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ABSTRACT 

This licentiate thesis consists of three papers, A-C.  

In Paper A the consequences are studied of using self-compacting concrete for civil 
engineering applications. The fresh and young properties are studied and possible 
consequences on production techniques. This study includes an investigation and 
evaluation of production techniques for a full-scale project, and an examination of 
fresh and hardening concrete properties for SCC where influences from different 
ingoing materials are investigated. The outcome from the project was satisfactory. 
For the full-scale casting it could be concluded that the slump flow varied a lot 
between different batches and there were differences in slump flow before and after 
the transport. Higher concrete temperature and warmer weather tended to give 
slump flow losses during transport while lower temperatures show the opposite 
behaviour, and it was observed that the transport time did not influence the change 
of consistency. In general the air content tended to increase during transport and to 
decrease after pump. No settings in the concrete were observed, and drilled out 
cores showed that the concrete had enclosed the reinforcement satisfactory. The 
used SCC showed very good frost resistance, although the air content was very 
low. The compressive cube strength varied between 53 and 80 MPa, which 
corresponds to a classification as grade K70. 

From the experimental optimisation for robustness of fresh SCC it is concluded 
that one of the tested admixture types turned out to be the best due to its 
properties concerning consistency changes with time. The same admixture type 
also originated the smallest variation of air content over time. It exists a certain 
critical lower limit for the filler content. Under that limit the mix will be too 
instable and the risk of segregation and blocking will increase rapidly. Changing 
from dinax  16 mm to 12 mm resulted in higher T50 and V-funnel times, but with 
no change in the viscosity. Less water content is resulting in higher viscosity, and 
higher water content lowers the viscosity. From the experimental tests on 
hardening SCC it can be said that the SCC mixes are as good as or even better 
than conventional concrete concerning the risk of early age thermal cracking. 
From the tests it is not possible to observe any affect on the risk of early thermal 
cracking from different admixtures, as the number of tests are very limited. From 
the evaluation of thermal and autogenuos deformation the need of modelling of 
late swelling was noticed and introduced in the empirical models for basic 
properties of early age concrete. Two SCC mixes turned out to have significantly 
lower potential risk of early age cracking. The only thing that could be observed as 
a difference for these concretes was that they had the largest late swelling. 

In paper  B  various concrete mixes have been examined in order to find possible 
relations between workability tests and rheological parameters in order to make it  

VII 



possible to classify a fresh self-compacting concrete mix according to rheological 
properties. Variations of the composition have been made for each type of 
concrete to receive a wide range of consistencies to evaluate. Workability test 
methods used in this investigation were slumpflow, T50 and V-funnel. The 
rheological parameters, t and µ, were measured with the Viscometer ConTec4. It 
can be concluded that relations between studied workability tests values and 
rheological parameters exist but the scatter in such relations is rather large. This 
study shows that the correlation between slumpflow and the rheological 
parameters, especially the yield stress, is not sufficient enough. If the slumpflow is 
below about 650 mm some relation occur between slump flow and yield stress, but 
for the more flowable mixes, slumpflow over 650 mm, the correlation is small or 
does not exist at all. The T50 value can be difficult to measure, especially the small 
values that are present for the very flowable concrete. The T50 times are 
acceptably correlated to viscosity, especially together with other workability test 
methods, but its large drawback is the difficulties in getting an exact value. Also the 
V-funnel test has shown an acceptable correlation to the viscosity. This study has 
shown that with the rheological parameters as a base and by using two existing 
workability tests together, it can be possible to classify a concrete mix. 

In paper  C  load carrying capacities of cracked as well as un-cracked concrete 
railway sleepers have been investigated. The cracking is believed to be caused by 
delayed ettringite formation. The tests that have been performed are: bending 
capacity of the midsection and the rail section, horizontal load carrying capacity of 
the fasteners and control of the concrete properties of the tested sleepers. 
Information on how the visual inspection and the classification of damages are 
performed is presented together with possible failure mechanisms of the fastener 
when loaded horizontally. The purpose of the tests has been to get information on 
how the cracking influences the load carrying capacity compared with an un-
cracked sleeper. The test results have been compared with calculations according 
to the Swedish Rail Code for sleepers. The tests show that small cracks do not 
seem to influence the load-carrying capacity and it is first when the cracking is 
very severe that the load-carrying capacity is reduced significantly.  
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SAMMANFATTNING 

Denna licentiatuppsats består av tre artildar,  A-C. 

I artikel  A  studeras självkompakterande betong i färskt och hårdnande tillstånd 
ämnat för anläggningskonstruktioner.  Studien  inkluderar ett fullskaleförsök där det 
undersöks hur hela produktionskedjan påverkar  den  färska betongens egenskaper.  
En  laboratoriestudie är gjord på såväl färsk som ung betong, där det undersöks hur  
de  olika ingående materialen påverkar  de  färska och unga egenskaperna. Resultaten 
från projektet  har  varit tillfredställande. Från fullskaleförsöket  har  det observerats att 
flytsättmåttet  har  varierat kraftigt mellan  de  olika lassen  samt  mellan fabrik och 
arbetsplats. Högre betongtemperatur och varmare väder  har  medfört  en  reduktion 
av flytsättmåttet  under transport  medan lägre betongtemperaturer  har  uppvisat ett 
motsatt beteende, det kunde även observeras att transporttiden inte påverkade 
konsistensvariationerna. Generellt så ökade lufthalten  under transport  för att  sedan  
minska efter pumpning. Inga sättningar i  den  nygjutna betongen kunde observeras 
och utborrade kärnor visade att betongen hade omslutit  armeringen  väl.  Den  
använda SKB:n uppvisade mycket  god  frostbeständighet trots att lufthalten var 
relativt låg. Tryckhållfastheten varierade mellan  53  och  80  MPa, vilket motsvarar 
betongklass  K70.  

Från optimeringen av färsk betong i syfte att finna  en robust mix  kan det 
konkluderas att typ av tillsatsmedel  har den  avgörande inverkan på 
konsistensförlusterna över tiden. Resultaten visar även att för  en  SKB-mix finns  en  
lägsta kritiska nivå för fillermängden. Underskrids denna blir betongen instabil och 
risken för blockering och  separation  ökar. Att byta från dn.,  16 mm  till  12 mm  
medför högre  T50-  och  V-tratt-tider,  men  det påverkar inte viskositeten. Lägre 
vatteninnehåll resulterar i högre viskositet medan högre vatteninnehåll ger lägre 
viskositet. Resultaten från försöken utförda på ung betong visar att SKB är lika bra 
eller till och med bättre än traditionell betong med ayseende på risken för tidiga 
temperatursprickor. Från  den  begränsade testserien går inte att dra några slutsatser 
om olika tillsatsmedel ökar eller minskar risken för tidiga sprickor.  En  modellering 
av  en  tidsberoende svällning introducerades i  den  empiriska modellen, då  man  från 
utvärderingen av temperatur- och autogendeformation kunde  se  att det fanns ett 
behov för det. Två självkompakterande betonger visade sig  ha signifikant  lägre risk 
för tidiga temperatursprickor, och dessa två betonger uppvisade  den  största 
tidsberoende svällningen. 

I artikel B  har  sambandet mellan arbetbarhetstester och reologiska parametrar 
studerats för varierande betong mixar med ayseende på att finna  en  metod som gör 
det möjligt att klassificera  en  färsk SKB  mix  efter dess reologiska egenskaper.  De  
ingående materialen  har  varierats för att erhålla ett brett spann med olika 
konsistenser att studera. Studerade arbetbarhetstester  har  varit flytsättmått,  T50 samt 
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V-tratt.  De  reologiska parametrarna,  t  och µ,  har  mätts med hjälp av  en  
viscosimeter. Det finne ett samband mellan arbetbarhetstesterna och  de  reologiska 
parametrarna  men  spridningen är relativt stor.  Den  här studien visar att 
korrelationen mellan flytsättmått och flytgränsspänningen inte är nog 
tillfredställande.  Om  flytsättmåttet ligger  under  ungefär  650 mm  så finns ett 
samband till flytgränsspänningen  men  för mixar med större flytbarhet är 
korrelationen väldigt liten eller ingen alls.  T50  tiden är svår att mäta, framförallt  far  
mer flytbara betonger.  Studien  visar dock att  T50  är acceptabelt relaterad till 
viskositeten speciellt när ytterligare  en  arbetbarhetstest utförs. Dess stora nackdel är 
dock att det är svårt att mäta ett exakt värde. Även  V-tratten har  visat  god  
korrelation med viskositeten. Avslutningsvis visar studien att det är möjligt att 
klassificera  en  betongmix utifrån dess reologiska egenskaper genom att tillsammans 
använda två av  de  existerande arbetbarhetstesterna. 

I artikel C redovisas provning och utvärdering av bärförmågan för uppspruckna  
respektive  ej uppspruckna jämvägssliprar av betong. Sprickorna tros bero på s.k. 
försenad ettringitbildning.  De  utförda provningarna är: Böjprov i mittsnitt, Böjprov 
ii rälläge, Dragprov av befästningar  samt  kontroll av sliprarnas betonghållfasthet. 

I artikeln redovisas hur  den  visuella inspektionen  har  gått till  samt  hur 
klassificeringen av sliprarna är utförd, dessutom presenteras möjliga 
brottmekanismer för befästningarna när  de  belastas horisontellt. Målet med 
provningarna  har  varit att få  en  uppfattning om hur uppsprickningen påverkar 
bärförmågan. Resultaten från försöken  har  jämförts med beräkningar enligt 
gällande  norm.  Resultaten visar att ett  fatal  sprickor inte påverkar bärförmågan 
nämnvärt utan det är först när ett väl utvecklat spricksystem utvecklats som 
bärförmågan avtar aysevärt. 
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Introduction 

1 INTRODUCTION 

1.1 	A short introduction to self-compacting concrete 

1.1.1 	Generally 

In 1986 professor  H.  Okamura at Tokyo University proposed a new concept to 
build more durable and reliable concrete structures. Japan had experiences from 
several durability problems in construction where the quality of the concrete 
wasn't as good as expected. 

In the beginning of 1983 the problem of the durability of concrete structures was 
viewed as a major problem facing Japanese society, Okamura (1997). The main 
reasons for the lack of quality were a reduced numbers of skilled workers, and it 
was suggested that "vibration-free concrete" might be the solution for their 
problems. Another problem faced in Japan were communication problems 
between designers and construction engineers. A bad design can make it impossible 
to vibrate a construction satisfactory; also this problem was believed to be helped 
with the new concrete, Okamura et al. (1999), also discussed in Sweden by 
Billberg (1999). 

Self-compacting concrete is a fresh concrete mix that flows by its own weight and 
fills out the formwork properly and encloses the reinforcement without any 
vibration. In spite of its high flowability, the coarse aggregate is not segregated, 
Okamura (1997), Khayat, et al. (1997). 

Some of the advantages with SCC are: 

Reduce labour resources 

• Increased productivity 

Eliminate noise and "white fingers" associated with vibrating 

More innovative construction systems 
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Introduction 

In Japan the concrete has been used for bridge girders, towers, piers, culverts and 
building structures, Okamura et al. (1996), Okamura et al. (1999) and  
Betongrapport nr  10 (2002). 

In 1993 CBI, the Swedish Cement and Concrete Institute, arranged a seminar 
about SCC with contractors and producers invited. The main purpose with the 
seminar was to find collaboration partners to develop SCC in Sweden. This lead to 
a project financed by NCC,  Betongindustri  and the Swedish Work Environment 
Fund. The project has covered a review of literature and basic research in 
laboratory where different fillers have been investigated and the blocking criteria 
for crushed aggregates were developed. A large number of half scale house-walls 
using different filler materials were also cast within the project  Petersson  et al. 
(1996), Billberg (1999). 

In 1997 a Brite-Euram project started entitled "Rational production and improved 
working environment through using self-compacting concrete". The project has 
been carried out by several partners e.g. research institutes, universities, contractors 
and material producers from five European countries. The research formed the 
base for starting several pilot full scale constructions with this new concrete. Thus, 
a large amount of bridges, tunnel linings, walls and slabs of houses and many types 
of prefabricated elements have been cast with self-compacting concrete, see e.g. 
Grauers (1999). Today, the share of SCC of the total use of prefabricated and ready 
mix concrete is about 10%. 

1.1.2 	Mix design 

To produce SCC one important part of the work involves designing an 
appropriate mix proportion and evaluating the properties of the concrete thus 
obtained. In fresh state, SCC must show high fluidity, self-compacting ability and 
good segregation resistance. To reach theses properties, several mix design 
techniques have been proposed and some general "rules" can be taken into 
account when designing a SCC mix. 

Thus, a et al. (1996) proposed a mix design method for SCC where the main idea 
was to first conduct the test on paste and mortar in order to examine the properties 
and compatibility of superplastisizer, cement, fine aggregates and Puzzolanic 
materials. The major advantage of this method is that it avoids having to repeat the 
same kind of quality control test on concrete. 

CBI has proposed another type of mix design technique. It makes use of the 
relationship between the blocking volume ratio and clear reinforcement spacing to 
fraction particle diameter ratio,  Petersson  (1996) and Billberg (1999). Furthermore, 
another type of mix design method based on the packing theory has been 
suggested by Sedran et al. (1996) and Sedran et al. (1999). 
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Introduction 

A specific mix design procedure must be based on the intended application suited 
to the reinforcement and complexity of the form. In general, mix design for SCC 
results in coarse aggregate and a proportionally larger amount of fine material 
compared with the composition of conventional concrete mixes, Hurd (2002). 

In order to maintain high fluidity for SCC without increasing the water content, a 
third generation of superplastisizer is used. With a superplastisizer, the paste can be 
made more flowable with little concomitant decrease in viscosity, Figure 1.1a). In 
order to increase the viscosity of the mortar and there by increase the segregation 
resistance of the concrete, the cement content cannot be increased indiscriminately 
because it could lead to thermal cracking, and may lead to an expensive concrete, 
Yurugi et al. (1996) and Okamura (1997). Portland cement and other fine 
materials e.g. limestone filler and fly ash are thus needed in larger proportions than 
in conventional concrete to obtain the desired cohesion, Hurd (2002). Pedersen et 
al. (2001) have shown that the specific surface area of the filler material has a 
dominating effect on the flow characteristics. The total content of fine material in 
SCC are approximately in the range between 500 and 530 kg/m3, which is 
approximately 17-20 percent of the total volume compared to 11-12 percent for 
conventional concrete, Billberg et al. (1996). Moreover aggregates for normal 
concrete are in generally suitable for SCC but according to Hurd (2002) the 
grading will probably be different. 

When the self-compacting concrete flows between reinforcement bars the relative 
location of the coarse aggregate is changed. This relative displacement causes shear 
stress in the paste between the coarse aggregate. Shear stress should be small 
enough to allow the relative displacement for concrete flowing through narrow 
passages. If the coarse aggregate contact exceeds a certain limit, then blockage will 
occur no matter what the viscosity of the paste is. Therefore, Okamura (1997) 
suggests that the coarse aggregate should not exceed 50% of the solid volume. If 
the fine aggregate content exceeds a certain value, direct contact between sand 
particles results in a decrease in deformability. The volume of fine mortar is 
important. The limit of fine aggregate content in mortar should be around 40% of 
the mortar volume and this percentage does not seem to depend on the type of 
fine aggregates but rather on the properties of the paste, see Figure 1.1b), Okamura 
et al. (1996) and Okamura (1997). 

The mix design proposed by Okamura et al. (1995) and Okamura (1997) can be 
summarised as follows: 

1) Coarse aggregate content is fixed at 50% of the solid volume 

2) Fine aggregate content is fixed at 40% of the mortar volume 

3) Water to powder ratio in volume is assumed as 0.9 to 1.0, 
depending on the properties of the powder 
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Figure 1.1 a) The effect of superplastisizer and  b)  Proper fine aggregate content for SCC 
suggested by Okartutra (1997). 
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4) 	Superplastisizer dosage and the final water to powder ratio are 
determined so as to ensure self-compactability 

Mori et al. (1996) have studied the effect of aggregates on SCC. The results 
showed that the properties of the aggregates remarkably affected the slump flow 
value, the air content and the flow time. It was also seen that the variety of the 
slump flow value with time is affected by the properties of fine aggregate more 
than those of coarse aggregate. 

Even though several suggestions for mix-design methods exist, a SCC recipe has to 
be suited for each occasion where it is aimed to use SCC. However, some general 
rules can be used to create a stable SCC mix: 

• Limited aggregate content 

• Low water to powder ratio 

Use of sup erplastisizer 

1.1.3 	Rheology 

The following section is based on texts by Barnes et al. (1989),  Norberg  (1994) and 
Tattersall et al. (1983). 

Professor Bingham of Lafayette College invented the term "Rheology" and it is 
defined as "the science of the deformation and _flow of matter", which means that it is 
concerned with relationship between stress, strain, rate of strain and time. This 
definition is very wide, in practice, rheology is concerned with materials whose 
flow properties are more complicated than those of a simple fluid (liquid or gas). 

An ideal elastic material is a material whose deformation depends only on the load 
applied. When the load is removed, the deformation is completely recovered. The 
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simplest way to describe this behaviour is by the Hooke's law, where the 
deformation is proportional to the applied load or, more generally, the strain is 
proportional to the stress. In the case of shear stresses this can be represented as 
shown in Figure 1.2a). If a prism is applied by two equal and opposite forces, F, the 
prism will be deformed as shown under the action of shear stress r=F/A, and the 
deformation, or shear strain, can be represented by the angle,  y  Hooke's law states 
that 7 is proportional to  y  expressed by r=n7 where  n  is the constant of 
proportionality, the shear modulus. 7plotted as a function of yresults in a straight 
line with the slope  n,  see Figure 1.2b). 

a)  b)  
Shear strain,  y  

Figure 1.2 a) Hookes's law for a material in shear: F/A=ny,  b)  Hookean solid in shear, freely 
from Tattersall and Banfill (1983). 

If a similar experiment could be carried out on a rectangular prism made of simple 
liquid, it would be found that the application of a particular shear stress would not 
result in a definite deformation or shear strain. The liquid would deform and 
continue deforming as long as the stress was applied. This continuous increase in  y  
would occur no matter how small the applied stress  ris.  Besides, the rate at which 
it occurred, measured by the time differential of  y,  would depend on I" and, in the 
case of a simple liquid, would be simply proportional to it. So, the equation for a 
simple liquid is:  

dy 
= 77— 

dt  

which is similar to the Hookean equation except that the shear strain has been 
replaced by the shear strain rate. i7is the constant of proportionality and it is called 
the coefficient of viscosity. 
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Introduction 

For a Newtonian liquid the shear stress divided by the rate of shear is a constant, 
independent of shear rate and the time for which the shear stress is applied. So the 
constant of proportionality may be used as a physical constant characteristic of the 
material. This is the simplest form of fluid and many substances do not conform to 
it. For materials other than the Newtonian, the quotient shear stress to shear rate is 
not constant and the flow curve is not a straight line passing through the origin. 
The simplest way to describe the flow for more complicated materials is by a 
straight line that not passes through origin. This means that it has an intercept on 
the stress axis, which means that there is a minimum stress, the yield value, and no 
flow will occur below that value, see Figure 1.3. 

Shear strain,  -y  

Figure 1.3 The Bingham model with an yield value, freely from Tattersall and Banfill (1983). 

The equation of the line in Figure 1.3 will be on the form: 

= 7,D  + 7 	 (1-2) 

where To  is the yield value and  p  is a constant called the plastic viscosity. Equation 
(1-2) represents the Bingham model. The Bingham model represents the behaviour 
of fresh concrete at low shear rates. 

Even though the Bingham model is very simple, more complex behaviour is very 
common, as the flow curve may not be linear, see Figure 1.4a). A material with a 
concave flow curve towards the stress axis is said to be shear thickening because the 
shear tress is increasing more rapidly than the shear rate. A material with a flow 
curve that is concave towards the shear rate axis is called shear thinning because the 
stress is increasing less rapidly than the shear rate and it becomes easier and easier to 
increase the flow rate. This type of behaviour can be expected from a material 
whose structure is capable of being broken down or altered by shearing. The case 
where the flow curve is concave towards the rate of shear axis is of interest in 
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concrete technology. The slope increases as the shear rate increases, and the reason 
is that the shearing forces are destroying some structure that existed in the material 
when it was at rest. 

A hysteresis loop, see Figure 1. 4b) is typical for what is known as a thixotropic 
material. A thixotropic material is a material that becomes thinner when it is 
disturbed and thickens when it is left again; concrete is one example of a 
thixotrope material. 

R
at

e
  o

f 
s
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e
a

r,
  y

  

Shear thickening 

Shear thinning 

    

Shear stress, 	 Shear stress, 

Figure 1.4 a) Nonlinear flow curves and  b)  Hysteresis loop for material suffering structural 
breakdown under shear, based on Tattersall and Banfill (1983). 

The definition of thixotropy is " A decrease of apparent viscosity under shear stress, 
followed by gradual recovery when the stress is removed. The effect is time-dependent". The 
occurrence of thixotropy implies that the flow history must be taken into account 
when making predictions of flow behaviour. Flow of a thixotropic material down 
a long pipe is complicated by the fact that the viscosity may change with the 
distance down the pipe, which can be the situation when pumping concrete. 
Another case when the thixotropy may play an important role is in the case of 
form pressure where the thixotrope behaviour probably "helps" the construction. 

As mentioned earlier the rheology of fresh concrete is dealing with the relation 
between acting forces and the deformations. Figure 1.5 is describing the relation 
between stresses and deformations in fresh concrete. In Figure 1.5a) the shear stress 
is lower than the yield value and the material is acting as an elastic material and the 
maximum shear stress is denoted static yield value. When the deformation 
increases, the shear stresses decrease at the beginning and then start to increase. 
This lower value is called dynamic yield value. When the deformation increases 
the material passes from a plastic, via a floating material, to a viscous material Figure 
1. 5b) and Figure 1. 5c). For a viscous material the shear stresses are depending on the 
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shear rate and the shear stresses are increasing while the deformation velocity is 
increasing, see Figure 1.5d). When the deformation velocity is decreasing the shear 
stress is following the same curve as while it increases, see Figure I.5e). 

a) Elastic material 

F  

  

 

Di 	1  

 

b)  Passing on to plastic material  

F 
Z5teb2W  

c)  Passing on to fluid material 
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d) Viscous material 

e) Unloading 

Figure 1.5 The deformation growth for fresh concrete, quoted from Bache (1973),  Norberg  

(1994). 
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The deformation in fresh concrete is, among other things, depending on the mix 
composition, the particle dispersion, the particle shape and the surface tension. As 
mentioned earlier the Bingham model is used to describe the deformation of fresh 
concrete. The reason is that the Bingham model is a simple expression with only 
two material parameters, which can be used to characterize the material properties 
in fresh stage. In this work the Bingham model is used. 

1.2 	Purpose and scope of work 

The overall aim of this licentiate thesis is to study the fresh and hardening 
properties for self-compacting concrete. However, the licentiate thesis is chosen to 
also be a document containing the work done by the author during the time so far 
at the Division of Structural Engineering. Therefore, a paper concerning damaged 
railway sleepers is also presented. 

The work with self-compacting concrete is divided in two projects, one project 
where SCC for civil engineering applications is investigated in fresh and hardening 
stage, and another project where the relation between workability tests and 
rheological parameters is examined. 

The overall object with the project is to increase the knowledge and experiences of 
using SCC for civil engineering applications and to investigate its fresh and 
hardening properties. A full-scale project is evaluated in order to map the 
behaviour during the production chain. Further, an experimental optimisation 
technique is used in order to investigate how the different ingoing materials are 
affecting the fresh properties. The object with the optimisation technique is to 
refine the mix and make it robust against small variations of the different ingoing 
materials, above all variations of the water content. Results and conclusions from 
the study of fresh SCC are used to investigate the properties for hardening SCC 
with the aim of valuating SCC mixes in terms of risks of early thermal and 
shrinkage cracking. One interesting question is if there is any connection between 
the fresh and young properties for example if the best results in fresh stage also 
correspond to the best behaviour due to early thermal cracking. Hardening 
properties for SCC are also compared to the ones for concrete of conventional 
type. 

The other SCC project is a study of the relation between workability tests and 
rheological parameters. Today, several methods exist for examining the workability 
of the concrete on building sites, at concrete plants and in laboratories. The 
question arises to which degree these methods describe the real material behaviour. 
To increase the credibility of workability methods they should preferably be 
related to methods studying the rheology of the concrete. It is concluded, among 
other things, that relation exists, but the scatter in such a relation is rather wide and 
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dependent on which properties the concrete exhibits. The aim with the study is to 
investigate which types of concrete workability tests can directly be related to 
rheology and vice versa and try to find an evaluation method that makes it possible 
to classify a SCC mix at working site with the existing workability test methods. 

In the last paper, "Load carrying capacity of damaged concrete railway sleepers", tests on 
cracked concrete railway sleepers have been performed. The sleepers are 
manufactured in 1992-1996 and the expected life length should approximately be 
50 years. The cracking is believed to be caused by delayed ettringite formation. 
The tests that have been performed are: bending capacity of the midsection and the 
rail section, horizontal load carrying capacity of the fasteners and control of the 
concrete properties of the tested sleepers. The purpose of the tests has been to get 
information on how the cracking influences the load carrying capacity compared 
with an un-cracked sleeper. The visual inspection technique and how the 
classification of damages is performed are presented together with possible failure 
mechanisms of the fastener when loaded horizontally. The test results have been 
compared with calculations according to the Swedish Rail Code for sleepers. 

1.3 	Contents 

The two projects with SCC are presented as two papers, paper A and paper  B.  
Paper A is written as a monograph and it is called "S4-compacting concrete for civil 
engineering applications". Paper  B  is accepted for publication at the 3rd  International 
Symposium on Self-compacting concrete in Iceland, August 2003 and has the title 
"Relation between workability and rheological parameters". Paper  C  is aimed for 
publication in Structural Engineering and it is called "Load carrying capacity for 
damaged railway sleepers" and it is presented in the end of the thesis. The disposition 
of the thesis is illustrated in Figure 1.6. 

Chapter 2 is a summary of the appended papers and Chapter 3 is an outlook were 
future work is suggested. 
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Scope of the thesis 

Chapter 1 Introduction with a short review of self-compacting concrete 

Chapter 2 Summary of the three appended papers 

Chapter 3 An outlook and suggestions to future work 

SCC for civil 
engineering 
applications 

-Paper A- 

Relation between 
workability and 

rheological 
parameters 

-Paper  B- 

Load carrying 
capacity for 

damaged railway 
sleepers 

-Paper  C- 

Figure 1.6 Disposition of the thesis 

In general the author has performed the tests and the analyses in this thesis. The 
experiments on self-compacting concrete in fresh stage are performed in co-
operation with Mr Hans-Olov Johansson,  Testlab  at the university, who also 
performed the laboratory tests on hardening SCC. 

Tests in paper  C,  Load carrying capacity of damaged concrete railway sleepers, are 
performed by the two first authors of the paper and also by Mr  Ingvar  Holm and 
Mr George  Danielsson,  Testlab.  

For Paper A and  B,  the supervisors Associated Professor  Jan-Erik Jonasson  and Ass. 
Professor Mats Emborg have been given guidance and comments. For Paper  C,  
professor Lennart Elfgren has supervised the work with wise comments and 
guidance. 
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2 A SUMMARY OF APPENDED PAPERS 

2.1 	Self-compacting concrete for civil engineering applications, 
Paper A 

2.1.1 	Background 

The demands on a concrete for civil engineering applications include the 
behaviour for fresh concrete as well as properties of the hardened concrete. This 
combines several disciplines, like rheology, production techniques, material 
properties and structural design. This study includes an investigation and evaluation 
of production techniques for a full-scale project. It also deals with an examination 
of fresh concrete properties and hardening technology for SCC where influences 
from different ingoing materials are investigated. 

2.1.2 	Purpose and scope of work 

The overall aim of this study is to evaluate the consequence of using self-
compacting concrete for civil engineering applications regarding the fresh and 
young stage and possible consequences on production techniques. In the fresh 
stage, the different ingoing materials are examined due to their effect on the 
concrete consistency. In the young stage, SCC is valuated due to the risk of early 
thermal cracking. The work is divided into three parts, see also Figure 2.1. 

• Part I is an evaluation of a full-scale project where a tunnel lining was cast 
with SCC. All batches from the plant were documented regarding consistency 
and air content. Samples were also sent to CBI (Swedish Cement and 
Concrete Institute, Sweden) to investigate the compressive cube strength, air-
pore structure, frost resistance and for analyses of the water to cement ratio. 
The whole project was thus carefully documented and evaluated in order to 
increase the knowledge about SCC for civil engineering applications to be 
used in the future. 

• Part II is a laboratory examination of fresh properties for SCC in order to 
develop a stable mix, which is robust for variations of the ingoing materials. In 
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this thesis the meaning with robust is due to change of consistency with time 
and air content. Part II is a continuation of the full-scale project. The results, 
experiences and conclusions from the tunnel lining have been acting as a 
starting platform. 

• The results from the fresh concrete study are used to examine the young 
properties for hardening SCC, part III. A testing procedure, comprising all 
relevant tests in the prediction of cracking risks, is performed on mixes chosen 
from the results in fresh stage. The results are compared with the original 
tunnel lining mix and also with normal concrete with similar water to cement 
ratio. The aim of the study is to evaluate SCC mixes in terms of risks of early 
age thermal and shrinkage cracking and make comparisons with conventional 
concrete mixes. It is also of interest to investigate if there is any correlation 
between the properties in fresh stage and the hardening stage. 

I

Preliminary study, 
Diploma work 

1. Full-scale 
project in  

i,  Stäket,  Sweden 

 

2. Study of fresh qualities 
in order to develop a 
robust SCC recipe. 

3. Hardening 
technology for SCC 

Figure 2.1 Project outline 

2.1.3 	Discussion and conclusions 

Conclusions from the tunnel lining 

• The slump flow varied a lot between different batches and there were 
differences in slump flow before and after the transport from the concrete 
plant to the working site. Probably, there is a natural scatter for the slump 
flow, which is difficult to control. Higher concrete temperature and warmer 
weather tended to give slump flow losses during transport while lower 
temperatures show the opposite behaviour. It was observed that the transport 
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time did not influence the change of consistency, which is probably related to 
the properties of the superplastisizer. 

• The air content showed big variations during the whole project, and in 
general the air content tended to increase during transport and to decrease 
after pump. 

• No settings in the concrete were observed and drilled out cores showed that 
the concrete had enclosed the reinforcement satisfactory. 

• The concrete used in  Stäket  showed very good frost resistance, although the 
air content was rather low. The compressive cube strength varied between 53 
and 80 MPa, which corresponds to a classification as grade K70. Required 28-
days concrete compressive strength for the object was 40 MPa. 

Conclusions from the Experimental optimisation technique for robustness offresh SCC 

• One admixture type turned out to be the best due to its properties concerning 
consistency changes with time. The same admixture type also originated the 
smallest variation of air content over time. Probably, it is the choice of 
admixture type that has been the dominating role on the workability 
properties over time. The admixture tested also showed a very insensitive 
behaviour for variations of the other ingoing constituents. 

• It exists a certain critical lower limit for the filler content. Below that limit the 
mix will be too instable and the risk of segregation and blocking will increase 
rapidly. For the tested mix in this study it was observed that, using a filler 
content of 190 kg/m3  did not give reliable results. 

Changing from dmax  16 mm to 12 mm resulted in higher T50 and V-funnel 
times, but with no change in the viscosity. Less water content implied higher 
viscosity, and higher water content lowers the viscosity. This was not seen in 
the workability tests, when measuring slump flow, T50 and V-funnel, 
respectively. 

Using a statistical method called factorial design when optimising a SCC mix 
turned out to be a useful and efficient tool for optimisation. 

Conclusions from the hardening technology tests 

From the evaluation of thermal and autogenous deformation the need of 
modelling of late swelling was noticed and introduced in the empirical models 
basic properties of early age concrete. Also the need of modelling of 
transitional plastic behaviour was noticed and introduced in the modelling of 
basic properties of early age concrete. Most likely, the last adjustment is an 
effect of an early start of the numerical calculations of stresses, at 
approximately six hours equivalent time. 
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When comparing the potential of reaching high tensile stress levels according 
to the test results in the stress  rigg,  it can be seen that the SCC mixes are as 
good as or even better than conventional concrete concerning the risk of early 
age thermal cracking. From the tests it is not possible to observe any affect on 
the risk of early thermal cracking from different admixtures, but the number 
of tests are very limited. So, more tests must be done to study the effect from 
different admixture types. 

• Two SCC mixes turned out to have significantly lower potential to reach 
high tensile stresses, i.e. the risk of early age cracking is probably lower for 
these concretes. The only thing that could be observed as a difference for 
these concretes was that they had the largest late swelling, which probably is a 
contributory cause to their lower stress levels. 

2.2 	Relation between workability and rheological parameters for 
SCC, Paper  B  

2.2.1 	Background 

Today, several methods exist for examining the concrete workability at building 
sites, at concrete plants and in laboratories. It is known that they only describe the 
apparent behaviour at a certain situation of flow e.g. when flowing on a horizontal 
table with a certain speed induced by the eigenweight (slump flow test) or when 
passing a defined gap between reinforcement with a chosen velocity  (L-box).  

One important question is in which degree these methods describe the real 
material behaviour. Another question is if these test methods are reliable enough. 
To increase the credibility of workability test methods they preferably should be 
related to methods documenting the rheology of the concrete. Rheological test 
methods are generating two parameters characterising the material; the initial shear 
value (the yield stress), T, and the viscosity, j.t. The rheological test methods 
existing today are suffering of some drawbacks, they are not suited for use at the 
working site and that they can be rather time consuming to handle. Therefore, it is 
important to find suitable workability test methods for continuous use outside the 
laboratory, and to calibrate them with rheological parameters. A goal is thus to find 
a method for evaluating workability tests to make it possible to classify a fresh self-
compacting concrete mix according to rheological properties without making the 
rheological tests. 

2.2.2 	Purpose, scope and method 

In this investigation various concrete mixes have been examined in order to find 
possible relations between workability tests and rheological parameters. Two 
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different mixes are studied, one for civil engineering purposes, mix 1, and one for 
house-building applications, mix 2. Variations of the composition have been made 
for each type of concrete to receive a wide range of consistencies to evaluate. Type 
of filler and filler content were varied as well as the silica fume content. Different 
types of superplastisizer were used and both crushed and natural aggregates were 
tested. Also the water content was varied by assuming different moisture content in 
the sand without compensating the recipe. 

Workability test methods used in this investigation were slumpflow, T50 and V-
funnel. The rheological parameters, 't and µ, were measured with the Viscometer 
ConTec4. Directly after mixing, all these tests were performed and in addition 
segregation tendency was noted. 

2.2.3 	Discussion and conclusions 

• It is concluded that relations between studied workability tests values and 
rheological parameters exist but the scatter in such relations is rather large, e.g. 
for a rather stiff concrete the scatter is small while for a very flowable 
concrete, any of relation is more or less impossible to observe. 

• The slumpflow is a well-established test method. It is used all over the world 
and concrete engineers working with SCC are well familiar with the method 
and how to evaluate and interpret the results. Slumpflow is usually the 
method that accepts or rejects a mix at the working site. It is used to evaluate 
the flowability and also the grade of separation by studying the thickness of 
the paste stripe at the border of the circle. This study shows that the 
correlation between slumpflow and the rheological parameters, especially the 
yield stress, is not sufficient enough. The method can be used together with 
the T50 value to roughly describe the viscosity for a mix. If the slumpflow is 
below about 650 mm some relation occur between slump flow and yield 
stress, but for the more flowable mixes, i.e. slumpflow over 650 mm, the 
correlation is small or does not exists at all. 

• The T50 value can be difficult to measure, especially the small values that are 
present for the very flowable concrete. As observed in the results, the T50 
times are acceptably correlated to viscosity, especially together with other 
workability test methods, but its large drawback is the difficulties in getting an 
exact value. Also the V-funnel test has shown an acceptable correlation to the 
viscosity. 

• It is shown here that, with the rheological parameters as a base and by using 
two existing workability tests together, it can be possible to classify a concrete 
mix. As T50 and V-funnel times have shown to be translatable to the 
viscosity, and by also using the fact that slumpflow test roughly is related to 
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the yield stress, a corresponding area in a workability diagram, see Figure 2.2, 

can be established. This is one objective for future studies. 

Figure 2.2 Yield stress versus viscosity for Mix 2. An example of a rheological diagram for use 
in mix design of SCC with a general outline of a corresponding area. 

2.3 	Load carrying capacity of damaged concrete railway sleepers, 
Paper  C  

2.3.1 Summary 

In this paper load carrying capacities of cracked as well as un-cracked concrete 
railway sleepers have been investigated. The cracking is believed to be caused by 
delayed ettringite formation. The tests that have been performed are: bending 
capacity of the midsection and the rail section, horizontal load carrying capacity of 
the fasteners and control of the concrete properties of the tested sleepers. 

Information on how the visual inspection and the classification of damages are 
performed is presented together with possible failure mechanisms of the rail 
fasteners when loaded horizontally. The purpose of the tests has been to get 
information on how the cracking influences the load carrying capacity compared 
with an un-cracked sleeper. 

As mentioned, the sleepers have been classified due to the grade of damage. A green 

sleeper is an intact, un-cracked sleeper. A yellow sleeper means that the cracking is 
of the kind that the load carrying capacity is almost intact. A red sleeper means that 
the cracking is so severe that there is a considerable reduction of the load carrying 
capacity. 
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The test results have been compared with calculations according to the Swedish 
Rail Code for sleepers. The tests show that small cracks do not seem to influence 
the load-carrying capacity and it is first when the cracking is very severe that the 
load-carrying capacity is reduced significantly. 

2.3.2 	Discussion and conclusions 

Bending capacity of midsection 

• The bending capacity of the midsection of the tested sleepers is enough to 
prevent failure with a safety factor of 1.75 against failure even for the sleepers 
in class 1 (red sleepers). 

• The bending capacity of the midsection does not seem to decrease 
significantly until the typical longitudinal cracks in the middle of the sleeper 
appears, see Figure 3. 

Bending capacity of rail section 

• The bending capacity of the rail section of the tested sleepers is not high 
enough for all of them. 

• The bending capacity of the rail section seems to depend on the presence of 
longitudinal cracks at the end of the sleepers and between the fasteners (if the 
cracks are there, it leads to bad anchorage for the strands). 

Horizontal load capacity of the fastener 

• Small cracks, corresponding to class 2 (yellow sleepers), do not seem to 
influence the horizontal load carrying capacity of the tested fasteners 
significantly. It is first when the cracking is very severe (red sleepers, where 
both the longitudinal cracks and the vertical cracks appear) that the load 
carrying capacity is reduced so much that it is approaching the level of the 
applied load. 

• It was also possible to see a variation of the load carrying capacity of the 
fastener for the yellow sleepers. But the results show that there is nothing to 
gain by dividing the yellow sleepers into groups since they manage 
approximately the same loads. 

Material properties 

• The strength of the concrete in the tested sleepers were high according to tests 
on drilled out cores. The mean value for 22 compression tests was 100.4 MPa 
and the mean value for 18 tensile tests was 3.8 MPa. 
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3 SUGGESTIONS FOR FURTHER WORK 

Some suggestions to future research based on the results and limitations of the 
present work are given in the following. 

• Considering the fresh concrete, an enlarged study with a factorial design 
would be interesting. More tendencies are gained with more studies of the 
effect from the different ingoing materials, similar to the study in this thesis, 
but in a larger scale with more factors involved. Examples of factors to be 
studied could be: Different filler types, different filler contents, the effect of 
exchange some of the cement to filler material, the effect changing aggregate 
type. 

• An enlarged study of the effect from different admixtures is needed. Due to 
the results in this thesis, such study should be done without varying other 
parameters too much. 

• It would be interesting to examine the late swelling part of the thermal and 
autogenuos deformation in a deeper manner. A study of the mechanism 
behind that behaviour and try to chart when and why it occurs. It is also 
interesting to do further investigations on the observed trend, where the 
mixes with the highest late swelling turned out to be the best with respect to 
early thermal cracking. 

• Performing a larger study where the risk of early thermal cracking for self-
compacting concrete should be examined. It would be interesting to study the 
effect from different parameters and maybe using a factorial design, which has 
proved to be an efficient tool. 

• The relation between workability and rheological properties should be further 
investigated in order to establish a reliable corresponding area in a workability 
diagram. 
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NOTATIONS AND SYMBOLS 

Notations and symbols are explained in the main text when they first occur. In the 

list below the major part is given. 

Latin letters 

A 	Area 	
m2 

a 	Cooling ratio 

Ultimate reference late swelling (< 0 if swelling occurs) 	 psn/m  

C 	Cement content 	 kg/m3  

Ccorr 	Equivalent cement content 	 kg/m3  

E 	Young's modulus 	 MPa 

(F)o 	Limestone filler content 	 kg/m' 

fc, 	Compressive strength 	 Pa 

fe“.28 	Compressive strength tested at 28-days 	 Pa  

p 	Powder content 	 kg/m3  

R 	General gas constant 	 J/(mole  K)  

SF 	Slump flow 	 mm 

Time 	 h  

t, 	Equivalent time 	 h  

tpL 	Time describing the elasticity factor 	 h  

ts 	Apparent time of setting 	 h  

ts, 	Formal start time for the autogenous shrinkage 	 d  

Temperature 	 OC 

TAD 	Temperature defining the temperature influence on late swelling  °C  

Tref 	Chosen reference temperature 	 °C 

Wc 	Heat of hydration per kilo concrete 	 J/kg 

WE 	Part of the heat of hydration, which is transferred to the air 	J/m3  

Heat of hydration per volume concrete 	 J/m3  

WT 	Heat of energy in the concrete 	 J/m3  

Wu 	Heat of hydration per kilo of concrete 	 J/kg 

wo/C 	Water to cement ratio 

wo/p 	Water to powder ratio 

Greek letters 

aT 	Thermal dilation coefficient 

,BAD 
	Temperature effect on late swelling 



Maturity function (temperature sensitivity factor) 

Maturity time function of autogenous shrinkage 

Time function of late swelling 

Temperature effect on autogenous shrinkage 

Ultimate shrinkage 	 µm/m  

The volumetric strain to be used in the visco-elastic calculations 	imim 

Elasticity factor 

Density for the constituent No.  i 	 kg/m' 

Viscosity 	 Pas 

Yield value 	 Pa 

Abbreviations 

CBI 	The Swedish Cement and Concrete Institute 

SCC 	Self-compacting concrete 

SNRA Swedish National Road Administration  
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Introduction 

1 INTRODUCTION 

1.1 Background 
The demands on a concrete for civil engineering applications include the 
behaviour for fresh concrete as well as properties of the hardened concrete. This 
combines several disciplines, like rheology, production techniques, material 
properties and structural design. This study includes an investigation and evaluation 
of production techniques for a full-scale project. It also include an examination of 
fresh concrete properties and hardening technology for SCC where influences 
from different ingoing materials is investigated. 

1.2 Aim and scope 
The overall aim of this study is to evaluate the consequence of using self-
compacting concrete for civil engineering applications regarding the fresh and 
young stage and possible influences on production techniques. In the fresh stage, 
the different ingoing materials are examined due to their effect on the concrete 
consistency. For the hardening stage SCC is valuated due to the risk of early 
thermal cracking. The work is divided into three parts, see also Figure 1.1. 

• Part I is an evaluation of a full-scale project where a tunnel lining was cast 
with SCC. All batches from the plant were documented regarding consistency 
and air content. Samples were also sent to CBI to investigate the compressive 
cube strength, air-pore structure, frost resistance and for analyses of the water 
to cement ratio. The whole project was thus carefully documented and 
evaluated in order to increase the knowledge about SCC for civil engineering 
applications to be used in the future. 

• Part II is a laboratory examination of fresh properties for SCC in order to 
develop a stable mix, which is robust for variations of the ingoing materials. In 
this thesis the meaning with robust is due to the change of consistency and air 
content with time. Part II is a continuation of the full-scale project. The 
results, experiences and conclusions from the tunnel lining have been acting as 
a starting platform. 
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• The results from the fresh concrete study are used in order to choose mixes 
for examination of properties for hardening SCC, part III. A full testing 
procedure according to the established testing scheme in hardening concrete 
at  LTU,  see for instance Hedlund (2000), is performed on chosen mixes. The 
results are compared with the original tunnel lining mix and also with normal 
concrete with similar strength. The aim with the study is to valuate SCC 
mixes in terms of risks of early age thermal and shrinkage cracking and to 
make comparisons with conventional concrete mixes. It is also of interest to 
investigate if there is any correlation between the properties in fresh stage and 
the hardening stage. 

      

6. Preliminary study. 
I 	Diploma work 

     

   

1. Documentation of 

 

> a full-scale project 

 

     

2. Study of fresh concrete 
properties in order to 
develop a robust SCC recipe. 

3. Hardening 
technology for SCC 

Figure 1.1 Project outline. 
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2 EVALUATION OF A FULL-SCALE PROJECT, A TUNNEL 
LINING 

A tunnel lining with SCC was built in 2000 and experiences from using SCC in these type 
of structures were limited. Therefore, an investigation program was carried out in the initial 
stage. The outcome was satisfactory, and it was decided to use SCC in full scale. The tunnel 
lining was 150 m and it was cast in 16 units, from December 1999 to June 2000. 
Workability tests and documentation of air content were performed for all trucks at the 
concrete plant and at the working site. For most of the delivered loads tests were also carried 
out after the pumping. The outcome of the whole project was very good and it resulted in an 
increased knowledge about the behaviour of SCC through the whole production chain. 

2.1 Introduction 
A railway tunnel was built in  Stäket,  30 km north of Stockholm in year 2000. At 
some locations along the tunnel the rock cover thickness was not more than 4 to 6 
m. Consequently, it was necessary to cast a concrete lining to secure required 
bearing capacity in the tunnel. The total length of the lining was approximately 
150 m. 

When casting a tunnel lining the work is normally performed under very hard 
conditions. It is necessary to fill the form properly and vibrate the concrete 
carefully, even if the space is very limited. It was soon realized that concrete of 
conventional workability meant a high risk of failure at performance on-site. Using 
self-compacting concrete for the lining was one solution. The experiences were 
limited and for that reason, a comprehensive pre-testing procedure took place. The 
outcome was satisfactory, and it was decided to use SCC in full scale. A concrete 
mix was developed at the ready mix company Swerock AB and at the contractor 
Peab AB in corporation with The Swedish Cement and Concrete Institute, CBI. 
The concrete recipe was developed and tested in laboratory but the experience of 
using SCC on site was limited. Therefore, a full-scale pilot study was initiated. 
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Figure 2.1 Form constructions at the tunnel entrance,  Stäket,  Sweden. 

The main objective with this study was to investigate how transportation and 
pumping influence the consistency and air content in different weather conditions 
in order to increase the knowledge about SCC aimed for civil engineering 
purposes and its behaviour at field conditions. Another important purpose was to 
study how the quality control should be suitably designed for casting with SCC in 
order to remain a robust and stable product and to document experience to be 
applied for SCC projects in the future. 

In the study, every concrete load from each truck was tested. Slump flow, T50, air 
content and temperature were measured at the concrete plant, after transportation 
and after pumping, respectively. Samples were also sent to CBI and stored to 
investigate the compressive cube strength, the air-pore structure, frost resistance 
and to analyse the water to cement ratios. 

2.1.1 A short review of literature 

One of the main interests for using SCC in Sweden has been to improve the 
working conditions on construction sites, to improve the quality of concrete work 
and also to automatize the construction work. Some full scale castings have been 
performed in Sweden during the last years. Billberg et al. (1999a) are reporting 
about a full scale project where three smaller bridges have been cast with SCC. 
The total amount of SCC was approximately 230  ne.  Workability was 
documented at plant and at working site and hardened drilled out cores was 
examined due to frost resistance scaling and compressive strength. The slump flow 
tended to increase during transport, the concrete compressive strength was in the 
interval 70 — 80 MPa and the frost resistance has proved to be at an acceptable 
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level. Billberg et al. (1999b) are reporting from some different full scale projects. 
They have observed in some of their studied cases that the air content decreased 
after transport with an average drop of 2-2,5 %. For castings made in December, 
i.e. colder weather conditions, the slump flow tended to increase during transport. 
During some of the other reported projects, the slump flow and air content has 
varied in a manner where no tendencies could be seen. 

From Japan, Takeuchi et al. (1994) are reporting about the variation of air content 
and consistency during the whole production chain. In Kosaka et al. (1996) two 
different ready mix factories were used when casting a bridge pier caps in Japan. 
They report that the slump flow increased during transport from one of the plants 
and tended to decrease for concrete coming from the other plant. 

2.2 Pilot study 

The pilot study was performed as a master thesis and all measured data, analyses 
and conclusions are presented in the master thesis, only the most important and 
interesting results are reported in this thesis. So, the whole section, section 2.2, is a 
short review of the master thesis,  Johansson  and  Simonsson  (2000). 

2.2.1 Generally 

The general opinion among concrete engineers is that SCC has a tendency to loose 
its flowabolity on its way from the concrete plant to the working site. Therefore it 
is of a great importance to create a stable concrete keeping its properties during the 
whole fresh stage, i.e. the recipe should be composed in a manner that makes it 
stable until it fills the formwork. 

In an initial stage, the recipe developed in laboratory was tested in full scale by 
casting some smaller structural elements. The full-scale tests were aimed to refine 
the recipe and check if it is stable enough concerning consistency and air content 
during transportation and pumping. 

The structural elements for the pre-testing study were foundation slabs for a house 
and a garage, some pile caps, the east and west wall at the entrance to the tunnel in  
Stäket,  and finally, the first monolith in the tunnel. The total amount of concrete 
for the pre-testing procedure was 304 m3. In addition, some simulations on 
transport stability were performed by mixing a batch and a concrete truck was sent 
away to simulate the transport. Testing of fresh concrete properties was performed 
both before and after the simulated transport. 
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2.2.2 Applied test methods 

Consistency, air content and settings were tested in the initial stage at the ready 
mix factory. The test methods used for consistency were slump flow, T50 and in 
some cases the  L-box.  The air content was measured according to Swedish 
Standard SS 13 71 24. 

Figure 2.2 Slump flow test. 

The measurements were repeated when the concrete truck entered the working 
site. If a pump was used, the measurements were repeated also after pumping the 
concrete. Workability was also checked visually. Transport time was registered in 
order to see if it had any influence on the variation of consistency and the air 
content. 

There is nearly no documentation of settings in SCC after it has been placed in the 
formwork. There is also a lack of well-established measuring method for this 
purpose and no standardised method exists. In this project settings were registered 
with the use of modified water-level gauges, see Figure 2.3. The gauges were 
placed in the centre of the formwork and fastened at its midsection to the 
reinforcement. The gauges were placed at four different levels (1.2 m, 2.2 m, 3.2 
m and 3.85 m from the bottom, respectively). When the concrete reached the 
levelling plate, the measuring bar was released and free to move vertically. At the 
top of the measuring bar a scale was placed which made it possible to check the 
movements with a levelling-instrument every half hour during the casting. These 
measurements were done at one of the walls at the entrance to the tunnel. 
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a) 	 b)  

Figure 2.3 a) Principle for the water-level gauge for setting recordings and  b)  location in 
formwork,  Johansson  and  Simonsson  (2000). 

2.2.3 Results 

After transportation the slump flow was decreased, which continued after 
pumping. On average the slump flow showed about 30 mm lower values after 
transportation and about 50 mm lower values after pumping compared to the 
initial recordings at the concrete plant. The transportation time did not 
significantly influence the variation of slump flow - it looked as it was more 
dependent on the recipe, see Figure 2.4. 
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Transportation time (min) 

Figure 2.4 Change in slump flow related to transport time in the pilot study, based on  
Johansson  and  Simonsson  (2000). 

The concrete temperature was measured for each delivery of concrete at the plant 
and at the working site. It varied between 24.0°C in August and 11.0°C in 
December, and the air temperature was in the same period varying from 24.9°C to 
—2.4°C. The measurements indicate that the concrete is stiffer (i.e. lower slump 
flow) when the air and concrete temperature is higher. A higher temperature also 
leads to a greater loss of slump flow during transport and pumping. 

The requirements for air content were set to the range 4.0 % to 8.0 %. At the 
concrete plant the air content was in the range from 3.0 % to 9.5 % and after 
transport the air content was in the range between 2.6 % and 10.6 %. The air 
content increased during transport with an average of 0.4 percentage units and 
decreased during pumping with an average of 1.4 percentage units. No clear 
correlation was found between air content and slump flow but there was a 
tendency that when the air content went down also the slump flow decreased. 
This was not an unequivocal trend as big variations occurred. 

In the studied castings the vertical rate of filling was 0.7 rn per hour and it was 
observed that no settings occurred. An extra measurement was made five hours 
after the end of the casting and still there were no settings. 

Ten drilled concrete cores with reinforcement were taken out from different 
heights of the wall. They were analysed visually and it was shown that the concrete 
had embedded the reinforcement well and there was no air voids under the 
reinforcement, i.e. no concrete setting due to water separation had occurred. 

14 



Evaluation of a full-scale project, a tunnel lining 

2.3 Tunnel lining in  Stäket  

2.3.1 Project outline 

As mentioned, the railway tunnel was constructed in  Stäket,  nearby Stockholm in 
Sweden, on behalf of the Swedish Railway Administration. The contractor was 
Peab AB (third largest building company in Sweden), and the concrete supplier 
was Swerock AB. 

The length of the tunnel is 150 m and it's diameter 12.5 m. The construction of 
the tunnel lining was done with 12 m long formworks of steel, and the concrete 
was placed at mid position of the form sections in the longitudinal direction. The 
flow of the concrete was very good and it looked like a lava stream, which made it 
possible to fill even narrow sections at the end of the formwork. The required 28-
days concrete compressive strength was 40 MPa. 

The tunnel was cast in 16 units, from December 1999 until June 2000. The total 
amount of concrete was 2618 m3, which meant an average volume of 163.5 m3  for 
each casting unit. 

In the project the influence of transportation and pumping on fresh SCC was 
investigated. Consistency and air content were measured before and after 
transportation and also after pumping, as in the pre-testing study. The delivery 
control at site was done for all trucks, and the quality control man at site was in 
direct contact with the ready-mix station. Small corrections were made all the 
time, and in some cases adjustments had to be carried out by adding admixtures 
direct into the concrete on the truck when arriving at the site. Finally, the 
outcome of the whole procedure was very good. 

Figure 2.5 Tunnel lining in  Stäket,  Sweden. 
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2.3.2 Mixture constituents, mixing and transportation 

The concrete was designed for civil engineering purposes and a Swedish cement, 
GEM I 42.5 By, LA, SR  (Anläggningscement)  from  Cementa  AB, was used. The 
Blaine-value was 300 m2/kg, i.e. the cement is relatively coarse. Limestone filler 
was used as powder additive. The concrete mix composition is presented in Table 
2.1. 

Table 2.1 Mix composition 

Component 	 Quantity 	Unit 

Cement,  Anläggningscement 	 364 	kg/m3  
Limestone filler, Limus 40 	 211 	kg/m3  
Water 	 172 	kg/m3  
Fine aggregate, 0-8 (13%<0,25) 	 905 	kg/m,  
Coarse aggregate, 8-18 	 610 	kg/m3  
P3 	 0,81% of cement 
L3 	 0,6% of cement 

A conventional concrete plant manufactured the SCC and each batch was 5.5 m3. 
The mixing procedure was the same as for normal concrete but the mixing time 
was increased to 90 seconds. 

The transport time from the concrete plant to the working site ranged between 20 
and 30 minutes. 

2.3.3 Applied test methods 

As in the pre-testing procedure each delivered load was tested and almost the same 
parameters were examined, i.e. slump flow, T50, air content and concrete and air 
temperature. 

As in the pre-testing procedure, tests were performed at the plant and at building 
site before and after pump for most of the deliveries. 

Samples were also taken and sent to the Swedish Cement and Concrete Research 
Institute for analyses. Each sample was frost tested and analysed by images of the 
microstructure. Powers pore distance factor, air content and specific area were 
estimated with the computer program performing the image analyses. The 
compressive cube strength was also tested. 

2.3.4 Results and discussion 

All measured data are presented in Appendix A and Figure 2.6 - Figure 2.10 show 
some of the interesting documented values. 
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The slump flow both increases and decreases during transport, see Figure 2.6. A 
tendency is that if the temperature of the concrete is high, over 17  °C,  the slump 
flow decreases and if the temperature is lower, below 12°C, the slump flow 
increases. This is in line to what is observed for normal vibrated concrete and the 
same behaviour was also observed in the pre-testing procedure. In the range 
between 12°C and 17°C the consistency varied a lot. One possible source of error 
can be the variation of added water due to difficulties in controlling the moisture 
content in the aggregates at the ready mix plant. 
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Figure 2.6 Change of slumpjlow during transport related to concrete temperature as recorded at 
the plant. 

There are no relations found neither between slump flow and air content nor 
between the variations of slump flow and that of air content during transport. 
Further, no tendencies could be seen for the variations of the T50 values during 
the production chain either. 

There is a limited number of data after pumping because measurements have not 
been performed on each concrete load after the pump. The results show that the 
slump flow has a tendency to decrease after pumping, see Figure 2.7. That is not 
the same experiences that have been reported by Nilsson (1998) for the casting of 
road bridges in Sweden. It was thus documented that the slump flow tends to 
increase after pumping. 
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Slumpflow at working site (mm) 

Figure 2.7 Change of slump flow during pumping at  Stäket.  

For the  Stäket  project, the air content increased during transport with an average 
of 0.6 percentage units (compared with 0.4 percentage units in the preliminary 
study). After pumping the air content decreases with an average of 1.3 percentage 
units (compared with 1.4 percentage units in the pre-testing procedure), see Figure 
2.8. One explanation can be the result of the rotating drum of the concrete truck, 
which "forces" air into the mix during transport. Another reason could be that the 
air additive have a slow reaction time i.e. air bubbles continue to form during 
transportation. The air content varied rather much during the whole project and 
one possible source of error may be that the foam reducer in the superplastisizer 
created a layer on the surface of the liquid, and if the admixture was not stirred 
enough the foam reducer was not homogenous in the whole batch. Thus, 
continuous stirring of admixtures carefully might be of great importance. 

The experiences from the bridge constructions in Sweden, Nilsson (1998), were 
that the air content decreased after transport and pumping with an average of 1.5-
2.0%. However, the experience from this project was also that the transport time 
did not influence the air content. 
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Figure 2.8 Change of air-content after transport and after  pumping. 

All results from the tests performed by CBI are presented in CBI (2000) and they 
are also summarised in Appendix A. Analyses of the CBI results presented in this 
thesis is based on Trägårdh (2001). 

Salt frost resistance tests were performed according to SS 13 72 44 with at least 56 
cycles. The air content in the tested samples varied between 2 % and about 10 %, 
the required values were 4.5 % to 8 %. Only one tested sample showed too high 
surface scaling. It was the sample with the lowest air content, 2%, but nothing 
strange could be observed to explain the low air content. Out of the 33 tested 
samples, 31 managed to reach the criteria for frost resistant with large marginal, the 
critical distance factor is 0.18 mm for salt frost tests. One of the tested samples 
reached the distance factor 0.19 mm and one sample reached 2.58 mm, which is to 
large to be satisfactory, see Figure 2.9. Correlations between salt frost scaling and 
Powers distance factor for a frost resistance concrete have been suggested earlier, 
Fagerlund (1994), Fagerlund (1992) and  Petersson  (1993). The results from  Stäket  
are not in accordance to these connections, Figure 2.10a) and  b).  For a frost 
resistant concrete the Powers distance factor should not be lower than 0.2 mm. 
This limit was exceeded for most of the tested samples from  Stäket  even tough the 
surface scaling are within allowed limits. 

To minimise the risk of frost damages the air content should not be lower than a 
certain critical limit, which varies for different kinds of concrete types. For this 
concrete the critical limit is approximately only 2.5 %, which is very low compared 
with other types of concrete. 
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Figure 2.9  Sud-ace scaling at  saltfrost  resistance test, 3 % NaCl and 56 cycles versus air content 
, based on Trägärdh (2001). 
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Figure 2.10 a) Sul-ace scaling at  saltfrost  resistance test, 3 % NaC1 and 56 cycles versus Powers 
distance factor, based on Trägårdh (2001),  b)  correlation between Se-ace scaling and Powers 
distance factor according to Fagerlund (1992). 

The compressive cube strength varied between 53 and 80 MPa, which corresponds 
to a classification as grade K70 according to  BBK  94. Required 28-days concrete 
compressive strength was 40 MPa. 
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2.4 Conclusions 

• Results from the slump flow tests shows that the slump flow varied a lot 
between different batches and after transport. Probably there is a natural 
scatter for the slump flow, which is difficult to control. 

• Higher concrete temperature and warmer weather tends to give slump flow 
losses during transport while lower temperatures show the opposite behaviour. 
The same behaviour was also seen in the pre-testing procedure. 

• From the pilot study it was observed that the transport time did not influence 
the change of consistency, which is probably due to the properties of the 
superplastisizer. 

• The air content showed big variations during the whole project and in general 
the air content tended to increase during transport and to decrease after pump. 
This was also seen in the pre-study. 

• The setting measurements performed in the pilot study resulted in no 
observed settings, and drilled out cores showed that the concrete had enclosed 
the reinforcement satisfactory. 

• The concrete used in  Stäket  showed very good frost resistance, although the 
air content was very low. There are probably other factors than the air pore 
structure that have a major influence on the frost resistant for self-compacting 
concrete. 

• The compressive cube strength varied between 53 and 80 MPa, which 
corresponds to a classification as grade K70. Required 28-days concrete 
compressive strength was 40 MPa. 
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3 EXPERIMENTAL OPTIMISATION TECHNIQUE FOR 
ROBUSTNESS OF FRESH SCC 

In this section test methods, results and the subsequent discussion from the experimental 
laboratory study of fresh SCC is presented. The study is performed on self-compacting 
concrete aimed for civil engineering applications. A 23-factorial design method has been used 
as experimental design technique. The section comprises of two main studies; workability 
and rheology with time and robustness for variations in aggregate moisture content, see 
Figure 3.1 where the strategy for the experimental study is outlined. 

Evaluation of results 
from Part I 

    

Part I  

Study of workability 
and rheology with time 

 

Part II 

 

   

Study of the robustness for 
variations in moisture content 

in the aggregates 

Conclusions  

Conclusions to use in the next 
stage: Hardening Technology 

for SCC, chapter 4. 

Figure 3.1 Strategy used for the experimental study offresh SCC. 
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3.1 Introduction 

3.1.1 Background 

A high-quality SCC recipe must be robust due to consistency variations over time 
and it must be insensitive for small variations of the concrete ingredients used in 
the mix, and especially for variations of the free water, e.g. the humidity content in 
the aggregates. 

When mixing SCC at the concrete plant the humidity in the aggregates are 
difficult to control for each batch. Therefore, it is of great importance to have a 
robust recipe that is as insensitive as possible for small variations of the ingoing 
materials. Furthermore, the concrete constituents must be optimised so that they 
are compatible with each other. 

As reported in Chapter 2, during the tunnel lining in  Stäket,  the consistency 
showed big variations after transportation and after pumping and it was seen that 
there was a difficulty to properly control the consistency variations at the ready 
mix plant and the working site,  Johansson  and  Simonsson  (2000). 

The aim with this study is thus to examine how the different ingoing materials 
affect the fresh properties and to find an optimised combination of materials that 
minimizes the consistency variations over time and that is robust enough. 

3.1.2 Preliminary study 

A diploma work  (Lagerlöf  and Oliveby (2003)) has been performed to analyse how 
admixtures of different brands and reduced limestone filler content affect the 
change of consistency over time and on the air content. The study also aimed to 
increase the knowledge of admixtures on the market. The laboratory tests were 
performed on the same concrete recipe that was used in the tunnel lining in  Stäket.  
Their results ended up in recommendations on two brands of admixtures, which in 
this thesis, have been adopted as the two tested admixtures for the study of 
variations in time. The diploma work is presented in  Lagerlöf  and Oliveby (2003). 

3.1.3 Disposition 

The laboratory test series in this chapter has been divided into two parts: a) 
"Variation of consistency over time" and  b)  "Robustness against moisture variations in the 
aggregate". The later one is performed with some input from the first. Each study is 
summarised and discussed separately and at the end of the chapter, the whole 
experimental study performed is concluded and discussed. Also Suggestions for 
further work are proposed at the end. 
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3.1.4 Test methods 

In both parts, the following tests were performed: slump flow with T50, V-funnel, 
viscometer (viscosity and yield stress) and air content test, see descriptions in 
Appendix  C.  

Figure 3.2 a) Slump flow,  b)  V-funnel and  c)  the viscometer. 

3.2 Experimental design 

This section is based on findings in Montgomery (1999) and it is describing a 
statistical method called factorial design, which have been used in this experimental 
study. A short description is presented here, and for a more detailed description, 
see Appendix  B.  
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In the test series, focus has been to examine the effect of different constituents, e.g. 
different types and contents of admixture and filler. Factorial design is a useful tool 
to examine whether a parameter has an effect on a specific variable or not. When 
an experiment involves a study of two or more factors, factorial design is in general 
a very efficient method. Factorial design means that in each replication of the 
experiment, all possible combinations of the investigated level of the studied factors 
are investigated. Factors are crossed when they are arranged in a factorial design. 
The effect of a factor is defined to be the change in response produced by a change 
in the level of the factor. In a two-factor factorial design the levels are set to two 
levels, high and low. These are often denoted with "+" for the high level and "-" 
for the low level. For the denotation of number of tested factors and number of 
levels, see Figure 3.3. 

A short example to explain how a factorial design is planned and performed is 
given here: 

Example: Two different factors are chosen to be tested in a two-factor (22-) factorial 
design and they are called A and  B.  

Number of tested 

2k 

Number of levels 

Figure 3.3 Explanation of the factorial design denotation. 

The measured variable is denoted  "y".  Each factor is given two levels, high and low, and 
the design matrix for the test will be: 

Run 

1  
2  
3  

4 

A  B  

   

For each replication of the test all factors and their levels are crossed. This makes it 
possible to measure and evaluate the effect of changing from one level to another for a 
factor. It is also possible to see  Y'  any interaction between two factors occurs and how the 
levels for the tested factors should be set to optimise the response variablu. In Figure 3.4 
an example of the results from the use of the computer program Statgraphics is presented. 
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Pareto Chart, Main effect plots and Interaction plots are graphical illustrations of the 
results. In a Pareto Chart, each tested factor corresponds to a column in the diagram. A 
certain significant level is defined for each run, which is marked with a vertical line in the 
diagram and all factors with its column above the stripe have a significant effect on the 
response variable. In this example the two factors A and  B  have effect on the results when 
they are interacted to each other. From an interaction plot the response variable for each 
combination of A and  B  is presented, Figure 3.4b). From the example it can be said that, 
keeping A at a low level together with  B  at a high level, responds in a y=3,2. Still 
having A at a low level but also setting  B  at a low level gives y=2. In the same way 
results can be evaluated for factor A at a high level together with  B  at a high and low 
level, respectively. Depending on the type of experiment it is possible to optimise the levels 
of two factors,  e.  i.  factor A and factor  B  should be at low level in order to get the lowest  y-
value for this example. 

The effect on the response variable from each tested factor can be presented in a main effect 
plot, see Figure 3.4c). Keeping A at a low level responds in a lower  y-value than keeping 
A at a high level. The same thing can be said for factor  B  in this example. 

When presenting the results from the experimental study in this thesis, Pareto Charts, 
Main Effect Plots and Interaction Plots will be presented and discussed for the peormed 
tests. 

Standardized Pareto Chart for  y 
	

Interaction Plot for  y  

AB 

B: Factor B 

A: Factor A 

0 	2 	4 	6 
	

8 

a) 	
Standardized effect 	 b)  

Main Effects Plot for  y  

-1.0 	1.0 

Factor A 

2,9 

2,8 

y 2,7 

2,6 
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c)  

Figure 3.4 Example of output from Statgraphics. a) Pareto Chart,  b)  Interaction plot and  c)  
Main effect plot. 
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As a tool for evaluation of a factorial design some available statistical computer 
software can be used. In this thesis, as mentioned in the example, the software 
Statgraphics has been used for preparing and analysing data. 

When mixing and studying fresh concrete there is a big natural scatter when 
repeating the same mix. This can be a problem when evaluating an experimental 
test series as it may be difficult to judge whether a measured value is due to a 
conscious variation of the material or if it just within the frame of the natural 
scatter for the material. When using a statistical method as factorial design, it will 
be possible to distinguish the results due to natural scatter variations from results 
due to variations of the ingoing materials, if the experimental design is completely 
randomised. 

Using a statistical method, for example a factorial design, if the design is completely 
randomised, it will be possible to distinguish the results due to variations from the 
natural scatter from the results due to variations of the ingoing materials. 

Factorial design has successfully been used for studying fresh concrete behaviour by 
e.g. Khayat et al. (2000) and Khayat et al. (1999). At the moment, in the by EC 
funded project Testing-SCC, the factorial design is applied in one of the work 
packages. 

3.3 	Variation of consistency over time 
In the first part of the experimental study the consistency changes over time were 
studied. From the diploma work  (Lagerlöf  and Oliveby (2003) two different 
admixtures were chosen due to their influence on the opening time. The 
admixtures are denoted "P1" and "P2". It was also seen in the diploma work that 
some of the tested additives gave better results with a certain amount of filler or 
with some certain maximum of the aggregate size,  dn..  Due to this, it was of great 
interest to examine: 

1. Which additive tends to have the longest opening time? 

2. How does the filler content affect the opening time and is some certain filler content 
better suited with a certain type of admixture? 

3. How does the maximum aggregate size,  d„,„„,  influence the opening time? 

Two different admixtures will be tested, high and low level, two filler contents and 
also two aggregate sizes, dmax, (see section 3.3.2), which implies according to above 
a 23-factorial design where the factors are set to two levels. 

28 



Experimental optimisation technique for robustness offresh SCC 

3.3.1 Mixing procedure 

A 70 litre batch of concrete was mixed exactly in the same way for each test to 
minimise the sources of error, see Table 3.1a). A sample of approximately 23 litres 
was taken out immediately after ending the mixing and examined according to 
times in Table 3.1b). Remaining concrete was "resting" in the mixer and new 
samples were taken out after 23 and 45 minutes, respectively, and another set of 
tests were performed in the same way. Before a new test was taken out the mixer 
was rotating for 45 seconds to break the thixotropy. 

Table 3.1 Mixing time for each added material, and run order for each test series, respectively. 

Time after each sample is taken 
out 

Material 	Mixing time 
	 Performed test 

1 minute and 50 seconds 

3 minutes 

6 minutes 

10 minutes 

Aggregates 	A few seconds 	150 and slump flow 

Cement + Filler 	1 minute 	 Viscometer 

Water 	 3 minutes 	 V-funnel 
Additives 	 Air-content 

Total 	 4 minutes 

3.3.2 Materials and mix composition 

A concrete mix designed for civil engineering purposes was tested, see Table 3.2, 

where it is shown which constituent is varied and to what levels in the 
experiments. The starting mix was the same as the one used in the tunnel lining in  
Stäket,  see chapter 2. The admixture was changed according to test results from the 
diploma work,  Lagerlöf  and Oliveby (2003). Note that admixture PI is connected 
to the air additive Li, and P2 to L2, which is chosen in accordance with the 
producers recommendations. 

The cement used was of type GEM I 42.5 By, LA, SR  (Anläggningscement  from  
Cementa  AB). The Blaine-value was 300 1112/kg, i.e. the cement was relatively 
coarse. Limestone filler was used as powder additive. 
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Table 3.2 Mix proportions in the SCC concrete in the time variation tests. Two different levels mean 

that the constituent is varied in the experiment. 

Material  Cement Water Limestone filler Aggregates Admixture Air additive 
kg/m3  kg/m3  kg/m3  d  max 

364 170 190 12mm P1 L1 

211 16mm P2 L2 

3.3.3 23-factorial design 

The factors tested and their levels are presented in Table 3.3 together with the 
design matrix for the consistency variation test. The factorial design was performed 
as a completely randomised test. (Randomisation is the cornerstone underlying  the 
use of statistical methods in experimental design. By randomisation it means that 
both the allocation of the experimental material and the order in which the 
individual runs of the experiment are to be performed are randomly determined. 
Statistical methods require that the observations are independently distributed 
random variables.) 

Due to economical reasons it is of interest to investigate if it is possible to create a 
stable concrete mix with a lower content of filler material. It was desirable to find a 
level that did not lead to separation or blocking of the concrete. The lower level 
was chosen to 190 kg/m3  and the higher level was set to 211 kg/m3, the later level 
in accordance with the original mix. 

Furthermore, based on the results from the preliminary study, two different 
additives were tested due to their properties of the opening time. They were 
denoted P1 and P2 and were set as a "high" and a "low" level. 

As maximum aggregate size 12 and 16 mm were used. Aggregate with dmax  12 mm 
gave good results on the workability in the pre-study. So, further investigations on  
dn.<  is desirable. 
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Table 3.3 Factor levels, and the design matrix for the consistency variation test, respectively. 

Factors Run  nr  A  B C  

A: Filler content  190 211 	 1 

B: Admixture type  P2 P1 	 2 

C: Aggregate size,  cl,„  8-12 8-16 	 3 

4 

5 

6 

7 

8 

3.3.4 Experimental results 

Only one mix for each combination was made in this study. When evaluating an 
experimental series made without replicates, it is not possible to judge if the effect 
from a factor is significant or not. It is however possible to observe trends and to 
get information about the different factors and if some factor tested has much 
greater effect than others. 

The results are presented in Table 3.4. Some of the mixes were to stiff to study in 
the viscometer after 45 minutes so the data is not complete. It was also observed 
that mixes with the lower filler content became unstable and blocked 
intermittently during the flow in the V-funnel. Comparing intermittently blocked 
V-funnel times with ones that did not block does not give a correct factorial 
analyse. Therefore, the V-funnel test is not evaluated in the Statgraphics software 
because the lack of reliable data. 

Results from the T50 test after 45 minutes are also missing because most of the 
mixes did not reach 500 mm in the slump flow test. 

Interesting results from the evaluation in Statgraphics is presented in this section. 
The complete output data are presented in Appendix  D  and Appendix  E.  
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Table 3.4 Results from the change of consistency study. The denotation of the mixes are based 
on the levels of the constituents as: Admixture type_Filler content Aggregate fraction. 

Mix Time T50 (s) Slump 
flow 
(mm) 

V-funnel 
(s)  

Air 
content 

(°/o) 

Yield 
value 
(Pa) 

Viscosity 
(Pas) 

0 	minutes 3,15 690 10,15 7,0 0,58 74,2 
P2_190_8-12 23 minutes 1,66 800 28,13* 6,9 -7,9 65,5 

45 minutes 2,22 750 41,31* 6,4 17,5 68,6 
0 	minutes 4,35 680 12,50 4,8 -6,9 97,6 

P2_211_842 23 minutes 2,75 710 14,37 5,8 0,04 93,8 
45 minutes - 470 18,87 5,4 135,1 107,1 
0 	minutes 1,41 770 43,25* 5,0 -8,9 60,5 

P1_190_8-12 23 minutes 2,93 590 8,60 8,3 63,5 58,9 
45 minutes - 480 8,75 8,7 133,7 64,1 
0 minutes 2,25 680 9,35 4,3 13,42 61,2 

P1_211_8-12 23 minutes 5,19 520 7,37 7,8 93,4 66,3 
45 minutes - 420 9,42 9,5 201,2 67,0 
0 	minutes 1,46 780 21,90* 4,8 10,6 54,6 

P2_190_8-16 23 minutes 1,07 840 
_. - 

45 minutes 1,27 830 4,8 - 
0 	minutes 2,37 720 12,0 7,2 9,8 75,1 

P2_211_8-16 23 minutes 1,50 800 20,97" 7,6 ,5 72,4 
45 minutes 1,72 730 8,90 7,6 40,7 67,1 

0 	minutes 1,32 760 34,37* 5,5 11,9 52,7 
P1_190_8-16 23 minutes 2,28 570 6,41 8,1 86,1 51,5 

45 minutes - 450 7,29 8,9 163,7 50,9 
0 	minutes 2,50 660 7,09 6,9 214,5 74,97 

P1_211_8-16 23 minutes - 430 7,16 -*** 9,0 
45 minutes - 330 8,75 9,0 - • - 

*Intermittently blocking occurred (criteria: Visual inspection showing a temporary stop in the flow through the 
funnel) 
** Separated and impossible to get measurements 
*** To stifffor measurements in the viscometer 
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3.3.5 Variation of air content 

The Pareto chart for the time interval 0-23 minutes, Figure 3.5, shows that the 
type of admixture has the largest effect on the air content variation. It is possible 
that the effect from the admixture type is so large that effects from other factors are 
impossible to record. It may also be possible that the other factors does not have 
any significant effect on the air content variation, but to exclude that theory 
another set of experiment must be performed using only one type of admixture. 

From Figure 3.5b) it can be seen that if the admixture is set at a low level, P2, the 
air content variations are smaller compared to Pl. 

Pareto Chart for Air-content 	 Main Effects Plot for Air-content 
0-23 minutes 	 0-23 minutes 

Figure 3.5 a) Pareto chart for air-content and  b)  main effect plot for air content, 0-23 minutes. 

Corresponding plots for the air content variations between 23 and 45 minutes after 
mixing are shown in Figure 3.6a)-c).  Here, it is, in contradiction to 0-23 minutes, 
seen that the admixture alone does not have a dominating influence on the air 

content variations, i.e. interactions effects admixture-dmax  and filler content-dmax  
are more clear. 
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Interaction Plot for Air content 
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190 	211 
Filler content 

Figure 3.6 a) Pareto chart for air content,  b)  interaction plot, admixture/dm„, for air content, 

23-45 minutes and  c)  interaction plot, filler content/d,„„ for air content, 23-45 minutes. 

3.3.6 Variation of slumpflow 

The admixture has the biggest effect on the variation of slump flow for the time 
interval 0-23 minutes, see Pareto chart in Figure 3.7a). If the admixture is set to a 
low level, P2, the slump flow tends to increase after 23 minutes. In contrary, the 
high level, pi, tends to decrease after 23 minutes, Figure 3.7b). 

For the interval 23-45 minutes, none of the tested factors had effect on the slump 
flow variation because all tested factors show equal and relatively small effect on 
the slump flow variations, see the Statgraphics output in Appendix  D,  where all 
Statgraphics outputs are presented.  
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Figure 3.7 a) Pareto chart for slumpflow and  b)  main effect plot for slumpflow, time interval 0-
23 minutes. 
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3.3.7 Variation of T50 

In the interval 0-23 minutes none of the tested factors had an effect on the T50 
variations, and for 23-45 minutes, most of the mixes did not reach 500 mm i.e. 
data is missing for evaluation, see further in Appendix  D.  

3.3.8 Variation of V-funnel 

According to earlier discussion it is not possible to evaluate the V-funnel test in 
Statgraphics because data are missing due to intermittently blocking in the V-
funnel, see Table 3.4. It was however observed that blocking occurred when the 
filler content was at the low level, 190kg/m3, which probably depends on 
instability or segregation when the filler content is too low. 

3.3.9 Variation of viscosity 

It can be seen in the Pareto chart for viscosity in Figure 3.8a) that both factor A, 
filler content, and factor  B,  admixture, affects the variation of viscosity in the time 
interval 0-23 minutes. The main effect plot in Figure 3.8b indicates that, if the filler 
content is at a low level, the viscosity tends to decrease with time but if the level is 
high, the viscosity increases after 23 minutes. 

The admixture type also affects the variation of viscosity between 0 and 23 
minutes. With P2 the viscosity decreases and with PI it tends to increase. There is 
no interaction effect observed between admixture type and filler content. 

For the time interval 23-45 minutes some of the tested mixes were to stiff to be 
examined in the viscometer, i.e. data is missing for evaluation.  
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Figure 3.8 a) Pareto chart for viscosity and  b)  main effect plot for viscosity, time interval 0-23 
minutes. 
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3.3.10 Variation of yield stress 

Regarding the variation of yield stress in the interval 0-23 minutes the type of 
admixture has a strong influence, see Figure 3.9. When using the lower level, P2, 
the yield stress decreases with time but when using PI the yield stress increases. 

As mentioned above, some of the mixes were to stiff to be examined in the 
viscometer after 45 minutes. 

Traditionally, it is said that the yield stress and the slump flow are correlated to 
each other. An interesting observation is that type of admixture influenced strongly 
on both of these test methods.  
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Figure 3.9 a) Pareto chart for yield stress and  b)  main effect plot for yield stress, 0-23 minutes. 

3.3.11 Discussion and summary 

As mentioned earlier, when evaluating an experimental series made without 
replicates, it is not possible to judge if the effect from a factor is significant or not. 
It is however possible to observe trends and to get information about the different 
factors and if some factor tested has much greater effect than others. In this test 
series it was seen that for most of the response variables, the admixture is the only 
factor with effect. It is possible that the effect from this factor is too big in 
comparison to the other factors implying that the effects from other factors can be 
overshadowed and difficult to indicate. Doing another set of experiment without 
admixture as a factor is a possible alternative to achieving information about the 
other factors. It can be said that P2 does not stiffen as fast as Pl. It can also be seen 
(not from the evaluation in Statgraphics) that the lower filler content, 190kg/m3, 
gives more instable mixes with a large risk of separation, which for instance was 
observed as blocking in the V-funnel test. It can also be concluded that the 
maximum size of aggregate, dmax, did not affect the variation of consistency. This 
opinion can be correct, but it can also be a consequence according to the 
discussion above that the effect from the admixture is too big to make it possible to 
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measure other effects. Finally, it is noted that after 45 minutes an interaction effect 
between clmax  and admixture occurred and also between  d.  max and the filler content. 

General trends are summarised in Table 3.5 and Table 3.6 and the conclusions to be 
used in the next study are: 

• P2 will be used due to its properties regarding the opening time for the 
concrete. 

• The lower level of the filler content is not an alternative because it gives mixes 
that are too instable. Thus, in the next study the minimum filler content will 
be 211 kg/m3. 

• It can not be said from this study if the aggregate size affects the opening time 
or not. Visually, the 8-12 mm aggregates creates concrete with very good 
workability, which are easy to handle. So it is still interesting to examine how 
the change from 8-16 mm to 8-12 mm influences the properties of the 
concrete in fresh and young stage. 

Table 3.5 Summary of the results from the study of consistency variations over time for the time 

interval 0-23 minutes. 

Response variable 
Factors with effect 

0-23 minutes 
Type of variation 

— 

Air content 

Slumpflow - 

T50  

V-funnel 

Viscosity 

Yield stress 

Admixture 

Admixture 

None 

Not evaluated due to missed 
data (blocking)  _ 	_ 

• Admixture 

• Amount of filler 

Admixture 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

P2 gives small variations over time 

P1 gives bigger variation over time 

P2 increases the slumpflow over time 

	 P1 decreases the slumpflow 

- 

- 

P2 lower the viscosity 
P1 increases the viscosity over time 
190 kg/m3 decreases the viscosity 

 	211 kg/m3 increases it 
The yield stress decreases with P2 
P1 increases the yield stress 
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Table 3.6 Summary of the results from the study of consistency variations over time for the time 
interval 23-45 minutes. 

Response variable 
Factors with effect 

23-45 minutes 
Type of variation 

• P2: with 8-12 a small decrease occurs. 
• P2: with 8-16 the air content increases 
• P1: with 8-12 a large increase. 

Air content 
• dmax and admixture 
- dmax and filler content 

• P1: with 8-16 a small increases 
• 190 kg/m3: With 8-12 unchanged 
• 190 kg/m3: with 8-16, air content increases. 
• 211 kg/m3: with 8-12 a small increase 
- 	211 kg/m3: with 8-16 unchanged.  

Slumpflow  None - 

Not evaluated 
T50 Some mixes did not reach - 

500 mm 

Not evaluated 
V-funnel Blocking occurred for some 

mixes 
- 

Viscosity 
Not evaluated 

mixes to measure To stiff  mi 
-   

Yield stress 
, 

Not evaluated 
To stiff mixes to measure 

- 
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3.4 Robustness against moisture variations in aggregates 

The objective with this test series was, as mentioned earlier to find out how 
sensitive a SCC mix is against small variations of the water content, i.e. variations 
of the moisture content in the aggregates and specially in the sand. With sensitivity 
it is in this thesis meant the influence on consistency and air content. It is also of a 
great interest to find out if some combination of materials is more robust than 
others. Generally, the over all goal with the investigation is to find the most robust 
composition, in other words a recipe that stay stable although small variations of 
the ingoing materials occur. 

Another expected output from this test series is the knowledge about how the 
different factors affect the consistency and air content. 

3.4.1 Test procedure 

The water content was varied by simulating different humidity in the sand without 
compensating the recipe, a procedure that simulates an error in the measurements 
of the moisture content at the concrete plant. An exact value of the humidity in 
the sand was measured and the recipe was then composed with a moisture content 
that was 7% greater or smaller than the measured value without compensation 
afterwards, which means more or less water was added to the mix in relation to the 
original recipe. 

A 35 litre batch with concrete was mixed. A sample was taken out and tested. 
Slumpflow, T50 and viscometer test were performed immediately. Before the V-
funnel test was performed, the concrete was remixed (in 30 seconds) to break 
possible thixotropy. At last the air content was measured. All tests were performed 
as described in Appendix  C.  

Table 3.7 Run order for the moisture sensitivity test. 

Performed test Time after sample is taken out 

150 and slump flow 1 minute and 20 seconds 
Viscometer 2 minutes 
V-funnel 5 minutes 
Air-content 8 minutes 

3.4.2 Materials and mix design 

In this test series the same recipe as in the earlier study was used except from the 
use of only one admixture type P2. The mix composition is presented in Table 3.8. 

Still, the cement used is a CEM I 42,5 By, LA, SR with the Blaine-value 300 
m2 

/K
g and a limestone filler was used as powder additive. 
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Table 3.8 Mix proportions in the SCC concrete in the moisture sensitivity tests. Two different 
levels mean that the constituents are varied in the experiments. 

Material  Cement Water Limestone filler Aggregates 	Admixture Air additive 
kg/m,  kg/m3  kg/m3  dmax 
364 170 211 12mm 	P2 L2 

225 16mm 

3.4.3 23-factorial design 

The levels in this factorial design were chosen based on the experiences from the 
earlier tests (section 3.3). The lowest filler level was thus changed from 190 to 211 
kg/m'. When choosing the higher filler content it was important to find a level 
that did not give to stiff and sticky concrete, at the same time the level must be 
high enough to show possible variations in the measured properties. 

When choosing the levels for the variations of humidity they were made with the 
same reasoning as for the filler levels. It must be big enough variations to create 
different properties but it is desirable to avoid concrete that separates. The levels, 
+7% and —7% in moisture content of aggregate were thus set due to experiences 
from earlier projects. It was still of interest to investigate how the aggregate size, 

dmax, effect the concrete so this factor remain with low level 12 mm and high level 
16 mm. 

The factorial design was performed as a completely randomised test, see the design 
matrix in Table 3.9. 

Table 3.9 Factor levels, and the design matrix for the moisture test, respectively. 

Factors 

A: Filler content  211 225 

B: Aggregate size, elm.  8-12 8-16 

C: Humidity in aggregate -7% 7% 

Run  nr  A  B C 

1  - -  -  

2  + _ -  

3  _ + _  

4  + + -  

5  _ _ +  

6  + _  + 

7  _ + +  

8  + + +  

3.4.4 Experimental results 

In the experimental study, one replicate was done for each mix. From a statistical 
point of view the results are more reliable when repeating each test. It makes it 
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possible to discuss significant effects instead of just tendencies. The experimental 
results are summarised in Table 3.10. Interesting results are presented in section 
3.4.5-3.4.10; the complete output data are presented in Appendix  D  and Appendix  
E.  

Table 3.10 Results from the study of sensitivity against uncompensated change in humidity 
content in aeregates. The denotation of the mixes are based on the levels of the constituents as: 
Filler content_Aggregate fraction_moisture variation, and finally test series a and  b,  respectively. 

Mix 
T50 (s) 

Slump 
flow 
(mm) 

V-funnel 

(s) 

Air-
content 

(%) 

Yield value 
(Pa) 

Viscosity 
(Pas) 

211_8-12-7a 2,56 740 9,28 6,4 0 82,3 

225_8-12_-7a 3,0 720 11,84 5,7 0 83,9 

211_8-16_-7 a 2,81 740 8,15 6,0 0 81,9 

225_8-16_-7 a 1,97 760 9,25 6,4 0 
._ 

85,0 

211_8-12_+7 a 2,72 730 8,66 5,9 0 74,0 

225_8-12_+7 a 2,53 750 14,03 5,7 25 87,6 

211_8-16_+7a 1,96 670 7,13 6,4 0 86,1 

225_8-16_+7 a 1,75 770 7,0 6,9 0 78,3 

211_8-12_-7  b  2,75 750 10,71 6,2 0 88,5 

225_8-12_-7b 2,75 760 11,0 6,5 0 92,3 

211_8-16_-7  b  2,0 750 8,25 7,5 0 89,1 

225_8-16_-7b 2,68 710 8,96 7,2 8,7 91,3 

211_8-12_+7  b  2,37 740 8,31 7,4 0 68,6 

225_8-12_+7  b  2,75 720 9,34 7,2 0 65,9 

211_8-16_+7  b  1,90 730 8,21 6,6 29,2 74,9 

225_8-16_+7  b  1,96 740 7,84 7,3 0 84,0 

3.4.5 Analyse of the air content 

The results from the air content test show that a block effect occurred. This can be 
seen from the so called ANOVA table presented in Appendix  E  where the  P-value 
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for the block effect is 0,0063, which means that with a significant level of 99,37 % 
there is a block effect. 

It is recommended that a factorial design should be performed as a completely 
randomised experiment and performed during one day. However, it is often more 
or less impossible to run the whole experimental series during one day. If an 
experiment is performed during two or more days it must be described in the 
evaluation process so the tests are divided into so called blocks. This arrangement 
makes it possible to evaluate if a block effect occur. A block effect is a systematic 
difference of the response variable when changing from one day to another. The 
meaning with systematic is that something has happened between the two days, 
e.g. different humidity or temperature in the air, a new operator performing the 
tests etc. In this study, block one was the first replicate and block two was the 
second replicate. 

From Figure 3.10 it is observed that, factor  B  has the biggest effect on the air 
content but it is under the significant level. 

To get more information about the air content, another set of experiments must be 
performed in order to measure possible effects without any block effect occurring.  

Pareto Chart for Air content 

B:  

AB  
C:  Damp content in sand 

BC 

AC 
A: Filler content 

 

0 0,4 0,8 1,2 1,6 2 2,4 

Standardized effect 

Figure 3.10 Pareto chart for air content. 

3.4.6 Analyse of slumpflow 

In the slumpflow test no significant effects are shown and no block effect was seen. 
Results can be seen in Appendix  D.  

3.4.7 Analyse of T50 

From Figure 3.11 it is seen that the aggregate size has significant effect on the T50 
value. The higher level, 16 mm, generates a lower T50 value and the lower level, 
12  mi-n,  gives higher T50 values. 
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Figure 3.11 a) Pareto chart for T50 and  b)  main effect plot for T50 

3.4.8 Analyse of V-funnel 

The maximum aggregate size has the largest effect on the V-funnel test. The 8-
12mm aggregate fraction generates longer time through the V-funnel compared to 
the fraction 8-16mm, see Figure 3.12. There is no interaction found between the 
factors tested (filler content and dmax) and the variation of moisture content.  

Pareto Chart for V-funnel 
	

Main Effects Plot for V funnel 

B:  
A: Filler content 

AB  
C:  Damp content in sand 

BC 
AC 

10,4 
• + 
• _ 	10 

c 9,6 c 
9,2 

8,8 
8,4 

8 

Figure 3.12 a) Pareto chart for Vz funnel and  b)  main effect plot for V-funnel 

3.4.9 Analyse of viscosity 

For the Pareto chart for viscosity in Figure 3.13a) it can be seen that the water 
content in the concrete affects the viscosity significantly. If the water content is set 
to a high level, the viscosity gets lower. It can also be seen from the main effect 
plot, Figure 3.13b), that neither the filler content nor the aggregate size has any 
considerable influence on this variation. 

It is also seen in the Pareto chart that the filler content does not affect the viscosity, 
which can bee compared to the results in Section 3.3.9 where it was observed that 
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the filler content affects the viscosity. The filler levels may have been chosen with 
to small differences to show any effect.  

Pareto Chart for Viscosity Main Effects Plot for Viscosity 
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Figure 3.13 a) Pareto chart for viscosity and  b)  main effect plot for viscosity. 

3.4.10 Analyse of yield stress 

No significant effects were observed for the yield stress. The measured yield stresses 
were relatively low, i.e. zero for almost all of the tested mixes. One explanation for 
the lack of significant effects can be that the start mix was too flowable to measure 
the differences. 

3.4.11 Discussion and summary 

General tendencies for the moisture sensitivity study are summarised in Table 3.11. 
It is thus observed that the dmax  and the moisture content have considerable effects 
on the results. The moisture content affects the viscosity; mixes with higher 
moisture content have lower viscosity than mixes with a lower moisture content. It 
can also be concluded that none of the tested factor levels is less or better suited for 
smaller variations of the moisture content in aggregates. This is due to the lack of 
interaction between the moisture content factor and other tested factors. 

The admixture used in this study, P2, showed a stable behaviour, which can be an 
explanation for its insensitivity against the variations of the water content and other 
tested factors. A relative flowable starting mix can be another explanation for the 
lack of observed effects. So, the starting point should have been stiffer in order to 
see possible effects better. 
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Table 3.11 Summary of the results from the study of robustness against moisture variations. 

Response variable Factors with effect Type of variation Block effect 

Air content  None 
_ 	 - Yes 

Slumpflow  None - No 

• 8-12mm 	get 	higher 	150 
values, slower concrete 

T50 Aggregate size • 8-16mm 	gives 	lower 	150 
values, faster concrete 

No 

• 8-12mm 	gives 	higher 	V- 
funnel values 

V-funnel Aggregate size • 8-16mm 	gives 	lower 	V- 
funnel values 

No 

- 	Dryer concrete gives higher 
viscosity 

Viscosity Moisture content • Concrete with 	more water 
gives lower viscosity 

No 

Yield stress None - No 

45 



Experimental optimisation technique for robustness offresh SCC 

3.5 Discussion and summary 

3.5.1 Comments on the factorial design 

Using a factorial design in this kind of project proved to be a useful tool that made 
it possible to plan the experimental series in an easy and well-structured way. It 
reduces the number of tests to an optimised level and it makes it possible to get a 
lot of important information from an experiment series. When performing 
measurements on fresh concrete with a big natural scatter between different mixes 
it is of a great importance to achieve information about what is actually an effect 
and what is just noise. A factorial design will distinguish the noise from the real 
effects. 

Some important experience from the study should be mentioned. When setting 
the two levels for a factor, the difference between them must be big enough to be 
able to record possible effects. On the other hand, setting the levels too extremely, 
the effect from one factor can hide the effects from another factors and there is also 
a risk of getting segregation, blocking etc in the concrete or getting to stiff mixes. 

So, when using a factorial design it is important to have some knowledge about the 
different factors at the beginning if the study expects to immediately fall out 
successfully. However, in the beginning, there are often just some initial uncertain 
information on the different factors and their possible effects. Therefore a wise 
approach when working with a factorial design should be: 

1 	Collect data on the effects of parameters to be studied on the convenient variation 
avoiding exceeding or being below extreme values. 

2. Create a carefully prepared plan including the factors that should be studied. Pelform the 
tests and evaluate the results. 

3. With knowledge from the results, revise the testing plan in order to get more information 
about the studied variable. This part is necessary when it can be suspected that the levels 
from one or more factors were set at a wrong level or if the effect from one factor seems to 
be too big in comparison to the other tested factors. In the latter case it might hide 
possible effects from the other tested factors (as mentioned earlier). It is also necessary to 
pefform another set of experiments if a block effect occurred. Step two can also generate 
ideas about new factors that could be interesting to examine. 

4. When the testing plan has been revised another experimental series can be peübrmed. 
The results from the revised test series will tell if the experimental study fell out as 
expected or  ff  the plan has to be revised once again. 
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3.5.2 Conclusions 

The following conclusions can be drawn and they will be the basis when choosing 
mixes to investigate in the study of hardening concrete, Chapter 4. 

P2 is the admixture with the best properties due to consistency changes with 
time. It was observed that during the first 30 minutes the workability for the 
concrete mix remained. P2 also originated the smallest variation of air content 
over time. Probably, it is the choice of admixture type that has the 
dominating role on the workability properties over time. 

• It exists a certain critical lower limit for the filler content. Under that limit the 
mix will be too instable and the risk of segregation and blocking will increase 
rapidly. For the tested mix in this study it was observed that using a filler 
content of 190 kg/m' did not give reliable results. 

• At the time 45 minutes after mixing it was observed that the change of air 
content was dependent on the admixture interacting with dmax. Furthermore, 
P2 together with dma, 12 mm resulted in small air content changes while P2 
together with 16 mm gave an increase of the air content. With 131, a larger 
increase of the air content was observed. When mixing P1 with aggregate 
fraction 8-16 mm the increase was smaller than when using 8-12 mm. 

• At the time 45 minutes after mixing it was also seen that the change of air 
content was dependent on the interaction between filler content and dmax. The 
lower filler content, 190 kg/m3, together with 8-12 mm did not result in any 
air content changes while 190 kg/m3  with 8-16 mm resulted in an increase of 
the air content. d„„x  16 mm with the higher filler level, 211 kg/m3, kept the 
air content constant while 12 mm with the same filler content increased the 
air content after 45 minutes. 

• Changing from dmax  16 mm to 12 mm are resulting in higher T50 and V-
funnel times, but with no change in the viscosity. 

• Dryer concrete implies in higher viscosity, while higher water content lowers 
the viscosity. This was not seen in the workability tests, when measuring 
slump flow, T50 and V-funnel, respectively. 

• When using P2 as admixture the tested mix showed a stable behaviour due to 
water content variations. The tested admixture was also showing a very 
insensitive behaviour for variations of the other ingoing constituents. 

3.5.3 Suggestions to further investigations 

Some suggestions for future research based on the results and limitations of the 
present work are given in the following. 
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• It was realised in the first test series that only the admixture type had any affect 
on the consistency variations over time. It is possible that the effect from the 
admixtures is so big that they hide possible effects from other factors, filler 
content and  d..  Thus, it would be interesting to perform an enlarged study 
of the consistency and air content variations over time with only one 
admixture involved in order to study the effects from e.g. time after mixing, 
different mixing times, filler content and so on. 

• The second study, the moisture sensitivity tests, did not fell out the way it was 
expected. A block effect for the air content occurred in the factorial design 
method, so it would be desirable to examine other circumstances further. It 
would also be interesting to perform another set of study with several types of 
common admixtures. 

• In other projects with SCC in the laboratory it has been seen that when 
changing aggregate type, e.g. from one gravel pit to another, big variations of 
the fresh properties occur. It would be interesting to survey the effects of 
different kinds of aggregates with the same technique as in this study. 
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4 HARDENING TECHNOLOGY FOR SCC 

4.1 Introduction 
Hydration in concrete is an exothermic chemical reaction and a few hours after the 
concrete has been mixed the reaction between water and cement starts to generate 
heat. The concrete temperature rises however not uniformly as the surface of the 
structure is affected by environmental conditions. A hardening concrete that is free 
to expand and contract without being restraint during the heating phase of the 
hydration process and the subsequent contraction phase will not be induced by 
stresses, but in practice concrete structures are nearly always restrained to some 
degrees. A result will be restraint stresses and the primary interest is whether or not 
these induced stresses will lead to cracking Thermal cracking of hardening concrete 
must be avoided in many civil engineering structures in order to minimise the risk 
of durability problems. So, when casting a concrete structure in order to minimise 
the risks of early thermal cracking, the knowledge about the properties in young 
age is of a great importance. Concrete in early ages have been studied in for 
instance  Byfors  (1980), Emborg (1989). 

In this thesis, young concrete is defined as concrete from casting and during the 
hydration period until the compressive strength is approximately 75% of the 28-
day compressive strength. 

Bernander & Emborg (1994) suggest that early age temperature cracks should be 
classified as follows: 

Early age cracks in the expansion phase: These cracks appear in the expansion phase 
one to a few days after pouring and tend to close at the end of the cooling phase. Their 
effect on static capacity, function and durability has to be analysed from one case to 
another. 

Cracks occurring in the contraction phase: Cracks appearing in the cooling phase are 
usually through cracks and may show up weeks, months or even years after pouring. 
Cracks forming in the cooling phase are permanent as a rule. 

Estimation of the risk of early age cracking due to hydration demands knowledge 
of the hardening concrete. Thermal development, maturity development, 
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mechanical properties, volume changes and the degree of restraint are the most 
important properties. 

4.2 Purposes 
Based on the results in fresh stage four different SCC mixes have been tested due 
to its properties in young stage, one of them is the original mix proportions from 
the tunnel lining. The mixes are compared with two mixes of normal concrete 
with similar composition and water to cement ratio and to one SCC mix with a 
lower water to cement ratio. The aim with the investigation is to study how the 
different ingoing materials affect the properties for early age SCC and to examine 
how the behaviour for young SCC differs from traditional concrete. The ultimate 
aim is to analyse the risk of early thermal cracking for SCC and relate it to the risks 
of cracks for concrete of conventional types. 

It is important that the analytical models by which the risk of thermal cracking is 
described are able to consider all essential influencing factors and the models must 
be reliable. One aim with this study is also to investigate how the existing models 
are fitted for self-compacting concrete. The performed tests and used theoretical 
models are going to be evaluated due to their reliability for SCC. The need of 
refined models for this type of concrete will be evaluated and further work is 
suggested if necessary. 

4.3 Mix composition 
As the type of admixture and the maximum aggregate size turned out to be the 
two utmost decisive factors for the properties in the fresh concrete, these factors 
are chosen as parameters that are varied in the choice of concrete mixes aimed for 
study of the hardening stage, see Table 4.1. The admixture that showed the best 
opening time, P2, is tested with two different dmax, 12 mm and 16 mm. One mix 
with the admixture type P3 is also tested because it is a very common admixture 
today and to get a comparison between two different admixtures. The three mixes 
are named LTU_SCC1 - LTU_SCC3 and the used cement is from the same 
batch. Tests are also performed on the original mix proportions from the tunnel 
lining in  Stäket.  The tested SCC mixes are compared to one SCC mix with lower 
water to cement ratio, 0.39, and also to two mixes of conventional vibrated 
concrete with approximate the same water to cement ratio. 
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Table 4.1 Mix compositions  

LTU_SCC 1 LTU_SCC 2 LTU_SCC 3 
Stäket  

original 

LTU_REF 

SCC1 LTU_REF2 LTU_REF3 

Cement 364 364 364 364 405 395 422 

Water, litres/m,  170 170 170 173 158 172 156 

W0/C 0,47 0,47 0,47 0,48 0,39 0,44 0,37 

Limestone filler 211 211 211 211 175 - - 

Admixture P2 P2 P3 P3 P3 P4 P4 

Water reducer - - - - - W4 

Air additive L2 L2 L3 L3 L3 L4 L4  

d  max 16 mm 12 mm 16 mm 18 mm 16 mm 27 mm 27 mm 

Air content 7,50% 6,40% 5,40% 4,90% 3,5% 4% 4,1% 

4.4 Laboratory tests 

For all the mixes in Table 4.1 a full testing concerning parameters for the study of 
young concrete is performed: 

• Maturity function 

• Strength growth 

• Heat of hydration 

• Creep compliance 

• Free deformations at variable temperature 

• Thermal and autogenous deformation 

• Stress growth at totally restraint conditions 

Each test method is described briefly in this thesis and for a full description for each 
test see the references given in each section. 

4.4.1 Strength growth and maturity function 

The strength development in the concrete is influenced by the temperature 
variations. By curing in different temperatures it is possible to determine the effect 
of temperature on the strength development and to determine the parameters of 
the maturity function. 

Concrete cubes of 100x 100x 100mm are stored in five different water 
temperatures: 5°, 20°, 35° and 50°C, respectively. The concrete temperature is 
registered continuously and the strength development is studied by testing the 

51 



Control- and 
sampling unit. It&  ei %iP  

Hardening Technology for Self-compacting concrete 

compressive strength at four occasions between 8 and 168 hours after casting. 
Cubes are also taken to determine the 28-day compression strength cured under 
water in 20°C and tested wet. 

4.4.2 Heat of hydration 

Due to chemical reactions between cement and water heat is developed during the 
hardening process for concrete and it can be determined with calorimetric 
methods. In this study both an adiabatic and a semi-adiabatic method is used. 
Cylinder samples of concrete have been cured under adiabatic and semi-adiabatic 
conditions for about five days and the temperature in the sample have been 
registered. The test set-up is fully described in Ekerfors (1995) and will thus shortly 
be described here. 

In an adiabatic process no heat exchange is allowed between the concrete sample 
and the surroundings, i.e. all generated heat remains within the concrete specimen. 
The concrete specimen with four temperature sensors mounted is placed in an air 
space in a well-isolated box, see Figure 4.1. The ambient temperature is accurately 
regulated in order to keep the same temperature as the concrete sample. The 
absolute accuracy of adiabatic equipment has been studied by heating an 
aluminium specimen with well-known material properties,  Jonasson  (1991) 

Figure 4.1 Schematic sketches for the adiabatic equipment and the placement of the temperature 
sensors, Ekeors (1995). 

In semi-adiabatic tests the concrete specimen with three temperature sensors is 
placed in a block made of cellular-plastic, see Figure 4.2,and recorded temperature 
is not regulated. By heating a fully hydrated concrete sample the heat transfer 
coefficient for the system is determined. 
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Figure 4.2 Schematic sketches for the semi-adiabatic equipment and the placement of the 
temperature sensors. 

4.4.3 Creep tests 

Creep properties of concrete in compression are determined by recording the 
deformations of cylindrical specimens under constant compressive load in the time 
domain, see  Westman  (1999) for a full description. Each creep test series consists of 
two cylinder specimens and two cubes. The specimens are water cured at 20°C. 
One of the specimens is used in the creep frame and one is used as an unloaded 
control reference, a dummy. The two cubes are used to determine the compressive 
strength of the concrete at the time of loading. The dummy specimen provides 
information on all load-independent strains such as shrinkage and strains due to 
temperature variations. These strains are considered in the evaluation of load 
dependent elastic and creep strains. The earliest possible loading age is in the range 
of 8-12 hours after pouring because the specimens has to attain a compressive 
strength of about 3 MPa. The tests used in this thesis were carried out on concrete 
specimens subjected to loading 24-168 hours after casting and with a load of about 
7 days. 

Just before the tests are to be carried out the specimens are demoulded and sealed 
with plastic foil. Two strain gauges are mounted symmetrically on the test 
specimen and on the dummies. During the creep test the specimens are loaded 
axially with 20% of current compressive strength and the deformation is registered. 

4.4.4 Free deformation at variable temperature 

The test set-up is fully described in Hedlund (2000) and will thus shortly be 
described here. 

The test is performed in order to determine the free deformation of newly cast 
concrete at variable temperature and to determine the thermal coefficient of 
hardening concrete. Cylinder specimens are poured and placed in a basin 
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containing 20°C water. The test can start approximately six to ten hours after 
casting depending on the concrete strength; a minimum of 3 MPa must be 
achieved (similar to creep tests). Two deformation sensors are placed on the 
samples to measure the strains caused by the temperature, and the specimens are 
placed in an aluminium container sealed and submerged into a water tank. The 
regulation of the water temperature is a simulation of the development of the 
average temperature in a 0.7m thick wall cast with the tested concrete, see the 
example in Figure 4.3. To calculate such a temperature-time curve the thermal 
properties for the concrete have to be known. 

45 
40 - 
35 - 
30 
25 - 
20 
15 
10 - 
5 - 
0 

0 50 100 150 200 250 

Time after casting  [h]  

Figure 4.3 Temperature development in a 0.7 m thick wall, example of a regulation curve. 

The tested deformation change without restraint at variable temperature gives the 
free deformation of the concrete. The main complication is now that a 
simultaneous autogenous deformation, i.e. not directly related to the temperature 
change, takes place. This is more pronounced in mixes with low water to powder 
ratios. For the subsequent application of the basic results, it is however essential to 
be able to separate between thermal dilation and autogenous deformation, 

4.4.5 Stress growth at restraint conditions 

The test is performed on a specimen with the dimensions  lx  0.15x 0.15m, see  
Westman  (1999) for a full description. The specimen is located in a box made of 
Plexiglas and a plastic foil surrounds the concrete beam to protect it from drying. 
Two heaters blow tempered air into the box giving the concrete specimen a pre-
described temperature development representing the temperature development 
that would occur in a 0.7 m thick wall cast with the same concrete mix. The time- 
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temperature curve is calculated due to the results from the calorimetric tests and 
the evaluated maturity function. 

One end of the specimen is fixed in the frame and the other end is free to move in 
the longitudinal direction of the specimen. When the specimen tends to move due 
to thermal dilation and autogenous deformation, a servo-hydraulic cylinder will 
press the free end back into its original position and the length of the specimen is 
thus held constant. 

4.5 Theoretical models 

Theoretical models for evaluation and calculation of the laboratory tests are used 
according to: 

• Strength growth and maturity function:  Jonasson  (1984), Ekerfors (1995), Ekerfors 
et al. (2000) 

• Heat of hydration:  Jonasson  (1994) and Ekerfors (1995), 

• Creep models:  Larsson  (2003), earlier used models at  LTU  are according to  
Westman  (1999). 

• Stress growth at restraint conditions: Models are according to  Westman  (1999) and 
calculations are made with ConTestl version 3.1,  Jonasson  et al. (2003). 

New or modified theoretical models are presented in section 4.5.1 - 4.5.2. 

4.5.1 Thermal and autogenous deformation 

The starting point in thermal and autognous deformation is the model presented in 
Hedlund (2000), and in totally sealed condition it reads: 

BIOT eT eSH 

ET = AT • aT 

esH  (teg  ) =  Est,  • Ao  (te ) • fisT (T) 

where:  es. 	--= ultimate shrinkage,  µm/m  

18,0  (te )  = maturity time function of autogenuos shrinkage 

gT (T) = temperature effect on autogenuos shrinkage 

= maximum concrete temperature reach so far,  °C  
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and 

so(t e ) = (4-4) 

Hardening Technology for Self-compacting concrete 

where 	 t, 	= maturity age of concrete,  d  

tso 	= formal start time when of the autogenuos shrinkage is 
set to zero,  d  

tSH 	-= time-parameter,  d  

=curvature parameter, 0.3 is suitable for concrete, see 
Hedlund (2000). 

Finally, 

riSH 

      

ßST = a()  + al  • 

IT 

1— e` Lif  

 

+ a, 

 

(4-5) 

  

       

Empirical parameters evaluated by Hedlund (2000) for use in Eq. (4-5) with 
traditional concrete, i.e. normal vibration is needed, are shown in Table 4.2. These 

values are adopted here as typical except for a2, which here is regarded as a free 
parameter in the fitting procedure. 

Table 4.2 Fitting parameters for increase of autogenous shrinkage, from Hedlund (2000). 

Type of 
concrete 

ao al Ti I),  e  T2 b2 

NSC 0,4 0,6 9 2,9 1,3 55 7 

HPC 0,4 0,6 9 2,9 0,1 55 7 

From the evaluation of the mix LTU_SCC2 for the free deformation in 
accordance with the temperature-time curve for a simulated 0.7 m wall, the 
evaluation procedure using Eq. (4-1)-(4-5) ends up in the situation shown in figure 
Figure 4.4a). As can be seen from the figure, the late part, from about 75  h  after 
casting, the calculated and measured deformation do not agree. 
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Figure 4.4 a) Measured and calculated deformation for  LTU  SCC2  b)  Measured and 
calculated deformation for  LTU  SCC2 with a swelling factor added in the theoretical model. 

To get a better agreement between measured and calculated deformation than in 
Figure 4.4a) , there is two obvious modelling possibilities, either 

- introduce lower thermal dilation coefficient in the late period, or 

- introduce late swelling 

However, introduction of lower thermal dilation coefficient is not supported in 
recently performed material related tests, see e.g. Figure 4.5 from Bjontegaard and 
Sellevold (2002). 

-200 

14 

0 24 48 72 96 120 144 168 192 

Time (hours) 

Figure 4.5 Measured and calculated coefficient of thermal expansion ajor a HPC, Bjontegaard 
et al. (2002). 
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te —tDO _ 

= formal equivalent start time for swelling,  h  

'FAD 

where 

(4-8) 
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Thus, the other way of modelling, i.e. introduce a late swelling, is for the moment 
the remaining possibility with respect to the material behaviour. Late swelling has 
been observed in several tests, see Bjontegaard (1999) and Atrushi (2003), but until 
now no physical/chemical explanations exists. Therefore, no direct material related 
model is possible to establish. Here, an empirical model is formulated as an 
addition to Eq. (4-3) expressed by 

ESH (tug ) esu • fisu  (te  ) • ß1(T) . (1+ fiAD (T) • CI • Al  (te 
	(4-6) 

where 

with 

fiAD (T) = temperature effect on late swelling 

= maximum concrete temperature reached so far,  °C  

A1(te) 	time function of late swelling 

-= ultimate reference late swelling,  µm/m  (< 0 if 
swelling occurs) 

/3AD (T) — 1 — 

where 	 TAD 
	= temperature defining the temperature influence on 

late swelling,  °C  

d1 	= curvature parameter 

TAD  has been set to 45°C for all the tested mixes. This choice can not be seen 
directly from the measurements, but it is reasonable to assume that the late swelling 
will be dependent on the temperature and probably increases with temperature. 
Using TAD  =45°C has given acceptable agreement to the measured data in cases 
where swelling occurs, but future research will give better answers to this issue. 

The time function for the swelling is expressed by 

TAD) 

 

(4-7) 
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= time parameter, h 

= curvature parameter 

tAD  is the time when the swelling part begins and it is expressed in equivalent time. 
tDo  is a time parameter and it has been set to 55  h  for all tested mixes, which has 
been showing an acceptable agreement. The curvature parameter /AD  has varied 
for the different mixes. 

4.5.2 Stress growth at restraint conditions 

Earlier evaluation procedures at  LTU  have usually used ts,-- 8 to 12  h  based mainly 
on the behaviour of the creep compliance tests, see  Westman  (1999) and Hedlund 
(2000). Here, the choice of ; is taken from "backward" extrapolation of the 

measured compressive strength growth as the equivalent time when fcc.---0 and start 
to grow. 

When applying concrete properties from separate tests in this thesis, the calculated 
compressive stresses during the expansion phase is much higher than the measured 
stresses, see calculated stresses for t5= 6  h  in Figure 4. 6. This discrepancy could 

either be regarded as a consequence of too low choice of t„ see calculated stresses 

for different values of ; in Figure 4.6, or as an interpretation of the need of 

modelling the transformation of the concrete from a liquid state at  te=t,  to a visco-
elastic material later on. Both ways or a mixture of them are possible to model, but 

here the choice of maintaining t, is made together with an introduction of an 

elasticity factor; -rep  for modification of Eq (4-1) to: 

,e1 
cTOT = rel • eTOT (4-9) 

with 

 

7 	 /CPI, 
Gm_ 

t — t  e 	Si 

 

  

iel = exp  (4-10) 

  

where  el 
eTOT 

tpL  

= the volumetric strain to be used in the visco-elastic 
calculations 

= time describing the elasticity factor,  h  

t, 	= equivalent time,  h  
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ts 	= apparent time of setting,  h  

Equivalent time  [h]  

Figure 4.6 Stress growth at restraint conditions for different ts  

One example of a resulting stress curve when using Eq. (4-9) and (4-10) is shown 
in Figure 4.7a). The development of the elasticity factor is presented in Figure 4.7b). 

LTU_SCC1  

Figure 4.7 a) Evaluation of the stress growth with the yd —factor added,  b)  an illustration of the 

yerfactor. 

Finally, it is noted, that sometimes, the unloading part of the compressive stress 
curve, (from t1,-- 1d to t2,--=,  2d) might be somewhat better modelled by introduction 
of a separate function for creep recovery like in Atrushi (2003). This is however 
not introduced here as in most cases the agreement still is quite acceptable. 
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4.6 Results and discussion 

The evaluated tests show an acceptable agreement with the measurements made in 
the laboratory, see the recorded and evaluated data for all performed tests Appendix 
F. Some examples of interesting results are treated in this section. All resulting 
parameters of the evaluated mixes, which is a base for plots in Figures 4.8-4.11, are 
presented in Table 4.3. 
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4.6.1 Resulting parameters 

Table 4.3 Summary of resulting parameters in mixes evaluated, see Figures 4.8-4.11. 

LTU_SCC 1 LTU_SCC 2 LTU 	3  STÄKET  
L EF

_SCC 
SCC1  

LTU_REF 2  LTU  REF 3 

C  346,3 355 363,7 364 409 395,3 421,3  
k  2,1 2,1 2,1 2,1 2,1 2,1 2,1 

Pc 2188 2284 2298 2300 2451 2335 2357  
C,,  

wc  

1000 

395 
1000 

415 
1000 
393 

1000 

328 
1000 

309 
1000 

341 
1000  
262 

XI 1 1 1 1 1 1 1 

t, 16,73 15,09 15,44 10,31 10,69 15,92 19,88 
K1  0,78 0,91 0,96 1,53 1,69 1,39 2,05 

o,„ 4113 4737 3850 4041 3889 4113 4008 
K3  0,54 0,64 0,7 0,75 0,57 0,383 0,86 

At°  0 0 0 0 0 0 0 
133  1 1 1 1 1 1 1 

G20 60,6 68,5 46,7 67,7 69 57 55,3 
s 0,326 0,295 0,257 0,245 0,211 0,385 0,312 

f51.20 3,15 3,4 3,0 4,1 4,0 3,4 3,3 
lb 0,67 0,67 0,67 0,67 0,67 0,67 0,64 
ts  6 6 6 6 7,35 6 6 
v 0,2 0,2 0,2 0,2 0,2 0,2 0,2  

ah  9,15 12,5 12,2 12,2 12,1 11,9 12,1 
a, 

ote, 
9,15 
0,85 

12,5 
0,9 

12,2 
0,9 

12,2 
0,9 

12,1 
0,9 

11,9 
0,9 

12,1 
0,85 

PT 0,55 0,175 0,1 0,1 0,17 0,14 0,05 
PP 0 0 0 0 0 0 0 

trll 85 340 340 340 340 340 340 
tn. 5 15 12 12 16 18 18  

Kn.  6 1 5 3 0,9 0,8 1,1 
ts, 

es, 
t50  

6 
0 

7,58 

6 
0 

6,18 

6 
0 

6,26 

5 
0 

5,91 

5 
0 

5,95 

6 
0 

7,411 

6 
0 

6,35  
esp  -136 -218 -196,8 -166,96 -131,82 -92,1 -36,22 
t011  38,74 6,2 0,82 1,05 1,103 24,6 34,35 

tisii  0,312 0,31 0,3 0,442 0,581 0,5 0,3 
ao 0,4 0,4 0,4 0,4 0,4 0,4 0,4 
a1  0,6 0,6 0,6 0,6 0,6 0,6 0,6 
T1  9 9 9 9 9 9 9  
bl  2,9 2,9 2,9 2,9 2,9 2,9 2,9 
a2 0 0 0 0 1,3 1,2 9,4 
T2 55 55 55 55 55 55 55  
b.?.  7 7 7 7 7 7 7 
ci  -0,1 -0,75 -0,05 -0,45 -0,2 -0,25 0 

TAD  45 45 45 45 45 45 - 
a, 
tdo 

5 
55 

5 
55 

5 
55 

5 
55 

5 
55 

5 
55 

- 
- 

tAD  118 74 132 160 246 178 - 
11AD 0,524 1,17 1,67 2,67 3,85 2,29 - 
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4.6.2 Strength growth and maturity function 

The compressive strength growth for all evaluated mixes is presented in Figure 4.8. 
As can be seen from the figure all the tested SCC mixes except one, LTU_SCC3, 
have higher 28 days compressive strength than the mixes of conventional type. 
LTU_SCC3 and  Stäket  is exactly the same recipe except from  dn.),  and aggregate 
type, but the difference in compressive strength is remarkably big. It is almost three 
years between the two test series, and one might suspect that the cement properties 
are not the same. Probably, the difference in cement properties might have 
influenced all other parameters. 

Figure 4.8 	Development of the compressive strength. 

4.6.3 Hydration heat 

The hydration heat for all evaluated mixes is presented in Figure 4.9, and as can be 
observed, all the SCC mixes have a faster heat development than the normal 
vibrated concrete mixes. One possible explanation can be that the third generation 
of superplastisizer gives better dispersion and therefore results in higher rate of 
hydration. An increased experimental study must be done in order to survey the 
effect from this new type of admixtures. 
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Figure 4.9 Hydration heat for the tested mixes. 

4.6.4 Creep compliance 

Tested creep compliance curves (to= id and to= 7d, respectively) in all mixes are 
presented in Figure 4.10. The SCC mixes show both larger and smaller creep 
compliance than the corresponding reference mixes. As the creep rate is rather 
similar this may be explained by differences in the instantaneous deformation and 
the very early age creep. 
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Figure 4.10 Creep compliance tests. 
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4.6.5 Stress growth at restraint conditions 

Tested stress-time curves at total restraint for all mixes evaluated in this thesis are 
presented in Figure 4.11 and it is possible to judge between different mixes with 
respect to their potential of reaching high stress levels. For this purpose, the 
maximum tensile stress to strength ratios are also presented in Table 4.4 and the 
following two conclusions can be drawn: 

1) The evaluated SCC mixes as a group (LTU_SCC1, LTU_SCC2, 
LTU_SCC3,  Stäket  and LTU_REF_SCC1) have lower or equal 
potential to reach high stress levels compared with the traditional 
concretes (LTU_REF2 and LTU_REF3). 

2) Two tested mixes have significantly lower potential to get high 
stress levels, and that is LTU_SCC2 (maximum stress level 0.74) 
and  Stäket  (maximum stress level 0.88) 

Whether the first conclusion is generally valid or no is not possible to state from 
this limited test series. One interesting observation is that the creep curves alone 
(Figure 4.10) cannot be related to the tested stress levels. One reason for this is that 

to  =1d and to  = 7d at the creep compliance tests, respectively, correspond to quite 
different degrees of reaction in the tested concretes. This is indicated in Figure 4.9, 

as the heat of hydration is one measure of the degree of reaction. 

Regarding the second conclusion, one contributory cause to the low stress levels of 
the mixes LTU_SCC2 and  Stäket  might be that these two concretes have the two 

highest late swelling according to earlier discussions, see the parameter c1  in Table 

4.3. 
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Figure 4.11 Tensile strength for the tested mixes. 

Table 4.4 Tested tensile strengths and tested maximum stress results. 

LTUSCC1 _ LTU _ LTU _ Stäket 
LTU _REF 

SCC1 
LTU_REF2 LTU REF3  

fctfailure  2,91 3,2 2,8 3,9 3,9 3,2 2,8  

fct  I  fctfallure  0,98 0,74 0,98 0,88 0,98 0,98 1,0 

4.7 Conclusions 
• From the evaluation of thermal and autogenous deformation the need of 

modelling of late swelling was noticed and introduced in the empirical 
modelling of basic properties of early age concrete. 

• Due to an early start of the numerical calculations of stresses, at approximately 
six hours equivalent time, the need of modelling of transitional plastic 
behaviour was noticed and introduced in the modelling of basic properties of 
early age concrete. 

• With the introduction of the new modelling of late swelling and introduction 
of an elasticity factor, acceptable agreement in all tested mixes (five SCC 
mixes and two traditional concrete mixes) was obtained between measured 
and calculated stresses at full restraint. 
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When comparing the potential of reaching high tensile stress levels according 
to the test results in the stress  rigg,  it can be seen that the SCC mixes are as 
good as or even better than conventional concrete concerning lowering the 
risk of early age thermal cracking. 

• From the tests it is not possible to observe any affect on the risk of early 
thermal cracking from different admixtures, as the number of tests are very 
limited. More tests are needed to study these possible effects. 

• Two SCC mixes turned out to have significantly lower potential to reach 
high tensile stresses, i.e. the risk of early age cracking is probably lower for 
these concretes. The only thing that could be observed as a difference for 
these concretes was that they had the largest late swelling, which probably is a 
contributory cause, to their lower stress levels. Why the late swelling occurs is 
not known at present. 
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Suggestions to future work 

5 SUGGESTIONS TO FUTURE WORK 

Based on the results and limitations of the present work some suggestions to future 
research are given in the following. 

• An enlarged study of fresh properties with a factorial design would be 
interesting. A Study of the effect from the different ingoing materials similar 
to the study in this thesis but in a larger scale with more factors involved. 
Examples of factors to be studied can be filler type, filler content, exchange of 
some of the cement to filler material, aggregate type. 

• An enlarged study of the effect from different admixtures is interesting. Such a 
study should however be performed without varying other parameters too 
much. 

• It would also be interesting to examine the late swelling part of the thermal 
and autogenous deformation in a deeper manner. A study of the mechanism 
behind that behaviour and try to chart when and why it occurs. 

• It is also suggested to perform a larger study where the risk of early thermal 
cracking for self-compacting concrete is examined. It would be interesting to 
study the effect from different parameters and maybe using a factorial design, 
which has proved to be an efficient tool. 

• Finally, the finding from the laboratory examinations (i.e. the material data) 
should be used in theoretical analyses of cracking risks for different typical 
cases of casting. Thus, it is utilized the new computer programs and methods 
developed at  LTU  as well as all new experiences, see e.g.  Larsson  (2003) and 
Nilsson (2003). 
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Appendix A: Results from the tunnel lining 

A 	Results from the tunnel lining 

A.1 T50, Slump flow and air content from the tunnel lining 
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1999-12-09  

Concrete 
Plant 

Working 
site 

After 
pump 

150 SF Air 150 SF Air 150 SF Air 

5 710 7,5 500 7,3 - - 

3,5 730 7,0 5,5 730 5,5 - - 

4,4 720 9,0 5,1 690 9,5 - - 

6 690 8,5 4 690 9,0 - 

4,3 720 6,5 5 730 6,3 - 

3 730 8,5 4,5 - 9,0 - - 

3,8 750 8,5 5 680 10,0 11 580 6,3 

5 680 9,5 11 590 9,6 4,9 690 8,4 

7,5 690 9,0 15,6 550 9,3 - 500 6,3 

3,9 730 8,5 6 730 9,5 - - 

4,1 740 8,5 6,5 710 8,1 9 580 6,4 

4 730 9,0 4 700 9,7 - 

3,7 740 9,5 7 730 9,6 5,8 650 7,4 

4,5 720 7,0 7 730 8,0 - - 

4,5 730 8,0 5,6 720 10,6 - - - 

4,4 720 7,5 4,9 700 9,6 15,5 560 - 

3,8 740 8,5 4,4 710 8,5 - 

5,1 720 8,5 5 700 9,4 - - 

4 730 8,0 5 730 8,6 5 670 8,3 

4 730 8,0 5 720 9,3 - - 

3,9 740 9,0 4 740 9,6 - - 

4,5 730 8,0 5,5 700 7,7 - - 

3,5 740 8,0 7 730 8,5 - - 

3,5 720 7,7 5,1 720 8,5 - - 

4 740 7,5 4,5 740 4,1 690 

4,2 730 8,5 4 750 8,0 - 750 7,8 

5,5 730 3,0 5,2 720 3,5 - - - 

- - 4 610 2,6 - - 

5,3 630 5,7 600 3,4 - 760 

3 750 4,5 4,5 760 2,6 - - 

3 750 4,0 3,8 760 2,7 - - - 

3 760 3,7 750 4,4 - - 

4 750 4,0 5,4 730 2,7 - - 

4 740 3,5 7,3 740 2,8 - - - 

2000-01-18 

Concrete 
plant 

Working 
site 

After 
pump 

150 SF Air T50 SF Air 150 SF Air 

7 500 6,8 12,6 510 

4 750 4,0 4,8 710 4,3 - - 

3,9 730 4,6 700 4,1 5,7 590 4,4 

4 750 3,9 4 750 3,2 - - - 

4 710 4,3 5,3 600 - 

3,5 710 5,4 4,9 650 5,7 

3,5 740 4,2 5,4 690 4,9 

3,5 740 5,1 4,6 740 4,8 - - - 

3,5 740 4,5 4,9 720 5,5 7,7 590 3,7 

3,8 730 4,2 3,7 680 4,5 - 

3,5 720 4,0 4 750 3,5 8 590 3,1 

4 730 4,3 4,6 750 2,6 

4 740 4,5 3,5 770 3,2 - 

5,5 720 4,0 2,3 800 3,2 3,2 710 2,2 

4 730 4,3 4 770 2,5 - - - 

4 750 4,1 4 710 3,2 - 

4 740 3,7 4 750 3,4 - - - 

4 740 4,3 5,7 720 4,0 16 530 4,5 

4 740 4,0 3,5 750 4,0 - 

5,5 720 4,5 3,2 750 3,5 - 

5,5 740 4,3 4,6 780 2,8 - 

4 740 3,6 4,3 770 3,4 8,9 640 4,6 

4,5 710 3,7 4 780 2,9 - 

4,1 740 4,1 5,3 780 3,4 - - - 

4 740 4,0 3,4 750 - 

4,5 720 4,5 4,4 780 3,5 4,4 700 5,0 

4 720 4,5 3,5 750 3,8 - 

5 710 4,0 5,5 720 4,2 - - - 

4 730 4,5 6,7 730 4,4 - 

4 740 4,4 5 700 2,8 - - 

4 710 4,9 8 640 4,3 - - 

5 720 5,0 5,3 750 3,5 4,5 760 3,3 

4 720 3,9 4,6 740 - - - 

77 



Appendix A: Results from the tunnel lining 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

2000-02-01  

Concrete 
Plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

4,7 700 3,4 4,4 730 3,5 - - - 

4,5 720 4,6 4,3 780 3,5 - - - 

5,5 690 4,9 3,4 770 5,2 3,5 770 - 

4,5 710 6,0 3,2 760 5,9 - - 

6 700 6,4 4,2 770 5,9 - 

5,5 710 5,6 5,6 750 5,0 5 740 - 

5 730 6,5 5,4 750 5,0 - 

8 690 6,0 6,9 700 6,8 - - - 

6 680 6,2 4,9 750 7,2 7,3 680 4,5 

6,5 700 5,9 7 710 6,0 - - - 

7 710 5,6 7,5 720 6,5 - 

9 700 6,0 11 670 6,2 7,9 630 4,4 

11 700 4,6 5 720 6,3 - - - 

5,2 710 5,5 6,9 710 5,4 - 

6,1 680 5,1 14 670 5,3 - 480 - 

6 700 6,1 9 690 5,6 - - 

7 710 5,1 6,4 710 6,5 - - - 

5,3 710 5,6 7,9 720 5,7 7,5 640 

4,2 730 5,8 6,9 720 6,0 - - 

8,5 690 5,5 7,6 720 5,9 - - 

6,2 720 5,6 5,6 710 6,0 9,1 590 5,0 

6,3 690 5,1 5,6 740 4,2 - - 

4,4 730 - 5 740 3,9 - - 

4 720 4,9 4,5 740 6,0 6 680 - 

5 720 5,1 6,3 690 6,0 - 

4,1 720 5,5 5,3 720 4,6 - - 

5 690 5,2 5 730 5,0 - - - 

4,6 710 4,6 4,5 740 6,2 - - - 

4 730 5,2 6,2 710 4,8 - - 

5,1 720 4,9 5 740 5,0 - 

6 700 4,9 4,6 730 5,5 - - 

5,5 730 4,6 6 750 5,0 - - - 

7 720 5,0 5,2 710 6,2 - - - 

- 6,5 740 3,6 - - 2,1 

- 5 720 4,5 - 

2000-02-15 

Concrete 
plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

4 730 8,5 4,1 720 5,9 - - - 

6 670 7,2 5,9 630 10,0 - - - 

5 690 6,1 4 720 7,0 3,3 730 - 

4 700 7,0 5,5 710 8,0 - - 

5 700 8,2 6,5 700 8,0 - - 

4 720 7,8 4,2 730 8,0 4 710 6,4 

5 710 7,0 3,5 750 7,7 - - 

4 730 7,8 3,5 750 10,0 - 

4 730 8,3 4,3 730 9,5 5,1 680 6,0 

4 710 7,5 6,9 710 9,5 - - 

5 720 6,9 4,3 750 9,4 - - 

4 740 6,8 4,7 730 9,5 3,6 730 6,4 

4 720 8,5 4,9 730 10,0 - - 

4 720 8,5 4,9 730 10,0 - - 

4,5 720 9,3 6,5 690 9,5 4,8 680 7,8 

5 710 9,0 3,6 750 10,5 - - - 

5 700 8,8 4 750 9,8 - - 

4 740 8,4 - 750 9,3 - - 

5 720 9,4 6,4 690 9,4 

4,5 700 8,8 5,8 700 6,6 - 

4 720 9,0 5,2 700 - - 9,5 

5,5 720 9,0 5,3 730 9,3 4,8 710 7,0 

3,5 740 7,8 8,2 730 9,0 - - 

3,5 750 8,7 4,6 730 9,0 - 

5,1 700 8,0 7 700 9,4 - - - 

4,5 720 8,9 5,3 750 9,4 - - - 

4 710 7,5 4 740 10,0 - - 

5 690 8,5 5,2 730 10,0 - - 

6 710 8,3 4,5 730 10,0 - - 

4 720 8,5 5,3 700 9,0 - - - 

4,5 730 8,2 4,3 740 9,2 - - 

3,5 740 8,0 4,6 740 9,5 - - - 

4 710 8,0 4,2 730 10,4 - - 

6 710 8,4 4,4 740 - _ _ 

5 720 7,2 5,6 730 8,0 - - - 

4,5 710 7,2 8 660 7,5 _ _ 
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2000-02-23  

Concrete 

Plant 

Working 

site 

After 

r
pump 

T50 SF Air T50 SF Air T501 SF Air 

4 715 10,0 6,7 670 10,2 - 

5 700 6,8 6,1 670 7,2 - - 

5 735 10,5 9 600 11,5 10,6 530 9,5 

5,5 720 8,5 8,7 620 6,6 - - 

4,5 700 9,4 8,3 640 10,0 8,3 610 7,6 

4,5 700 8,8 6,4 680 10,2 - - 

4,5 720 9,5 4,8 710 10,4 - 

3,2 720 10,2 5,1 720 10,0 4,7 650 8,5 

4,5 700 10,5 5,1 700 10,0 - - 

5,2 690 10,3 6,7 690 10,0 5,9 630 8,4 

5 690 - 4,4 730 10,5 - - - 

4,05 700 10,4 4,9 730 11,0 - - - 

4 690 10,0 5,6 720 10,5 3,2 710 8,0 

5 700 10,0 5,6 690 10,5 - - - 

4 710 9,5 5,7 700 9,5 - - - 

4 720 10,5 4,8 720 10,5 - - 

5 710 10,0 5,5 670 11,0 - 

5 690 - 5,6 720 - - - - 

2,5 750 6,7 3,9 750 7,5 - - 

6 680 6,2 6,1 700 7,8 - - 

4 720 7,0 4,5 730 8,6 - 

4 720 7,0 4 750 8,5 - 

5 710 5,2 4 730 7,0 - - 

3,5 730 5,2 4,5 740 7,0 - 

4,5 720 4,8 4 750 5,7 - - - 

5 700 4,5 3,5 760 5,7 4,5 730 4,3 

5 700 4,5 3,5 760 5,7 4,5 730 4,3 

2000-03-01 

Concrete 

plant 

Working 

site 

After 

pump 

T50 SF Air T50 SF Air T50_ SF Air 

3 735 4,1 4,5 670 3,7 - - 

4 750 3,5 4 750 3,2 - 

3,05 725 3,8 4 770 3,0 5 780 2,7 

4 680 4,8 3,2 750 4,3 - 

3,5 690 4,5 4 750 5,1 - - 

4,05 670 4,0 5 720 4,7 3,5 730 3,4 

4,05 710 4,8 5 740 4,6 - - 

5,05 670 4,8 5 750 3,9 - 

4 720 5,0 5 740 4,3 6,5 750 3,0 

4 720 4,7 4,5 760 6,2 - - - 

4,5 700 4,3 5,3 780 3,7 - - 

4 720 5,7 4,5 750 4,7 - - 

3 740 5,9 4,5 750 5,1 6 680 5,5 

4 725 6,2 6,5 680 6,0 - 

2,5 740 5,9 5,5 720 6,2 - - 

5,05 710 4,7 5 715 5,0 - - - 

4 740 5,3 4,5 750 4,6 5 700 5,0 

5 700 5,6 4,5 750 6,0 - - 

4,5 715 5,4 4,7 750 5,5 - 

4 720 4,8 5 730 5,5 6,5 610 5,7 

6 670 5,0 5 750 5,8 - 

5 700 4,9 5 720 5,8 - 

5 720 5,0 4,8 750 5,0 - - - 

4,5 690 5,4 4 750 5,5 - - 

4 730 5,3 5,5 720 5,0 - - 

4 720 4,6 7 700 5,1 - - - 

5 700 5,3 6 690 5,0 - - 

4 700 5,9 5,5 730 5,4 - - - 

5,5 680 4,5 5 730 5,4 - - 

4 720 5,2 6 750 4,6 - - - 

4 710 5,3 4 715 5,1 - - 

4 720 4,9 6,7 680 4,0 - - - 
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2000-03-07  

Concrete 
Plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

3 720 7,6 4,5 740 5,5 - - - 

3 750 7,6 3,5 750 4,0 - 

4,5 720 7,6 5,5 735 7,0 - - 

4 720 8,2 5 740 8,5 6,5 750 4,5 

6 680 8,3 7 740 6,5 - 

8,5 670 6,8 9 670 9,5 - 

8 680 6,8 8 665 8,5 12 570 6,6 

5,5 715 7,9 6,5 720 8,5 - - 

4,5 700 8,6 6 720 9,0 - - - 

4 730 8,8 5 740 8,5 - - - 

4 725 8,4 4 750 8,4 10 650 

4 720 8,2 6 720 8,2 - - 

4,5 700 7,4 6 750 8,0 - - - 

5,5 690 7,8 6 720 5,5 - - 

5 690 7,6 5 750 7,0 - - 

4,5 700 7,1 4 750 6,8 - - - 

8 680 6,8 5,5 750 7,9 - 

4 720 7,1 4,5 740 6,8 - - 

5 700 7,9 8 720 8,6 - 

4 710 7,8 6 750 8,2 - - 

5 690 7,2 6 750 7,8 - - 

5 700 7,6 6,9 750 6,4 - - - 

6 680 7,8 5,5 740 7,9 - - - 

4 700 7,3 6,5 730 6,8 - - - 

5 710 7,5 6 740 7,2 - - 

6 690 8,0 6 740 8,0 - - 

5 690 6,5 5,5 740 7,2 - - 

8 675 6,5 6 740 7,8 - - 

6 670 7,9 6 720 8,0 - - - 

4 720 7,8 5 730 7,8 - - 

5 700 7,4 4 730 8,2 - - 

4 710 7,2 5 750 8,0 - - 

2000-03-14 

Concrete 
plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

3,5 700 8,2 3,5 740 7,0 - 

4 720 5,8 4 720 7,0 - - - 

4 700 6,6 4,5 740 5,6 4 740 4,0 

3,5 710 5,1 4,5 740 5,8 - - - 

4 700 7,8 4 750 7,6 - - 

4 700 5,5 4 750 7,4 - 

3 730 6,2 4 750 6,6 3 760 2,5 

3 710 7,7 4,5 750 7,3 - 

3 720 7,4 3 750 6,0 - - - 

4 700 7,4 4 750 8,4 - - 

3,5 690 7,5 5,5 740 8,0 4,5 750 5,5 

4 700 6,5 4 740 8,2 _ 

3,5 720 8,2 4,5 740 8,5 4 710 6,0 

5 710 7,3 6 720 9,0 - - 

4 700 7,8 6 700 9,0 - - 

3 720 7,7 5 720 10,0 - - 

5 690 7,5 5 740 8,8 3,5 720 7,4 

5,5 680 6,3 4,5 750 9,0 - - - 

3,5 700 7,2 4,5 745 7,2 - - 

4,5 710 7,2 5 725 8,6 - - 

4 680 8,0 5,5 710 9,0 5 650 6,2 

4 700 8,6 5 730 9,0 - - 

4 700 8,0 4,5 720 8,5 - - 

4 705 7,2 5 740 8,5 5 700 6,1 

4 710 5,4 4,5 700 7,5 - - - 

3,5 720 6,0 6 710 7,2 - 

4,5 690 6,1 5 720 6,1 5 630 5,6 

5 680 5,9 4,5 730 6,8 - - - 

3,5 700 5,7 5 720 6,8 - - 

5 680 5,5 5 730 6,8 - - 

4,5 690 5,3 5 730 6,3 - - - 

4 700 5,8 4,5 720 7,8 - - - 

6 665 4,5 5,5 690 7,4 - - 
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2000-03-22  

Concrete 
Plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

5 580 7,0 6 520 7,4 - - 

4 680 8,4 7 550 9,0 - - 

4 700 6,5 7 580 8,8 5 590 5,8 

4,5 680 6,5 7 570 8,5 - - 

2,5 730 7,6 7 520 8,5 - - 

2,5 730 5,9 4,5 640 8,0 5 580 7,0 

2,5 700 7,2 4,5 670 7,2 - 

2 750 6,7 3,5 690 8,5 - 

2 750 6,9 4 700 8,0 5 580 

2,5 740 6,5 4 710 8,0 - 

2 740 6,3 4 730 7,6 - - - 

2,5 735 5,7 3,5 700 8,5 3 700 7,2 

2 740 6,8 4 700 8,5 - 

2 735 5,2 4,5 690 7,0 - 

2 735 6,4 4 715 8,0 3,5 640 7,0 

2 740 7,0 4 690 - - 

3 720 5,4 3,5 730 7,6 - - - 

2 740 6,2 4 700 7,6 4,5 680 7,2 

2 740 6,3 4 700 8,0 - - 

1,5 755 5,2 3 750 8,0 - - 

1,5 750 6,9 3 740 8,5 - - 

1,5 740 5,9 3 750 7,5 2,5 710 

1,2 745 7,1 3 700 8,0 - - 

1,7 740 5,7 3,5 750 7,0 4 660 6,4 

1,7 750 7,2 3,7 700 8,0 - 

2 720 6,6 3 740 7,4 - - 

2,5 720 6,0 3 730 7,0 5 630 5,6 

2 740 4,1 3,5 750 6,2 - - 

1,1 755 6,4 3,7 740 8,5 - - - 

2 720 5,3 4,5 710 7,0 - - 

2 735 4,6 4,5 720 7,0 - - -  

2000-03-29 

Concrete 
plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

3 700 6,3 - 625 4,7 - - - 

2 720 6,9 5 730 7,0 - - - 

3 690 6,8 4,5 730 7,8 - - - 

2,5 710 6,7 4,5 740 8,0 - - - 

1,1 750 8,4 3,5 750 6,2 - - - 

3 740 6,4 4,5 750 7,5 5 750 5,3 

2 750 8,3 4 750 7,8 - - - 

1,5 745 7,5 4 750 8,5 - - - 

2 750 8,8 3,5 740 8,3 5,5 730 4,6 

1,5 745 8,6 4 740 7,8 - - 

2,5 740 8,5 5 730 7,8 - - 

3 710 7,7 4 750 8,0 - - 

2 745 8,3 4,5 715 8,0 - - 

2,5 730 8,2 4,5 680 7,2 - - 

4 690 8,5 5 720 8,5 4,5 680 6,2 

3 725 7,9 4,5 725 7,5 - 

2 740 7,9 4,5 690 7,5 - 

2,5 700 7,4 5 745 7,0 4,5 700 5,5 

2,5 735 8,6 4 740 8,3 - _ 

1,5 740 8,8 5 710 7,0 - - 

3 740 7,2 5 720 6,4 - - - 

2 740 8,5 4,7 700 7,2 4,5 620 6,2 

2,5 750 8,7 4 740 7,7 - - 

2,7 700 7,2 5 670 7,2 - - - 

2 740 8,0 4,5 670 7,0 - - - 

2,5 730 3,5 4,5 640 6,2 - 6,0 

2,5 730 2,3 3,5 760 3,8 - - - 

2 730 1,9 3 750 2,8 - - 

3 740 5,2 4 750 6,2 - - 
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31 

32 

2000-04-05  

Concrete 
Plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air 150 SF Air 

2 710 7,6 4 600 7,7 _ _ 

2,5 720 5,7 5,5 730 7,0 _ _ 

2 730 6,0 4,5 730 7,2 5 630 6,3 

2,8 710 6,9 5 730 8,0 - - - 

3 700 7,5 4 740 8,7 - 

3 730 7,3 5 740 7,5 3,5 770 6,3 

3 690 7,7 5,2 730 7,4 - - - 

3 720 6,9 4,5 740 7,7 - 

2 720 8,0 5 730 8,3 3,5 725 7,2 

2,5 710 8,0 5 720 8,7 - - 

3 730 6,8 4,7 750 7,4 - 

4 680 7,5 5 730 8,0 3 730 7,0 

3 700 7,6 4,5 730 8,4 - - - 

3 720 6,8 4,5 760 7,5 - - 

3 720 6,2 5 730 8,0 4 680 7,0 

3,5 720 7,4 4,5 740 8,5 - 

3,5 710 6,5 4,5 710 8,9 - - 

4 700 6,6 5 730 8,8 4,5 670 9,8 

4 700 8,0 5,5 690 8,7 - - - 

3 710 8,1 4,5 700 9,0 - - - 

2,5 735 8,5 5 670 9,0 5 580 8,0 

2,5 720 5,8 4,5 730 8,3 - - 

2,5 720 5,8 4,5 740 7,2 - - 

2,5 720 6,4 4,5 750 7,8 4 710 6,6 

2 730 7,3 5 700 8,5 - - 

3 720 6,6 4,5 720 7,8 - 

2 740 7,0 4,5 740 8,0 - - - 

2,5 720 6,0 4,5 740 7,8 - - - 

2000-04-13 

Concrete 
plant 

Working 
site 

After 

pump 

150 SF Air T50 SF Air T50 SF Air 

2,5 730 6,6 5 730 6,5 - - 

3 690 6,8 4 750 9,5 - - 

2 730 7,8 4,5 730 7,7 4 750 6,6 

3 710 6,0 4 760 5,7 - - 

2 720 7,1 3,5 750 8,2 - - - 

2 720 7,2 4 740 8,5 5 720 7,2 

2 700 7,8 4,5 740 8,4 - - 

2,5 710 7,7 3,5 750 7,0 - - 

3,5 690 7,5 4,5 730 8,5 3 745 7,6 

2 735 7,1 4 730 8,4 - - - 

3 690 7,5 4 730 8,3 - - - 

2 725 7,4 4 740 7,6 3 750 6,5 

2,5 720 7,0 4,5 725 8,3 - 

4 690 8,0 4,5 725 8,6 - - 

2,5 710 8,5 4,5 730 8,5 5 670 7,6 

2,5 710 6,2 4,5 730 8,0 - - 

2,5 730 5,7 4,5 730 9,4 - - 

3 680 6,8 4 735 7,8 3 750 - 

2 735 7,8 4,5 730 8,0 - - 

2 720 7,2 4 740 - - - - 

2,5 700 6,0 4,5 750 7,6 3 740 7,5 

2 700 8,5 4 710 9,5 - - - 

3 700 7,0 5,5 710 8,8 - - - 

2 720 6,4 4 725 7,6 4 640 8,6 

2 730 7,2 4,5 720 8,4 - 

2,5 710 6,9 4 710 9,0 - - 

2,5 700 7,1 5 710 8,3 - - 

2 720 6,8 5 700 7,8 - 

2 720 7,0 5 700 8,6 - - - 

3 700 6,6 4,5 715 9,5 - 

3 690 7,1 4 710 - - - 

2 740 6,4 5 670 9,0 - - - 
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2000-05-10  

Concrete 
Plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

4,5 690 5,7 4,5 750 5,0 - 

4,5 710 6,8 5 730 4,5 - - 

4,5 670 9,1 7 550 9,5 - - - 

4 720 5,3 5 720 8,0 - - 

4,5 710 6,2 7 700 7,5 - - - 

4 720 6,5 5 720 8,0 - 

5 710 5,9 6 725 7,0 - - 

4,5 700 4,6 5 720 7,0 - - 

4 710 6,0 5 690 - - 

2000-05-15 

Concrete 
plant 

Working 
site 

After 
pump 

T50 SF Air T50 SF Air T50 SF Air 

4,5 740 6,5 - 500 - - - 

3 700 6,1 4,5 640 9,0 - - 

5 700 5,9 5 680 8,5 - - - 

4 710 5,8 4,5 670 8,0 - - 

4 710 5,7 5 690 8,0 - - 

3 720 5,5 6 710 8,2 - - 

4 700 4,7 7 630 - 

4,5 690 6,6 5 720 8,6 - - 

5 670 4,5 6 630 8,5 - 

6 640 6,4 6 590 9,0 - - 

4 670 5,5 6 670 8,0 - 

5 650 6,6 5,5 720 8,3 - - 

4 660 4,4 9,5 690 8,2 - - - 

4 700 6,0 7 640 7,2 
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2000-06-13  

Concrete 
Plant 

Working 
site 

After 
pump 

150 SF Air T50 SF Air T50 SF Air 

1 790 2,5 3 740 3,3 _ 

2 750 3,7 3 740 5,5 - - 

2,5 750 2,5 3,5 730 4,8 - 

2 750 3,9 3 750 3,2 - - - 

1,5 780 3,6 3 700 5,6 - - - 

1,8 770 4,1 3,5 740 5,5 - - - 

1,5 770 3,2 3,5 730 - - - - 

2 760 3,8 4,5 700 5,5 4 620 - 

2 750 4,8 5 660 6,5 - - - 

3 700 3,6 4 700 5,9 - - 

2,2 760 3,8 4,5 710 - - 

1,5 760 4,8 4 730 - - 

2 750 3,4 4,5 710 4,1 3 660 5,5 

2 760 4,7 4 700 - - - 

1,7 785 2,5 2,5 760 4,2 3 740 4,7 

1 790 2,6 3 725 - - 

1 790 2,9 3 720 4,3 3 750 5,1 

1,7 770 2,3 3 725 - - 

2 750 2,6 3 730 - - - 

2 740 2,4 4 720 5,0 - - 

2 760 3,0 4 740 - - 

2,5 740 2,5 4 710 - - - 

2,5 740 2,7 4 730 4,5 - 

1,2 780 4,0 3,5 740 - - 

1,1 770 2,8 3 770 - - 

1 780 3,8 3 750 4,5 - - - 

1,2 800 2,9 3 760 - - - - 

2 770 2,9 3,5 745 4,0 - - - 

1,2 780 3,3 3,5 750 - - 

1,8 740 3,0 3 740 - - 

1,3 770 3,9 4 725 5,1 - - - 

1,5 775 3,2 4 740 - - 

1,5 770 3,4 3,5 725 - - - - 

1,4 780 4,0 4 735 5,1 - - 

1,7 765 3,8 3,5 710 - - - 

2000-06-13 

Concrete 
plant 

Working 
site 

After 
pump 

T50 SF Air 150 SF Air T50 SF Air 

1,5 780 3,6 3,5 730 - _ _ 

1,7 780 3,2 3,5 720 3,3 - - - 

2 780 3,0 3 760 4,0 - - 

1,5 770 2,8 3,5 750 - - - 

2 780 3,4 3,5 740 4,6 - - 

2 750 3,0 3,5 740 - - - 

2,5 750 3,8 3,5 740 - - 

2 750 2,7 3,5 730 - - - - 
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2000-06-29 

Concrete 
Plant 

Working 
site 

After 
pump 

T50 SF Air 150 SF Air T50 SF Air 

3 700 4,5 5 680 - - - 

3 710 - 3,5 750 4,8 - 

2,5 700 4 730 4,9 - - - 

3,5 700 3,5 720 6,0 - - - 

2,5 740 3,9 3,5 730 6,2 - 

2,5 730 3,8 4 720 6,0 - 

3 720 4,4 4,5 710 6,9 - - - 

2,5 740 4,0 3,5 750 6,0 - - - 

2 740 4,3 3 750 5,8 - - 

1,2 750 4,1 4 720 4,9 - - - 

1,5 740 4,0 3,5 730 6,0 - 

1,5 740 3,8 3,5 730 5,8 

1,4 750 4,3 4,5 750 3,5 - - 

1,5 750 4,0 3 780 5,5 - - - 

1,5 750 4,4 3,5 760 5,0 - 

2 730 3,9 3,5 740 6,1 - - 

2 740 3,8 4 750 7,2 - 

2 730 3,7 3 750 5,3 - 

1 750 4,1 3 760 7,5 - - 

1,5 740 4,6 3 740 5,9 - 

1,5 740 4,5 4 730 7,5 - - - 

1,5 750 5,0 3,5 750 6,5 - - - 

1,5 750 4,7 2 750 7,1 - - 

1 740 4,6 3 740 6,0 - - - 

1,5 750 5,0 3 750 7,1 - - 

2 730 5,1 4 750 5,9 - - 
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A.2 Results from tests performed at CBI 

56Frost cycles 

Sample Date Air Measured Air Slumpflow fcc 
(MPa) 

Density 
(kg1m3) WoIC Powers Water NaCI 

15/2 2000-02-23 8,9 7,2 670 59,6 2213 0,50 0,403 0,01 
16/23 2000-02-01 3,8 75,5 2371 0,45 0,357 0,0044 0,11 
16/34 2000-02-01 2 80,2 2417 0,35 0,364 0,0074 2,58 
18/17 2000-02-23 8,3 11,0 670 52,5 2166 0,50 0,241 0,0104 0,01 
18/19 2000-02-23 3,5 7,5 750 68,3 2355 0,50 0,343 0,0127 0,05 
19/11 2000-03-01 4 3,7 780 69,4 2364 0,55 0,336 0,0038 0,19 
19/16 2000-03-01 3,8 5,0 715 72,8 2374 0,45 0,294 0,0024 0,03 
19/6 2000-03-01 3,3 4,7 720 73,1 2370 0,45 0,335 0,0056 
20/10 2000-03-07 6,3 8,5 740 63,6 2330 0,50 0,332 0,0104 0,01 
20/14 2000-03-07 5,6 5,5 720 67,1 2302 0,45 0,408 0,0019 0,01 
20/21 2000-03-07 5,4 7,8 750 72,4 2361 0,45 0,437 0,0018 0,02 
22/6 2000-03-14 5,2 7,4 750 64,8 2311 0,40 0,416 0,0024 0,02 
22/20 2000-03-14 7,2 8,6 725 63,3 2290 0,45 0,346 0,0015 0,02 
23/14 2000-03-22 7,3 7,0 690 61,2 2274 0,55 0,161 0,0022 0,01 
23/25 2000-03-22 8,1 8,0 700 57,3 2242 0,50 0,255 0,0028 0,01 
24/12 2000-03-29 7,3 8,0 750 53,1 2323 0,45 0,229 0,0026 0,04 
24/17 2000-03-29 8,6 7,5 690 65,9 2348 0,45 0,219 0,0102 0,03 
25/3 2000-04-05 9,7 6,3 630 54,2 2211 0,50 0,228 0,0039 0,01 
25/12 2000-04-05 8,4 7,0 730 61 2263 0,45 0,271 0,0042 0,01 
26/6 2000-04-13 10,7 8,5 740 58,4 2235 0,55 0,229 0,0033 0,02 
26/15 2000-04-13 10,7 8,5 730 58 2243 0,50 0,201 0,0042 0,02 
27/10 2000-05-15 6 9,0 590 59,2 2256 0,40 0,159 0,0031 0,01 
27/13 2000-05-15 5,2 8,2 690 63,2 2275 0,35 0,173 0,0027 0,01 

27B/20 2000-06-13 5,1 5,0 720 67,4 2290 0,50 0,222 0,0034 0,01 
28/3 2000-06-29 6,2 5,8 750 55,1 2281 0,45 0,181 0,0039 0,01 

EVS 3 1999-06-20 2,4 67,1 2395 0,42 0,535 0,03 
2.2.6 1999-10-15 5,5 63 2345 0,39 0,311 0,02 
2.2.9 1999-10-15 6,3 57,7 2330 0,39 0,359 0,02 
2.6.7 1999-10-15 14,2 59,7 2275 0,39 0,549 0,06 

2.6.10 1999-10-15 8,4 63,1 2335 0,4 0,427 0,03 
14.2.3 1999-11-20 8,0 58,6 2340 0,47 0,389 0,04 
14.2.5 1999-11-20 7,5 54,9 2335 0,45 0,164 0,01 
14.7.1 1999-11-20 7,5 61,1 2225 0,46 0,398 0,02 
14.7.2 1999-11-20 5,2 65,5 2400 0,43 0,202 0,09 
VS 2 1999-06-20 1,3 65,8 2373 0,35 0,506 0,06 
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B  Factorial design 

The description in the following is based on text from Montgomery (1997). 

When an experiment involves the study of two or more factors, factorial design are 
in general the most efficient method. Factorial design means that in each 
replication of the experiment all possible combinations of the investigated levels of 
the studied factors are investigated. Factors are crossed when they are arranged in a 
factorial design. The effect of a factor is defined to be the change in response 
produced by a change in the level of the factor. 

In a two-factor factorial experiment, 22, two factors, A and  B,  are tested at two 
levels each. The levels are often called "high" and "low" and are denoted with 
"+" and "-". The measured variable is called the response variable and are often 
denoted with  "y".  

When  k  factors are involved the design is called a 2k  factorial design. A complete 
replicate of such a design requires 2x2x2x2...x2=-2k  observations. Each factor is still 
tested at two different levels, high and low. Table B.1 is showing a 2 factorial 
design with factor A,  B  and  C  and it is called the design matrix. 

Table B.1 A design matrix for a 2 factorial design 

Run A B C 

1 + + + 

2 - + + 

3 + _ + 

4 - - + 

5 + + 

6 - + - 

7 + _ _ 

8 - - 

For a 23  factorial design the eight treatment combinations can be displayed 
geometrically as a cube, see Figure B.1. 
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Figure B.1 Geometric view of a 23  factorial design 

It is now possible to estimate the effect of raising a factor from low to high level. 
Consider estimating the effect of A. For every combination of  B  and  C  there are 
two observations, one for low level of factor A and one for high level of factor A. 

The effect of A when  B  and  C  are at a low level is [a-(1)1/n. The effect of A when  
B  is at the high level and  C  is at the low level is [ab-b]/n. In the same way, the 
effect of A when  C  is at the high level and  B  is at the low level is [ac-c]/n. Finally, 
the effect of A when both  B  and  C  are at the high level is [abc-bd/fl. The average 
effect of A is the average of these four: 

A = —
1 

[a —(1)+  ab —b  + ac —  c  +  abc  — bc1 
4n 

The effect of  B  and  C  can be determined in the same way. 

This can also be illustrated in a cube as a contrast between the four treatment 
combinations in the right face of the cube and the four in the left face. 

A measure of the AB interaction is the difference between the average A effects at 
the two levels of  B  which gives: 

AB
[abc  — bc+  ab —b  — ac +  c  — a+ a 

= 	  
4n 
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Using the same logic the AC and BC interaction can be calculated. 

The ABC interaction is defined as the average difference between the AB 
interactions for the two different levels of  C.  

ABC =.
1ff 	

— bc[—[ac — cl—[ab — b]+[a 	
1

[abc — be — ac +  c  —  ab  +  b  + a —(1)] 
4n 	 417 

Analysing the results from a factorial design is performed in relation to the 
estimation of the standard deviation. When a factor doesn't have effect on the 
response variable it has the distribution N(0,6). If a factor does have an effect it 
will not belong to that distribution and the factor will deviate from the 
distribution. The results can be presented graphically in different ways depending 
on the evaluation tool. In this thesis, the software Statgraphics have been used and 
it presents the results in so called Pareto Charts. The Pareto Chart orders the effect 
after magnitude and relates them to a certain confidence interval, which is defined 
by the user. The confidence interval is represented by a straight line and factors 
with an effect larger than the line has a significant effect. 
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C 	Test methods in fresh stage 

The descriptions of slumpflow, 150 and V-funnel are based on text from  
Betongrapport  (2002). 

C.1 Viscometer, ConTec4 

The theoretical background for a viscometer can be found in e.g. Tattersall et al. 
(1983),  Norberg  (1994). Here follows a very short description of a concentric 
cylinder viscometer. 

The coaxial cylinder viscometer is also known as a concentric cylinders viscometer. 
It consists of two cylinders mounted coaxially in a way that there is a space 
between them, which is filled with the liquid under investigation. The outer 
cylinder is rotated at a known speed, which results in that the inner cylinder also 
tends to turn because of the viscous drag exerted by the liquid. The torque 
required to prevent it from turning is measured by some system and a graph is 
plotted of the relationship between the torque T and the angular velocity of the 
rotating cylinder S2. 

The testing is based on a Bingham behaviour of the concrete with the relationship: 

Torque=  G  +  H  • Speed 

By measuring the torque while the outer cylinder is rotating at various speed 
settings the value of  G  and  H  can be determined. These parameters are defining 
the workability of the tested concrete mix.  

G  is a measure of the force necessary to start a movement of the concrete and  H  is 
measure of the resistance of the concrete against an increased speed of movement 
("viscosity factor"). 

When the height and radius of the inner and outer cylinder is known, it is possible 
to calculate the viscosity, j.t, and the yield stress, To. This is done with the computer 
software that drives and controls the machine. The calculations is done according 
to: 

1 	1 

Ri
2 	R  2 

	

Y 	G To = 
( R 

47z-hln 	Y  
R 

and 
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R3 R2 

11  = 1 	H  87 2h Y  1.   

where 	R, 	= radius of inner cylinder  

Ry 	= radius of outer cylinder 

Ii 	= height of the inner cylinder, i.e. height of the tested concrete 
sample 

C.2 Slumpflow and T50 
Slumpflow are used to determine the flowability and also to get an opinion about 
the stability. 

Definitions 

T50 — The time it takes for the SCC to flow out to a diameter of 500 mm. 
Separation stripe — The outer boarder with no aggregates in it. 

Equipment 

• Slump cone (Abrams  kon)  

• A plane plate made of steel, 1000x10000 mm with a circle marked with a 
diameter of 500 mm. 

• Water levelling instrument 

• Folding rule 

• Stop-watch 

• Cloth for drying the plate 

Performance 

The plate is placed horizontally and the plate and the cone are wetted with the 
cloth. The cone is placed at the centre of the plate and filled with SCC. The cone 
is lifted vertically and the stopwatch is started and stopped when the concrete reach 
the marked circle (500 mm in diameter). The slump flow is determined as the mean 
value from two representative diameters of the circle measured with the folding 
rule. 

An ocular inspection is done to control the separation boarder. 
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Figure C.1 Slump cone and the T50 boarder 

C.3 V-funnel 
The V-funnel makes it possible to measure the viscosity of the self-compacting 
concrete. It also gives an apprehension of the stability. 

Equipment 

• V-funnel; see Figure C.2, made of steel. 

Performance 

The funnel is wetted before start and filled with concrete. The sample is then 
resting in the funnel for 1 minute before the test is performed. The shutter is 
opened and the stopwatch is started at the same time and stopped when it is 
possible to see the bucket through the opening below. Blocking is noticed which 
can be a sign of an instable concrete. The definition o f blocking in this study is if 
the concrete is stopping in the funnel for a few seconds, in other words an irregular 
flow. 

515  
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D  Results from Statgraphics 

D.1 Time study 
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D.1.4 Viscosity 
Pareto Chart for Viscosity 	 Main Effects Plot for Viscosity 
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D.1.5 Yield stress 
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D.2.2 Slumpflow test 

Pareto Chart for Slumpflow 

AC 

AB  
C:  Damp content in sand 
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0 0,4 0,8 1,2 1,6 2 2,4 

Standardized effect 

D.2.3 T50 test  

Pareto Chart for T50 
	 Main Effects Plot for 150 

D.2.4 V-funnel test  

Main Effects Plot for V funnel 
Pareto Chart for V-funnel 
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Main Effects Plot for Viscosity Pareto Chart for Viscosity 

1,0 -1,0 0 0,5 1 1,5 	2 

Effect 

2,5 	3 

Damp content 
in sand 

▪ + 
▪ -  

79 

77 
211 225 -1,0 1,0 

d max Filler 
content 

Appendix  D:  Results from Statgraphics 

D.2.5 Viscosity  
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D.2.6 Yield stress 
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Appendix  E: ANNO  VA Charts from Statgraphics  

E ANNO  VA Charts from Statgraphics 

E.1 	Study of consistence variations 

Air content 0-23 minutes 

Source Sum of Squares Df Mean Square 
A: Filler content 0,18 1 0,18  

B: Admixture 13,005 1 13,005  

C: dmax 0,845 1 0,845 

AB 0,405 1 0,405 

AC 0,245 1 0,245 

BC 0,32 1 0,32 

Slumpflow 0-23 minutes 

Source Sum of Squares Df Mean Square 
A: Filler content 800 1 800  

B: Admixture 135200 1 135200  

C: dmax 800 1 800 

AB 200 1 200 

AC 200 1 200 

BC 800 1 800 

T50 0-23 minutes 

Source Sum of Squares Df Mean Square 
A: Filler content 27,64 1 27,64  

B: Admixture 76,694 1 76,694  

C: dmax 22,211 1 22,211 

AB 32,200 1 32,200 

AC 18,758 1 18,758 

BC 11,689 1 11,689 

Viscosity 0-23 minutes 

Source Sum of Squares Df Mean Square 
A: Filler content 43,234 1 43,24  

B: Admixture 70,0912 1 70,091  

C: dmax 0,5276 1 0,5276 

AB 0,7558 1 0,7553 

AC 0,617 1 0,6166 

BC 0,206 1 0,206 
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Yield stress 0-23 minutes 

Source Sum of Squares 

Appendix  E: ANNO  VA Charts from Statgraphics 

Df 	 Mean Square 
A: Filler content  25,134 1 25,134 

B: Admixture  11871,9 1 11871,9 

C: dmax  43,338 1 43,338 

AB 13,365 13,365 

AC 50,300 1 50,300 

BC 50,501 1 50,501 

Air content 23-45 minutes 

Source Sum of Squares Df Mean Square 

A: Filler content  0,1225 1 0,1225 

B: Admixture  0,2025 1 0,2025 

C: dmax 0,16 0,16 

AB 0,36 1 0,36 

AC 1,1025 1 1,1025 

BC 1,1025 1 1,1025 

Slumpflow 23-45 minutes 

Source Sum of Squares Df Mean Square 

A: Filler content  6050 1 6050 

B: Admixture  450 1 450 

C: dmax 5000 1 5000 

AB 9800 1 9800 

AC 2450 1 2450 

BC 5050 1 5050 

E.2 	Study of moisture content sensitivity 

Air content 

Source Sum of Squares Df Mean Square F-Ratio  P-Value 

A: Filler content  0,016 1 0,016 0,08 0,7850 

B: dmax  0,681 1 0,681 3,47 0,0996 

C: Moisture content in sand 0,141 1 0,141 0,72 0,4219 

AB 0,276 1 0,276 1,40 0,2700 

AC 0,076 1 0,076 0,39 0,5520 

BC 0,106 1 0,106 0,54 0,4841 

Blocks 2,641 1 2,641 13,46 0,0063 

Total error 1,57 8 0,196 
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Appendix  E: ANNO  VA Charts from Statgraphics 

Slumpflow 

Source Sum of Squares Df Mean Square F-Ratio  P-Value 
A: Filler content 400 1 400 0,55 0,4779  
B: dmax 100 1 100 0,14 0,7194  
C: Moisture content in sand 400 1 400 0,55 0,4779 
AB 625 1 625 0,87 0,3793 
AC 1225 1 1225 1,7 0,2289 
BC 25 1 25 0,03 0,8570 
Blocks 25 1 25 0,03 0,8570 
Total error 5775 8 721,88 

150 

Source Sum of Squares Df Mean Square F-Ratio  P-Value 
A: Filler content 0,008556 1 0,008556 0,09 0,7712  
B: dmax 1,23766 1 1,23766 13,09 0,0068  
C: Moisture content in sand 0,432306 1 0,432306 4,57 0,0649 
AB 0,0612562 1 0,0612562 0,65 0,4441 
AC 0,00525626 1 0,00525626 0,06 0,8195 
BC 0,0826563 1 0,0826563 0,87 0,3771 
Blocks 0,00225626 1 0,00225626 0,02 0,8810 
Total error 0,7562 8 0,094525 

V-funnel 

Source Sum of Squares Df Mean Square F-Ratio  P-Value 
A: Filler content 6,9696 1 6,9696 3,69 0,0909  
B: dmax 21,114 1 21,114 11,19 0,0102  
C: Moisture content in sand 2,9929 1 2,9929 1,59 0,2435 
AB 3,94022 1 3,94022 2,09 0,1865 
AC 0,0961 1 0,0961 0,05 0,8271 
BC 0,235225 1 0,235225 0,12 0,7332 
Blocks 0,4624 1 0,4624 0,24 0,6340 
Total error 15,1014 8 1,88768 
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Appendix  E: ANNO  VA Charts from Statgraphics 

Viscosity 

Source Sum of Squares Df Mean Square F-Ratio  P-Value 
A: Filler content 32,7756 1 32,7756 0,61 0,4586  
B: dmax 47,0596 1 47,0596 0,87 0,3781  
C: Moisture content in sand 349,69 1 349,69 6,47 0,0345 
AB 5,9536 1 5,9536 0,11 0,7485 
AC 0,16 1 0,16 0,00 0,9579 
BC 45,3602 1 45,3602 0,84 0,3864 
Blocks 1,28823 1 1,28823 0,02 0,8811 
Total error 432,482 8 54,0602 

Yield stress 

Source Sum of Squares Df Mean Square F-Ratio  P-Value 
A: Filler content 213,818 1 213,818 1,33 0,2828  
B: dmax 950,027 1 950,027 5,89 0,0414  
C: Moisture content in sand 227,331 1 227,331 1,41 0,2692 
AB 100,952 1 100,952 0,63 0,4517 
AC 451,669 1 451,669 2,80 0,1328 
BC 282,156 1 282,156 1,75 0,2225 
Blocks 299,377 1 299,377 1,86 0,2102 
Total error 1290,36 8 1290,36 
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Appendix F: Results from the hardening technology tests 

F 	Results from the hardening technology tests 

Results from the laboratory tests on hardening concrete are presented in this 
section. The naming and the constituents of the mixes are presented in Table F.1. 

Table F.1 Mix composition  

LTU_SCC 1 LTU_SCC 2 LTU_SCC 3 
Stäket 

original 

LTU  REF 

SCC1 LTU_REF2 LTU_REF3 

Cement 364 364 364 364 405 395 422 

Water, litres/m3  170 170 170 173 158 172 156 

W0/C 0,47 0,47 0,47 0,48 0,39 0,44 0,37 

Limestone filler 211 211 211 211 175 - - 

Admixture P2 P2 P3 P3 P3 P4 P4 

Water reducer - - - - - W4 

Air additive L2 L2 L3 L3 L3 L4 L4  

d  max 16 mm 12 mm 16 mm 18 mm 16 mm 27 mm 27 mm 

Air content 7,50% 6,40% 5,40% 4,90% 3,5% 4% 4,1% 
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F.3 Creep compliance 
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Relation between workability and rheological parameters 

By: Sofia Utsi and Mats Emborg 



RELATION BETWEEN WORKABILITY AND 
RHEOLOGICAL PARAMETERS 

By Sofia Utsi and Mats Emborg 

ABSTRACT: This paper is dealt with the fresh concrete behaviour of different kinds of 
concrete mixes. It is examined whether any correlation exists between workability test 
parameters and rheological properties i.e. yield stress and viscosity. One objective of the study 
is to examine if it possible to classify a concrete mix due to today's workability tests with 
respect to the rheological parameters. It is shown that, although the scatter is rather high, 
some correlation is present between workability and rheology if only one theology parameter is 
varied  i  e.  the viscosity or the yield stress. By dividing the workability parameters into 
groups, a classification of a SCC can be made, utilizing simple diagrams. 

1. INTRODUCTION 

Today, several methods exist for examining the concrete workability at building 
sites, concrete plants and laboratories. It is known that they only describe the 
apparent behaviour at a certain situation of flow e.g. when flowing on a horizontal 
table with a certain speed induced by the eigenweight (slump flow test) or when 
passing a defined gap between reinforcement with a chosen velocity  (L-box).  

One important question is to which degree these methods describe the real 
material behaviour e.g. the viscosity and flowability (for the slump flow test) or the 
proneness to blocking (for the  L-box).  Another question is if these test methods are 
reliable enough. To increase the credibility of workability test methods they 
preferably should be related to methods documenting the rheology of the concrete. 
Rheological test methods yield values of two parameters characterising the 
material; the initial shear value (the yield stress), t, and the viscosity, m. However, 
the rheological test methods suffer for some drawbacks namely that they not are 
suited for a use at the working site and that they can be rather time consuming to 
handle. Therefore, it is important to find suitable workability test methods for 
continuous use outside the laboratory, and to calibrate them with rheological 
parameters. Thus, in this investigation various concrete mixtures have been 
examined to find the possible relations between workability and rheology. 

2. MIX-DESIGN AND VARIATIONS 

Two rather different concrete mixes have been studied, one designed for civil 
engineering structures (Mix 1) and one for housing purposes (Mix 2). Variations of 
the composition have been made for each type of concrete to receive a wide range 
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of consistencies to evaluate. Thus, the type and content of filler was varied as well 
as the silica fume content, see Table 1. Different types of superplastisizer were used 
and both crushed and natural aggregates were tested. Also, the water content was 
varied by assuming different humidity in the sand without compensating the recipe  
(i.  e.  a type of robustness test). In addition, for Mix 1, the change of properties 
with time was examined (5 min, 22 min and 45 min after mixing). 

In Mix 1, a sulphate resistant cement CEM I 42,5  (Cementa  type Degerhamn) was 
used with the Blaine-value 300 m2/kg. Mix 2 was made with a GEM II/A-L 42,5  
R  (Cementa  type  Byggcement)  with a Blaine-value of 470 m2/kg and with 
alimestone filler content of 13 %. 

Table 1 Variations of parameters in the testing. 

Varied parameter Mix 1 Mix 2 

Limestone filler 190, 211, 225 kg/m3  Type K250, G250 (Svenska 
Mineral) 

Type, 	Limus 	40, 	Limus 	25  
(Nordkalk,  Sweden) 

Additive Type Sikament 56, Mapefluid Glenium (not varied) 

Water content +7% or -7% 	i.  e.  the water 
content 	in 	sand 	without 
compensating 

-15%, -10%, -5% 

+15%, 	+10%, +5%  i.  e.  the 
water content in sand 

Type of aggregate Natural (not varied) Natural and crushed 

3. METHOD 

Each batch has been mixed in the same way with total mixing time of four 
minutes: 

• Aggregates in a few seconds + adding rest of dry materials 

• Mixing dry materials in 1 minute 

• Adding water and admixtures 

• Mixing in 3 minutes 

Directly after mixing, the workability tests (slumpflow; T50 and V-funnel) and 
rheology tests (viscometer type ConTec4) were performed and segregation 
tendency was noted. The air content was also documented for each batch. The run 
order of the tests was kept the same: Immediately after mixing a sample were taken 
out for the viscometer. Then, the slumpflow and T50 test were carried out and the 
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b)  

Figure 1 a) Slumpflow test and  b)  V-funnel used in this study. 
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concrete was inspected visually. While performing the rheology test, the V-funnel 
was filled. The concrete was resting for one minute in the funnel and the test was 
performed [4]. Finally, the air content was measured. All the tests were carried out 
in about 10 minutes after the mixing. 

In the study, mixes with a clear separation are excluded from the evaluation,  i.  e.  
mixes that blocked in the V-funnel or that exhibited a wide stripe of paste in the 
slumpflow test [3], [4]. 

515  

4. RESULTS 

4.1. Initial comments 
Some introductory comments are given on the results that schematically are shown 
in Figures 1-3. It is clear that there is some correlation between yield stress and 
slumpflow and between T50 and viscosity but the correlation is weak. This was 
also observed in [1]. The plot of V-funnel as dependent on the viscosity, see Figure 
3, give a correlation of an acceptable level at least for Mix 2. For Mix 1, the 
variation of consistencies for the different mixes has not been satisfactory enough 
to give a sufficient spread of the measured values. 
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Figure 2 Overwiev of relation between T50 and viscosity for a) Mix 1 and  b)  Mix 2. 

Figure 3 Overview of relation between slumpflow and yield stress for a) Mix 1 and  b)  Mix 2. 
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Figure 4 Overview of relation between V-funnel and viscosity for a) Mix 1 and  b)  Mix 2. 

Concerning the yield stress versus slump flow, (Figure 3) the correlation is 
acceptable for stiffer mixes but when the slumpflow is higher than about 650 mm 
the scatter becomes too large. The T50 values and the V-funnel flow time related 
to viscosity show some correlation but the spread is too wide. These observations 
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indicates that possibly both the rheological parameters yield stress and viscosity 
influence on the slump flow value, T50 time and V-funnel time respectively. 

Figure 5 shows the correlation between the different workability test methods. A 
clear relation can be observed between the V-funnel time and the T50 value. 
There is also a good correlation between T50 and the slumpflow. It is also 
observed that there is no correlation between slumpflow and V-funnel times. 
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Figure 5 Overview of correlation between a) V-funnel and T50,  b)  T50 and slumpflow and  c)  
V-funnel and slumpflow. 

The observations above leads to the idea of combining two workability test 
methods when evaluating results with the objective to find the rheological 
properties. Due to the correlations in Figure 5, one can suspect that V-funnel 
together with T50 and T50 together with slumpflow respectively can be one way 
to describe the rheological properties. This has been done in the study and, in next 
sections; the results are plotted in the same way as earlier (V-funnel connected to 
viscosity, T50 connected to viscosity and slumpflow correlated to yield stress). The 
plottings are made by relating the results also from supplementing test methods. 
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4.2. Viscosity related to the V-funnel test 
The plot V-funnel versus viscosity and also depending on the slumpflow is shown 
in Figure 7 for Mix 2. It can be seen that the results can be divided into groups of 
slumpflow but the overlap between the groups is too large to be satisfactory. The 
tendency is that smaller slumpflow values results in larger V-funnel values i.e. a 
"slower" concrete. On the other hand, for Mix 1, this behaviour is clearly the 
opposite (Figure 6)  i.  e.  lower slumpflow values result in shorter V-funnel values. 
The result from the V-funnel test corresponds to approximately the same ranges of 
viscosities for the two mixes but the slumpflow shows a complete different 
behaviour as compared to the viscosity, see Figure 8. 
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Figure 6 V-funnel flow time plotted as a relation to viscosity grouped after slumpflow results for 
Mix 1. 
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Figure 7 V-funnel flow time plotted as a relation to viscosity grouped after slumpflow results for 
Mix 2. 
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There is no clear connection between V-funnel, T50 and viscosity for Mix 1, 
which can be observed when relating V-funnel to viscosity and by subdividing into 
groups of T50, Figure 9. For Mix 2 the different T50 values are well grouped, see 
Figure 10. Small V-funnel values and low T50 values correspond to low viscosities 
and high values of T50 and V-funnel give high viscosities. Thus, a clear correlation 
between T50, V-funnel and viscosity can be seen. 
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Figure 9 V-funnel plotted as a relation to viscosity grouped after T50 results for Mix 1. 
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Figure 10 V-funnel plotted as a relation to viscosity grouped after T50 results for Mix 2. 

4.3. Viscosity related to the T50 test 
Similarly to above, the results can also be evaluated by plotting T50 as relation to 
viscosity and by dividing into different slump flow values, see Figure  iland  Figure 
12. As already shown in Figure 2, for Mix 1, there is not a clear connection 
between T50 and viscosity that can be due to the small variations of the 
consistencies of the batches. The same pattern as earlier still remains for Mix 1 i.e. 
larger slumpflow implies a higher viscosity. It can also be seen that there is a 
difference between Mix 1 and Mix 2. T50 values in the range of 2-3 seconds for 
Mix 1 correlate to a viscosities in the range of approximately 60-90 Pas. For Mix 
2, the same T50 values are connected to a viscosity in the range of 50-70 Pas. One 
can suspect that the material properties of the concrete mix strongly affect the 
results and the correlation between the workability test and the rheological 
parameter. 

For Mix 2 correlation between T50 and the viscosity occur (Figure 12) but some 
spread can be seen, especially for the stiffer mixes i.e. with slumpflow below 600 
mm. When studying mixes with a viscosity in the range of 50-150 Pas it is seen 
that it can be possible to determine the viscosity for a concrete mix by using the 
combined results from the T50 within the different groups of slumpflow values. 
For example, a mix with a slumpflow in the range of 600-700 mm shows an 
acceptable correlation between T50 and viscosity with T50 values between 3-10 
seconds approximately. 
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Figure 11 T50 plotted as a relation to viscosity grouped after slumpflow results for Mix 1. 
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Figure 12 T50 plotted as a relation to viscosity grouped after slumpflow results for Mix 2. 

For T50 related to viscosity grouped after the V-funnel results, no correlation or 
tendencies can be seen for Mix 1, see Figure 13. Mix 2 on the other hand shows a 
well-unified behaviour depending on the results from the V-funnel test (Figure 
14). Thus, low V-funnel values together with low T50 times results in low 
viscosities. 
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Figure 13 T50 plotted as a relation to viscosity grouped after V-funnel results, Mix 1. 
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Figure 14 T50 plotted as a relation to viscosity grouped after V-funnel results, Mix 1. 

4.4. Yield stress/slumpflow 
Figure 15 and Figure 16 show the yield stress as related to slump flow for different 
groups of T50 and Figure 17 and Figure 18 show corresponding plots for different 
groups of V-funnel. It should be noted that, when evaluating the yield stress with a 
viscometer, negative values might occur at the regression of the results, which is 
caused by partly segregation of the specimen during the test. In this paper, a 
negative value from the test has always been set to zero. 

For Mix 1 in general, the yield stress as compared to the slumpflow does not show 
an acceptable correlation, see Figure 15 and Figure 17. For slumpflow values larger 
than 650 mm no correlation exists - the yield value is almost zero. For Mix 2 most 
of the slumpflow are larger than 600 mm and in that range no relation to yield 
stress exists. 
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Figure 15 Yield stress plotted as a relation to slump flow  grouped after T50 results, Mix 1. 
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Figure 16 Yield stress plotted as a relation to slumpflow grouped after T50 results, Mix 2. 
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Figure 17 Yield stress plotted against slumpflow grouped after V-funnel results, Mix 1. 
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Figure 18 Yield stress versus slumpflow grouped after V-funnel results, Mix 2. 

5. DISCUSSION 

For Mix 1 a larger set of data should be desirable to verify the results to make the 
evaluation more accurate. Also batches with a wider spread of the consistence 
should be necessary for Mix 1 in order to be able to observe the same tendencies as 
for Mix 2, if there are any. 

It is concluded that relations between studied workability tests values and 
rheological parameters exist but the scatter in such relations is rather large. It has 
been seen that the relations are strongly dependent on which properties the 
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concrete exhibits, i.e. for a rather stiff concrete the scatter is small while for a very 
flowable concrete, some of the relation is more or less impossible to observe. 

The slumpflow is a well-established test method. It is used all over the world and 
people working with SCC are well familiar with the method and how to evaluate 
and interpret the results. Slumpflow is usually the method that accepts or rejects a 
mix at the working site. It is used to evaluate the flowability and also the grade of 
separation by studying the thickness of the paste stripe at the border of the circle 
[2], [3]. However, this study shows that the correlation between slumpflow and 
the theological parameters, especially the yield stress, is not sufficient enough. The 
method can be used together with the T50 value to roughly describe the viscosity 
for a mix. If the slumpflow is below about 650 mm some relation occur between 
slump flow and yield stress but for the more flowable mixes, slumpflow over 650 
mm, the correlation is small or does not exists at all. A slumpflow larger than 650 
mm are often desirable when casting with SCC [4]. 

The T50 value can be difficult to measure, especially the small values, that is 
present for the very flowable concrete [5]. Stopping the stopwatch when the 
concrete is passing 500 mm is a subjective estimation and it is an even more 
difficult task for the faster mixes. It can also be difficult to lift the slump cone in a 
way that makes the concrete flows out exactly centrically. 

As observed in the results, the T50 times are acceptably correlated to viscosity, 
especially together with other workability test methods but its large drawback is 
the difficulties in getting an exact value. Also the V-funnel test has shown an 
acceptable correlation to the viscosity. 

With the rheological parameters as a base and by using two existing workability 
tests together, it can be possible to classify a concrete mix. Research in other 
projects has shown that it is possible to identify an area in a t-m- diagram for 
different applications [1], [2], [3], (see Figure 19 where however this area has not 
been decided). As T50 and V-funnel times are translatable to the viscosity and by 
also using the fact that slumpflow test roughly is related to the yield stress, and if 
large information on the mix is present, a corresponding area in a workability 
diagram can be established. This is one objective for future studies. 
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Figure 19 Yield stress versus viscosity for Mix 2. An example of rheological diagram for use in 
mix design of SCC. 
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Synopsis 

In this paper load carrying capacities of damaged concrete railway sleepers 
have been investigated. The sleepers had an age of five to ten years and 
the damage in form of more or less severe cracking is believed to be 
caused by delayed ettringite formation. The following tests have been 
performed: (a) bending capacity of the midsection and  (b)  the rail section,  
(c)  horizontal load carrying capacity of the fasteners and  (d)  control of the 
concrete properties of the tested sleepers. 

A visual inspection and classification of the damages are presented. 
Possible failure mechanisms of the fastener are discussed. The purpose of 
the tests has been to get information on how the cracking influences the 
load carrying capacity compared with an un-cracked sleeper. 

The test results have been compared with calculations according to the 
Swedish Rail Code for sleepers. The tests show that small cracks do not 
seem to influence the load-carrying capacity and it is first when the 
cracking is very severe that the load-carrying capacity is reduced 
significantly. 

Introduction 
Railway sleepers made of concrete have only been the standard during the last 
few decades in Sweden. Sleepers made of pine were substituted for concrete as 
material in the 1950s when prestressed concrete became available for sleepers.' 

The advantages of the concrete sleepers were e.g. the longer service life, higher 
bearing capacity and no use of environmental hazardous chemicals such as 
creosote (used to increase the service life of the timber). 

A railway sleeper has several functions such as: being elastic foundations of the 
rails, keeping the right distance between the rails, cooperating with the rail so the 
railway track is resistant to flexuous movement in the horizontal direction, etc. If 
all above-mentioned reasons are considered it is easily understood that a sleeper  
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must withstand various types of loads, weather conditions etc., without losing its 
properties during its service life. 

Normally concrete sleepers sustain their properties for more than 50 years. 
However in Sweden some sleepers made between 1992 and 1996 have started 
to deteriorate. They have obtained cracking of a more or less severe kind and 
some of them have even lost most of their bearing capacity. The cracking is 
believed to be caused by delayed ettringite formation, which leads to an internal 
expansion and with time cracks. This process might reduce the service life to as 
few as five years. The origin of the delayed ettringite formation is believed to be 
bad production methods. 2  In order to increase the production speed, the cement 
amount was increased from ordinarily 420kg/m3 to 500kg/m3  and steam curing 
was used during the hardening process in some of the production plants. 

In this paper results from strength capacity tests are presented. The purpose of 
the tests has been to get an idea of how the cracking influences the load carrying 
capacity. 

In Figure 1 a principal drawing of a Swedish railway sleeper is presented. The 
sleepers are made of prestressed concrete with the concrete class K60 
(compression strength 60 MPa tested on 150mm cubes). The sleepers are 
prestressed with 10 strands (each strand consists of 3 wires with the diameter 
3mm each). 

2500 

r-U 

Figure 1 Principal drawing of tested concrete sleepers (unit: millimetres). 

The load carrying capacity of sleepers and especially the fatigue capacity have 
earlier been studied at LTU.3' 4  

Delayed ettringite 

During the last few years the mechanism behind delayed ettringite formation 
(DEF) has been subjected to heated discussions in the concrete society. 
Especially what part it has - does it acts alone or together with another 
mechanism in creating the expansion and the cracking? The ettringite 
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(Ca6[Al(OH)6]2(SO4)3•26H20) is formed during the hardening process of concrete 
but it is normally transformed into monosulfate (3Ca4[Al(OH)6]2(SO4)-6H20). 
Some researchers say that if heat curing (steam-curing) and/or cement with high 
sulfate contents are used ettringite might form a long time after the hardening is 
complete. This will in turn lead to concrete deterioration. If this is combined with 
moisture and/or cyclic frost erosion the process will accelerate. 

Damages have been reported from many countries over the years and it is often 
sleepers that have started to deteriorate.5' 8' 

7,8  The reason why sleepers are in 
the "danger zone" is probably the harsh conditions that they are exposed to. 

Due to the many problems connected to DEF, recommendations have been 
established in many countries, in particular regarding the use of heat-curing 
which seems to be an important factor. In the German recommendations9  
regarding heat curing, the rules were revised due to the reported damages. In the 
new recommendations the following stipulated for the curing of concrete that is 
exposed to moisture often or during longer time: 

• maximum concrete temperature is 60  °C  (single values may be 5  °C  
higher) 

• temperature rise must be 20 °C/h 

• pre-storage during at least 3  h  at maximum 30  °C  or during at least 4  h  at 
maximum 40  °C  

In this paper the mechanism behind DEF is not analysed. Instead the remaining 
bearing capacity of the damaged sleepers has been investigated. 

Visual inspection and classification 

Visual inspection 
When the Swedish National Rail Administration became aware of the problem 
with the cracked sleepers, several investigations were initiated. These showed 
among other things that the damaged sleepers could be found all over Sweden. 
About 3.5 million sleepers have been inspected and there are about 300 000 
sleepers that are cracked. The only way of finding them is by walking along the 
railway tracks making a visual inspection. Knowing this, it is easy to understand 
that the investigation is very difficult and time-consuming to perform. The 
investigations are performed in the way that two inspectors walk along the 
railway track on opposite sides. 

Since the sleepers are covered with macadam as in Figure 2, it is only possible 
to notice damages that are on the upper side of the sleeper and on the top 1 to 2 
cm along the sides. This makes it very difficult to discover sleepers that are at the 
beginning of the failure process. 
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Figure 2 Picture showing how much of a sleeper that is visible when it is placed in the 
railway track. 

Classification 

The first inspections led to a categorization of the sleepers depending on the 
cracking. They were divided into three classes by the Swedish National Rail 
Administration. The typical damages for each class are: 

Class 1. Acute / Red: 

The cracking is so severe that there is a considerable reduction of the load 
carrying capacity. There are typical longitudinal cracks in the middle of the 
sleeper. There are also cracks at the end of the sleepers with a crackled 
pattern. The sleepers might have a crack from the fastener and downwards. 
The concrete surface is discoloured by yellow spots. A typical crack-pattern is 
shown in Figure 3. 

Figure 3 Characteristic crack patterns for sleepers in class 1 (red sleepers). 

Class 2. Initial degradation / Yellow: 

Some cracks. The cracking is of the kind that the load carrying capacity is 
almost intact. There might be cracks with a crackled pattern at the end of the 
sleepers. The sleepers might have a crack from the fastener and downwards. 
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There is presence of yellow spots. Typical crack-patterns are given in Figure 
5. 

Class 3. OK / Green:  

No visible cracks. No visible tendencies to develop major faults. No change in 
colour. The load carrying capacity is intact. 

Combined with these classes the Swedish National Rail Administration has set 
up safety rules like: maximum number of damaged sleepers that can lie next to 
each other for a certain curve radius etc. before they must be replaced. 

Since the yellow sleepers are so many (about 500 000 up to this date) and the 
variation in cracking is so large, they have been divided into subcategories in the 
hope of finding out if there is a variation in load carrying capacity among them. 
The criterion that has been used as a basis is what kind of cracks an inspector 
has a chance of discovering when he/she walks along the railway track. Since 
the sleepers are covered with macadam as in Figure 2, it is only possible to 
notice damages that are on the upper side of the sleeper and 1 to 2 cm along the 
top parts of the sides. The cracks that have been used as target have a width 
larger than 0.05mm. These cracks are possible to see with the naked eye and 
can be discovered without the need of getting down on one's knees. These 
cracks are in this paper called visible cracks. 

The area on the sleeper where the first visible cracks appear (when they lie in the 
track) seems to be on the upper side at the end, near the edge. This leads to a 
problem since most yellow sleepers also have cracks on the side towards the 
lower edge, see Figure 5 and Figure 4. These cracks are not possible to detect at 
an inspection as long as the macadam is not removed. This might lead to the fact 
that a yellow sleeper is given the class green. 

The end of upper side 
sleeper, near the edge 

Upper side sleeper 

— 

The end of side sleepers 

Figure 4 Illustration showing where in a sleeper the cracks first seem to appear. 

The subdividing of the yellow sleepers is thus only based on visible cracks on the 
upper side of the sleeper, at the end. Worth pointing out is that not all sleepers 

5 



a) 
— (-- 

b) 	 c)  

have two ends with the same type of damages. Some sleepers have several 
cracks at one end but no cracks at the other. 

The yellow sleepers have therefore in turn been subdivided into three categories: 

Group '1 Several cracks on the upper side with a crackled pattern, see Figure 5  
c).  

Group 2 One or two cracks on the upper side, see Figure 5  b).  

Group 3 No cracks on the upper side, see Figure 5 a). 

Figure 5 Typical cracks for sleepers of class 2 (yellow). a) Sleepers in group 3 i.e. no 
visible cracks on the upper side but there might be cracks on the side at the lower 
edge.  b)  Sleepers in group 2 i.e. only 1 or 2 visible cracks on the upper side. They 
have fewer cracks on the side towards the lower edge than the sleepers in group 1 
(the crackled pattern is not yet as "developed" as for group 1 sleepers).  c)  Sleepers in 
group 1 i.e. cracks in a crackled pattern on the side as well as on the upper side. 

Before the tests started every sleeper delivered to  LTU  was visually inspected 
and photographed. The condition of the sleepers varied from undamaged to very 
damaged. To be able to see the cracks more easily the sleepers were washed 
and especially interesting parts were moistened. 

The following could be said after the laboratory inspection: 

• Generally speaking one can say that if a sleeper only has one or two 
cracks on the upper side at the end of the sleeper, it also has fewer 
cracks on the side compared with a sleeper that has a lot of cracks on the 
upper side (at the end). 

• The concrete was very fragile and pieces had a tendency to loosen. 

• The colour of the concrete was brighter compared with the colour of the 
concrete for sleepers in class 3 (green sleepers). 

• Some of the sleepers had no visible cracks on the upper side but they had 
cracks on the sides, see Figure 5 a). 

• All sleepers have discolorations here and there. The colour is brown-
yellow. 
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The sleepers in class 3 (green sleepers) showed none of the signs mentioned 
above. 

Loads 

Bending capacity of midsection 

According to the Swedish National Rail Codel°, a sleeper must have the moment 
bearing capacity according to Figure 6. 

1.0 0.5 1.0 

0.5 

Figure 6 Moment distributions for sleepers, from the Swedish National Rail Code.1°  

The moment carrying capacity of the midsection must be Wax = 11 kNm. 
Furthermore it is stipulated that the safety factor against failure must be at least 
1.75. 

This leads to a moment carrying capacity in the midsection of: 

emid = 1.75 11 = 19.25 kNm 	 (1) 

Bending capacity of rail section 

Figure 6 shows that the moment carrying capacity of the section where the rail is 
placed must be 15 kNm. With a safety factor against failure of 1.75 this results in 
a moment carrying capacity of: 

Anf,rail 1. 75-15 = 26.25 kNm 	 (2) 

Horizontal load carrying capacity of fastener 

In the Swedish National Rail Codel°  there is no specification of how the load 
carrying capacity could be tested or calculated. In this section efforts have been 
made to estimate the level of the horizontal forces that act on a fastener. 

7 
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Horizontal forces caused by the centripetal acceleration 

The horizontal forces that act on a sleeper are partly caused by the centripetal 
acceleration.  lt  can be written as v2/R, for a train travelling with the speed v in a 
curve with the radius  R.  In order to reduce this force, the curve can be sloped, i.e. 
one of the rails is placed higher than the other one, see Figure 7. 

Figure 7 Forces acting on a mass m in a vehicle moving in a curve. The influence of a 
slope cps  is shown to the right.11  

Using the level of the track as reference the horizontal acceleration component ay  
is: 

—
v2 

a = 	• cos 9, — g • sin 9, 
Y  R 

h  

	

where sin 	(small angles are assumed), ha  is the heightening of sleeper 
s 

(ha=h in Figure 7), s is 1.50 m i.e. the distance between one pair of wheels. 

The horizontal force, F, can be written as: 

	

F = 	ay 	 (4) 

In the calculation it is also assumed that one fastener takes all the forces from 
one axle when the train is standing still. The possible tilting of high-speed trains is 
not taken into consideration. 

Horizontal forces F from equation (4) are shown in Figure 8 for two cases, a 
freight train carrying iron ore (axle load 30 tons) and a high-speed train (axle load 
18.75 tons). The smallest radii  R  are used, which exist on the railway line they 
traffic. From the figure it can be seen that the maximum force from one axle is 
approximately 35 kN for the freight train at 70 km/h and 50 kN for the high-speed 
train at 130-140 km/h. If a train is standing still in a curve the maximum force will 

(3)  
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come from the freight train, approximate 30 kN. This load is distributed by the rail 
to two or three neighbouring sleepers. For one fastener the maximum horizontal 
load will thus be of the order of 12 to 25 kN. 

0 
	

20 	40 	60 	80 	100 	 0 	40 	80 	120 
	

160 
Train speed [km/h] 	 Train speed [km/h] 

Figure 8 Horizontal force, F, as defined in Eq. 4, as function of train speed, v, and 
heightening, ha, of one sleeper end. (a) Freight train with iron ore,  R=  335 m.  (b)  High-
speed train,  R=  600 m. 

Horizontal force on track 

In Figure 9 the forces are presented that act between the rails and the wheels. 

TI  
Y, 	 

V 	 • 
Qh 

Figure 9 Forces that act between the rails and the wheels. Vertical forces  Q,  and Qh, 
lateral forces  Y,  och  Yh and the horizontal track force S. The wheel set is seen from 
behind. Positive direction of forces."  

lt  is difficult to calculate the highest possible horizontal force. This is due to the 
complexity of the forces acting between the rails and the wheels. If the duration 
of a horizontal S-force is very brief, it is not capable to move the track. A duration 
of two meters is a commonly used distance, see Figure 10. 
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Figure 10 The horizontal track force, S, must have the duration corresponding to a 
distance of 2m when comparing with allowed value.1  

The maximum allowed horizontal force on the track, S2m,11ll, is calculated asl: 

S2moi — K• (10 + 
2Qo 

 ) kN 	 (5) 3 

where  K  is a constant depending on the track structure and the degree of 
consolidation. For freight trains  K is  0.85 and for engines and railway-carriges  K  
is 1.0. These values are valid for new tracks. 2Q0  is the static axle load in kN. 

Assuming a new and well consolidated track we will get the following for a freight 
train transporting iron ore, with an axle load of 30 tons: 

1.0 -(10 + 3°
3
°)=110  kN 	 (6) 

This force will in turn be distributed on a  distancel  of 2m. The iron ore railway has 
a distance between the sleepers of 0.55m, which leads to the following force that 
every sleeper must manage: 

F  leeper
110.0.55

=30.2 kN (7) s  2 

Measured track forces 

Track forces have been measured by the Swedish National Rail Administration 
on an iron ore engine (class IORE 101) along the iron ore railway line,  
"Malmbanan",  on behalf of Adtranz Kassel. The measurements have been 
conducted during September and October 2000. 

The maximum track force that was measured was 70 kN. The largest lateral 
forces  (Y-forces) that were measured were on average 60 — 80 kN. Single peaks 
up to 120 kN appeared though. 

These loads correspond approximately to the loads in the calculations above. 
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Test set-up and Results 

Bending capacity of midsection 

The sleepers were placed upside down on bearings at each rail section (distance 
between bearings: 1500mm). Each bearing consisted of a steel cylinder 
(diameter 60mm) and two steel plates (thickness 100mm). Between the bearings 
and the sleeper a rubber pad was mounted. 

At the middle of the sleeper two bearings were mounted on the upper side at a 
distance of 150mm from the symmetry line. Each bearing consisted of a steel 
cylinder (diameter 15mm) and two steel plates (thickness 50mm). Between the 
bearings and the sleeper a rubber pad was mounted. A steel girder was placed 
on the bearings so the load could be applied symmetrically in proportion to the 
rail sections, see Figure 11. 

The displacement was measured by four LVDT-gauges, one on each side of the 
midsection to compensate for a possible rotation during the test. An LVDT-gauge 
was also mounted at each rail section to compensate for the possible setting of 
the supports. The test was run in displacement control and the load was applied 
with a rate of 0.02mm/s. The sleepers were loaded until failure. 

F 

150 150 

600 
	

300 
	

600 
1 	1 

1500 

Figure 11 Illustration showing the test set-up during the test of the bending capacity of 
midsection (unit: millimetres). 

The results from the tests are shown in Figure 13 and a typical failure is shown in 
Figure 12. Failure was caused by shear cracking, wire slip or wire failure. 

The maximum moment is calculated as: 

M (0.6) = Mmax  = —
F 

0.6 kNm 
2 

(8) 

The red sleepers have a moment capacity of approximately 19 kNm and the 
green sleepers approximately 32 kNm. According to the Swedish National Rail 
Codel°  the sleepers must manage 19.25 kNm. 
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Figure 12 Failure of sleeper no. 2 in shear. 

Sleeper 

no. 

Class Fmax  

[kN] 

Mf,mid  

[kNm]  

Failure type 

x  2 1 (red) 65 19.5 shear 
• 4 3 (green) 109 32.7 wire fracture  
i• 	5 3 (green) 106 31.8 wire fracture 
A 6 1 (red) 64 19.2 wire slip 

Figure 13 Results from the tests of the bending capacity of the midsection for the 
tested sleepers. 

Bending capacity of rail section 
The sleepers were placed on two bearings at a distance of 300mm on each side 
of the symmetry line of the rail section. 

Each bearing consisted of a steel cylinder (diameter 60mm) and two steel plates 
(thickness 100mm). Between the bearings and the sleeper a rubber pad was 
mounted. 
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In the middle of the rail section a steel plate, thickness 15 mm and width 50 mm, 
was placed with a rubber pad between the concrete and the steel. The test was 
run in displacement control and the load was applied via a hinged edge at a rate 
of 0.02 mm/s. The sleepers were loaded until failure. 

The displacement was measured by four LVDT-gauges, one on each side of the 
midsection of the rail section to compensate for a possible rotation during the 
test. An LVDT-gauge was also mounted at each of the supports. 

F 
ill 

300 

  

  

  

  

  

600  
J  

    

Figure 14 Illustration showing the test set-up during the test of the bending capacity of 
rail section. 

The results from the tests are shown in Figure 16 and a typical failure is shown in 
Figure 15. Failure was caused by wire slip or wire failure, shear cracking, bending 
moment cracking followed by concrete crushing or a combination of bending and 
shear cracking. 

The maximum moment is calculated from: 

An (03) = mmax —
F 

• 0.3 kNm 
2 

(9) 

The red sleepers have a moment capacity of between 9 and 11 kNm while the 
green sleepers manage approximately 45 kNm. According to the Swedish 
National Rail Codel°  the sleepers must manage 26.25 kNm. 
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Sleeper no. Class F 
max 

[k1\1] 

M 
 max 

[kN m] 

Failure type 

1 1 (red) 60 9 wire slip 

3 1 (red) 72 10.8 wire slip 

6 1 (red) 69 10.4 wire slip 

22 1 (red) 74 11.1 *) 

23 1 (red) 171 25.7 ) 

24 1 (red) 213 32 *) 

25 1 (red) 165 24.8 *) 
019 2 (yellow, group1) 168 25.2 ) 
0 20 2 (yellow, group1) 205 30.8 bending 

021 2 (yellow, group1) 266 39.9 bending 

+ 4 3 (green) 301 45.2 wire fracture 

*) combined bending and shear failure 

350 

300 

Rured 
ef 1-.Y7F5)5.32  

-J 
100 

50 

250 

0 	2 	4 	6 	8 	10 
	

12 
Deflection [mm] 

Figure 15 Failure of sleeper no. 3 after wire slip. 

Figure 16 Results from the tests of the bending capacity of the rail section for the 
tested sleepers. 

Horizontal load capacity of the fastener 

The test arrangement is shown in Figure 17. The outer of the two fasteners has 
been tested. The sleeper was placed on a steel girder and tightened to prevent 
movement. A hydraulic jack and a load cell were mounted on a bar. The tests 
have been run in load control with a load velocity of 0.4 kN/s. To measure the 
displacement, an LVDT-gauge was placed horizontally against the fastener. 
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Figure 17 Illustration showing the test set-up. 

Typical failures are shown in Figure 18 - Figure 19 and test results are given in 
Figure 20. Failure is caused by the development of vertical cracks from the 
fastener and a horizontal crack along the wires. According to the calculations 
presented earlier the sleeper must manage about 30 kN. 

Figure 18 Failure of sleeper no. 10 by vertical and horizontal cracking. 
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Sleeper no. Class ') Group  bl  Max 
horizontal force 

(kN]  

X 	7 1 (red) 18  
X  16a 1 (red) - 65.5  
X  16b 1 (red) - 52.5  
X  26 1 (red) - 100.2  
X  27 1 (red) 99  
X  28 1 (red) - 63.7 
-I- 	5 3 (green) - 117.1 
-I- 	8 3 (green) - 133.5 
+ 9 3 (green) - 111 

10 2 (yellow) 1 108.1 
11 2 (yellow) 1 103.8 
17 2 (yellow) 1 85.2 

12  bl  2 (yellow) 2 110.9 
13 2 (yellow) 2 114.1 

14  bl  2 (yellow) 3 133.5 
15 2 (yellow) 3 122.9 
18 2 (yellow) 3 109.5 

ReTlirement according to this report 

No. 7- red 
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Nr.18 - yellow, group3 

Nr.17 - yellow, group1 

Nr.16a - red 
	Nr.28 - red 

Nr.16b - red 

Figure 19 Failure of sleeper no. 11 by vertical and horizontal cracking. 

The horizontal load carrying capacity, 100-130 kN, for the fasteners in the green 
and yellow sleepers is much beyond the load caused by the trains. Even the red 
sleeper with the lowest maximum capacity of 18 kN for a deformation of 5 mm 
may function if it is surrounded by green and yellow sleepers. 

a) classification performed by the Swedish National Rail Administration  

b) classification performed by  LTU  
c) s eeper had a vertical crack from the fastener and downwards 

Figure 20 Results from the tests of the capacity of fasteners for horizontal load. 

Sleepers No. 16-18 have been tested at a later stage than the others. Worth 
mentioning is that sleeper No. 7 was in a much worse condition than the other 
red sleeper (the outer fastener and the concrete surrounding it had fallen off at 
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one end). Note also that sleepers No. 16a and 16b are the same sleeper but 
different sides. 

The main reason why sleeper No. 7 managed a much lower load than 16 and 17 
is probably because it has a vertical crack from the fastener and downwards. 
This was also combined with a very developed crack system. 
Sleepers No. 16 and 17 manage approximately the same load, but sleeper No. 
17 looks more like a yellow sleeper because only the ends had a lot of cracks. 
Sleeper No. 16 looks more like sleeper No. 7 due to the fact that it has long 
horizontal cracks. As mentioned above it does not have the vertical crack at the 
fastener. 

For sleepers No. 5, 7-16a and 17 the tests have been performed according to 
Figure 21, i.e. with a steel pad between the end of the sleeper and the vertical 
girder. For sleepers No. 16b, 18 and 26-28 the steel pad was removed to be able 
to see the influence of this steel pad. In Figure 20 it is shown that for a sleeper of 
class 2 or 3 (compare with sleeper No. 18) it does not influence the test. For a 
sleeper that is in class 1 (red sleepers) and has severe cracking the steel pad 
may influence the test, compare No. 16a and 16b. 

   

 

Vertical girder 

  

  

Figure 21 Test set-up. Illustration showing the steel pad used in the tests. 

Material properties 

The material properties of the concrete have been determined from  uniaxial  
tensile and compression tests on drilled out cores with a diameter of 68 mm, see 
Figure 22. 

The concrete was specified to have a cube strength of 60 MPa. The cement 
content was ordinarily 420 kg/m3. In order to increase the production speed, the 
cement amount was increased to 500 kg/m3  and heat was used during the 
hardening process in some of the production plants. The test results are 
summarized in Table 1. 
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i:3 
	

i:2 
	

i:1 

 

i  = sleeper no. 
1:1 = tensile test 
i:2 = compression test 
1:3 = reserve 

 

Mid section 
sleeper 

a) 	 b)  

Figure 22 Test of material properties. (a) Location of cores.  (b)  Crack planes for the 
test specimens 9:1p, 9:1 and 12:1p. 

The mean value for 22 compression tests was 100.4 MPa with a standard 
deviation of 6.6 MPa and a coefficient of variation of 0.07 (the lowest value was 
85 MPa). 

The mean value for 18 tensile tests was 3.8 MPa with a standard deviation of 
0.4MPa and a coefficient of variation of 0.11. Four test specimens that had 
cracks according to Figure 5  (b)  have not been included in the mean value. If 
these tests are also included in the mean value the results are 3.3 MPa with a 
standard deviation 1.13 MPa and a coefficient of variation of 0.34. 
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Table 1 Summary of the results from the compression and tensile tests. Index  p  
means that the core comes from that half of the sleeper that has been exposed to the 
horizontal pull test. 

Sleeper no. 
class 

Sleeper 
/part 
no. 

Compression 
Fu 

[kNJ 

strength 

fcc 
[MPa] 

a)  

mean 

Uniaxial  
Fu  

[kNJ 

tensile strength 

fct 
[MPa] mean 

16 16a 379.3 85 7.691 3.12 

red 16b 351.3 92.7 88.9 7.309 2.97 3.05 
8 8 356.6 96.5 10.0125 4.25 

green 8p 375.2 101.5 9.7354 4.1 
9 9 379.3 102.6 3.3308 (0.90) 

green 9p 351.3 95 98.9 3.6701 (0.99) 4.17 
10 10 390.6 105.7 8.9805 3.78 

yellow/groupl 10p 362.3 98 8.1252 3.42 
11 11 402.6 108.9 9.5888 4.04 

.  yellow/group1  11p  404  109.3 105.5 7.8843  . 	3.33 . 	3.64 
12 12 386.2 104.5 9.5105 4 

yellow/group2 12p 367.2 99.3 1.4154 (0.38) 

13 13 385.3 104.2 8.9323 3.76 

.  yellow/group2  . 13p 372.4 _ 	100.8 ..  102.2 . 	10.0566  . 	4.23 . 	4.00  
14 14 320.1 86.6 8.9785 3.78 

yellow/group3 14p 344.9 93.3 7.9265 3.34 

15 15 376.4 101.8 10.4542 4.4 

yellow/group3 15p 381.7 103.3 8.8922 3.74 
17 17 370.6 100.3 8.833 3.59 

yellow/group3 17p 383.7 103.8 9.766 3.97 

18 18 399.1 108 9.033 (2.44) 
yellow/group3 18p 395.3 107 104.0 9.483 3.85 3.81 

Failure mechanism of fastener 
If the fastener is compared with an ordinary anchor bolt the load carrying capacity 
according to the T-method12  can be written as: 

„  d  

	

where V 	
75  ä  100  

	

c 	
c2 

= 
	
-,-- 0.156  ä  0.208, see Figure 23. 

1.5c1 	1.5320 

Dimension of the fastener,  d  is the bolt diameter which varies between 12 and 60 
mm see Figure 24, fc, is the concrete cube strength, 100 MPa, and ti re is the 
effective depth, 110 mm. 

V, =4r',. d° 5  • fcc  ° 5  

7 	O.2 
!ref 	

• c11 5 
	 (10) 
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c1= 320 
C2 	 C2 = 75 to 100  

Figure 23 Failure mode of a single anchor loaded in shear when located in a narrow 
nnember.12  

Figure 24 Photos of a fastener. View in the direction of the rails (left) and in the 
direction of the sleeper (right). 

For c2  = 75 to 100 mm and  d  = 16 to 60 mm, the ultimate load 14, varies between 
52 and 104 kN which can be compared with the test results of 103-133 kN for the 
sleepers in classes 1 and 2 (green and yellow). 

When the failure mechanism is compared for the three classes, the red sleeper 
shows a completely different failure process than the green and yellow ones. The 
failure process for the red sleeper is calm and steady, i.e. the fastener was slowly 
pulled out with no large concrete parts falling off. On the other hand, the failure 
process for the yellow and green sleepers was explosive. The failure started with 
a crack growing from the fastener and down towards the base where it was 
divided into two horizontal cracks, one going towards the end and the other 
towards the midsection. When enough energy was built up large sections of the 
concrete fell off. 

Possible failure mechanisms are illustrated in Figures 23-27. 
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Figure 25 Possible failure mechanism at shear test of fasteners. 

If a simplified stress distribution according to Figure 26 is assumed, where the 
tensile stress decreases linearly along the length,  /b,  an equilibrium equation 

around A gives tensile and shear stresses at  T.  

(7%. 	( - 21 \ 
A: F e   • b  • b =0 =  

H 	 2 3  j  

F e 	3103800130 
cr, - 	 _ 	  -1,98 MPa 

3 b • 1,2 	200-3202  

Figure 26 Simplified stress distribution. The stress is distributed along the length lb. 
The lengths lb  and  e  are measured on the tested sleepers. F=103.8 kN (sleeper no. 
11). 

The obtained stresses at , and 'tare rather small. A more realistic assumption is 
that the tensile stress, at, is in the beginning distributed only along the length /b/3, 

see Figure 27. 

• (a / 	81 	\ 	 27 F e 
A:• F•  e- 	° 	b - 0 

	

2 3 	9 	./ 	 4 b  I:  

27 F  e  27 103800 130 
a -  	 - 4,45 MPa 

4 t. I: - 4 200 320' 

Figure 27 Simplifed stress distribution. The stress is distributed along the length lb/3. 
The lengths lb  and  e  are measured on the tested sleepers. F=103.8 kN (sleeper no. 
11). 
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The obtained stress  ut  = 4.45 MPa is higher than what can be expected from a 
sleeper concrete with fct  about 4 MPa. Consequently a crack is likely to form and 
to propagate. The propagation of the crack may be studied if the softening 
properties of the concrete are taken into consideration13, 14, 15, 16, see also Figure 
28. Assume as an example that the horizontal crack has propagated the length 
lb/3 and that the tensile stresses are distributed along the length 21b/3 according 
to Figure 28. If we further assume that the tensile strength along the distance 1b/2 
in Figure 28 is half the area of a triangle we get rather high tensile stresses, cyt  = 
12.3 MPa.  

1 81 	1 1 	1 4/" 
+— = 0='  

9 27 	2 2 	3 9i 

243 -103800 130 
- 12,3 MPa 

13 b 1' 	13 200 320'  

1 
A:F e-cr •b — 

H 
243 F e 

- 	 

Figure 28 Failure process if the softening properties of the concrete are taken into 
consideration. The stress is distributed along the length 21b/3. The lengths lb and  e  are 
measured on the tested sleepers.  lt  is assumed that the tensile strength along the 
distance lb/2 in the figure is half the area of a triangle. F=103.8 kN (sleeper no. 11). 

The tensile stresses obtained from the calculations in Figure 26 to 28 can be 
compared with the concrete strength that has been obtained in the tests of the 
material properties, see Table 2. Sleeper No. 11 had the tensile strength of 3.3 
MPa, which is lower than the stresses for the cases in Figure 27 and 28. 

The calculations confirm to a certain part the observations made during the tests, 
i.e. when the horizontal crack is propagating towards the end of the sleeper and 
has reached a part of its full length, the failure process accelerates considerably. 
This leads to the conclusion that it would take an unreasonably high tensile 
strength to prevent the process. 

Summary and conclusions 

Bending capacity of midsection 

The bending capacity of the midsection of the tested sleepers is enough to 
prevent failure with a safety factor of 1.75 against failure even for the worst 
damaged sleepers in class 1 (red sleepers). 

The bending capacity of the midsection does not seem to decrease significantly 
until the typical longitudinal cracks in the middle of the sleeper appears, see 
Figure 3. 
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Bending capacity of rail section 

The bending capacity of the rail section of the tested sleepers is not high enough 
for all of them. 

The bending capacity of the rail section seems to depend on the presence of 
longitudinal cracks at the end of the sleepers and between the fasteners (if the 
cracks are there, it leads to bad anchorage for the strands). 

Horizontal load capacity of the fastener 

Small cracks, corresponding to class 2 (yellow sleepers), do not seem to 
influence the horizontal load carrying capacity of the tested fasteners 
significantly. It is first when the cracking is very severe (red sleepers, where both 
longitudinal and vertical cracks appear) that the load carrying capacity is reduced 
so much that it is approaching the level of the applied load. The vertical crack at 
the fastener and downwards probably comes from track forces, i.e. the presence 
of this crack depends on where it has been lying in the track, e.g. in curves, 
where it has been exposed to high forces. 

It was also possible to see a variation of the load carrying capacity of the fastener 
for the yellow sleepers. But the results show that there is nothing to gain by 
dividing the yellow sleepers into groups since they manage approximately the 
same loads. 

Material properties 

The material properties of the concrete in the tested sleepers had high values. 
The mean value for 22 compression tests was 100.4 MPa and the mean value for 
18 tensile tests was 3.8 MPa. 

Further investigations 

The sleepers produced with inferior methods are now inspected annually in order 
to see at what rate the cracking is progressing. 

The question now is how fast a green or yellow sleeper turns into a red one, i.e. 
how fast is the formation of ettringite? Weather conditions probably play an 
important role. An indication of this has been discovered on one sleeper. The 
midsection of this sleeper had been covered with equipment for the signalling 
system, a so-called  "Balis",  and this part seemed to be in better condition (no 
visible cracks) in comparison with the ends where the crack system had 
developed quite a bit. If a sleeper will also be exposed to e.g. cyclic frost erosion 
the process ought to accelerate considerably. 

The next steps in the project will be to test the fatigue capacity of a yellow/red 
sleeper and to perform some more tests of the bending capacity in the 
midsection and rail section with yellow/red sleepers. Another thing that must be 
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investigated is why some of the red sleepers manage to bear the required loads 
and some don't. 
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Notation 

fcc 

fct 

Fu  

Mf, mid 

Mf,rail 

concrete compression strength 

concrete tensile strength 

ultimate force at failure 

moment carrying capacity at the 
safety factor against failure 

moment carrying capacity at the 
safety factor against failure 

midsection of the sleeper including 1.75 

rail section of the sleeper including 1.75 
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