ﬁ CivilEng

Article

Utilizing Polypropylene Fiber in Sustainable Structural
Concrete Mixtures

Saman Hedjazi * and Daniel Castillo

Citation: Hedjazi, S.; Castillo, D.
Utilizing Polypropylene Fiber in
Sustainable Structural Concrete
Mixtures. CivilEng 2022, 3, 562-572.
https://doi.org/10.3390/
civileng3030033

Academic Editor: Akanshu Sharma

Received: 11 May 2022
Accepted: 22 June 2022
Published: 25 June 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

Department of Civil Engineering and Construction, Georgia Southern University, Statesboro, GA 30460, USA;
dc05076@georgiasouthern.edu
* Correspondence: shedjazi@georgiasouthern.edu

Abstract: Polypropylene fiber reinforced concrete (PFRC) is becoming more popular for structural
purposes due to its durability, electrical resistivity, and mechanical properties. In this study, the
influence of polypropylene fiber on the mechanical properties and ultrasonic pulse velocity (UPV)
of fiber reinforced concrete (FRC) were determined. Six different fiber volume fractions of polypro-
pylene were considered in the experimental investigation with varying water-cement ratios and
curing conditions. Non-destructive testing methods were utilized to determine the UPV of the
PFRC. Available equations in literature for predicting the RFC’s compressive strength based on UPV
values were selected. However, the computed values did not show good agreement with the com-
pressive strengths obtained from the compression testing machine. It was confirmed that polypro-
pylene fibers alter the propagation of UPV, and as a result, the existing equations do not accurately
predict the compressive strength for PERC. Therefore, a practical equation is proposed to accurately
evaluate the compressive strength of PFRC with regard to UPV.
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1. Introduction

Concrete’s compressive strength is the main criterion that is used to determine
whether a given concrete mixture will meet the structural requirements. Microcracks are
a common defect of concrete that can directly affect the compressive strength. They start
immediately after the pouring of concrete due to the loss of water for both hydration and
evaporation, together with entrained and entrapped air voids [1]. Adding fibrous material
to the concrete mix can control microcracking. Detailed studies on this topic can be found
elsewhere [2-7].

To withstand stress redistribution in concrete structures, the fiber volume fraction is
kept at a minimum. This allows a large number of fibers to cover substantial areas of frac-
ture, and thus the structural behavior is governed by the fibrous material [8]. Fibers for
concrete can be of different types, such as natural, synthetic, metallic, or organic. Synthetic
fibers have gained popularity over other fibers due to their availability, reasonable price,
easy processing, and better performance in adverse environments [5].

Test results from previous studies are illustrated in Table 1 [9-11]. It is evident that
polypropylene fibers show versatile mechanical characteristics. These characteristics
proved advantageous for fiber-reinforcing of concrete for improved ductility and tensile
strength and reduced dead load and construction cost.
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Table 1. Comparison between different types of synthetic fibers.
Properties Physical Mechanical Apbroximate
Acid/Alkali Specific Gravity Elongation at Modulus of Tensile Strength Col:f (USD/kg) Reference
Types Resistance (kg/m?) Break (%) Elasticity (GPa) (MPa) 5
POlyp(;OIgylene High 910 15-80 1.5-12 240-900 125 [9]
Polyethyl
© YFP];)' ene High 920-960 4-100 5-100 80-600 220 [10]
Polyvinyl alco- .
hol (PVA) High 290-1300 6-7 20-42.8 1000-1600 1-15 [171]

To study the structural behavior of PFRC, non-destructive test (NDT) methods were
employed in this study. Currently, UPV is a popular dynamic NDT method that has po-
tential for testing the mechanical properties of concrete for both new and existing struc-
tures. The correlation between compressive strength and UPV can be affected by several
factors including the aggregate size, type, and proportion; the cement type; the w/c ratio;
the concrete age and carbonated depth; and the fiber type and content [12]. The majority
of the studies performed to determine the relationship between UPV and mechanical
properties of concrete were based on various fiber types and not specifically on polypro-
pylene fibers. According to the current study, while existing equations for predicting the
compressive strength of FRC can be used for FRC with various fiber types, they better
estimate the compressive strength for the type of fiber that they are proposed for. Equa-
tions proposed for some of the fibers types such as steel fibers show solid results as a result
of several studies and the extension of available test results, but the accuracy of these
equations when utilized for polypropylene fibers is not precise for structural purposes.
PFRC is becoming more popular for structural purposes due to its durability, electrical
resistivity, and mechanical properties, and therefore, a practical equation that can accu-
rately predict its compressive strength based on UPV is needed.

The addition of polypropylene fibers exhibits a delay in cracking, a pseudo-ductile
response, increased residual strength, and improved energy dissipation capacities in com-
parison to plain concrete mixtures because of the fibers’ significant shear resistance [13].
The flexural/shear response of concrete structural members is governed by the tensile re-
sponse of the fibrous material, and the favorable characteristics of FRC play an important
role in this. The addition of short polypropylene fibers in concrete as mass reinforcement
primarily provides crack control by means of crack-bridging the tensile stress transfer ca-
pacity of the fibers across the crack surfaces [14]. Because of its beneficial cracking perfor-
mance, PFRC has been shown to be a promising non-conventional reinforcement in con-
crete elements subjected to shear stresses and, under certain conditions, could convert
brittle shear failures to ductile flexural failures [15].

This paper investigates the compressive strength of PFRC including various fiber
volume fractions (Vr) and w/c ratios. Measurements were conducted at different ages of
concrete. A slew of studies was conducted to narrow the research gap in determining the
compressive strength of PFRC using UPV equations (experimental and analytical). To fur-
ther examine the effect of fibers (polypropylene fiber specifically) on the compressive
strength of concrete, the accuracy of selected empirical equations from literature for com-
pressive strength and pulse velocity was evaluated and compared with the test results. A
coefficient of variation (COV) was used to depict the accuracy of the calculated values
versus the experimental values. Finally, a new practical equation is introduced for PFRC
to predict the compressive strength of PFRC with regard to UPV test results. It is possible
to use this equation to design PFRC mix structural members in accordance with the stand-
ard specifications of fiber-reinforced concrete.
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2. Methodology and Experimental Set-Up

In the present study, 6 different fiber volume fractions and 4 water-to-cement ratios
were considered for the 30 mix designs. Cylindrical specimens with the dimensions of 100
mm x 200 mm (4" x 8") were cast and cured according to ASTM C192 [14]. A total number
of 100 specimens including control samples were finally cast. Three samples were consid-
ered from each mix proportion for the UPV test and compression test at the age of 44 days.
On each specimen, UPV and compression tests were performed, and each data point was
calculated from the average of 3 individual readings. While more data points are always
better, the number of specimens and mix proportions were limited to the above-men-
tioned numbers to be able to manage the time, space, and student work hours for the
duration of the research.

2.1. Compressive Strength Test

The macro-fibrillated polypropylene fiber named “ProCon F” was selected for the
experimental study. Table 2 illustrates the main properties of the polypropylene fiber used
in this study. The proportion of concrete mix was taken as 1: 1.96: 1.41 (C: FA: CA). Type
I/Il cement (C) and coarse aggregate (CA) with a maximum size of 4.7625 mm (0.1875")
were used in this study. The overall experimental set-up was divided into three sets
(namely A, B, and C) of nine cylinders with six different fiber volume fractions and four
varying water—cement ratios as shown in Table 3.

Table 2. Polypropylene fiber properties.

Tensile Flexural

Specific  Length  Filament Strength  Strength  Corrosion  Acid/Alkali

Gravity (L) Diameter

(TS) (FS) Resistance  Resistance
(SG) (mm) (D) (mm) (MPa) (GPa)
0.91 19 1.52 410 5.6 High Excellent
Table 3. Outline of experimental set-up.
A%
0.10% 0.25% 0.50% 0.75% 1.0% 1.5% 1.5% 1.5% 1.5%
by Set A A-1 A2 A3 A-4 A-5 A-6 A-6 A-6 A-6
< (28 days)
5 SetB B-1 B-2 B-3 B-4 B-V B-6 B-6 B-6 B-6
o0 (7 days) *
£ Set C
E © -1 -2 - -4 - - - -VI -
S (44 days) C C C-3 C C-5 C-6 C-6 C-v C-6
w/c ratio 0.32 0.40 0.50 0.60

* The second set (B) of nine cylinders were cured in water for 7 days and then taken out and left dry
curing for 37 more days, making a total of 44 days.

2.2. Direct Compressive Strength Test

To determine compressive strength values, all PFRC specimens with different fiber
volume fractions were tested in a compression testing machine (CTM). Table 4 illustrates
the concrete mix proportions of PFRC in accordance with ASTM C192 [16]. First, all raw
materials except for the polypropylene fibers were added into a laboratory mixer and
mixed thoroughly for three minutes. Second, after one minute of waiting time, two to
three minutes of final mixing was performed by adding polypropylene fiber. Third, the
compaction was performed using a vibrating table for the 100 x 200 (mm) cylinders. The
length of the fiber was selected so that was is 2 or more times greater than the largest
aggregate size in the mix [17].
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Table 4. Concrete mix of PFRC specimens.

Cement Fine Agg. Coarse Agg.

PFRCntllt‘i’;feS‘g' ©) (FA) (CA) (ng‘;;‘:j) ProCon F (kg/m’)
(kg/m3) (kg/m3) (kg/m3)

A/B/C-1.32 464.0 840.5 582.7 148.2 0.96
A/B/C-11.0.32 464.0 840.5 582.7 148.2 2.24
A/B/C-111.32 464.0 840.5 582.7 148.2 4.49
A/B/C-1V.32 464.0 840.5 582.7 148.2 6.73
A/B/C-V.32 464.0 840.5 582.7 148.2 8.97
A/B/C-VI1.32 464.0 840.5 582.7 148.2 13.46
A/B/C-V1.40 464.0 840.5 582.7 185.2 13.46
A/B/C-VIL50 464.0 840.5 582.7 231.5 13.46
A/B/C-VL60 464.0 840.5 582.7 277.8 13.46

2.3. Calculated Compressive Strength Test Using The UPV Values

The Ultrasonic Thickness Gauge made by REED Instruments was used to check the
quality of the PFRC elements by identifying voids, cracks, honeycombs, and compressive
strength in accordance with ASTM C597 [16].

V=L/T 1)

In this equation, the wave transit time, T, is in seconds and is measured electronically;
L is the length of the specimen (in kilometers); and the pulse velocity, V, is in km/s. This
test method is also applicable when determining the longitudinal stress wave pulses’
propagation velocity through the cementitious materials and for evaluating the mechani-
cal properties.

Polypropylene fibers” effects on the mechanical properties and specifically on the
compressive strength of PFRC specimens are determined by using empirical equations
based on UPV from previous studies relating compressive strength and UPV, as shown
in Table 5. Here, f'c is the compressive strength (in MPa), V is the pulse velocity (in km/s),
CA is an acronym for coarse aggregate, and Grade M15 and Grade M20 are regular grades
of reinforced concrete construction according to ASTM C597 [18]. The chosen Equations
(1)-(9) are for regular grades of plain or fiber reinforced concrete with a standard curing
time of 28 days. The limitation column in Table 5 contains a list of any exceptions.

Table 5. Empirical equations for PFRC specimens.

Eq# Reference Equation Limitation
(2) Naik, 2004 [19] f'. = (33V —109.6) Cylindrical Specimens
in, = 0. e~ = m?3
3 Lin, 2007 [20] f'.=0.00055¢*% CA =1100 kg/
(4) Elvery and Ibrahim, 1976 [21] £ = 0.0012¢227V Temperamcr)e (0% to 60
andor et al., c = 0. e~ (S]
5 Sand 1., 1990 [22] f! =0.0028e21V Age7
(6) Nash’t et al., 2005 [23] f! =1.19e%715 Cubes
(7) Mahure, 2011 [24] f¢ = —18.89 +9.502V Grade M15
(8) Mahure, 2011 [24] f, =17.15+2.701V Grade M20
9) Kheder, 1999 [25] f! =8.4x107°(Vx103)%5921 N/A

2.4. The Coefficient of Variation (COV) for PFRC Specimens

The values of compressive strength obtained from the empirical equations shown in
Table 5 were compared with the corresponding experimental test results from the CTM.
To better evaluate the accuracy of calculated values versus the measured values, COV was
used [26].
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— i=‘; fCi (10)
\/ 1 Zn ’ N2
COV = n—1 i=1(fcpi —fe) (11)
u

where the mean of the measured value is 1, the number of data is shown with n, compres-
sive strength f'ci is measured at the i-th data point, and the predicted compressive strength
f i is the calculated value at each i-th point.

3. Discussion of the Results

The results obtained experimentally from the UPV and the CTM tests for PERC spec-
imens are listed below. Table 6 provides ultrasonic and compressive strength values in
terms of variable curing conditions, fiber volume fractions, Vf, and w/c ratio. According
to ASTM C39, the rate of increase in concrete compressive strength is highest during the
first 28 days after casting and thereafter gradually decreases. Furthermore, most concrete
strength criteria are met around the age of 28 days. Because the growth in strength after

44 days was determined to be minimal, measurements were taken at 7 days, 28 days, and
44 days.

Table 6. Test Results; (a) Ultrasonic pulse velocity (km/s), (b) Compressive strength (MPa), and (c)
Compressive strength considering size effect (MPa).

Ultrasonic Pulse Velocity (km/s)
Vi
0.10%0.25%0.50%0.75%1.00%1.50%1.50%1.50%1.50%

Set A
(28 days)
Set B
(7 days)
Set C

(44 days)
w/c 0.32 04 05 0.6
Compressive Strength (MPa)
V§

0.10%0.25%0.50%0.75%1.00%1.50%1.50%1.50%1.50%

4 396 376 3.06 281 271 273 269 258

L 027 469 394 378 358 331 334 327 31

Cu ring in Water

579 522 509 493 469 436 42 4.02 341

Set A
21.8 225 251 228 212 21 208 193 19.1
(28 days)

Set B
(7 days)
Set C
374 39.7 449 351 319 30.1 294 283 273
(44 days)
w/c 0.32 04 05 0.6
Compressive Strength Considering Size Effect (MPa)
Vi
0.10%0.25%0.50%0.75%1.00%1.50%1.50%1.50%1.50%

L 323 349 371 301 292 286 275 269 252

Curing in Water

Set A
225 232 259 235 219 21.7 215 199 19.7
(28 days)

Set B
¢ 333 36 382 31 301 295 284 278 26
(7 days) *

Set C
© 385 41 463 36.2 329 31 303 29.2 282
(44 days)

w/c 0.32 04 05 0.6

Curing in Water
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* The second set (B) of nine cylinders were cured in water for 7 days and then taken out and left dry
curing for 37 more days, making a total of 44 days.

Variation in ultrasonic pulse velocity (UPV) with respect to Vt and w/c is presented
in Figure 1. A decrease in UPV was observed with the increase in V¢ under all curing con-
ditions with w/c = 0.32. The value of UPV is maximum after 44 days of curing in water
and when the specimen contains 0.10% polypropylene fiber, and it is minimum when the
specimen contains 1.50% polypropylene fiber after 28 days of curing in water.

Ultrasonic Pulse Velocity (Km/sec)

5.00
4.80
4.60
4.40
4.20
4.00
3.80
3.60
3.40
3.20
3.00

4.60
4.40 o

4.20 o

4.00 A |
3.80 A
3.60 <
3.40

3.20

3.00

>
Ultrasonic Pulse Velocity (Km/sec)

0.1 0.25 0.5 0.75 1 1.5
Polypropylene Volume Fraction (%)
28 days curing in water
7 days curing in water + 37 days curing outside

water
44 days curing in water

0.32 0.4 0.5 0.6

Water-to-Cement ratio

28 days curing in water

7 days curing in water + 37 days curing
outside water
44 days curing in water

(a) (b)
Figure 1. UPV vs. Vf (a) and w/c (b).

It can also be observed that the UPV value increases when the age increases. Moreo-
ver, UPV decreases when the w/c ratio increases under all curing conditions where the Vf
=1.50%. The highest UPV was obtained from the specimen with the w/c=0.32 after curing
for 44 days in water, and the lowest UPV was obtained from the specimen containing a
0.6 w/cratio after 28 days of curing in water. A comparison between PFRC specimens with
different curing times shows that 44 days of curing results in considerable changes in
UPV.

It can be observed in Figure 2 that the compressive strength starts to decrease after a
gradual increase up to 0.5% fiber volume fraction. This trend can be seen under all curing
conditions while w/c is 0.32. When subjected to compression loading, fibers cross crack
and transfer stress to the upper and lower surfaces of the cylinder, reducing stress con-
centration at the cracks and allowing the sample to continue bearing loads. Moreover, the
distributions and orientations of fibers are decisive. When the sample reached ultimate
load, a vertical crack in the middle space grew quickly and crossed the section, resulting
in sample failure. Therefore, PFRC addition not only improved peak flexural loading but
also delayed crack growth and effectively improved toughness due to the fiber preventing
the crevice effect. The highest compressive strength was obtained from the specimen con-
taining 0.50% polypropylene fiber after curing in water for 44 days. The lowest compres-
sive strength was obtained from the specimen containing 1.50% polypropylene fiber for
all curing conditions. It can also be observed that with the increase in the age of the spec-
imen, the compressive strength increases. Moreover, while the Vf is constant, in all curing
conditions, the compressive strength decreases with the increase in w/c. The largest value
for the compressive strength was gained from the specimen with a w/c ratio of 0.32 after
curing for 44 days, and the lowest value for compressive strength was obtained from the
specimen containing a 0.6 water-to-cement ratio after curing for 28 days. At the age of 44
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days, it was observed that the specimens cured all the time showed an average of 15%
more compressive strength compared to specimens that were cured in water for only 7

days.
50 35
= g
o
=3
£%5 = <30 o o
w e A O
3 A S 25 A
S 35 N o 2
g O ¢
] (o <
30 =
% A A R g 20 o o
‘@ 25 o 8
o o 5 15
2 o (o4 a
] 01 025 05 075 1 15 © o
Polypropylene Volume Fraction (%) 0.32 0.4 0.5 0.6
Water-to-Cement ratio
28 days curing in water © == 28 days curing in water
7 days curing in water + 37 days curing A - - 7 days curing in water + 37 days curing
outside water outside water
44 days curing in water B 44 days curing in water

(a) (b)
Figure 2. CTM values vs. polypropylene’s Vf (a) and w/c (b).

In the calculation, to take into account the size effect of PFRC specimens on compres-
sive strength, the following equation was used:

0.49f".

J1+d/26

where fc represents the standard cylinder’s (150 x 300 mm) compressive strength in MPa,
fey (d) is the compressive strength of cylinders with any arbitrary dimension, and d in cm
represents the arbitrary specimen’s diameter [27].

Figure 3a-h illustrate the comparison between the CTM measured values for the
compressive strength and the predicted values for compressive strength of PFRC speci-
mens implementing the existing equations in Table 5. It was observed that the equations
in Table 5 were incapable of accurately estimating the compressive strength of PFRC ver-
sus UPV at the time of this analysis. This is because the polypropylene fibers in the mix-
ture alter the propagation of pulse velocity. A new equation was developed to account for
the effects of polypropylene fibers and to address the errors in the previous equations.
The proposed equation for PFRC (max Vi=1.5%) is as follows:

fl = 33105 (13)

where f.” is the CS in MPa and V' is the UPV in km/s.

To better show the variability between the measured and calculated results, the COV was
computed using Equation (12), and the COVs range from 9.6% to 75% as shown in Table 7.
Equation (6) given by Nash't et al. [25] for cubes showed less deviation, whereas Equation (3)
exhibited more than 75% deviation.

foy(d) = 0.81f", + (12)
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Figure 3. Measured vs. predicted compressive strength (CS) of PFRC specimens. a—I: Measured vs
Equations (1)—(13).

Table 7. The coefficient of variation (COV) for PFRC specimens.

. P dE -
Equaton 2 () @ G © @ 68 ) ‘°‘t’i‘; Slf (13)‘1“*‘
cov 29.1% 75.1% 55.0% 52.8% 19.4% 31.4% 19.8% 31.1% 9.6%

In Figure 3, the calculated and measured values of the compressive strength show
perfect correlation when the data points form a 45-degree line. Non-conservative devia-
tions will be located above the 45-degree line, and conservative deviation data points will
appear below the line. All equations depend on ultrasonic pulse velocity. Therefore, the
reason for the lower accuracy of the results derived from equations found in the literature
is attributed to the presence of polypropylene fibers which affect the propagation of UPV
in the material. Therefore the new equation to better predict the compressive strength
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Compressive Strength (MPa)

CS (MPa)

110.0
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10.0

0.0
3.00
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20.0
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0.0
3.00

3.20

3.20

based on UPV was developed to account for the polypropylene fibers’ influence in con-
crete (Equation (13)). The comparison between compressive strengths from CTM (meas-
ured) vs. the proposed equation is also shown in Figure 3i.

Figure 4 shows that the available equations do not provide a good prediction of com-
pressive strength for PFRC for different volume fractions and ages. This is because poly-
propylene fibers, curing time, and w/c ratio alter the propagation of pulse velocity, thus
altering the results from the equations found in the literature. Consequently, the proposed
equation was introduced to correct the errors of available equations.

<o
<o
® Measured
X OEq2
o X ©Eq3
& AEg4
< é oOb XEq5
g g ) XEq6
0 00 0 © 8 g? ¥ <o ~Ea7
) o0 O 8; g ﬁgg §§ * OEq8
¥ ¥ ¥ ﬁ % ﬁﬁg +Eq9
5 B W 5 B&
3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00

Ultrasonic Pulse Velocity (km/sec)

Figure 4. Measured compressive strength (CTM) vs. calculated compressive strength (all equations)
for PFRC specimens.

Figure 5 illustrates the calculated values versus measured values for compressive
strength when utilizing Equation (13) (the proposed equation), and it is proven that the
COV calculated for the Equation (13) is 9.59%, which is considerably lower than those
calculated from Equations (2)—(9).

[ J
o © ¢
') °
o ® &8 8' ® Measured
® ®
o o @° e oo
) [ J O Proposed
Equation
3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00
UPV (km/sec)

Figure 5. PFRC’s measured compressive strength (CS) vs. Equation (13) (the proposed equation).

4. Conclusions

An experimental program was designed and conducted to examine the compressive
strength of concrete including polypropylene fiber by considering six different percent-
ages of fiber volume fractions, four different ratios for w/c, and three curing conditions. It
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was observed that the PFRC compressive strength increases with the increase in the pol-
ypropylene fiber volume fraction up to 0.5% at all ages, then it decreases at higher volume
fractions. Thus, the observed optimum dosage for polypropylene fiber in the current re-
search is 0.5% volume fraction in the mixture. It was also depicted that at all ages the UPV
of PFRC decreases when the fiber volume increases. The existing equations in the litera-
ture did not present an accurate prediction of compressive strength for PFRC versus UPV.
This is due to polypropylene fibers’ effects in the mixture that alter the propagation of
pulse velocity. Therefore, a new equation was introduced to include the effects of the pres-
ence of polypropylene fibers and therefore compensate for the deviations of existing equa-
tions. The COV of the proposed equation was proven to be less than those other investi-
gated available equations, thus better estimating the compressive strength of PFRC when
utilizing the UPV test results.
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