
Case Studies in Construction Materials 13 (2020) e00429
Short communication

Comparison of mechanical properties of concrete and design
thickness of pavement with different types of
fiber-reinforcements (steel, glass, and polypropylene)

Iqrar Hussaina, Babar Alib,*, Tauqeer Akhtarb, Muhammad Sohail Jameela,
Syed Safdar Razac

aDepartment of Civil Engineering, University of Engineering and Technology, Taxila, 47050, Pakistan
bDepartment of Civil Engineering, COMSATS University Islamabad, Sahiwal Campus, 57000, Pakistan
cDepartment of Civil Engineering, Bahauddin Zakariya University, 66000, Multan, Pakistan

A R T I C L E I N F O

Article history:
Received 11 May 2020
Received in revised form 18 August 2020
Accepted 19 August 2020

Keywords:
Flexural strength
Residual flexural strength
Thickness of concrete pavement
Steel
Polypropylene, and glass fibers
Cost analysis

A B S T R A C T

In this study, the effect of different fiber-reinforcements was investigated on the
mechanical properties of normal strength and high strength concrete. Then using the
mechanical properties of concrete, the design thickness of jointed plain concrete pavement
was evaluated under the same traffic-loading conditions. For this purpose, three different
fiber-reinforced concretes were produced using a 1% volume fraction of hooked steel fiber,
polypropylene fiber, and glass fiber, respectively. Studied mechanical properties include
compressive strength, flexural strength, and residual strength. The results of mechanical
testing show that steel fiber is superior in enhancing the compressive and flexural strength
compared to glass and polypropylene fiber. The net gain in flexural strength and residual
strength due to steel fiber is almost twice compared to that caused by polypropylene and
glass fiber. 1%steel fiber incorporation reduced the design thickness of pavement from 183
to 120 mm for normal strength concrete and 155 to 105 mm for high strength concrete.
Owing to the best flexural performance, steel fibers were the most effective in reducing the
design thickness in comparison with polypropylene and glass fibers. But cost to benefit
ratio analysis suggests that steel fiber-reinforced concretes are not economical compared to
glass fiber and polypropylene fiber-reinforced concretes for the same load-carrying
capacity. Therefore, for the same performance, glass and polypropylene fiber-reinforced
concretes can provide cheaper pavements than steel fiber-reinforced concrete and
conventional plain concrete.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plain cement concrete (PCC) is inherently brittle and its brittleness rises with the increment in compressive strength [1].
PCC is very weak in tension and its tensile strength is less than 12 % of its compressive strength in most of the cases [2–4].
Therefore, it cracks easily under tensile loads and offers very low resistance to bending or tensile stresses. Use of fiber-
reinforcements such as steel, glass, basalt, polypropylene fibers is very common in the construction industry to upgrade the
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ductility and tensile performance of cementitious composites [5–13]. Fibers owing to their very high elastic modulus and
tensile strength increase the ability of binder matrix to resist cracking under tensile and bending stresses [4,14].

1% volume fraction of steel fiber is known to enhance the compressive strength and flexural strength of concrete by 10 %
and 80 %, respectively [15,16]. Similarly, glass fibers have been reported to enhance compressive strength and flexural
strength by 3–7 % and 25–28 %, respectively [3]. Polypropylene fibers are also efficient in enhancing the tensile strength of
concrete by more than 20 % [12]. Overview of existing literature suggests [2,12,17] that fiber-reinforcement is more efficient
in flexural and tensile strength than it is in compressive strength. Therefore, fiber-reinforced concretes can significantly
enhance the capacities of structural members under tensile loads.

Applications of fiber-reinforced concrete include [18], but not limited to, runaways, aircraft parking, rigid pavements,
tunnel linings, slope stabilizations, blast-resistant structures, hydraulic structures, etc. In applications like rigid pavements,
where, the flexural strength of the material is the most important parameter, the design thickness of concrete pavement can
be significantly reduced by using a suitable fiber-reinforced concrete [18]. Although the benefits of fiber-reinforcement in
rigid pavements are evident there are very few studies that investigate and compare the design thickness of pavement with
the various types of fibers. Chan et al. [19] analyzed the design thickness and carbon emissions of rigid concrete pavements
using the mechanical properties of steel fiber-reinforced recycled aggregate concrete. Due to the phenomenal improvement
in flexural strength owing to steel fiber, recycled aggregate concrete produced thinner pavements with low carbon emissions
compared to normal aggregate concrete. Ahmadi et al. [20] reported that recycled steel fiber remarkably improves the tensile
and flexural performance of recycled aggregate concrete. Owing to steel fiber, recycled aggregate concrete yielded lower
pavement thickness compared to that of the plain normal aggregate concrete for the same design loadings. To the best
knowledge of authors, no research is available on the effects of polypropylene, and glass fibers in comparison with steel fiber
on the design thickness of pavement. The studies are also rare on the economic performance evaluation of concrete
pavements with different fibers under the same traffic loading conditions. The information in this field is necessary for the
selection of suitable fiber reinforcement for the pavement application.

The main objective of this research was to compare the mechanical performance of normal strength and high strength
concrete mixes with the three types of fiber-reinforcements (steel fibers, polypropylene, and glass fibers). The performance
of these mixes was evaluated based on the economic and mechanical performance advantages of using fiber-reinforcement
in rigid concrete pavements. For the design thickness calculation, ACPA mechanistic design tool StreetPave was used [21]. For
all mixes, design input parameters such as traffic loadings, design life, subgrade properties, reliability, lane distribution
factors, etc. were kept the same except the mechanical properties (compressive strength, flexural strength, residual strength)
of the mixes.

2. Materials and methods

2.1. Materials properties

General-purpose Portland cement Type I according to ASTM C150 [22] was used in this research. Properties of fine and
coarse aggregates used in the mix design are given in Table 1. Overview of fiber-reinforcements i.e. steel fibers,
polypropylene fibers, and glass fibers is shown in Fig. 1. Properties of these fibers are given in Table 2.

2.2. Concrete mixes

Two families of concrete mixes namely normal strength concrete (with cylindrical compressive strength of 30 MPa) and
high strength concrete (compressive strength of 45 MPa) were produced in this research following ACI 211.1�9 [23]. For each
of these two concrete families, three fiber-reinforced mixes were produced using a 1% volume fraction of steel fiber,
polypropylene fiber, and glass fiber, respectively. Details of all concrete mixes are provided in Table 3. Slump chosen for fresh
concrete mixes was 50 mm that is suitable for highway pavements. To control slump loss, in fiber-reinforced mixes,
superplasticizer (Sika Viscorete 3130) was used, whereas, plain concrete mixes were produced without superplasticizer, see
Table 3.

Table 1
Properties of fine and coarse aggregates.

Property Fine aggregate Coarse Aggregate

Material Siliceous sand Crushed limestone
Water absorption (%) 1.12 0.78
Maximum size of particles (mm) 4.75 25
Fineness modulus 2.54
Specific Gravity 2.65 2.68
Dry Rodded Density (kg/m3) 1620 1550
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2.3. Preparation and testing of concrete mixes for the evaluation of mechanical properties

All mixes were prepared in a mechanical mixer with adjustable rotational speed. Firstly, aggregates and cement were dry-
mixed for 4 min. at 40 rpm. Subsequently, 1/2 amount of water was added to the mix, and blending was done for 2 min. at
60 rpm. In the third stage, the remaining 1/2 of water and superplasticizer were added and the blending of the mixes
continued for 2 min. at 60 rpm. Ultimately, fiber was added to the mixer, and blending was done for 2 min. at 80 rpm. In the
case of plain mixes, the third stage lasted for 4 min. at 60 rpm. The mixing duration of 10 min. was kept constant for both
plain and fiber-reinforced concretes. Then until the finishing of casting, the mixer ran constantly at 40 rpm. All specimens
were cast in steel molds of standard dimensions. After casting, specimens were allowed to set for 24 h covered in water-proof
polythene sheets. Subsequently, specimens were demolded and cured in tap water for 28 days.

Fig. 1. Overview of (a) steel fibers (b) glass fibers, and (c) polypropylene fibers.

Table 2
Properties of fiber-reinforcements used in this research.

Property SF GF PPF

Length (mm) 35 6�18 12
Diameter of filament (mm) 0.9 0.015 0.03
Aspect ratio of filament 39 400�1200 400
Tensile strength (MPa) 1200 1500�1700 500
Modulus of elasticity (GPa) 200 72 5
Density (kg/m3) 7750 2600 900

SF: Steel fibers; GF: Glass fibers; PPF: Polypropylene fibers.

Table 3
Details of concrete mixes.

Mix IDs Cement
(kg/m3)

Water
(kg/m3)

Coarse aggregate
(kg/m3)

Fine aggregate
(kg/m3)

SP* (kg/m3) Steel fiber (kg/m3) Polypropylene
fiber (kg/m3)

Glass fibers
(kg/m3)

NSC-Plain 330 180 1076 796 0 0 0 0
NSC-1%SF 330 180 1063 783 3.4 78 0 0
NSC-1%
PPF

330 180 1063 783 4.5 0 9 0

NSC-1%GF 330 180 1063 783 4 0 0 26
HSC-Plain 475 180 1076 650 0 0 0 0
HSC-1%SF 475 180 1063 637 3.4 78 0 0
HSC-1%
PPF

475 180 1063 637 4.5 0 9 0

HSC-1%GF 475 180 1063 637 4 0 0 26

* SP: superplasticizer.
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Studied mechanical properties include compressive strength, flexural strength, and residual strength. A compressive
strength test was conducted on the cylindrical specimens of 100 mm diameter and 200 mm height as per ASTM C39 [24]. To
evaluate the flexural performance of each fiber-reinforced concrete, prismatic specimens of 100 mm x 100 mm x 350 mm
were used for the evaluation of load-deflection data following ASTM C1609 [25]. Flexural strength and residual strength [27]
for each mix were determined using the peak load and residual load corresponding to 0.75 mm deflection, respectively
following ASTM C78 [26]. For each mechanical property, three specimens were tested, and their average result is reported in
this research paper.

2.4. Calculation of design thickness

To compare the benefits of fiber-reinforcement, the design thickness of jointed plain concrete pavement (JPCP) was
calculated for a collector street using the mechanical properties of each mix under the same traffic spectrum (ACI 330
Category C of traffic spectrum) given in the ACPA design method [21]. StreetPave software tool developed by ACPA was used
for the calculation of the design thickness of JPCP. Details about the truck traffic over the 30 years of the design life of JPCP are
provided in Table 4. Other constant and variable general design inputs considered in thickness design are provided in
Tables 5a and 5b.

Table 4
Traffic over the pavement during the design life (traffic category for collector street).

Input Value

Trucks per day (two-way at the time of construction) 200
Traffic growth 2%
Design life 30 Years
Directional distribution 50 %
Design lane distribution 100 %
Average trucks/day in design lane over the life of the pavement 135
Total trucks on design lane over the design life 1,481,749

Table 5a
Design inputs for the TCP design.

Design inputs that remained the same for all mixes

Terminal serviceability 2
Reliability 85 %
Resilient modulus of subgrade 29 MPa
Percent of slab cracked at the end of design life 15 %
Composite modulus of subgrade reaction 28 MPa
Edge support Provided

Design inputs that changed with the mix
Flexural strength or Modulus of rupture (MPa) Variable
Residual strength (%) Variable for FRC*

0% for PC**
Macro-fibers consideration Yes, for FRC

No for PC

* FRC: Fiber-reinforced concrete mixes.
** PC: Plain concrete mixes.

Table 5b
Unit cost of materials.

Material Unit cost (USD/kg) incl. transportation

Cement 0.1344
Siliceous sand 0.0065
Crushed limestone 0.0109
Hooked steel fiber 0.8
Glass fiber 0.75
Polypropylene fiber 0.89
Water 0.0009
Superplasticizer 1.45
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3. Results and discussion

3.1. Mechanical properties of concrete mixes with different fibers

3.1.1. Compressive strength
Effect of fibers on compressive strength of normal strength concrete (NSC) and high strength concrete (HSC) is shown in

Fig. 2. Relative compressive strength of each fiber-reinforced concrete with respect to corresponding plain concrete is also
shown in Fig. 2(a). The general trend in results shows that fibers help in advancing the compressive strength of both strength
classes i.e. NSC and HSC. Compressive strength of NSC increases by 9.6 %, 5.0 %, and 6.9 % at 1% volume fraction of steel,
polypropylene, and glass fiber, respectively. Similarly, HSC experiences a net gain of 11.5 %, 3.3 %, and 9.5 % in compressive
strength over plain-HSC due to 1% volume fraction of steel, polypropylene, and glass fiber, respectively. Improvement in
compressive strength due to fiber inclusion in the binder matrix is credited to the increase in stiffness of composite material.
Fiber addition provides confinement effect to binder matrix which helps in decreasing the deformation of the composite
under compressive forces which consequently improves the axial stiffness of material [3]. The higher contribution of steel
fiber towards compressive strength can be ascribed to higher rigidity and modulus of elasticity of steel fiber than glass and
polypropylene fiber. Furthermore, the provision of hooks in steel fibers improves the bond between fiber and binder matrix.
Improvement in bond strength can also increase the efficiency of fibers in enhancing the compressive strength of concrete.
On the other, smaller improvements in compressive strength due to polypropylene fiber are ascribed to its lower
compressive strength and modulus of elasticity compared to that of the steel and glass fibers. Furthermore, an absence of
hooks in the cases of both polypropylene and glass fibers does not ensure good bonding between fiber filament and binder
matrix.

3.1.2. Flexural strength and residual flexural strength
The relationship between the load and corresponding mid-span deflection under the third point bending tests on the

prismatic specimens is shown in Fig. 3. The peak load of each specimen was used in the calculation of flexural strength.
Residual strength is calculated using the load corresponding to mid-span deflection of 0.75 mm. The maximum peak load
belongs to mix having steel fiber in the cases of both NSC and HSC. Moreover, descending limbs of steel fiber reinforced
concretes are flatter than those of the glass fiber and polypropylene fiber reinforced mixes. This indicates that steel fiber-
reinforced mixes have higher flexural toughness and energy absorption capacity than other fiber-reinforced mixes after the
peak load.

The effect of fiber-reinforcements on flexural strength and residual flexural strength of each mix is shown in Fig. 4. The
results show that fiber-reinforcement is extremely useful in advancing the flexural strength of both NSC and HSC. Flexural
strength of NSC increases by 51 %, 22.6 %, and 32.2 % due to the inclusion of steel, polypropylene, and glass fiber, respectively.
Similarly, the flexural strength of HSC experiences a net gain of 55.8 %, 26.5 %, and 36.3 % due to the addition of steel,
polypropylene, and glass fibers, respectively, see Fig. 4(b). Fibers prevent the premature tensile cracking of concrete owing to
its crack arresting behavior and high tensile strength [16,28]. Like results of compression testing, flexural strength also
experiences more improvement with steel fibers, than these strength properties experience with polypropylene and glass
fibers. This might be ascribed to better bonding of steel fibers with binder matrix than other fibers. Steel fibers have a better
bond with binder matrix because of hooks provided at its both ends. These hooks prevent the slippage of fibers and help in
utilizing the maximum strength of fibers in resisting the tensile cracks. In the case of plain fiber like polypropylene and glass

Fig. 2. (a) Effect of steel, polypropylene, and glass fiber on compressive strength of normal strength concrete (NSC) and high strength concrete (HSC) (b)
Relative compressive strength of each fiber-reinforced mix w.r.t corresponding plain concrete.
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fiber, failure due to slippage of fibers might occur without the utilization of full strength of these fibers in resisting the tensile
cracking.

Residual flexural strength after peak load at the deflection of 0.75 mm is also presented in Fig. 4. Improvement order
(from highest to lowest) in residual strength is steel fiber (27–32 %), glass fiber (12 %), and polypropylene fibers (7.5–9 %).
These results show that NSC and HSC mix with steel fibers take sufficient load (27–32 % of peak) after the peak stress. On the
other hand, NSC and HSC mix with polypropylene, and glass fibers take small load after peak stress unlike mixes with steel
fibers. High residual strength of steel fiber reinforced mixes can be ascribed to their better crack arresting behavior than
those of the glass and polypropylene fibers.

3.2. Effect of fiber-reinforcement on design thickness (hDesign) of pavement

The effect of mechanical properties of different fiber-reinforced mixes on the hDesign is shown in Fig. 5. Improvement in
flexural strength of HSC and NSC substantially reduces the hDesign, see Fig. 6. The trends in these results show that to achieve
high flexural strength, using fiber-reinforcement is a better option than using a high strength concrete. For example, steel,
glass, and polypropylene fiber mixes of HSC yield better flexural strength than HSC. Incorporation of 1% steel fiber, 1%

Fig. 3. Load vs deflection curves (a) NSC and (b) HSC specimens under third point bending test with different types of fibers.
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polypropylene, and 1% glass fiber reduces the hDesign for NSC by 35 %, 18 %, and 23 %, respectively. Whereas, up-gradation of
flexural strength using HSC only shows a reduction of 15 % in hDesign. In HSC, a noticeable reduction in required hDesign is also
observed with the inclusion of fibers. Steel fiber mix due to its maximum flexural strength and residual strength requires the
minimum hDesign compared to other fibrous NSC/HSC mixes. These show interesting developments, for example, NSC with
any of the fiber-reinforcements (steel, glass, or polypropylene) requires a lower hDesign than plain HSC. 1%SF-NSC shows
hDesign 30 mm lower than that of the plain HSC. Moreover, 1%PPF-NSC and 1%GF-NSC also show lower hDesign than that of the
plain HSC. 1%SF reduces the hDesign of NSC and HSC by 43 and 40 mm, respectively. Ahmadi et al. [20] reported a reduction of
70 mm in hDesignwith the inclusion of 1% recycled steel fibers. It can be said that a reduction in the hDesign of pavements due to
fiber-reinforcement can help in saving natural resources by enhancing the strength per unit volume of concrete.

3.3. The economic impact of using fiber-reinforcement for pavement

3.3.1. Cost analysis
The cost of 1 m3 of each mix was calculated using the unit prices of material given in Table 6. These unit prices were

obtained from the local material suppliers in Pakistan including the cost of transportation. The final cost of each mix is given

Fig. 4. (a) Effect of steel, polypropylene, and glass fiber on flexural strength of normal strength concrete (NSC) and high strength concrete (HSC) (b) relative
strength of each fiber-reinforced mix w.r.t corresponding plain mix.

Fig. 5. Effect of flexural strength and residual strength of NSC and HSC mixes on the design thickness (hDesign) of concrete pavement.
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in Table 6. The final cost of mixes (USD/m3) is the summation of materials’ cost and cost of mixing, transporting, and placing
of concrete. The cost of mixing, transporting, and placing is taken as 20 USD/m3. Cost analysis shows that using fiber-
reinforcement drastically increases the cost of concrete production. Fiber-reinforcement also increases the cost of mixes by
increasing the demand for plasticizers to compensate for the loss in workability. Among all-fiber, steel fiber influenced the
final cost of concrete most negatively. The cost of NSC and HSC rises by 82 % and 67 %, respectively due to the inclusion of 1%
steel fiber. This is mainly because a large mass (78 kg/m3) of steel fiber is required at a 1% volume fraction compared to that of
the glass fiber (26 kg/m3) and polypropylene fiber (9 kg/m3). The huge difference in the cost of fiber-reinforced concrete
mixes was caused by the huge difference in the density of the material of fiber. The lightweight polypropylene fibers require a
small mass per unit volume compared to that of the steel fibers.

3.3.2. Cost to benefit analysis
Although fiber-reinforcements are very expensive, their potential benefits cannot be ignored in performing the economic

analysis, such as improved mechanical properties and requirement of lesser design dimensions. Improvement in flexural
strength due to fibers leads to smaller design thickness in the case of rigid pavements; therefore, cost to benefit analysis of
each mix should be performed considering the savings in the materials costs caused by the improvements in the strength per
unit volume of material. For this purpose, cost per unit flexural strength (CFS) and the cost of pavement (CP) per unit square
meter were calculated and the results of the analysis are presented in Fig. 7.

The results of CFS (see Fig. 7a) indicate the selection of fiber-reinforcement to upgrade flexural strength of mix
significantly depends upon the type of fiber. Steel fiber reinforced mixes have higher CFS values than plain mixes, indicating
that steel fiber is not an economical choice to upgrade the flexural strength. Steel fiber mixes produced highest flexural
strength in the cases of both NSC and HSC, but due to significant increment in the final cost of the mix, CFS values of steel fiber
mixes are noticeably higher than those of the plain and other fiber-reinforced mixes. On the other hand, polypropylene and
glass fiber-reinforced mixes show noticeably lower CFS values despite showing less flexural strength than that of the steel

Fig. 6. Relationship between flexural strength and design thickness (hDesign) of pavement for the same load-carrying capacity.

Table 6
Final cost of concrete mixes incl. cost of mixing, transportation, and placing.

Mix ID Cost (USD/m3) Relative cost

NSC-Plain 81 1.00
NSC-1%SF 149 1.82
NSC-1%PPF 96 1.18
NSC-1%GF 106 1.31
HSC-Plain 100 1.00
HSC-1%SF 167 1.67
HSC-1%PPF 114 1.14
HSC-1%GF 125 1.25
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fiber mixes. Furthermore, polypropylene and glass fiber-reinforced mixes also provide economical mixes based on CFS
compared to that of the conventional plain concretes. Another cost to benefit ratio analysis is performed by calculating the
cost of pavement (CP) per unit area by multiplying the design thickness of pavement for a mix with the corresponding cost of
the mix. CP results presented in Fig. 7b show that glass fiber and polypropylene fibers can help in reducing the cost as well as
the design thickness of pavement. On the other hand, steel fiber NSC and HSC show lower CP values mainly because of the
high final cost of the product mix compared to plain mix. Both polypropylene and glass fiber-reinforced mixes are
economical than conventional plain concrete in the cases of both NSC and HSC.

4. Conclusions

In this study, the effects of different fibers (steel fibers, glass fibers, and polypropylene fibers) were studied and compared
based on the result of the mechanical properties of normal strength and high strength concretes. The effect of different fibers
was also analyzed on the design thickness and economic performance of the concrete pavement. Following important
conclusions can be derived from this research:

1 Steel fibers are more efficient than glass and polypropylene fiber in enhancing the compressive strength (10–12 %) and
flexural strength (51–56 %) of both normal strength and high strength concretes.

2 Steel fibers are more efficient than both glass and polypropylene in enhancing the residual flexural strength and toughness
(up to 30 %) of normal and high strength concretes.

3 The thickness of pavement with normal strength concrete reduces by 63 mm (35 %), 21 mm (17 %), and 40 mm (22 %) by
the inclusion of a 1% volume fraction of steel fiber, polypropylene fiber, and glass fiber, respectively. Similarly, reductions
are also noticed with fiber addition in high strength concrete.

4 Normal strength concrete with 1% of any of the fiber (steel, glass, and polypropylene fiber) requires lesser design thickness
of pavement than plain high strength concrete.

5 Cost to benefit analysis suggests that steel fiber is not economical when compared with glass and polypropylene fiber in
enhancing the mechanical efficiency of concrete. Similarly, steel fiber-reinforced concrete yields a high cost of pavement
compared to glass and polypropylene fiber for the same design life and loading conditions.

6 Polypropylene fiber despite showing less mechanical strength compared to glass and steel fiber can still yield economical
pavement thickness for the same service conditions.
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Fig. 7. (a) Cost per unit flexural strength (CFS) and (b) cost of pavement (CP) per unit area.
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