 m/m) according to Figure 
B10.
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some of the concrete types tested in series II. 
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