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Abstract

This paper describes an experimental investigation into the relationship between the splitting tensile strength and compressive strength of

glass fiber reinforced concrete (GFRC) and polypropylene fiber reinforced concrete (PFRC). The splitting tensile strength and compressive

strength of GFRC and PFRC at 7, 28 and 90 days are used. Test results indicate that the addition of glass and polypropylene fibers to concrete

increased the splitting tensile strength of concrete by approximately 20–50%, and the splitting tensile strength of GFRC and PFRC ranged

from 9% to 13% of its compressive strength. Based on this investigation, a simple 0.5 power relationship between the splitting tensile

strength and the compressive strength was derived for estimating the tensile strength of GFRC and PFRC.
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1. Introduction

The use of fiber reinforced concretes (FRC) has

increased in building structures because the reinforced

fibers in concrete may improve the toughness, flexural

strength, tensile strength, impact strength as well as the

failure mode of the concrete. It has also been known that

addition of fibers in concrete has little or no effect on the

compressive strength and the modulus of elasticity [1].

However, fiber reinforced concretes have considerably

increased toughness and strain at the peak stress due to

bonding forces at the fiber–matrix interface. During the past

three decades, a number of works pertaining to experimental

and analytical methods for evaluating the strength characte-

ristics of FRC have been published under varied specimen

types, fiber types, fiber contents, curing time and testing

methods [2]. Although, concrete behavior is governed

significantly by its compressive strength, the tensile strength
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is important with respect to the appearance and durability of

concrete. The tensile strength of concrete is relatively much

lower than its compressive strength because it can be

developed more quickly with crack propagation. Generally,

tensile strength of concrete is often assumed proportional to

the square root of its compressive strength [3]. However,

there has been very few published works dealing with

experimental and analytical investigations of the relation of

splitting tensile strength and compressive strength of fiber

reinforced concretes. The objective of this investigation is to

provide an experimental investigation into the relationship

between the tensile strength and compressive strength of

glass fiber reinforced concrete (GFRC) and polypropylene

fiber reinforced concrete (PFRC).

Shaaban and Gesund [4] investigated the splitting tensile

strength and compressive strength of steel fiber reinforced

concrete (SFRC). A total of 96 cylinder specimens were

made by rodding and vibrating. The authors found that the

external vibrating of tested cylinders has resulted in a

considerable increase in the splitting tensile strength of

SFRC compared to the rodded cylinder specimens. Vibra-

ting consolidation, however, did not have a similar effect on
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the compressive strength. Unfortunately, the authors did not

attempt to analyze the relationship between splitting tensile

and compressive strengths.

Nataraja et al. [5] investigated the splitting tensile

strength of steel fiber reinforced concrete (SFRC) using a

typical 100 mm cube specimen. From the results of flexural,

compression and splitting tensile tests, authors found that

the splitting tensile strength of SFRC was 0.67 times of its

flexural tensile strength, and 0.09 times of its compressive

strength. In addition, empirical equations on splitting tensile

strength were proposed from the linear regression analysis

as a function of the fiber reinforcing index (RI). A linear

relationship between the splitting tensile and flexural tensile

strengths was also proposed.
2. Experimental program

The experimental program was designed to evaluate the

relationship between the splitting tensile and compressive

strengths of GFRC and PFRC. The fiber contents consi-

dered in this investigation were 1.0% and 1.5% of the mixed

concrete by volume. Generally, a relatively low content of

fibers (less than 1%) seems to have a small positive

influence on the concrete, and the fiber content more than

2% may have a difficulty in mixing and uniform distribution

of fibers. The fiber contents used in this study seem to be

reasonable fiber content for practical applications.

2.1. Materials and mix proportions

The materials used in the present study were: (1) Type I

Portland cement which meets ASTM C150 specifications,

(2) 25 mm maximum size of coarse aggregate with a density

of 1.47�103 kg/m3, (3) natural sand with a specific gravity

of 2.66 and a fineness modulus of 2.78, (4) glass fiber with a

specific gravity of 2.7, and (5) polypropylene fiber with a

specific gravity of 0.91. The glass fiber is a monofilament

fiber had 0.013 mm in diameter and 19 mm in length with

high-quality alkali-resistant. The glass fiber is designed to

reinforce cementitious and other alkaline matrices with non-

combustibility characteristics and corrosion resistance. The

polypropylene fiber is a monofilament fiber had 0.90 mm in

diameter and 50 mm in length. The polypropylene fiber has

a bwavelengthQ shape and is collated in small bundles for
Table 1

Material and mix proportions

Mix Cement

(kg/m3)

Water

(kg/m3)

Coarse aggregat

(kg/m3)

PC 418.0 200.0 998.0

GFRC 1.0 418.0 200.0 998.0

GFRC 1.5 418.0 200.0 998.0

PFRC 1.0 418.0 200.0 998.0

PFRC 1.5 418.0 200.0 998.0
rapid introduction into wet and cementitious mixtures. The

mix proportions used in this study were applicable to

concrete that has a normal weight and a moderate

compressive strength of 27.5 MPa at 28 days. A series of

five concrete mixes were prepared using with and without

fibers. The fiber weights are 27.5 and 55 kg/m3 for glass

fiber, and 9.5 and 19 kg/m3 for polypropylene fiber

corresponding to the fiber contents of 1.0% and 1.5% by

volume, respectively. The GFRC and PFRC were mixed in a

0.25 m3 laboratory mixer under the following steps [8]:

First, coarse and fine aggregates were mixed for approx-

imately 1 min. Cement and fiber were added, and then

mixed for an additional 2 min. The mixing was continued

while about 50% of the water was added. Finally, the

remaining water was added and the mixing was continued

for an additional 3–4 min. The details of materials and mix

proportions used in this investigation are given in Table 1.

The mix designations given in Table 1 are represented by

the fiber type and the fiber content. For example, GFRC1.0

represents a mix of 1.0% glass fiber reinforced concrete and

PFRC1.0 represents a mix of 1.0% polypropylene fiber

reinforced concrete, and PC represents plain concrete

without any fibers. During mix of concrete, the increase

of fiber content seems to decrease its workability. The slump

was measured for each mix using a mold, which has the

shape of truncated cone with a base diameter of 204 mm, a

top diameter of 102 mm, and a height of 305 mm. The

measured slump values are also given in Table 1. The

casting and finishing of the cylinder specimens in both 1.0%

of GFRC and PFRC were not difficult in this study.

However, a number of defects were observed in the 1.5%

of GFRC in which the fibers formed a ball-like shape with

cement paste.

2.2. Test specimen and procedure

A typical plastic cylinder mold of 150 mm in diameter

and 300 mm in height was used for test specimen. The

casting and finishing of specimens were made in a

laboratory with a temperature of 20F1.5 8C. The specimens

were demolded approximately 24 h after its casting, and

then cured in the moist room at a temperature of 23F2 8C
and 100% relative humidity until tested. A total of 18

cylinder specimens were made from each mix for compres-

sion and splitting tensile tests. Approximately 2–4 h before
e Fine aggregate

(kg/m3)

Fiber content

(kg/m3)

Slump

(mm)

724.0 0.0 102.0

724.0 27.5 13.0

724.0 55.0 2.50

724.0 9.50 38.0

724.0 19.0 6.50



Fig. 1. Test setup for splitting tensile strength.

Table 2

Experimental compressive strength

Time (day) GFRC1.0 GFRC1.5 PFRC1.0 PFRC1.5 PC

fc-7V (MPa) 20.19 21.55 31.92 31.54 35.41

22.79 19.59 31.20 30.99 33.12

24.67 23.01 32.03 28.78 33.60

Ave. 22.55 21.38 31.72 30.44 33.84

fc-28V (MPa) 26.72 23.57 35.73 32.84 36.72

29.63 23.77 34.71 28.46 30.96

23.30 26.33 35.82 30.93 37.42

Ave. 26.55 24.56 35.42 30.74 35.03

fc-90V (MPa) 28.10 26.12 39.42 32.77 39.62

26.03 27.00 37.97 31.45 39.70

29.10 28.03 36.98 31.65 38.58

Ave. 27.74 27.05 38.12 31.96 38.30
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testing, the specimens were capped with a sulfur plaster on

the cast faces. Compression tests were conducted on a

Material Testing System (MTS) with a load capacity of

1800 kN. A total of 45 cylinder specimens of GFRC, PFRC

and plain concrete at 7, 28 and 90 days were tested in

accordance with ASTM C-39 standards [6]. The load was

applied at a rate of 0.02 mm/s with a preload of about 200 N.

The peak load and the load–axial displacement were

recorded during the test by an acquisition system.

Split-cylinder tests were carried out in accordance with

ASTM C-496 standards [7] at the same ages and numbers of

specimens of concrete used for the compression test.

Commonly, three test methods are used to measure tensile

strength of concrete [9]: (1) the direct tension test, (2) the

modulus of rupture or flexural test, (3) the split-cylinder

test. The direct tension test can be attributed to the difficulty

of insuring that the load is truly axial in direct tension when

some eccentricities of the load may underestimate the

tensile strength. The flexural (modulus of rupture) test is

used to determine the tensile strength by using the

maximum load obtained to cause failure. Although, the

flexural tensile strength from a flexural test may show the

true tensile strength of concrete, many researchers have

indicated that the true tensile strength is approximately 65–

70% of the flexural tensile strength [9,10]. The split-

cylinder test is relatively simple and seems to provide a

reliable test result to calculate the tensile strength of

concrete under uniform stresses at the top and bottom

across the diameter of the tested cylinder specimens [10].

Therefore, the split-cylinder test is preferred in this

investigation. Each cylinder specimen was placed on its

side and loaded in compression along a diameter of

specimen. The load was applied at a rate of 0.01 mm/s

for split-cylinder test with a preload of about 50 N. The

splitting tensile strength, f(st) (MPa), was calculated using

the following equation:

f stð Þ ¼
2P

pLD
ð1Þ
where P is the peak load in the test, L is the length of the

cylinder specimen and D is the diameter of the cylinder

specimen. A typical split-cylinder test set-up used in this

study is shown in Fig. 1.
3. Test results and discussions

The average compressive strengths of GFRC, PFRC and

plain concrete at 7, 28, and 90 days are given in Table 2.

During compression test, plain concrete specimens failed

under explosive sound at the peak load while GFRC and

PFRC specimens failed under some vertical cracks on the

surface of the specimen at the peak load. Normally, these

vertical cracks were appeared on the surface of the specimen

at about 70–85% of the peak load. Also, the spallings were

not significantly greater in the PFRC than in the GFRC.

This result may be due to their different fiber length. The

average compressive strengths given in Table 2 show that

the addition of glass and polypropylene fibers to concrete

does not seems to increase the compressive strength when

compared to those of plain concrete. However, the strains

corresponding to peak load mostly increased, and the

toughness also increased considerably. Furthermore, both

the ascending and descending portions of the stress–strain

curves were affected by the reinforcing fibers. These results

are shown in the stress–strain curves of compression test in

Fig. 2.

The average splitting tensile strengths of GFRC, PFRC

and plain concrete are given in Table 3. Generally, it has

been suggested that the peak load (P) at the first crack from

the test can be used for determining of the splitting tensile

strength [11]. The splitting tensile strengths in Table 3 were

calculated using Eq. (1) where the peak load was obtained at

the first crack. Test results show that the addition of glass or

polypropylene fibers in concrete increased the splitting

tensile strength by approximately 20–50%. This result may

be due to the reinforcing fiber’s role to resist cracking and

spalling across the failure plains. Furthermore, the addition

of both glass and polypropylene fibers significantly



Fig. 2. Stress–strain curves on compression test. Fig. 3. Stress–strain curves on splitting tensile test.
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increased the concrete’s ductility, which is defined as the

amount of strain exceeding the proportional limit up to the

point of failure. These results are shown in the stress–strain

curves of split-cylinder test in Fig. 3. It was observed that

the stress–strain curves of GFRC and PFRC are both linear

up to the first crack, known as the proportional limit, which

essentially coincides with the first crack that occurred. The

stress then suddenly drops, while the strain continues to

increase, the stress then climbs again to a second peak. This

process can be repeated several times, until the specimen

collapsed. Unlike plain concrete, these phenomena may be

due to the reinforcing fibers that provide additional roles in

tensile strength and ductility to the fiber reinforced concrete.

The test results also showed that the average splitting tensile

strength of GFRC and PFRC ranged from 9% to 13% of its

compressive strength. This range is similar to that found for

SFRC by Nataraja et al. [5].

3.1. Analysis of test results

In order to estimate the effect of fiber on the splitting

tensile strength of GFRC and PFRC, a regression analysis
Table 3

Experimental splitting tensile strength

Time (day) GFRC1.0 GFRC1.5 PFRC1.0 PFRC1.5 PC

f(st)-7 (MPa) 2.40 2.88 3.29 3.37 2.06

2.98 2.92 2.86 2.95 2.01

2.74 2.79 3.03 2.93 2.03

Ave. 2.71 2.86 3.06 3.08 2.03

f(st)-28 (MPa) 2.87 3.05 3.00 3.29 2.22

3.06 3.06 3.52 3.10 2.51

3.04 3.07 3.12 3.21 2.07

Ave. 2.99 3.06 3.21 3.21 2.23

f(st)-90 (MPa) 3.47 3.38 3.65 3.56 2.65

3.14 3.68 3.16 3.16 2.90

3.01 3.41 3.25 3.39 3.16

Ave. 3.21 3.49 3.35 3.37 2.89
(curve fitting technique) was used. From a large number of

tests, a simple 0.5 power law model has become one of the

most widely used analytical models for describing the

relationship between the splitting tensile strength and

compressive strength of concrete. In this study, the tensile

strengths of GFRC and PFRC are assumed to proportional

to the square root of their compressive strength. The general

form of the 0.5 power law model is given as:

f stð Þi ¼ K fcVð Þ0:5i ð2Þ

where f(st)i and ( fcV)i are the splitting tensile and compres-

sive strengths at the gth day of GFRC and PFRC, res-

pectively. The intercept K represents the value of the

constant at each age from regression analysis. Eqs. (3) and

(4) have been derived for describing a relationship between

the splitting tensile and compressive strength of GFRC and

PFRC at all ages in this study:

f stð Þ ¼ 0:60 fcVð Þ0:5; for GFRC; and ð3Þ

f stð Þ ¼ 0:55 fcVð Þ0:5; for PFRC ð4Þ

These equations are plotted in Fig. 4 with the experi-

mental data. It can be seen that the regression lines from

Eqs. (3) and (4) showed a relatively good relationship

between the splitting tensile strength and compressive

strength with a largest scatter of 90-day test data. The

coefficient of determination (COD=R2), which indicates

how much of the total variation in the dependent variable

can be accounted for by the regression equation, was

obtained as 0.81 and 0.87 for Eqs. (3) and (4) in this study,

respectively. Most statisticians consider a COD of 0.7 or

higher for a reasonable model [12]. Therefore, the derived

0.5 power equations may successfully used to represent the



Fig. 4. Proposed equations with experimental data; (a) GFRC, (b) PFRC.
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relationship between the tensile strength and compressive

strength of GFRC and PFRC. Actually, it is noted that the

tensile strength of concrete without fiber could be affected

by the same factors as its compressive strength such as

aggregate type, W/C ratio, curing time, specimen size and

the testing method used [2–5]. In addition to these factors,

tensile strength of FRC could be affected by the many other

factors such as the types of fiber, fiber content, length of

fiber, directions of embedded fibers, aspect ratio of fiber.

Furthermore, the number of test data is important because

the more test data may provide the better statistical

validation for various factors. However, the proposed

equations in this investigation for GFRC and PFRC are

given only as a function of their compressive strength using

a relatively small number of experimental data. Therefore,

further research is needed to verify the proportional

relationship derived in this study, and to determine the

effects of fiber types, fiber contents, numbers of test data,

curing time and other factors.
4. Conclusions

Based on the experimental and analytical results of the

glass fiber reinforced concrete and the polypropylene fiber

reinforced concrete in this study, the following conclusions

were made:

(1) The splitting tensile strength of GFRC and PFRC

approximately ranged from 9% to 13% of its

compressive strength.

(2) The addition of glass and polypropylene fibers in

concrete increases the splitting tensile strength by

approximately 20–50%.

(3) Based on a relatively small number of experimental

data, a simple 0.5 power relationship between the

splitting tensile strength and the compressive strength

of GFRC and PFRC can be successfully used to

estimate its splitting tensile strength.

(4) Further research is needed to verify the derived

proportional relationship including other types of

fibers, more number of test data, different fiber

contents, curing time and other factors.
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