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ABSTRACT: Complete stress-strain behavior is a fundamental characteristic of concrete from which 

principle parameters in the analysis and design of structural concrete elements are developed. It is recognized 

that the stress-strain behavior of concrete under uniaxial compressive loading is influenced by the concrete 

constituents. A special type of concrete, i.e. self-compacting concrete (SCC) incorporating high-volume fly 

ash, has different constituents to that of conventional concrete. For this reason, characterization of the 

complete stress-strain behavior of this type of concrete is necessary for reliable analysis, design, and 

utilization of this concrete as a structural element. This research aims to investigate the complete stress-strain 

behavior of SCC, incorporating a variety of high-volume fly ash (50–70% by weight of total binder) under 

uniaxial compressive loading. The compression tests were carried out on cylinder specimens of 75×150 mm, 

where the deformation was controlled at a rate of 1.5mm/min. The results show that at a stress below 60% of 

peak value, there is a linear relationship of stress and strain. In this state, both global and local longitudinal 

deformation is quite similar. However, above this stress level, a nonlinearity of the stress and strain 

relationship exists and local deformation at the fracture zone is higher than global deformation. Various 

stress-strain models have been used to capture the complete stress-strain diagram of the investigated concrete, 

using key parameters of the diagram as inputs. Most of the models give a better prediction in the ascending 

part compared to that of the descending branch. In general, Samani and Attard’s model gives the lowest 

coefficient of variation of error than other models.  
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1. INTRODUCTION

Sustainability is a major issue affecting the 

activities of concrete industries around the globe, 

because concrete is not a sustainable construction 

material for a variety of reasons. The main concern 

with using of concrete is that it requires a 

significant quantity of cement, the production of 

which generates CO2 emissions, which contribute 

to the greenhouse gas effect [1]. Attempts have 

been made to seek alternative construction 

materials with a smaller environmental impact, by 

reducing the amount of cement. One of  these is 

the use of high-volume fly ash to partially replace 

cement content in the production of construction 

materials [1-3]. In previous research, a special type 

of concrete i.e. self-compacting concrete (SCC) 

was produced by incorporating high-volume fly 

ash to substitute the cement content in the range of 

50–70% by weight. The influences of high-volume 

fly ash on short-term and long-term properties are 

noted [4-9]. To support the utilization of this type 

of concrete as a structural element, a reliable 

stress-strain relationship must be determined 

carefully. Complete stress-strain behavior of 

concrete is a very important characteristic from 

which fundamental parameters in the analysis and 

design of structural concrete elements can be 

developed [10,11]. 

It has been shown by previous researchers [12-

15] that the complete stress-strain behavior of

concrete under uniaxial compressive loading is 

affected by the type of concrete being investigated. 

Belen et al. [13] used recycled saturated coarse 

aggregate to substitute normal coarse aggregate at 

various percentages in the production of concrete. 

They confirmed that due to the low elastic 

modulus of recycled coarse aggregate compared to 

normal aggregate, the recycled aggregate concrete 

exhibited greater strains under similar stresses 

compared to the normal concrete. The effect of 

aggregate type on the stress-strain behavior was 

also suggested by Da et al [14]. The descending 

part of the complete stress-strain curve showed a 

sudden drop (no softening behavior) for concrete 

with corals as the substitute for aggregates. The no 

softening behavior of the descending part of the 

stress-strain curve was similarly observed in 

concrete with different types of cementitious 

material; i.e. Geopolymer Concrete [15]. 

The amount of coarse aggregates in SCC is 

lower compared to conventional concrete. On the 

other hand, the amount of fine particles, including 

cement, is higher in SCC [16]. This proportion of 

ingredients in SCC could be expected to give a 

different behavior to the stress-strain relationship. 
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An inclusion of high-volume fly ash to substitute a 

large quantity of cement in SCC may give further 

distinction to the behavior. The difference in the 

stress-strain behavior due to the difference in 

concrete composition could be explained by 

various fracture mechanisms at the meso- and 

macro-level, as suggested by Van Mier [17]. 

Relatively higher and lower amounts of fine and 

coarse particles in SCC, compared to normal 

concrete, will affect the arrangement of particles of 

hardened concrete, which influences the stress 

distributions and concentrations via particle 

contacts, eventually triggering microcracking in 

the weak bonding between aggregates and 

cementitious material. The microcracking is 

accountable for the nonlinear stress-strain behavior 

in the prepeak region. Some of the microcracks 

propagate and develop into stabilized cracks in a 

localized fracture zone, which affects the softening 

response in the postpeak region [17-19].  

 Several models have been suggested to 

represent the complete stress-strain behavior of 

concrete under uniaxial loading [10, 20-27]. Three 

of these were selected for the purpose of assessing 

the suitability of the models to capture the stress-

strain behavior of SCC incorporating high-volume 

fly ash. The first model is that proposed by 

Carreira and Chu [20]. The relationship of stress 

(fc) and strain (ε) by this model is expressed by the 

following equations: 

         (1) 

and 

         (2) 

for β ≥ 1 and ε ≤ εu 

where f’c, ε’c, εu and Eit are peak stress, peak strain, 

ultimate strain and initial elastic modulus of 

concrete, respectively. These parameters can be 

determined from the compression test data of the 

stress-strain diagram, in which the deformation 

rate is controlled. Carreira and Chu’s model has 

been used to fit various experimental data, using a 

minimization of the square of the error technique. 

The experimental data of stress-strain diagrams for 

the above curve fitting vary in terms of strength 

(8.96 MPa to 139 MPa), specimen size and shape, 

age of specimen, and type of concrete (normal 

weight and lightweight concrete). Close agreement 

between the fitted curves and experimental data 

suggests that the model could be used to represent 

the complete stress-strain relationship in 

compression for a wide range of concrete 

characteristics and testing conditions.  

The second selected stress-strain model is that 

of Samani and Attard [21]. The model was 

developed to predict complete stress-strain 

behavior of concrete, both under uniaxial and 

triaxial (confined) compressive loading. They 

proposed a separate equation to represent the 

ascending and descending parts of the stress-strain 

diagram. The stress (fc) and strain (ε) relationship 

for the ascending branch (where ε≤εo) is given by 

the following equations: 

       (3) 

; and       (4) 

where the secant elastic modulus (Ec), which is 

measured at a stress level of 0.45f’c , is assumed to 

be similar to the initial elastic modulus (Eit). In the 

case of uniaxial loading, the peak stress (fo) and 

strain (εo) will be equal to  f’c and ε’c, respectively. 

For the descending branch (ε≥εo), two equations 

are proposed to calculate postpeak softening (Eq. 

5) and the inflection branch (Eq. 6): 

              

(5) 

 

                 (6) 

where fres is residual stress, fi and εi is stress and 

strain after inflection point (fic). The uniaxial 

inflection point (fic) is defined by Eq. 7: 

        (7) 

for f’c≥20 MPa 

The last selected model is that of fib Model 

Code 2010 [10], as given in Eq. 8 for ε≤εmax. 

 

        (8) 

εmax is the concrete maximum strain corresponding 

to a strain at 0.5f’c in the postpeak region. Ec is the 

secant elastic modulus at peak stress. For ε≥εmax, 

Eq. 9 may be used: 

 (9) 

where 

    (10) 

This research aims to characterize the complete 

stress-strain behavior of SCC incorporating high-

volume fly ash, and to evaluate the suitability of 

the above models for capturing the stress-strain 

behavior of the mentioned concrete. A coefficient 

of variation (COV) of error [5] will be used to 

quantify the conformity between the values 

estimated by the models and the experimental data 
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of stress-strain diagrams. The results could be 

useful in the development of the analysis and 

design of structural elements utilizing SCC with 

high-volume fly ash.  

 

2. MATERIALS AND TESTING  

 

2.1 Materials and Composition of SCC  

 

All materials for producing the specimens were 

tested following the respected standards. The 

specific gravity and gradation of the coarse (CA) 

and fine aggregates (FA) were determined 

according to ASTM C128 and ASTM C136, 

respectively. The measured apparent specific 

gravity was 2.73 and 2.70 for coarse and fine 

aggregates, respectively, and the corresponding 

fineness modulus was 5.69 and 2.98. The cement 

was a type of Portland pozzolanic cement 

conforming to ASTM C595, whereas fly ash was 

supplied from the Cilacap Power Plant. The 

chemical composition of fly ash is given in Table 1. 

A polycarboxylate-based superplasticizer (Sp) was 

used to realize the flowability of fresh concrete.  

 The composition of SCC was formulated 

following the principles set out by Okamura and 

Ozawa [16]. The final composition of SCC 

incorporating various fly ash content (50–70% by 

weight of total binder) is presented in Table 2. The 

flowability of the SCCs is given in Table 3.  

 

2.2 Specimens and Testing 

 

Three cylinder specimens of 75×150 mm were 

cast for each mix proportion. The specimens were 

cured under wet burlap for 21 days, and then 

stored in the laboratory environment for 7 days. 

The specimens were finally tested under uniaxial 

compression test at 28 days of age.  

The compression loading was carried out using 

a Universal Testing Machine (UTM), where the 

deformation was controlled at a rate of 1.5 

mm/min. It is worth noting that there was no 

intention to reduce the friction between the loading 

platens and the specimens during testing. The 

deformation of the specimens was measured using 

two instruments. The first was the longitudinal 

displacement of the loading platen of the UTM, 

sensed by the embedded transducer in the machine. 

This deformation represented the global 

longitudinal deformation of the specimen at a 

gauge length of 150 mm. The second longitudinal 

deformation was a local deformation at the 

midheight of the specimen, with a gauge length of 

60 mm. This second deformation was sensed using 

a strain gauge which was attached on the surface 

of the specimen. In addition to those of 

longitudinal deformations, a strain gauge of 60 

mm gauge length was also attached radially at the 

midheight of the specimen (Fig. 1). The radial 

strain gauge could be used to determine the lateral 

deformation. The fracture mode of the specimens 

was captured by camera (Fig. 2) 

 

Table 1. Chemical composition of fly ash 

 

   Table 2. Composition of SCC 

Specimen 

ID 

Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

CA 

(kg/m3)  

FA 

(kg/m3)  

Water 

 (lt/m3) 

Sp 

(lt/m3) 

SCC-50% 384.30 384.3 709.8 595.35 231 7.686 

SCC-55% 345.87 422.73 709.8 595.35 231 7.686 

SCC-60% 307.44 461.16 709.8 595.35 231 7.686 

SCC-65% 269.01 499.59 709.8 595.35 231 7.686 

SCC-70% 230.58 538.02 709.8 595.35 231 7.686 

 

Table 3. Flowability of SCC 

Flow parameter SCC-50% SCC-55% SCC-60% SCC-65% SCC-70% 

diameter (mm) 750 745 755 760 765 

t500 (sec) 3.61 3.60 3.47 3.31 3.25 

velocity (mm/sec) 138.5 138.9 144.1 151.1 153.8 

 

 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O P2O5 SO3 MnO2 

45.27 20.07 10.59 0.82 13.32 2.83 1.59 0.98 0.41 1 0.07 
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Fig.1. Longitudinal and lateral strain gauge 

attached on surface of specimen 

Fig. 2. Fracture and nonfracture zone of cylinder 

specimen 

 

3. RESULTS AND DISCUSSIONS   

 

3.1 Longitudinal Strain  

 

An example of the measured stresses up to 

failure, and their corresponding longitudinal 

strains on a single specimen under uniaxial 

loading, is presented in Fig. 3. A complete stress-

strain diagram was determined using data of 

global longitudinal deformations, measured by the 

embedded transducer of the UTM. The strain 

gauge could only measure data of strains up to 

about 80% of the peak value. It also confirmed 

that initially the strains measured by both the 

strain gauge and the embedded transducer of the 

UTM were approximately equal in magnitude. 

However, the longitudinal strains measured by 

strain gauge started to deviate from those 

measured by UTM at about 60% of the peak 

value. This behavior could be related to the 

development of a fracture zone on the specimen. 

Under low stress level, no microcracks appeared 

in the concrete specimen, and the specimen 

behaved as a linear elastic material. The strains 

measured by the two sensors (strain gauge and 

tranduscer of UTM) could be expected to give 

similar magnitude of strains in this state. When 

the stress increased, microcracks began to appear 

and affected the deformation of the specimen. The 

local longitudinal deformation measured on the 

microcracking zone was greater than that 

observed at a global level. Considering the 

friction provided by the loading platens, and the 

ratio of the height to the diameter (h/d=2) of the 

specimen [19], it could be expected that the 

microcracks would start to develop at around the 

midheight of the specimen. Consequently, the 

strains measured by the strain gauge were more 

sensitive than those measured by the UTM 

transducer. In fact, the global longitudinal 

deformation measured by the transducer consisted 

of deformations on both the fracture zone and 

nonfracture zone. Hence, the magnitude of the 

global longitudinal deformation may be viewed as 

an average value of the longitudinal deformation 

in the fracture and nonfracture zones. The fracture 

zone of the specimen confirmed the above 

circumstances (see Fig. 2). 

 

3.2 Radial or Lateral Strain  

 

The stress-radial/lateral strain relationship on 

a single specimen is shown in Fig. 4. The 

measured strain stopped when the stress reached 

21.8 MPa; i.e. about 80% of the peak value. The 

radial/lateral strains have a similar pattern to that 

of longitudinal strains measured by strain gauge. 

The stress-strain relationship was initially a linear 

elastic up to a stress of about 60% of the peak 

value, after which, the curve started to bend over, 

indicating the initiation of microcracks and their 

subsequent propagation. It is recognized that due 

to the friction stresses instigated by loading 

platens, the specimen would deform radially 

under compressive loading, with the maximum 

expansion occurring somewhere within the 

fracture zone [Fig. 2]. When microcracks start to 

appear and propagate under increasing stress, the 

radial expansion is accelerated. This gives an 

increased rate of radial strain with a constant of
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Fig. 3. Stress and its corresponding 

local and global longitudinal strains 

Fig. 4. Stress and radial strain Fig. 5. Effect of fly ash on 

Poisson’s ratio 

 

Table 4. Key parameters of stress-strain diagram 
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Fig. 6 Complete stress-strain behavior of 

SCC with various fly ash content 

 

Specimen f’c  ε’c εmax fic (MPa) fres 

 (MPa)   * ** MPa 

SCC-50% 25.66 0.00278 0.00387 22.02 10.36 4.74 

SCC-55% 24.60 0.00275 0.00365 21.29 9.43 4.48 

SCC-60% 23.40 0.00269 0.00380 20.45 10.10 3.43 

SCC-65% 22.38 0.00246 0.00356 19.80 9.27 3.06 

SCC-70% 19.89 0.00252 0.00370 17.90 8.70 3.07 

 
* theoretical; **experimental; f’c=peak stress; ε’c=peak strain; 

εmax=maximum strain; fic=inflextion point;fres=residual stress 

increment of stress. The strain gauge was 

disrupted when the microcracks turned into larger 

cracks, and so it was not able to measure further 

strain. This coincided with a stress at about 80% 

the peak value. 

The ratio of the radial/lateral strain to the 

longitudinal strain, or the Poisson’s ratio of all the 

specimens, is presented in Fig. 5. The ratio is 

calculated on the basis of measured strains at a 

stress equal to 40% of the peak value. The 

Poisson’s ratio of the SCC incorporating various 

high-volume fly ash is in the range of 0.114–

0.179, which is within the range of common 

concrete (0.1–0.2). Figure 5 shows that increasing 

the amount of the fly ash tends to decrease the 

Poisson’s ratio. This may be related to the more 

ductile behavior of the SCC incorporating more 

fly ash, which will be shown in the next section. 

 

3.3 Complete Stress-Strain Curve 

 

As mentioned previously, the complete stress-

strain curve can only be obtained from the 

measurement of global axial strain using the 

embedded UTM transducer. Figure 6 shows the 

complete stress-strain curves of SCC at a variety 

of fly ash replacement levels. All curves have 

similar behavior. At the ascending branch, the 

curve initially shows a linear stress-strain 

relationship, and then the curve is bent over until 

reaching its corresponding peak stress. At the 

descending branch, right after the peak value, a 

sudden drop of stress is observed at a small 

increment of strain. However, at about 40% of the 

peak stress, an inflection point is noticed in the 

descending branch. The inflection points 

extracted from the stress-strain diagrams are 

lower compared to those calculated using Eq. (7), 

as given in Table 4. After the inflection point, the 

stress is reduced at a decelerating rate, with an 

increment of strain. A residual stress is observed 

at the end of each curve.  

Key parameters can be determined from the 

complete stress-strain curves. These include peak 

stress, peak strain, maximum strain, inflection 

point, and residual stress. Table 4 summarizes 
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these key parameters. A higher peak stress is 

observed in SCC containing less fly ash. This 

behavior may be explained by the fact that a 

lower level of fly ash replacement means there is 

a higher amount of cement in the mix. 

Consequently, more hydration products to bind 

the solid constituents are expected in SCC with 

lower fly ash replacement. Meanwhile, at 28 days 

of age the pozzolanic reaction of fly ash may not 

be as influential as at a later age (more than 90 

days). In terms of peak strain, the trend is similar 

to that of the peak stress. A higher level of fly ash 

replacement gives a lower peak strain. However, 

the maximum difference in the magnitude of peak 

strain is not significant; i.e. only 0.4‰. 

Meanwhile, the maximum strain, defined as the 

strain at the descending branch corresponding to 

the stress at 50% of the peak stress, is within a 

range of 0.00356–0.00387. This maximum stress 

could be used as a limit in the analysis and design 

of structural elements, using SCC incorporating 

high-volume fly ash. The range of values is close 

to the specified maximum strain in the fib Model 

Code 2010; i.e. 0.0035 for C25 grade of normal 

weight concrete [10]. Finally, the residual stress 

of the SCC incorporating high-volume fly ash is 

in the range of 3.06–4.74 MPa, which represents 

about 13–18% of its corresponding peak value. 

Another useful parameter that could be used to 

characterize the behavior of concrete is the 

ductility factor. This parameter could describe the 

ability of concrete to undergo significant 

deformation before rupture. There are several 

methods to quantify the ductility factor. In this 

research, the ductility factor is quantified as the 

ratio of the area under complete stress-strain 

curve to the area under the same curve, but 

limited to the region below 40% of the peak 

stress. The area under the stress-strain curve could 

be viewed as a thoroughness index, where this 

parameter indicates the ability of the concrete to 

absorb energy and deform inelastically before 

rupture. The 40% of peak stress limit is chosen in 

the computation of the ductility factor since, 

theoretically, it is considered to be the limit of 

elasticity. However, this may not always be the 

case, as shown by the results of this current 

research, but this theoretical limit is adopted in 

the quantification of the ductility factor. The 

ductility factors quantified in this way for all 

SCCs are presented in Fig.7. There is a tendency 

for a higher content of fly ash to yield a higher 

ductility factor. This may be related to the particle 

packing of the concrete constituents. Fly ash is 

finer and lower in density than cement. For this 

reason, a higher replacement of cement with fly 

ash would cause a greater amount of finer 

constituents in SCC. Consequently, there is a 

greater chance of distributing stresses evenly via 

finer particle contact, and reducing the 

concentration of stresses around larger 

interparticles, where this concentration of stresses 

could create paths of cracking, leading to sudden 

rupture. 
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Fig. 7. Ductility factor of SCC for 

various fly ash content 

Fig. 8. Experimental stress-strain 

diagram for SCC-50% and fitted 

curves by models 

Fig. 9. Experimental stress-strain 

diagram for SCC-55% and fitted 

curves by models 
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Fig. 10. Experimental stress-strain 

diagram for SCC-60% and fitted 

curves by models 

Fig. 11. Experimental stress-strain 

diagram for SCC-65% and fitted 

curves by models 

Fig. 12. Experimental stress-

strain diagram for SCC-70% 

and fitted curves by models 

 

         Table 5. Coefficient of variation of error for the models 

Specimen 

Carreira and Chu's 

model 

Samani and Attard's 

model fib Model Code 2010 

Ascending Descending Ascending Descending Ascending Descending 

SCC-50% 9.93% 21.51% 3.75% 9.43% 16.63% 24.36% 

SCC-55% 14.63% 29.33% 4.72% 8,32% 19.87% 33.25% 

SCC-60% 11.24% 16.72% 5.28% 34.16% 20.31% 33.83% 

SCC-65% 2.34% 18.31% 5.10% 25.83% 12.19% 20.36% 

SCC-70% 4.93% 33.15% 6.52% 34.76% 17.77% 27.10% 

Average 8.61% 23.80% 5.07% 26.05% 17.35% 27.78% 

       

       

3.4 Complete Stress-Strain Model 

 

Three models were selected to capture the 

complete stress-strain behavior of SCC 

incorporating high-volume fly ash. Figures 8–12 

illustrate a comparison between the fitted curves 

of the models and the experimental results of the 

stress-strain diagrams. A quantification of the 

prediction models’ accuracy was accomplished by 

the coefficient of variation (COV) of error 

method. A separate assessment was made for the 

evaluation of the models; i.e. in the ascending and 

the descending branch of the curves. The results 

are presented in Table 5, which shows clearly that 

all models give better prediction on the ascending 

part compared to the descending one. The COV 

computed in the ascending branch is within 2.34–

14.63% for Carreira and Chu’s model, with an 

average value of 8.61%. Smaller variations with 

the experimental data are found in the ascending 

branch when Samani and Attard’s model is used. 

The COV of Samani and Attard’s model is within 

3.75–6.52%, with an average value of 5.07%. It is 

demonstrated that the fib Model Code 2010 is the 

least accurate model in capturing the stress-strain 

behavior of SCC incorporating high-volume fly 

ash. The average value of COV computed by this 

model for the ascending part is 17.35%. However, 

it appears that all models give almost similar 

average values of COV when they are applied to 

capture the descending branch of the stress-strain 

diagram of SCC with high-volume fly ash. A 

higher value of COV in the descending branch 

indicates that the softening response of SCC with 

high-volume fly ash is more difficult to estimate. 

This phenomenon is also true for conventional 

concrete. It is known that the softening behavior 

is not solely material-dependent. Many factors 

affect the softening behavior, including the 

specimen or member geometry, the boundary 

conditions, the possibilities for load redistribution 

in the structure, the rigidity of the testing device, 

etc. [10,19].  

 

4. CONCLUSIONS 

 

The stress-strain behavior of SCC 

incorporating various high-volume levels of fly 

ash replacement was determined experimentally 

under uniaxial compression loading, where the 

deformation rate was controlled. Initially, the 

stress and strain showed a linear elastic 
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relationship. The local and global longitudinal 

deformations were quite similar. At stress higher 

than 60% of the peak value, the local deformation 

tended to be greater than the global deformation, 

due to the localized fracture zone around the 

midheight of the specimen. The measurement of 

radial strain also confirmed the above situation. 

The values of ductility factors indicated that a 

higher fly ash content in the mix caused the SCC 

to be more ductile. 

Several key parameters of stress-strain 

diagram were determined and used as inputs in 

the prediction of the complete stress-strain 

relationship using various models. It was 

concluded that the models were better at 

estimating the behavior of the ascending branch 

compared to the descending part. It was also 

shown that Samani and Attard’s model gave 

better accuracy than the other models for 

predicting the complete stress-strain behavior of 

SCC incorporating high-volume fly ash.  
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