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Abstract 
The work presented in the thesis primarily focuses on problems that are characteristic for thin 
layers of concrete exposed to imposed loads. More specific, the work aims at investigating, or 
rather finding ways to evaluate the efficiency of steel fibres as regards the limitation of crack 
widths in concrete under restrained conditions. 

To fulfil the ambitions a test method was developed in which concrete toppings were placed 
on the upper face of a bottom slab that constituted a stiff foundation. The toppings were then 
exposed to temperature bads that eventually resulted in both the formation of vertical cracks 
in the concrete as well as horizontal cracks along the interface to the substructure. By 
subjecting the toppings to temperature deformation instead of shrinkage strains, which is the 
real load case, a much easier and faster test method was developed. A total number of eight 
tests divided into two series were then performed using the established technique of testing. 
At each such occasion two toppings were tested simultaneously, one plain and one steel fibre 
reinforced concrete specimen. In this way a comparative evaluation of the influence of steel 
fibres was facilitated. Results showed that end hooked steel fibres, in amounts of 30 to 60 
kg/m3, in most cases substantially reduced the maximum widths of appearing cracks. It was 
further concluded that the effect of fibres to some extent was influenced by the interface 
properties between topping and substructure in the sense that the crack width reduction 
seemed to increase as the bond became poorer. 

A non- linear finite element analysis was also conducted in which the experiments were 
theoretically evaluated. Although the correlation with experimental results was not 
satisfactory the model was able to realistically capture the various features of restrained 
toppings. For instance, results indicated that crack widths were reduced somewhat due to a 
steel fibre addition. It was also shown that the quality of the interface between topping and 
substructure plays a significant role as regards the fracture response of toppings. 

In addition, a series of restrained half scale shrinkage tests were performed primarily for the 
sake of verification of the tests described previously. Within the frames of this study eight 
half-scale toppings were cast on tie surface of an old concrete floor. Four of these had a depth 
of 6 cm and four had 12 cm depths. Both plain and steel fibre reinforced concrete specimens 
were included in the series. For comparison reasons some conventional steel bar reinforced 
toppings were cast as well. After an initial curing period of three days the specimens were 
exposed to one-sided drying shrinkage, which successively resulted in the development of 
visible cracks. From a crack limiting point of view it was concluded that steel fibres were at 
least as effective as the steel bar mesh, although it was clear that none of the alternatives were 
adequate for the purpose of achieving crack-free structures. However, the main reason as to 
why the effect of reinforcement was not as pronounced as anticipated was believed to be that 
the bond to the underlying floor proved to be insufficient. Regarding the influence of the 
depth of the toppings it was shown that cracks appeared at a considerably earlier stage for thin 
specimens. At the end of the measuring period the cracks were also wider for these toppings. 
This was explained as being a result of the considerably faster rate of drying shrinkage 
experienced for a thin layer. 

The effect of the depth on the development of cracks in toppings exposed to shrinkage strains 
was also studied by means of an elastic finite element analysis. Results from this study 
showed that the progress of tensile stresses in the concrete is somewhat slower for a thicker 
section, mainly due to the slower shrinkage strain cbvelopment. As cracks are intimately 
related to the tensile stress development this confirms the observations of the experiments. 



Sammanfattning 
Det huvudsakliga syftet med arbetet som presenteras i rapporten var att undersöka 
brottbeteendet hos tunna pågjutningar som utsätts för tvångslaster.  En  annan viktig  ambition  
var att studera hur stålfibrer inverkar på sprickfördelning och sprickvidder för dylika 
konstruktioner. 

För att uppfylla dessa målsättningar utvecklades bl.a.  en  metod där  15 cm  tjocka pågjutningar 
göts direkt på  en  betongplatta. Ett tänkt krympförlopp simulerades därefter genom att först 
hetta upp betongen till  en  hög  initial  temperatur för att  sedan  kyla ner  den  från  den  övre ytan. 
På detta sätt skapades  en  temperaturgradient över tvärsnittet som successivt resulterade i såväl 
kantresning som vertikala genomgående sprickor. Inom ramen för arbetet genomfördes 
därefter totalt åtta försök indelade i två serier. Vid varje försök testades två pågjutningar 
samtidigt,  en  oarmerad och  en  stålfiberarmerad. Detta möjliggjorde  en  direkt värdering av 
fibereffekten vid exakt identiska lastförhållanden.  Resultat  från undersökningen visade bl.a. 
att stålfibrer i mängder om  30  till  60  kg/m3  i  de  flesta  fall  gav  en  relativt kraftig reduktion av  
den  maximala sprickvidden, även om mängderna inte var tillräckliga för att helt förhindra 
sprickuppkomst. Det visade sig även att effekten av fibrer till stor  del  beror på 
vidhäftningsförhållandena mellan pågjutning och underlag. Baserat på  de  erhållna resultaten 
verkade det som om sprickviddsreduktionen ökade då vidhäftningen försämrades. 

För att utvärdera  de  ovan beskrivna försöken genomfördes vidare  en  icke-linjär FE-analys. 
Även om korrelationen mellan försök och teoretiska resultat inte var tillräckligt bra så visade 
det sig att  den  numeriska modellen på ett realistiskt sätt förutsåg såväl vertikala sprickor i 
pågjutningen som vidhäftningsbrott. Resultaten visade även på  en  viss reduktion av 
sprickvidderna till följd av  en  fibertillsats. Det framgick också att vidhäftningen mellan 
pågjutning och underlag  har en  avgörande betydelse för sprickfördelningen. 

Framför allt för att verifiera resultaten från  de  ovan beskrivna temperaturförsöken utfördes 
även  en  serie krympförsök. Totalt innefattade denna åtta pågjutningar som göts direkt på ett 
betonggolv i  en  gammal industrilokal i Sjövik, söder om  Stockholm.  Hälften av  dem  hade  en  
tjocklek på  6 cm  och hälften  12 cm.  Såväl oarmerad betong som stålfiberarmerad och 
konventionellt nätarmerad ingick i undersökningen.  Resultat  visade bl.a. att stålfibrer var 
åtminstone lika effektiva som nätarmering med ayseende på sprickviddsbegränsning även om 
inget av alternativen klarade av att helt förhindra uppkomst av sprickor.  Den  främsta orsaken 
till detta antogs vara att vidhäftningen till det underliggande golvet visade sig vara 
otillräcklig. Försök visade på vidhäftningsvärden mellan endast  0  och  0,5  MPa. När det gäller 
inverkan av pågjutningstjockleken konstaterades det att synliga sprickor uppstod betydligt 
tidigare för  de  tunna pågjutningarna. Sprickorna var även större i slutet av mätperioden för 
dessa  fall.  Detta förklarades av att uttorkningen sker betydligt fortare för  en  tunn pågjutning 
vilket innebär att  de  krymprelaterade töjningarna och därmed även dragspänningarna i 
betongen ökar i  en  snabbare takt. 

För att studera pågjutningstjocklekens betydelse för sprickbildningen genomfördes även  en  
linjärelastisk  Finit Element  analys. Som väntat visade det sig att dragspänningarna i  en  
tjockare pågjutning utvecklades i  en  långsammare takt, framför allt till följd av ett mer 
utdraget krympförlopp. Eftersom uppkomsten av sprickor i betong är intimt kopplad till 
dragspänningarnas storlek kunde därmed observationerna från halvskaleförsöken verifieras. 
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1 	Introduction 

1.1 Background 
Steel Fibre Reinforced Concrete (SFRC) is typically employed in thin layer applications that 
are vertically or horizontally bonded along one side to a rigid substructure, such as for 
instance overlays on bridges and parking decks, shotcrete tunnel linings or as repairs of 
damaged industrial floors, bridge columns etc. It is clear that the major governing design 
criterion is the strain conditions caused by the restrained deformations rather than by external 
loads. This is due to the fact that substantial parts of static loads in general are transferred 
directly to a considerably more rigid substructure without giving rise to more than minimal 
stresses in the overlay material. On the other hand, a more or less continuous restraint is 
produced along the interface to the substrate. This implies that when a topping is subjected to 
imposed strains, that normally result from variable temperature or drying shrinkage, a tensile 
stress field is generated in the concrete, predominantly acting in a direction parallel to the 
interface. When these restraint stresses reach the tensile strength of the material cracks will 
extend through the thickness of the layer. 

Although the stresses may not always result in abrupt failures of structural elements it 
typically affects the functional demands in a negative way. For instance,  Pettersson  (2000) 
identifies requirements on durability, tightness, appearance and comfort as the main reasons 
as to why it is important to avoid cracks. The customary way of ensuring that this ambition is 
fulfilled is to employ some sort of reinforcement. In a historic perspective such reinforcement 
has been provided by steel bar mesh. However, recently it has become more and more 
common to use SFRC. Clearly, the main reason for this is that steel fibres have proved 
effective as crack distributing reinforcement. Other incentives for replacing mesh 
reinforcement with steel fibres may be of ergonomic or time saving nature, Concrete Report 
No 4 (1995). Also, the fact that no concrete covers are required, as is the case for 
conventional bar reinforcement, enables the application of SFRC in somewhat slimmer layers. 

Despite the fact that SFRC is frequently used today for various applications, there is a lack of 
analytical tools that enable designers to estimate for instance the amount and type of steel 
fibres required to achieve crack free constructions. As a result such structures are generally 
only designed from the viewpoint of external loads for which quite consistent design tools are 
available today, e.g. Westerberg and Skarendahl (1989) and Dramix (1997). Stresses arising 
due to restrained deformations, on the other hand, are typically only regarded in a more or less 
experience-based way or sometimes even neglected. A possible reason as to why it is difficult 
to establish consistent design approaches on this matter may be that the manner of action of 
steel fibres is somewhat different as compared to steel bars. The implication of this is that the 
use of SFRC requires new approaches to be employed. While it is generally sufficient to 
consider strength and stiffness parameters in the design of bar reinforced structures SFRC 
requires fracture mechanic models to be used in order to account for the softening behaviour,  
Groth  (2000). However, the favourable influence of tension softening is in most situations 
difficult to incorporate in simple analytical formulations. Instead, it is often necessary to 
employ numerical analysis, such as Finite Element Models  (FEM),  in the analysis of steel 
fibre reinforced structures. 

Moreover, another prerequisite for finding analytical models for estimating the effect of steel 
fibres on this regard is that relevant test methods are available. Although, quite a number of 
such have been proposed for this purpose in the past, e.g.  Malmberg  and Skarendahl (1978), 
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Grzybowski and Shah (1989), Banthia et al (1993, 1996), Weiss et al (1998), there is still no 
standard method for conducting restrained deformation tests. Thus, there is a need to find an 
experimental method that realistically simulates the fracture response of concrete subjected to 
imposed loads. Clearly, the establishment of such a method will most certainly contribute to 
an increased understanding of the fracture process of SFRC. Furthermore, this is also essential 
for the promotion of steel fibres in various applications. 

	

1.2 	Objectives of the study 
The main ambition of the present study is to evaluate the influence of steel fibres on the 
fracture response of thin concrete leers exposed to imposed loads. In order to fulfil this goal 
it is important to find a relevant testing methodology that allows for reliable assessments of 
the fibre contribution. Thus, to develop such a test method is another important objective of 
the study. Additionally, it is a well-known fact that not only the properties of the hardening 
concrete but also the quality of the interface to the substructure has a significant influence on 
the mode of failure for concrete structures exposed to imposed strain fields. Hence, this is yet 
another factor that has been in focus here. The experiments are also numerically simulated by 
means of Finite Element Modelling  (FEM).  

1.3 Limitations 
One of the reasons why many designers are restrictive when it comes to the use of Steel Fibre 
Reinforced Concrete (SFRC) for various applications is the lack of consistent design methods. 
In particular, this is valid for load situations resulting from imposed strain fields. Thus, to 
develop analytical formulations as a base for codes, is an important task to be dealt with. 
However, this is beyond the scope of this thesis and no attempt is made here to find such 
methods of analysis. Instead, this work focuses on test methods and numerical modelling. 

	

1.4 	Outline of the report 
The report consists of five chapters, including this introductory one. The outline of these are 
briefly summarised below. 

A background to the problem of restrained deformations is given in Chapter 2. Specifically, 
this chapter contains a literature-review covering subjects related to restrained deformations. 
This includes a discussion on possible modes of failure that are characteristic for toppings 
exposed to imposed loads as well as a classification of the main sources for such loads to 
develop, i.e. temperature and/or drying shrinkage variations. Also included in this chapter is a 
discussion on various test methods that have been developed for the purpose of assessing the 
problem of cracking due to restrained deformations. 

Chapter 3 is a summary of papers A and  B,  in which test techniques and Finite Element 
analysis of restrained temperature tests are dealt with. 

The subsequent section, Chapter 4, sums up the testing methodology as well as some results 
from the restrained half scale shrinkage testing as described in more detail in Paper  C.  

Finally, a summary of results obtained in the various studies is provided in Chapter 5. Also 
included here are some concluding remarks on the subject of imposed loads in addition to 
some suggestions for further research needs. 
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2 	Introducing the problem of restraint stresses 

2.1 General 

As recognised in the introduction, stresses due to restraint is a serious concern for thin layers 
of concrete. This is mainly due to the fact that the geometrical configuration makes such 
structures rather sensitive to variations in the surrounding environment. A change in the 
humidity or temperature conditions will rapidly influence great parts of the structure in the 
sense that moisture or temperature equilibrium will soon be reached. Irevitably, such changes 
result in deformation fields that seek to either contract or expand the concrete. Clearly, from a 
cracking point of view the first mentioned type of deformations is the most critical as it 
predominantly results in tensile stresses in a restrained structure. 

In the present Chapter some research areas related to restrained deformations are presented. 
This includes a brief discussion on the various modes of failure that are commonly 
experienced for toppings as well as a presentation of the different load mechanisms, i.e. the 
imposed strain fields generated by shrinkage and/or temperature changes. A discussion is also 
provided on various techniques of testing proposed for the purpose of assessing the effects of 
restrained deformations. 

2.2 	Modes of failure 

Characteristic features of thin concrete overlays exposed to restrained deformations are the 
vertical cracks that run through the thickness of the layer in addition to vertical deformations 
appearing in the vicinity of free edges, so called "end lifting", see Figure I. From the 
illustrations shown in Figure 2 and Figure 3 it is rather clear that these phenomena result 
from the interaction between bond forces acting along the interface with the substructure and 
the normal tensile stress field in the concrete. Longitudinal stresses are generated in the 
concrete as the imposed strains are restrained along the interface, see Figure 2. A crack will 
appear when the tensile strength fa  is reached. From a fracture point of view it is further clear 
that a somewhat more severe stress situation arises in cases where the strain field has a non-
linear distribution over the depth. As will be discussed later in section 2.3 this is also the most 
common situation for restrained toppings where just one surface is exposed to environmental 
variations. 

3 
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Figure] — Schematic illustration showing the various modes offailure that are characteristic 
for bonded concrete overlays exposed to imposed strain fields. 

The importance of the interfacial bond on the mode of failure was recognised in e.g.  Groth  
(2000), where it was stated that depending on the quality of the bond the mode of failure 
would range from well-distributed cracking for a situation of good bond to complete de-
bonding for a poor-bond-situation. The fact that a dense system of cracks is obtained when the 
interfacial bond is sufficient was also recognised in Concrete Report No 4 (1995) where it was 
concluded that for a class I topping, i.e. full restraint between concrete and substructure, it is 
reasonable to assume that a fine-meshed pattern of cracks will appear regardless of 
reinforcement. What is to be seen as sufficient restraint is however disputable. Perhaps the 
requirement set in the Swedish code for civil engineering structures,  BRO  94 (1994), is 
sufficient. A value of at least 1 MPa is tecommended here for the vertical bond strength 
between overlay concrete and the substructure. On the other hand, Silfwerbrand (1987) 
showed that the bond strength could reach values equalling the tensile strength of the 
concrete, i.e. up to about 3 MPa, for cases when the substrate surface has been water jetted 
prior to casting. 

However, the restraint is not only dependent on the bond properties. It is further influenced by 
the geometrical relation between topping and substructure. According to the Concrete Report 
No 4 this factor has been thoroughly studied by e.g. Silfwerbrand (1986) and (1994a). Based 
on findings in these studies it has been shown that the geometry effect can be accounted for 
by introducing a restraint factor to reduce the calculated restraint stresses in a topping. The 
factor typically ranges from 1 for a thin layer on top of a thick substructure to 0,4 a 0,6 when 
the depth of the topping is between 20 and 80 % of the floor thickness. 

Some principle illustrations on how the normal stresses develop in the concrete due to bond 
stresses that act along the interface to the substructure are shown in Figure 2. Also shown 
here is a method to estimate the distance between cracks for plain and steel fibre reinforced 
concrete respectively based on the equilibrium of forces between two consecutive cracks, see 
also e.g. Concrete Report No 4 (1995). The formulations were established based on the 
assumption that the normal stresses are uniformly distributed over the depth. Furthermore, a 
constant value was assumed for the bond stresses although it has been shown by e.g.  Jonasson  
(1977) that a triangular distribution, with a maximum value near the crack, would be more 
realistic. Thus, for plain concrete, where stress transferring is generally assumed to come to an 
end when a crack zone has been established, the distance between cracks is mainly controlled 
by three factors, the tensile strength of the concrete fd  the depth  h  and the bond quality rbond• 
This means that the distance between cracks will increase for increasing depth and concrete 
strength. A greater distance is further foreseen when the bond quality diminishes. On the other 
hand, for fibre reinforced concrete it is typically assumed that tensile stresses are still 
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transferred in a fracture zone even after a crack has been established. Thus, the distance 
between cracks will also be influenced by the residual tensile strength crre, of the material, in 
the sense that the greater the residual strength the shorter the distance between cracks. This 
also implies that somewhat finer crack widths may be foreseen for steel fibre reinforced 
concrete as indicated in Figure 2. 

Equilibrium for PC: 

cy(x) 

I F,  =0 	h = Tbo„ • X 

x = 
f, • h 

r  bond 

Figure 2 - Normal stress development in plain concrete (PC) and fibre reinforced concrete  
(FRC)  due to bond stresses acting along the interface. The formulations established for 
estimating the distance between cracks,  x,  result from the assumption that the normal stress 
distribution is uniformly distributed over the depth. From Concrete Report No 4 0995,). 

The other characteristic feature of thin concrete toppings exposed to imposed strains, i.e. tlx 
vertical displacements occurring near free ends, may also be explained by studying the 
equilibrium of forces for a concrete section. Thus, from Figure 3 it is clear that an unbalanced 
moment Mr„ is established for the reason that the resultant force from the normal stresses in 
the concrete is equilibrated by bond stresses acting along the interface. Here, a triangular bond 
stress distribution was assumed as suggested by  Jonasson  (1977). The model is also discussed 
in Concrete Report No 4 (1995). The curling moment Mre, then gives rise to a principal stress 
field that acts normal to the bond plane. As is illustrated in the figure this field of stresses is 
characterised by a tensile stress peak at the edge, "the lifting stress", after which the level 
rapidly decreases to zero before it changes to the compressive side. 

Equilibrium of forces: 	 Curling stress distribution: 

Figure 3 - Equilibrium of forces at the end of a topping assuming a triangular bond stress 
distribution to the left. The force resultant F from the normal stress distribution cx(z) is 
equilibrated by bond stresses along the intetface ex). This results in an unbalanced moment 
Mre, that gives rise to a curling stress field o(x) acting in a direction normal to the interface 
as shown to the right. 

5 
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Following from the equilibrium of forces for the studied end section it is evident that the 
magnitude of the moment Mee., depends on three parameters, the depth  h,  the maximum bond 
stress rmax  and the lever  ann  z. For concrete overlays, which are allowed to dry in one 
direction only, the resultant force Fe  will initially end up near the upper surface of the section 
due to the uneven moisture profile. Following from the established formulation this would 
increase the sensitivity to edge lifting. Furthermore, the fact that the curling moment, and so 
the peeling stresses that act on the bond plane ay„,„ increases with increasing depth implies 
that edge lifting would not be a concern for thin layers. However, on the contrary this failure 
mode is typically considered in reality as being a concern mainly for thin layers. A possible 
explanation is that the time required for the shrinkage to develop fully will be considerably 
shorter as the depth decreases. This implies that the resultant force, for thin layers, will reach 
a critical level much faster, which means that the favourable effect of stress relaxation due to 
creep may not be of the same order as for thicker layers of concrete. 

The curling effect has further been recognised by e.g.  Jonasson  (1977), Austin et al (1995) 
and later by Rahman et al (2000). In the last two studies linear elastic 2-D finite element 
analysis was employed to study the stress build up in repair layers of concrete due to moisture 
diffusion. The results verified that a vertical stress field o(x) that acts on the bond plane is 
generated along the interface between repair layer and substrate near the end zones. It was 
also shown that these stresses are in fact distributed as indicated in Figure 3, i.e. with a peak 
value a - v,mat at the periphery that tends to lift the overlay. Furthermore, the more or less 
triangular shape of the bond stress distribution r(x) was also verified in these studies. 
Regarding the time aspect it was shown that the vertical peeling stresses reached critical 
levels very fast. For instance, Rahman et al showed that for a repair layer with a depth of 25 
mm a peak stress of about 3 MPa was reached within the first ten days after casting. In most 
cases this would result in the occurrence of a crack extending along the interface. 

A similar investigation has also been conducted within the frames of this report, see Chapter 4 
and Paper  C.  Here, an elastic 2-D finite element analysis was employed to examine the 
distribution of stresses near the ends of restrained toppings exposed to one-sided drying 
shrinkage. As was also the case in the previous studies results indicated that a vertical stress 
component develops that seeks to lift the topping vertically at the end. It was further shown 
that the magnitude of this stress component is influenced by both the depth of the section as 
well as by concrete creep. For instance, when the depth was increased from 60 to 120 mm the 
maximum vertical stress at 28 days of drying decreased by approximately 10 %. It was further 
shown that the reduction of the maximum vertical stress was about 55 % due to concrete 
creep. 

2.3 Deformation mechanisms 

2,3.1 Shrinkage 

When a concrete component is exposed to a drying environment it tends to shrink. This is 
caused by the consumption and transport of water in the concrete that is mainly controlled by 
three different processes, the evaporation of mixing water, the process of hydration and the 
removal of physically adsorbed water from within the cement gel, Banthia et al (1996). The 
development rate and final magnitude of the free shrinkage is dependent upon a number of 
factors, such as the geometrical configuration, the boundary conditions, the concrete 
composition and the temperature and relative humidity of the surrounding. Regarding the 
influence of environmental factors it is obvious that the lower the relative humidity  (RH)  the 
faster will the process of desiccation, and so the shrinkage, develop. Also clear is that the 
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shrinkage development will be more rapid when the surrounding temperature increases. 
Concerning the effect of the mix composition it was pointed out in the Swedish Concrete 
Handbook — Material (1994) that the magnitude of the shrinkage is mainly related to the 
amount of cement paste in the concrete. In practice, this implies that it is possible to reduce 
the shrinkage for a given w/b-ratio, by minimizing the water amount and maximising the 
content of coarse aggregates. 

A method of estimating the shrinkage development over time was also proposed in the 
Concrete Handbook. The formulation is expressed as 

Ecs 	7t 71211 • Ecs0 

where 
= free shrinkage strain 

ecs,= final free shrinkage strain of the material 

7, = factor controlling the time influence 

Rif -= factor to account for humidity of the surrounding humidity 

(Eq. 2.1) 

Thus, just by knowing the final value of the free shrinkage for the type of concrete used ec50 it 
is possible to predict the process of drying shrinkage for a structural element with a certain 
geometry. However, apparently, this has proved to be a rather difficult task, primarily for the 
reason that it is hard to define correlations between measured shrinkage and mix composition. 
Nonetheless, several relationships have been established for theoretically estimating the 
reference shrinkage, i.e. the final free shrinkage of the concrete. A number of such are also 
discussed in the Swedish Concrete Handbook where it was shown that the reference shrinkage 
could be calculated with sufficient accuracy based on the water content. 

This indicates that the volume change could be minimised just by reducing the amount of 
water in the mix. However, this is not necessarily true. For instance, Bissonnette and Pigeon 
(1995) conducted free shrinkage measurements on concrete mixes with w/b-ratios of 0,35 and 
0,55. The first of which involved 173 kg and the second 211 kg of water. Results from this 
investigation showed that there were no significant differences in shrinkage magnitudes 
between the various mixes. This result was also verified in a later study on the influence of 
key parameters on drying shrinkage of concrete, Bissonnette et al (1999). 

The effect of the water content, or rather the water-to-binder content, was also studied 
thoroughly within the frames of a national Swedish research project on High Performance 
Concrete (HPC), see e.g. the Swedish Concrete Handbook for High Performance Concrete 
(2000) and Hedlund (2000). In this study it was shown that even extreme concrete types, i.e. 
with exceptionally low water contents, experience quite extensive volumetric changes due to 
shrinkage. This was explained as being a result of the autogenous deformation process, which 
is the dominating driving force for shrinkage to occur in HPC. Thus, for concrete with low 
water-to-binder ratios, below 0,50, the shrinkage strain results from the combined effects of 
both the exchange with the surrounding environment as well as the self-desiccation at sealed 
conditions. Apparently, the autogenous shrinkage part will become more and more 
dominating as the water to binder relation in the concrete decreases. A consequence of this is 
that the geometry and the drying conditions will play a less significant role as the w/b-ratio 
decreases. 
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2 	Introducing the problem of restraint stresses 

A significant effect of employing HPC is that the relative shrinkage strain development 
becomes more rapid as compared to Normal Strength Concrete (NSC). Such a comparison is 
principally illustrated in Figure 4. Here, the relationship for NSC was established with 
Equation 2.1, while the principles proposed in the Design Handbook (2000) was employed for 
the HPC. The fact that a substantial part of the total strain is reached within a much shorter 
period of time indicates that shrinkage is of a more short-term nature for HPC. There are 
several implications to this. One of which is that it influences the effect of stress-relaxation 
due to creep in restrained elemerts of concrete. 

Concrete type  
- H  PC 
—*-- NSC 

0 	150 	300 	450 	600 
Time (days) 

Figure 4 — Principle shapes of the free shrinkage strain development over time for HPC and 
NSC respectively expressed as the ratio of developed strain in relation to the final strain. The 
relationships were established with the method proposed in the Design Handbook (2000) for 
HPC while Equation 2.1 was used for NSC. 

The geometry of the structure is another factor that is known to significantly influence both 
the rate of shrinkage as well as the strain distribution, at least for concrete with normal w/b-
ratios. For instance, it is quite clear that for thin structures such as toppings and slabs, where 
the surface to volume ratio is of considerable magnitude, the desiccation process will  te  
comparably rapid. This implies that the main part of the total shrinkage will be developed 
within a rather short perspective as compared to more massive elements of concrete. 
Furthermore, considering the influence of the boundaries two different situations are generally 
distinguished, one-sided or two-sided drying. The first case is typically valid for base 
supported structures such as slabs cast on grade and toppings while the second case is 
applicable for structures such as deck slabs. In both cases it is clear that the shrinkage strain 
distribution initially will be highly non-linear for the reason that the outer parts of the cross 
section dries out much more rapid than the internal parts. This non-linearity, however, will 
successively change into a more uniform distribution as humidity equilibrium is established 
with the surrounding environment. 

A few examples of strain distributions at different times after curing following from one-sided 
drying shrinkage are shown in Figure 5 for two sectional depths, 60 and 120 mm. The values 
presented here were achieved by first computing the moisture distribution over the section 
separately by using the software PLADIFF as developed by  Jonasson  (1977). According to  
Groth  (2000) this is realised in the program by solving the partial differential equations 
governing one-dimensional diffusion. The imposed strain field was then approximated using 
the following relation between humidity and shrinkage as suggested in Grzybowski and Shah 
(1989): 
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2 	Introducing the problem of restraint stresses 

£„(X,t)= e„ • (1— (p(x,t)3 ) 	 (Eq. 2.3)  

where  «i,  t) is the estimated humidity as a function of distance from the substructure,  x,  and 
time, t, and e,h,—is the ultimate concrete shrinkage at a reference relative humidity of 50 °A. 

0 200 400 600 800 1000 
Shrinkage strain (mm/m) 

Figure 5 — Predicted shrinkage distributions as a function of the relative depth at different 
stages after curing for one-directional diffusion as estimated by the software PLADIFF. The 
figure shows the development of shrinkage for two different depths, 60 and 120 mm. 

When studying the examples illustrated in Figure 5 it is quite clear that the sectional depth 
has a significant influence on the strain development. For instance, at 28 days of drying the 
free shrinkage strain at the bottom is approximately twice as great for the 60 mm section as 
compared to the 120 mm section. This implies that the rate of shrinkage is considerably more 
rapid for a thin layer. When considering a case where the concrete is restrained along its 
bottom edge it is obvious that this will result in the formation of substantially higher average 
tensile stresses at an early age of drying, i.e. the rate of loading will be faster. As a result it is 
reasonable to expect that cracks will appear somewhat earlier for thin toppings. 

2.3.2 Temperature 

Temperature variations typically result from either the heat generated internally within the 
concrete at early ages due to the hydration process or externally due to variations in the 
surrounding environment. As the temperature changes generated in young concrete are 
generally a greater concern for massive structures only the second type will be discussed here. 
Regarding the influence of environmental temperatures it is clear that the effect will be most 
severe for outdoor structures. In such cases the changes mainly occur as a result of either daily 
or yearly temperature fluctuations. As is also the case for drying shrinkage the yearly 
variation is a long-term effect while the daily variations have a more abrupt nature. 

Considering the yearly effects it can be concluded that the most critical situation appears 
when the climate changes from summer to winter conditions as this results in a contracting 
strain field. For instance, at rare occasions the temperature may reach as high as 20  °C  in a 
Swedish summer. If a minimum temperature of for instance -20  °C  was assumed to occur 
during the following winter a total variation of 40  °C  would result assuming that the same 

9 



2 	Introducing the problem of restraint stresses 

temperature change would also affect the concrete. This corresponds to a volume change of 
approximately 0,4 %o which would result in a tensile stress of about 12 MPa assuming full 
restraint conditions. As normal concrete has a tensile stress capacity of only about 3-4 MPa 
this is naturally sufficient to produce cracks in a topping. However, primarily due to creep 
effects and the fact that the condition of restraint very seldom reaches a full magnitude this is 
not necessarily the case. 

Temperature distribution 	 Temperature distribution 
due to yearly variations  

J, „„,„,„„„,-,„„„ „„„„„,„„, 
Figure 6 — Temperature fields that typically occur as results of either daily or yearly 
temperature variations. A uniform distribution may be expected from long-term seasonal 
variations while a non-linear distribution typically results from the more rapid daily 
temperature variations. 

Due to the short-term nature it is perhaps likely that a more severe case for concrete toppings 
is caused by daily variations. In this case, the worst situation occurs during periods when 
rather high temperatures are reached during daytime while the nights are still comparably 
cold. On the other hand, due to the rather poor heat conducting properties of concrete the 
complete difference in maximum and minimum temperature in the surrounding environment 
will not affect the entire section. 

As is shown in Figure 6 the distribution of temperatures, and so the corresponding imposed 
strain field, for such short-term variations is likely to have a more non- linear shape as 
compared to the uniform distribution developing due to yearly variations. Thus, the effect of 
daily temperature variations is to some extent similar to the one resulting from one-directional 
drying shrinkage. A major difference, however, is that shrinkage is a comparably slow 
process that takes months or even years to develop fully. The implication of this is that creep, 
that has a stress relaxing influence in the case of shrinkage or yearly temperature variations, 
will not be of significant order for this type of temperature change. 

Magnitudes of the maximum temperature gradient resulting from daily variations have been 
reported in e.g.  Pettersson  (2000),  Petersson  (1990) and Silfwerbrand (1994b). For instance,  
Petersson  reports that the temperature gradient generally adopted in Sweden in the design of 
slabs on ground is 60  °C/m.  Thus, for a section of, for instance, 200 mm depth, a maximum 
temperature difference of 12  °C  may be expected. 

A similar stress situation, as in daily variations above, may further occur in a case when the 
underlying substructure is heated up quickly. As a consequence, the substructure seeks to 
expand. However, as long as the temperature in the topping is lower it restrains the movement 
to some extent. In this way tensile stresses will build up in the topping while the substrate 
material will be compressed. The magnitude of the stresses depends on the differences in 
geometry between topping and substructure, i.e. the degree of restraint. Quite extensive 
tensile stresses will develop in the topping in a case when the depth of the substructure has a 
considerably greater magnitude, which is the common situation. 

As discussed in previous sections the surrounding temperature also influences the rate of 
shrinkage in the sense that higher temperatures speed up the drying process in the concrete. 
Thus, an increased temperature in the substructure will also result in an accelerated shrinkage 

T T ,7 	due to daily variations 

10 



2 	Introducing the problem of restraint stresses 

development in a newly cast topping. A typical application where this situation applies is in 
cases where a thin layer of concrete is used as a repair of bathroom floors with embedded 
heating cables. 

2.4 Test methods 

2.4.1 	General 

It is a well-established fact that cracking due to restraint stresses is a critical concern for thin 
concrete toppings. In particular, for un-reinforced concrete it is quite common that a single 
crack or just a few cracks with extensive widths appear. As was mentioned previously a 
possible solution on how to avoid, or rather distribute, such disturbing cracking is to employ 
steel fibre reinforced concrete. In most practical cases, this has proved to be rather effective. 
However, in spite of the fact that SFRC is frequently used in full-scale for such applications 
there is no standard method on how to conduct restrained shrinkage tests, Banthia et al (1993). 
As a consequence it is not easy to evaluate the effect of for instance the bond quality, the 
concrete mix and the amount or type of fibres on the formation of cracks. 

This section deals with a few of the different test set-ups and testing techniques that have been 
proposed in the past for studying cracking in concrete exposed to restrained deformation. 
These are typically divided into three different groups depending on the geometrical 
configuration:  uniaxial  specimens, plates and ring shaped specimens. The basic features of 
these methods as well as some examples of results that are typically obtained are presented in 
the following sections. 

2.4.2  Uniaxial  tests 

There are primarily two types of  uniaxial  test configurations found in literature with respect to 
the restraint conditions, end-restrained and continuously restrained. Within the first category 
of set-ups e.g. Kovler (1994) and Banthia et al (1993) adopted test techniques that involved 
bar shaped specimens with fixed ends. The main advantage of such approaches is that the 
stress field caused by the restrained shrinkage is essentially uniformly distributed and  
uniaxial.  According to Grzybowski and Shah (1990) this implies that the results obtained 
from such tests can be regarded as material properties, independent on specimen dimensions 
and geometry. However, the opposite view is put forward in  Groth  (2000), where it is stated 
that the results from such tests are in fact dependent on the size of the specimens. There are 
primarily two reasons for this. The first mentioned is that from the theory of non-linear 
fracture mechanics follows that all quasi-brittle materials, such as concrete, experience a 
somewhat reduced strength as the size increases. Secondly, it is also a fact that the 
geometrical dimensions influence the rate of shrinkage to a great extent. In particular, it is 
clear that the strain rate will become somewhat slower when considering a case where the 
thickness of a specimen is increased. 

A weakness of end-restrained test methods, that is pointed out by Banthia et al (1996) is that 
they do not represent the actual conditions of restraint in practice. Mainly for this reason a 
method was proposed where bond forces acting along the interface to the substructure 
provided the restraint. A similar test set-up, i.e. where the restraint was provided along the 
base, was also proposed by Weiss et al (1998). An advantage of such approaches, as 
compared to the previously described, is that the more or less uniformly distributed restraint 
allows for crack distribution to occur. Clearly, this should be particularly attractive when 
assessing the shrinkage induced cracking that is commonly present in bonded overlays. 
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2 	Introducing the problem of restraint stresses 

A few of the various test methods that have been proposed within the two categories of set-
ups as well as some typical results are presented in the following. The methods have also been 
divided into different groups with respect to the type of mechanism investigated, plastic (or 
early age) and long-term drying shrinkage. 

End-restrained — Plastic shrinkage 
The experimental set-up adopted by Banthia et al (1993) is shown in Figure 7 (a). The set-up 
consisted of a 500x40x40 mm specimen fastened between end anchors that were connected to 
a rigid frame. The test procedure was initiated 3 hours after pouring by exposing the 
specimens to a drying environment of 50°  C  and a relative humidity of less than 50 %. The 
duration period of a test was 24 hours, thus indicating that only effects of plastic shrinkage 
was accounted for. Some typical results from tests on mortar using three different types of 
deformed steel fibres are shown in Figure 7  (b).  From this graph it can be concluded that a 
fibre addition, independent of type, greatly influences both the maximum crack widths as well 
as the number of visible cracks. 

Figure 7 — The  uniaxial  shrinkage test configuration proposed by Banthia et al (1993) is 
shown in (a) while some results from the study are shown in  (b).  

End-restrained — Drying shrinkage 
Another test method involving end-restrained specimens was employed in Kovler (1994). In 
this study 40x40x1000 mm concrete specimens were fastened between two end grips. One of 
which was rigidly fixed to a stiff frame while the other was movable in order to allow for a 
controlled test procedure. In the study, the process of a test was initiated after one day of 
curing by exposing the specimen to a drying environment of 30  °C  and 40 % relative 
humidity during a period of 24 hours. At each test occasion two specimens were tested 
simultaneously in the test frame, one for restrained and one for free shrinkage measurement. 
Obviously, the free shrinkage test gave valuable information regarding the rate and magnitude 
of free deformation of the material used. 

The development of stresses in the restrained concrete bar was obtained by applying a load at 
the free end to compensate for the successively increasing strains due to drying shrinkage. 
After a period of 24 hours the bar was first completely unloaded before it was loaded again 
until failure occurred. Apparently, this test technique allowed for the determination of a 
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number of parameters such as shrinkage stress level, creep coefficient and tensile strength just 
to mention a few. For instance it was shown that the tensile stress under restraint conditions 
reached 1,5-1,6 MPa after the first day and 2,1-2,3 MPa after two days of drying. The 
measured free shrinkage during the same periods was 120-180 tm/m and 220-280 pim/m 
respectively after 1 and 2 days of drying. 

Continuously restrained — Plastic shrinkage 
The test set-up adopted by Banthia et al (1996) is illustrated in Figure 8 (a). As can be seen it 
consisted of a thin concrete topping placed onto an old concrete substrate. By using a fan and 
a heater device the assembly was exposed to a controlled surrounding environment of 38  °C  
and 5 % relative humidity. In the study, the tests were initiated after de-moulding the 
specimen approximately two and a half hours after casting and terminated after another 46 
hours. Thus, the complete duration period of a test was only about two days. During a test, the 
appearance of cracks on the top surface of the specimen was monitored and the lengths and 
widths were registered as a function of time. 

Within the test program plain concrete as well as concrete with three different amounts of 
steel fibres, 0,1, 0,5 and 1 % by volume, was investigated. The results showed that, for plain 
concrete, two major cracks with maximum widths of about 2,8 mm appeared within the 48 
hours of measurements. It was further shown that steel fibres were quite effective in reducing 
crack widths and distributing cracks causing multiple cracking to occur. This is further 
indicated by the results presented in Figure 8  (b)  where the maximum crack widths are related 
to the volume fraction of steel fibres used. For instance, at a fibre volume ratio of 0,5 % a 
total of 14 cracks appeared with a maximum width of only about 0,7 mm. However, when the 
volume fraction was increased to 1 % only one visible crack with a width of about 0,4 mm 
appeared. This suggests that in most parts of the specimen the crack distribution was rather 
efficient, thus resulting in only minimal, invisible cracking. The fact that a single crack with a 
rather distinct width has formed at one position implies that there may have been a weak zone 
in this part of the specimen. 

0 	02 	04 	06 	08 
Volume fraction of fibres,  Vf  (%) 

(a) 

Figure 8 — The  uniaxial  method for restrained shrinkage testing as proposed by Banthia et al 
(1996) where continuous restraint was provided along the base of the specimen. The test set-
up is shown in (a) while some results from the method are presented in  (b)  where the 
maximum crack widths are shown for different volume fractions of steel fibres. 
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Continuously restrained — Drying shrinkage 
An illustrative drawing showing the main principles of the experimental method proposed by 
Weiss et al (1998) is shown in Figure 9 (a). In this method a thin layer of concrete was placed 
on the upper face of a rather rigid steel tube. Clamping devices, that included horizontal and 
vertical threaded bars, ensured that the ends of the specimens would not move during the 
process of a test. Also, two different restraint conditions were studied as is indicated in the 
figure, Restrained Base and Ends (RBE) and Restrained Ends (RE). In the first case small 
steel strips, which had been welded to the upper face of the steel tube, produced a continuous 
restraint from the base. An un-restrained case was also studied, in which a no-bond-situation 
was ensured by leaving a space of about 10 mm between the concrete sample and the upper 
face of the beam. The ring test, with the same dimensions as shown in Figure 10 (a), was also 
incorporated in the investigation for reasons of verification. In order to produce stress fields 
that would result in cracking, the specimens were then subjected to a drying environment of 
40 % relative humidity and 30  °C  after an initial curing period of 24 hours, i.e. not plastic 
shrinkage. 

Weiss et al (1998) 
• NSC-Rings 
• NSC-RE 
• NSC-RBE 00 
0 	HSC-Ring 
0 	HSC-RE 
A 	HSC-RBE  

i•  

NSC =Nolmal 
HSC = High 
It 	= Rpst 

Stren0h 
Strength 

alnpri Fnd 

• 
Concret 

Concrete 
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RBE = Re trained Base and En( 

A 

Base and end restrained  uniaxial  test used by Weiss eta! (1998) 
2 	4 	6 	8 	10 

Time to first crack (days  
12 

(a) (b)  
Figure 9 — (a) Test set-ups employed in Weiss et al (1998) to study shrinkage induced 
cracking in concrete under restrained conditions.  (b)  Results showing the observed average 
crack widths in NSC and HSC specimens obtained both for the two set-ups shown in (a) and 
for the ring test. Also, evident is the time before the first crack was observed. 

The presented methods were then evaluated through an experimental program, consisting of 
both High Strength Concrete (HSC) as well as Normal Strength Concrete (NSC) specimens. 
Also investigated within the frames of the program was how shrinkage reducing admixture 
influenced the development of cracks in the specimens. Some examples of results can be 
found in Figure 9  (b)  where both the average crack widths observed after 50 days as well as 
the time until the first crack appeared are shown. Based on these results it was concluded that 
HSC cracks considerably earlier as compared to NSC. A possible reason for this, that was put 
forward in the paper, is that the development of shrinkage strain is typically much more rapid 
initially for HSC as compared to NSC. For instance, within the first 3 to 4 days, which 
corresponded to the time of first cracking in the HSC specimens, a free shrinkage strain of 
about 240 p.m/m was registered while the corresponding value for the NSC was only about 
100 p.m/m. This phenomenon was also discussed previously in section 2.3.1 as being an effect 
of the autogenous shrinkage part, which is much more pronounced for HSC, see Figure 5. 
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Also, the fact that HSC gains in stiffness earlier and that the creep relaxation is somewhat less 
were mentioned as possible explanations to the different crack rate. It can further be 
concluded that the average cracks were somewhat wider for the HSC specimens. A reason for 
this is that the free shrinkage strain at the time of registration, i.e. 50 days, was greater for the 
HSC as compared to the NSC, 670 and 500 tm/m respectively. As there is no information as 
regards the distribution of cracks, however, it is possible that the number of cracks may lave 
varied which would also have effect on the results. 

When comparing the average crack widths registered for the various test methods at 50 days it 
is interesting to note that the ring test and the Restrained Ends (RE) set-up gave similar results 
while the Restrained Base and Ends (RBE) set-up resulted in much more narrow crack widths. 
This indicates that the restraint provided in the RBE case was sufficient to produce well-
distributed cracking. Furthermore, it implies that the restraint situation for the ring test and the 
RE case was similar, i.e. no bond. Regarding the effect of Shrinkage Reducing Admixture 
(SRA) it was shown that both the time of first cracking as well as the average crack widths 
were positively affected. For instance, with the addition of 2 % of SRA the free shrinkage was 
reduced by up to 45 %. It was further shown that this was sufficient to prevent cracking in the 
RE and RBE slab specimens in the case of NSC. For the ESC specimens on the other hand, 
cracks appeared in all set-ups,  je.  rings, RE and RBE, despite the addition of SRA. The time 
at which the first cracks appeared was however delayed somewhat and the cracks were also 
more narrow. The average crack width was reduced from 1,28 to 0,78 mm for the RE case 
and from 1,23 to 0,56 mm for the ring test. For the RBE case the average crack width was 
0,11 mm both with and without SRA. 

Results from tests on concrete with shrinkage-reducing admixtures have also been reported by  
Hedin  (1999), see section 2.4.4 for more information. In this study it was shown that the free 
shrinkage was reduced by up to 50% due to the addition of 2,5 % of SRA, i.e. approximately 
the same as in the previously described study. The concrete used was in this case of grade 
K40 with a  w/c-ratio of 0,52. 

2.4.3 The ring test 

Perhaps the most well known and popular test method proposed for the purpose of studying 
crack development in concrete subjected to restrained shrinkage is the so-called ring test, 
which has been employed in a great number of previous studies. A few examples of such are  
Malmberg  and Skarendahl (1978), Grzybowski and Shah (1989, 1990), Shah et al (1998), 
Mesbah and Buyle-Bodin (1999) and  Groth  (2000). Similar to bar-shaped specimens this 
configuration allows for the development of a predominantly  uniaxial  state of stress. 
However, as opposed to the linearly shaped specimens, where it has proved to be rather 
difficult to provide sufficient restraint so as to produce cracking, a high and nearly constant 
restraint is achieved for the ring test, Grzybowski and Shah (1990). Another attractive feature 
that was brought forward by Wiegrink et al (1996) is that, aside from the simplicity of the 
method as such, the results are not significantly influenced by the geometry or the boundary 
conditions of the rings. 

In the method, which is illustrated in Figure 10 (a), a thin layer of concrete is cast around an 
inner stiff steel cylinder. After the initial curing period, which typically ranges from a few 
hours up to some days in the various studies reported, the concrete ring is de-moulded and 
sealed at the top and bottom surfaces in order to allow for one-directional drying exclusively. 
The specimens are then exposed to a predefined environment in which the shrinkage process 
of the concrete is initiated. However, as the inner steel ring restrains this contracting 
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2 	Introducing the problem of restraint stresses 

movement tensile stresses will gradually build up in the section. Cracks will develop as soon 
as these stresses reach the tensile strength of the concrete at any given time point. The number 
and widths of appearing cracks are then registered at the outer surface of the concrete rings by 
means of microscopic devices. 

(a) 	 (13) 
Figure 10— (a) General layout of the test set-up used for the ring test. From  Groth  (2000).  (b)  
Examples of results found in literature illustrating the favourable effects offibres as regards 
the limitation of crack widths. 

The ring test method is typically employed when evaluating the crack distributing ability of 
various types of fibres. Examples of results on this subject found in literature are summed up 
in Figure 10  (b),  where the total crack widths are related to  tir  volume fraction of fibres. 
Even though the test procedure adopted in the various studies was not identical the results are 
quite indisputable. The use of fibres, even at rather small volume ratios, provides a rather 
effective reinforcement as regards the limitation of crack widths. For instance, Grzybowski 
and Shah (1990) found that the addition of only 0,25 % of plain steel fibres with a length of 
25 mm and a width of 0,4 mm was sufficient to reduce the total crack width from 0,9 mm to 
0,35 mm, i.e. a reduction of approximately 60 %. It was further shown that the same volume 
ratio of polypropylene fibres resulted in a total crack width of 0,5 mm, which corresponds to a 
reduction of about 45 %. 

There are several advantages of the method that makes it a lather attractive alternative as 
compared to other tests proposed for the purpose of studying restrained shrinkage. Firstly, the 
simplicity of the set-up ensures a high degree of reproducibility. The method also allows for 
speeding up the process of a test by simply exposing the specimens to a more severe drying 
environment. Another way of accelerating the test procedure, as suggested by  Malmberg  and 
Skarendahl (1978), could be to heat up the inner steel cylinder. This gives rise to a similar 
load situation as in the case when the concrete is allowed to shrink. Furthermore, according to 
Grzybowski and Shah (1990), the method provides a nearly one-dimensional restraint in 
theory, which is also the case for  uni-axial specimens. The implication of this is that a more or 
less  uni-axial tensile stress field develops over the section. Clearly, this is an advantage as the 
results obtained from the test then may be regarded as a material property independent on 
specimen dimensions and geometry. A prerequisite for the applicability of this assumption, 
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2 	Introducing the problem of restraint stresses 

however, is that the non-uniform drying in the thickness direction is neglected. Thus, the 
dimension of the concrete ring may not be too extensive. On this subject Grzybowski and 
Shah (1990) also presented results from a Finite Element study, in which it was shown that 
the difference in tangential stress level at the inner and outer surfaces of the ring would not 
exceed 10 % with the dimensions shown in Figure 10 (a). In other words a tensile stress state 
close to  uniaxial  was predicted. 

Obviously, there are also some drawbacks of the method that need to be pointed out. Firstly, it 
is evident that the somewhat restricted thickness of the concrete layer employed in the various 
studies may have a certain degree of influence on the results. For instance, when Steel Fibre 
Reinforced Concrete (SFRC) is used there may be a tendency of alignment of fibres. Thus, the 
number of fibres that are active in a circumferential direction may not reflect the actual 
volume fraction added to the concrete but rather a higher one. The limited thickness also 
implies that the choice of aggregates in the concrete composition may influence the outcome, 
at least as regards SFRC. The greater the maximum aggregate size the more difficult will it be 
for the fibres to distribute uniformly. Some negative experiences regarding the ring method 
have further been reported by  Groth  (2000). In a quite extensive experimental program it was 
concluded here that the widths of appearing cracks were generally smaller as compared to 
results from other studies and that the cracks were shorter in the sense that they did not extend 
over the specimen height. It was further shown that good crack distribution was obtained even 
in the case of Plain Concrete (PC). 

2.4.4 Plate tests 

Plate shaped specimens that were either restrained along the edges or continuously along the 
bottom face were employed by e.g. Kraai (1985), Westin et al (1992) and  Hedin  (1999). In 
theory, this kind of approach is more accurate than the linear one, where the stress situation is 
more or less  uni-axial, as it resembles the real structure in a better way, i.e. slabs and 
toppings. However, the general experience is that, for continuously bonded specimens, it is 
rather difficult to ensure even restraint conditions in practice. As a result, the cracking process 
of such specimens is typically controlled by local weaknesses of the interface rather than on 
the stress build up resulting from an evenly distributed restraint. For this reason it may be 
difficult to draw conclusions from, for instance, the number and widths of appearing cracks. 
Another drawback of plate shaped specimens that is pointed out by Wiegrink et al (1996), is 
that a biaxial state of stress is produced. This suggests that the results are dependent on both 
the geometry as well as the boundary conditions. 

Recognising the difficulties of achieving an even bond quality, Opsahl and Kvam (1982) 
developed a test method in which 2200x500x65 mm end-restrained slabs were exposed to 
one-sided drying immediately after casting. The substrate surface was covered by plastic sheet 
prior to each test in order to assure that no restraint would be produced along the interface. 
According to Grzybowski (1989) the results from this study clearly demonstrated the 
efficiency of steel fibres as regards the distribution of cracks due to plastic shrinkage. For 
instance, it was shown here that, for concrete with 1 % by volume of steel fibres with enlarged 
ends, no cracks were detected within a period of 21 days after casting while cracks were 
detected already after 5 hours for plain concrete. 

A similar test method has also been used by  Hedin  (1999) to verify the effect of Shrinkage - 
Reducing Admixtures (SRA) on the development of cracks in restrained concrete toppings. In 
the study three 4x1,7x0,05 m concrete layers were cast directly on an old concrete floor which 
produced a more or less continuous restraint. Two of the specimens were also supplied with 
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end restraints, one with concrete containing SRA and one without. Results showed that for the 
topping where concrete with no SRA had been used the first cracks appeared two weeks after 
casting. Furthermore, for this specimen a maximum crack width of about 2 mm was recorded 
at the end of the measuring period, i.e. after 16 weeks. On the other hand, for the toppings 
where concrete with SRA had been used, the time at which the first cracks appeared was 4 
weeks for the specimen with both end and base restraint and 12 weeks for the one where 
restraint was only produced along the interface to the floor. It was further shown that the 
maximum crack widths were significantly reduced due to the use of SRA. Widths of only 
about 0,3 and 0,2 mm were measured after 16 weeks for the two toppings. 

A plate-shaped test set-up was also employed by  Olesen  and Stang (2000) to study effects of 
restrained deformation. In this investigation a few tests were conducted on slabs with a more 
or less one-dimensional geometry as shown in Figure 11. At the test occasion two 3x50 m 
slabs with a depth of 120 mm were cast aside each other on a base of graded gravel. Plain 
Concrete (PC) was used for one of these while concrete reinforced with 78 kg/m3  of hooked 
end steel fibres of the type Dramix ZP 30/0.50 was employed in the other slab. After pouring 
and curing, the slabs were left to the forces of nature, i.e. exposed to shrinkage and 
temperature variations. Also, as is evident from the figure, the slabs were supplied with a few 
transverse notches in order to allow for crack width measurements to take place. These were 
cut through approximately two thirds of the section some months after casting. Results from 
the study showed that for the plain concrete slab a single crack with a magnitude of about 3 
mm was registered over the mid-section notch. At the corresponding time two cracks, none of 
them with a width exceeding 0,1 mm, were observed at the surface of the SFRC slab. Based 
on these results it can be concluded that crack distribution was achieved in this case. 

: 326 	4 0,06 
: 3,34 

322 
0.12  

SFRC slab 	1  
i  0,05 	4 0,05 

10 m 1 	7,5 m 	I.. 7,5 m [ 	7,5 m [ 	7,5 m 1 10 m 

Slab test conducted by  Olesen  and Stang (2000) 

Figure 11 — Slab test as proposed by  Olesen  and Stang (2000) for the purpose of studying the 
effect of steel fibres on the development of crack widths in slabs on grade subjected to 
shrinkage and temperature loads. 
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3. Restrained temperature tests 

3 	Restrained temperature tests— Papers A and  B  

3.1 General 
A number of test methods have been proposed in the past for the purpose of studying effects 
of restrained deformation as was discussed in section 2.4. Many of these have also been used 
to demonstrate the positive effects of fibres as regards the control of cracking for such 
applications. However, according to Banthia et al (1996) most of the proposed test methods 
are somewhat idealised  ffi  referred to the restraint conditions. For this reason, the results 
obtained in the various studies may not be completely relevant. Accordingly, there is a need to 
develop experimental methods where the restraint better simulates the one obtained in reality. 
This has also been the main ambition of this study. Different from most of the previous 
methods however, where shrinkage variations have been used as loads, it was decided here to 
apply a temperature- induced load. The main reason for this choice was that drying shrinkage 
is a long-term process that takes several months to develop fully. As a consequence, 
restrained shrinkage tests generally require lots of time to perform. On the other hand, by 
using temperature loads it is possible to develop and refine a test method through a series of 
rather quick tests before finding a procedure that works satisfactory. 

For the sake of verifying the experimental results, a two dimensional Finite Element Model 
was developed to enable simulations of the tested specimens. The model was also employed 
to study the impact of various parameters, such as the softening of the concrete and the bond 
of the interface between topping and substrate, on the mode of failure. 

The following sections contain a summary of papers A  ard B  where a more thorough 
presentation of the testing technique and the Finite Element modelling can be found. Also, 
important to point out is that only some typical results achieved in the studies will be 
displayed in this Chapter. 

3.2 	Test Procedure 

One of the main ambitions was to develop a method that would allow for realistic assessments 
of the effects of restrained deformations on thin concrete toppings continuously bonded along 
one of the surfaces. Another important feature of the investigation was to study the effect of 
steel fibres on the formation of cracks for such applications. Some basic principles of the test 
procedure adopted to fulfil these ambitions are schematically shown in Figure 12. Evident 
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3. Restrained temperature tests 

from this illustration is that temperature loads were used to create a state of stress in a 
concrete topping that would result in the formation of vertical cracks. 

Figure 12— Principle illustration of the test procedure adopted for the restrained temperature 
tests. Phase 1 — heating of overlay and bottom slab, Phase 2— Cooling of overlay. 

The test procedure was divided into two phases, 1 and 2. During the first of these, in which 
the bottom slab was free to move, the temperatures were gradually increased in the various 
parts of the experimental set-up using internally placed heating cables. After reaching the 
temperature level aimed at, T1, the bottom slab was fastened to the floor by applying loads to 
the restraining ties. In theory this would prevent further displacements of the test set-up, 
implying that the bottom slab from this point on could be seen as a rigid base. The second 
phase was then initiated by gradually decreasing the temperature starting from the upper 
surface of the topping. In this way a rather steep temperature gradient was produced which 
successively lead to the formation of cracks. 

3.3 Experimental details 
A principle overview of the experimental set-up developed in the present study to evaluate the 
effects of restrained deformations is shown in Figure 13. As is clear from this illustration it 
consisted of a bottom slab (1), constituting the substrate material. In order to be able to 
control the temperature in the substrate two coils of heating cables were embedded close to 
the top and bottom surfaces (2). Heating cables were also embedded in the toppings for most 
of the tests (except for the first two tests, I:1 and 1:2). Furthermore, the slabs were prepared 
with 080 mm holes with an individual distance of 1 m along each side where 050 mm 
restraining ties were fitted (3). This made it possible to fasten the slab to the floor, to simulate 
a rigid sub-grade. 

Bottom slab 

Heating cables 

Restraining ties 

Concrete overlay 

Border of sheet metal 

LVDT gauges 

Vibrating Wire Strain Gauges 

Target points for Staeger measurer 

Figure 13 — Overview of the experimental set-up developed in the present study for the 
purpose of studying effects of restrained deformations. 
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3. Restrained temperature tests 

Concrete toppings (4) with depths of 150 mm, widths of 300 mm and lengths of 1800 mm 
were then placed on top of the substrate slab. At each test occasion two such specimens were 
cast aside each other, one with plain and one with Steel Fibre Reinforced Concrete (SFRC). 
Thus, a direct comparison was obtained between SFRC and PC for specimens exposed to 
exactly the same load situation. From Figure 13 it is also clear that the upper surfaces of the 
toppings were provided with boarders of sheet metal (5). The reason for this was to prevent 
the cold water, which was used to create the temperature gradient, from running off the 
surface. Also shown are the different gauges for measuring deformations. Information 
regarding the strain development at the upper faces of the toppings was obtained using two 
different types of techniques, Vibrating Strain Gauges (7) and a mechanical measuring system 
(8). Furthermore, so called Linear Voltage Displacement Transducers (6) allowed for 
continuous recordings of the end displacements of the toppings. Within the present test 
program a total of eight such tests, divided in two series, were performed using approximately 
the described experimental set-up (a slightly different set-up was used for the first four tests, 
i.e. series I). 

3.4 	Finite Element Model 

Mainly for the sake of enabling theoretical studies of the effect of various parameters on the 
behaviour of restrained toppings exposed to imposed deformations, a two dimensional Finite 
Element Model as shown in Figure 14 was developed using the finite element code  DIANA  
(1998). Both the topping and the substrate slab were simulated using rectangular four-noded 
plain stress elements of the type Q8MEM. Furthermore, two-noded structural interface 
elements of the type N4IF were applied to simulate the material characteristics of both the 
layer between slab and floor, interface 1, and between topping and slab, interface 2. 
Moreover, to be able to study the development of cracks in the topping, so called discrete 
cracks, also consisting of two- noded interface elements, were positioned between two 
successive columns of membrane elements at each 100 mm. However, in order to assure that 
the strength requirement would not be violated in between the prescribed discrete cracks, a 
smeared crack model was assigned for the membrane elements. 

Discrete Cracks c/c 100 mm 

Discrete Crack 

Figure 14 — Finite Element Model  (FEM)  developed to simulate the behaviour of restrained 
toppings exposed to temperature loads. 

The material models used to characterize discrete and smeared cracks are shown in Figure 15. 
Evident from the graphs is that, different from a discrete approach where a stress versus 
displacement relation is assumed, a stress-strain relationship is specified in a smeared 
approach. To some extent, the various parameters employed to describe the shapes of the 
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3. Restrained temperature tests 

softening curves were selected in order to reflect the results from the experimentally obtained  
uni-axial tensile tests conducted on both PC  ffi  well as on SFRC, see Paper A for more 
information. In the case of SFRC the tensile response approximately corresponded to a 
concrete with 30 kg/m3  of steel fibres. Some parameters were also specified for the concrete 
in the un-cracked stage, namely a modulus of elasticity, Ec, of 30 GPa and a poisson's ratio, 
v, of 0,2. Furthermore, to be able to model the effect of temperature changes the coefficient of 
thermal expansion, a, was set to 1 le. 

Also shown in Figure 15 are the relationships assumed for the two interface layers, 1 and 2. 
Along the interface between slab and floor the restraint was minimized for the tests by 
covering the floor with plastic sheet. Thus, a Coulomb friction model was assumed for this 
interface in horizontal direction. In this model two parameters were specified, a cohesion  c  of 
10 Pa (negligible) and a friction angle 0, or rather tan0 of 0,6. The possible sliding of the slab 
could thereby be related to the magnitude of the external loads supplied before the initiation 
of the cooling phase. In addition, a non-linear elasticity model, with virtually no tensile 
resistance but with substantial compressive resistance fc  was assigned to the vertical interface 
elements to model the rigidity of the floor. 

Figure 15 — Principle material models employed in the  FE-study: Friction for the interface 
elements between slab and floor, non-linear elasticity between topping and slab and bilinear 
tension softening relation for the concrete (smeared and discrete approach). 

For the interface between toppings and slab, a continuous restraint, mainly constituted by 
adhesive bond, was produced in the tests. This restraint situation was modelled by assigning 
non-linear elasticity in both horizontal and vertical direction for the interface elements 
connecting the topping with the slab. In these models the maximum value corresponds to the 
ultimate adhesive strength, fi in Figure 15. Similar to the post-cracking properties of the 
concrete, bilinear softening relations were then specified to simulate the small residual 
strength that may be expected even after the adhesive bond has been exceeded, f2  in Figure 
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3. Restrained temperature tests 

15. Within the present analysis two different conditions were studied; poor and good bond 
quality. The values assumed in each case are discussed in section 3.6. 

3.5 Experimental results 

For the type of structure studied there are some typical modes of failure that may be 
anticipated as was also discussed in section 2.2. In particular, the occurrence of vertical cracks 
extending through the thickness of a topping as well as shear failure along the interface 
between topping and substrate are generally identified as such. Thus, the most significant 
results obtained from restrained deformation tests are the end displacements of the toppings in 
addition to the development of strains in the concrete. As a consequence, the following 
presentation focuses on information regarding these matters. 

3.5.1 End displacements 

The development of end displacements recorded for some of the toppings during the cooling 
phase alone is shown in Figure 16. In the diagrams a positive displacement corresponds to 
lifting in vertical direction and expansion in horizontal. Thus, in general it can be seen that the 
presented toppings are lifting and contracting at the ends. When comparing the results from 
the two tests it is quite clear that displacements of considerably greater magnitude were 
obtained for the specimens shown in (a). The reason for this was that complete de-bonding 
occurred in this case, which evidently resulted in quite extensive edge lifting and translation. 
In fact, after the test had been terminated the corresponding toppings were free to remove 
from the substrate slab. The extensive de-bonding is further indicated by the fact that 
deformations developed in a rather steep fashion already from the initiation of the cooling 
process, which corresponds to time zero in the diagrams. This result was a bit surprising 
considering that the substrate surface had a higher roughness for this test as compared to the 
other test displayed here. 

Figure 16 — Examples of end displacements obtained from test 1:3 in (a) and test 11:4 in  (b)  
during the cooling process alone, i.e. the displacements have been zeroed at the initiation of 
the cooling. 

Considering the results presented for the specimens of test 11:4, as shown in  (b),  the somewhat 
smaller displacements indicate that de-bonding has not occurred to the same extent. In this 
case, the greatest vertical deformation was registered at the left end of the  FRC  specimen. 
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Thus indicating that the de-bonded zone was somewhat more severe as compared to the other 
ends. It is further clear that the maximum horizontal movement was registered at the 
corresponding position. From this observation it can be concluded that a greater edge lifting 
gives rise to a correspondingly greater horizontal translation. 

The quite extensive displacements near free ends were also visually observed for some of the 
specimens within the present test program, see Figure 17. In the photos, the lifting is 
represented by the moist areas, which appeared for the reason that water found its way from 
the upper face and through the topping. It is further clear that this phenomenon was not 
exclusively restricted to the ends of the specimens but was also found in the vicinity of 
through cracks. This is not surprising considering that two new free ends are generated for 
each extensive crack that is established in the topping. 

(a)  (b)  
Figure 17 — Photos illustrating displacements of topping PC 11:4 that resulted in debonding 
along the interface in the vicinity of a crack in (a) and at the end zone in  (b).  

3.5.2 Crack distribution 

Examples of the development of longitudinal strains registered with the Vibrating Strain 
Gauges (VSG:s) on the upper faces of a PC and an SFRC topping respectively during the 
cooling phase is shown in Figure 18 (a) and  (b).  For this particular test a rather distinct 
influence of the fibre addition is evident, i.e. the registered crack widths, as represented by the 
positive strain peaks, are considerably wider for the PC specimen as compared to the fibre 
reinforced one. In this case the maximum strain over the gauge length was only about 300 
grrilm for the  FRC  specimen as compared to 2400 kim/m for the plain concrete topping. Thus, 
the crack widths were reduced by approximately 87 % due to the addition of fibres. This was 
not surprising considering the rather high amount of fibres used in this case, 60 kg/m3. 

However, it is also important to mention that the measuring length for the VSG:s was 150 
mm, thus indicating that not only the deformations over the actual crack zone were registered 
but also the strains in the surrounding concrete. Apparently, this has most certainly had an 
effect on the results considering that the cracks that formed in the PC, differently from the 
ones forming in  FRC,  rapidly extended to the bottom of the section, which successively 
resulted in a de-bonded zone in the vicinity of each crack, see Figure 17 (a). This implies that, 
for the PC specimen, the imposed strains were released in the concrete near the cracks. 
Evidently, this would result in a correspondingly greater positive strain measurement over the 
crack zone. Another observation that may be done when studying the presented results is that 
the first crack, as represented by a sudden strain increase, appeared at a somewhat earlier 
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3. Restrained temperature tests 

stage for the plain concrete, about 1 hour as compared to 3 hours for the  FRC  specimen. This 
is yet another proof of the effectiveness of steel fibres in this case. 
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Figure 18 — Development of longitudinal strains measured with the VSG:s (measuring length 
of 150 mm) on the upper lace of the overlays during the cooling phase for PC 11:4 in (a) and  
FRC  11:4 in  (b).  

A summary of the maximum deformations registered over the most extensive crack at the 
surface of each specimen by means of Vibrating Strain Gauges (VSG:s) is presented in Figure 
19. As is evident from the graph, the crack widths, or rather the deformation over the gauge 
length, are shown here as functions of the steel fibre amount in order to demonstrate the 
influence of fibres as regards the limitation of cracks. From the presented results the general 
tendency seems to be that somewhat finer cracks were obtained as the content of steel fibres 
increased. It can further be concluded that this effect was more accentuated for the specimens 
of series II as compared to the ones of series I. 

Test 
Test 11:1 —40.— 

—1111— Test 11:2 
—II— Test 11:3 
—s— Test 11:4  

Test 1:1 —e—  
—8— Test 1:2 
—et— Test 1:4 
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Figure 19 — Maximum crack widths as registered with the VSG:s as a function of the amount 
of steel fibres  för  the various tests performed within the frames of the thesis. 
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A difference between the two series was that the upper faces of the bottom slabs used in series 
I had a brushed texture, i.e. very rough, while the corresponding surfaces of the ones used in 
series II had either grinded or board levelled textures, i.e. less rough. Thus, it is reasonable to 
suspect that the bond quality may have been better for the toppings of series I (except for the 
one shown in Figure 18 (a)). As the bond strength was only measured for some of the 
specimens of series II this is however not necessarily true. Nevertheless, a consequence of 
better bond characteristics would be that crack distribution is accomplished even without 
reinforcement which seems to have been the case for the tests of series I (and for tests 11:2 and 
11:3) where only minor differences were observed between PC and  FRC.  

3.6 	Results from the numerical analysis 

The Finite Element simulations were conducted primarily for the reason of numerically 
displaying how the interface and the concrete properties influence the fracture responses of 
the toppings. In order to fulfil this ambition a total of four different combinations of 
bond/concrete properties were studied, PC Good bond, PC Poor bond,  FRC  Good bond and  
FRC  Poor bond. Regarding the interface quality the good bond was represented by a strength 
of 2,0 MPa fi in Figure 15) in both vertical as well as horizontal direction while the 
corresponding value for the poor situation was 1,2 MPa. The value of the residual strength, f2  
in Figure 15, was chosen to 0,33 and 0,2 MPa for the two cases. Important to mention is that 
these values have no relation to the experimental study as no information on this matter was 
available at the time. The choice of parameters is instead the result of several years of trial 
and error, which was required in order to find a stable numerical model. 

Concerning the concrete properties it was assumed that steel fibres only influence the shape of 
the tension softening response. Thus, the same ultimate tensile strength was used, 3,1 MPa, 
and two different softening behaviours, one for PC and one for  FRC.  The values used to 
describe the softening were, to some extent, adopted from  uni-axial tests conducted within the 
frames of the experimental study. However, as was also the case for the interface properties it 
was necessary to adjust the parameters somewhat in order to find numerical solutions. In 
particular, it should be mentioned that the stability problems increased when the softening 
response of the concrete was improved. This means that it was not possible to assign a 
residual behaviour similar to what would be expected for a concrete with, for instance 60 
kg/m3  of fibres. Instead, the  FRC  properties employed approximately correspond to a fibre 
content of 30 kg/m3. More information about the various parameters assumed for the concrete 
and the interface layers may be found in paper  B.  

3.6.1 End displacements 

The numerically estimated end displacements during the cooling phase are presented in 
Figure 20 (a) and  (b).  Based on these results some interesting conclusions may be drawn 
regarding the influence of both the bond quality as well as the concrete properties. Concerning 
the effect of the interface it can be stated that the poor bond situation, as expected, resulted in 
greater displacements. It is further clear that this effect is even more distinct for the simulation 
where  FRC  properties were employed, thus implying that not only the interface quality but 
also the concrete properties have influence on the edge displacements. This observation was, 
to some extent, also supported by experimental results. 

The reason as to why  FRC  structures would be more sensitive to de-bonding may be 
explained by considering the redistribution of stresses following from the formation of 
vertical cracks in a topping. For plain concrete, a sudden drop in force transferring in the 
fracture zone characterizes the development of a crack. This results in a relaxation of stresses 
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3. Restrained temperature tests 

in the surrounding parts of the structure. Clearly, for cracks forming within a near distance 
from a fee end this will most certainly have a positive effect on the magnitude of the curling 
moment in the sense that it will decrease. On the other hand, when a crack develops in fibre 
reinforced concrete, forces may still be transferred in the actual fracture zone by fibres that 
bridge the crack. As a result, the relaxation of stresses following from the formation of crack 
zones in  FRC  will be somewhat restricted and the corresponding reduction of the curling 
moment will be less as compared to plain concrete. Thus, it can be concluded that the better 
the post-cracking properties of the concrete the higher demands are put on the bond quality of 
the interface in order to avoid lifting near free edges. 
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Figure 20 — Vertical and horizontal displacements as obtained in the  FE-analysis for a good 
as well as a poor bond situation. Plain Concrete (PC) in (a) and steel Fibre Reinforced 
Concrete in  (b).  

3.6.2 Longitudinal strain distribution 

The maximum calculated longitudinal strain distributions at the upper edges of the various 
simulations are shown in Figure 21 (a),  (b), (c)  and  (d).  The strains have been averaged over a 
distance of 150 mm which corresponds to the gauge length of the VSG:s. Also shown are 
contour plots obtained at the same time. In order to improve the legibility of the plots the 
displacements have been magnified 200 times. Also, the colour scale gives an indication of 
the distribution of longitudinal stresses in the structure. Here, dark shaded areas represent the 
peak tensile stresses while less stressed parts of the structure are somewhat lighter. (However, 
the main intention of showing the contour plots is not to provide exact illustrations of the 
stress distribution but rather to show the overall responses of the simulated toppings.) 

From the presented  FEM  results it is possible to draw some conclusions regarding both the 
effect of the interface properties between toppings and slab as well as the influence of the 
concrete properties or rather the residual tensile strength. On the subject of bond it is evident 
from the contour plots that poor interfacial properties resulted in substantially greater 
deformations near free edges, compare (a) with  (c)  and  (b)  with  (d).  As was also discussed 
previously, this effect is even more pronounced when  FRC  properties are employed. 
Concerning the distribution of appearing cracks it can be concluded that, mainly as a result of 
the somewhat greater de-bonded zones, fewer cracks developed in the toppings where poor 
interface properties were employed. 
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Figure 21 — Calculated strain distribution at the upper edges of the simulated toppings as 
well as some contour plots showing the longitudinal stresses at a time corresponding to the 
point when maximum values were registered. The strains have been averaged over 150 mm 
lengths which corresponded to the gauge length of the VSG:s. 

Regarding the influence of the concrete properties, it is clear when studying the strain 
distributions for the good bond situation, Figure 21 (a) and  (b),  that the predicted cracks were 
only slightly wider for the PC as compared to the  FRC.  This implies that the effect of fibres 
would be rather insignificant in the case of good bond properties. To some extent, this was 
also indicated by the experimental results although the actual properties of the interface were 
not measured, see e.g. tests 1:1, 1:2 and 1:4 in Figure 15. 

For the poor bond situation, Figure 21  (c)  and  (d),  it is clear that the rather extensive de-
bonding, in particular for the  FRC,  influenced the distribution of cracks to a great degree. This 
makes comparisons between PC and  FRC  a bit unfair in this case. 
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3.7 	Summary and Conclusions 

3.7.1 Experimental study 

A test method has been proposed to study the cracking process in restrained concrete toppings 
exposed to temperature deformations. Although it was shown that the method is suitable for 
the purpose it can be concluded that a few modifications of the testing procedure are required 
in order to improve the consistency of the results. In particular, measures need to be taken to 
ensure that the temperatures are uniformly distributed throughout the various parts of the set-
up. Also, to improve the way of controlling the temperature is another important issue to be 
dealt with in order to enable a repeatable test procedure. Furthermore, it is suggested that 
more LVDT:s are used in future tests to follow the end displacements of the bottom slabs in 
addition to the toppings. 

Regarding the results from the actual tests performed some interesting conclusions can be 
drawn. In particular it was evident that the use of steel fibres, in most cases, reduced the 
magnitude of appearing cracks. For instance, results indicate that the addition of 30 kg/m3  of 
steel fibres resulted in a reduction of the maximum crack widths with up to 60 % while the 
corresponding reduction for a case when 60 kg/m3  was added was approximately 85 %. It was 
further concluded that the effect of fibres to some extent is influenced by the bond properties 
of the interface between topping and substrate surface in the sense that the influence seems to 
be greater as the bond quality diminishes. 

3.7.2 Numerical study 

A non-linear Finite Element Model was set-up to enable simulations of the specimens tested 
within the practical investigation. Regarding the model as such it seems as if it is able to 
realistically capture the various features typically experienced in restrained toppings, although 
the correlation with experimental results was not satisfactory. Nevertheless, based on results 
from the numerical analysis some conclusions can be drawn regarding the influence of the 
interface quality and the concrete properties. 

On the subject of bond, two different situations were studied, Poor and Good bond. As 
expected the analysis suggests that a poor bond situation results in greater end displacements 
due to extensive de-bonding. A consequence of this was also that fewer cracks developed with 
somewhat greater widths. 

It was further shown that the de-bonding was somewhat more severe for  FRC  as compared to 
PC. Based on this observation it was concluded that the better the post-cracking properties of 
the concrete the higher demands are put on the bond quality between topping and substrate. 

Regarding the influence of steel fibres on the crack formation it was shown that the predicted 
crack widths were only slightly reduced due to the use of fibre reinforcement, i.e. for the 
properties assumed here, which approximately corresponded to a concrete with 30 kg/m3  of 
steel fibres. It was further shown that the distribution of cracks was rather similar for the PC 
as compared to the  FRC.  
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4 	Restrained shrinkage tests — Paper  C  

4.1 General 

As was recognized in previous sections the main concern for thin layers of concrete bonded to 
rigid substrates is generally not related to stresses generated by external loads since 
substantial parts of it is transferred directly to a stiff substructure. Instead, quite extensive 
stresses may develop for the reason that bond forces, which act along the interface, restrict 
shrinkage ancVor temperature deformations. In order to study this phenomenon a series of 
half-scale tests were performed, in which a number of concrete toppings were exposed to a 
drying environment. Important ambitions were to verify the effect of steel fibres on the crack 
distribution and to study the significance of the structural depth. 

Originally, the ambition was also to develop a non-linear Finite Element Model including 
fracture mechanics behaviour, to be used for verifying the results obtained in the experimental 
investigation, i.e. to study the establishment of crack zones in the toppings. However, due to 
problems related to the numerical stability of the analysis this ambition was eventually 
abandoned. Instead, it was decided to conduct an elastic Finite Element analysis to evaluate 
the stress development in the vicinity of free ends. More specifically, the  FE-model was used 
to study the significance of the depth and the concrete creep on the development of stresses 
near the ends of a concrete topping. 

4.2 Experimental details 

In order to fulfil the objectives a total of eight concrete toppings with an individual area of 
900x2700 mm2  and depths of either 60 or 120 mm were cast on an old concrete floor, see 
Figure 22. Each of the two series (I and II) contained one un-reinforced (PC), one steel bar 
reinforced (SBRC) and two steel fibre reinforced (SFRC) specimens. For the two toppings 
reinforced with steel bars, SBRC I and SBRC II, centrally placed mesh reinforcement of the 
type #7s150 mm was used. Regarding the fibre reinforced concrete, the amount of steel fibres, 
which was of the type Dramix RC-65/35-BN, was either 30 or 60 kg/m3. The concrete used 
was of grade K35 (w/c=0,55) with a maximum aggregate size of 8 mm. 

All of the specimens were cast at the same day. After finishing the surfaces the overlays were 
covered with plastic sheeting and allowed to cure for the subsequent three days. The 
development of deformations of the various overlays was then recorded during the next three 
months by means of a hand- held mechanical equipment that was positioned between two 
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successive target points that had been previously glued to the upper faces of each specimen. 
The measuring length of the instrument was 300 mm. Simultaneous measurements were also 
conducted on 500x100x100 mm 3  prisms that were allowed to dry out from all surfaces. In this 
way, information was obtained regarding the magnitude of the free shrinkage. For comparison 
reasons such prisms were stored both in laboratory environment (22  °C  and 65 % relative 
humidity) as well as in the same environment as the overlays, see Figure 24  (b).  

PC II 

-\, 
. 

4-1-14+ " , • - - -. . g-6Ad  ri 1,  FRC 	ik 
t-t17i-t-ti • 21.:-.3.0.-_ . 	,9i99,-.. 
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20 

Figure 22 — Principle illustration showing measures and positions of the different pieces of 
concrete overlays involved in the study. 

One of the main factors controlling the response of concrete toppings subjected to imposed 
strains is the quality of the interfacial bond to the substrate surface. In order to avoid complete 
de-bonding two precautions were taken in this study: Firstly, a sand-paper- like surface was 
achieved by sprink ling coarse sand in a plastic coating when still wet. Secondly, each strip of 
concrete was also supplied with end anchorages consisting of a reinforcing bar fastened 
between two expanding bolts that had been fixed to the concrete floor. Furthermore, to verify 
that the restraint provided by the substrate was sufficient, the bond strength was evaluated for 
some of the specimens. However, results showed that the quality of the bond was rather poor 
in all of the cases indicating that the first precaution was clearly not sufficient. The reason for 
this is most certainly that the plastic coating prevented the new layer of concrete to penetrate 
and bond to the old concrete. Thus, this poor bond quality is a circumstance of the study that 
needs to be considered when evaluating the results. 

4.3 	Finite Element Model 

Numerical simulations of thin concrete overlays subjected to restrained shrinkage were 
performed in order to study the influence of concrete creep and the depth on the tensile stress 
built-up in the end zones. Principally, the analysis carried out for this purpose involved two 
stages. As a first step the uneven strain distribution arising due to the process of one-
directional drying shrinkage was calculated. The estimated shrinkage strains were then 
applied as a load in the succeeding stress analysis, which was carried out using a two 
dimensional Finite Element Model  (FEM)  created with the finite element code  DIANA  
(1998). The model consisted of rectangular four-noded plain stress elements of the type 
Q8MEM as can be seen in Figure 23. Both horizontal as well as vertical translations were 
prevented along the bottom edge by constraining the corresponding nodes. 

Important to keep in mind is that the aim of the analysis was not to study the actual response 
of a real topping as was the case for the analysis described in Chapter 3. Instead, the model 
was developed to theoretically investigate the stress situation in a thin layer of concrete 
assuming full restraint to the substructure. A major difference between this model and the one 
presented in Chapter 3 is that elastic behaviour was assumed here while both the concrete as 
well as the interface to the substructure had non-linear material response in the previous 
analysis. This means that the stress levels will reach unrealistically high levels in this case as 
no fracture zones will occur, i.e. the concrete has an elastic response. 
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Figure 23 — Two-dimensional  FE  Model used in the analysis. 

The elastic modulus, Ec, and the poisson's ratio, v, represented the material characteristics of 
the concrete. In the analysis these parameters were set to 30 GPa and 0,2 respectively. Also, 
to study the effect of stress relaxation due to visco-elastic behaviour, a creep model was used 
in the calculations. As no tests were performed to determine the creep parameters of the 
present concrete a function as proposed in the ACI code (1982), which is available in  DIANA,  
was applied in the analysis. 

4.4 Experimental results 

4.4.1 Free shrinkage 

Results from the free shrinkage readings as obtained from prisms stored both in laboratory 
environment as well as on site are shown in Figure 24 (a). Relative humidity and temperature 
measured during some periods of the first hundred days after casting at site are shown in 
Figure 24  (b).  From the recordings of Figure 24  (b)  it is clear that, although the temperature 
was rather stable, quite extensive variations of the relative humidity was indicated from day to 
day. Apparently, the extreme values of the humidity reflect days of high outdoor humidity. In 
the laboratory a stable environment of 22°C and 65 % relative humidity was maintained 
throughout the period. 

Figure 24 — (a) Development of free shrinkage in laboratory environment (T-22  °C  and 
RI-1=65 %) and at site.  (b)  The relative humidity and temperature measured sporadically 
during three months at the location of the toppings at the site. 

When studying the presented results of the free shrinkage in Figure 24 (a) it is clear that the 
specimens stored in laboratory environment contracted somewhat more than the 
corresponding specimens stored at site during the first 100 days, up to about 820 p.m/m as 
compared to 650 - 750 tim/m. Furthermore, it can be concluded that even though the 
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shrinkage of the PC specimen stored at site was slightly less than the two fibre reinforced 
specimens it is not reasonable to suspect that the shrinkage increased due to the addition of 
fibres as this tendency was not perceived for tie lab prisms. It is also evident that the long 
term drying shrinkage did not come to an end within the first three months. However, at the 
additional measuring points for the lab prisms it seems as if the expansion is somewhat 
slowed down, thus indicating that a final shrinkage value is soon to be reached. 

4.4.2 Restrained shrinkage 

A summary of results from the longitudinal deformation measurements are shown in Figure 
25 (a) and  (b).  In the presented graphs the maximum longitudinal strains, i.e. obtained after 14 
weeks, have been plotted as functions of the position along the length axis. The strains were 
obtained simply by dividing the deformation readings by the measuring length of 300 mm. In 
the diagrams a positive grain peak represents a major crack zone. However, as the gauge 
length was rather extensive it is likely that the positive values not only display the crack 
opening but also the deformation of un-cracked parts of the concrete. 

Regarding the general behaviour of the various specimens it is evident from Figure 25 (a) and  
(b)  that one dominating crack developed in most of the toppings even though several less 
extensive cracks were also observed. It is further clear that the main cracks, forming in the 
thin specimens of series I, were generally wider than the corresponding cracks in series II. 
Also, from the fact that the positive strain peaks were greater for the plain concrete specimens 
as compared to the reinforced ones it can be concluded that crack width limitation was 
achieved to some extent due to the reinforcement. Considering the end displacements it is 
evident that de-bonding occurred for practically all toppings, as the strains at the ends of the 
toppings were almost similar to the free deformation readings as presented in Figure 24. 

Det Reader 
	 Det Reader  

Position (mm 

(a) 
Position (mm 

(b)  
Figure 25 — Maximum longitudinal strains measured after 14 weeks on the upper surfaces of 
the eight toppings. Toppings of series I in (a) and series II in  (b).  

The thickness of the concrete layer seemed to influence not only the width of the cracks but 
also the time at which they were initiated. This is rather clear when considering the results 
shown in Figure 26. From these recordings it is evident that the first crack developed after 
approximately 2 weeks for the thin topping while cracks did not appear until after 5-6 weeks 
for the thicker topping of series II. This can be seen when comparing the measured strain 
development at position 1200-1500 mm for PC I and PC II. For PC I a steep strain increase 
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was registered after 14 days while the corresponding strains measured for PC II did not 
increase until a time of 35 days. 

An explanation for this may be that the rate of desiccation is relatively faster for a thinner 
concrete layer, at least when considering concrete with normal to high  w/c-ratios where the 
shrinkage is mainly a result of the drying exchange with the surrounding. Basically, this 
means that the concrete layer will be subjected to the full shrinkage load in a shorter period of 
time. Thus, it is reasonable to assume that this is also the reason as to why the crack width 
was wider for the thin specimen. 

Figure 26— Longitudinal strain development over time for the plain concrete specimens. PC I 
in (a) and PC II in  (b).  

4.5 Numerical results 

4.5.1 Free shrinkage 

In the present analysis the differential shrinkage resulting from one-directional desiccation has 
been calculated (using Eq. 2.3) from moisture profiles predicted by the software PLADIFF as 
described in  Jonasson  (1977). The resulting distributions of shrinkage strains at 1, 28 and 90 
days after the initiation of drying are shown in Figure 27 for the two different depths 
employed in the experimental study. In order to make comparisons more legible, the strains 
are expressed here as functions of the relative depth, i.e. the distance from the bottom,  x,  
divided by the total depth of the section,  h.  

From the presented results it is evident that the shrinkage strain development is considerably 
more rapid for the thin layer. For instance, after 90 days of drying, the imposed strain at the 
bottom of the thin section equals 490 lm/m while the corresponding value for the thicker 
overlay is only about 260 gm/m. Indirectly, this was also confirmed by experimental results 
as the first cracks were observed at a considerably earlier age for the 60 mm toppings than for 
the 120 mm ones. 

The above reasoning applies in cases where the concrete has a rather high  w/c-ratio, as was 
the case in the experimental study. However, as discussed in section 2.3.1, the shrinkage of 
High Performance Concrete, i.e. concrete with low  w/c-ratios, the autogenous deformation 
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due to self-desiccation will play a much more significant role. This means that the shrinkage 
rate will not be as geometry dependent as is the case here. 

200 400 600 BOO 1000 
Shrinkage strain (mm/m) 

Figure 27 — Predicted shrinkage distributions as a function of the relative depth at different 
stages after curing for one-directional diffusion as estimated by the software PLADIFF. The 
figure shows the development of shrinkage for two different depths, 60 and 120 mm (See also 
Figure 5). 

4.5.2 Stress development 

The so calculated shrinkage strain distribution was then applied in the finite element analysis, 
which allowed for the time history of the stresses to be estimated. The primary ambition of the 
numerical modelling was to demonstrate how both creep effects as well as the geometrical 
configuration of the concrete structure influences the development of stresses. 

The computed distribution of stresses after 28 days of drying is shown in Figure 28 (a) and  
(b)  for both a case where creep has been incorporated as well as for a no-creep-situation. As 
regards the effect of concrete creep on the stress levels a substantial effect is indicated. For 
instance, if the longitudinal stresses in the upper row of elements are considered, a maximum 
stress of approximately 21,5 and 18,5 MPa is predicted at a distance of 200 and 400 mm from 
the end for the 60 and 120 mm topping respectively when creep is not incorporated. On the 
other hand when creep is accounted for, the corresponding values are only about 8,7 and 8 
MPa. Thus, the stresses have been reduced by a factor of 2,5. 

The reason as to why the magnitude of the stresses is unrealistically high, the tensile capacity 
of concrete is only about 3 MPa, is that full restraint is assumed to a completely inflexible 
substructure. This means that the total shrinkage strain that develops in the concrete will be 
transformed into stresses. As shown in Figure 27, the shrinkage strain at the upper surface 
was assumed to have reached a value of 900 1..tm/m already at the initiation of the drying 
procedure, due to humidity equilibrium with the surrounding. At 100 % restraint this 
corresponds to a value of 900.10-6x30403  = 27 MPa in the case when no creep is assumed, 
which would prove that the presented stresses are reasonable from a theoretical point of view. 
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Figure 28 — Stress variation in  FE-analysis near an end at 28 days after curing for a 60 mm 
topping in (a) and a 120 mm topping in  (b).  

Considering the stress build-up in the vicinity of an end in general, it is evident from the 
calculations that, not only longitudinal and shear stresses develop but also vertical stresses of 
quite substantial magnitude. This was discussed previously in section 2.2 as being a result of 
the unbalanced moment that is established as the resultant force from the longitudinal stress in 
the concrete is equilibrated by bond forces along the interface. The tensile component of these 
vertical stresses is also the reason for the often-observed end lifting. Regarding the effect of 
the depth on this matter it may be concluded from the analysis that a greater transition zone 
between tensile and compressive stress is estimated for the thicker topping. It is further clear 
that the magnitude of the vertical peak tensile stress is somewhat lower. Even though the 
predicted peak values in both cases are clearly sufficient to break the vertical bond this 
indicates that the effect will be of more significant order for the thinner layer. 

Regarding the longitudinal stress distribution a somewhat lower maximum value is reached 
for the thick topping within the first month. Moreover, the development length, or rather the 
distance until the maximum value is reached, is longer for tfü 120 mm topping. As may be 
seen this results in a less steep and thereby also a somewhat softer stress development. 

The effect of the geometry is further manifested in Figure 29 (a) and  (b)  where the 
longitudinal stress distribution is shown for the two sections at 1, 3, 7 and 28 days of drying. 
From these diagrams it may be seen that a stress of considerable magnitude is rapidly reached 
at the top of the section and is then stabilised for further increases of time. In reality, this 
results in the formation of a dense system of micro-cracks near the upper face. From an 
appearance point of view such cracks has practically no significance. However, in a longer 
perspective the micro-cracks will possibly play the role of indicators for major fracture zones 
to develop. 
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Figure 29 — Distribution of computed longitudinal stresses over the depth at 1, 3, 7 and 28 
days after curing for a 60 mm topping in (a) and a 120 mm topping in  (b).  

When comparing the stress distribution of the two sections in Figure 29 it is evident that the 
magnitude is considerably lower in most parts for the thicker topping, the stress at the top 
excluded. For instance, after one week of drying the computed stress in the bottom element is 
only 1 MPa for the 120 mm topping while the corresponding value for the 60 mm specimen 
exceeds 3 MPa. Clearly, this follows from the fact that the desiccation is considerably slower 
for the 120 mm topping. As was discussed previously this typically results in a somewhat 
earlier crack initiation time for a thin topping. Furthermore, this also suggests that the 
relaxation of stresses due to the development of creep will play a more significant role for a 
thicker topping, as the shrinkage strain rate is slower. Thus, the depth of the concrete layer 
will influence not only the formation time but also the long-term sensitivity to vertical 
through cracking. 

4.6 	Summary and Conclusions 

4.6.1 Experimental 

The present study deals with the fracture responses of a series of restrained toppings exposed 
to a drying environment. Main ambitions were to compare steel fibres and mesh 
reinforcement as regards the limitation of crack widths and to study the influence of the 
geometrical dimension. Thus, fibre reinforced, mesh reinforced and plain concrete specimens 
of two different depths, 60 and 120 mm were prepared. 

On the subject of crack width limitation the irsults showed that the main cracks forming in 
the plain concrete specimens were distinctly wider than the ones recorded in the other 
specimens. Thus, it may be concluded that both fibres as well as mesh reinforcement were 
able to limit the crack widths to some extent. It was further shown that the mesh provided the 
best reinforcement for the thin layers while 60 kg/m3  of steel fibres gave the most favourable 
results for the thicker toppings. 

Based on the fact that observed crack widths in general were finer in the 120 mm toppings 
and that the initiation time for cracks was somewhat prolonged it is evident that the depth 
plays a significant role for the fracture response. The reason for this is presumably that the 
desiccation time increases for the thicker toppings, which would imply that the mean 
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shrinkage strain will be lower at any given time point, i.e. for the period of time studied here. 
A somewhat slower load rate also means that the effect of creep may be of a higher order. On 
the subject of end displacements it can be concluded from the quite extensive strains recorded 
near the ends that de-bonding occurred for all specimens. This phenomenon was also 
observed visually as cracks appeared along the interface layer between topping and substrate 
at an early stage. 

A drawback of the study was that the quality of the interfacial bond was rather poor. As the 
ends of the specimens were attached to the substructure by means of expanding bolts this 
resulted in a more severe load case than what was originally anticipated. In other words, the 
toppings became more or less end-restrained only. This was presumably also the reason as to 
why only one dominating crack formed for most of the specimens. 

4.6.2 Numerical 

A  FE-model was developed for the purpose of verifying the effect of the geometrical 
dimension. Also, to study the effect of concrete creep on the stress build-up was another main 
ambition of the analysis. Regarding the predicted stress fields in general it was clear from the 
results that not only longitudinal and shear stresses were generated near the ends but also 
quite extensive vertical stresses. The tensile component of these stresses is also the main 
reason as to why end lifting occurs. Regarding the influence of the depth on this subject it was 
shown that the magnitude of the maximum value reached at 28 days was approximately the 
same for the two sections. However, the fact that the transition zone over which the vertical 
stress changes from tensile to compressive was longer for the thicker topping implies that this 
phenomenon will probably be of more significant order for the thinner layer. On the subject of 
creep results indicate that the longitudinal stress levels are reduced by a factor 2,5 at a drying 
time of 28 days. 
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5 	SUMMARY AND CONCLUSIONS 

5.1 General 
One of the main ambitions of the present thesis has been to investigate the contributing effect 
of steel fibres as regards the limitation of temperature and/or shrinkage induced cracks in thin 
layers of bonded concrete components. Although most types of toppings, such as for instance 
repairs or shotcrete, are presently among the most common applications for SFRC, the use is 
still somewhat restricted. The primary reason for this is possibly that no consistent methods of 
design exist which allow for assessments of the fibre contribution to be conducted. Thus, in 
order to increase the competitiveness of SFRC it will be necessary to find methods of design 
that allows for predictions of, for instance, crack spacing and widths based on the type and 
amount of fibres employed. An important step in finding such models is to increase the 
understanding of the mechanisms that control the fractures of concrete overlays exposed to 
imposed loads. There are different ways of fulfilling this ambition. For instance, numerical 
simulations such as for instance  FEM,  has proved to be a rather powerful tool as it allows for 
rapid and simple examinations of the significance of various factors. However, for the sake of 
verification it is naturally most important to conduct experimental studies. 

Following from the above reasoning it was decided to perform both experimental studies as 
well as numerical analysis. Two different types of experiments, restrained temperature tests 
and restrained shrinkage tests, were adopted primarily in order to study the effect of steel 
fibres on the crack distribution. Furthermore, it was also attempted to verify the results 
obtained from the experiments by performing Finite Element simulations. A summary of 
results as well as some of the main conclusions obtained in the various investigations 
conducted within the frames of the thesis is presented in the following sections. 

5.2 	Restrained temperature tests 

5.2.1 Experimental 

There were primarily two ambitions of the restrained temperature tests: to develop a 
procedure of testing that would allow for realistic examinations of the fracture responses of 
restrained toppings subjected to imposed loads, and to assess the effectiveness of steel fibres 
with respect to crack width limitation. 
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On the subject of crack width limitation, results showed that the maximum crack widths in 
most cases were somewhat finer for the steel fibre reinforced specimens as compared to the 
plain concrete ones. It was also shown that the difference was greater ür the tests where 
wider maximum crack widths in the PC specimens were observed, i.e. mainly for the tests of 
series II. Considering that the crack widths are typically related to the bond quality in the 
sense that a better bond generally results in finer cracks, this suggests that the effect of fibres 
increases when the bond becomes poorer. This conclusion also makes sense considering that 
the upper faces of the slabs used in series I had a coarser texture than the slabs of series II. 

Vertical and horizontal movements at free ends were also observed both visually and by 
means of displacement gauges mounted on the end faces of the toppings. This indicates that 
de-bonding occurred at the ends between toppings and substrate, at least in some cases. 
However, there is no general conclusion that may be drawn based on the recordings of end 
displacement. 

On the subject of de-bonding it was also observed that this phenomenon was not exclusively 
restricted to the ends but was also found in the vicinity of through cracks, in particular for the 
PC specimens. This is due to the fact that two new free ends are established for each crack 
that extends through the concrete layer. 

It can further be concluded that the adopted test technique proved to be functional for the 
purpose. However, there were some obstacles of the way of testing that may have had some 
influence on the results. Regarding the process of heating it can be concluded that it was 
somewhat difficult to ensure that the temperature was evenly distributed in the various parts 
of the set-up. It is also doubtful whether the recorded temperatures were in fact representative 
for the complete set-up. 

Another important factor that was not accounted for when evaluating the results was the effect 
of differential drying shrinkage between the toppings and the bottom slab. The age of the 
toppings exceeded 28 days at the test occasion indicating that considerable parts of the total 
shrinkage strain may have developed in spite of the fact that the toppings were covered by 
plastic sheet during some parts of the time. This means that, although the bottom slab was free 
to move during this period, stresses may have developed as a consequence of shrinkage 
differences between toppings and slab. 

Yet another possible source for maccounted stresses to occur was the way of fastening the 
bottom slab to the floor. Even though a levelling compound had been placed underneath the 
slab to ensure that contact was to be achieved over the entire area it is not unlikely that there-
were some parts where this situation was not accomplished. At least it was clear from the tests 
that vertical displacements, quite extensive in some cases, were recorded as the slab was 
fastened. 

However, considering that the results have been treated in a more or less comparative way 
these factors have not been of significant order for the present investigation. On the other 
hand, for the test method to give relevant results that may be used in a more theoretical 
evaluation it is necessary to find solutions on how to solve these concerns. 

5.2.2  FEM  

A non-linear Finite Element analysis was conducted parallel to the experimental study to 
simulate the responses of the restrained temperature tests. Among the most important aims of 
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this analysis was to investigate how the factural response of a topping is influenced by the 
tension softening properties of the concrete and by the quality of the interface. Thus, two 
different bond situations as well as two softening responses were simulated. 

The results from the simulations indicated that the fracture response of a topping to a great 
extent is dependent upon the interaction between the bond and the tensile softening properties. 
In particular, it was shown that an SFRC topping experienced a more severe de-bonding as 
compared to the PC specimen at the same bond situation. Naturally, this had also quite an 
influence on the distribution of cracks in the toppings, which to some degree complicated 
comparisons. On the subject of crack width limitation it was shown that the effect of fibres 
was not as great as anticipated. For a good bond situation, which was believed to better 
characterise the actual conditions in the tests, the maximum widths were reduced by 
approximately 20 % by using steel fibres. In the analysis, the  FRC  was assumed to have a 
tensile softening response similar to what would be expected for a concrete with 30 kg/m3  of 
steel fibres. 

Important to keep in mind however is that the  FE  analysis required quite a number of 
modifications in order to avoid numerical difficulties. The first of which was to introduce 
discrete cracks at each 100 mm. In a way this means that cracks were controlled to these areas 
of the toppings even though a smeared crack approach was employed for the membrane 
elements in between. Another drawback of this way of modelling is that creep effects or 
maturity influence may not be accounted for as such models are not available for discrete 
cracks, at least not in the  FE-program  DIANA.  

5.3 Restrained shrinkage tests 

5.3.1 Experimental 

A total of eight half-scale concrete toppings were produced and exposed to a drying 
environment during a period of three months. Some of the main variables investigated were 
the influence of the depth in addition to the crack distributing ability of reinforcement, both 
steel fibres and mesh. 

Regarding the effect of reinforcement it was concluded that steel fibres were at least as 
effective as the steel bar mesh from a crack limiting point of view, although it was clear that 
none of the alternatives were adequate for the purpose of achieving crack- free structures. It 
was further interesting to notice that the time before cracks were first observed in all cases 
was longer for the reinforced toppings as compared to the PC toppings. This implies that both 
the fibre-reinforced specimens as well as the mesh reinforced ones were able to withstand 
stresses exceeding the levels for which the plain concrete failed. 

Considering the effect of the sectional depth it was clear that cracks appeared at an earlier 
stage for the 60 mm toppings as compared to the 120 mm toppings. In the present study the 
first visible cracks in case of PC were observed somewhere between 2 and 3 weeks for the 
thin specimen while the corresponding time for the specimen of greater depth was at least not 
less than 5 weeks. This is most certainly due to the fact that the rate of desiccation and so the 
development of shrinkage was much more rapid for the thin pieces of overlay. It was further 
clear that the major cracks were wider for the 60 mm toppings as compared to the 
corresponding 120 mm specimens at the end of the measuring period, i.e. after three months. 

A drawback of the study that most certainly had quite an influence on the results was that the 
bond condition was not sufficient. This was verified by tensile bond tests that were conducted 
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for some of the specimens, where strength values of only between 0 and 0,5 MPa were 
achieved. This was also manifested by the fact that the fracture response of the various 
specimens was more or less similar, i.e. a dominating crack developed approximately in mid 
section for most of the specimens. This is typical for a case when the restraint is only 
provided at the ends of a topping. As the ends of the tested specimens were fastened to the 
substructure by means of expanding bolts almost the same situation may have occurred, 
considering the rather poor bond quality. 

Important to mention is also that the air content increased as fibres were introduced to the 
fresh concrete. This conclusion was drawn based on the fact that both the empressive 
strength as well as the density was lower for the  FRC.  The density decreased from 2240 kg/m3  
for the PC to 2071 kg/m3  for the concrete with 60 kg/m3  of fibres. Regarding the compressive 
strength, the corresponding values were 44 and 34,8 MPa. The higher air content was also 
visually observed for some drilled cores where the concrete seemed more porous for the  FRC  
as compared to the PC. This may have had a negative influence on the contribution of fibres. 

5.3.2 FEN 

In order to verify the experimental results it was decided to conduct a Finite Element analysis. 
Thus, a model was set-up in which a smeared crack approach was employed to simulate the 
crack process in the concrete. Also, structural interface elements were used to model the 
characteristic lifting and slipping along the interface. However, as it proved unfeasible to 
obtain a stable model for this case, including effects of shrinkage, creep and maturity, an 
elastic analysis was performed instead. As a consequence the ambitions of the study was 
modified somewhat. Thus, rather than simulating the fracture response of the experimental 
toppings it was decided to investigate the influence of the specimen depth in addition to the 
effect of concrete creep on the tensile stress development near the ends. 

In the study it was shown that not only horizontal and shear stresses develop in the end zones 
but also quite extensive vertical stresses that tend to lift the ends. It was further shown that 
these stresses reached critical values within a short period of time. Regarding the effect of the 
depth on this matter it was concluded that the stress levels were approximately the same for a 
60 and 120 mm section. On the subject of creep it was shown that the tensile stresses were 
substantially reduced. For instance, after 90 days of drying the longitudinal stresses in the 
concrete were about three times lower in a case when creep was employed. 

5.4 Need for further research 

It can be concluded based on the presented study that there are some areas that need further 
research. Some examples of such are: 

• The testing methodology for the restrained temperature tests needs to be further refined in 
order to improve the accuracy of the results. Some desirable improvements are: 1) better 
regulations of the heating procedure, 2) better measurements of the vertical deformations 
and 3) better fastening of the bottom slab to the floor. 

• More tests will obviously also be needed in order to be able to verify for instance the 
efficiency of different types of fibres. 

• In future tests, it would be useful to compare fibres with mesh reinforcement rather than 
with plain concrete. 

• Also, in order to verify the results from the temperature tests it would be desirable to 
conduct a series of restrained shrinkage tests with a similar configuration. 
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• Regarding the numerical study conducted to simulate the temperature tests it is clear that 
more work is required in order to obtain a realistic model that will give reliable results. As  
DIANA  proved to be difficult to use from a stability point of view it may be preferable to 
find another  FE-program for this purpose. 

• An important issue is also to develop analytical models that would allow for  eg.  crack 
width predictions in toppings exposed to restrained deformations. In that sense both 
experimental as well as numerical models could function as tools of verification. 
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Steel fibre reinforced concrete toppings exposed to restrained temperature 
deformation — Part I: Experimental study 

Jonas Carlswärd 



Steel Fibre Reinforced Concrete toppings exposed to restrained 
temperature deformations — Part I: Experimental study 

ABSTRACT 
The paper deals with a test method for studying the formation of cracks in restrained concrete 
overlays. It constitutes the first paper in a series of two, where the second paper deals with a 
two-dimensional Finite Element Model, developed to simulate the response of the toppings. 

The experimental set-up consists of 15 cm thick toppings placed on tIr surface of a bottom 
slab constituting a stiff foundation. By exposing the overlays to temperature gradients of 
considerable magnitude, tensile stresses, gradually leading to the formation of cracks, develop 
in the concrete. A total of eight plain and eight fibre reinforced concrete toppings, divided into 
two series, have been tested. Within the frames of the test programme, it was shown that steel 
fibres contributed to the limitation of crack widths. This effect was particularly emphasized as 
the bonding properties of the interface between topping and substrate surface became poorer. 
Based on the results it was concluded that the test method as such is functional for the 
purpose, i.e. to study cracking in restrained toppings. Nevertheless, some modifications are 
suggested in order to further improve the accuracy of the method. 

Keywords: Temperature load, Restraint, Cracks, Steel fibres, Bond, Test method. 

1 INTRODUCTION 
An area of application where steel fibres are frequently used today is as crack distribution 
reinforcement in thin ground supported concrete structures such as slabs cast on grade, 
repairs, overlays etc. A major concern for such structures is related to stresses arising due to 
restrained deformation that typically develop in a concrete section as a result of drying 
shrinkage or temperature changes. 

Nevertheless, there is, to the author's knowledge, no generally accepted methodology 
available that allows for predictions of crack spacing and widths based on the type and 
amount of steel fibres employed. In order to find such methods of design it is necessary to 
learn more about the behaviour of concrete structures subjected to restrained deformation. A 
number of test methods have been proposed in literature for this purpose. For instance, the 
ring test, where concrete is allowed to shrink around an inner stiff steel ring, have been 
employed in e.g.  Malmberg  and Skarendahl (1978), Grzybowski and Shah (1989, 1990), Shah 
et al (1998) and  Groth  (2000) while specimens with  uni-axial configuration haw been studied 
by e.g. Banthia et al (1993) and Weiss et al (1998). By using such methods it has been shown 
that steel fibres effectively contribute to the control of cracking caused by restrained 
deformation. However, as most of the proposed test methods are somewhat idealised as 
referred to the restraint conditions it is not certain that the results obtained in the various 
studies are realistic. Accordingly, as was also stated in Banthia et al (1996), there is a need for 
developing methods where the restraint is similar to the one in reality. Thus, to develop such a 
method has been the main objective of this study. 
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Most often, imposed deformations in concrete overlays are connected to the process of drying 
shrinkage. However, in the method proposed here I was decided to apply a temperature 
differential as a load rather than a humidity gradient. The main reason for this choice was that 
drying shrinkage is a long-term process that takes several months to develop fully. As a 
consequence, restrained shrinkage tests require lots of time to perform. On the other hand, by 
using temperature loads it is possible to develop and refine a test method through a series of 
rather quick tests before finding a procedure that works satisfactorily. The test set-up and 
procedure that was eventually decided for in this study are described in more details below. 

2 	TEST PROGRAM 
The principle aim of the present study was to develop a test method that would enable 
realistic simulations of concrete toppings exposed to restraint stresses. Also, to use the method 
for evaluating the effect of steel fibres on the fracture response of the specimens was another 
important ambition. In order to fulfil these objectives a test methodology, as described in the 
following sections, was developed at  Testlab,  the testing laboratory of the Technical 
University of  Luleå.  A total of eight tests, divided into two series, series I and II, were then 
conducted to verify the influence of steel fibres on the crack formation. 

2.1 Specimen Details 

In the study, two different set-ups, as shown in Figure I and Figure 2, were developed. As is 
clear from the illustrations the set-ups consisted of a bottom slab (1 in the figure), constituting 
the substrate material. In order to be able to control the temperature in the substrate two coils 
of heating cables were embedded close to the top and bottom surfaces of the slab (2). Heating 
cables were also embedded in the toppings for most of the tests (except for the first two tests, 
I:1 and I:2). Furthermore, the slabs were prepared with 080 mm holes with an individual 
distance of 1 m along each side where 050 mm restraining ties were fitted (3). This made it 
possible to fasten the slab rigidly to the thick laboratory floor, to simulate an inflexible  sub-
grade.  

Series I 

A 
/sr  

	  0 

B  0 

A 

 

  

Series II  

Figure I — Principle illustrations of the set-ups developed in the present study. The smaller 
bottom slabs employed in series II allowed for a somewhat more controlled test procedure. 
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Concrete toppings (4 in the figure) with depths of 150 mm, widths of 300 mm and lengths of 
1800 mm were then placed on top of the substrate slab, which had been previously cleaned 
and wetted 24 hours in advance in order to enhance the bond properties. At each production 
occasion two such specimens were cast aside each other, one with plain and one with steel 
fibre reinforced concrete. In this way a direct comparison was obtained between SFRC and 
PC for specimens exposed to exactly the same load situation. After an initial curing period of 
at least one week the preparation of the specimens was initiated by mounting boarders of 
sheet metal (5) at the upper faces. The reason for this was to prevent the cold water, which 
was used to create the temperature gradient, from running off the upper surface of the 
overlays in an uncontrolled fashion. The specimens were also prepared with different gauges 
for measuring deformations (6, 7 and 8). These are described in more detail in section 2.3. At 
the time of testing the concrete was in all cases at least a month old.  

Figure 2- Sections through the test set-up showing some measures and instrumentation. 

The test program was conducted during a relatively long period of time in which the 
methodology was successively developed. Thus, the adopted technique was not identical from 
test to test. A major change that was made in order to enable a more controlled procedure was 
to decrease the size of the bottom slabs from 4200x1200x200 mm to 2400x1400x200 mm, see 
Figure 1. Apart from making it easier to handle this also resulted in a symmetric set-up, 
which is preferable from a consistency point of view. A total of four tests were performed on 
each type of slab. In order to separate them, the first mentioned tests are referred to as series I 
while the last four tests are called series II. 

2.2 	Test Procedure 

In order to reach a state of stress in the concrete overlays that would result in cracking, one of 
the main issues was to generate as great temperature difference between the top and bottom 
faces of the test specimens as possible. At the same time it was necessary to restrain the 
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specimens to avoid free deformation. The testing technique adopted to fulfil these 
requirements is schematically presented in Figure 3. Each test was initiated by  lating  up the 
specimens to a predefined temperature using the embedded heating cables, phase I. During 
the heating process the slab was free to move in order to avoid pre-stressing the toppings. 
Also, in order to ensure a uniform temperature distribution over the entire test set-up, the 
overlays were covered with a layer of insulation, see section  B-B  in Figure 2. Even so, it 
proved to be difficult to avoid differences, which was the main reason for equipping the 
toppings with heating cables (except for test I:1 and 1:2). After reaching the temperature level 
aimed at, T1, the bottom slab was fastened to the thick and inflexible floor by applying loads 
to the restraining ties. In theory this would prevent further displacements of the test set-up, 
implying that the bottom slab from this point on could be seen as a rigid base. 

Figure 3 — Schematic illustration showing the different phases of the test procedure. (Phase 1 
— Heating of overlay and bottom slab, Phase 2— Cooling of overlay). 

After this point the procedure was somewhat different for the tests of series II as compared to 
the ones of series I. For series I the second phase was initiated by removing the insulation 
from the top of the specimens, which was immediately followed by the distribution of cold 
water on the upper surface of the toppings. This resulted in a rather steep temperature 
decrease, particularly close to the upper face of the toppings. For the specimens of series II, 
on the other hand, phase 2 was initiated by switching off the power to the cables in the 
overlays before the top insulation was removed and the cold water was turned on. Also, the 
time between insulation removal and water distribution was longer for series II, which 
resulted in a somewhat softer loading situation. 

For both series of tests, the temperature of the slab was then maintained at a rather high level 
throughout the cooling phase by leaving the heating cables on. In this way, temperature 
gradients of substantial magnitude rapidly developed over the depth of the overlays. As a 
consequence tensile stresses, which gradually lead to the formation of cracks, were created in 
the concrete. 

2.3 Instrumentation 

The instrumentation employed in the tests to provide information about temperature 
distribution and deformations is shown in Figure 1 and Figure 2. Thermocouples were 
embedded at different levels both in the bottom slab as well as in the overlays, sensors 1 to 3 
in the slab and 4 to 8 in the concrete overlays. This made it possible to follow the temperature 
development throughout the different phases of the testing procedure. Longitudinal 
deformations were continuously recorded at the upper faces of the toppings in order to study 
the crack formation. For reasons of verification, it was decided to use two different types of 
strain reading devices, Vibrating wire Strain Gauges (VSG:s) and target points for mechanical 
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measurements, see Figure 4. As is evident from the name the VSG:s use the vibrating wire 
principle when measuring strains. The implication of this is further developed in  Geokon  
(1996). 

Figure 4 — Strain measurement devices used in the study. A mechanical strain reading device 
to the left (Staeger) and a Vibrating wire Strain Gauge  (VSG)  to the right. 

From the illustrated pictures it is clear that the VSG:s were placed between two bolts that had 
been previously glued to the concrete surface. The reason for not embedding part of the bolts 
in the concrete was that it would most certainly result in crack directors that would disturb the 
strain readings. The manual measurements were performed using a mechanical reader of the 
type Staeger, which was positioned between two succeeding target points. 

Horizontal and vertical displacements of the ends of the overlays were measured by means of 
Linear Voltage Differential Transducers (LVDT:s) as can be seen in Figure 1 and Figure 2. 
For the specimens of series I the displacements were measured relative to the floor at the left 
end while the displacements at the right end were measured relative to the bottom slab. This 
way of measuring made it possible to control that the bottom slab would not move during the 
cooling process. On the other hand, for the tests of series II the edge displacements of the 
toppings were recorded with the floor as a reference at both ends. This implies that no 
information as regards the difference in deformation between toppings and slabs was obtained 
in this case. Nevertheless, it is evident from the results presented in section 3.3 that some 
interesting information on this matter could be distinguished. 

2.4 Material Details 

As the primary objective was to develop a test procedure that would give consistent results no 
predefined test program was initially followed in which a certain mix design was used. For 
this reason the concrete composition changed a few times, at least for the tests of series I, as is 
clear from Table 1. For series II, on the other hand, the mix design was kept the same for all 
tests. As can be seen in the table a total of eight tests were carried out, four in each series. At 
every production occasion one mix was produced with steel fibres and one without. The 
amount of steel fibres, that were of the type Dramix®  RC-65/35-BN, was either 20 or 30 
kg/m3  for the specimens of the first series and 30 or 60 kg/m3  for series II. 
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Table I - Mix proportions of the concrete used in series I and II. 

Test  Nr  Cement 
(kg/m3) 

Filler 
(kg/m3) 

Sand 0-8 
(kg/m3) 

Gravel 8-16 
(kg/m3) 

Sp 
(kg/m3) 

Water 
(kg/m3) 

Steel Fibres  
(kg/m3) 

w/c  
ratio 

I Series  I  
PC 1:1 350 150 1010 673 3,5 178 0 0.51 

FRC I:1 350 150 1010 673 3,5 178 30 0.51 
PC 1:2 350 150 1172 631 2,8 192 0 0.55 

FRC 1:2 350 150 1172 631 2,8 192 20 0.55 
PC 1:3 350 150 1143 515 3,5 190 0 0,54 

FRC 1:3 350 150 1143 515 3,5 190 30 0,54 
PC 1:4 350 0 1007 824 3,7 180 0 0,55 

FRC 1:4 350 0 1007 824 3,7 180 30 0,55 
Series  II  

PC  II:!  350 0 1007 824 3,7 180 0 0,55 
FRC I1:1 350 0 1007 824 3,7 180 30 0,55 

PC1I :2 350 0 1007 824 3,7 180 0 0,55 
FRC 11:2 350 0 1007 824 3,7 180 30 0,55 

PC 11:3 350 0 1007 824 3,7 180 0 0,55 
FRC 11:3 350 0 1007 824 3,7 180 60 0,55 

PC 11:4 350 0 1007 824 3,7 180 0 0,55 
FRC 11:4 350 0 1007 824 3,7  180 60 0,55 

The type of concrete composed for the first three tests of series I, tests I: 1-3, was a Self 
Compacting one (SCC) while the remaining mixes were of a more conventional type. As is 
evident from Table I limestone filler, of the type  Köping  500, was used in the SCC mixes in 
order to enhance the stability. Furthermore, to achieve good fluidity an effective 
superplasticiser, a so called co-polymeric admixture of the type Glenium 51, was used for 
these mixes while a nrlamine-based one, type M 92, was used for the remaining tests. The 
cement was of the type Std  PK  Slite, which is of the type CEM I 42,5  R.  

3 	TEST RESULTS 

3.1 Material properties 

Material properties obtained from compressive, tensile and four point flexural tests are 
summarised in Table 2. In this study the compressive strength was measured on 150 mm 
cubes while the tensile strength was obtained from  uniaxial  tests on 094 mm cylinders. In 
order to enable measurements of the crack width during the process of a test the specimens 
were prepared with a notch giving a waist diameter of about 74 mm. This also made it 
possible to conduct the tests under displacement control, which gave valuable information-
regarding the post cracking performance of the concrete. Information on this matter was also 
provided by the flexural beam tests conducted in accordance with the ASTM C1018 
procedure, as described in detail in e.g. Concrete Report No 4 (1995). 

For the specimens of series II tests were also conducted to verify the bond quality, as the 
interface between toppings and slabs is known to have a significant influence on the fracture 
response. The procedure adopted for this purpose was similar to the one employed for the 
tensile tests, i.e. cylindrical cores were subjected to  uniaxial  tension. However, different from 
the previous case the specimens for vertical bond strength evaluation were not prepared with a 
notch. Instead, the deformations were measured over the transition zone between substrate 
and overlay material. 
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Table 2 - Material properties for the concrete produced for the toppings of series land II. 

Test  Nr  Density Compressive 
strength 

Tensile 
strength 

Flexural strength Vertical bond strength  

P No. Ja No. fn. No. R10,30 R,0,50 lb No. 	Fracture 
(kg/ni)  (MPa)  (MPa)  (MPa) (%) (%)  (MPa) position 

Series  I  
PC I:1 	2232 43,7 1 3,34 2 5,63 1 0 0 

FRC I:1 	2321 53,0 1 3,35 2 6,32 2 48 47 
PC 1:2 	2184 42,9 1 3,39 2 4,80 1 0 0 

FRC 1:2 2107 36,4 1 3,20 / 4,80 2 21 18 
PC 1:3 2253 44,5 1 3,44 2 5,08 1 0 0 

FRC 1:3 2146 38,4 1 3,07 / 5,58 2 40 37 
PC 1:4 	2355 54,9 1 3,69 2 5,22 1 0 0 

FRC 1:4 	2329 52,2 1 3,26 2 5,04 2 39 38 
Series  II  

PC 11:1 	2329 54,1 1 3,33 5,08 1 0 0 
FRC II:1 	2330 53.0 1 3,39 2 5,52 2 32 31 

PCII :2 	2326 55,5 1 3,40 2 5,31 1 0 0 
FRC 11:2 	2341 54,2 1 3,43 2 4,85 2 45 43 

PC 11:3 	2320 50,6 1 3,20 2 4,47 1 0 0 
FRC 11:3 2347 50,6 1 3,10 2 5,12 2 61 60 

PC 11:4 2354 55,9 1 3,52 2 4,53 1 0 0 
FRC 11:4  2400 58,3 1  2,93 5,38 2 58 57 

Results and information regarding the geometry and loading configuration for the four point 
flexural beam tests are presented in Figure 5 (a) and  (b)  for series I and II respectively. In 
general it can be seen that while the resistance of the plain concrete specimens dropped rather 
steeply after reaching the maximum load the fibre reinforced ones proved to have 
considerable residual strength. 

Figure 5 - The diagrams show results from fOur point ,flexural tests that were conducted in 
accordance with the ASTM C1018 standard. Series I in (a) and series  H  in  (b).  

When studying the results of series I in Figure 5 (a) it can be seen that the somewhat poorest 
response of the fibre reinforced beams was obtained for test  FRC  I:2. This was expected since 
the amount of fibres used in this case was only 20 kg/m3. Moreover, it is evident that the best 

7 



4 

3 

2 

T
en

s
ile

  s
tr

en
gt

h
,  f

e
t  (

M
P

a )
  

0 

4 

3 

2 

T
e
n
si

le
  s

tr
e
n

g
th

,  
fc

t  
(M

P
a)

  

residual performance was recorded for  FRC  I:l. As the fibre amount in this case was the same 
as for the last two tests of series I this would suggest that the combination of fibres and 
concrete composition was possibly more suitable in this case. 

For the specimens of series lithe concrete mix was kept the same. This is most certainly also 
the reason as to why the general responses obtained from the flexural tests are quite 
consistent. When comparing the  FRC  composed for the first two tests (II:1 and 2) with the last 
ones in series II (11:3 and 4) it can further be concluded that the residual response was 
substantially improved as the fibre content increased from 30 to 60 kg/m3. 

Results from the  uniaxial  tensile tests are presented in Figure 6 (a) and  (b).  Evident from 
these graphs showing the strength as a function of the crack opening displacement, is that the 
effect of steel fibres was not as obvious as for the flexural tests discussed previously. In fact, 
the only mix where the fibre addition showed to have a considerable contribution was for test 
I: 1. In all other cases only small differences in post-cracking response were registered 
between plain and fibre reinforced concrete. Considering that the  uniaxial  tensile response is 
intimately connected to the flexural strength the effect should have been more distinct. 
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(b)  
Figure 6 — Post cracking response of the concrete obtained from  uniaxial  tensile tests. The 
results from the concrete produced in series I are shown in (a) and series II in  (b).  

The reason why this was not the case here is most certainly related to the way that the 
specimens were manufactured. Apparently, the specimens were taken out from 150 mm cubes 
using the same procedure in each case, i.e. the cores were drilled from the surfaces that had 
been facing upwards during casting. The reason why the performance of  FRC  1:1 was not 
visibly effected by this procedure while it had such a great influence on all the other  FRC  
specimens was that the cubes produced in this case were not vibrated. For the other specimens 
vibration was carried out, which could have aligned the fibres in a predominantly horizontal 
direction. This would clearly have a negative effect on the post-cracking response of the fibre 
reinforced concrete, thus mitigating the fibre effect. 

3.2 Temperature development 

Examples of the temperature development during the different phases of the testing procedure 
are shown in Figure 7 for the first test in series I, test 1:1 and the last test of series  H,  test 11:4. 
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When studying the temperatures during the heating phase it can be seen that there was a rather 
extensive temperature scatter for both tests. However, there is a difference which has a 
significant importance for the stress situation. In test I:1, Figure 7 (a), the lowest temperature 
was recorded at the upper face of the toppings during heating. This means that the toppings 
will seek to hold back the expansion of the bottom slab somewhat, which implies that tensile 
stresses may occur in the topping. On the other hand, for test 11:4, as shown in Figure 7  (b),  
the toppings had a higher temperature than the slab throughout the heating phase. Thus, 
compressive stresses were more likely to occur in the toppings in this case, which is 
preferable from a cracking point of view. 

The fact that the slabs were free to move during the heating phase may have mitigated the 
effect of the temperature difference to some extent. Also, for test I:1, the heating cables of the 
slab was turned off prior to fastening the set-up to the floor. Accordingly, as can be seen in 
Figure 7 (a), there was only a minor temperature difference at this stage, just prior to the 
initiation of phase 2. 

In order to avoid this rather complicated procedure for the following tests (test 1:3-4 and II:1-
4), however, additional heating cables had been placed in the toppings as described in section 
2.1. This made it somewhat easier to control the temperature development, or at least to 
ensure that the temperature in the topping would be greater than in the slab. The reason for the 
temperature difference of about 15  °C  at the end of the heating phase for test 11:4 was due to a 
cooling effect from the concrete floor. 

Figure 7 — Temperature development during the complete testing process for test I:1 in (a) 
and test 11:4 in  (b).  The positions of the thermocouples for which results are shown can be 
found in section  B-B  in Figure 2. 

The temperature development during the cooling process alone, phase 2, for tests I:1 and 11:4 
are shown in Figure 8 (a) and  (b).  In order to make the graphs more legible it was decided 
here to zero the temperatures at the initiation of phase 2. Thus, time zero in the graphs 
corresponds to the initiation of cooling. When comparing the results from the two tests it is 
evident that the way of decreasing the temperature was quite different for test 11:4 as 
compared to test 1:1. As mentioned previously, the second phase was initiated for the 
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specimens of test I:1 by flushing cold water on the upper surfaces of the toppings as soon after 
fastening the slab to the floor as possible. As is quite clear from the presented results this lead 
to a rather steep temperature fall at the top of the section, while the temperature close to the 
bottom of the overlays could be kept on a rather high level by restarting the heating of the 
bottom slab. In this way a temperature gradient between top and bottom of the overlay, AT, of 
up to a maximum of about 35  °C  was reached for test I:l. Corresponding values for the other 
tests of series I were 38, 43 and 45  °C  respectively for tests 1:2, 1:3 and 1.4. 
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30 

Figure 8 — Temperature change in the various parts of the test set-ups during the cooling 
process, phase 2, for test I:1 in (a) and test 11:4 in  (b).  

As is clear from Figure 8  (b)  the somewhat more moderate cooling process that was adopted 
for the tests of series II (test 11:4) resulted in a less steep initial temperature decrease as 
compared to the first test of series I (test I:1). There were some advantages of this procedure 
as opposed to the one used for test I: 1. Most importantly, by developing the temperature 
gradient more cautiously the loading became a bit less abrupt. Thereby, it is possible that 
creep effects, having favourable effects on the stress levels in the concrete, may have played a 
more significant role, although it is clear that the load rate in all cases were rather rapid. 
Regarding the actual magnitude of the loads, maximum temperature gradients of about 48  °C  
were reached for tests II:!, 11:2 and 11:4 and 56  °C  for test 11:3. 

3.3 	Edge displacements 

A typical feature of continuously bonded toppings is the displacements appearing near free 
ends, generally referred to as edge lifting or curling. This phenomenon occurs for the reason 
that bond forces acting along the interface equilibrate the resultant force of the imposed strain 
field. As a consequence, a tensile stress field is established that tends to lift the topping 
vertically at free ends. This typically results in the development of joint cracks that extend 
progressively along the interface surface between topping and substrate material as soon as 
the bond strength is exceeded. Thus, measuring the development of end displacements of the 
toppings should give an indication of the bond quality. In this study information on this 
phenomena was provided by means of deformation gauges mounted on the end faces of the 
toppings, see Figure I and Figure 2. 
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Recorded end displacements for tests I:1 and 11:4 are presented in Figure 9 (a) and  (b)  and 
Figure 10 (a) and  (b).  The reason for the choice of tests is simply to enable comparisons with 
the temperature developments shown in Figure 7 and Figure 8. Similar to the presentations of 
temperatures, the first set of graphs shows the development of displacements throughout the 
complete duration of a test while the deformations developed during the cooling phase alone 
are shown in the other set of graphs. 

Based on the results shown in the first graphs, Figure 9 (a) and  (b),  it is possible to draw some 
conclusions regarding the uniformity of the successively increased temperatures. Apparently, 
there should be no vertical deformations during the heating phase assuming that the 
temperatures are applied uniformly, except for the thermal expansion. This was also the case 
for the test of series II, where only small vertical displacements were registered at this stage. 
However, for the specimens of series I substantial movements were recorded already at the 
beginning of the heating process at the left end, due to uneven t mperature distribution. 
Naturally, vertical displacements at this stage are not desirable as it means that stresses may 
develop in the toppings before the actual test has started. The explanation why only the left 
end of test 1:1 was displacing during the heating phase was that the bottom slab was used as 
reference at the right end. 

20 	 40 
Time (hours) 

(a) 

60 0 20 	 40 
Time (hours)  

(b)  

60 

Figure 9 — Vertical and horizontal displacements recorded at the ends of the toppings by 
means of LVDT:s during the complete test process for test I:1 in (a) and test 11:4 in  (b).  

After fastening the slabs to the floor the measured deformations should represent the actual 
lifting and slipping of the toppings in relation to the slab. However, as the displacements in 
most cases, except for the right ends of the specimens of series I, were measured with the 
floor as reference this was not entirely true. In particular, when studying the horizontal 
translations of test I:1 it may be seen that the bottom slabs did move during the cooling phase, 
even though they had been fastened to the floor. This is indicated by the fact that there were 
somewhat smaller horizontal displacements at the left end, where the movement of the 
topping was measured with the slab as reference. 

Nevertheless, some conclusions may be drawn regarding the development of end 
displacements of the toppings. For instance, substantial vertical deformations were registered 
at the right end of the fibre reinforced specimen of test 11:4, see Figure 10  (b).  
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Unquestionably, this suggests that a major joint crack has developed along the interface at this 
position. Also, interesting to notice is that the corresponding horizontal displacement, i.e. at 
the right end of the  FRC  topping, was slightly greater than the other recorded translations. 
This implies that end lifting is followed by translation in a horizontal direction. 

(a) (b)  
Figure 10 — Vertical and horizontal displacements of the edges of the toppings during the 
cooling process for test 1:1 in (a) and test 11:4 in  (b).  

Information regarding the maximum displacements recorded during the cooling phase of each 
test can be found in Table 3, where it is observed that the greatest displacements were 
recorded for the specimens of test 1:3, PC 1:3 and  FRC  1:3. The reason for this was that 
complete de-bonding occurred, thus implying that the displacements measured for the 
specimens of this test constitute free deformation. Evidently, this resulted in maximum 
displacements of about 0,7 and 0,3 mm in vertical and horizontal direction respectively. The 
reason for the de-bonding is unclear except for the fact that the quality of the bond must have 
been poor. Considering that the bottom slabs of series I had a higher roughness as compared 
to the ones used in series II this result was, however, a bit surprising. 

It is, though, suspected that the heating cables in the toppings may have been turned on to 
verify the function prior to the actual test. As a result, a high temperature may have been 
reached in the topping while the slab was still "cold". A consequence of this would be that the 
slab restricted the expansion of the topping, which eventually may have destroyed the bond. 

Almost as great displacements, as for test 1:3, were also recorded at the left end of PC 1:4 and  
FRC  1:4. This implies that quite extensive de-bonding occurred in this case as well. For the 
tests of series II the greatest joint cracks seem to have developed at the left end of the 
specimens of the first test, PC II:1 and  FRC  II:1, and at the right end of the fibre reinforced 
specimen of the last test,  FRC  11:4. 
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Table 3 - Max displacements at the ends recorded with the l VDT:s du ring the cooling phase. 

Max displacements <luring cooling Max displacements <luring cooling 
Series I 

I 
Vertical Horizontal Series Il Vertical i Horizontal 

mm mm mm i mm 

\ Left Right Left i Right Left Right Left Right 

PC 1:1 0.10 0.03 O.Q3 0,08 PC Il: I 0,30 0,05 0,32 0,36 
FRCl:1 0.14 0,12 0.03 0,08 FRC 11:1 0,36 0,14 0.33 0,39 
PC 1:2 0.06 0,02 0.19 0,09 PC 11:2 0,02 0,02 0,26 0.27 
FRC 1:2 0.08 0,01 0,09 0,09 FRC ll:2 0,10 0,08 0,29 0,30 
PC l:3 0,65 0,68 0,27 0,24 PC ll:3 0,14 0,12 0,14 0.15 
FRC 1:3 0.64 0,73 0.26 0,22 FRC ll:3 0,13 0,14 0,19 0,18 

PC 1:4 0.60 0.06 0.36 0,10 PC 11:4 0.06 0,02 0.18 0,22 
FRCl:4 0.59 0,10 0.33 0.10 FRC 11:4 0.09 0.27 0,22 0.31 

The quite extensive displacements near free ends were also visually observed for some of the 
specimens within the present test program, see Figure I 1. In the photos, the lifting is 
represented by the moist areas, which appeared for the reason that water found its way from 
the upper face and through the topping. It is further clear that this phenomenon was not 
exclusively restricted to the ends of the specimens but was also found in the vicinity of 

through cracks. This is not surprising considering that two new free ends are generated for 
each extensive crack that is established in the topping. 

Figure I 1 - Photos illustra ting displacements oj topping PC J!:4 that resulted in de-bonding 
along the interface in the vicinity oja crack in (a) and at the end zone in (b). 

3.4 Longitudinal strains and crack development 

As discussed previously in section 2.3, longitudinal strains were measured using two different 
systems, Staeger and VSG:s. However, in the present study the results from the manual 
measurements have only been used as a verification tool <luring the evaluation process. 
Consequently, only results obtained with the VSG:s will be shown here. Examples of such are 
shown in Figure 12 (a) and (b) for test 1:2 and Figure 13 (a) and (b) for test JJ:4, where the 
strains are shown <luring the cooling phase alone. In other words, time zero in the graphs 
corresponds to the initiation of cooling. The observed strain development gives information 
conceming the time at which cracks start to propagate. 

It can be seen in Figure 12 that, while a dominating crack started to propagate at location 750-

900 mm simultaneously at the initiation of the cooling phase for PC I :2, cracks did not appear 
in FRC 1:2 until after approximately 4 hours. At this point however, corresponding to the time 
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when the cold water was turned on, two major cracks developed in the specimen reinforced 
with fibres (location 750-900 mm and 1200-1350 mm). This implies that the amount of steel 
fibres used in this particular case, 20 kg/m3, was sufficient initially, prior to the rather abrupt 
load caused by the distribution of water at the upper surface of the topping. After this point 
however, a somewhat higher fibre content would possibly have been required to restrict the 
development of cracks. 

Figure 12 — Examples of longitudinal strain developments along the toppings (measured with 
VSG:s) during the cooling phases of tests PC I:2 in (a) and  FRC  1:2 in  (b).  

Regarding the number of cracks, the recordings suggest that three cracks developed in both 
specimens, which is indicated by sudden strain increases. In other words, it can be concluded 
that the fibres did not have a great impact on the distribution in this case. However, 
considering the magnitude of tle cracks it is evident that the maximum positive strain peak 
was approximately 30 % lower for the  FRC,  thus indicating a somewhat reduced crack width. 
On the other hand, as is evident from Figure 14 (a) and  (b),  the differences were not as great 
for the other tests of series I even though the fibre amounts were greater. 

When studying the strain developments of the specimens of test 11:4, Figure 13 (a) and  (b),  it 
can be concluded that there was a considerably greater effect of fibres as compared to test 1:2. 
An explanation for this may be the greater fibre amount used in this case, 60 compared to 20 
kg/m3. It can further be established that, unlike  FRC  1:2, the fibres bridging the cracks of  FRC  
11:4 were able to withstand the rather abrupt load following from the distribution of cold water 
on the upper face at a time of approximately 10 hours. This positive effect becomes 
particularly distinct when comparing the crack developments of PC 11:4 and  FRC  11:4. While 
the widths of the two cracks in the plain concrete specimen, at locations 450-600 and 1200-
1350 mm, increased steeply at this point the cracks in the fibre reinforced one only grew 
marginally. At this stage, however, it is evident that a new crack was initiated between 450 
and 600 mm from the left end of the fibre reinforced topping. Possibly, this indicates a 
redistribution of stresses due to the contributing effect of fibres bridging and transferring 
forces over cracks. 

14 



3000 

2500 
E 

2000  

c  1500 
co  
g)  1000 
co  
e 500 

C 

- J 

	

-500 	 

	

-1000 	 

0 

3000 

— 2500 	 
E  

2000 	 

en  
c  1500 	 

15 1000 	 
co 

:0—  • 500 	 

in 0 	
0 
- -500 

-1000 	 

10 	 20 	 30 	0 
Time (hours) 
(a) 

10 	20 
	

30 
Time (hours)  

(b) 

-e-e-er-v--e-w. 6 

PC 11:4  
—.I—  0 150 mm  

• 150 300 mm 
- 300 450 mm 
- -B— 450-600  mrn  
—0— 600 750  nm 
- • 	750 900 mm 

900-1050 mm 
	1050-1200 mm  

ee 	1350-1350 mm  
1350-1500 mm 

- 1500-1650 mm 
--A-- 1650-1800 mm  

FRC 11:4 
— e--- 0-150Mgli 
—40— 150 300 mm 
—a— 300 450 mm 
—18— 450 600 mm 
—A— 600 750 mm 
— 8— 750 900 mm 

000-1050 mm 
4........ 1050-1200 mm 
4 	1200-1350 mm 

----•-4------- 1350-1500 mm 
— 1500-1650 mm 

e 	— 1650-1800 mm 

Figure 13 — Examples of longitudinal strain developments measured with the VSG:s on the 
upper face of the overlays during the cooling phase for PC 11:4 and  FRC  11:4 in (a) and (I"). 

Summaries of the strain distributions recorded for the toppings in both series of tests are 
presented in Figure 14 (a)-(d).  The values presented here correspond to the time during the 
cooling phases when maximum crack widths were registered. Clearly, the general tendency is 
that the extreme values of the strains obtained for the PC specimens were significantly greater 
as compared to the corresponding values of the  FRC  specimens. Obviously, this indicates that 
the cracks appearing in the plain concrete toppings were wider than for the corresponding 
fibre reinforced ones. 

Moreover, it is quite clear that the effect of steel fibres on the crack distribution was more 
apparent for the tests of series II as compared to the ones of series I. A possible reason for this 
is that the bond quality of the interface layer between toppings and slabs may have been 
somewhat better for the tests of series I, except for test 1:3. Especially considering that the 
upper faces of the bottom slabs used in series I had a brushed texture while the corresponding 
surfaces of the bottom slabs used in series II had either grinded or board levelled textures. A 
consequence of better bond characteristics would be that crack distribution is accomplished 
even without reinforcement which seems to have been the case for the tests of series I where 
only minor differences were observed between PC and  FRC.  Thus, the effect of steel fibres on 
the crack widths increases as the quality of the bond diminishes. 

15 



1800 0 300 600 900 1200 1500 
Distance from end mm) 

Vibrating Strain Gauges (VSG:s) 
ITTEIrrlizbil 

Topping 

_ 
—+---PC 

VSG:s 
I.1 

PC 1:2 
- PC 1.3 

PC 1,4 

- 
—•— 
- -111- 
—A —  

_ 

_ r 

ll  I  
_  

i \ 
_ .41 1 /,' 

/ its  -,---4-3-7-1  
- ---.• 

3000 

2500 
E 
E 2000 

c  1500  
ra 

rn  1000  
ra  

500 

0 

-500 

-1000 

Irri  i 	!If 	Y1111 
Topping 

VSG:s 
FR  C  IA  --11.—  

— U— FRC 1:2 
• -  ii--  FRC 1:3 
— A—  FR  C 1:4 

1 

A 
\ 

A /11 
ul / / • / \ 

16' 

300 600 900 1200 1500 1800 
Distance from end (mm)  

Vibrating Strain Gauges (VSG:s) 

-500 

-1000 

0 

3000 

2500 
E 

2000  

co  
c 1500  
ra  

1000 
es 

500 

(a) 

Vibratinci Strain  Gau  es  VSG:s  
Trrnirrf  1- 117  

Topp ng 

VSG:s 
--e—  PC 11:1 

e —3— PC 11:2  ,..- ---  PC 11:3  
— • —  PC 11:4  

i I 

-I 	‘ 

• 
I 	1  

e 

i 	1  

I 
i 

• 
i 	\ 

i /  
1,  ., . 

t 
l' 	i 

, 
\ 	I  le  i 

•  -1,  - . -... I. 

(b)  
Vibrating Strain Gauges (VSG:s) 

Topping  

_ VSG:s 
FRC 11,1 
FRC 11:2 
FRC 11:3 
FRC11:4 

—0— 
— U— 
-- 0- - 
— £— 

- 

- 

_  

- 
I;  

_ 
AI i "  

x 	
,c 

 

'Vt  

/ 

Ve....

42ires 

 

le 

, At, 
, 

_ ifg  \ 

it;
• 	• 

_  • 
-1000 	 -1000 

3000 

2500 
E 
E 2000 

Ce 
c 1500  

• o 

• -500 

3000 

2500 
E 
E 2000  

CA  
1500  

ra 

lz  1000  
ra  

500  

0 300 600 900 1200 1500 1800 
	

0 300 600 900 1200 1500 1800 
Distance from end (mm) 

	
Distance from eft end (mm  

(d)  
Figure 14 — Maximum longitudinal strain distributions registered during the cooling phase. 
Summaries of results obtained for the Plain and Fibre Reinforced Concrete specimens of 
series I are shown in (a) and  (b)  while the corresponding results  för  the PC and  FRC  
specimens of series II are shown in  (c)  and  (d).  

This conclusion is further verified by the results presented in Figure 15. Here, the maximum 
crack width, or rather the maximum deformation measured over a gauge length of 150 mm, 
for each of the toppings in the two series of tests is plotted as a function of the steel fibre 
amount. Based on these results it can be concluded that the maximum crack widths were 
reduced, more or less, due to the addition of fibres. It is also clear that the reductions were 
considerably greater for some of the tests of series II as compared to series I. 
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Figure 15 — Estimated effect of steel fibres on the maximum crack widths for the tests of both 
series. 

It is also important to mention that the measuring length of the VSG:s may have had an 
influence on the registered deformations. Considering that the length was 150 mm it is clear 
that not only the deformations over the actual crack zone were registered but also the strains 
in the surrounding un-cracked concrete. Apparently, this has most certainly had an effect on 
the results considering that the cracks forming in PC, differently from the ones forming in  
FRC,  rapidly extended to the bottom of the section in most cases. Successively this resulted in 
a de-bonded zone in the vicinity of each crack, as was also indicated in Figure 11 (a). This 
implies that, for the PC specimens, the imposed strains resulting from the temperature 
reduction were released in the concrete near the cracks. Evidently, this would result in a 
correspondingly greater positive strain measurement over the fracture zone, i.e. a greater 
crack. 

4 	SUMMARY AND CONCLUSIONS 
The principle aim of the presented study was to develop a test method for studying the crack 
distributing ability of steel fibres in restrained concrete overlays. Accordingly, a test 
methodology, where temperature gradients were used as loads, was developed and evaluated 
through two series of tests. 

Based on results fom these tests some conclusions can be drawn. As regards the effect of 
steel fibres quite significant reductions of the maximum crack widths were recorded with 
strain reading devices at the upper faces of the toppings. For instance, results indicated that 
the addition of 30 kg/m3  of steel fibres reduced the maximum crack widths with up to 60 % 
while the corresponding reduction for a case when 60 kg/m3  were added was approximately 
85 %. It was further concluded that the effect of fibres to some extent is influenced by the 
bond properties of the interface between topping and substrate surface in the sense that the 
influence seems to be greater as the bond quality diminishes. 

Vertical and horizontal movements at free ends were also observed both visually  aal  by 
means of displacement gauges mounted on the end faces of the toppings. This indicates that 
de-bonding occurred at the ends between toppings and substrate, at least in some cases. 
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However, there is no general conclusion that may be drawn based on the recordings of end 
displacement. 

On the subject of de-bonding it was also observed that this phenomenon was not exclusively 
restricted to the ends but was also found in the vicinity of through cracks, in particular for the 
PC specimens. Naturally, this is due to the fact that two new free ends are established for each 
crack that extends through the concrete layer. 

Although results indicated that the method is suitable for the purpose it can be concluded that 
a few modifications of the testing procedure are required in order to improve the consistency 
of the results. In particular, measures need to be taken to ensure that the temperatures are 
uniformly distributed throughout the various parts of the set-up during the heating phase. 
From this perspective the main concern seems to be the cooling effects of the surrounding 
environment, in particular from the supporting floor. Thus, simply by placing an insulating 
layer underneath the bottom slab it would most certainly be possible to enhance the 
uniformity of the temperatures. It is further necessary to introduce a system for automatic 
control of the temperature development in the set-up to allow for a more controlled and 
repeatable heating procedure. 

Furthermore, it is suggested that more LVDT:s are used in ftture tests to follow the end 
displacements of the slabs. Within the present test program such deformations were recorded 
only for the toppings in reference to the floor, as it was assumed that the bottom slabs were 
rigidly fastened to the substructure. However, results indicate that, although it was possible to 
distinguish edge lifting of the toppings, the bottom slabs did move throughout the cooling 
phase. 

Regarding the preparation of the specimens it is clear that a somewhat more standardised 
approach is required. In particular, considering that the time between casting and testing 
varied somewhat for the tests conducted within the present study. As moisture exchange was 
not restricted throughout the complete period this would imply that the shrinkage grain 
development was not identical. It may further be suspected that stresses were introduced in 
the toppings due to differential shrinkage between toppings and slabs. From this reasoning it 
can be concluded that all tests should be performed at the same time or measures should be 
taken to restrict the moisture exchange. 
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Paper  B  

Steel fibre reinforced concrete toppings exposed to restrained temperature 
deformation — Part II: Finite Element study 

Jonas Carlswärd 



Steel Fibre Reinforced Concrete toppings exposed to restrained 
temperature deformations— Part  Il:  Finite Element Modelling 

ABSTRACT 
The study deals with a two-dimensional Finite Element Model, developed with the  FE  code  
DIANA  (1998) for studying the formation of cracks in restrained concrete toppings subjected 
to temperature loads. It constitutes the second paper in a series of two. The first paper deals 
with a test method for the situation, including details on the experimental set-up and 
procedure adopted as well as results from an extensive test program involving both plain and 
steel fibre reinforced concrete specimens. 

In the analysis the main variables focused on were the concrete properties in addition to the 
bond quality of the interface to the sub-structure. The simulations were further compared to 
experimental results in order to Nerdy the accuracy of the numerical predictions. As expected 
the results indicated that both the interface properties topping-slab as well as the tensile 
response of the concrete play decisive roles as regards the fracture response of the toppings. 
For instance, on the subject of bond it was shown that a "poor bond situation" resulted in 
quite severe de-bonding. A direct consequence of this was that fewer major cracks with a 
somewhat greater width developed for the simulated toppings. It was also clear that the crack 
widths were somewhat reduced as the post cracking tensile response was improved to 
simulate SFRC. However, the effect of fibres was not as pronounced as was observed for 
some of the specimens of the experimental investigation. 

Keywords:  FEM,  Temperature, Restraint, Cracks, Steel fibres, Bond. 

1 INTRODUCTION 
The fracture response of thin layers of concrete exposed to imposed strains is typically 
characterised by vertical cracks that extend through the depth in addition to shearing along the 
interface between overlay and substrate. Thus, not only the properties of the concrete but also 
the quality of the bond between topping and substrate have significant influence on the 
structural behaviour. This was also recognized in  Groth  (2000) where it was stated that 
depending on the quality of the bond the mode of failure would range from complete de-
bonding for a "poor bond situation" to well-distributed cracking for a situation with full 
restraint. This is applicable both for plain as well as for fibre reinforced concrete. 

In order to learn more about the factors that influence the mode of failure for thin toppings 
subjected to restrained deformation a test method was developed in which concrete specimens 
were exposed to temperature differentials. Results from the study clearly showed the 
effectiveness of steel fibres as regards the limitation of crack widths. It was also concluded 
that the interfacial bond between the topping and the substructure had a substantial influence 
on the crack propagation in the sense that the poorer the bond the greater the effect of a fibre 
addition. More details on the adopted procedure as well as results from two series of tests are 
presented in the first paper in a series of two. 
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The present paper, which accordingly is the second in the series, describes a two dimensional 
Finite Element Model developed primarily to simulate the behaviour of the tested specimens. 
Following from the above reasoning, the study also aims at investigating the influence of the 
concrete softening and the interfacial bond on the fracture response. In that respect numerical 
modelling provides a powerful tool as it allows for rapid assessments of the effect of various 
parameters. 

2 	FINITE ELEMENT MODEL 
The main objective of the work has been to develop a Finite Element Model to be used in the 
evaluation of the restrained temperature tests as described in the first paper, Carlswärd 
(2002a). More specifically, numerical simulations have been .carried out in order to study the 
influence of some of the main factors that govern the behaviour of concrete toppings 
subjected to restrained deformations. Thus, both the quality of the interfacial bond as well as 
the tensile properties of the concrete has been in focus. Mainly for the sake of verification the 
simulations are further compared to results from the experimental investigation. 

2.1 Testing procedure 
A short presentation of the set-up and test procedure adopted for the restrained temperature 
tests are briefly provided here in order to give a background to the Finite Element analysis. 
The main ambition of the tests was to use temperature loads to create a state of stress in a 
concrete topping that would resemble the one appearing due to one-directional drying 
shrinkage. Thus, an important feature was to generate temperature difference between the top 
and bottom faces of the overlays. At the same time it was necessary to restrain the specimens 
to avoid free deformation. The testing technique adopted to fulfil these requirements is 
schematically presented in Figure 1. 

Figure I — Schematic illustration showing the different phases of the test procedure. (Phase 1 
— heating of overlay and bottom slab. Phase 2 — Cooling of overlay). 

The test procedure was divided into two phases, 1 and 2. In the first of these, during which the 
bottom slab was free to move, the temperatures were gradually increased in the various parts 
of the set-up. After reaching the temperature distribution aimed at the bottom slab was 
fastened to the floor by applying loads to the restraining ties. In theory this would prevent 
further displacements of the test set-up, implying that the bottom slab from this point on could 
be seen as a rigid base. The second phase was then characterized by a gradual decrease of the 
temperature starting from the upper surface of the topping. In this way a rather steep 
temperature gradient was produced which successively lead to the formation of cracks. 
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2.2 Model description 

A two-dimensional Finite Element Model was developed using the finite element code  
DIANA,  see Figure 2. The model consisted of a 150 mm thick topping on a 200 mm bottom 
slab that was supported by an inflexible floor. The reason why the symmetry of the structure 
was not taken advantage of in the analysis was mainly to make it somewhat easier to 
reproduce the responses of the real tests. Four-noded rectangular plain stress elements of the 
type Q8MEM, as shown in the figure, were used to simulate the topping and the substrate 
slab. The mesh generated for the topping consisted of 576 elements, each with a width of 25 
mm and a height of 18,75 mm. The thickness was assumed to be 600 mm in accordance with 
the toppings of the tests. For the bottom slab a corresponding number of 768 quadratic 
elements with 25 mm sides in the plane and a thickness of 1400 mm were used. Furthermore, 
two-noded structural interface elements of the type N4IF were employed to simulate the 
material characteristics of both the layer between slab and floor, interface 1, and topping and 
slab, interface 2. Structural interface elements were also positioned between two successive 
columns of membrane elements at each 100 mm to be able to study the development of cracks 
in the topping. 

Discrete Cracks c/c 100 mm 

ascrete Crack  

Figure 2 — Finite Element Model  (FEM)  developed to simulate the behaviour of restrained 
toppings exposed to temperature loads. 

The two nodes between which each structural interface element was positioned had the same 
initial coordinates, i.e. the points overlapped. The reason for this was that the interfaces, in 
reality, have no physical distribution. For both the layer describing the bond between topping 
and slab, interface 2, as well as for the discrete cracks, double interface elements were put at 
each position. The reason for this was to be able to separate the response in vertical and 
horizontal direction. Differently, for the layer between slab and floor, interface 1, only one 
nodal interface element was applied at each position. Here, half of the number of elements 
was active in vertical direction while the other half was active in horizontal direction. 

2.3 Material models 

The main feature of a discrete approach is that both the positions as well as the direction of 
cracks are prescribed in the structure. Thus, in situations where a multi-directional state of 
stress may be expected such an approach is usually not preferable since the principal strength 
requirement may be violated in any direction, i.e. the stress in a principal direction may 
exceed the strength of the material. However, for the type of application studied here a tensile 
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stress field that predominantly acts in a longitudinal direction may be expected. This implies 
that cracks mainly form in a vertical direction as is also assumed in the analysis. 

In order to assure that the strength requirement was not violated in between the prescribed 
discrete cracks, a smeared crack model was assigned for the membrane elements. The 
implication of which is that a crack is assumed to form as soon as the maximum principal 
stress in an element reaches the tensile strength. However, different from a discrete approach, 
where softening is restricted to localised fracture zones, the smeared theory assumes that the 
displacement jump that follows from the initiation of a crack is averaged over the whole finite 
element, Elfgren (1989). Consequently, rather than specifying a relation between stresses and 
displacements, as is the case for a localized crack model, a relation is set between tensile 
tractions and strains, see Figure 3. This means that the stress versus crack opening curves 
obtained from e.g. tensile tests cannot be directly introduced in the model. Firstly, the 
displacements need to be transformed into strains. This is done in a smeared approach by 
dividing the crack opening displacements, COD:s, by an assumed crack band width, her, 
which is typically related to the element size. 

Material 
Property 

Smeared 
approach 

Discrete 
Approach 

PC  FRC  PC  FRC 

E,,  Gpa 30 30 30 30 
v, - 0,2 0,2 0,2 0,2 
a, cr -1  1 10-5  1• 10-s  i•105 

1 10A 

f, MPa 3,3 3,3 3,1 3,1 
fi, MPa 0,7 1,2 0,7 1,2 

- 0,0012 0,0012 - - 

en, - 0,06 0,4 - - 
WI, mm - - 0,03 0,03 
w„, mm - 0,15 10 

Figure 3 — The graph illustrates the principle stress-strain relation used to describe the 
softening of the concrete and the values inscribed in the table represent the actual parameters 
used in the analysis to describe Plain Concrete and Fibre Reinforced Concrete respectively. 

As shown in Figure 3 multi-linear relations were set between tensile stresses and strains or 
displacements for the smeared and discrete approach respectively. The various parameters 
assigned to describe the shapes of the softening curves for plain and fibre reinforced concrete 
are inscribed in the table. To some extent these values were selected in order to reflect the 
experimentally obtained  uni-axial tensile properties as presented in Carlswärd (2002a). In the 
cases shown here the tensile response used for the SFRC approximately corresponds to a 
concrete with 30 kg/m3  of steel fibres. 

The reason why slightly lower tensile strength was assigned for the discrete cracks as 
compared to the smeared model was to ensure that cracks would, at least initially, develop at 
the prescribed positions. Although this is a way of controlling fir cracks it is important to 
remember that cracks in reality also tend to form at weak zones in the concrete. 
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fc 
Vertical interface between slab 
and floor - Non-linear elasticity 

	

fH 	fH =  horisontal stress 	 fy 	fy  = vertical  stress  

	

fl 	Uv=  horisontal  displ. 	 fl 	Uv  = vertical displ.  

A.  f2  

-Uct, 	-Ucl  j  UI  U2 	
U3  UV  

Horizontal interface between topping 
and slab - Non-linear elasticity 

Vertical interface between topping 
and slab- Non-linear elasticity 

Shown in the table of Figure 3 are also the parameters used to describe concrete in the un-
cracked stage, the elastic modulus, Ec, and the poisson's ratio, v. Furthermore, to be able to 
model the effect of temperature changes the coefficient of thermal expansion, a, was set to 
1• le. 

The assumed material characteristics of the interfaces, 1 and 2 in Figure 2, are shown in 
Figure 4. For the tests the restraint was minimized along the interface between slab and floor 
by covering the floor with plastic sheet. Thus, a Coulomb friction model was assumed in 
horizontal direction for the corresponding interface, interface 1 in Figure 2. This made it 
possible to model a practically free sliding situation in the unloaded state, i.e. during the first 
phase of the analysis when the various parts of the model were heated up. At the same time 
the interface provided a resistance to sliding after the restraining ties had been stressed, i.e. 
during the second phase of the analysis. In the model, two parameters were specified, a 
cohesion  c  of 10 Pa (negligible) and a friction angle 0, or rather tan0 of 0,6. In addition, a 
non-linear elasticity model, with virtually no tensile resistance but with substantial 
compressive resistance'', was assigned for the vertical interface elements to model the rigidity 
of the floor. 

Figure 4 — Material models assigned for the horizontal and vertical structural interface 
elements between both the floor and the slab as well as between the slab and the topping. 

For the interface between toppings and slab, a continuous restraint, mainly constituted by 
adhesive bond, was produced in the tests. This restraint situation was modelled by assigning 
non-linear elasticity in both horizontal and vertical direction for the interface elements 
connecting the topping with the slab. In these models the maximum value corresponds to the 
ultimate adhesive strength, fl  in Figure 4. Similar to the post-cracking properties of the 
concrete bilinear softening relations were then specified to simulate the small residual 
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strength that may be expected even after the adhesive bond has been exceeded, f2  in Figure 4. 
Within the present analysis two different conditions were studied; poor and good bond 
quality. The values assumed in each case are inscribed in Table 1. 

Table 1 — Parameters used for the non-linear elasticity models assigned for the structural 
interface elements between topping and slab. 

Interface — Vertical direction 1 Interface —  Horisontal  direction 
Bond it /  fi U2 f2 U3  Ut  f1  u2 f2  113  

Quality (mm) (MPa) (mm) (mm) (mm) (mm) (MPa) (mm) (mm) (mm) 

Poor 0.00075 1.2 0.02 0.2 0.1 	•1  0.001 1.2 0.02 0.2 0.1 
Good 0.00125 2.0 0.02 0.33 0.1 	1 0.00167 2.0 0.02 0.33 0.1 

2.4 	Temperature distribution 
The toppings were exposed to non- linear temperature gradients that were produced following 
the procedtre briefly described in section 2.1. However, the temperature distributions 
obtained in the various tests of the experimental study were not identical. Reasons for this 
were both that the technique used for producing the temperatures as well as the method of 
generating the gradients over the toppings were successively developed from test to test. To 
simulate the response of each of the individual tests performed within the experimental 
program would therefore require the temperature load to be changed accordingly. Thus, for 
the sake of convenience it was decided to use only one temperature distribution here, the one 
obtained for the last test performed in the second series, test 11:4. 

A graph showing the corresponding development of temperatures at various positions in the 
bottom slab and topping as well as an illustrative drawing describing the position of the 
measuring gauges are shown in Figure 5. A more detailed discussion on the methods used to 
develop the temperatures as well as the way of recording temperatures can be found in 
Carlswärd (2002a). 
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Figure 5 — Development of temperature in time at different positions in the bottom slab and 
topping of test PC and  FRC  11:4, i.e. the last test of series II. The temperature distribution 
was used as a load in the  FE-simulations. 

In the numerical modelling the temperatures were prescribed as functions of time for each 
nodal point of the continuum elements. In a stepwise execution  DIANA  then interpolated the 
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corresponding temperature field for each time point. The so obtained distribution of 
temperatures was then translated into a thermal strain field using the specified linear 
coefficient of thermal expansion, a. 

3 RESULTS 
As was pointed out in the introduction there are some typical modes of failure for the type of 
structure studied here. In particular, the occurrence of vertical tensile cracks extending 
through the thickness of a topping as well as shearing along the interface between topping and 
substrate were identified as such. As a consequence, the most significant results are the 
relative displacements between toppings and bottom slab in addition to the development of 
deformations in the concrete along the toppings. Thus, the following presentation primarily 
focuses on information regarding these matters. Also, for the sake of verification the results 
obtained in the analysis are compared with results from the experimental study. As a 
temperature distribution corresponding to the test of series II was prescribed for the 
simulations, the comparisons were done with these tests, i.e. with results from tests PC 11:4 
and  FRC  11:4. 

3.1 	End displacements 

The development of end displacements of the toppings is presented in Figure 6 (a) and  (b)  for 
a complete test cycle, i.e. during heating and cooling. Both the effect of interfacial properties, 
good and poor bond, as well as the influence of steel fibres on the development of end 
displacements is illustrated. For comparison reasons the corresponding measurements from 
the last test of series II, PC 11:4 and  FRC  11:4, are also revealed in the graphs. As in reality, 
where the floor was used as reference ür the readings rather than the slab, the illustrated 
displacements are presented as the movement of the topping relative the floor. Thus, not only 
the deformation of the topping but also the displacement of the bottom slab is included in the 
results. 

From Figure 6 (a) and  (b)  it is clear that there is a rather good correlation between measured 
and simulated horizontal displacements during the initial phase, even though the simulated 
specimens translated slightly more than what was measured in reality. This indicates that the 
temperature load employed in the analysis agreed well with measured temperatures. 

On the other hand, considering the vertical displacements during the heating phase there is a 
rather great discrepancy between predicted and experimental values. On this subject the  FE  
analysis suggests a successive increase in vertical movement up to a value of about 0,15 mm. 
This is possibly a result of the expansion of the concrete due to the increased temperature 
rather than displacements of the topping. In this case the temperature was increased 
approximately 60  °C  according to the temperature recordings, see Figure 5. This corresponds 
to a vertical expansion of 60x1.10-5x275=0,165 mm, as the gauges were positioned 
approximately in mid section of the topping (200+75=275 mm). However, during the same 
period practically zero, or at least rather small deformations were registered in the 
experimental study. Thus, this implies that the recorded temperatures may not have been 
representative for the entire set-up. This conclusion is, however, contradicted by the good 
correlation in horizontal direction. 
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Figure 6— Development of end displacements during a complete test cycle, i.e. phases 1 and 2 
in Figure 1. Both a poor as well as a good bond situation (see Table 1) have been studied in 
the  FE  analysis. Also shown are the corresponding displacements measured for tests PC 11:4 
and  FRC  11:4 respectively. Displacements obtained for Plain Concrete (PC) is shown in (a) 
and for Fibre Reinforced Concrete  (FRC)  in  (b).  

The horizontal and vertical end displacements during the cooling phase alone are shown in 
Figure 7 (a) and  (b),  i.e. time zero corresponds to the initiation of cooling. Assuming that the 
bottom slab was rigidly fastened to the floor during this phase, the presented graphs should 
represent the displacements of the ends of the toppings. However, results from the 
experimental study showed that the applied forces on the bottom slab were not sufficient to 
produce 100 % restraint. This is further indicated by the horizontal deformations that were 
generally too great in magnitude to represent only the displacements of the toppings. 

As was also the case during the heating phase, a rather good agreement was achieved between 
measured and simulated horizontal displacements during the cooling phase. This was 
particularly true for the  FRC  topping where the displacement of the left end of  FRC  11:4 
showed good agreement with the poor bond situation in the  FE  analysis while the translation 
of the right end coincided with the good bond situation. If the magnitude of the vertical 
displacements, i.e. the edge lifting, is looked upon it can be concluded that the so called good 
bond situation in the  FE  analysis better described the actual quality of the interface for the 
tests. For both the PC as well as for the  FRC  it is clear that the poor bond situation was too 
weak. 
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Figure 7 — Development of end displacements during the cooling phase alone for the poor 
and the good bond situation. Also presented here are the corresponding displacements 
measured for tests PC 11:4 and  FRC  11:4 respectively. Displacements obtained for Plain 
Concrete (PC) is shown in (a) and for Fibre Reinforced Concrete  (FRC)  in  (b).  

Also interesting to notice is that not only the interface quality but also the concrete properties 
seems to have influence on the edge displacements. Regarding this effect the  FE  analysis 
suggests that the curling would be somewhat greater in magnitude for the case when  FRC  
properties is assumed. This is possibly a consequence of the redistribution of stresses 
following from the formation of vertical cracks in the toppings. For plain concrete, a sudden 
drop in force transferring in the crack zone characterizes the development of a crack. This 
results in a relaxation of stresses in the surrounding parts of the structure. Clearly, for cracks 
forming within a near distance from a free end this will most certainly have a positive effect 
on the magnitude of the curling moment in the sense that it will decrease. 

On the other hand, when a crack develops in fibre reinforced concrete, forces may still be 
transferred in the actual fracture zone by fibres that bridge the crack. As a result, the 
redistribution of stresses following from the formation of fracture zones will be somewhat 
restricted and the corresponding reduction of the curling moment will be less for fibre 
reinforced concrete as compared to plain concrete. Thus, it can be concluded that the better 
the post-cracking properties of the concrete the higher demands are put on the bond quality of 
the interface in order to avoid lifting near free edges. 

3.2 	Longitudinal strain development 

The development of longitudinal strains at the upper faces of the toppings obtained from the  
FE  analysis for a Poor Bond situation (P.B.) and a Good Bond situation (G.B.) is presented in 
Figure 8 (a) for PC and in Figure 8  (b)  for  FRC.  Also shown are the strains measured with 
Vibrating Strain Gauges (VSG:s) at the upper faces of tests PC 11:4 and  FRC  11:4. The 
presented results represent the strain changes during the cooling phase alone, i.e. time zero in 
the graphs corresponds to the initiation of cooling. For comparison reasons the strains from 
the  FE  analysis have been levelled out over deformation intervals of 15 cm, which 
corresponded to the measuring lengths for the VSG:s. 
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Negative strains represent the contraction of the un-cracked concrete due to temperature 
decrease while the strains following from the establishment of crack zones and possible de-
bonding along the interface near the crack are represented by positive values. 

Considering the results of the PC, it is evident that cracks in reality, i.e. for PC 11:4, appeared 
at an earlier stage as compared to what the  FE  analysis gives. Two major cracks, represented 
by a sudden increase in positive strains, occurred approximately 2-3 hours at positions 4 and 9 
in PC 11:4 while cracks did not appear until after 5 hours in the analysis. There may be several 
reasons for this. One of which could be that there may have been imperfections as regards the 
concrete properties in the real topping. As cracks tend to form in the weakest parts of a 
structure this would most likely result in a somewhat earlier crack initiation. Also possible is 
that the fastening of the bottom slab to the floor introduced some unintended stresses in the 
topping that were not anticipated by the  FE  simulations. 

If the results of the  FRC  specimens are looked upon it can be concluded that the crack 
development was somewhat different. Unlike the case for the PC the crack zones were 
established at approximately the same time in the  FE  analysis as in reality, i.e. for  FRC  11:4. 
The agreement between predicted and experimentally obtained maximum strains was also 
considerably better for  FRC  than for PC, as may be seen in Figure 8  (b).  

0 	 10 	 20 	 30 	0 	 10 	 20 
	

30 
Time (hours) 	 Time (hours) 

(a) 	 (b)  
Figure 8 — Development of longitudinal strains during the cooling phase at the upper faces of 
the toppings obtained from the  FE  analysis for both a Poor Bond situation (P.B.) as well as a 
Good Bond situation (G.B.). Also shown are the corresponding strains measured with 
Vibrating Strain Gauges (VSG:s) at the upper faces of the specimens of test 11:4 (dashed 
lines). PC in (a) and  FRC  in  (b).  

3.4 	Crack distribution 
The maximum distributions of longitudinal strains along the upper faces of the toppings are 
presented in Figure 9 (a)-(d).  Also shown are contour plots obtained from the  FE  analysis at 
the corresponding time. In order to improve the legibility of the plots the displacements have 
been magnified 200 times. The colour scale gives an indication of the distribution of 
longitudinal stresses in the structure. Here, dark shaded areas represent the peak tensile 
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stresses while a somewhat lower stress is indicated by the lighter colour. (However, the main 
intention of showing the contour plots is not to provide exact illustrations of the stress 
distribution but rather to show the overall responses of the simulated toppings). 

When studying the results shown in the various graphs it is possible to draw some conclusions 
regarding both the effect of the interface properties between topping and slab as well as the 
influence of fibres, or rather the residual tensile strength. On the subject of bond it is clear that 
poor interfacial properties results in substantially greater deformations near free edges as was 
also discussed previously (compare (a) with  (c)  and  (b)  with  (d)).  From the contour plots it is 
further evident that this effect is even more pronounced when  FRC  properties are employed. 
The fact that the de-bonded zones will be considerably greater for the poor bond situation also 
results in fewer major cracks. 
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Figure 9— Maximum longitudinal strain distribution from  FEM  and experiments, i.e. test 11:4, 
and contour plots from  FE-anesis  at the corresponding time. PC and  FRC  with good bond 
in (a) and  (b)  respectively and PC and  FRC  with poor bond in  (c)  and  (d)  respectively. 
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Regarding the influence of the concrete properties it is clear from the good bond situation that 
the magnitude of the positive strain peaks, that represent cracks, were slightly smaller for the  
FRC  as compared to the PC (compare (a) with  (b)).  This is due to the better post cracking 
tensile properties specified for the  FRC.  In this case the material characteristics assumed 
approximately corresponded to the stress versus crack opening displacement relationship 
obtained for the concrete used in test  FRC  I:!, At this occasion, however, the steel fibre 
amount was only 30 kg/m3  to be compared with twice the amount for  FRC  11:4. In other 
words, it would perhaps be reasonable to assume even better residual strength in the 
simulations. The reason as to why this was not done here was due to numerical instabilities 
that became more accentuated as the residual response of the concrete was improved. 

Considering the poor bond situation, Figure 9  (c)  and  (d),  it is clear from the contour plot that 
the distribution of appearing cracks was somewhat different for the  FRC  as compared to the 
PC simulation. The reason for this was possibly that the de-bonded areas of the  FRC  topping 
were considerably greater as compared to the corresponding PC specimen. Thus, as the de-
bonded zones influenced the fractures of these specimens extensively it is not reasonable to 
draw any conclusions based on these results. 

Differences may further be observed when comparing the calculated and measured strain 
distributions. For the plain concrete it is clear that the recorded crack widths were 
substantially greater as compared to the results from the numerical modelling. Strain peaks of 
up to 1400 and 2300 gm/m were recorded for the two appearing cracks of PC 11:4 while the 
corresponding peak values foreseen in the  FE  analysis were only about 600 to 800 um/m. An 
explanation for this may be that the establishment of the two crack zones in PC 11:4 was 
followed by de-bonding along the interface in the vicinity of the cracks. This was noticed as 
water leaked through the cracks and came out underneath the topping near the cracks. 

It is also possible to distinguish this effect from the graphs shown in Figure 9 (a) and  (c).  If 
the strains near the cracks of PC 11:4 is looked upon, in particular the widest one, it can be 
seen that the contractions are substantially greater than what was estimated by the  FE  
analysis. Directly to the right of the widest crack a minimum strain of about —800 it.m/m was 
recorded as compared to a calculated value of only about -500 grnim. This indicates that de-
bonding has occurred for PC 11:4 in parts located near the crack zones, at least close to the 
widest one. For the  FE  simulations, on the other hand, the somewhat smaller deformations 
near the cracks suggest that de-bonding has not occurred, at least not to the same extent. The 
reason for this may be that the reactions of the interface elements in vertical and horizontal 
direction are not connected, i.e. separate elements were employed in each direction. This 
implies that the vertical displacements, i.e. lifting due to vertical bond failure, is not 
necessarily follovved by horizontal slip, as is normally the case in reality. 

4 	SUMMARY AND CONCLUSIONS 
A non-linear Finite Element Model has been set up to simulate the response of restrained 
concrete toppings exposed to temperature related deformation. The main ambitions of the 
analysis were to demonstrate the significance of the interfacial bond between topping and 
substrate and the softening properties of the concrete as regards the fracture response of such 
structures. Some conclusions from this study are presented in the following. 

Regarding the model as such it seems as if it is able to realistically capture the various 
features of restrained toppings although the correlation with experimental results was not 
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satisfactory. Based on results from the numerical analysis, some conclusions can further be 
drawn regarding the influence of the interface quality and the concrete properties. On the 
subject of bond, two different situations were studied, Poor and Good bond. As expected the 
analysis indicates that a poor bond situation would result in greater end displacements. A 
consequence of this was also that fewer cracks developed with somewhat greater widths. 

The favourable effects of fibres were accounted for by improving the tension softening 
response of the concrete. For the properties employed here, which approximately 
corresponded to a concrete with 30 kg/m3  of steel fibres, it was shown that somewhat greater 
end displacements were achieved for the  FRC  as compared to the PC. Based on this 
observation it can be concluded that the better the post-cracking properties of the concrete the 
higher demands are put on the bond quality. 

Regarding the influence of steel fibres on the crack formation it was shown that the predicted 
crack widths were only slightly reduced due to tfr use of fibre reinforcement, i.e. for the 
properties assumed here. It was further shown that the distribution of cracks was rather similar 
for the PC as compared to the  FRC,  at least in the case of good bond. 
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Steel Fibre Reinforced Concrete toppings exposed to long term 
drying shrinkage — Half scale tests and Finite Element Analysis 

ABSTRACT 
An experimental investigation has been carried out to verify the effect of steel fibres on the 
fracture response of restrained concrete toppings exposed to one-sided desiccation. The test 
series consisted of in total eight overlays, each with an area of 900x2700 mm2  and depths of 
either 60 or 120 mm. The influence of steel fibres on the distribution and widths of cracks was 
realised by comparing the strain developments recorded on the upper faces of SFRC 
specimens with the corresponding responses of mesh reinforced and plain concrete 
specimens. Although results show that the maximum crack widths were wider for the PC 
toppings as compared to the reinforced ones the difference was not as great as expected. The 
main reason for this was believed to be that the bond proved to be insufficient which resulted 
in a rather severe restraint condition as the ends of the toppings were anchored to the 
substructure. It was further shown that cracks were initiated at an earlier stage and were also 
wider at the end of the measuring period for the 120 mm layers. This was explained as being a 
result of the relatively slower shrinkage strain development of the thicker toppings. The effect 
of the geometry and the influence of concrete creep on the stress development were further 
verified by means of an elastic Finite Element analysis. 

Keywords: Shrinkage, Restraint, Cracks, Steel fibres,  FEM,  Creep. 

1 INTRODUCTION 
Steel fibre reinforced concrete is typically employed in various kinds of thin ground supported 
structures, such as overlays on bridge and parking decks, industrial floors and pavements. For 
such applications stresses are typically generated for the reason that shrinkage and/or 
temperature deformations is restricted to some degree by frictional or cohesive forces that act 
along the interface between the substructure and the overlay concrete. Cracks will develop as 
soon as these stresses exceed the tensile strength of the material. Typically, for un-reinforced 
concrete, rather distinct cracks with extensive width may be expected, in particular in cases 
where the restraint is of varying quality. In order to avoid such disturbing crack development 
it is necessary to apply some sort of reinforcement. In a historic perspective, the 
reinforcement has been provided by steel bar mesh. However, recently it has become more 
and more common to use steel fibre reinforced concrete. Clearly, the main reason for this is 
that steel fibres have proved to be rather effective as crack distributing reinforcement. 

Such positive effects of steel fibres have also been confirmed in quite a few research studies, 
e.g.  Malmberg  and Skarendahl (1978), Grzybowski and Shah (1990), Weiss et al (1998), 
where various experimental methods have been employed to simulate concrete under restraint 
conditions. However, as was stated in Banthia et al (1996), most of the suggested test methods 
are to some degree idealised, in particular as regards the restraint conditions. Thereby, it is not 
certain that such tests are able to realistically reflect the response of concrete overlays 
subjected to restrained deformation. Thus, primarily for the reason of verification a test series 
is described here, in which restrained concrete toppings are exposed to a drying environment. 
Main ambitions are to evaluate the effect of steel fibres as regards the limitation of crack 
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widths and to investigate the influence of the geometrical dimensions on the fracture 
response. 

The original ambition was also to develop a non-linear  FE-model for verifying the 
experimental results, i.e. to study the crack development in restrained toppings. However, due 
to numerical instabilities this proved to be a difficult task. Thus, it was decided to perform an 
elastic  FE-analysis instead, which was used to study the effect of the depth on the stress 
development near the ends of a topping. In addition, the model was used to verify the stress 
relaxing influence of concrete creep. 

2 	HALF SCALE TESTS 
The main objective of the presented study was to evaluate the effectiveness of steel fibres in 
controlling and distributing cracking due to restrained shrinkage. To fulfil this ambition a total 
of eight concrete toppings were cast on an old concrete floor in an industrial building located 
in  Sjövik,  south of Stockholm. Within the frames of the test program, effects of both variable 
specimen depth, between 60 and 120 mm, as well as type of reinforcement, steel bar mesh or 
steel fibres in amounts of 30 to 60 kg/m3, were studied. The development of deformations and 
cracks on the upper faces of the various pieces of overlays were then followed up during a 
period of three months, from September to December 2001. 

2.1 	Manufacturing the specimens 

A prerequisite for conducting restrained shrinkage tests is that the overlay concrete is 
sufficiently restrained along the bottom surface. If this is not the case complete de-bonding 
may occur, which inevitably results in a crack-free structure. In this case a plastic-like coating 
covered the existing concrete floor, which constituted the substructure for the toppings. 
Hence, the prospects of achieving sufficient bond appeared to be uncertain. In order to 
improve the bond quality the following precautions were taken: As a first step the floor was 
cleaned with acetone. In this way old grease and dirt was removed. Then a new coating of 
acrylic-based plastic was distributed over the surface. Before the coating had set relatively 
coarse sand, 0-4 mm, was sprinkled on the still wet and gluey plastic material. By following 
this procedure a rather rough sandpaper-like surface, presumably with better bond 
characteristics as compared to the old alternative, was achieved. Each strip of overlay was 
also equipped with end anchorages in order to further ensure that complete de-bonding would 
be avoided. As may be clear from Figure 1 these consisted of a reinforcing bar fastened 
between two expanding bolts that had been fixed firmly to the concrete floor. 

Figure 1 — Schematic drawing showing some measures and general details of the end 
anchorages. 

A series of in total eight concrete toppings with an individual area of 900x2700 mm2  were 
then cast on the so treated surface. The test series were divided into two separate series, I and 
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II, with respect to the sectional depths. The four specimens within the first series had a depth 
of 60 mm while the toppings belonging to the second group had 120 mm depths. A principle 
illustration showing the positions and measures of the specimens is shown in Figure 2. Each 
group of four specimens contained one un-reinforced (PC), one Steel Bar Reinforced (SBRC) 
and two Steel Fibre Reinforced (SFRC) concrete overlays. For the two specimens reinforced 
with steel bars, SBRC I and SBRC II, mesh reinforcement of the type #7s150 mm was 
mounted centrally in the sections. Regarding the fibre reinforced concrete, the amount of steel 
fibres was either 30 or 60 kg/m3. As a consequence the specimens with the lower amount 
were denoted  FRC  1:30 and  FRC  11:30 while the ones with the higher amount were named  
FRC  1:60 and  FRC  11:60. The type of fibres used was in all cases the Dramix RC-65/35-BN 
from Bekaert, which is an end-hooked round steel fibre with a diameter of 0,54 mm and a 
length of 35 mm. 

PC II 
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Figure 2 — Principle illustration showing measures and positions of the different pieces of 
concrete overlays involved in the study. 

The production of the concrete overlays followed a certain procedure. First a total volume of 
2,5 rri of plain concrete was produced in a 3,5 m3  drum mixer at  Betongindustri AB:s  
concrete plant in  Sjövik.  Details regarding the concrete mix proportions and materials used in 
the concrete can be found in section 2.3. From the mixer the concrete was poured into the 
rotary drum of a concrete truck before it was pumped into the formworks of specimens PC I 
and II and SBRC I and II. Then a certain amount of steel fibers was added to the concrete in 
the revolving unit after which the concrete was mixed for another 5 minutes. At this stage the 
concrete, which now contained steel fibers in arnaunts of approximately 30 kg/m3, was used 
to produce specimens  FRC  1:30 and  FRC  11:30. The fiber adding procedure was then repeated 
another time, so that the ratio increased to about 60 kg/m3. Obviously, this final mix was then 
used in the production of the last two specimens,  FRC  1:60 and  FRC  11:60. After finishing the 
surfaces the overlays were covered by plastic sheeting and allowed to cure for the following 
three days. 

2.2 Instrumentation 

The effect of steel fibres was evaluated by measuring the development of deformations of the 
various concrete overlays due to the process of long term drying shrinkage. This was realised 
by placing a hand-held mechanical measurer between two successive target points as 
indicated in Figure 3 (a). The locations of the target points on the upper surface may be seen 
in Figure 3  (b).  As is evident the points were positioned along the length axis in two rows. 
The reason for this was mainly to ensure that, even if one target point would come loose from 
the surface, it would still be possible to get information regarding the development of 
deformations within the area of interest. 

Simultaneous information regarding the free shrinkage strain was obtained from deformation 
recordings on 500x100x100 mm3  prisms that were allowed to dry out from all surfaces. For 
comparison reasons such specimens were stored both in laboratory environment, i.e. 22  °C  
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and 65 % relative humidity, as well as in the same environment as the overlays. An example 
of a prism used in the study is shown in Figure 3 (a), which shows that the free shrinkage 
deformation was obtained in the same way as for the larger toppings, i.e. with a mechanical 
reader over a measuring distance of 300 mm. 

echanical deformation reader Target points for 	Def Reader 
deformation readings 	rfa=2  

 

 

1  

  

 

300 	3001 3001 300  jr,  300k 300 	300 	300 1. 300  , 

Target points 
binimwejuryj

i
"

,
4%3 

 

(a) (b)  
Figure 3 — (a) Mechanical deformation measuring device on concrete prism.  (b)  Distribution 
of target points on the surface of a concrete overlay. 

2.3 	Material Details 
The concrete produced was typical for the type of application studied here. Basically, this 
means that only fine aggregates with a maximum diameter of 8 mm was used. The cement 
was of the type CEM I 42,5  R  from Slite, so called  Byggcement  Standard  PK,  which is 
mainly used in housing applications. Also, a small amount of silica fume was added to further 
improve the quality of the fresh concrete. In order to enhance the workability, superplasticiser 
of the type Glenium 51, was used in amounts of approximately 1,1 % of the total binder 
content (cement+silica fume). 

The concrete grade aimed at was K35 (w/b of 0,55), i.e. an intended cube compressive 
strength of at least 35 MPa after 28 days. Evident from Table I is that this requirement was 
fulfilled by far for the plain concrete, where the compressive strength reached about 44 MPa, 
and also for the concrete with a fibre content of 30 kg/m3, where the corresponding value was 
42 MPa. For the concrete with 60 kg/m3  of fibres, on the other hand, the strength was 
considerably lower, only 35 MPa. This may seem strange considering that the concrete used 
for the various specimens was from the same batch. However, if the measured densities are 
compared it is clear that the higher the fibre amount the lower the density. Thus, the reason 
why the strength decreased with increasing fibre ratio is most certainly due to the fact that the 
air volume increased. The general experience on this matter is that the water-soluble glue that 
holds the fibres together in bundles may influence the air volume in this direction. Also 
possible is that the prolonged mixing time employed for the  FRC  mixes may have had a 
similar effect. 

Table 1 — Material parameters measured in the study. 

Property  PC  I  FRC 1:30 FRC 1:60 PC H FRC 11:30 FRC 11:60 

Density (kg/n) 2241 2174 2071 2241 2174 2071 
Compressive strength, t/  (MPa)I I  44,0 42,2 34,8 44,0 42,2 34,8 
Bond strength, fib (MPa)2)  0,35 0,14 0,04 0,49 

II  The values were taken as the mean value of two specimens. 
2)  The bond strength was taken as the mean value of three tests. 
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The quality of the interfacial bond between the toppings and the substrate was tested for some 
of the specimens, PC I and II and  FRC  1:60 and 11:60. The method adopted to evaluate the 

bond strength is illustrated in Figure 4 (a). A total of three cores were drilled through the 
topping to be tested and about 1 cm into the substructure. A certain piece of equipment, 
developed for the purpose of testing bond, was then fastened on the upper face of the core 
after which a load was applied. As is clear from the presented results the quality of the bond 
was rather poor in all of the cases. This was particularly clear for PC II where two of the cores 
were not bonded to the substrate surface whatsoever. The reason for the poor bond properties 
is most certainly due to the plastic coating that constituted an impermeable film, thus 
preventing the new layer of concrete to penetrate and bond to the old concrete. This was also 
observed when studying the surface of the tested cores, see example of a core in Figure 4  (b).  

The fracture surfaces, which corresponded to the interface between toppings and floor, were 

rather oily and slippery. 

(a) 	 (b)  

Figure 4 — (a) Equipment used for testing the bond strength between the topping and the 
substrate.  (b)  A tested bond specimen illustrating the slipperiness of the substrate surface. 

2.4 	Free shrinkage 
Results from the free shrinkage readings are shown in Figure 5 (a). As was discussed 
previously such deformations were measured both on specimens stored at the location where 
the toppings had been placed,  Sjövik,  and also on specimens stored in laboratory 

environment, i.e. in a surrounding temperature of 22  °C  and a relative moisture content of 65 
%. Relative humidity and temperature measured during some periods of the first hundred days 
after casting at  Sjövik  are shown in Figure 5  (b).  It is quite clear that the temperature at site 

was rather stable at 15 to 20  °C  while the relative humidity varied extensively from day to 
day. Obviously, the extreme values of the humidity reflect days of high outdoor humidity. 

When studying the presented results of the free shrinkage it is clear that the specimens stored 
in laboratory environment contracted somewhat more than the corresponding specimens at 
site, up to about 820 im/m as compared to 650 to 750 innim during the first 100 days. 
Furthermore, it can be concluded that even though the shrinkage of the PC specimen stored at 
site was slightly less than the two fibre reinforced specimens it is not reasonable to suspect 
that the shrinkage increased due to the addition of fibres as this tendency was not perceived 
for the lab prisms. It is also evident that the long term drying shrinkage did not come to an 
end within the first three months. However, at the additional measuring points for the lab 
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prisms it seems as if the expansion is somewhat slowed down, thus indicating that a final 
shrinkage value is soon to be reached. 

—*-- PC - lab 
FRC 30 - lab 
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(b)  
Figure 5 — (a) Development of free shrinkage in laboratory environment (T=20  °C  and 
RH=65 %) and at site.  (b)  The relative humidity and temperature measured sporadically 
during three months at the location of the toppings at site. 

A method to predict a final shrinkage value, i.e. the reference shrinkage after infinite time, 
based on short term recordings is suggested in the Swedish Concrete Handbook — Material 
(1994). By using this method an approximate final shrinkage of 1240 !Arnim is predicted for 
the present material, which is rather high. For instance, the Swedish concrete code for housing 
constructions,  BBK  94 (1994), suggests a value of 400 p.m/m to be assumed for concrete in 
similar conditions. A possible reason for the high value in this case is that the concrete 
contained a considerable amount of paste, which is known to increase the shrinkage. The total 
binder content was 435 kg/m3  and the water amount was 240 kg/m3. Furthermore, the 
maximum aggregate size was limited to 8 mm. This corresponded to a normal type of 
concrete used for thin toppings. 

2.5 Restrained shrinkage 

Information on this matter was realised by detecting the deformations on the upper faces of 
the toppings. The first measurement was conducted three days after casting, which 
corresponded to the time of removing the plastic sheeting from the concrete surfaces. New 
readings were then carried out approximately once a week during a time of about three 
months. Results from these recordings are shown in Figure 6 for the toppings of series I and 
in Figure 7 for the toppings of series II. In the presented graphs the longitudinal strains are 
shown as functions of the position along the toppings at some different time points, 1, 2, 5, 7, 
10 and 14 weeks after the initiation of drying. The strains were obtained by dividing the 
deformation readings by the measuring length of 300 mm. Positive values correspond to 
expansion, in other words cracks, while negative values represent contraction in un-cracked 
concrete due to shrinkage strains. 

Illustrated in the figures are also the distributions of visible cracks at a time of 99 days after 
casting. 
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Figure 6 — Results from longitudinal deformation measurements on the upper surfaces of the 
four toppings of series I. Also illustrated in the graphs are the distributions of visible cracks 
at the end of the measuring period. PC 1 in (a), SBRC I in  (b), FRC  1:30 in  (c)  and  FRC  1:60 
in  (d).  

Regarding the general behaviour of the various specimens it is evident from Figure 6 and 
Figure 7 that one or just a few more or less dominating cracks have developed in the toppings 
even though several less extensive cracks were also observed. Moreover, it is a fact that the 
edges of all toppings lifted from the substrate at a rather early stage. This was discovered as 
visible cracks appeared in the interface layer between topping and substrate at the ends. The 
de-bonding at the ends also becomes apparent when studying the presented strain 
distributions. In practically all cases the measured displacements at the ends of the toppings 
were almost similar to the free deformation readings as presented in Figure 5 (a). 

Both the fact that just one major crack appeared arid that quite severe de-bonding occurred in 
the end zones are possibly related to the poor bond characteristics. In particular considering 
that the toppings were supplied with anchors close to the ends this resulted in a situation 
where the concrete specimens became practically stressed between two rigid supports, which 
is clearly not good from a crack distributing perspective. The reason as to why displacements 
were measured at the ends in spite of the anchorages was that the bolts were placed 
approximately 20 cm from the ends. 
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Besides the relatively great maximum strain peaks registered along almost every topping the 
negative contracting strains reached quite substantial values as well. In particular close to the 
appearing cracks. This is yet another indication of the poor bond characteristics as it implies 
that extensive de-bonding has occurred near the major cracks. 
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Figure 7 — Longitudinal strains averaged over the measuring length of 300 mm as a function 
of the position along the toppings of series IL with a thickness of 120 mm. Also shown in each 
graph is a mapping of visible cracks at a time of 99 days after casting. 

When comparing the results obtained in the two series (compare Figure 6 and Figure 7) it is 
evident that cracks appeared considerably earlier for the toppings of series I as compared to 
the specimens of series II. In general, it may be concluded from the presented strain 
developments that the first extensive cracks, as represented by positive strain peaks, were 
observed between 2 and 5 weeks for the thin toppings while cracks did not appear until after 7 
weeks for the thicker toppings of series II.  lt  is further clear that the main cracks, forming in 
the thin specimens of series I, were generally wider than the corresponding cracks in series II. 
These observations may be explained as being a result of the relatively faster rate of 
desiccation for the thinner layer. This implies that the time required for the 120 mm section to 
reach the same average shrinkage strain as the 60 mm section will be greater. In other words, 

8 



•	 •  
FE Model 

-41 	 

the thin layer will be subjected to the full shrinkage load in a shorter period of time, which 
will influence both the initiation time as well as the width of cracks. 

On the subject of crack width limitation it seems as if the most effective reinforcement was 
the steel bar mesh for the specimens of series I while the concrete reinforced with 60 kg/m3  of 
steel fibres provided the most effective reinforcement for the specimens of series II. The 
reason why visible cracks appeared in spite of the mesh reinforcement may have been that the 
total steel area applied in both cases was lower than the minimum requirement needed to 
ensure crack distribution, i.e. to establish a strain hardening composite. 

3 	FINITE ELEMENT ANALYSIS 

3.1 General 

Numerical simulations were performed in order to study the stress build-up in thin concrete 
toppings exposed to restrained drying shrinkage. The analysis adopted for this purpose 
involved two stages. In the first of these the uneven strain distribution due to the process of 
one-directional drying shrinkage was estimated. The calculated shrinkage strain field was then 
applied as a load in a succeeding stress analysis. 

Originally, this analysis aimed at simulating the behaviour of the previously described 
experiments in order to enable estimations of the influence of some main factors governing 
the cracking of such applications. However, due to numerical instability this proved to be a 
very difficult task. Thus, instead it was decided to carry out an elastic two-dimensional 
simulation to verify the effect of the geometrical dimension and concrete creep on the 
generated stress fields. 

3.2 	Finite Element Model 

In order to fulfil the objectives two Finite Element meshes, one with a depth of 60 mm and 
one with 120 mm depth, were set-up using the  FE  code  DIANA  (1998). A drawing showing 
the principle design of the two-dimensional model is presented in Figure 8. The concrete was 
simulated using rectangular four-noded plain /Tess elements of the type Q8MEM. Full 
restraint was provided in both longitudinal as well as vertical direction along the bottom edge 
by restricting the freedom of translation for the corresponding nodes.  

ri Concrete element 
	 type Q8MEM 

Figure 8— Two-dimensional  FE  mesh used in the analysis. 

The elastic modulus, Ec, and the poisson's ratio, v, represented the material characteristics of 
the concrete. In the analysis these parameters were set to 30 GPa and 0,2 respectively. Also, 
to study the effect of stress relaxation due to visco-elastic behaviour a creep model was used 
in the calculations. As no experimental series of tests were performed to determine the creep 
parameters of the present concrete a function as proposed in the ACI 209 (1982) was adopted 
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here, with material parameters representing the used concrete. The reason for this choice was 
that the model is available in  DIANA.  

3.3 	Free shrinkage 

In the present analysis the differential shrinkage following from one-directional desiccation 
has been accounted for by first establishing moisture profiles at different concrete ages by 
employing the software PLADIFF as described in  Jonasson  (1977). According to  Groth  
(2000) this is realised in the program by solving the partial differential equations governing 
one-dimensional diffusion. The imposed strain field was then calculated using the following 
relation between humidity and shrinkage as suggested by Grzybowski and Shah (1989): 

EA(X,t)= Es„._ • (1— (p(x,t)3) 	 (Eq. 1) 

yo(x,t) is the estimated humidity as a function of distance from the substrate,  x,  and time, t, and 
is the ultimate concrete shrinkage at a reference relative humidity of 50 %. In the present 

study  e—  was predicted to 1240 p.m/m using a simplified method suggested in the Concrete 
Handbook — Material (1994), where the free shrinkage measurements as presented in Figure 
24 were used as input data. The resulting distributions of shrinkage strains at 1, 28 and 90 
days after the initiation of drying are shown in Figure 9 for the two depths adopted in the 
analysis, 60 and 120 mm. In order to make comparisons more legible the strains are expressed 
as functions of the relative depth, i.e. the distance from the bottom,  x,  divided by the total 
depth of the section,  h. 

0 200 400 600 800 1000  
Shrinkage strain (mm/m) 

Figure 9 — Predicted shrinkage distributions as a function of the relative depth at different 
stages after curing for one-directional diffusion as estimated by the software PLADIFF. The 
diagram shows the development of shrinkage for two different depths, 60 and 120 mm. 

From the predicted shrinkage strain distributions it is evident that the sectional depth plays a 
significant role. In general, it may be seen that considerably greater strains are predicted for 
the 60 mm layer. For instance, after 90 days of drying, the imposed strain at the bottom of the 
thin section equals 490 um/m while the corresponding value for the thicker overlay is only 
about 260 ptrn/m. This implies that the average shrinkage strain will develop in a considerably 
faster rate for the thin overlay. In the experimental study this was believed to be the main 
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reason as to why cracks developed somewhat earlier for the 60 mm toppings. It is further clear 
that the shrinkage differential will be more pronounced for the thicker section implying that 
the lever arm between the shrinkage resultant and the bottom will be greater. This will have 
effect on the magnitude of the resulting moment appearing at free edges, which is the driving 
force for end lifting. 

3.4 	Stress development 

The so calculated shrinkage strain distribution was then applied in an elastic Finite Element 
analysis, which allowed for the time history of the stresses to be estimated. The main 
ambitions were to demonstrate how creep effects and the geometrical configuration of the 
concrete structure influence the development of stresses. This is illustrated here by showing 
the variation of stresses with and without creep for two different depths, 60 and 120 mm. 

Considering the shrinkage load as such it is important to recognise that the development of 
drying shrinkage, under normal circumstances, is a rather slow process. This results in a 
correspondingly slow stress build-up in concrete exposed to restrained conditions. 
Apparently, this is also one of the most favourable features of this type of load situation as it 
allows for the development of creep, which tends to relax the stresses. In structural design, 
this effect is normally accounted for by dividing the elastic modulus of the concrete with a 
creep factor,  cp.  For concrete under long-term compression  BBK  94 (1994) proposes a factor 
of 3 to be used for indoors structures. However, values as great as 5 or even 6 have been 
observed in an experimental study (Silfwerbrand (1987)) referred to in Concrete Report No 4 
(1995), where measurements were initiated at an early stage of loading. The favourable effect 
of creep is also verified in the following diagrams, Figure 10 (a)-(f), where the computed 
distribution of stresses are shown at three different time points, 1, 28 and 90 days after curing, 
both for a case where creep has been incorporated as well as for a no-creep-situation. 
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Figure 10 — Variation of stresses along the toppings at 1, 28 and 90 days after curing. 
Longitudinal stress at top in (a) and  (b),  vertical stress at bottom in  (c)  and  (d)  and shear 
stress at bottom in  (e)  and (0. 

From the presented results it is rather clear that concrete creep has a substantial effect on the 
stress levels for the  FE  models studied here. For instance, if the longitudinal stresses in the 
upper row of elements are considered, see Figure 10 (a) and (1)), maximum stresses of 
approximately 22 and 25 MPa is predicted for the 120 and 60 mm topping respectively after 
90 days of drying when creep is not incorporated. On the other hand, the corresponding levels 
for the case when creep is accounted for is only about 7 to 8 MPa. Thus, the stresses have 
been reduced by a factor of 3. The same tendency, although not of the same order, is also 
predicted for the vertical and the shear stresses, as shown in Figure 10  (c)-  ( f ). 

The reason as to why the magnitude of the stresses is unrealistically high (the tensile capacity 
of concrete is only about 3 MPa) is that full restraint is assumed to a completely inflexible 
substructure. This means that the total shrinkage strain that develops in the concrete will be 
transformed into stresses. As shown in Figure 9, the shrinkage strain at the upper surface was 
assumed to have reached a value of 900 gm/m already at the initiation of the drying 
procedure, due to tumidity equilibrium with the surrounding. This corresponds to a value of 
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900.10-6x30.103  = 27 MPa in the case when no creep is assumed, which would prove that the 
presented stresses are reasonable from a theoretical point of view. 

Considering the stress build-up near the end in general, it is evident from the calculations that 
not only longitudinal and shear stresses develop but also a quite substantial vertical stress 
field. According to e.g. Rahman et al (2000) this is a result of the unbalanced moment that is 
established as the longitudinal stresses through the depth of the concrete layer are restrained at 
the bottom. Clearly, the tensile component of these stresses is also the reason for the often. 
observed end lifting to occur. Regarding the effect of the depth on this matter it may be 
concluded from the analysis that a somewhat greater transition zone between tensile and 
compressive stress is estimated for the thicker topping. It is further clear that the magnitude of 
the vertical peak tensile stress is somewhat lower. Even though the predicted peak values in 
both cases are clearly sufficient to break the vertical bond this indicates that the effect will be 
of more significant order for the thinner layer. 

The influence of the geometry is further manifested in Figure 11 (a) and  (b)  where the 
longitudinal stress fields are shown for the two depths at the times 1, 3, 7 and 28 days after 
curing. The reason why a relative measure has been used rather than the actual depths is 
simply to make comparisons easier. Furthermore, the computed stresses shown here include 
the effect of creep. 
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Figure 11 — Distribution of longitudinal stresses over the depth at 1, 3, 7 and 28 days after 
curing for a 60 and 120 mm topping respectively. 

Considering the stress levels at the top of the sections it can be seen that there is practically no 
difference between the various time steps. In all cases a maximum stress of approximately 8 
MPa is rapidly reached at the top of the section and is then stabilised at this level for further 
increases of time. Obviously, this is mainly due to the favourable effect of creep that tends to 
hold back the stress development. In reality, this rather rapid stress development near the 
upper face typically results in the formation of a dense system of micro-cracks that is 
practically invisible for the human eye. Thus, from an appearance point of view this cracking 
has practically no significance. However, the micro-cracks will possibly play the role of 
indicators for major fracture zones to develop. 
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As regards the effect of the sectional depth, it is clear from Figure 11 that the stress level is 
considerably lower in most parts of the section for the thicker topping, the stress at the top 
excluded. At least this is true for all the time steps shown here. For instance, after one week of 
drying the computed stress in the bottom element is only 1 MPa for the 120 mm topping 
while the corresponding value for the 60 mm specimen exceeds 3 MPa. Apparently, this 
follows from the fact that the desiccation is considerably slower for the 120 mm topping. As 
was discussed previously this typically results in a somewhat earlier crack initiation time for a 
thin topping. Furthermore, this also implies that the relaxation of stresses due to the 
development of creep will play a more significant role for a thicker topping, as the load rate is 
slower. Thus, the depth of the concrete layer will influence not only the formation time but 
also the long-term sensitivity to vertical through cracking. 

4 	SUMMARY AND CONCLUSIONS 

4.1 Experimental study 

In the experimental study the development of deformations have been detected at the upper 
surfaces of eight concrete toppings exposed to long-term drying shrinkage. Main ambitions 
were to compare steel fibres and mesh reinforcement as regards the limitation of crack widths 
and to study the influence of the depth. Thus, both fibre reinforced as well as mesh reinforced 
and plain concrete specimens of two different depths, 60 and 120 mm, were prepared. 

On the subject of crack width limitation the results show that the main cracks forming in the 
plain concrete specimens were wider than the ones recorded in the reinforced specimens. 
Thus, it may be concluded that both fibres as well as mesh reinforcement were able to limit 
the crack width to some extent. It was further shown that the mesh provided the best 
reinforcement for he thin layers while 60 kg/m3  of steel fibres gave the most favourable 
results for the thicker toppings. 

It was also observed that the crack widths, in general, were finer and that the crack initiation 
time was prolonged for the 120 mm toppings. This indicates that the depth plays a significant 
role for the fracture response. The reason for this is presumably that the desiccation time 
increases for the thicker toppings, which implies that the mean shrinkage strain at a given 
time is lower, at least within the studied period. A somewhat slower strain rate also means 
that the effect of creep may be of a higher order. 

On the subject of end displacements it can be concluded from the quite extensive strains 
recorded near the ends that de-bonding occurred for all specimens. This phenomenon was also 
observed visually as cracks appeared along the interface layer between topping and substrate 
at an early stage. 

A drawback of the study was that the quality of the interfacial bond was rather poor. As the 
ends of tic specimens were attached to the substructure by means of expanding bolts this 
resulted in a somewhat more severe load case than what was originally anticipated. Another 
drawback was that the introduction of fibres to the fresh concrete increased the air content, 
which was observed as the density and the compressive strength decreased for increasing fibre 
volumes. Thus, it is reasonable to suspect that this may have had a negative influence on the 
tensile response of the steel fibre reinforced concrete. 
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4.2 Numerical 

A  FE  model was developed for the purpose of verifying the effect of the geometrical 
dimension. Also, to study the effect of concrete creep on the stress build-up was another main 
ambition of the analysis. Regarding the predicted stress fields in general it is clear from the 
results that not only longitudinal and shear stresses are generated near the ends but also quite 
extensive vertical stresses. The tensile component of these stresses is also the main reason as 
to why end lifting occurs. 

Regarding the influence of the depth on this subject it was shown that the magnitude of the 
maximum value was approximately the same for the two sections. However, the fact that the 
transition zone over which the vertical stress changes from tensile to compressive was longer 
for the thicker topping implies that this phenomenon will probably be of more significant 
order for the thinner layer, i.e. the phenomenon is more concentrated to the end. On the 
subject of creep, results imply that the longitudinal stress levels are reduced by a factor of 3 at 
a drying time of 90 days. 
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Appendix A — Restrained temperature tests 

APPENDIX A 

Summary of results from the restrained temperature tests 
A summary of the most significant results obtained in the study on restrained temperature 
testing of concrete, as described in Chapter 3 and paper A, can be found here. Important to 
keep in mind is that the main focus of the presented study was to develop a "simple" test 
method to be used for studying crack development in restrained toppings. Thus, the technique 
of testing was successively developed during the testing programme, i.e. the methodology 
changed gradually from test to test. As a consequence, there is a relatively large scatter in 
both the way of performing the various tests as well as in the results. In particular, when 
comparing the development of temperature gradients in the different specimens there were 
some apparent differerces. Naturally, this had effects on both the edge displacements as well 
as the development of strains in the concrete. 

Series I — Temperature development 

The measured temperature developments for the four tests constituting series I, tests 1:1-1:4 
are shown in Figure Al (a)-(d).  The values are presented at three positions in the slabs and 
three in the toppings: close to the bottom, in the middle and close to the upper surface. 
Considering the temperature loads as such it can be seen that maximum temperature 
differences between bottom and top of the overlays of approximately 30, 35, 45 and 45  °C  
were obtained for tests I:1, 1:2, 1:3 and 1:4 respectively during the cooling phases. The reason 
why considerably greater gradients were reached for the last two tests was that additional 
heating cables had been placed in the toppings. This enabled a somewhat more controlled 
temperature increase, or at least it ensured that the temperature in the toppings would not be 
lower than in the slab during the heating phase. 

When the toppings are colder than the slabs, as was the case for test I:1 and 1:2, tensile 
stresses may develop in the topping due to the difference in expansion. On the other hand, as 
long as a higher temperature is kept in the toppings, as was the case for test 1:3 and 1:4, the 
toppings will be compressed as the expansion is somewhat restrained by the slab. Clearly, this 
is a more favourable situation considering that cracks were to be avoided during the heating. 
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Series I —Edge displacements 
Results from the edge displacements of the toppings in series I, measured with so called 
Linear Voltage Displacement Transducers (LVDT:s), are shown in Figure A2 (a)-(d).  For the 
tests of series I the deformations at the left end of the toppings were measured relative to the 
floor while the displacements at the right end were measured relative the bottom slab. This is 
also the reason as to why considerably greater displacements were registered at the left side, 
in particular during the heating phase. 

Regarding the actual results presented here it can be seen that the horizontal displacements, in 
all cases except for the second test, increased successively during the heating phase, thus 
indicating that the set-up expanded in relation to the floor. The reason why a similar tendency 
was not obtained for test 1:2 is most certainly that the corresponding LVDT:s were out of 
order. Furthermore it is evident that not only horizontal but also quite extensive vertical 
movements were registered during this phase for some of the specimens. For the first two 
tests, 1:1 and 1:2, this was a result of the uneven temperature distribution. However, for tests 
1:3 and 4 additional heating cables had been placed in the toppings to avoid this problem. As a 
result only small vertical deformation was recorded for test 1:4. The explanation as to why 
substantial lifting was recorded for test 1:3 was that the toppings were completely de-bonded 
already at the initiation of the test. This means that the presented results in Figure A2  (c)  
represent free deformation throughout the complete test cycle. The reason for the de-bonding 
is triclear. It is, however, suspected that the heating cables in the toppings may have been 
turned on to verify the function prior to the actual test. As a result, a high temperature may 
have been reached in the topping while the slab was still "cold". A consequence of this would 
be that the slab restricted the expansion of the topping, which eventually may have destroyed 
the bond. 

It may also be seen that quite extensive displacements are indicated between the heating and 
cooling phases for all specimens. This is a result of the fastening of the slabs to the floor. 
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Figure A2 - Development of horizontal and vertical displacements measured at the edges of 
the toppings with LVDT:s. Test 1:1 in (a), 1:2 in  (b),  1:3 in  (c)  and 1:4 in  (d).  

Series I - Longitudinal strains 
The main objective of the study was to find a method of evaluating effects of steel fibres on 
the crack distribution of restrained concrete toppings. Thus, to measure the strain 
development along the longitudinal axis had a high priority. In order to fulfil this ambition it 
was determined to measure deformations on the upper surface of the overlays in two ways, 
manually with a so called Staeger reader and automatically with Vibrating Strain Gauges 
(VSG:s). Some of the main results obtained with the two methods are presented in the 
following graphs, VSG:s in Figure A3 and Staeger in Figure A4. Here, the results are shown 
as longitudinal strains rather than deformations. The reason for this was to simplify 
comparisons between the two systems of measuring. Strains were obtained by dividing the 
recorded deformations by the measuring length, i.e. 150 mm for the VSG:s and 100 mm for 
the Staeger (200 mm for test 1:1). Also, it was chosen to show the strain development 
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recorded during the cooling phases alone, i.e. time zero in the graphs corresponds to the 
initiation of cooling. 

Positive strains in the graphs represent crack opening displacements and possible de-bonding 
along the interface in the vicinity of the cracks while negative strains corresponds to  tir  
contraction of un-cracked concrete due to the temperature reduction. 

Based on the results shown in Figure A3 and Figure A4 it can be concluded that most of the 
extensive cracks, as represented by positive strains, were initiated already at the start of the 
cooling phase or at least within the first few hours. This was not unexpected considering that 
quite substantial temperature gradients were reached in a rapid fashion as shown in Figure Al. 

Furthermore, regarding the widths of appearing cracks it is quite clear that the use of steel 
fibres did not have a great impact for the specimens of series I as peak values of 
approximately equal magnitude were registered for both the PC as well as for the 
corresponding  FRC  toppings. The only case where a noticeable difference in maximum width 
was perceived was for test 1:2 where both the VSG:s as well as the Staeger recordings indicate 
a reduction of approximately 35 % due to the addition of fibres. This is interesting 
considering that the amount of fibres used in this case was only 20 kg/m3  as compared to 30 
kg/m3  for the other tests. However, as the crack widths in general were rather fine  fr  all the 
other specimens it may be concluded that well-distributed cracking was achieved regardless 
of reinforcement. Crack widths in the interval of 0,05-0,15 mm may be estimated from the 
presented strains for tests I:1 and 1:4 as compared to approximately 0,35 and 0,22 mm for PC 
1:2 and  FRC  1:2 respectively from the Staeger recordings (0,225 and 0,15 mm from the 
VSG:s). Due to complete de-bonding there were no cracks whatsoever in the toppings of test 
1:3. 
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Figure A4 — Development of longitudinal strains measured with the Staeger reader during the 
cooling phase for the toppings of series 1. PC and  FRC  I:1 in (a) and  (b),  PC and  FRC  1:2 in  
(c)  and  (d),  PC and  FRC  1:3 in  (e)  and (f) and PC and  FRC  1:4 in  (g)  and  (h).  

Series II — Temperature development 
Temperature developments for the tests of series II are presented in Figure A5 (a)-(d).  Similar 
to the tests of series I the presented temperatures were recorded at six positions throughout the 
depths of the toppings, at the bottom, middle and top of the slab and at the bottom, middle and 
top of the topping. Maximum gradients between the top and bottom of the toppings of 
approximately 40-50  °C  were established using the adopted heating and cooling technique, as 
described in Chapter 3 and Paper A. 
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Figure A5 — Applied temperature loads  för  the tests of series 11. Test 11:1 in (a), 11:2 in  (b),  
11:3 in  (e)  and 11:4 in  (d).  

Series II — Edge displacements 
Edge displacements measured with Linear Voltage Displacement Transducers (LVDT:s) are 
shown in Figure A6 (a)-(d).  As was discussed in Chapter 3 the toppings of series  Il  were cast 
on smaller slabs as compared to series I. This had some favourable effects, both concerning 
the way of performing the tests but also regarding the handling of the slabs. The test set-ups 
also became symmetrical, i.e. the toppings were placed in the middle of the bottom slabs. As a 
result it was possible to mount the LVDT:s in a similar way at both ends of the toppings, i.e. 
with the floor as a reference. However, as the displacements of the bottom slab were not 
measured, the results shown here are a combination of deformations of the toppings and the 
slabs. In particular this is true when considering the heating phase, as the slab was free to 
move during this period. 
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Figure A6 — Development of horizontal and vertical displacements measured at the end faces 
of the toppings with so called LVDT:s. Test 11:1 in (a), 11:2 in  (b),  11:3 in  (c)  and 11:4 in  (d).  

When studying the edge displacements of the toppings of series II, as shown in Figure A6 (a)-
(d),  it can be seen that the vertical displacements are rather small during the heating phase. 
This indicates that the test set-ups, i.e. slab and toppings, experienced a more or less pure 
horizontal expansion during the heating phase, which was also intended. As the slabs were 
free to slip during this phase the recorded horizontal translations should represent the 
expansion due to the increased temperature. 

The displacements during the cooling phase should represent the lifting and slipping of the 
toppings in relation to the slab, as the bottom slabs were fastened to the inflexible floor. From 
the results shown in Figure A6 (a)-  (d)  it can be seen that the greatest vertical displacements 
were obtained at the left end of PC and  FRC  II:1 and also at the left end of  FRC  11:4. This 
implies that tle de-bonding was more extensive at these positions than at the other ends of the 
toppings. In other words, the bond quality was possibly better for the toppings of test 11:2 and 
11:3. 

Series II — Longitudinal strains 
The development of longitudinal strains as functions of time during the cooling phase alone is 
shown in Figure A7 (a)-  (h)  for the VSG:s and Figure A8 (a)-(h)  for the Staeger reader. As 
opposed to series I the difference between  FRC  and PC specimens appear to be somewhat 
more distinguished here. In all tests the cracks, as represented by positive strains, were 
apparently wider for the plain concrete specimens as compared to the fibre reinforced ones. 
The greatest differences were obtained for tests II:1 and 11:4 where the maximum crack 
widths, or rather the strains obtained over the gauge length, were reduced by approximately 
50-70% due to the addition of steel fibres (30 kg/m3  for  FRC  II:1 and 60 kg/m3  for  FRC  II:4). 
A possible reason why the overall crack widths were somewhat wider for tests  Il:  I and 11:4 as 
compared to 11:2 and 11:3 may be that the bond properties between the toppings and the 
substrate material were poorer. To some extent this was also suggested by the end 
displacements as discussed previously. 

When comparing the two systems of measuring longitudinal strains there is a discrepancy 
between the results in some cases. For instance, for PC 11:2 the VSG:s recorded a maximum 
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strain of 1500 Rm/m, which corresponds to a deformation of 1,5-0,15=0,225 mm. The 
corresponding Staeger reading was 2700 um/m, i.e. a deformation of 2,7-0,1=0,27 mm. Thus, 
the mechanical measuring device indicated a slightly greater crack width in this case. When 
calculating the corresponding deformations from the other tests as well it can be seen that this 
is also a general conclusion. The reason for this may be that the gauge length of the VSG:s 
was longer. This means that this measuring device recorded deformations in greater parts of 
the un-cracked concrete than the Staeger reader. As these parts are contracted due to the 
cooling of the concrete this would certainly have a reducing effect on the recorded value. This 
also implies that the Staeger reading may constitute a better measurement of the crack 
displacement. 
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Appendix  B - DIANA files  

APPENDIX  B  

DIANA  files used in paper  B  to analyse the restrained temperature 
tests 

4.3 Example:  Indata  file for fil(2 Good Bond 
KEYWORDS: PRE:FEMGEN  
FEMGEN  MODEL 	:  FRC-GOOD-BOND 
'COORDINATES' 
1 0.00000E+00 0.00000E+00 0.00000E+00 
2 2.50000E-02 0.00000E+00 0.00000E+00 
3 5.00000E-02 0.00000E+00 0.00000E+00 
4 7.50000E-02 0.00000E+00 0.00000E+00 
5 1.00000E-01 0.00000E+00 0.00000E+00 

1776 2.00000E+00 2.75000E-01 0.00000E+00 
1777 2.00000E+00 2.93750E-01 0.00000E+00 
1778 2.00000E+00 3.12500E-01 0.00000E+00 
1779 2.00000E+00 3.31250E-01 0.00000E+00 
1780 2.00000E+00 3.50000E-01 0.00000E+00 
'ELEMENTS' 
CONNECTIVITY 
1 Q8MEM 1 2 	99 98 
2 Q8MEM 2 3 	100 99 
3 Q8MEM 3 4 	101 100 
4 Q8MEM 4 5 	102 101 
5 Q8MEM 5 6 	103 102 

1925  N4IF  845 1745 
1926  N4IF  849 1754 
1927  N4IF  853 1763 
1928  N4IF  857 1772  
MATERIAL 

::Bottenplatta 
/  1-768  /  1  

::Pågjutning 
/  770-1345  /  2  

::Vert  Intf mellan  pi  och pågj 
/  1346-1418 1895-1911  /  3 

::Bor  Intf mellan pl och pågj 
/  1420-1488(4) 1421-1489(4) 1422-1490(4)  /  4  
:Vert  Intf mellan pl  o  golv 
/  1492-1588(2)  /  5 

::Mor  Intf mellan  pi o  golv 
/  1493-1587(2)  /  6 

::Hor  Intf mellan  pi  och pågj  kanter  
/  1419-1491(4) 1912-1928  /  7  
Cracks  Horisontal  direction  
/  1589-1741  /  8  
Cracks Vertical direction  
/  1742-1894  /  9  
GEOMETRY  

::Bottenplatta 
/  1-768  /  1  

::Pågjutning 
/  770-1345  /  2  

::Vert  Intf mellan  pi  och pågj ytterkanter 
/  1346-1418(4) 1895-1911  /  3  
:Vert  Intf mellan pl och pågj mitt 
/  1347-1417(2) 1348-1416(4)  /  4 
,Hor  Intf mellan  pi  och pägj ytterkanter 
/  1419-1491(4) 1912-1928  /  5 

::Bor  Intf mellan pl och pägj mitt 
/  1420-1490(2) 1421-1489(4)  /  6  

::Vert  Intf mellan  pi  och golv ytterkanter 
/  1492 1588  /  7  
:Vert  Intf mellan  pi  och golv mitt 

Bl 
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/ 1494-1586(2) / 8  
::Hor  Intf  mellan  pl  och golv  mitt 

1493-1587(2) / 9 
.:Cracks  Horisontal  direction  kant  

1589-1733(9) 1597-1741(9) / 10 
Cracks  Horisontal  direction mitt 
1590-1734(9) 1591-1735(9) 1592-1736(9) 

1593-1737(9) 1594-1738(9) 1595-1739(9) 
1596-1740(9) / 11 
Cracks Vertical direction  kant  
/ 1742-1886(9) 1750-1894(9) / 12 
Cracks Vertical direction mitt 
/ 1743-1887(9) 1744-1888(9) 1745-1889(9) 

1746-1890(9) 1747-1891(9) 1748-1892(9) 
1749-1893(9) / 13 
'DATA' 
1 	CRACKS 25. 
2 	CRACKS 25. 
'MATERIALS' 
1 YOUNG 	3.500000E+10 
POISON 	2.000000E-01 
DENSIT 	2.350000E+04 
THERMX 	1.000000E-05 
Cracking in concrete 
CRACK 1 
CREVAL 4.00000E+06  
TAUCRI  1 
BETA 0.2 
TENSIO 3 
TENVAL 4.00000E+06 5.00000E+02 0.05 

2 YOUNG 	3.000000E+10 
POISON 	2.000000E-01 
DENSIT 	2.350000E+04 
THERMX 	1.000000E-05 
Cracking in concrete 
CRACK 1 
CRKVAL 3.30000E+06  
TAUCRI  1 
BETA 	0.2 
TENSIO 2 
TENVAL 3.3E+06 0. 1.2E+06 0.0012 0. 0.4 

3 DSTIF 	1.00E+14 1.000E+0 
SIGDIS -100E+6 -100000 -100E+6 -6.25E-5 0 0 2.E+6 1.25E-06 3.3E+5 2.E-5 

0. 1.E-04 0. 100000. 
4 DSTIF 1.0E+15 1.000E+0 

SIGDIS O. -100000. 0. -1.E-4 -3.3E+5 -2.E-5 -2.E+6 -1.67E-6 
0. 0. 2.E+6 1.67E-6 3.3E+5 2.E-5 0. 1.E-4 O. 100000. 

5 DSTIF 1.E+10 1.E+10 
SIGDIS -50.E+6 -100000. -50.E+6 -6.25E-05 0. 0. 0. 100000.  
TAUDIS  -5.E-4 -1000000. -5.E-4 -1.25E-7 0. 0. 5.E-4 1.25E-7 5.E-4 1000000. 

6 DSTIF 1.E+10 1.E+10 
FRICTI 
FRCVAL 1.E+01 0.6 0. 

7 DSTIF 1.0E+15 1.000E+0 
SIGDIS 0. -100000. 0. -1.E-4 -3.3E+5 -2.E-5 -2.E+6 -8.33E-7 

0. 0. 2.E+6 8.33E-7 3.3E+5 2.E-5 O. 1.E-4 0. 100000. 
8 DSTIF 1.0E+15 1.000E+0 
DISCRA 1 
DCRVAL 3.1E+06 
MODE1 3 
MO1VAL 3.1E+06 0.0 1.2E+06 0.03E-03 0. 10.E-03 

9 DSTIF 	1.0E+15 1.000E+0 
'GEOMETRY' 
1 THICK 	1.400000E+00 
2 THICK 	6.000000E-01 
3 SURFACE 	0.0125 0.6 
NAXIS 	0.0 1.0 0.0 

4 SURFACE 	0.025 0.6 
NAXIS 	0.0 1.0 0.0 

5 SURFACE 	0.0125 0.6 
NAXIS 	1.0 0.0 0.0 

6 SURFACE 	0.025 0.6 
NAXIS 	1.0 0.0 0.0 

7 SURFACE 	0.025 1.4 
NAXIS 	0.0 1.0 0.0 

8 SURFACE 	0.05 1.4 
NAXIS 	0.0 1.0 0.0 

B2 
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9 SURFACE 
NAXIS 

10 SURFACE 
NAXIS 

	

0.05 	1.4 

	

0.0 	1.0 	0.0 

	

0.009375 	0.6 

	

1.0 	0.0 	0.0 
11 SURFACE 0.01875 	0.6 

NAXIS 1.0 	0.0 	0.0 
12 SURFACE 0.009375 	0.6 

NAXIS 0.0 	1.0 	0.0 
13 SURFACE 0.01875 	0.6 

NAXIS 0.0 	1.0 	0.0 
'TEMPER' 
0 5 10 15 20 21 21.5 	22 	22.5 	23 	23.5 24 24.5 25 25.5 26 26.5 27 

27.5 28 28.5 29 29.5 30 30.5 31 31.5 32 	32.5 33 34 35 40 45 49 
/ 	1-96 / 

16.3 32.6 	45.0 	55.3 	63.1 64.3 64.9 65.6 66.3 66.7 67.4 68.0 68.5 
68.8 69.1 	69.4 	69.7 	69.8 70.0 70.1 70.2 70.3 70.3 70.4 70.3 70.5 
70.6 70.6 	70.5 	70.3 	69.8 69.2 65.0 62.6 61.2 
16.3 32.6 	45.0 	55.3 	63.1 64.3 64.9 65.6 66.3 66.7 67.4 68.0 68.5 
68.8 69.1 	69.4 	69.7 	69.8 70.0 70.1 70.2 70.3 70.3 70.4 70.3 70.5 
70.6 70.6 	70.5 	70.3 	69.8 69.2 65.0 62.6 61.2 
16.3 33.0 	45.6 	56.1 	63.9 65.1 65.7 66.4 67.1 67.5 68.2 68.7 69.2 
69.5 69.7 	70.0 	70.2 	70.3 70.4 70.5 70.6 70.6 70.6 70.7 70.6 70.7 
70.8 70.7 	70.6 	70.3 	69.6 68.8 64.5 62.0 60.5 
16.3 33.0 	45.6 	56.1 	63.9 65.1 65.7 66.4 67.1 67.5 68.2 68.7 69.2 
69.5 69.7 	70.0 	70.2 	70.3 70.4 70.5 70.6 70.6 70.6 70.7 70.6 70.7 
70.8 70.7 	70.6 	70.3 	69.6 68.8 64.5 62.0 60.5 

/ 	1274-1345 / 
16.8 35.5 	52.9 	66.4 	76.7 78.6 79.1 78.5 77.7 77.0 76.2 71.8 68.0 
65.5 63.4 	61.8 	60.5 	59.4 58.5 57.6 56.9 56.2 55.7 55.2 54.8 39.3 
39.7 35.9 	29.4 	26.5 	24.2 22.9 20.0 18.9 22.3 
16.8 35.5 	52.9 	66.4 	76.7 78.6 79.1 78.5 77.7 77.0 76.2 71.8 68.0 
65.5 63.4 	61.8 	60.5 	59.4 58.5 57.6 56.9 56.2 55.7 55.2 54.8 39.3 
39.7 35.9 	29.4 	26.5 	24.2 22.9 20.0 18.9 22.3 
16.8 35.6 	52.9 	66.4 	76.6 78.6 78.9 78.2 77.3 76.5 75.6 69.2 65.1 
62.5 60.5 	58.9 	57.6 	56.6 55.7 54.9 54.1 53.5 53.0 52.5 52.2 30.1 
35.0 28.1 	22.1 	19.7 	18.4 17.5 15.5 14.8 19.9 
16.8 35.6 	52.9 	66.4 	76.6 78.6 78.9 78.2 77.3 76.5 75.6 69.2 65.1 
62.5 60.5 	58.9 	57.6 	56.6 55.7 54.9 54.1 53.5 53.0 52.5 52.2 30.1 
35.0 28.1 	22.1 	19.7 	18.4 17.5 15.5 14.8 19.9 

'SUPPORTS' 
/ 49 1531-1627 / 	TR 	1 
/ 	1531-1627 / 	TR 	2 

'LOADS' 
CASE 1 
WEIGHT 

2 	-9.8 
CASE 2 
NODAL 
/ 782-788 / FORCE 2 -30000. 
/ 	822-828 	/ FORCE 2 -30000. 
/ 	862-868 	/ FORCE 2 -30000. 

'DIRECTIONS' 
1 	1.000000E+00 
2 	0.000000E+00 
3 	0.000000E+00 

'END' 

0.000000E+00 
1.000000E+00 
0.000000E+00 

0.000000E+00 
0.000000E+00 
1.000000E+00 

4.4 Example: Command file for  FRC  Good Bond  
*FILOS  
INITIA 
*INPUT 
*LINSTA  
*NONLIN  
INITIA  
ANALYS  PHYSIC 

END INITIA 
LOADIN 
LOAD(i) : (1) 1.0 / 
LOAD(2), (2) 1.0 / 
END LOADIN 
SELECT 
NODES ALL / 
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STEPS 1 5 10 13 / 
ELEMENTS ALL / 
END ELEMENTS 
END SELECT 
OUTPUT FEMVIEW BINARY  NONLIN  FI="testl" 
DISPLA TOTAL 
TEMPER TOTAL 
STRAIN TOTAL 
STRESS TOTAL 
FORCE REACTI 
FORCE TOTAL 
END OUTPUT 
SELECT 
NODES 1 97 1166 1238 1531 1627 / 
STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="defl" 
DISPLA GLOBAL 

END OUTPUT 
SELECT 
NODES 789 874 / 
STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="s1ip" 
DISPLA GLOBAL 

END OUTPUT 
SELECT 
ELEMENTS 40 136 232 328 424 520 616 712 801 869 941 1013 1085 1157 1229 1301 / 
END ELEMENTS 
STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="templ" 
TEMPER TOTAL 
END OUTPUT  
SEL  
NODES 1-97 1531-1627 / 
STEPS 1 5 10 12 / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="forcel 
DISPLA GLOBAL 
FORCE REACTI 
FORCE TOTAL 
END OUTPUT 
SELECT 
NODES 1458-1530 1636-1780(9) / 
STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="strainl" 
DISPLA GLOBAL 

END OUTPUT 
EXECUTE LOAD(1) STEPS 
SIZE 1.0 / 
PERFOR NEWTON REGULA MI=10 
NORM ENERGY CONTIN 
END EXECUTE 
EXECUTE TIME STEPS 
SIZE 2.(6) 1(10) / 
PERFOR NEWTON REGULA MI=20 
NORM ENERGY CONTIN CO=1.E-3 AB=1.e+10 

END EXECUTE  
*NONLIN  
SELECT 
NODES ALL / 
STEPS 20-95(5) / 
ELEMENTS ALL / 
END ELEMENTS 
END SELECT 
OUTPUT FEMVIEW BINARY  NONLIN  FI="test2m" 
DISPLA TOTAL 
TEMPER TOTAL 
STRAIN TOTAL 
STRESS TOTAL 
FORCE REACTI 
FORCE TOTAL 
END OUTPUT 
SELECT 
NODES 1 97 1166 1238 1531 1627 / 
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STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="def2" 
DISPLA GLOBAL 

END OUTPUT 
SELECT 
ELEMENTS 40 136 232 328 424 520 616 712 801 869 941 1013 1085 1157 1229 1301 / 
END ELEMENTS 
STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="temp2" 
TEMPER TOTAL 
END OUTPUT 
SELECT 
NODES 1-97 1531-1627 / 
STEPS 15 20 25 30 35 40 45 50 55 60 65 70 / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="force2" 
DISPLA GLOBAL 
FORCE REACTI 
FORCE TOTAL 
END OUTPUT 
SELECT 
NODES 1458-1530 1636-1780(9) / 
STEPS ALL / 
END SELECT 
OUTPUT TABULA  NONLIN  FI="strain2" 
DISPLA GLOBAL 

END OUTPUT 
EXECUTE LOAD(2) STEPS 
SIZE 0.2(5) / 
PERFOR NEWTON REGULA MI=10 
NORM ENERGY CONTIN CO=1.E-4 AB=1.E+10 

END EXECUTE 
SAVE STEPS 35 / 
EXECUTE TIME STEPS 
SIZE 1.(2) 0.25(14) 0.1(40) 0.5(7) 1.(9) 5.(1) / 
PERFOR NEWTON REGULA MI=20 
LINE SEARCH 
NORM ENERGY CONTIN CO=1.E-3 AB=1.E+10 

END EXECUTE 
*END 
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