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Abstract

As one of the most widely usedaterials in different structures, concrete is a material evaluated and categorized based on
compressive strength criterion. In addition, national and international codes-(INB() and standards determine the

tensile strength of concrete based ord@mpressive strength. The purpose of this research is to determine the relationship
between compressive strength and tensile strength of C20, C30 and C40 grades. In this laboratory research, a total of 42
cubic specimens of 150 x 150 x 150 mm and 42 csitatispecimens of 300 x 150 mm were assessed under compressive

and tensile tests, respectively. Based on the results of this study, the relationships presented in Ninth Article of Iranian
National Building Codes, AGB18 and Euro Code 2 have been evalliate

Keywords:Concrete Compressive Strengtiensile StrengthRelationship

1. Introduction

Despite its abundant use in building industry due to its considerable advantages, concrete has some disadvantages;
so that low tensile strength is considered as the greatest deficient for concrete. According to Codes for design of concrete
structures, terile strength of concrete is ignored in the design of concrete elements. Therefore, concrete tensile strength
and its effective factors are of minor importance to researchers; hence, comprehensive and extensive researches are not
done in this subject. Accding to the American Concrete Institute (AB18), the tensile strength of concrete is
proportional to square root of its compressive strength [1]. Recent research on the relationship between tensile and
compressive strengths of concrete indicates thaetigle strength of concrete is proportional with a 0.6 to 0.8 power
of its compressive strength; thus, the proposed relation ir348ICode is an inappropriate relatiorqR In addition,
the results of conducted researches show that the ratio ¢ tetnsngth to compressive strength of concrete is decreased
by increasing the compressive strength of concrete. In 2007, Ottl et al. studied the correlation between tensile, flexural
and compressive strength of autoclaved aerated concrete to evaluate2t@ENstandards. The result of this research
includes statistical evaluation and provides a proposal for standardization of prEN 12602 guideline [6]. In 2011,
Anuradha studied the relationship between compressive and tensile strength in the geopoligmetatidnship
investigated for different mixture between grade of geopolymer and the result showed that the relationship in
conventional meaning was not valid for GPCs and some current relationships should use to predict tensile strength [7].
In 2013, Yan predicted the correlation between tensile and compressive strength by using SVM method. In this research,
SVM and experimental method were employed to obtain compressive and tensile strength and then predict split strength
[8]. In 2017, Yao investigatettie relationship between compressive and splitting tensile strength of old concrete existing

* Corresponding author: badarloo@qut.ac.ir
d-} http://dx.doi.org/10.28991/cej-03091198
» This is an open access article under theBXicense bttps://creativecommons.org/licenses/by/f.0/

© Authors retain all copyrights.

2787


http://www.civilejournal.org/
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 4, No. 11, Novenber, 2018

under marine environment. The result of this research showed that the tensile strength has positive relationship with
compressive strength and the researchersnethithat the value of tensile strength could be predicted by using
compressive strength [9]. In 2017, Akinpelu used analytical and experimental method to obtain the relationship between
compressive and tensile strength for vibrated concrete (VC) andoseffacting concrete. Experimental research
showed that the ratio of the splitting tensile to compressive strengths decrease with increasing compressive strength
[10]. In 2018, Chhorn investigated the relationship between compressive and tensile streR@R foonventional
concrete; to this end, the directed tensile strength and compressive strength were obtained by experimental test [11]. In
2018, Zhang studied the correlation between compressive strength and flexural strength of pavement geopolymer; 20
groups of samples were made for this research. Mechanical test were employed for determining compressive and
fractural strength; ultimately, the linear relationship between compressive and flexural strength were calculated in this
research [12].Using RMSE, $E and ? to obtain the accuracy of relationship in predicting method is common in
different researches for example: Badarloo et al studied the effect of position and number of openings on the
Performance of composite steel shear walls and in this stamihors used RMSE and to evaluate neural network

method [13]. Khotbehsara et al. used ANFIS to predict physical concrete property and its durability with nanoparticle;
in this study, the author used neural network and some statistical value sudi$Es R to evaluate the accuracy of

neural network [14]. In 2018, Ghanei et al. studied the impact of Nanoparticle on the concrete; they used ANFIS and
SVM to predict concrete property [15]. Naseri et al. used SVM method to predict physical concrésedanability

with Nano. In this research, authors used RMSE and R2 to evaluate the accuracy of neural network method [16].

Different researcher in the world studied the relationship between compressive and tensile strength in some
guidelines such as AQ1] and EURO Code [17]. Increasing the number of research in this field is necessary because
the designer and engineering must be able to trust gui
to design better than ever. It is obvioustthihe relationship between compressive and tensile strength in different
guideline could be improved or changed by changing the grade of concert, material and age of concrete in different
countries.

The purpose of this research is to determine ¢ktegtionship between compressive strength and tensile strength of
concrete; and the possibility of using compressive strength to estimate tensile strength was discussed. Besides it, ACI
guideline, European and Iranian National Code (INB&t 9) [18] compeed with experimental result and the accuracy
of guideline’s relationships were investigated in diff
in this study in two steps. Firstly, in order to prepare concrete mix designs for B2@&na@ C40 grades, cylindrical
300 x 150 mm specimens and cubic 150 x 150 x 150 mm specimens were prepared and testial/afterdr2&lays
curing periods. Cylindrical specimens have been used to determine tensile strength (Brazilian Tensiletesefe);c
while cubic specimens have been used to determine compressive strength of concrete (compressive failure test).
Secondly, all data were entered to Excel and Easy Fit Software for obtaining the best relationship between experimental
tests. Some diigtical parameters such as fit distribution, RMSE arfdwere employed to evaluate different
relationship.

2. Method and M aterial

2.1.Materials

Cement: Cement used in this research includes cement type two produced in Tehran Cement Factory. According to the
catalog provided by the factory, the properties of the used cements are in accordance with the characteristics specified
in National Iranian Standafdo. 389 [19].

Water: In this study, based on the considerations described in Section 9.10.4.2 by Ninth Article of National Building
Codes [20], clean and smooth drinking water (urban drinking water) has been used.

Gravel: The sand used in this research isver gravel with a maximum fracture percentage and a maximum diameter
of 25 mm. Gradation test was performed according to Iranian National Standard No. 302 [21] and the gradation curve
is shown in Fig. 1.

Sand: The sand used in this research is riveandsand its corners are slightly rounded. Gradation test was conducted
according to Iranian National Standard No. 302 [8]; gradation curve is shown in Figures 1 and 2.

2788



Civil Engineering Journal

Vol. 4, No. 11, Novenber, 2018

(=)
=

Passing (%)

-
=

20

- ————d4—- - — - ——

T
1
1
1
1
1
4
1
1
1
1
1
1
1
1
1
1
1
1
-
1
1
]
]
]
]
-
1
1
1
1
1

R T U I U EpU
|
1
1
1
1
U S |
|
R R e R

U M U U

[T At Rl el e it

=
=

Sieve size (mm)

Figure 1. Gradation curve of coarse aggregate

along with the upper and lower limits of Iranian National Standard No. 302
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Figure 2. Gradation curve of fine aggregate al

1.1 Concrete Mix Design

Corcrete mix design used in this study i
(The National Method for Concrete Mix De

ong with the upper and lower limits of Iranian National Standard No. 302

s based on a weighting method and according to provisiofs kssd@9

sign). Three mix designs are prepared based on the average strength of 20,
30 and 40 MPa correspondingtte C20, C30 and C40 grades, the components of each of which are presented in Table

1. In this study, the mix designs of A, B and C are corresponding to C20, C30, and C40 grades, respectively

Table 1 Mix proportions for C20, C30 and C40 concrete

Mix. Design Water Cement Sand Gravel
A 204 322 696 1139
B 203 357 666 1139
C 203 460 580 1139

1.2 Specimens

In this research, as described in Table 2

and Figure 3, 84 specimens, including both cubic (150 x 150 x 150 mm) and
cylindrical (150 x 300) mm ones were prepared. They have been tested at the age of 7 and 28 days under compressive

strength tests. All spatiens were cured 24 hours after casting and striking of formworks in a water pord2at 25

temperature up to the desired ages (7 and

28 days) [22].
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150x150x150mm
.

300x150mm

Figure 3. Dimension for cylinder and cubic specimens

Table 2. Specifications of concrete specimens

Mix A Mix B Mix C

Specimen Age
Cu Cy Cu Cy Cu Cy

7
28

2. Testing Procedure

Test for determining the compressive strength of concrete on cubic specimens and test for determining tensile
strength by Standard Test Method &plitting Tensile Strength of Cylindrical Concrete Specimens were done according
to ASTM C49690 [23] and ASTM G39 [24] standards, respectively. In this study, specimens were taken out of the
water in the desired ages, loaded in wet conditions using-#o20@ydraulic jack, and then tested. A sample image of

how to test the specimens is shown in Figure 4.
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Figure 4. Compressive, tensile samples and mechanical instruments

3. Experimental Results

The results obtained from the compressive and tensile gtrezgis on the cubic and cylindrical specimens are shown
in Table 3. It should be noted that, in this study, seven similar samples were prepared for each series of specimens; then,
the values of compressive and tensile strengths presented in Tablet#seteon an average amount of 7 specimens.
In this table, Cu and Cy represent cubic (150 x 150 x 150 mm) and cylindrical (150 x 300 mm) specimens, respectively.

Table 3. Mean compressive and tensile strength results of specimens (MPa)

Mix A Mix B Mix C
Specimen Age
Cu Cy Cu Cy Cu Cy
7 29.61 2.62 23.98 2.28 15.08 1.76
28 42.34 4.14 35.24 3.78 23.80 3.01

Figures 5and6 show the stressstrain curve for compressive strength in different grade. The manner of different
grade for 27 and 7 days are similar and the maximum point indicates the average of compressive strength for concrete
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=
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Figure 5. Stress- strain curve for samples at 7 days
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Figure6. Stress- strain curve for samples at 28 day

4. Numerical Part
4.1. Guide Line Formulae

This research examines the relationships between the regulations and compares them with the actual data. Different
regulations have suggested different relationships for estimating the tensile strength based on the compressive strength;
moreover,Equationsl to 3 show the value of tensile strength based on the compressive strength for the Euro Code,
ACI-318 and the Iranian National Building Code (INfp@rt9), respectively.

__ 03 , 1)
0.9x( 3)

=05 6<v 2

=06xvV 3)

4.2. Accuracy of Guide Line Formulae

To this end, first, the guideline predicted the tensile strength. Next, these values were compared with the experimental
results, and it is presented in Figures 9 to 12. It is expected that the predictions of guideline were véytloetose
experimental values. The prediction accuracy of this method is evaluated based on the relativearssqjuared
error (RRMSE) and the absolute fraction of varianéeln equation 1, and are experimental result and guideline
result; and (n) represents the number of data. The prediction accuracy was the highest value among models when the
value of RRMSE is near to zero and the value ‘s near to 1.

ne SIt (yimyi2)
RRMSE=/ TSI 4)
St (yi-yi)?
i=1 71

In Equation4, y andy are experimental result and guide line result; and (n) is the number of data. The prediction
accuracy was the highest value among models when the value of RRMSE is near to zero and th&®¥auseaf
to 1.

4.3. Probabilistic Part

It is common to estimate the probability and frequency functions in concrete research to represent the mean, data
variance and statistical distribution in concrete reliability research. In the research, after finding the statistical
distributions, the safg factor is estimated for different relations in the regulations. This part of the research aims to
estimate the statistical function and other statistical parameters of the samples tested in the laboratory in the field of
compressive strength and tensteength. In this part of the study, in order to compare the results, the statistical analysis
of the data extracted from the laboratory is conducted to determine which statistical function they follow. Previous
research has proposed different functiamscbncrete compressive and tensile strength data. In the present study, after
the laboratory studies, the results were given to the Easy Fit software [25] and the software plotted the best statistical
function on the data. It could be stated that amoadtiown statistical functions, the software suggested the lognormal
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function for the compressive strength data and the normal function for the tensile strength. In previous studies such as
[26, 27], which carried out statistical investigations on concdetia, it has been shown that laboratory data usually
follow the normal or lognormal functions for the compressive and tensile strength, which are variable in various
investigations. On the other hand, the results show that there is a close distribuiEemitée compressive and tensile
strength data and the frequency around the mean point, indicating a good correlation between the compressive and
tensile data. In fact, two following figures (Figuiéand 8) show the dispersion of the data for the corsmeestrength

in the range (1:23), as well as the results of tensile strength in the range 41487, which shows the frequency of data

in the vertical axis. In the lower quartile of the compressive strengtB@p4he frequency of compressive stréndgta

further differs from the frequency of tensile strength data. Therefore, it could be stated that in this range, thefestimate o
tensile strength from the compressive strength values can contain some errors (due to the high dispersion of the data);
however, in other parts, it is almost possible to estimate the tensile strength data with an appropriate approximation.
According to Table 4, 75% of the data have the compressive strength less than 37, which has the same relative frequency
as the tensile stngth of their samples.

Probability Density Function

f(x)

Figure 7. Probable density function for compressive strength result

Probability Density Function
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0.2]
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0.061
0.041
0.02]

2.5 3 3.5
X

Figure 8. Probable density function for tensile strength result

The closeness of the fitted distributions to the experimental data suggests that the béharmmrete in tension and
compression for the same mix design imitates each other. In other words, the growth of compressive strength leads to
an increase in the tensile strength (with a given ratio). A summary of the statistical parameters suchicdetéatam,
mean, data range, etc. is obtained from the Easy Fit software; and it is shown in Table 4 for better statistical
understanding of the numerical nature of the samples.
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Table 4. Spediications of concrete specimens

Compressive strength Tensile strength

Statistic Value Percentile Value Statistic Value Percentile Value

SampleSize 42 Min 12.69 SampleSize 42 Min 1.57
Range 30.51 5% 13.77 Range 2.88 0.05 1.6745

Mean 28.342 10% 15.99 Mean 2.9317 0.1 1.722

Coef.of Var 0.32186 25%(Q1) 21.933 Coef.of Var 0.29319 25%(Q1) 2.255

Std.Error 14076 50%(Median)  27.24 Std.Error 0.13263  50% (Median) 2.755
Skewness 0.15052 75%(Q3) 36.832 Skewness 0.20676 75%(Q3) 3.6525

Exces«Kurtosis -0.95729 90% 42.563 | Exces¥urtosis -1.1156 0.9 4.298

95% 43.037 0.95 4.387

Max 43 Max 4.45

4.4. Numerical and Experimental Relationship

This part of the study estimates the relationship between the compressive strength and tensile strength among the
actual data and the results are shown in Figures 9 and 10. The results of the two figures show that the data from the C30
grade have less désice to the regression line and this distance increases in the C20 grade. However, at the age of 7 and
28 days, there is a significant relationship between the compressive strength and the tensile strength of the concrete, so
that the 2coefficient is higrer than 0.90 for all concrete grades at both ages. The correlation between the results shows
that it is possible to estimate the tensile strength from the compressive strength. Figamd42 $how the results of
the tensile strength estimated by vasagquations in different guidelines and the tensile strength obtained from the
laboratory test. Since the correlation coefficient for both concrete ages in the actual data (Fignes2) 1s higher
than 0.90, but this coefficient is 0.84 in the estadadata of various equations with the actual values, as shown in Figure
12, it seems that by proposing separate relationships for both concrete ages, it would be possible to predict more accurate
values. It is also possible to obtain a linear function/fitays concrete with respect to the high regression coefficient.

Given that the samples were produced in Iran, as expected, the correlation coefficient between the actual and estimated
data in the Iranian National Building Code was the highest at the &Feanal 28. The slope of the line in the ACI
Regulation is lower than the rest of regulations and higher in the Iranian National Building Code than other data, which
importantly indicates that the Iranian National Building Code estimates the valueslefsgeagth at the age of 7 days

more than the actual value. However, with increasing the concrete age, the slope of the line decreases and the estimated
values are closer to the laboratory data. The higher correlation of laboratory data in the C2hdjthéedecrease in

this value with the increase in the concrete grade indicates that the use of a single relationship for the estimation of all
concrete grades leads to the errors, and it is possible through conducting more experiments to more estionatesly

the results for each grade and present a separate relationship for them.

‘A

y =0.0572x+ 0.9032
R*=10.9023
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2.25 |
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Figure 9. Experimental result for tensile and compressive strengths (7 days)
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Figure 10. Experimental results for tensile and compressive strengths (28 days)
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Figure 11.Experimental and guideline result for tensile strength (7 days)

2795



Civil Engineering Journal Vol. 4, No. 11, Novenber, 2018

4.5 l

4 B
)
o
= 3.5
=
=
[=11]
c
[
=
("]
2
w3
3 eEurocodez  |¥ = 0-7535x+0.7116

s $ R* = 0.8399
WINBC.pato  |Y = 0-992x- 0.1595
25 1 R*=0.84
@ ACL318 y =0.7032x + 0.6642
R*=0.8399
2 T T T P
2.5 3 3.5 4 4.5
Experimental Tensile Strength(Mpa)

Figurel2. Experimental and guideline result for tensile strength (28 days)

4.5. Growing Percentage

In this part of the study, the growth rates in different regulations are calculated through the niEqestah6.

- X100 (6)

It is investigated in the current study that how close is the estimated equation for the tensile strength at different ages
to the actual values. The results show that in the C20 grade, the growth rate is about 41%, which is decreased by
increasing theancrete grade; and the values obtained in the C30 grade forddne concrete have the lowest growth
rate (the closest value) to the actual values. Fig@reshows that the relations in the regulations estimate the tensile
strengths above the actual vafoe 7 days concrete (about 41%), while Figure 14 shows that, this value is negative for
a 28days concreteZ1%). In fact, the regulation proposes the values below the actual, because 28 days is the basis of
designing; so that if the designer has to thgerelations of the regulation, the issues such as material diversity, change
in the concrete grade and the production process would not reduce the tensile strength of concrete and the 28 days and
tensile strength would be safe for designing. In additimnavailable relationship between the C20 and C30 intermediate
grades in the regulation estimates the results closer to reality for both 7 and 28 days.

In fact, given that only a single relation is proposed for different ages of concrete in diffecded by the equations,
the results indicate that this relation is intended to estimate the@y2&trength with a lower and safer growth rate. Thus,
using guideline to estimate tensile strength is more suitable for the age of 28 days. On the othhae festithated
values in the middle grades (C30) are closer to reality. Therefore, based on the research results, it is suggested that the
tensile strength is estimated from thed2§ concrete strength, and if the materials inside &re used, then the lE&gion
3 from the Iranian national building is used to estimate the tensile strength. The comparison of the three equations shows
that the 7days tensile strength in the ACI and Euro code has less growth rate and offers a closer approximation to reality
(grade C20); while in the Iranian National Building Code, the values for the 28days tensile strength are closer to reality
for the C20 grade. Producing more samples and comparing them with the results of the regulations can help designers
and engineers to mwmrecisely estimate the tensile strength in different concrete grades and suggest the suitable
regulations for different ages and grades of concrete. The results of this study show that the Euro Code used for the C20
grade gives the best results for thdays. The Iranian National Building Code and Euro Code used at 28 days for the
C30 grade have the best results, and these are so close to reality.

2796



Civil Engineering Journal Vol. 4, No. 11, Novenber, 2018

41

21

Grow Percentage

Compressive Strength (MPa)
OACI-318 OEurocode 2 MIMNBEC-partd

Figure 13. Growing percentage for specimens (7 days)

Grow Percentage

Compressive Strength (MPa)

MACI-318 [Eurocode2 MINBC-part9

Figure 14. Growing percentage for specimens (28ays)

Figure 15 shows the values of the relationship between the compressive strength and the tensile strength for concrete,
indicating the average results of theaidd 28days concrete grades. In general, the Iranian National Building Code
suggests highdensile strength with the shortest distance from the compressive strength ofithes 28ncrete. In fact,
by prioritizingthe28d ays concrete’s strength, the regulations try
days by presenting a egion.
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Figure 15. Result of the compressive strength of thepecimensat 7 and 28 days

The overall results of the research are summarized in Talkdesl 6. The lower RMSE and the lower absolute
magnitude of the growth rate are, the closer the estimated data would be to the actual values. The average compressive
and tensile strength for each grade of concrete at the age of 7 and 28 days is summaeizedi& The table suggests
that to what extent one can trust the relationship between different and which regulation could report the results closer

to reality for each grade of concrete at different ages. For example, the Euro Code estimates tisdebesetagth for
the 7days C20 concrete

Table 5. Result for 7-day concrete

Guide line C20 C30 C40
RRMSE 0.52 RRMSE 0.27 RRMSE 0.55
Euro cod % growing 15.52 Ygrowing 21.73 Y%growing 21.86
Tensile average 2 Tensile average 2.8 Tensile average 3.2
RRMSE 0.41 RRMSE 0.20 RRMSE 0.39
ACI %growing 23.55 %growing 20.45 Y%growing 16.34
Tensile average 2.2 Tensile average 2.7 Tensile average 3
RRMSE 0.44 RRMSE 0.22 RRMSE 0.42
Iranian national building %growing 32.37 %growing 29.05 % growing 24.75
Tensile average 2.3 Tensile average 29 Tensile average 3.3
Compressive average 15.48 24.29 29.62

Table 6. Result for 28day concrete

Guide line Cc20 C30 C40
RRMSE 0.51 RRMSE 0.23 RRMSE 0.016
Euro cod % growing -10.47 %growing -3.03 %growing -1.77
Tensile average 2.8 Tensile average 3.6 Tensile average 4
RRMSE 0.38 RRMSE 0.16 RRMSE 0.011
ACI %growing -11.21 %growing -11.71 %growing -11.61
Tensile average 2.7 Tensile average 3.3 Tensile average 3.6
RRMSE 0.4 RRMSE 0.17 RRMSE 0.012
Iranian national building %growing -4.87 %growing -5.41 % growing -5.29
Tensile average 2.9 Tensile average 3.6 Tensile average 3.9
Compressive average 24.18 35.86 42.25
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5. Discussion

The obtained results of compressive strength and tensile sttentgtior specimens of all three studied mix designs
at the ages of 3 and 7 days have been shown in Figures and compared with the relationships provided-Bg &fit] ACI
EC2 [17] and the Ninth Article of Iranian National Building Code [18]. Accordinthéopresented diagrams, it can be
seen that the amounts of tensile strength of the specimens increase as the compressive strengths increase. In addition,
the results show that the percentage of increase in tensile strength of concrete at 28days cothparddyte age is
higher than that of in compressive strength. Comparing the results with the relationships provided by3th&, &ACI2
and the Ninth Article of National Building Code, show that using these relationships to estimate concrete teg#ile stren
at 7days age does not provide reliable results. Furthermore, comparing the obtained results with the relationships
provided by the AGB18, EC2, and the Iranian National Building Code revealed that3A8Iprovides the most
conservative estimation oarisile strength of concrete compared to EC2 and the Ninth Article of the National Building
Code. The results of the tensile strength test at the age of 28 days are the most consistent with the curve derived from
the relationship provided by the Iranian agl Building Code.

6. Conclusions

In this study, the relationship between tensile strength and compressive strength of concrete at ages of 7 and 28 days
has been studied and analyzed by conducting compressive and tensile strength tests on 84 @iddridaic
specimens prepared using three mix designs corresponding to three strengths of C20, C30 and C40 grades. The results
of this research are:

1 The amounts of tensile strength of the specimens have increased by increasing their compressive strengths.

1 The increase percentage in tensile strength of concrete at 28days compared to 7days is higher than that of
compressive strength in experimental test.

1 Comparing the obtained results with the relationships provided by the82&IEC2 and the Iranian Natidna
Building Code shows that using these relationships to estimate the tensile strength of concrete does not provide
reliable results at the age of 7 days.

1 Comparing the obtained results with the relationships provided by the82&IEC2 and the Iranian Nawal
Building Code shows that A€318 provides the most conservative estimations on concrete tensile strength of
compared to EC2 and the Ninth Article of the National Building Code.

1 The results of the tensile strength test at the age of 28 days aregsheomgistent with the curve derived from
the relationship provided by Iranian National Building Code and EC2.
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