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Abstract: Geogrids have been investigated by a limited number of studies as a potential alternative
to steel reinforcement for Portland cement concrete (PCC), especially in situations where using steel
reinforcement may not be suitable due to constructability and durability limitations. This study
aims to investigate the flexural behavior of simply-supported concrete beams reinforced by geogrids,
which would aid in assessing the potential use of geogrids for concrete structures such as overlays and
other thin sections. Another objective of this study is to examine the potential benefits of embedding
geogrids in PCC, and to investigate the mechanism and effectiveness of geogrid reinforcement in PCC.
Plain and geogrid-reinforced concrete beams were fabricated and tested under a static four-point
flexural bending load. The midspan deflection and crack mouth opening displacement (CMOD) of
the beams were recorded during loading. Additionally, for geogrid-reinforced beams, strain gages
were attached on the geogrids to monitor the strains that developed in geogrids. Results reveal
that the geogrid primarily contributes to improving the ductility of the post-peak behavior of plain
concrete and to delaying the collapse failure of concrete beams. Strain measurements of the geogrids
indicate that the geogrids were activated and mobilized instantly upon the application of the flexural
load. Both the strain measurements and observations of the geogrids post failure suggest that there
was no slippage between the geogrids and the concrete.
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1. Introduction

Although steel reinforcing bars (rebars) are the most commonly-used reinforcements for Portland
cement concrete (PCC), there are scenarios where steel rebars are not suitable for reinforcing PCC
due to constructability and durability limitations. For example, steel rebars are difficult place in thin
sections, such as concrete overlays, white-toppings, and some thin architectural elements. Additionally,
steel rebars are prone to corrosion in thin sections due to insufficient concrete cover [1]. Other materials
have been investigated for their use in PCC as alternatives to steel rebars, including fiber reinforced
plastic polymer (FRP) bars, tendons, and FRP grids [2–5]. Particularly, a great deal of effort has
gone into investigating discrete fibers for reinforcing PCC, where fibers are found to mainly enhance
post-cracking performance of PCC such as toughness and control of cracking [6–10].

A limited number of studies have proposed and investigated the innovative use of a traditional
material, geogrids, for reinforcing PCC. Geogrids are two-dimensional planar polymeric structures
that consists of a mesh-like network of connected tensile elements, called ribs. The ribs are linked by
extrusion, bonding, or interlacing, and have openings or apertures that are usually larger than the ribs.
Depending on the aperture shape and rib direction, there are three primary types of geogrids: uniaxial,
biaxial, and triaxial. Geogrids are usually embedded in unbound geomaterials with which they interact
through interlocking and shear resistance to provide reinforcement to earthen structures such as earth
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retaining walls, slopes, embankments, shallow foundations, and pavements [11–13]. Due to their
relatively high strength-to-weight ratio, ease of handling, and relatively lower cost, geogrids have been
increasingly investigated for potential use as reinforcements for PCC.

Studies by Tang et al. in 2008 [14] and El Meski and Chehab in 2014 [15] investigated the potential
benefits of geogrids for flexural capacity and strength of concrete beams. It was found that geogrids can
provide post-cracking ductility and an increase in load capacity, depending upon the type of geogrid
being used. Another study based on laboratory experiments and numerical modeling examined the
use of geogrids for concrete thin overlays, and found that geogrids provide significant improvements
to concrete overlay performance in the post-cracking regime in terms of strength, ductility, and mode of
failure [16]. A laboratory study conducted on 900 mm × 900 mm × 60 mm concrete slabs reinforced by
geogrids found that geogrids can improve the flexural performance and cracking resistance of concrete
slabs after examining the ductility, fracture energy, and formation of cracks in the specimens [17].
Geogrids have also been investigated for use as confinement in reinforced concrete; it was found that
the proper application of geogrids with steel fiber reinforced concrete can help achieve ductile behavior
and alter the brittle mode of failure [18,19]. In addition to influencing the mechanical properties and
behavior of PCC, geogrids were found to reduce the drying shrinkage of concrete by about 20% in
75 mm × 75 mm × 280 mm concrete prism specimens, and about 15% in 280 mm × 280 mm × 30 mm
concrete slabs [20].

Contrary to unbound granular geomaterials in earthen structures, PCC is a material bonded by
cement. As a result, the reinforcing mechanism of geogrids embedded in PCC are expected to be
different than that when geogrids are embedded in earthen structures. The reinforcing mechanisms
and effectiveness of geogrids for unbound granular geomaterials have been well studied and
examined [21,22]. However, the effectiveness of a geogrid in reinforcing PCC is not well understood,
despite the benefits evidenced by findings from the aforementioned studies. It is unclear how much
the geogrid is engaged and mobilized under flexural loading, thus contributing to the effectiveness of
the geogrid in reinforcing PCC. Furthermore, it is of interest to know whether geogrids are activated
prior to the commencement of concrete cracking or failure. Using strain gages to monitoring strains
developed in geogrids during loading enables a close examination of the effectiveness of geogrids in
reinforcing PCC, and the way in which geogrids respond to loading when embedded in PCC.

The objective of this study is twofold: (1) to investigate the flexural behavior of simply-supported
geogrid-reinforced PCC beams under a static four-point bending load, which would aid in assessing
the use of geogrid reinforcement in concrete structures such as overlays and other thin concrete sections;
and (2) to examine the benefits of embedding geogrids in PCC, and investigate the mechanism and
effectiveness of geogrid reinforcement therein. A triaxial geogrid is used in this study to reinforce plain
concrete of normal strength. Four-point bending tests on simply-supported beams were conducted
for both unreinforced plain concrete and geogrid-reinforced concrete. Load and midspan deflection
data were recorded during the four-point bending tests. Additionally, for reinforced concrete beams,
the geogrids were instrumented with strain gages at various locations to monitor the strains developed
in the geogrids during the flexural loading.

2. Experimental Program

2.1. Materials

All concrete beams used the same concrete mixtures, consisting of Type I Portland cement, fine
aggregates of natural sand, and coarse crushed limestone. The water/cement ratio of the mixtures
is 0.456. The concrete mixture design has a 28-day compressive strength of 31 MPa per ASTM C 39,
representing a normal strength Portland cement concrete (PCC). Table 1 shows the mix design used
for all the concrete beam specimens. The nominal maximum size of the coarse aggregates is 12.5 mm,
which is smaller than the opening apertures of the geogrids, and allows the coarse aggregates to pass
through the apertures and avoid blocking the geogrid.
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Table 1. Concrete mix design (kg/m3).

Component Material Type Content (kg/m3)

Cement ASTM Type I 509
Fine Aggregates River Sand 857

Coarse Aggregates Crushed Limestone 1002

The geogrid used in this study is triaxial with 40 mm × 40 mm × 40 mm triangular apertures,
as shown in Figure 1. The proportion of the geogrid aperture opening size and the nominal maximum
aggregate size allow for interlocking between the geogrid and several large aggregates, thus leading
to a better interaction between the geogrid and the concrete. The geogrid is made by punching and
drawing polypropylene (PP) sheets in three equilateral directions. The basic structural elements of a
geogrid consist of ribs and junctions, as shown in Figure 1. Table 2 presents the index and mechanical
properties of the geogrid provided by the manufacturer. Although the tensile strength of the geogrid
reinforcement is of interest for a better understanding of the reinforcing effectiveness, the tensile
strength of the triaxial geogrid is unavailable at this point, likely due to the complexity in testing
triangular planar geometries and the lack of a testing standard for triaxial geogrids. When subjected
to chemically aggressive environments based on the EPA 9090 test method [23], the geogrid also
has a 100% resistance to chemical degradation, i.e., a strong resistance to loss of load capacity or
structural integrity [24]. This suggests that the durability of the geogrid is adequate to resist the
harsh environment due to chemical reactions during concrete curing. The geogrids were cut into
152 mm (width) × 762 mm (length) to fit into the concrete steel mold.
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Table 2. Index and mechanical properties of geogrids [24].

Properties Longitudinal Diagonal Transverse General

Index Properties
Rib Pitch (mm) 40 40 _ _
Mid-Rib Depth (mm) _ 1.8 1.5 _
Mid-Rib Width (mm) _ 1.1 1.3 _
Nodal Thickness (mm) _ _ _ 3.1

Structural Integrity
Junction Efficiency (%) _ _ _ 93
Aperture Stability (kg-cm/deg. @ 5.0 kg-cm _ _ _ 3.6
Radial Stiffness at Low Strain, kN/m @ 0.5% strain _ _ _ 300

2.2. Specimen Fabrication

To investigate the potential benefits of geogrid reinforcement for plain concrete, unreinforced
and geogrid-reinforced concrete beams were cast for four-point flexural bending tests in
152 mm × 152 mm × 762 mm steel molds (Figure 2a). For the geogrid-reinforced beams, the geogrid
reinforcement was installed at the lower one-third depth of the beam, i.e., approximately 51 mm from
the bottom of the beam. A concrete layer was first poured and compacted in the mold. The geogrid layer
was then carefully installed and kept tight, and another concrete layer was cast above it (Figure 2a,b).
It should be noted that, as the geogrid is light weight, it does not sink into fresh concrete even though no
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vertical reinforcement elements are utilized. In addition, the geogrid was prepared with dimensions to
allow for a tight fit into the concrete steel mold. Thus, the geogrids could be securely placed in the steel
mold without employing any extra measures. Extra care was exercised to compact the concrete to the
extent possible to ensure a proper intermixing between the geogrids and surrounding concrete mixtures.
After 24 h of room temperature curing, the concrete beams were demolded and moved into a water bath
tank to cure for at least 28 days prior to testing. Upon demolding the specimens, the specimens were
visually examined, and no visible separation or surface voids were observed. Two replicate specimens
were fabricated for the respective unreinforced and reinforced beams.
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2.3. Instrumentation and Flexural Loading Test

The setup and instrumentation of the four-point loading test is shown in Figure 3. All concrete
beams have a support span of 712 mm and a loading span of 152 mm (Figure 3a). A 3 mm wide, 25 mm
deep notch was sawed at the midpoint of the bottom face of the concrete beams to promote flexural
failure close to the mid-span of the beam.

Two linear variable differential transformers (LVDTs) were installed at the midspan of the beam,
with one on each side to measure midspan deflection during loading (Figure 3b). A clip-on gage
(EDS-0500-500T-S, Reliant Technology LLC, Colorado Springs, CO, USA) was installed at the notch
at bottom of midspan to measure the crack mouth opening displacement (CMOD) during loading
(Figure 3b).

Additionally, for the reinforced concrete beams, the geogrid reinforcement was instrumented by
strain gages to monitor strains developed in geogrids during flexural loading (Figure 1). An electrical
resistance type strain gage (KFG-5-120-C1-11L3M3R, Omega Engineering Inc., Norwalk, CT, USA) was
selected. The strain gage has a backing material constructed from polyimide, and the measurement
grid is made of a constantan alloy that can sustain strains of up to 5%. For each geogrid, a total of
8 strain gages were installed along the centerline in the longitudinal direction of the beam. Strain gages
were installed at the midspan and at various distances from the midspan: 25 mm, 51 mm, and 76 mm.
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Strain gages were installed in pairs on both the upper and lower surfaces of the geogrid ribs in order
to minimize the effects of flexural deformation on strain measurements.Infrastructures 2018, 3, x FOR PEER REVIEW  5 of 13 
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Due to the constrained surface areas of geogrid ribs and the flexible and planar structure
of geogrids, it has been shown that installing the delicate strain gages on geogrids can be very
challenging [25–27]. This study followed three main steps to install strain gages onto the geogrids,
namely, surface preparation, gage attachment, and protective coating. Tang, 2011 [28] presents detailed
information regarding the steps and procedures for installing strain gages on geogrids. As strain
gages are delicate and prone to mechanical and moisture damage, a waterproof putty (PTK-26,
Omega Engineering Inc., USA) was used to seal and protect the strain gages (Figure 2a). The putty
was flexible enough not to cause unintended reinforcing effects on the geogrids and yet adequately
tough to prevent mechanical damages. A thin layer of aluminum sheet was attached to the putty to
provide additional protection from pointy aggregates (Figure 2a). Wires that connects strain gages
were also protected by the same waterproof putty. All strain gages were still functional prior to the
flexural loading tests.

The simply-supported concrete beams were subsequently loaded by using a close-loop
electro-hydraulic actuator (Material Testing System Inc., Eden Prairie, MN, USA) housed in the
Charles L. Bartholomew Civil Engineering Laboratory at Widener University. The monotonic static
loading was applied under a displacement-control mode at a rate of 0.004 mm/s.

3. Results and Discussion

3.1. Load-Midspan Displacement Behavior and Failure Modes

Figure 4 shows the load-midspan displacement responses of the concrete beams to the flexural
bending. Two replicate specimens were tested for both the unreinforced and geogrid-reinforced beams.



Infrastructures 2018, 3, 41 6 of 12

The averaged maximum load is 3.7 kN and 3.5 kN for unreinforced and geogrid-reinforced beams,
respectively, indicating that the geogrid in this study does not necessarily contribute to improving
the peak flexural strength of plain concrete. However, in looking at Figure 4, it can be seen that the
geogrid-reinforced beams carried additional load after the crack was initiated, reaching a maximum
post-cracking load of 0.8 kN, or about 23% of the maximum load. It is noted that the maximum
post-cracking load is relatively low compared to the maximum peak load. Unlike other unconventional
discrete types of reinforcements such as fibers whose bonding with concrete is the primary contributor
to the reinforcement, geogrids are continuous and planar-type reinforcements, and carry the majority
of the post-crack load upon the initiation of cracks in concrete. Thus, for geogrid-reinforced concrete,
its post-crack load-carrying capacity relies on the ultimate tensile strength of the geogrids embedded
in the concrete. The polypropylene (PP) type of geogrid used in this study typically has a relatively
low ultimate tensile strength compared to other types of geogrids materials such as polyester (PET)
or high-density polyethylene (HDPE) [29]. It is expected that the post-crack load would increase
substantially when multiple layers of geogrids are installed in the concrete.
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Figure 4 also indicates that geogrid-reinforced specimens exhibit significant deformation before
ultimate failure, most likely due to the geogrid’s ductility, while the deformation of the control
specimen is minimal, as expected. Table 3 summarizes the results of the flexural four-point testing for
the plain and geogrid-reinforced beams.

Table 3. Results of flexural tests on concrete beams.

Concrete
Specimen Maximum Load (kN) Post-Cracking

Maximum Load (kN) Flexural Strength (kPa) Accumulated
Flexural Energy (J)

Plain Concrete 3.7 - 300 6.8
Geogrid-Reinforced 3.5 0.8 284 22.1

Based on the four-point bending tests, the flexural strength, also known as modulus of rupture,
R can be determined according to the following equation [30]:

R =
2Pl
5bh2 (1)

where: P is the maximum total load measured, units in kN; l is the support span length, 712 mm; b is
the specimen width, 152 mm; h is the specimen height, 152 mm. It should be noted that the above
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equation was modified from the flexural strength equation for four-point loading where the loading
span was exactly one third of the support span. As listed in Table 3, the averaged flexural strength for
plain and reinforced concrete beams is 300 kPa and 284 kPa, respectively. It is noted that the single
layer of geogrid used in this particular study did not necessarily increase the flexural strength of
the concrete.

The area under the load-deflection curve in Figure 4 represents the static flexural energy absorption
capacity of the concrete beams. The accumulated flexural energy for plain and geogrid-reinforced
concrete is 6.8 J and 22.1 J, respectively. Embedding geogrids in the concrete results in a substantial
improvement in the total energy-absorption capacity and the post-peak ductility under flexure. It is
worth noting that, similar to carbon fiber ropes used for shear strengthening of reinforced concrete
beams or steel fibers used in shear-dominated beams [31,32], limited past studies have demonstrated
that geogrids as shear reinforcement in a hybrid form with steel fibers can enhance shear capacity and
alter the failure mechanisms of beams from a brittle shear failure to a ductile flexural failure [19].

Observations from images of beams during loading and at failure show that, for the reinforced
concrete beams, there was extensive crack propagation, with a wide crack mouth opening before
failure (Figure 5); in contrast, the plain concrete beam failed instantly. For geogrid-reinforced beams,
as shown in Figure 5, the geogrid was able to hold the concrete beam with a macrocrack, suggesting
that embedding geogrids in plain concrete delay collapse failure. The geogrid-reinforced specimens
exhibit more ductility, delayed cracking, and an increased strength after cracking. On the other hand,
the failure mode and mechanism of the unreinforced control beam was observed to follow a brittle
and sudden failure due to the lack of any reinforcement. The extensive post-cracking deformation of
the geogrid-reinforced concrete beams shows that the inclusion of geogrids provides a certain degree
of post-cracking ductility, which is desirable in most applications.

After the initial cracking, load is redistributed to the geogrids embedded at the lower portion of
the beam. Based on pullout tests for geogrids embedded in concrete cement, a past study found that
geogrids with roughened surfaces were able to provide surface frictional resistance force to cause a
fracture failure of the geogrid instead of a pullout failure [33]. For the concrete specimens consisting
of coarse aggregates in this study, in addition to frictional resistance along the geogrid’s surface,
the developed passive stress against the geogrid’s bearing rib can provide pullout resistance. Geogrids
were fractured at both the junctions and ribs, as depicted in Figure 6. No signs of slippage or pullout
of geogrids were found upon a close examination of the geogrid surfaces post failure. This is further
confirmed by the strain measurements in geogrids that are presented later.
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3.2. Load-CMOD

A clip-on gage was used to measure the crack mouth opening displacement (CMOD) at the
notch of the beams. Figure 7 shows the CMOD measurements until collapse failure of the beams.
The sudden drop of load, along with a significant increase of CMOD, indicates the initiation of cracking.
As can be seen in Figure 7, extensive CMOD occurs for geogrid-reinforced concrete beams after the
initial cracking, whereas the plain concrete beams exhibited very little CMOD, indicating an abrupt,
brittle failure. This resembles the observations from images of beams during loading and at failure
(Figure 5). As the load is redistributed to the geogrids after the initial cracking in concrete, the load
increases gradually as geogrids elongate until a rupture of ribs or junctions occurs.

In contrast to the relatively low post-crack load of geogrid-reinforced concrete shown in Table 3,
the significantly greater CMOD exhibited by geogrid-reinforced concrete suggests the promising
potential of using geogrids for enhancing post-crack ductility of plain concrete. This also indicates the
need to examine both the strength and deformation characteristics of the geogrids used in this study.
A close examination of the stress-strain behavior of both the geogrids and concrete would shed light on
the flexural behavior of geogrid-reinforced concrete, and help us better understand the effectiveness
of using geogrids for reinforcing plain concrete. In addition, with properly defined stress-strain
relationships for geogrids and concrete, it would enable sectional analysis of geogrid-reinforced
concrete under flexure. Further, it has been established that the addition of fiber reinforcement
in concrete in the form of fiber grids [16] or discrete fibers [34] significantly improves the overall
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post-cracking response, and the implementation of this favorable behavior in numerical simulations
provides rational and accurate analytical results concerning the curvature ductility and the resisting
bending moment of flexural structural members.Infrastructures 2018, 3, x FOR PEER REVIEW  9 of 13 
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Figure 7. Load-CMOD behavior.

3.3. Strain Developed in Geogrids

Strain gauges were installed in pairs on the top and bottom surfaces of a geogrid rib, and the
measurements were averaged in order to take into consideration strain measurements caused by
flexural bending, and to obtain the tensile strain in geogrids. Strain gages were installed at the center
and at various distances from the center: 25 mm, 51 mm, and 76 mm. Figure 8 shows the tensile strain
developed in geogrids during loading for both geogrid-reinforced specimens. It was observed from
both of the geogrid-reinforced specimens that no measurable strains developed at 76 mm from the
center of the beam. Thus, it is likely that geogrids were not mobilized at locations whose distances are
greater than 76 mm from the center along the longitudinal direction. As the loading span of the test
setup is 152 mm or 76 mm from each side of the center in longitudinal direction (Figure 3a), it appears
that the geogrids were mobilized to exhibit measurable strains only within the area under the loading
span or the zone of the maximum bending moment.

Additionally, as shown in Figure 8, all of the geogrids were activated and mobilized instantly
upon the application of the flexural load. With the exception of the location that is 25 mm from the
center in specimen 1, for each respective concrete beam, the strain measurements at all locations are
approximately the same until the peak load or the initial cracking. This suggests that the geogrids in
each of the concrete beams were uniformly mobilized, and that the geogrids embedded in concrete
acted as a whole without slippage or pullout from the concrete. After the peak load or the initial
cracking, most of the tensile force is transferred to the geogrids, and strains were not uniformly
developed or distributed, as seen in Figure 8. As expected, more strains developed in geogrids at
locations closer to the center after the initial cracking.
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4. Conclusions and Recommendations

Although geogrids have traditionally been used for reinforcing unbound geomaterials in earthen
structures, a limited number of studies have suggested potential benefits of their use in plain Portland
cement concrete (PCC). This study conducted four-point bending tests to investigate the flexural
behavior of geogrid-reinforced concrete beams and examine the benefits of geogrid reinforcement for
PCC concrete. In addition to midspan deflection and CMOD, strain gages were used to measure the
strains that developed in geogrids.

Load-midspan deflection responses show that the geogrid primarily contributes to altering the
post-cracking behavior of plain concrete. Geogrid-reinforced specimens exhibit significant deformation
after the initial cracking and before ultimate failure, likely due to the geogrid’s ductility, while the
deformation of the plain concrete beams is minimal, as expected. Failure mode and mechanism of
the unreinforced control beam was observed to follow a brittle and sudden failure due to the lack of
any reinforcement. Observations of the beams’ failure modes also confirms that the geogrid was able
to hold the concrete beam with a macrocrack and delay the collapse failure, while the unreinforced
plain concrete beams follow an abrupt brittle failure. Embedding geogrids in concrete results in a
substantial improvement in total energy-absorption capacity. However, the single geogrid layer used
in this particular study did not contribute to improving the flexural strength of the concrete beams.

Measurements from strain gages attached on various locations of geogrids suggest that the
geogrid was activated and mobilized instantaneously upon the application of four-point flexural
loading. The geogrids appear to be mobilized to exhibit measurable strains only within the area under
the loading span, or the zone of the maximum bending moment. Both the strain measurements and
observations of the geogrids post failure suggest that there was no slippage or pullout between the
geogrids and the concrete.

As only one type of geogrid, a triaxial geogrid was investigated in this study, it is recommended
that more types of geogrids (e.g., uniaxial and biaxial geogrids) be tested to examine their potential
benefits for PCC. While this study used only one layer of geogrids, embedding multiple layers is
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expected to enhance the performance of geogrids as reinforcement. It may also be of interests to
investigate geogrid reinforcement for PCC under cyclic loading. It is worth noting that there are
potential limitations in using geogrids for Portland cement concrete. Geogrids should not be used
in concrete structures or members that may be exposed to fire or high-temperature environments,
because geogrids are sensitive to temperature changes. Additionally, as geogrids are made of
polypropylene (pp) materials that exhibit time-dependent viscoelastic or viscoplastic behavior, it is
possible that geogrids may yield under sustained long-term loading when embedded in concrete.
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