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ABSTRACT: It is reported that the tension softening behavior of normal strength concrete was monitored re
liably by a uniaxial tension test developed by the authors. The major criteria for the test procedure are mainte
nance of stable fracture, avoidance of secondary flexure and prevention of multiple cracks. The main purpose 
of this study is to examine the practicability of the uniaxial tension test on investigating tensile properties of 
high strength concretes. It was found that the present test procedure has an ability to investigate tension sof
tening behavior of high strength concretes as well as normal strength concretes. As the level of concrete 
strengths increases, the fracture energy also increases for the present concrete. The application of guide 
notches is beneficial to make tension softening behavior more reliable while it may not influence tensile 
strength and fracture energy. The overlapping cracks frequently generated for normal concrete was not ob
served for high strength concretes. 

1 INTRODUCTION 

The distinguishing features of concrete are brittle
ness, low tensile strength, and easy to crack. Since 
the compressive strength, being the principal prop
erty in the field of concrete research, is insufficient 
to understand fracture mechanism and further to im
prove properties of concrete, the knowledge of ten
sile behavior of concrete is required. Tensile proper
ties of concrete strongly influence deflection, shear, 
cracking and bond behavior in structures. Since 
cracking in tension, for instance, is a significant fac
tor contributing to the complex behavior of rein
forced concrete structures, many investigators have 
studied to establish the test for obtaining reliable 
tensile responses of concrete members. Especially, 
the knowledge of tension softening process of con
crete is beneficial to understand fracture mechanism 
and further to improve properties of concrete. In 
spite of augmentative demands for tensile properties 
of concrete, yet no standard tests for the type of a 
uniaxial tension test have been established. Instead, 
to explore tensile behavior of concrete, several alter
native methods, such as three-point bending, 
compact tension and wedge splitting test, have been 
adopted. However, those methods have some draw
backs - non-true-tensile stress conditions and impos
sibility of simultaneous monitoring of tensile 
strength and tension softening behavior. 

There are several criteria to perform uniaxial ten
sion test for investigation of tension softening be-
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havior. First, a stable fracture during the test is 
indispensable because of easiness of fracture due to 
very low frequency of crack arrest and rapid crack 
propagation (Mehta & Monteiro 1993). Second, 
more important, is to avoid secondary flexure gen
eration because it will produce a strain gradient, re
sulting in a misleading estimation for tensile 
strength, usually decreased in observation (Hordijk 
1989). Next is to prevent multiple or overlapping 
cracks (Mier & Noam-Mohamed, 1990). Since those 
cracks enlarge crack surfaces, they will mislead frac
ture energy to become greater. To establish a reliable 
test procedure, various test conditions have been 
proposed with respect to load control, treatment of 
secondary flexure, specimen conditions or applying 
notches (Trunk & Wittmann 1998, Mier et al. 1996, 
Carpinteri & Ferro 1994, Vliet & Mier 1998, Koide 
et al 1997). 

A recently developed uniaxial tension test proce
dure monitored tension softening curve as well as 
tensile strength of normal strength concrete simulta
neously with reliable grade (Sohn et al. 1999). This 
test adopted strain-controlled loading conditions to 
satisfy maintenance of stable fracture and a uniquely 
designed gear system to eliminate secondary flexure 
generation. Additionally, notches were applied to re
duce occurrence of multiple cracks. The present uni
axial tension test has several advantages, such as 
easy to operate, use of simple shape of specimen, in
expensive equipment. However, the success of this 
uniaxial tension test procedure on normal concrete 



does not guarantee that the applicability on high 
strength concrete because of the greater degree of the 
brittleness for the high strength concrete. The high 
strength concrete is different fundamentally from the 
normal strength concrete with respect to microstruc
ture, stress-strain relations and fracture behavior. 
Thus, it is required to figure out the test procedure 
and testing conditions for high strength concretes in
dependently. The other main objective of this study 
is to explore the tension softening behavior of high 
strength concrete, if the test is possible. 

2 EXPERIMENTS 

2.1 Specimen preparation 

The concrete employed in this study is characterized 
by high strength as well as high fluidity. The mix 
proportion of concrete, which categorized A through 
C according to the strength levels, is shown in Table 
1. Concrete was cast into cylindrical molds 
(100x200 mm) for a compression test and a splitting 
tension test (according to the Japanese Industry 
Standard), or dog-bone molds for the uniaxial ten
sion test. After demolding, all specimens were cured 
under water at 20±1°C before testing. Table 2 shows 
characteristics of concretes, such as flow or slump, 
air content, 28-day compressive strength, and split
ting tensile strength. Type A is the lowest and type C 
is the highest in both strength levels. The ages of 
concrete at the uniaxial tensile testing were varied in 
29-44 day period. 

Figure 1 shows the dimension of a dog-bone 
specimen whose entire length was 600 mm. The 
cross sectional area of each end of specimen was 120 
mm by 100 mm, while that of the 120-mm-length 
center zone of a specimen was 100 by 100 mm, in
cluding 70-mm measuring length in the middle. A 3-
mm-width notch, it is called a primary notch in this 
study, was made at the center of two side faces. The 
depth of the primary notch was in the range of 5-25 
mm. Some concrete specimens have an additional 3-
mm-width and 5-mm-depth guide notch at the center 
of the other two side faces (the cast and the bottom 
face). Each 70-mm extensometer was attached to 
four side faces. 0.1-mm thick steel sheets were glued 
on the specimen surface for 5-mm and 10-mm 
notched specimen in order to prevent unexpected 
breakage of a specimen outside of the measuring 
length. A cross type steel frame was attached to 
specimen ends. 

2.2 Apparatus 

Figure 2 shows the apparatus for the uniaxial tension 
test employed in this study. The steel frames at the 
ends of a concrete specimen were fixed by the con
nection pin of universal joints. An adjusting gear 
system was attached at the four branch ends of the 
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steel frames of all four faces to avoid secondary 
flexure. Manual turns of the adjusting gears reduce 
the side distance of two steel arms; thereby the re
duction gives an additional force on the specimen to 
restrict the unexpected unbalanced crack propaga
tion. When one side is over-deformed compared to 
the opposite, this side is contracted by turning the 
gear until reaching proper balance. Each steel rod 
has a set of gauges on the circumference in order to 
estimate the additionally applied force. The true ap
plied load on the specimen was calculated by sub
tracting the induced force by the adjusting gear from 
the measured total load. All signals from extensom
eters and strain gauges on the steel rod were moni
tored by strain amplifier meters and recorded. 

The application of tensile loading was controlled 
by a closed-loop loading system with four sequential 
control stages, as indicated in Table 3. The test be
gan with a load control stage until reaching appro
priately determined level of the load, which is 
approximately 60-70% of predicted maximum loads 
of each notch depth. After the first stage, the test 
shifted to continuous strain control stages. During 
strain control stages, the applied load was controlled 
by the average value of all four-face strains. Based 
on the preliminary experiments, it was preset that the 
peak load should be appeared in the stage with the 
slowest strain rate (or stage 2). Since slope of a load
deformation curve becomes gentler after the peak 
load, strain rates were properly increased. 

T bl 1 M' a e 1x proportmn of high strength concrete 
Type W/C Cement Aggregate (kg/m3) Chemical 

(kg/m3) Fine Coarse admixture 
A 0.35 500 832 900 9 
B 0.31 580 732 934 10.5 
c 0.28 692 651 941 12.5 

T bl 2 Ch a e aractenshcs o fh' h h 1g strengt concrete 
Type Flow Air 28-day Splitting 

(mm) Content compressive tensile 
(%) strength (MP a) Strength (MP a) 

A 550x500 5.8 44.2 3.9 
B 595x565 2.9 58.8 4.1 
c 200(slump) 1.5 87.0 6.6 

Table 3 Tensile loading control stages 
Stage Control Duration Rate Deformation 

(mm/sec) 

1 Load Approx. 50 N/sec Varied 

2 Strain + 2oox10·6 O.lxl0-6/sec 7xl0·6 

3 Strain + 400xl0·6 0.2xl0"6/sec 14xl0·6 

4 Strain - last 0.4xl0.6/sec 28x10"6 
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Figure 2 Experimental Set-up 

3 RESULTS AND DISCUSSIONS 

3.1 Text and indenting 

The test results with respect to the depth of primary 
notches and concrete type are indicated in Table 4. 
The failure means that trial cannot provide sufficient 
tension softening curve because of too early break
age. However, tensile strengths were obtained for all 
concrete specimens in this study. The testing was 
failed only one time among 22 trials regardless ap
plying guide notches. Thus, it is thought that the pre-

sent uniaxial test enables to monitor the tensile prop
erties of not only normal strength but also high 
strength concrete. When guide notches were applied, 
the test became easier and the test results are more 
reliable because the guide notch would induce the 
crack propagation to reduce the occurrence of weird 
responses, as shown in Figure 3, demonstrating typi
cal examples of curves. All curves for specimens 
having guide notches are declined smoothly as 
deformation after the maximum load (See Figure 3 
(a)) while the curves sometimes shows a serrate 
pattern without guide notches (See Figure 3 (b)). 
Since steady and smooth decline within softening 
range of load-deformation curve is desirable, the 
guide notch application is recommendable to obtain 
reliable results. The overall shapes of curves are very 
similar to those of normal concrete specimens (Sohn 
et a 1 1 9 9 9) 

Table 4 Success or failure m testmg 
Type A B c 

Guide notch with wlo with wlo with wlo 

5 s F s s s NIA 
Primary 10 s s s NIA s s 

notch 15 s s s s s s 
25 s s s s s s 

* S: Success in testing, F: Fail, NIA: data is not available 
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Figure 3 Load-deformation curve 
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Crack opening displacement (COD; w in the 
equation) was calculated by Equation [1 ]: 

W=O -(PL)/(EA)-Or (1) 

where o = observed elongation; P = applied load; L = 
measuring length; A = average cross sectional area 
of ligament; E =Young's modulus; and br =residual 
elongation, as illustrated in Figure 4. For the equa
tion, it was assumed that concrete specimen except 
softening zone is deformed elastically during the en
tire test. 
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Figure 4 Calculation of COD 
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Figure 5 shows the calculated tension softening 
curves for various notch depths with respect to con
crete type and guide notGh application. The tensile 
strength of high strength concrete would not be in
fluenced by notch depths and guide notch. Type B 
and C show satisfied degree of curve extensions 
while curves for type A are relatively short, which 
directly related to confidence of fracture energy 
analysis. Any significant deviation of curve was not 
observed for all cases, correlating to no finding of 
serious overlapping cracks in· crack patterns. The 
other observation is that the slope of the early stage 
of curves becomes steeper as strength increases be
cause high strength material usually sacrifices its 
toughness. 

By extrapolating with the tangential line at each 
end of tension softening curves, fracture energy was 
calculated, as shown in Table 5. It shows that there 
are low data scatterings observed for the case of type 
B and C because the relatively satisfied develop
ments of tension softening curves for these con
cretes, mentioned earlier, reduce the error of values. 
In spite of data scattering, especially for type A, the 
average fracture energies of type A and B concrete is 
similar while the type C concrete shows remarkably 
high fracture energy. It might be possibly concluded 
from the fracture energy observation that the fracture 
energy increases as the strength level of concrete in
creases, but it seems to be a hasty conclusion be
cause there is a possibility that the high fracture en
ergy of type C is casual consequence .. 

Tensile strength estimated by the splitting tension 
test is approximately 5 to 15% higher than the values 
by the direct tension test (Neville 1996, Mindess & 
Young 1981 ), while a contrary result was also re
ported (Yoshimoto 1983). However, since incom
plete avoidance of secondary flexure tends to reduce 
the observed tensile strength by using the direct ten
sion test, the comparison of these observed tensile 
strengths is rather meaningless without knowledge 
of secondary flexure occurrence. Since the present 
uniaxial tensile test is able to prevent secondary 
flexure efficiently, it would be helpful to address the 
relationships between both tensile strength. The rela
tionships between uniaxial tensile strength versus 
splitting tensile strength were shown in Figure 6 (in
dents on left-upper side). The error bars indicate the 
standard deviation of each case. For relatively low 
strength level (normal, type A and B), the observed 
tensile strengths obtained by both tests were very 
close to each other, while splitting tensile strengths 
are higher than uniaxial tensile strength for high 
strength (type C). Two feasible explanations would 
be suggested. One is that there is possibly a linear re
lationship according to the strength level of concrete. 
The other is that the behavior of relationship shows 
just a scatter not a sort of bias because of lacks of 
data available or differences in specimen dimensions 
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for both tests. Thus, further research is necessary. On 
the same figure, the relationships between uniaxial 
tensile strength versus 28-day compressive strength 
are also presented (indents on the right-upper side). 
The higher compressive strength is, the greater uni
axial tensile strength becomes with apparently non
linear dependence. 

Table 5 Fracture energies (Nim 
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The present study investigating the application of 
the uniaxial tension test on the high performance 
concrete led to the following conclusions. 
1. The present test procedure is able to investigate 

tension softening behavior as well as tensile 
strength of several levels of high strength con
cretes. 

2. The application of guide notches will provide 
more reliable test results of the tension softening 
behavior. 

3. A serious crack overlapping was not observed 
unlike normal concrete. 

4. As the strength levels of concrete increases, the 
fracture energy also increases for the present con
crete specimens. 



5. The average values of fracture energy seems to be 
unaffected by guide notch application, but the 
guide notched specimens shows less data scatter
ing. 
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