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Abstract

In Australia, the environments are severe to use steel as reinforcement to concrete
structures from the viewpoint of corrosion damage. With the limited resources of the state and
the federal governments to maintain existing infrastructures, a new approach for construction
of more durable infrastructures is required. As a result, glass fibre reinforced polymer (GFRP)
bars have gained considerable worldwide interest for use as internal reinforcement to concrete
structures that operate in highly aggressive environments. At the same time, the use of
geopolymer cement as an alternative to ordinary portland cement (OPC) is currently attracting
increasingly widespread attention because its manufacture does not directly create CO:2
emissions. However, there is inadequate scientific research undertaken to substantiate the
benefit of the combined use of these materials in actual infrastructure, which has been the key
motivation for this research. Therefore, this study investigated the suitability and structural
behaviour of geopolymer concrete structures reinforced with GFRP bars to allow the safe and

responsible introduction of this technology in construction and civil infrastructure.

Firstly, the bond between geopolymer concrete and GFRP bar was investigated as this
is a critical factor that influences the strength and long-term behaviour of reinforced concrete
structures. The results obtained from the direct pullout test showed that the sand-coated GFRP
bars have sufficient bond to geopolymer concrete through the sand-particles coated around its
surface that provide the necessary mechanical interlock and friction forces. The bond between
GFRP bars and geopolymer concrete was found comparable to deformed steel bars and was
higher than GFRP-ordinary concrete bond. Generally, as the embedment length and bar
diameter increases, the bond stress between the GFRP bars and geopolymer concrete decreases.
The use of anchor heads further enhanced the pullout load resistance of the GFRP bars by as

much as 49-77%, owing to the mechanical bearing resistance of the anchor heads.

The flexural behaviour of geopolymer concrete beams reinforced with GFRP bars was
investigated as the second stage. The results showed that the serviceability performance of the
beams is affected by the amount of reinforcement. The beams with a higher longitudinal
reinforcement ratio exhibited lower deflection and narrower crack width, than the beams with
lower reinforcement ratio. The reinforcement ratio and bar diameter, however, did not
significantly influence the flexural strength of the beams. The beams with headed GFRP bars

yielded similar flexural strength and serviceability performance as the beam with straight



GFRP bars. The GFRP-reinforced geopolymer concrete (GFRP-RGC) beams yielded higher
flexural strength than both steel-reinforced geopolymer concrete (S-RGC) and GFRP-
reinforced concrete (GFRP-RC) beams but inferior serviceability performance to S-RGC
beams, owing to the higher tensile strength but lower elastic modulus of GFRP bars compared

to steel bars.

The shear behaviour of geopolymer concrete beams reinforced with GFRP stirrups at
different spacing was investigated in the third stage. The results showed that the GFRP web
reinforcement doubled both the shear strength and deflection capacities of the beam without
stirrups. The spacing of GFRP stirrups did not directly influence the strength and deflection
capacities; however, it did affect the shear-crack width development, wherein the increase in
stirrups spacing was accompanied by an increase in crack width. The beams with GFRP stirrups
yielded relatively similar strength, deflection capacity, and stiffness as the beam with steel
stirrups; however, wider shear cracks occurred in the former beams because of the lower elastic
modulus of GFRP bars compared to that of steel bars. In addition, the shear capacity of the
tested GFRP-RGC beams was higher than that of the FRP-RC beams.

The compression behaviour of circular GFRP-RGC columns subjected to concentric
axial loads was investigated at the last stage. From the experimental outcomes, the provision
of GFRP ties enhanced the compression performance of the geopolymer concrete column
without transverse reinforcements. The columns with closely spaced ties yielded higher
strength and deformation capacities and failed in a more ductile manner than the columns with
widely spaced ties. The spiral-confined columns showed higher confinement efficiency and
ductility compared to their counterpart hoop-confined columns, owing to the continuous nature
of the spiral that enables it to distribute the stresses uniformly around and along the height of
the column. The short columns yielded higher axial strength and stiffness compared to slender
columns. This can be expected since the short columns failed due to crushing, a material type
of failure, while the slender columns failed due to buckling, a geometric type of failure, owing
to the effects of slenderness ratio. Generally, the GFRP-RGC beams and columns yielded better
load-carrying capacity than their counterpart GFRP-reinforced concrete (GFRP-RC) with
similar configurations and material properties. This could be attributed to the higher elastic
modulus of geopolymer concrete compared to normal concrete of the same grade, resulting in
better compatibility in the GFRP-RGC system that in a GFRP-RC system.



Prediction equations that reliably describe the structural behaviour of geopolymer
concrete structures reinforced with GFRP bars were developed in each stage of the study.
Cosenza, Manfredi, and Realfonzo (CMR)-based bond-slip laws were developed to model the
ascending segment of the bond-slip curve while an analytical model was proposed to estimate
the pullout load capacity of the straight and headed GFRP bars embedded in geopolymer
concrete. Similarly, new analytical equations based on equivalent stress block and the parabolic
stress block were developed to predict the flexural strength of the GFRP-RGC beams. In these
equations, the usable concrete strain is 0.0048 and the compression contribution of top bars are
included. The deflection of the beam, on the other hand, was estimated accurately by
incorporating the constants fa and fb, both functions of actual and balanced reinforcement
ratios, to the effective moment of inertia formula suggested by Branson. In terms of shear
capacity, the ACI 318-14 strut-and-tie model yielded the most accurate predictions among the
design equations employed in the study. Finally, a strength reduction of 0.90 and the
compression contribution of GFRP bars up to a strain of 0.002 were considered in the proposed
equation to estimate the nominal capacity of the columns. The comparison and validation of

the developed analytical models showed good agreement with experimental results.

From this study, it is concluded that the GFRP-RGC system is a promising application.
An enhanced understanding of the behaviour of geopolymer concrete beams and columns
reinforced with GFRP bars is an outcome of this investigation. The analytical equations
developed in this study can be important tools for design engineers permitting the safe design
and development of GFRP-RGC system, enabling their increased acceptance and utilisation in

the mainstream construction applications.
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1. INTRODUCTION

1.1. Research background and motivation

Reinforced concrete (RC) is one of the most widely adopted composite materials in the
construction of civil infrastructure such as the multi-storey buildings, roads, bridges, retaining
walls, and underground structures. It has, however, several disadvantages, including the
corrosion of internal reinforcing steel bars and the sustainability issue of cement, which drive
engineers and researchers to look for viable alternatives. Steel corrosion is the main
contributing factor that causes the deterioration of concrete (PCA 2002) as shown in Figure
1.1, resulting in the early strength degradation and loss of serviceability of RC structures. In
addition, the maintenance, repair, and rehabilitation of damaged and deteriorating RC
structures are costly (Achillides and Pilakoutas 2004) and bear heavily to one’s economy. The
sustainability issue of cement, on the other hand, is also one of the main disadvantages of RC
materials because the production of 1.0 tonne of cement releases approximately 1.0 tonne of
CO:z in the atmosphere (Mehta 2010). In fact, cement industry contributes around 8% of the
worldwide yearly CO2 emissions (Olivier et al. 2015). Furthermore, the cement manufacturing
is a resource- and energy-intensive process. Approximately, 2.8 tonnes of virgin raw materials
and 110-120 kWh are needed to manufacture 1.0 tonne of cement (Guo et al. 2010; Mejeoumov
2007). With the stated drawbacks of the conventional RC system, engineers and researchers
were driven to modify the existing system and/or to develop new but more effective
alternatives. Among the current solutions that are being employed are to replace steel bars with
glass fibre reinforced polymer (GFRP) bars or to replace ordinary concrete with geopolymer

concrete.

Figure 1.1 Corrosion problems of concrete structures



Fibre reinforced polymer (FRP) composite bars have gained considerable worldwide interest
and growing acceptance in the construction industry as internal reinforcement in concrete
structures to enhance the durability and prolong the service life of these structures. This
composite material which typically consists of strong fibres embedded within a light polymer
matrix has become an attractive construction material because of its corrosion resistant, light
weight, high tensile strength, and nonmagnetic properties (Gangarao et al. 2007; Robert and
Benmokrane 2009), with the added benefits of rapid and ease of construction. Among the
existing FRP bars, however, GFRP bars are the most popular because they are more economical
than carbon FRP (CFRP) and aramid (AFRP) bars (Robert and Benmokrane 2010). Based on
the previous studies (Arias et al. 2012; Okelo and Yuan 2005), the GFRP bars can be properly
anchored in concrete through the provision of sand coating, which provide the mechanical
interlock and friction forces to resist pullout stresses. Moreover, several researchers (Alsayed
1998; Alsayed et al. 2000; Benmokrane et al. 1995; Masmoudi et al. 2012; Matos et al. 2012)
suggest that FRP bars can be as effective as steel bars for reinforcement in concrete beams but
require different design considerations. In the same way, GFRP bars are found suitable for
transversely reinforcing the concrete beams because web reinforcements are more susceptible
to corrosion as they are nearer to concrete outer surface compared with the longitudinal bars
(Ahmed et al. 2010b). In fact, the ACI 440.1R-15 (2015) guidelines and CAN/CSA S6-14
(2014) codes encouraged the use of FRP stirrups as transverse reinforcement for concrete
members. While experimental and developmental activities conducted on the behaviour of
GFRP bars as longitudinal reinforcement for concrete structures under compression are still
limited (M.Z. Afifi et al. 2013; De Luca et al. 2010; H.M. Mohamed et al. 2014; Tobbi et al.
2012), all studies concluded that the GFRP-reinforced concrete columns exhibited almost the
same strength to their steel reinforced counterparts. These activities have resulted in the

widespread applications of GFRP bars in many parts of the world.

Geopolymer concrete, on the other hand, is considered as a viable alternative to the
traditional cement-based concrete for the development of environment-friendly and sustainable
structures because the geopolymer binders can be manufactured using alkali-activated
industrial waste materials that are rich in silica and alumina (e. g. slag and fly ash) (Lloyd and
Rangan 2010). Davidovits (1991) coined the term “geopolymer” since the chemical reaction
that takes place between the source materials and the activating alkaline liquid is a
polymerisation process. The use of geopolymer concrete is currently attracting increasingly

widespread attention in the construction industry because its manufacture reduces the CO2



emission by 80-90% compared to those of ordinary portland cement (OPC)-based concrete
(Duxson et al. 2007). Furthermore, this material has highly desirable properties that can lead
to significant cost savings in many structural members (Lloyd and Rangan 2010). The cost of
one ton of fly ash is only a small fraction, approximately 10% to 30 %, of the cost of one ton
of OPC (Hardjito and Rangan 2005; Kambic and Hammaker 2012). Hardjito and Rangan
(2005) estimated that the chemicals (sodium silicate solution and sodium hydroxide solids)
needed to react one tonne of fly ash is significantly lower than that of OPC, which is
approximately 50 AUD. To date, most researches have focused only on geopolymer concrete
mix design and durability (Palomo and Glasser 1992; Rangan 2008; Sofi et al. 2007; Xu and
van Deventer 2000) with a few research works reported on bond strength between geopolymer
concrete and steel reinforcement (Sarker 2011; Selby 2011) and behaviour of beams and
columns made up of steel-reinforced geopolymer concrete (S-RGC) (Abraham et al. 2013;
Murugavel and Mala 2014; Sarker 2009; Sujatha et al. 2012; Sumajouw and Rangan 2006). It
IS necessary therefore to extend the understanding into the behaviour of full-scale structure
made up of geopolymer concrete to increase its acceptance and utilisation in the mainstream

construction applications.

A logical solution, therefore, is to combine GFRP bars and geopolymer concrete to
construct structures with increased durability and substantially reduced embodied carbon while
providing requisite of strength and stiffness. However, there is inadequate scientific research
undertaken to substantiate the benefit of the combined use of these materials in actual
infrastructure. This has been the key motivation for undertaking this research. Specifically, no
research work has been reported on the bond behaviour of GFRP reinforcement in geopolymer
concrete and on the effect of anchor heads on the bond resistance of GFRP reinforcement.
While there are a number of studies that dealt with the shear performance of GFRP-RC slender
beams (Ahmed et al. 2010a; Bentz et al. 2010; El-Sayed and Soudki 2011; Oller et al. 2015),
limited studies have focused on short/deep beams, especially the influence GFRP transverse
reinforcement in these beams. Furthermore, the use of GFRP bars for compression member is
not recommended by most of the current design codes and standards, mainly because of the
perceived low compression contribution of GFRP bars. With the advances in FRP technology,
however, the new generation of GFRP bars have enhanced physical and mechanical properties

that has high potential for reinforcing geopolymer concrete columns.

In this study, the structural behaviour of GFRP-reinforced geopolymer concrete

(GFRP-RGC) system was experimentally and analytically investigated. A better understanding
3



on its bond mechanism was gained first because it is the critical factor that controls the
structural performance of any reinforced concrete members. The effects of bar diameter,
embedment length, and anchorage system on the bond performance of GFRP bars in
geopolymer were assessed. The results of this initial study provided the necessary information
to extend the understanding into the flexural, shear, and compression behaviour of full-scale
beams and columns made up of geopolymer concrete reinforced longitudinally and transversely
with GFRP bars. The test results were then compared to that of the published results on RC,
FRP-RC, and S-RGC systems to assess the acceptability of the proposed system. Furthermore,
new analytical equations were proposed whenever the current design equations for RC and
FRP-RC systems (e.g. ACI, CSA, etc.) were not applicable. It is anticipated that engineering
data generated from this study will provide useful information on the performance behaviour
of this construction system that can be utilised by designers and engineers in designing GFRP-

RGC structures more effectively and comply with the safety requirements.

1.2. Research questions
The main research questions that were addressed through the course of this study are:

e What are the effects of embedment length, bar diameter, and anchorage system on the
bond performance of GFRP bars in geopolymer concrete?

e How do geopolymer concrete beams reinforced with GFRP bars and stirrups behave
under flexural and shear loading?

e How do geopolymer concrete columns reinforced with GFRP bars and ties behave
under compressive loads?

e What are the similarities and/or differences of the structural behaviour of GFRP-RGC
system compared to the conventional RC, GFRP-RC, and S-RGC systems?

e Are the existing design codes and analytical models for the conventional RC and FRP-
RC system applicable to GFRP-RGC system?

1.3. Research objectives
This thesis aimed at evaluating the structural behaviour of geopolymer concrete beams and
columns reinforced with glass-fibre-reinforced polymer (GFRP) bars through experimental and
analytical investigations. The specific objectives of this study were:
1. Toinvestigate the effects of the bar diameter, embedment length, and anchorage system
on the bond performance of GFRP bars in geopolymer concrete;



2. To determine the flexural and shear behaviour of GFRP-RGC beams with varying
reinforcement ratios, bar diameters, anchorage systems, stirrups spacing, and shear-
span-to-effective-depth ratio using the four-point bending test;

3. To examine the behaviour of GFRP-RGC circular columns under concentric loading
with different slenderness ratios, tie spacing, and tie configurations;

4. To determine the similarities and/or differences of the GFRP-RGC system in
comparison with the GFRP-RC and S-RGC systems; and

5. To evaluate the applicability of the existing design codes and analytical models for the
conventional RC and FRP-RC system to the GFRP-RGC system and, if not, to develop

prediction equations for the proposed system.

1.4. Scope and limitations

This thesis investigated the structural performance of geopolymer concrete beams and columns
internally reinforced with GFRP bars. The straight and bent GFRP bars used in this study were
high modulus bars and were made through the pultrusion process of continuous E-glass fibres
embedded in a modified vinyl ester resin. The mechanical properties of the GFRP bars
(straight, headed, ties and spiral) used in this thesis resulted from numerous actual tests
conducted by Pultrall Inc. (the bar manufacturer) and by researchers at the University of
Sherbrooke. These information were provided by Prof. Brahim Benmokrane of the University
of Sherbrooke. The geopolymer concrete, on the other hand, is a commercially produced
concrete, under ambient curing, with a proprietary mixture consisting of fine and medium
sands, 10 mm and 20 mm coarse aggregates, water, plasticizer, and a geopolymer binder

produced from the alkali-activation of two industrial by-product materials, the fly ash and slags.

The bond mechanism between the GFRP bars and the geopolymer concrete was
investigated using the direct pullout test in accordance with ACI 440.3R-04 with some
modifications. Firstly, the length of the concrete cube was increased from 200 mm to 300 mm
to accommodate the longest embedment length of 15ds = 300 mm. Secondly, the specimens
were cast horizontally to concentrically align the bar and to make the loaded surface of the
geopolymer concrete as plane as possible to minimize errors on the measured slip. Moreover,
this casting procedure simulate that of beams that are normally prepared horizontally. Lastly,
the overall slip was measured by placing an LVDT in the unloaded end of the bar as
recommended by RILEM 7-11-128 (1994). The direct pullout test was adopted in this study
because, relatively, it is simpler, more convenient, and more economical compared to the other

tests. Similarly, this test method had been successfully used in numerous studies (Achillides
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and Pilakoutas 2004; Al-Zahrani et al. 1999; Baena et al. 2009; Bakis et al. 1998; Benmokrane
and Tighiouart 1996; Ganesan et al. 2015; Kim and Park 2014; Okelo and Yuan 2005; Robert
and Benmokrane 2010) to evaluate the influence of concrete strength, surface conditions of the
bar, bar diameter, concrete cover, and embedment length on the bond behaviour of
reinforcement in concrete. In fact, various provisions and test procedures had already been
developed for direct pullout test such as ACI 4403.3R B.3, CSA S806 Annex H, JSCE E-539
and RILEM 7-11-128. The state of stresses around the bars have been the issue of using the
direct pullout test; however, the study conducted by Filho et al. (2008) showed that the results
obtained from pullout test were similar to that of beam test for concrete with compressive of
30.10 MPa to 32.02 MPa. This strength was similar to that of the geopolymer concrete used in
the pullout test (around 33 MPa). The flexural and shear behaviour of GFRP-RGC beams, on
the other hand, were investigated using the four-point static bending test to minimise stress
concentration at the loading points and to expose a larger portion of the beams. The columns
were subjected to concentric loads. This loading condition is an initial step to understand

whether GFRP bars can be used as internal reinforcement for RC columns.

The structural behaviour of the members made of GFRP-RGC were compared to that of
the conventional RC, GFRP-RC, and S-RGC members to assess the adoptability of the GFRP-
RGC system for the fabrication of structural members. In addition, the applicability of the
analytical equations formulated by several researchers (M.Z. Afifi et al. 2013; Cosenza et al.
1997; Han et al. 2003; Mihaylov et al. 2013; H.M. Mohamed et al. 2014; Popovics 1973) and
the current design procedures for RC and FRP-RC systems (ACI 318-14 2014; ACI 440.1R-
15 2015; CAN/CSA S806-12 2012; JSCE 2007), was evaluated and, if not applicable, new
prediction equations, calibrated from the experimental results, were developed.

1.5. Thesis organisation
This thesis is composed of an introduction that present the research theme, an extensive review
of related literature, five major studies which address the main objective of this research and
with results that are presented in high quality international journals, a conclusion that
summarises the general findings and contributions of this study, and some recommendations
for future works. The five journal manuscripts that resulted from this research are the
following:

e Paper I: Maranan, G. B., Manalo, A. C., Karunasena W. M., and Benmokrane, B.

(2015). Bond stress—slip behavior: Case of GFRP bars in geopolymer concrete. Journal



of Materials in Civil Engineering, Vol. 27, Issue 1, pp. 04014116-1-9. (IF: 1.296, SNIP:
1.668)

e Paper II: Maranan, G. B., Manalo, A. C., Karunasena W. M., and Benmokrane, B.
(2015). Pullout behaviour of GFRP bars with anchor head in geopolymer concrete.
Composite Structures, Vol. 132, pp. 1113-1121. (IF: 3.318, SNIP: 2.486)

e Paper Ill: Maranan, G. B., Manalo, A. C., Benmokrane, B., Karunasena W. M., and
Mendis, P. (2015). Evaluation of the flexural strength and serviceability of geopolymer
concrete beams reinforced with glass-fibre-reinforced polymer (GFRP) bars.
Engineering Structures, Vol. 101, pp. 529-541. (IF: 1.838, SNIP: 2.396)

e Paper IV: Maranan, G. B., Manalo, A. C., Benmokrane, B., Karunasena W. M., and
Mendis, P. (S-2015-269.R3, accepted for publication). Shear behavior of geopolymer
concrete beams reinforced with GFRP bars. ACI Structural Journal. (IF: 1.089, SNIP:
1.926)

e Paper V: Maranan, G. B., Manalo, A. C., Benmokrane, B., Karunasena W. M., and
Mendis, P. (2016). Behavior of concentrically loaded geopolymer concrete columns
reinforced longitudinally and transversely with GFRP bars. Engineering Structures,
Vol. 117, pp. 422-436. (IF: 1.838, SNIP: 2.396)

In addition, the significant findings from this research were presented in related national and

international conferences, which are summarised in Appendix B.

The first specific objective was successfully addressed and the results were presented
in Papers | and I1. Paper | gives an overview of the bond stress-slip behaviour of sand-coated
GFRP bars in geopolymer concrete using the direct pullout test. The effects of the bar diameter
and embedment length on the pullout load capacity, mode of failure, and bond stress-slip
behaviour of GFRP-geopolymer-concrete pullout specimens were evaluated. Paper 11, on the
other hand, presents of the effects of anchor head on the pullout behaviour of the GFRP bars
in geopolymer concrete. The headed GFRP bars embedded in a geopolymer concrete cube were
subjected to direct pullout test. The effects of the embedment length and bar diameter were
also evaluated. The test results such as the mode of failure, average bond stress, pullout load-
slip relationship, and tensile stress developed in the bars were examined and were compared to
that of the straight GFRP bars. From the result of this study, it was found that sufficient bond
exists between the GFRP bar and geopolymer concrete to effectively transfer the stresses from

one to the other and secure a composite action. This validated the acceptability of GFRP bars



as alternative reinforcement to geopolymer concrete structures such as beams and columns,
which are investigated to address the key objectives of the study.

Paper 11l and 1V addressed the second specific objective of the study. Paper 11l
focuses with the flexural strength and serviceability performance of the geopolymer concrete
beams reinforced with glass fibre reinforced polymer (GFRP) bars using the four-point static
bending test. The parameters investigated were the nominal bar diameter, reinforcement ratio,
and anchorage system. The test results were reported in terms of load-deflection relationship,
mode of failure, flexural capacity, midspan deflection, strain distribution and cracking
behaviour. Conversely, Paper 1V shows the influence of stirrups, stirrup spacing, stirrup type,
longitudinal reinforcement ratio, and shear-span-to-depth ratio (a/d) on the shear performance
of the geopolymer concrete beams longitudinally and transversely strengthened with GFRP
reinforcement using similar test setup used for flexural investigation. The behaviour of the
beams was described in terms of the crack pattern and propagation, failure mode, load-
deflection response, cracking load, shear and deflection capacities, and geopolymer concrete
and reinforcement strains. These results suggest that GFRP bars can be as effective as steel
bars for reinforcement in geopolymer concrete beam structures but some considerations should
be considered in their design. The effectiveness of GFRP- reinforced geopolymer concrete
structure subject to compressive loading, i.e. columns was then investigated to address another
objective of the study.

The third specific objective, the behaviour of concentrically loaded circular
geopolymer concrete columns reinforced longitudinally and transversely with GFRP bars, is
covered in Paper V. Initially, the compression contribution of longitudinal GFRP bars was
determined. Then, the effects of tie, tie spacing and tie configuration to the confinement and
ductility of the geopolymer concrete core and stability of the longitudinal reinforcement were
studied, including the influence of the slenderness ratio. The load-deformation response,
mechanism of failure, strength and deformation capacity, geopolymer concrete and
reinforcement strains were thoroughly investigated. The results of the extensive experimental
programs presented in Papers | to V have demonstrated that GFRP bars are effective
reinforcement to geopolymer concrete structures. A comparison was then conducted to
determine the similarities and/or differences of the GFRP-RGC system to that of GFRP-RC
and S-RGC systems.

The fourth specific objective was successfully addressed in each paper. The bond of
performance of the sand-coated GFRP bars in geopolymer concrete was compared to that of

steel bars embedded in geopolymer concrete and to that of GFRP bars bonded in normal
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concrete to check whether the anchorage system used for GFRP bars could match the pullout
resistance coming from the mechanical bearing of the deformed steel bars. The flexural, shear,
and compression test results of the GFRP-RGC system were also compared to that of the
experimental results obtained from S-RGC system and the published results on FRP-RC system
to assess the viability of the proposed system for structural applications. Analytical equations
were then developed to describe the behaviour of geopolymer concrete members reinforced

with GFRP bars accurately.

The fifth specific objective of this study was successfully accomplished. Constitutive
analytical models for the ascending branch of bond-slip curve, based on the Cosenza, Manfredi,
and Realfonzo (CMR) model, were developed to provide tools for evaluating the bond
performance of GFRP bars in geopolymer concrete at the service condition. These models were
presented in Paper 1. An analytical equation that can estimate both the pullout load capacity
of the straight and headed GFRP bars was formulated and presented in Paper Il. The derived
equation was basically dependent on the bonded length and nominal diameter of the bar and
the concrete cover. The flexural strength and serviceability performance of the GFRP-RC
beams were assessed using the equations prescribed by the CSA S806-12 (2012), ACI 440.1R-
15 (2015), and ACI 318-14 (2014); however, none of these codes provided accurate estimates.
Hence, new prediction equations were developed, which are summarised in Appendix A.
Different shear design provisions were employed to identify which of the existing codes could
be used to predict the capacity of the tested beams, including the ACI 318-14 (2014) and CSA
S806-12 (2012) strut-and-tie models, the JSCE-07 (JSCE) shear formula for RC beams, and
the kinematic model for deep beams developed by Mihaylov et al. (2013). Based on the results
presented in Paper 1V, the ACI 318-14 gave the most accurate predictions among the
considered equations. Finally, various equations were used to determine which among these
equations could accurately estimate the nominal capacity of the tested columns. A stress-strain

model for the confined GFRP-RGC column was proposed and is summarised in Paper V.



2. REVIEW OF RELATED LITERATURE

2.1. Reinforced concrete and its challenges

Reinforced concrete (RC) is one of the most widely used composite materials in the
construction of civil infrastructures like buildings, roads, bridges, retaining walls, and
underground structures. It is generally composed of high compressive strength concrete that is
longitudinally and transversely reinforced with high tensile strength and ductile steel bars and
stirrups, respectively. In fact, the advantages of concrete compensate for the disadvantages of
steel bars and vice versa. Concrete, in general, have high compressive strength that made them
suitable for members primarily subjected to compression, such as columns. However, it lacks
ductility and its tensile strength is small, approximately 8-15% of its compressive strength. To
counteract this limitation, high tensile strength and ductile steel bars are used to reinforce the

concrete. The concrete cover, on other hand, prevents the occurrence of steel corrosion.

A concrete structure is basically composed of beams, columns, slabs, walls, and
foundations (MacGinley and Choo 1990). In general, columns are regarded as the most critical
and important structural members, followed by beam-column joints and beams, while slabs are
generally less critical and relatively easy to replace or strengthen (Wasti and Ersoy 2006).
Columns and beams are typically the two main component members of a rigid-frame that
provides the lateral stability of the structure (e.g. multi-storey buildings) and hold the structure
together. The beams carry the external transverse loads, from the floors and roofs, and transfer
these loads to columns by bending and shear actions. The columns, on the other hand, transfer
these loads to foundations through axial compression or tension plus bending and shear actions.
A damaged beam or column will most likely cause the instability of the whole structure. Hence,
the strength and stiffness of these members, including the rigidity of their connections, must

be designed properly.

The bond interaction between the reinforcement and concrete is one of the critical factors
that controls the structural performance of RC members, aside from the properties of its
constituent materials. An adequate bond must exist between these two materials to achieve a
composite action, such that the forces are transferred effectively from one to the other and vice
versa (Foster et al. 2010). The bond strength of deformed steel bars is mainly provided by the
mechanical interlock of the surface deformations or indentations, with little contribution from

the chemical adhesion and the mechanical friction between the reinforcement and concrete
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(Nilson et al. 2003). The deformations enhance the bending, shear, and torsion resisting
mechanisms of RC members and control the width of the cracks by minimising the slip of the
reinforcement relative to concrete. In addition to deformations, the provision of bends and
hooks at the end of the reinforcement provide additional bearing resistance that enhance the
bar anchorage and prevent slippage. The use of standard hooks, however, would likely result
in steel congestion, particularly in the exterior or corner beam-column joints, with the difficulty
of steel fabrication, especially when high strength-steel are used, and concrete placement and
compaction during casting (Dhake et al. 2015; Sung-Gul et al. 2007). Nowadays, the use of
headed bars is becoming a more popular alternative to standard hooks since it provides a
solution to the construction problem of steel congestion (Kang and Mitra 2012).

The prevalent global adoption of RC material can be attributed to the following: 1) its
relatively lower cost compared to the other building materials; 2) the widespread accessibility
to its component materials such as cement, sand, gravel, water, and reinforcing steel bars; 3)
its ability to be moulded to different shapes and sizes according to the desired structural forms;
and 4) the relatively simpler skills required in erecting RC structures (Nilson et al. 2003; Wight
and MacGreggor 2009). However, it has two principal disadvantages, including the corrosion
of steel bars and sustainability issue of cement, which made engineers and researchers to look

for viable alternatives.

2.1.1. Corrosion of steel reinforcement

The corrosion of steel reinforcement is one of the major factors that causes the deterioration of
concrete that consequently result to the early strength degradation, loss of serviceability, and
sometimes failure of RC structures, especially those that are located in or near marine, mining,
and industrial environments and those that are constantly exposed to de-icing salts (Otieno et
al. 2016). The expected service life of RC structures is usually around 50 years; however, their
lifespan in aggressive environments was being reduced by 20 to 30 years or even more due to
steel corrosion (Mehta 1997). Generally, there are two major types of corrosion in RC
structures, the local and general corrosions (Capozucca 1995; Pantazopoulou and Papoulia
2001). The local corrosion, also known as pitting corrosion, happens when the chloride ions
penetrate into the concrete and reach a critical threshold value at the reinforcement depth, given
that there is a sufficient amount of moisture and oxygen at the steel surface (Tang et al. 2008;
Tao et al. 1992; Tighiouart et al. 1998; Torres-Acosta et al. 2007). The chlorides may be
introduced into concrete “internally” by unknowingly or deliberately using chloride-

contaminated mixing water, gravels, and admixtures or “externally” from the seawater and
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other chloride-contaminated environments. The general corrosion, on the other hand, transpires
through the carbonation of concrete. Carbonation happens when the carbon dioxide in the
atmosphere penetrates the concrete and reacts with calcium hydroxides to form calcium
carbonates (Bertolini 2008). This chemical reaction lowers the pH of concrete from its normal
values (13 to 13.8) to neutral values (as low as 8.5) that destabilizes the steel’s passive film, a
protective oxide layer surrounding the steel that shields it from corrosion (PCA 2002). When
the neutralization process reaches the steel surface, the protective layer breaks down and
corrosion becomes possible, again, if enough amounts of oxygen and moisture are available.
The chloride-induced corrosion, however, is more dominant than carbonation-induced

corrosion (Otieno et al. 2016).

Once the corrosion of the steel bars commenced, the rust products can expand to a
volume of approximately four times the original volume of steel with the same mass (Isgor and
Razagpur 2006). The expansion of the corroding steel generates internal bursting or tensile
stresses that cause the cracking, delamination, and spalling of the concrete surrounding the
reinforcement, since concrete is physically weak in tension. This phenomenon together with
the reduction of load—bearing capacity of the reinforcement, owing to the loss of steel cross
section, and the weakening of the of steel-to-concrete bond directly affect the residual strength
and serviceability of the structural elements, and hence, of the whole RC structure (Cabrera
1996; Rodriguez et al. 1997). The range of the remaining service life of a corroding RC
structure is generally influenced by the rate of corrosion (Ahmad 2003). Even though the
corrosion process can be delayed by providing adequate concrete cover or by the high alkalinity
of the concrete solution, still, it cannot be “prevented” due to the degradation of concrete cover
with the passage of time, presence of concrete pores, inadequate material specifications, and

poor workmanship.

In addition to the degradation of strength and structural integrity, the economic loss
associated with the expenditures for the repair, rehabilitation, and maintenance of damaged and
deteriorating RC structures caused by steel corrosion is also one the major problems faced by
the asset owners. Worldwide, billions of dollars are spent every year in repairing and
strengthening concrete structures whose reinforcement has deteriorated due to corrosion
(Achillides and Pilakoutas 2004). In the year 2006, the International Federation for Structural
Concrete ((fib Bulletin 40 2007)) estimated that more than 100 billion euros are needed to
repair and maintain existing infrastructures around the world and a large portion of this budget

was spent to address the durability problems in concrete structures. In the United States, the
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total financial loss caused by the reinforcement corrosion in RC structures is about 2.8 billion
dollars annually — approximately 4% of its gross national product (GNP) (Sung-Ho and Rak-
Hyun 2011). In Ontario, Canada, it was estimated that around $57 billion was spent to repair
the 10,000 structurally-deficient RC bridges due to steel corrosion (Bruun 2014). In the year
2009, Ratcliff (2009) reported that the corrosion may have cost Australia up to $32 billion per
annum which translates to more than $1,500 per person per year in Australia. In view of the
enormous cost involved in the initial construction and in the repair and rehabilitation of RC
structures, it is imperative, therefore, to develop more durable and cost-effective alternative to

steel reinforcement.

2.1.2. Sustainability issue of cement

Cement-based concrete is the most commonly used construction material in the world, and next
to water as the mostly consumed material (Sakulich 2011). Figure 2.1 shows the yearly global
production of cement from 1994 to 2014 as reported by the United States Geological Survey
or USGS (van Oss 1996-2016), with China contributing the largest portion with a yearly
average of 44% of the total production in the world. From the figure, it is apparent that the
worldwide manufacture of cement increases yearly in the previous years. In fact, it will keep
on increasing in the coming years as reported by the Portland Cement Association (PCA 2015),
wherein they estimated that the world cement consumption increased by 2.2 % in 2015 and
would increase by 3.7% and remain near 4.0% in 2016 and during 2017-2018, respectively.
This rise on cement production could be attributed to the continuing growth of world
population and the expansion of the construction industry to meet the increasing global demand
for new residential and non-residential buildings. Cement manufacturing, however, has been
always one of the chief sources of anthropogenic CO2, wherein 50% originate from the
calcination process or decomposition of CaCOs to CaO and COz, 40% come from the
combustion of fossil fuels, and the remaining 10% from the works related to raw materials
transportation and electricity consumption (Mahasenan et al. 2003). As a matter of fact,
approximately 0.90 tonne of CO2arise from the production of one tonne of cement, 0.53 tonne
were derived from grinding and crushing of raw materials and 0.37 tonne from the combustion
of fossil fuel (Mehta 2010), suggesting that if we adapt the data provided by the USGS, the
cement industry had already discharged a total of around 46 giga-tonne (Gt) of COz2 into the
atmosphere from 1994 to 2014. The billions of tonnes of cement produced every year accounts
for about 8% of the world’s total yearly CO2 emissions (Olivier et al. 2015). It is a well-known

fact that COz is one of the major greenhouse gases (GHGs) that causes global warming, a
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worldwide phenomenon that is considered as the major environmental and economic threat in
our time because of its negative impacts such as the extinction of 20-30% of plants and animals,
extreme weather events, and rise of sea level (Benhelal et al. 2013). This factor had led to the
research and development for low emission binding agents for concrete to mitigate the amount

of CO2 emitted into the atmosphere to subside the threat of global warming.
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Figure 2.1 Global yearly production of cement (Gt) as reported by the USGS

The production of cement is also a resource-exhausting process. Large amounts of
virgin materials such as limestone, clay, and marl, which contain the four essential elements of
cement (Calcium (Ca), Silicon (Si), Aluminium (Al), and Iron (Fe)), are consumed to
manufacture clinkers for cement. For every one tonne of cement produced, approximately 2.8
tonnes of raw materials (fuel and other materials) are needed (Guo et al. 2010). The concrete
industry also utilises a large volume of fresh water, with a yearly consumption of around one

trillion litres of mixing water (Mehta 2001).

Further, next to aluminium and steel, cement is the most energy-intensive building
materials. In a typical cement plant alone, around 110-120 kWh is consumed per tonne of
produced cement (Mejeoumov 2007). Sixty percent of this total energy account for the
electrical energy use to crush and grind the raw and final materials to achieve the desired
specific size. Twenty-five percent, in the form of thermal energy, are utilise for pyro-
processing or clinker calcination — the heart of the manufacturing process — by burning fossil
fuels in the calciner and kiln while the remaining 15%, in the form of electrical energy, are
consume to run the auxiliary equipment like kiln motors and air blowers (Madlool et al. 2011).
In fact, the expenditure for energy accounts for 50-60% of the total cost of cement

manufacturing (Wang et al. 2009).
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Considering the excessive CO2 emissions and the resource- and energy-intensive
process of producing cement products, Mehta (2002) suggested the use of environmentally
friendly concrete that would necessitate fewer natural resources, less energy, and minimise

carbon dioxide emissions and he categorised these short-term efforts as ‘industrial ecology’.

2.2. Current methods used to address the issues on the use of conventional

reinforced concrete

2.2.1. Replacement of steel bars with GFRP bars

The adoption of FRP composites in the construction industry is mainly for the purpose of
repairing and rehabilitating in-service structures. The recent advances in FRP composite
technologies, however, have resulted in the application of FRP as internal reinforcement for
concrete structures, primarily to enhance the durability and to prolong the serviceability of
these structures. The corrosion-induced durability problems could be eliminated if chemically
inert or non-metallic reinforcement like fibre-reinforced polymer (FRP) bars could replace steel
bars as the primary reinforcement within concrete structures (Aiello and Ombres 2000; Mufti
et al. 2007). Furthermore, GFRP bars seems to be the best option when low electric
conductivity and electromagnetic neutrality are sought or lightweight is an important design
factor. They also have high tensile strength (2-3 times that of steel), high strength-to-weight
and stiffness-to-weight ratios, high fatigue resistance, and good thermal insulation, with the
added benefits of ease in fabrication, transportation, and handling and the potential for real-
time monitoring (Gangarao et al. 2007; Robert and Benmokrane 2009). In comparison with
steel reinforcement, however, FRP reinforcement have lower elastic modulus, shear strength,
and compressive strength compared to steel bars. Furthermore, unlike steel, they behave

linearly-elastic up to failure and lack ductility (Castro and Carino 1998).

The apparent higher initial expenditures, specifically the material costs, of FRP bars
over steel bars is one of the major reasons for its slow uptake in the construction industry. Yet,
a direct comparison on the unit price basis may not be appropriate. The life cycle cost analysis
performed by Najm (2012) on concrete bridge decks reinforced with FRP bars highly
recommended the use of FRP reinforcement in corrosive environments. According to
NKkurunziza et al. (2005), FRP bars are more economical and more adequate than epoxy-coated
or galvanized steel when used for concrete structures under corrosive environments. The use
of FRP bars as reinforcement in concrete structures is also particularly suitable when

transportation cost increase significantly with the weight of the materials. Furthermore, the
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inconvenience of retrofitting damaged members and the costly repair and maintenance are the
other economic factors that must be considered in adopting FRP bars (Mousavi and Esfahani
2012).

Research and development on FRP-reinforced concrete (FRP-RC) structures had
become tantamount that several countries had developed their own design guidelines such as
JSCE-1997 (Machida and Uomoto 1997) in Japan; ISIS 3(2)-01 (2006), CAN/CSA S6-14
(2014) and CAN/CSA S806-12 (2012) in Canada; CNR-DT 203/06 (2007) in Italy and fib
Bulletin 40 (2007) in Europe; and ACI 440.1R-15 (2015) in the USA. Most of these codes were
derived from the provisions for the traditional RC members, with several modifications to

account for the different physical and mechanical properties between FRP and steel bars.

2.2.1.1 GFRP reinforcement properties

Among the various FRP reinforcement available, the glass FRP (GFRP) bars are the
most widely used and accepted because of their low cost-to-performance advantage (Robert
and Benmokrane 2010) and their successful application in bridge deck slabs, barrier walls,
parking garages, continuous pavement, and other concrete structures (Ahmed et al. 2010a).
Figure 2.2 shows the typical configuration of a GFRP bar, which is generally manufactured
using the well-known pultrusion process to produce a bar with a constant cross-section. The
reinforcing glass fibres are pulled through a resin bath to saturate the fibres with liquid polymer
resin and then through a shaping die to cure the resin. The properties of the bars are mainly
dependent on the characteristics, amounts, and bond interaction between the fibres and the
matrices. Table 2-1 summarises the physical and mechanical properties of the high modulus
(HM) GFRP bars manufactured by V-Rod® Australia (2012) according to the CSA S807-10
FRP Specification (2010), the reinforcement employed in this study. The bars were made of
continuous longitudinal E-glass fibre strands bound together with a thermosetting vinylester

resin using a pultrusion process.

The initial studies on first-generation of GFRP bars reported that the bars have low
durability and highly prone to alkaline corrosion; however, with the recent advances in FRP
technology, the durability of the latest generation of GFRP bars is significantly improved.
Alkali-resistant glass fibres with proper sizing and matrix were adopted while the
manufacturing quality were enhanced, specifically the fibre/matrix interphase. Furthermore,
the bars in these previous studies are subjected to idealized and simulated harsh environment,
with high pH concentration often involving high temperatures, and would behave differently
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in the actual field conditions (Mufti et al. 2007). In fact, Robert et al.(2009) confirmed that the
laboratory-based durability performance of GFRP bars in concrete do not accurately represent
the actual service life of the bars in concrete environments. The recent study conducted by
Benmokrane et al. (2015) showed that the glass/vinylester (G/V) FRP bars exhibited the best
bond between the fibres and resin, flexural strength and elastic modulus, and interlaminar
shear, which is governed by the fibre/matrix interface, compared to the basalt/vinylester (B/V)
and basalt/epoxy (B/E) FRP bars. They also showed the lowest moisture intake and superior

durability in the alkaline environment at elevated temperature.

Figure 2.2 Typical configuration of a GFRP bar

Table 2-1 Physical and mechanical properties of GFRP bars manufactured by V-Rod®

Australia

Property Unit #3 #4 #5 #6
Bar diameter Mm 9.5 12.7 15.9 19.0
Unit weight kg/m 0.243 0.380 0.558 0.811
Cross-sectional area mm? 71.3 126.7 197.9 285.0
Tensile strength MPa 1372 1312 1184 1105
Tensile modulus GPa 65.1+25 65.6 +2.5 626+25 | 63.7+25
Tensile strain % 211 2.00 1.95 1.99
Poisson’s ratio - 0.25 0.26 0.25 0.25
Flexural strength MPa 1734 1377 1239 1196
Flexural modulus GPa 65.5 64.9 63.5 60.2
Flexural strain % 2.65 2.12 1.95 1.99
Transverse shear capacity kN 41 67 94 127
Nominal bond strength MPa 14
Glass content by volume % 65
Glass content by weight % 83
Longitudinal thermal expansion x10%/C 6.2
Transverse thermal expansion x10°/C 23.8
Glass type - E
Resin type - Vinylester

Note: The numbers reflected in the table represent the nominal values.

2.2.1.2 Bond behaviour of GFRP bars in concrete

The interaction phenomena between the FRP reinforcement and the concrete is a critical

factor that controls the structural performance of FRP-RC members. In fact, the design of FRP-
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RC system is generally governed by the serviceability requirements, such as the control of
crack widths and deflections, which involves the evaluation of the tension-stiffening effects
that is directly influenced by the bond between the FRP bars and concrete. The magnitude of
slip of FRP bars relative to concrete is larger than that of steel bars, owing to the lower elastic
modulus of the former reinforcement compared to the latter, and, unlike steel bars, the
calculation of development length is based on the post-peak bond strength of FRP bars
(Davalos et al. 2008). Furthermore, FRP bars are anisotropic, wherein the resin controls its
transverse properties while the fibre dominates the longitudinal properties (Al-Zahrani et al.
1999). Hence, bond stress-slip laws, calibrated from the experimental results, were developed
specifically for the FRP-RC system, including the BPE model (Eligehausen et al. 1982),
Malvar model (Malvar 1994), CMR model (Cosenza et al. 1995), and modified BPE model
(Cosenza et al. 1996).

According to the previous studies (Achillides and Pilakoutas 2004; Benmokrane and
Tighiouart 1996; Chaallal and Benmokrane 1993; Malvar 1994; Nanni et al. 1995; Tang et al.
2008; Tao et al. 1992; Tighiouart et al. 1998), the mechanism of stress transfer through the
bond between the GFRP bars and the ordinary concrete is mainly influenced by the bar
diameter, embedment length, confinement, and concrete compressive strength. The bond
strength decreases when the embedment length increases, owing to the nonuniform distribution
of bond stresses over the anchorage length of the bar. Similarly, an increase in the bar diameter
is accompanied by a decrease in bond strength, which can be attributed to the Poisson and shear
lag effects. Furthermore, larger bar diameter requires larger embedment, and hence, results to
nonlinear stress distribution along the bonded length. An increase in confining pressure
increases the maximum average developed bond stress. Achillides et al. (1997) , however,
pointed out that a high bond stress obtained from a well-confined pullout tests does not mean
a good bond can be achieved in a concrete member where the concrete splitting failure
determines the ultimate failure load. On the other hand, the bond strength also increases with
concrete compressive strength, however, the rate of increase declined with the rise in strength
because the bond failure occurs at the surface of the bars when high strength concrete are used
(Baena et al. 2009).

The bond of smooth GFRP bars in concrete can be enhanced through the provision of
sand particles around the bar surface (Okelo and Yuan 2005). In fact, Soong et al. (2011)
reported that the resistance from lugs or deformations to bar pullout is comparable to that from

sand particles bonded to the bar. Arias et al. (2012) further stated that the use of coarse sand
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produced higher bond strength, owing to the higher mechanical interlock and friction forces
provided by coarse sand compared to fine sand. The anchorage of the bars in the concrete can
be enhanced further by using longer embedment lengths; yet, this would incur additional costs
and would lead to reinforcement congestion. Another option is to provide standard hooks at
the end of the bars. Bending of GFRP bars on-site, however, is not possible. Furthermore, the
GFRP bars have much lower strength at the bend portions, approximately 35-40% of the tensile
strength of a similar straight bar (Ascione et al. 2014; Shehata et al. 2000), owing to the kinking
of the innermost fibres compared to those at the outermost radius and the localised
concentration at the bend due to curvature combined with the intrinsic weakness of fibres
perpendicular to their axis (Ahmed et al. 2010a; El-Sayed and Soudki 2011). Given these
limitations, the use of headed GFRP bars seems to be the most logical solution to achieve the
required development. Limited studies (Ahmed and Benmokrane 2009; Mohamed and
Benmokrane 2009; Sayed-Ahmed and Sennah 2014), however, were found in the literature
regarding the pullout behaviour of headed GFRP bars in concrete. Nevertheless, these studies
showed that the provision of anchor heads, which were made up of thermosetting polymer
material cast onto the end of the straight GFRP bar and hardened at elevated temperatures,
significantly enhanced the pullout load resistance of the bars, suggesting that the headed GFRP
bars provide a suitable alternative to the bent bars in some applications

Direct pullout tests have been widely adopted for the evaluation of the bond
performance of FRP bars in concrete, mainly because they are more economical and convenient
to perform and they represent the concept of anchoring a bar in a simple manner (Achillides
and Pilakoutas 2004; Robert and Benmokrane 2010; Zhou et al. 2011). In addition, this test
permits access of the free-end of the rod which allows for the measurement of free-end slip and
placement of instrumentation within the rod (Nanni et al. 1995). Hence, this method was

adopted in this study to obtain the constitutive bond-slip relationship for the proposed system.

2.2.1.3 GFRP-reinforced concrete beams

The behaviour of concrete beams reinforced with GFRP bars is different from the traditional
RC beams in many ways, mainly because of the differences between the physical and
mechanical properties of the FRP and steel reinforcement (Alsayed 1998; Alsayed et al. 1999;
Benmokrane et al. 1995; Masmoudi et al. 2012; Matos et al. 2012). Firstly, the GFRP-
reinforced concrete (GFRP-RC) beams exhibited wider cracks, larger deflections, and lower
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stiffness at service conditions, owing to the lower modulus of elasticity of the GFRP bars
compared to steel bars, approximately 25-30 % of the steel bars. Thus, the design of GFRP-RC
beams is generally governed by the serviceability design requirements. Secondly, the concrete
crushing failure is more preferred rather than the FRP rupture failure because the former is less
brittle and less catastrophic compared to the latter owing to the linear elastic behaviour up to
the point of failure and non-ductile characteristics of the FRP bars. Thus, the FRP-RC beams
are usually designed as over-reinforced. Thirdly, since the surface geometries and mechanical
features of FRP bars are different from the steel bars, its bond to concrete is different from that
of steel bars. Finally, the dowel action of the longitudinal FRP reinforcement is lower than that
of steel reinforcement because the shear stress is perpendicular to the direction of the fibre
orientation (Mallick 2007). Many researchers, therefore, recommended the modifications of
the existing RC design codes to fit with the design of GFRP-RC beams (Alsayed et al. 2000;
Barris et al. 2009; EI-Mogy et al. 2010)

The flexural behaviour of concrete beams with longitudinal GFRP bars are
predominantly influenced by the reinforcement ratio, concrete strength, elastic modulus of the
bar, effective depth of the beam, and surface configuration of the bar. According to the previous
research works (Adam et al. 2015; Barris et al. 2009; EI-Gamal et al. 2011; Kassem et al. 2011;
Pecce et al. 2000; Theriault and Benmokrane 1998), smaller deflections and narrower cracks
are obtained from the beams with higher amount of GFRP reinforcement, owing to the
enhancement of the reinforcement’s axial stiffness, and vice versa. The concrete strength did
not show strong influence on the flexural strength of over-reinforced GFRP-RC beam;
however, wider cracks occurred in beams with higher concrete strength (Adam et al. 2015;
Theriault and Benmokrane 1998). Furthermore, the beams with lower effective depths yielded
larger deflections (Barris et al. 2009). On the other hand, the beams with sand-coated bars
exhibited more cracks and less average crack spacing compared to beams reinforced with
ribbed-surface bars, indicating that the sand-coated bars had better bond than the ribbed-surface
bars (Kassem et al. 2011). The information regarding the effects of bar diameter and anchorage
system, such as the provision of anchor head at the end of the bar, on the structural performance
of GFRP-RC beams were not yet available in the literature.

The FRP bars are particularly suitable for transversely reinforcing the concrete beams
because web reinforcements are more susceptible to corrosion as they are nearer to concrete
outer surface compared with the longitudinal bars. The strength of the FRP stirrup at the bend,
however, is significantly lower than the strength of its straight portion. Nevertheless, with the
recent development on FRP technology, the ACI 440.1R-15 (2015) guidelines and CAN/CSA
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S6-14 (2014) codes encouraged the use of FRP stirrups as transverse reinforcement for concrete
members. Similar to steel stirrups, the inclusion of GFRP stirrups increases the shear strength
(Krall and Polak 2014; Mahmoud and El-Salakawy 2014) and reduced the crack width of the
beam without stirrups, with the closely spaced stirrups yielding the highest capacity due to the
confinement effect (Ahmed et al. 2010a). The inclination angle of GFRP stirrups was in good
agreement with the traditional 45-degree truss model at shear failure (Ahmed et al. 2010a).
According to the study conducted by Bentz et al. (2010), the beams with GFRP stirrups that
failed in shear showed significantly more warning of failure than either type of flexural failure,
concrete crushing and bar rupture. Most of these inferences were derived from slender
members that were longitudinally and transversely reinforced with GFRP bars and stirrups,
respectively. The use of GFRP bars and stirrups in short or deep beams, however, has not yet
been studied extensively.

Short beams are commonly used as transfer girders, whose safety is often crucial for
the whole structure’s stability. Nagasaka et al. (1993) and Vijay et al. (1996) reported that the
provision of GFRP stirrups in concrete deep beams enhanced both the load-carrying and
deflection capacities of deep beams. However, they yielded contradicting findings regarding
the influence of stirrup spacing. Vijay et al. (Vijay et al. 1996) mentioned that the stirrup
spacing have no significant influence on the capacities of deep beams while Nagasaka et al.
(1993) reported otherwise, wherein they found that the strength of deep beams increased as the
stirrup spacing decreased. On the contrary, Mohamed at el. (2014) found that the strength of
deep beams did not improved with the provision of GFRP stirrups; yet, the GFRP stirrups limits
the width and number of flexural and shear cracks in concrete deep beams, owing to the stirrups
clamping effect. Farghaly and Benmokrane (2013) reported that by increasing the longitudinal
reinforcement ratio, the strength of deep beams was enhanced; however, according to Yost et
al., the reinforcement ratio had no significant influence on the shear capacity of the beams. El-
Sayed et al. (2012), on the other hand, reported that the cracked stiffness of deep beams
increases with the amount of longitudinal reinforcement. These different findings regarding the
influence of the GFRP stirrups and its spacing and the amount of longitudinal GFRP bars in
deep beams leave a research gap that needs to be addressed by scrutinizing the factors that

caused the variation of the results in the previous studies.

2.2.1.4 GFRP-reinforced concrete columns
Very few experimental and developmental activities have studied the behaviour of GFRP bars

as longitudinal reinforcement for concrete structures under compression. In fact, among the
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current design provisions for FRP-RC system, only the JSCE (Sonobe et al. 1997) had
developed a design protocol for concrete compression members with FRP bars (De Luca et al.
2010). The ACI 440.1R-15 (2015) and CAN/CSA S6-14 (CAN/CSA S6-14 2014) do not
recommend the use of FRP bars in reinforced concrete columns. The CAN/CSA S806-12
(2012) recommended an equation to calculate the axial load resistance of confined columns,
similar to CAN/CSA A23.3-04 (2004); yet, the compression contribution of FRP bars was

ignored.

De Luca (2009) reported that the behaviour of GFRP-RC columns reinforced
longitudinally was very similar to that of the conventional concrete columns reinforced with
steel bars. The GFRP bars, however, contributed less than 5% of the peak load, which is
significantly lower than that of steel bars (approximately 12%). This could be attributed to the
lower compression properties the GFRP bars and the smaller amount of longitudinal
reinforcement ratio (1.0%) they adopted in their studies. The GFRP ties, on the other hand,
strongly influenced the failure mode of the columns by delaying the buckling of longitudinal
bars, initiation and propagation of unstable cracks, and crushing of the concrete core. With the
advances in the manufacturing processes and the enhancement of the properties of the
component materials of GFRP bars, however, the latest generation of GFRP bars have
improved physical and mechanical properties that can match that of steel bars. The recent study
conducted by Tobbi et al. (2012), showed that the GFRP bars contributed 10% of the column
capacity, which was practically analogous to steel’s contribution (12%). Hence, they concluded
that GFRP bars could be adopted as longitudinal reinforcement for concrete column members,
if adequate confinement was provided to eliminate bar buckling, and that the strength reduction
factor of 0.85, typically used for steel-reinforced concrete columns, can be adopted for GFRP-
RC columns. They also reported that the GFRP ties effectively enhanced the strength,
toughness, and ductility of the confined concrete core. Furthermore, the experimental
investigation performed by Afifi (2013) also showed that the compression performance of
circular concrete columns reinforced with longitudinal GFRP bars and stirrups is similar to that
of the traditional RC columns. The GFRP stirrups provided satisfactory restraint against the
buckling of the longitudinal GFRP bars and provided good confinement of the concrete core
in the post-peak stages. Mohamed et al. (2014) evaluated the performance of columns with
GFRP bars and confined with GFRP hoops and spirals. Based on the experimental results, they
concluded that GFRP-RC columns exhibited similar behaviour as the conventional RC

columns. The use of GFRP hoops and spirals effectively confined the concrete in post peak
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stages, with similar degree of efficiency. These current findings suggest the suitability of GFRP

bars and ties as reinforcement for concrete column members.

2.2.2. Replacement of OPC concrete with geopolymer concrete

Geopolymer concrete is considered as a viable alternative to the traditional cement-based
concrete for the development of greener and more sustainable structures because, instead of
cement paste, the geopolymer binder can be manufactured using by-product materials that are
rich in silica and alumina, such as fly ash and blast furnace slag (Lloyd and Rangan 2010).
Davidovits (Davidovits 1991) coined the term “geopolymer” since the chemical reaction that
takes place between the source materials and the activating alkaline liquid is a polymerisation
process. The geopolymer concrete reduce the CO2 emission by 80-90% compared to those of
OPC-based concrete (Duxson et al. 2007). The production of geopolymer can also minimise
the landfill necessary for fly ash that is reportedly abundant worldwide, but limitedly utilised
worldwide; however, its utilization is limited. Furthermore, the geopolymer binder can
immobilise approximately 90% of heavy metals within its matrices (Fernandez-Jiménez and
Palomo 2003; Khale and Chaudhary 2007).

2.2.2.1 Geopolymer and geopolymer concrete properties

The mechanical strength of geopolymer system depends on several factors. The pH of
the activating solution is the major parameter that controls the compressive strength of a
geopolymer. According to Khale and Chaudhary (Khale and Chaudhary 2007), the activating
solution with a pH range of 13-14 is the most suitable for the formation of the geopolymers
with better mechanical strength. The properties of source materials also affect the strength of
geopolymers. Source materials with a high reactivity produce geopolymer systems with a high
compressive strength (Xu and van Deventer 2002). Geopolymers with higher amount of
reactive silica also yielded high mechanical strength, owing to the formation of larger amount
of geopolymeric or alumino-silicate gel (Chen-Tan et al. 2009; Criado et al. 2007; Deb et al.
2015). The particle size distribution directly affects the reactivity of fly ash. The fly ash
reactivity increases with the amount of fine particles, owed to higher surface area, which in
turn yields geopolymer system with higher compressive strength (Diaz et al. 2010). The early
strength development of geopolymer system, on the other hand, can be enhanced by using
NaOH with higher molarity but with low alkali content and by using elevated temperature for
curing (Khale and Chaudhary 2007).
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Geopolymer binders exhibited superior mechanical properties to those of OPC binders
(Palomo and Glasser 1992; Xu and van Deventer 2000). Furthermore, geopolymer concrete
have strength, stiffness, and other mechanical properties that are comparable and, most of the
time, superior to that of OPC-based concrete (Rangan 2008; Sarker 2008; Sofi et al. 2007).
Duxson et al. (2007) also reported that other desirable characteristics of geopolymer concrete
such as rapid development of mechanical strength, fire resistance, dimensional stability, acid
resistance, excellent adherence to aggregates and reinforcements, and have lower material cost,
approximately 10-30% lower than that of OPC. Wallah et al. (2003) stated that geopolymer
concrete undergoes very little drying shrinkage and creep and showed excellent resistance to
sodium sulphate. With the highly desirable structural properties of geopolymer concrete, a

significant cost savings in many structural members is expected (Aldred and Day 2012).

Several researchers have developed constitutive models for geopolymer concrete based
on OPC concrete models with minor modification to the curve-fitting factor (Hardjito et al.
2004; Sarker 2008). In fact, the Concrete Institute of Australia published a practice handbook
on the manufacture and use of geopolymer concrete technology. This handbook covers
optimum mixed design, material characterisation and practical application of geopolymer
concrete. Most of the research, however, is focused only on geopolymer concrete mix design
and durability (Aleem and Arumairaj 2012; Duxson et al. 2007; Hardjito et al. 2004; Rangan
2008; Sumajouw et al. 2007). It is necessary therefore to extend the understanding into the
structural behaviour of full-scale structures made up of geopolymer concrete to increase its

acceptance and utilisation in the mainstream construction application.

The initial price of geopolymer concrete has been one of its main drawbacks compared
to OPC concrete; however, they are expected to even up in the long run as the price of carbon
dioxide emissions during the clinker production will be incorporated in the future costing of
OPC concrete (Vasconcelos et al. 2011). Furthermore, since geopolymer concrete is a
relatively new technology, it lacks design guidelines compared to OPC concrete; hence urgent
research and experimental works are necessary. Lastly, geopolymer concrete, in general,
requires heat for curing that made them not suitable for on-site pouring and casting.
Interestingly, the geopolymer concrete used in this study, with a proprietary mixture, addresses
these casting issues. The novelties of this geopolymer concrete is that its constituent materials
could be mixed in the batching plant and remain completely dormant until the activator

chemical are added and it could be cured under ambient conditions.
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2.2.2.2 Bond behaviour of steel bars in geopolymer concrete

The pullout test conducted by Selby (2011) showed that the bond strength of
geopolymer concrete was comparable to that of OPC-based concrete for both smooth and
ribbed reinforcement. Yet, the chemical adhesion of geopolymer concrete was found to be
much higher than OPC-based concrete. The current methods in calculating the bond strength
and development lengths for OPC concrete can be applied conservatively to geopolymer
concrete. Sarker (2011), on the other hand, stated that the geopolymer concrete had higher bond
strength than OPC-based concrete for the same parameter, owing to the higher splitting tensile
strength of geopolymer concrete compared to ordinary concrete, which suggest that the bond
strength of geopolymer concrete can be conservatively estimated by using the bond equations
for OPC concrete. For both concrete, the bond strength increases as concrete strength and
concrete cover increase. Sofi et al. (2007) investigated the performance of steel reinforcing
bars in geopolymer concrete, which they called inorganic polymer concrete (IPC), using beam-
end and direct pullout tests. Based on their experimental results, the bond strength increases
with the tensile strength of the concrete and with the reduction of rebar diameter. They further
concluded that the current bond equations for the normal concrete specified by AS 3600-01
(2001), ACI 318-02 (2002), and EC2 (Beeby and Narayanan 1995) were applicable for IPC,
with EC2 providing the most conservative estimates.

2.2.2.3 Steel-reinforced geopolymer concrete beams

Based on the experimental study done by Sumajouw and Rangan (2006), the
geopolymer concrete beams made from low-calcium fly ash behaved similarly as the
conventional RC beams. They also stated that the flexural design provisions contained in the
AS3600-05 (2005) draft were applicable to the tested beams. Dattatreya et al. (2011)
investigated the flexural behaviour of fly ash- and slag-based geopolymer concrete beams
reinforced with steel bars. The results of their study showed that the load-carrying capacities
of the steel-reinforced geopolymer concrete (S-RGC) beams were, in most cases, marginally
higher than that of the corresponding conventional RC beams. The conventional RC beams,
however, yielded higher cracking and service loads compared to S-RGC beams because the
elastic modulus and flexural strength of the ordinary concrete were higher than that of the
geopolymer concrete they manufactured. The S-RGC and RC beams failed similarly and
developed same order of crack width and number and spacing of flexural cracks. Interestingly,
Kumaravel and Thirugnanasambandam (2013) obtained similar results using fly ash-based

geopolymer concrete beams. The experimental results obtained by Abraham et al. (Abraham
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et al. 2013) showed that geopolymer concrete beams yielded higher first crack and ultimate
loads, exhibited more number of narrow cracks with a closer spacing, and relatively better

energy absorption and ductility than the conventional concrete beams.

Ambily et al. (2012) investigated the shear behaviour of geopolymer concrete T-beams
with a shear span-to-effective depth ratio (a/d) of 1.9, considered as deep beams. The outcomes
of their study revealed that the beams without stirrups failed by web crushing under diagonal
compression while the failure of beams with stirrups ranged from diagonal compression to
shear tension with longitudinal splitting depending on the stirrup spacing. They also stated that
the structural behaviour of the S-RGC beams resembled that of the typical RC beams and that
the S-RGC beams perform adequately as structural components. Murugavel and Mala (2014)
carried out experiment studies on S-RGC beams considering two a/d of 1.9 and 2.5. Based on
the experimental results, as the a/d increases, the shear capacity also increases and vice versa.
The compressive strength, however, did not influence the shear capacity of the beams. The
beams with closer stirrup spacing yielded higher ultimate load-carrying capacity than the
beams with wider stirrup spacing or without stirrups. The beams with lower a/d yielded lower
deflections at ultimate loads compared to the beams with higher a/d, owing to the arch action
effect. All the beams failed when the measured diagonal compressive strain exceeds 3500 pe.
Hence, they suggested the adoption S-RGC beam in the construction of infrastructures such as

buildings and bridges.

2.2.2.4 Steel-reinforced geopolymer concrete columns

Sumajouw and Rangan (2006) performed experimental and analytical studies on the
behaviour reinforced geopolymer concrete columns. The results revealed that the crack pattern
and failure modes observed for geopolymer concrete columns were similar to those reported
for OPC-based concrete cement columns. As the longitudinal reinforcement ratio and concrete
compressive strength increase, the failure load of the tested columns also increases. They also
stated that the design provisions for the typical RC column contained in AS 3600-05 (2005)
and ACI 318-02 (2002) were applicable to S-RGC columns. These findings were also reported
by Sumajouw et al. (2007) for heat-cured slender geopolymer concrete columns made up of
low-calcium fly ash. Similarly, Sarker (2009) stated that the analytical method for conventional
RC columns could be used for S-RGC columns provided that an appropriate stress-strain
relationship of geopolymer concrete could be obtained. The strength assessment of heat-cured
geopolymer concrete column performed by Sujatha et al. (2012) showed that the geopolymer

concrete columns behaved similar to OPC-based concrete columns regardless of the concrete
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grade. The geopolymer concrete columns show less deformation than that of control columns
of the same percentage of steel. These results demonstrate that fly ash- and/or slag-based

geopolymer concrete has excellent potential for applications in the construction industry.

2.3. Summary

The adoption of GFRP bars in place of steel bars as the primary internal reinforcement
for concrete structures is now commonly practiced to enhance the durability and prolong the
serviceability of the structures while the use of geopolymer concrete, instead of cement-based
concrete, is particularly suitable for the fabrication of environmentally friendly concrete
structures. With the stated advantageous characteristics of the GFRP bars and the geopolymer
concrete, including their successful applications in the construction of various civil
infrastructures, combining them would offer a promising technology in building new structures
with high durability and high sustainability and with adequate strength and structural integrity.
The poor understanding of the overall behaviour and the lack of designers' experience with
GFRP-reinforced geopolymer concrete (GFRP-RGC) system, however, may place this new
and innovative technology at a disadvantage when considered against the existing FRP-RC and
S-RGC systems. A logical step, therefore, is to investigate the important aspects of their
structural behaviour such as the bond performance of GFRP bars in geopolymer concrete, the
flexural and shear behaviour of geopolymer concrete beams longitudinally and transversely
reinforced with GFRP bars and stirrups, respectively, and the compression behaviour of
geopolymer concrete columns internally reinforced with GFRP bars and ties. As of this writing,
however, there is no scientific research undertaken to substantiate the benefit of using GFRP-
RGC system. This was the main research gap that was identified from the discussions above.
Furthermore, the other gaps in the existing literature are as follows:

1. There is insufficient research work regarding the anchorage behaviour of headed GFRP
bars in concrete.

2. A number of experimental and analytical works are available regarding the shear
performance of beams with FRP bars; however, few studies have focused on the shear
contribution of FRP stirrups, especially in short or deep beams.

3. There are limited studies that dealt with the compression behaviour of concrete columns
reinforced with GFRP bars. In fact, the current design guidelines and provisions for
FRP-RC system, except JSCE, do not recommend the use of FRP bars in compression

members.
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4. Despite the fact that geopolymer concrete was developed several years ago and has
many advantageous characteristics, it has not yet been used in actual infrastructures as
extensively as OPC concrete because, to date, most of the research is focusing only on
geopolymer concrete mix design and durability.

5. While design procedures for FRP-RC members are well documented in countries like
the USA and Canada in North America, Italy and Great Britain in Europe, and Japan in
Asia, Australia has yet to develop its own standard, more so with GFRP-RGC system.
Hence, this study was designed to assess the suitability and structural behaviour of

GFRP-RGC system and extend the understanding into the critical problems associated with

their application, thereby filling the knowledge gap that currently exist in civil engineering.
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3. PUBLICATIONS FORMING PART OF THIS THESIS

3.1. Paper I. Bond stress—slip behavior: Case of GFRP bars in geopolymer
concrete

This paper presents the investigation of the bond behaviour of glass fibre reinforced polymer
(GFRP) bars in geopolymer concrete. This study was conducted first because the bond between
the concrete and reinforcement is a critical factor that affects the overall behaviour of the
reinforced concrete (RC) system. The test parameters (bar diameter and embedment length)
were evaluated carefully using the direct pullout test in accordance with ACI 440.3R-04 with
some modifications. These modifications, including the justifications for adopting the test,
were discussed in section “1.4 Scope and Limitations” of the thesis. The schematic diagram of
the test set-up is shown in Figure 1 of Paper 1. In addition, the locations of the bonded and
debonded lengths are shown in Figure B.1 of Appendix B.

The summary of the failure load and failure mode of the pullout specimens is shown in
Table 2 of Paper I, wherein the symbol “+” stands for the standard deviation of the measured
failure load. Furthermore, the bond stress-slip curves of all the tested specimens are shown in
Figure B.1 of Appendix B. From the experimental results, it can be generalised that the
average bond stress at failure (termed as “average bond stress” in the text and in Figures 10,
11, and 12 of Paper 1) decreases as the bar diameter and embedment length increase. An
opposite trend, however, was observed in terms of bond stiffness (Table B-1 of Appendix B),
wherein the bond stiffness increases with the increase of bar diameter and embedment length.
The analytical models formulated in Paper | can be used to calculate the bond stress t for a
given slip in the bar. Using this stress value, the required development length (L4) can be

determined by using equation

where dp and fs correspond to nominal diameter and tensile stress of the GFRP bar. Overall, the
modified direct pullout test employed in the study allowed the sufficient evaluation of the
important parameters that affect the bond behaviour of GFRP bars in geopolymer concrete.

In cases were longer embedment lengths are inappropriate, the provision of anchor
heads is a viable option. Limited studies, however, are available regarding the use of anchor

heads especially in GFRP bars. Hence, the candidate investigated the influence of anchor heads
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on the pullout resistance of GFRP bars following the test method employed in Paper | and the
results were presented, analysed, and discussed in Paper 1.
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Bond Stress-Slip Behavior: Case of
GFRP Bars in Geopolymer Concrete
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Abstract: The use of geopolymer concrete reinforced with fiber-reinforced polymer (FRP) bars is anticipated to address the concerns
on the usage of traditional reinforced concrete structures, such as the corrosion of internal steel reinforcement, costly repair and reha-
bilitation, and development of sustainable infrastructures. To gain wide acceptance in the construction market, the bond between geo-
polymer concrete and the FRP bar should be investigated first because it is a critical factor that influences the behavior of structures,
specifically its strength and long-term durability. In this study, the bond performance of sand-coated glass fiber-reinforced polymer
(GFRP) bars into geopolymer concrete with a compressive strength of 33 MPa was investigated under a direct pullout test. The effects
of parameters such as bar diameter (12.7, 15.9, and 19.0 mm) and embedment length (5, 10, and 15 d,, where d,, is the bar diameter)
were evaluated. The results showed that the maximum average bond stress obtained is around 23 MPa. As GFRP bar diameter increases,
the average bond stress decreases. Similarly, the average bond stress decreases as the bond length becomes longer. The specimens with
shorter embedment length failed because of pullout of the bars, whereas those with longer embedment lengths failed because the con-
crete split. The results further revealed that the geopolymer concrete reinforced with GFRP bars have a bond strength similar to that
of steel-reinforced geopolymer concrete. Finally, bond-slip models for the ascending branch up to maximum bond stress of the bond-
slip curves for GFRP bars and geopolymer concrete were proposed. DOI: 10.1061/(ASCE)MT.1943-5533.0001046. © 2014 American

Society of Civil Engineers.
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Introduction

Cement-based concrete with internal steel reinforcement is one of
the commonly used composite materials in the construction of civil
infrastructures. However, there are several issues regarding its ap-
plication that drive engineers and researchers to look for alterna-
tives. First is the corrosion problem of steel reinforcement in the
traditional reinforced concrete (RC) structures, especially those that
are located in or near an aggressive environment. Second, there are
many substandard and deteriorated structures that require costly re-
pair or rehabilitation and, most of the time, need total replacement.
And lastly, because of global warming, the use of cement is being
discouraged, as the production of 1.0¢ of cement releases approx-
imately 1.0t of CO, (McCaffrey 2002). In fact, 5-7% of the world’s
emission of CO, comes from cement production (McLellan
et al. 2011).
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The replacement of steel bars with fiber-reinforced polymer
(FRP) bars as internal reinforcement to RC structures is now an
accepted practice to enhance the durability and prolong the serv-
iceability of these structures. In addition to ultra-high tensile
strength and lightweight properties, the FRP composite materials
are corrosion resistant, durable, and nonmagnetic (Gangarao et al.
2007). In comparison with steel, FRP materials have relatively
lower ductility, lower bonding strength, and anisotropic properties.
In effect, new and compatible design framework is necessary to
ensure the safety and serviceability of concrete structures rein-
forced with FRP bars. Fico (2008) presented several FRP rein-
forced RC structures that were successfully built in Japan
(e.g., floating marine structures, pontoon bridge, and magnetic
levitation railway) and in other countries. Research and develop-
ment on FRP reinforced RC structures had become tantamount that
several countries developed their own design guidelines such as the
Japan Society of Civil Engineers in Japan, ISIS and CSA-S806
[Canadian Standards Association (CSA) 2010] in Canada, and
ACI 440.1R [American Concrete Institute (ACI) 2006] in the
United States. Although the initial costs of using FRP are higher
compared with those of steel, they will even up in the long run
because the costly repair and maintenance from steel corrosion
(Mazaheripour et al. 2013; Achillides and Pilakoutas 2004) will
be avoided. The use of FRP materials is particularly relevant in
cases where the design of RC structures is controlled by durability
requirements (Tastani and Pantazopolou 2006) and long-term sus-
tainable performance.

Geopolymer concrete is deemed as a viable alternative to tra-
ditionally used ordinary portland cement (OPC) concrete for the
development of a greener and more sustainable structure. Instead
of cement, the geopolymer utilizes by-product materials that are
rich in silica and alumina, such as fly ash and rice husk ash, to
produce binders (Lloyd and Rangan 2010). Davidovits (1988)
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named the binder as “geopolymer” because the chemical reaction
that takes place in the activation of fly ash with alkaline liquid is
a polymerization process. Duxson et al. (2007) reported several
desirable characteristics of geopolymer, such as rapid develop-
ment of mechanical strength, fire resistance, dimensional stability,
acid resistance, and excellent adherence to aggregates and rein-
forcements. Furthermore, they stated that the material cost of fly
ash-based geopolymer concrete is 10-30% lower than that
of OPC.

With the advantageous characteristics of FRP and geopolymer
concrete, combining them would offer a promising technology in
the construction industry. However, for FRP reinforced geopolymer
concrete to gain wide acceptance in the construction market, the
bond between the geopolymer concrete and the FRP bar should
be investigated, because it is a critical factor that influences the
strength and long-term durability. Sufficient bond must exist be-
tween the FRP bar and geopolymer concrete to effectively transfer
the stresses from one to the other and secure a composite action.
Some of the pioneering studies on the mechanism of stress transfer
through bond between the FRP and the ordinary concrete were per-
formed by Tao et al. (1992), Chaallal and Benmokrane (1993), and
Malvar (1994). Recent advances on FRP studies showed that the
bond of FRP to concrete is dependent on several factors, such
as surface roughness of the reinforcement, embedment length,
bar diameter, and concrete strength (Okelo and Yuan 2005; Baena
et al. 2009; Arias et al. 2012).

Sofi et al. (2007) initiated the investigation of the bond mechan-
ics between the geopolymer concrete and deformed steel bar. They
concluded that the bond performance of inorganic polymer con-
crete (IPC) are comparable with that of the OPC-based concrete
and, therefore, the combination of steel and IPC can be used to
resist not only compression but also tension stresses. Sarker
(2011) made a comparison of the bond strength of geopolymer con-
crete and OPC concrete. He found that, although the compressive
strength of OPC and geopolymer concrete are the same, the bond of
geopolymer concrete is still higher than OPC concrete because of
its higher tensile strength. In another study, Selby (2011) found that
the bond strength of geopolymer concrete is at least as strong as that
of OPC concrete on a relative basis. Furthermore, he added that the
chemical adhesion of geopolymer concrete is two times greater
than that of OPC concrete. This good chemical adhesion would
prevent the early development of interfacial cracks between the
FRP bar and the concrete, and within the longitudinal cracks in
the surrounding concrete.

Although there are many studies that deal with the evaluation of
bond performance between concrete and its reinforcement,
e.g., FRP bars into OPC concrete and steel bars into geopolymer
concrete, no research or experimental work has been conducted on
the bond-slip relationship between the FRP and the geopolymer.
This is the key motivation of this undertaking. In this study, the
bond performance of sand-coated glass fiber-reinforced polymer
(GFRP) bars into geopolymer concrete was evaluated using the di-
rect pullout test. The influence of bar diameter and embedment
length on the bond strength of geopolymer concrete reinforced with
GFRP bars is determined. Also, the results are compared with that
of steel-reinforced geopolymer concrete to validate the acceptabil-
ity of GFRP as an alternative to steel as reinforcement for geopol-
ymer concrete. Finally, analytical equations based on the Cosenza,
Manfredi, and Realfonzo (CMR) model (Cosenza et al. 1997) are
proposed to simulate the ascending behavior of the bond-slip curve
and up to the maximum bond strength of GFRP bars embedded into
geopolymer concrete.
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Experimental Program

This section discusses the constituent materials and the test con-
ducted to evaluate the bond performance of GFRP bars into geo-
polymer concrete.

Materials

Geopolymer Concrete

A ready-mix geopolymer concrete with a proprietary mixture,
supplied by Wagners in Australia, was used in this study. It is com-
posed of alkali-activated fly ash and ground granulated blast-
furnace slag, gravel, and sand. The average compressive strength
of the 28- to 32-day age geopolymer concrete is 33 MPa, with a
standard deviation of 2.3 MPa.

The characterization of the mechanical properties of geopoly-
mer concrete has been performed by Aldred and Day (2012). They
found that geopolymer concrete tends to have higher tensile and
flexural strength relative to the compressive strength than portland
cement-based concrete. In addition, Sarker (2011) stated that geo-
polymer concrete has higher tensile strength than OPC concrete.

Reinforcing Bars
Three high-modulus GFRP bars (Grade III, CSA S807-10) of vary-
ing nominal diameter were investigated: 12.7 mm (#4), 15.9 mm
(#5), and 19.0 mm (#6), which were provided by V-Rod Australia.
The mechanical properties of these bars are presented in Table 1.
The GFRP was used because glass fiber is relatively cheaper com-
pared with other fibers such as carbon and aramid fibers (Gangarao
et al. 2007). Other advantages include low susceptibility to mois-
ture, high chemical resistance, and excellent insulating properties.
The bars were produced by a pultrusion process of continuous
E-glass fibers impregnated in vinyl ester resin. The sand used to
cover the GFRP bars are made up of Silica 24. Arias et al. (2012)
stated that the provision of sand coating to GFRP bars improves
its bond with the concrete through the friction and interlock
forces provided by the sand. In addition, the study conducted by
Tang et al. (2008) showed that the GFRP bars coated with sand
have the highest bond strength values compared with smooth and
mild steel bars. For the purpose of comparison, 16.0-mm-diameter
deformed steel bar with a yield strength of 540 MPa was also
embedded into geopolymer concrete and subjected to a direct
pullout test.

Bond-Slip Specimens

Steel tubes with a diameter and a wall thickness of 33 and 3 mm,
respectively, were sleeved at one end of GFRP bars using epoxy
adhesive to protect them from the gripping force applied by the
clamps of the machine during testing. This was done to ensure that
bond failure will be achieved instead of bar failure because, unlike
steel, the transverse strength of GFRP bars is weaker compared
with its longitudinal strength. After the epoxy had cured, the
bond-slip specimens were produced such that the steel and GFRP

Table 1. Mechanical Properties of GFRP Bars

Bar diameter  Guaranteed tensile Modulus of Ultimate
(mm) strength® (MPa) elasticity (GPa)  elongation (%)
12.7 (#4) 1,312 65.6 £2.5 2.00

15.9 (#5) 1,184 62.6 £2.5 1.89

19.0 (#6) 1,105 63.7+2.5 1.71

Guaranteed tensile strength: Average value — 3 X standard deviation
(ACI 2006).
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Fig. 1. Direct pullout test: (a) schematic diagram; (b) actual setup (image by Allan Manalo)

bars were embedded at the center of a horizontally cast 150 x
150 x 300-mm geopolymer concrete prism. The specimens are cast
horizontally to maintain the concentric alignment (straightness) of
the bars and to minimize the unevenness of the load concrete sur-
face to minimize the errors during the initial loading. This is also
done to simulate the standard practice for casting the reinforced
concrete beam.

Three bond lengths were considered for each bar diameter: 5,
10, and 15 d,, where d, is the bar diameter. These lengths
were achieved by using PVC pipes to debond the bars from con-
crete. Three samples were prepared for each embedment length,
resulting into 27 GFRP—geopolymer (GG) and 9 steel-geopolymer
(SG) bond-slip specimens. In addition, bond-slip specimens
with 300-mm embedment length were cast for 12.7-mm (23d,)
and 15.9-mm (18d,) GFRP bars and 16.0-mm (18d,) steel
bars. The specimens are labeled in the following manner: type
of specimen-bar diameter-embedment length. For example, the
specimen GG-12.7-5 d, is a GFRP-geopolymer bond-slip speci-
men with a 12.7-mm diameter bar embedded 5d,, into geopolymer
concrete.

All specimens were removed from formworks seven days after
casting. This was done to ensure that the geopolymer concrete had
cured properly to avoid damaging the specimens on their removal
from formworks and during handling.

Direct Pullout Test

The direct pullout test in accordance with ACI 440.3R-04 (ACI
2004) was adopted in this study to evaluate the bond performance
of GFRP-reinforced geopolymer concrete and steel-reinforced
geopolymer concrete. Tastani and Pantazopolou (2010) stated that,
because of differences in boundary conditions and stress state, the
stress values obtained from direct pullout tests were not exactly the
same as the stresses obtained in actual scenarios. However, the test
was adopted in this study because it is simpler, more convenient,
and costs less compared with other tests. This test setup is also prac-
tical as it represents the main longitudinal reinforcement, which
is mostly subjected to tensile forces in a reinforced concrete beam.
In fact, many researchers like Bakis et al. (1998), Zhang and
Benmokrane (2002), and Achillides and Pilakoutas (2004) have
used this test procedure to investigate the bond behavior between
the concrete and the FRP bar.
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The schematic diagram and actual setup configuration of the test
are shown in Fig. 1. In the test conducted, the specimens are posi-
tioned in a reverse manner such that the concrete prism is on top
while the bar is being pulled downward at a constant displacement
rate of 1.2 mm/ min using AVERY testing machine with a loading
capacity of 500 kN. The geopolymer concrete block is supported by
a fixed circular steel plate that has a hole in the center where the bar
can pass through. A linear variable differential transformer (LVDT)
is placed on top of the unloaded end of bar to measure the overall
slip of the bar. The stand of LVDT is independent of the test spec-
imens to ensure that it will not be affected by the movement and
failure of the specimen. The pullout load and end-slip displacement
were measured and recorded using the System5000 data logger.

Results and Discussion

Failure Load

The pullout load in which the bond-slip specimens failed are sum-
marized in Table 2. For GG-12.7 specimens, the failure load in-
creases from 5 to 15d, but decreases in 300 mm. The recorded
average maximum failure loads for GG-12.7-5 d,,, GG-12.7-10 d,,,
GG-12.7-15d,, and GG-12.7-300 mm are 60.69, 117.00, 119.90,

Table 2. Failure Load and Failure Mode of GG and SG Specimens

Specimen Failure load, P (kN) Mode of failure
GG-12.7-5 d, 60.69 £ 3.56 Bar pullout from concrete
GG-12.7-10 4, 117.00 £+ 2.20 Bar pullout from concrete
GG-12.7-15 d,, 119.90 £ 4.57 Concrete splitting
GG-12.7-300 mm 101.93 £+ 0.00 Concrete splitting
GG-159-5 4, 85.55 +5.13 Bar pullout from concrete
GG-15.9-10 d, 144.49 £ 0.04 Concrete splitting
GG-15.9-15 d,, 163.32 +5.60 Concrete splitting
GG-15.9-300 mm 131.84 £ 0.00 Concrete splitting
GG-19.0-5 4, 115775 £7.13 Bar pullout from concrete
GG-19.0-10 d,, 158.76 £ 11.23 Concrete splitting
GG-19.0-15 d,, 138.93 £ 1.65 Concrete splitting
SG-16.0-5 4, 9420 £ 1.13 Bar pullout from concrete
SG-16.0-10 4, 119.31 £4.35 Bar rupture
SG-16.0-15 d, 126.37 £2.18 Bar rupture
SG-16.0-300 mm 126.68 £ 0.00 Bar rupture
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and 101.93 kN, respectively. The same trend was observed in
GG-15.9 specimens wherein the specimens with bond lengths
of 5, 10, 15d;,, and 300 mm failed at pullout loads of 85.55,
144.49, 163.32, and 131.84 kN, respectively. In the case of
GG-19.0, the specimen with an embedment length of 10 d, re-
corded the highest failure load of 156.76 kN, followed by
GG-19.0-15 d;, (138.93 kN) and GG-19-5 d,, (115.75 kN), respec-
tively. It is notable from the results that at an embedment length of
300 mm, the failure load of the specimens decreases. This is be-
cause, unlike the specimens with shorter embedment length, these
specimens do not have unbonded geopolymer concrete in their
loaded end that could prevent the early development of longitudinal
cracks, thereby decreasing their pullout capacity. On the other
hand, the SG specimens with an embedment length of 5d,, recorded
the lowest failure load of 94.20 kN. The specimens with bonded
lengths of 10 and 15d,, and 300 mm have relatively comparable
results, as these specimens failed because of rupture of the steel.

Mode of Failure

A close observation of the failed specimens showed that no voids
were created under the GFRP bar, indicating that the casting
method is satisfactory. The entire surface of the embedded bars
is bonded properly in the geopolymer concrete, showing physical
evidence that there are no voids that have affected the bond behav-
ior. This is supported by the consistent results of the failure load
and failure mode observed for each type of specimens.

Two types of failure were observed in GG specimens: bar pull-
out and splitting of geopolymer concrete. Pullout type of failure
was observed in the specimens with shorter embedment length.
This happens because the development length for bonding is not
enough, and thus the splitting tensile stress induced by bond is
not sufficient to create wider longitudinal cracking. The longitudi-
nal cracks that initiated at the surrounding geopolymer concrete
(near the interface of the bar and the geopolymer concrete) did
not propagate in the external surface. This resulted in a higher bond
stress than calculated from the experiment. Concrete splitting type
of failure, on the other hand, is exhibited by the specimens with
relatively longer embedment length because they have enough
length to develop high radial stresses. This high amount of stress
leads to wider longitudinal cracks that can propagate to the external
surface of the concrete, thereby eliminating the confinement capac-
ity of geopolymer concrete. This failure contaminated the real bond
strength of the specimens that resulted in a lower calculated bond
stress than the specimens that failed because of bar pullout. The
splitting of geopolymer concrete occurred in an explosive brittle
manner, which was also observed by Sarker (2011) and Sofi et al.
(2007). The longitudinal cracks are commonly localized to regions
where the GFRP bar was bonded to geopolymer concrete.

Fig. 2 shows the failure mode of bond-slip specimens with
a 12.7-mm GFRP bar. The specimens embedded 5 and 10d,, into
geopolymer concrete failed because of bar pullout, whereas the
specimens with embedment lengths of 154, and 300 mm failed
because of concrete splitting. The mode of failure of pullout spec-
imens with 15.9-mm diameter GFRP bar is depicted in Fig. 3. Only
the specimens with the shortest embedment length experienced a
pullout failure, whereas the rest failed because of concrete splitting.
The same results were observed in specimens with 19.0-mm GFRP
bar. As can be seen in Fig. 4, the specimens with bond length of 5d,,
failed because of pullout, whereas those with longer embedment
lengths failed because of concrete splitting. From these results,
it can also be observed that, as the bar diameter increases, the con-
crete splitting type of failure became more dominant in specimens
with longer embedment length. Furthermore, the formation of
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Fig. 2. Mode of failure of GG-12.7 specimens: (a) 5d,,; (b) 10d,;
(c) 15d,; (d) 300 mm (images by Ginghis Maranan)

Fig. 3. Mode of failure of GG-15.9 specimens: (a) 5d,; (b) 10d,,;
(c) 15d,; (d) 300 mm (images by Ginghis Maranan)

Fig. 4. Mode of failure of GG-19.0 specimens: (a) 5d,; (b) 10d,;
(c) 15d, (images by Ginghis Maranan)

longitudinal cracks is more pronounced in the specimens with lon-
ger bond length. Interestingly, the sand-coating did not debond
from the GFRP bar, which indicates the effectiveness of the adhe-
sive used to bind the sand around the surface of the GFRP bars.

The SG bond-slip specimens exhibited two types of failure: bar
pullout and bar yielding. Fig. 5 shows that the specimens with
shorter embedment length failed because of bar pullout from geo-
polymer concrete, whereas those with longer embedment length
failed because of rupture of the bar. Table 2 summarizes the failure
mode of the specimens.

Relation between Bond Stress and End-Slip
Displacement

The bond stress-slip relationship is adopted to describe the bond
performance of GFRP bars embedded into geopolymer concrete,
as it is a commonly used representation of the bond behavior
of reinforcement in concrete members wherein a constant stress
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Fig. 5. Mode of failure of SG-16.0 specimens: (a) 5d,; (b) 10d,;
(c) 15d, (images by Ginghis Maranan)

distribution and the average bond stress are assumed. The relation-
ship between the bond stress and end-slip displacement of the GG
pullout test specimens is depicted in Figs. 6-8. The bond stresses
reported in this study are the average of the three samples for each
type of bond-slip specimen. The stress distribution is assumed con-
stant along the bond length. With this assumption, the average bond
stress (7) is calculated using Eq. (1):

Fig. 6. Bond-slip diagram of 12.7-mm GFRP bar

Fig. 7. Bond-slip diagram of 15.9-mm GFRP bar
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Fig. 8. Bond-slip diagram of 19.0-mm GFRP bar

P
T =
ﬂ'dbld

(1)

where P = failure load (load when one of the following types of
failure occurred enclosing geopolymer concrete splits, bar pullout
from geopolymer concrete, and bar rupture); d, = nominal bar
diameter; and /; = embedment length.

Generally, the bond stress-slip curve of GG specimens with a
bond length of 5d,, that failed because of bar pullout is composed
of three distinct regions: the linear, nonlinear, and softening re-
gions. The first region (region I) is represented by a long linear
ascending branch, wherein the load increases rapidly while end-slip
increases slowly. In this region, it is the chemical adhesion and
mechanical interlock between the sand coats and the geopolymer
concrete that make up the main resisting mechanism of the speci-
men. However, during the initial loading, a low stiffness response
was observed in the curves. This can be attributed to the settlement
of the specimen during the initial loading caused by slight uneven-
ness of the external face of the loaded end of geopolymer concrete.
As the pullout load is applied, radial splitting stress develops, lead-
ing to simultaneous formation of interfacial cracks between the bar
and the geopolymer concrete and longitudinal cracks in the sur-
rounding geopolymer concrete. As the load is further increased,
the bond stress-slip response shifted from linear to nonlinear
(region II) up to peak load because of the increase of the size
of longitudinal cracks. At this stage, it is still the mechanical inter-
lock and the friction forces provided by the sand coating that resist
the pullout load. The post peak phase (region III) is governed only
by friction force between the bars and geopolymer concrete as char-
acterized by a descending branch (softening region) of the bond
stress with the increase of slip. The short bonded length of the
bar did not induce sufficient tensile splitting stress that resulted
in the pullout failure of the specimens. On the other hand, the
bond-slip curves of GG specimens with embedment lengths of
10 and 15d,, that failed because of concrete splitting exhibited a
linear response and a short portion of nonlinear region and no soft-
ening behavior.

In the case of SG specimens (Fig. 9), only the specimens bonded
5d,, into geopolymer concrete exhibited the three regions. In the
linear region up to failure, the main resisting mechanism of these
specimens is mostly governed by the mechanical bearing provided
by the steel ribs. The remaining stresses are resisted by the friction
between the bar and the concrete. On the contrary, the specimens
with embedment length of 10 and 15d,, exhibited linear response up
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Fig. 9. Bond-slip diagram of 16.0-mm deformed steel bar

to failure because of rupture of the steel bar. A notable observation
from the graph is that the embedment length did not affect the linear
stiffness behavior (region I) of bond-slip specimens that have the
same bar diameter. In addition, as the GFRP bar diameter increases,
the linear stiffness also increases. The range of bond stresses and
slips per region are summarized in Table 3.

Discussion

Effect of Bar Diameter

The relationship between the average bond stress and the bar diam-
eter of GG bond-slip specimens is presented in Fig. 10. From the
graph, it can be observed from the specimens that failed because of
bar pullout (specimens with embedment length of 5d,,) that the in-
crease in the bar diameter causes the peak average bond stress to
decrease. This finding is in agreement with that of Cosenza et al.
(1997), Tighiouart et al. (1998), and Arias et al. (2012), who stud-
ied the bond behavior of FRP bars in ordinary concrete. They sug-
gested that the nonlinear distribution of stresses is more dominant
in larger-diameter bars (requiring higher embedment length) that
leads to a lower bond strength.

Achillides and Pilakoutas (2004) reported that, aside from the
existence of nonlinear stress distribution, the observed behavior can
also be attributed to Poisson’s ratio and shear lag effects. Poisson’s
ratio leads to a decrease in bar diameter attributable to pullout load.
Generally, the bars with a larger diameter experienced higher
Poisson’s ratio effect that leads to a lower mechanical interlock
and/or friction between the GFRP bars and the geopolymer
concrete. Shear lag, on the other hand, occurred when the GFRP
is pulled in tension through its surface, which resulted in differ-
ential movement between the core and the surface of the bar.

Fig. 10. Relationship between the average bond stress and bar dia-
meter of GG specimens

This movement resulted in a nonuniform distribution of normal
stresses on the circular face of the GFRP bar that led to lower aver-
age stress in the core and higher surface normal stress. As the bar
diameter increased, the difference between the two stresses also
increased, which resulted into the reduction of bond strength
between the concrete and the bar. Interestingly, the trend was also
observed in the specimens that failed from bar pullout (specimens
with embedment length greater than 5d,).

Effect of Embedment Length

Fig. 11 illustrates the correlation between the average bond
stress and embedment length of all direct pullout specimens with
GFRP bars. It can be seen from the figure that the bond stress of
specimens with embedment length of 5d,, is higher than the spec-
imens with embedment lengths of 10 and 15d,,, regardless of bar
diameter. This is attributed to two different types of failure exhib-
ited by these specimens. The splitting type of failure exhibited by
specimens with embedment lengths of 10 and 15d,, resulted in a
lower average bond stress between the GFRP bars and the geopol-
ymer concrete.

Comparing the specimens that failed because of concrete split-
ting (specimens with embedment length of 10 and 15d,,), it can
be observed that the computed bond stress decreases with an in-
crease in embedment length. Tighiouart et al. (1998) explained that
this behavior is a consequence of the nonlinear distribution of
the stress (maximum at the loaded end and minimum at the un-
loaded end) along the bonded length that is more pronounced in
bars with longer embedment. Furthermore, this nonlinear behavior
was also reported by Cosenza et al. (1997), Arias et al. (2012), and
Mazaheripour et al. (2013). Tang et al. (2008), on the other hand,
explained that an increase in the embedment length leads to an in-
crease in the perimeter area and, thus, a decrease in bond strength.

Table 3. Range of Bond Stresses and Slips per Region of the Bond-Slip Curves of Bond-Slip Specimens

GG-12.7-5 d, GG-15.9-5 d, GG-19.0-5 d, SG-16.0-5 d,,
Bond Bond Bond Bond
Region Slip (mm) stress (MPa) Slip (mm) stress (MPa) Slip (mm) stress (MPa) Slip (mm) stress (MPa)
I 0.0-1.2 0.0-19.6 0.0-1.1 0.0-18.1 0.0-1.0 0.0-14.6 0.0-1.4 0.0-17.4
I 1.2-1.8 19.6-23.96 1.1-1.5 18.1-21.84 1.0-1.4 14.6-19.39 1.4-2.5 17.4-22.88
I 1.8-10.0 23.96-9.3 1.5-10.0 21.84-9.1 1.4-10.0 19.39-3.4 2.5-3.9 22.88-9.7
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Fig. 11. Relationship between the average bond stress and embedment
length of GG specimens

Comparison of GFRP-Geopolymer and
Steel-Geopolymer Bond-Slip Specimens

The comparison of the average bond stress in GG and SG speci-
mens is shown in Fig. 12. Based on the figure, the GG specimens
have comparable bond strength compared with SG specimens at
embedment length of 5d,. Therefore, it can be concluded that
the sand-coated GFRP bar could be an effective alternative to steel
as an internal reinforcement for geopolymer concrete structures.
The bonding property of GFRP bars were improved through the
mechanical interlock and friction forces provided by the sand coat-
ing as proven by Arias et al. (2012) and Tang et al. (2008). In the
case of the specimens with longer embedment length, an indicative
comparison is made because the mode of failure GG and SG spec-
imens are different. The average bond stresses in GG specimens are
greater than SG specimens because the SG specimens failed be-
cause of bar rupture. This is attributable to the lower tensile strength
of steel used in the experiment compared with the tensile strength
of the GFRP bars.

Analytical Model

Analytical models are normally developed to provide tools for
evaluating the bond mechanisms of complex physical processes

Fig. 12. Comparison of the relationship between the average peak
bond stress and embedment length of GG-15.9 and SG-16.0

Table 4. Values of s, and « Parameters

Bar diameter (mm) S, «
12.7 0.20 9
15.9 0.14 5
19.0 0.12 4

happening during the bond-slip test and for the conduct of numeri-
cal modeling and simulations. Currently, there are four different
models being used to simulate the actual bond-slip behavior of
FRP-reinforced concrete. These models are the Malvar model,
Bertero-Eligehausen-Popov (BEP) model, modified BEP (mBEP)
model, and Cosenza-Manfredi-Realfonzo (CMR) model. Among
these models, Cosenza et al. (1997) identified the CMR model
as the most reliable model that can simulate the ascending behavior
of the bond-slip curves. It is a modification of the ascending region
of EBP model and is given as

.
7__ — [1 _ e(—x/x,)]a (2)

m

where 7 = bond stress (MPa); 7,, = peak bond stress (MPa); s =
corresponding slip at 7 (mm); and s, and o = parameters based on
curve-fitting of the experimental data.

In this study, the constitutive analytical models of the ascending
branch of bond-slip curve, generally used to investigate the behav-
ior of structures at the serviceability state level, of the sand-coated
GFRP bars embedded into geopolymer concrete were derived
based on the CMR model and by considering the experimental
bond stress versus slip curves of the specimens with an embedment
length of 5d,. Specifically, these equations represent the bond
behavior from regions II (linear) to III (nonlinear up to peak stress)
of the bond stress-slip curves of GG specimens obtained from the
experiment.

Table 4 shows the values of s, and « parameters obtained by
employing the curve-fitting method suggested by Tighiouart et al.
(1998) for 12.7, 15.9, and 19.0-mm nominal diameter GFRP bars.
The parameter s, defines the slope of linear stiffness (region II) of
the bond-slip curve, whereas « controls the nonlinear to peak stress
shape (region III) of the curve. According to Table 4, the value of «
decreases with an increase in bar diameter. On the other hand, an
increase in bar diameter leads to a decrease of s,.

A comparison of the curves between the analytical model
and experimental results for GG-15.9-5 d;, specimen is shown in
Fig. 13. It can be seen that there is a good agreement between

Fig. 13. Bond-slip curves of the proposed analytical model and the
experimental results of GG-15.9-5 d,,
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the proposed model and the experimental results, starting from the
linear portion until the peak of the curves. With this, it can be de-
duced that the derived equations can be used in performing numeri-
cal investigation on the interaction between geopolymer concrete
and sand-coated GFRP bars. These analytical models can also
be used in the specimens that failed because of concrete splitting
because the bond-slip linear stiffness behavior of the specimens
with the same diameter are the same. However, the obtained maxi-
mum bond stress between the GFRP bars and geopolymer concrete
for specimens with longer embedment lengths maybe lower be-
cause of the splitting failure of concrete. Nevertheless, this is a
conservative value that can be used in understanding the behavior
of structures at the serviceability state level. The results of the study
are also not sufficient to determine the maximum bond stress where
the splitting of concrete will start to occur, i.e., the upper limit for its
application for this type of failure. This needs further investigation
and is beyond the scope of this paper.

Conclusions

This study evaluated the bond performance of sand-coated GFRP

bars into geopolymer concrete under direct pullout tests. The influ-

ence of parameters such as bar diameter and embedment length to the
bond between the GFRP bars and geopolymer concrete were inves-
tigated. Based on the results, the following conclusions are made:

* The average bond stress of sand-coated GFRP bars embedded
into geopolymer concrete is around 23 MPa, which indicates
that a sufficient bond exists between the GFRP bar and the geo-
polymer concrete;

* Generally, the specimens with a shorter embedment length (5d,,)
failed because of bar pullout, whereas the specimens with a long-
er embedment length failed because of concrete splitting. As the
bar diameter increased, concrete splitting type of failure became
more dominant in specimens with longer embedment length;

* For specimens that failed because of bar pullout (specimens
with 5d,,), the increase in bar diameter causes the peak average
bond stress to decrease. The increase of embedment length re-
sults in a lower average bond stress because of the different
types of failure;

* The sand-coated GFRP bars have bond strength comparable to
that of corrugated steel bars, suggesting that they can be an
effective alternative as internal reinforcement for geopolymer
concrete structures; and

e The bonding mechanism between the bar and the geopolymer
can be accurately studied if a pullout type of failure is exhibited
by all specimens. To achieve this, the use transverse confining
materials such stirrups and FRP jackets are proposed.
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3.2. Paper II: Pullout behaviour of GFRP bars with anchor head in geopolymer
concrete
This paper evaluated the influence of anchor head on the pullout behaviour of glass fibre
reinforced polymer (GFRP) bars in geopolymer concrete using the direct pullout test for
straight FRP bars employed in Paper 1. The effect of bar diameter and embedment length on
the pullout resistance of headed GFRP bars in geopolymer concrete was evaluated thoroughly
and was compared with the results of the previous researchers. Based on the experimental
results, the provision of an anchor head enhanced the anchorage capacity of GFRP bars in
geopolymer concrete. However, its contribution decreases as the embedment length increases.
These observations showed that in some cases, the anchor heads produce an increase of the
maximum pullout force and in some cases they do not, hence, a simple mechanical model
(Equation 4 of Paper Il) that evaluates the pullout load resistance produced by the anchor
heads only or by the anchor heads and sand-coating was developed. Equation 2 of Paper Il
represents the pullout contribution of anchor heads. This equation was obtained by subtracting
the tensile stresses developed in the pullout specimens with straight GFRP bars only (for
example, SGG-15.9-5@) from the specimens with headed GFRP bars (for example, SGG-15.9-
5@+lan). Then, based on regression analysis using MS Excel Software, an exponential
relationship was found to be the best fit for the observed differences. In general, the equations
formulated in Paper Il would permit for evaluating the opportunity in adopting the proposed

device in mainstream construction applications.

The results obtained from Papers | and Il showed that there is an adequate bond
between the sand-coated GFRP bars and geopolymer to secure a composite action. That is, the
stress can be effectively transferred between the GFRP bars and geopolymer concrete. Hence,
an investigation of the structural behaviour of geopolymer concrete beams and columns
reinforced longitudinally and transversely with GFRP bars was conducted and the results are

presented, analysed, and discussed in Papers Ill, IV and V.
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The geopolymer concrete internally reinforced with fibre-reinforced polymer (FRP) bars is anticipated to
offer durable, sustainable, and cost-effective civil infrastructures. In this study, the effect of the anchor
head on the pullout behaviour of the sand coated glass-fibre-reinforced polymer (GFRP) bars embedded
in the geopolymer concrete was investigated using a direct pullout test. Straight and headed GFRP bars
with different nominal diameters ¢ (12.7, 15.9, and 19.0 mm) and embedment lengths l; (0 + g,
57 + lan, and 10 + I, for headed bars, where I, stands for the anchor head length, and 5¢f and 10
for straight bars) were considered. The results showed that the provision of anchor head is an efficient
method to enhance the anchorage capacity of GFRP bars in geopolymer concrete. The anchor heads
improved the anchorage of the sand coated GFRP bars by as much as 49-77%. Furthermore, the mechan-
ical bearing resistance provided by the anchor head alone resulted in the development of approximately
45% of the GFRP bars’ nominal tensile strength. A comparison of the experimental results with the pub-
lished studies showed that a much higher load is required to pullout the GFRP bars in geopolymer con-
crete than in Ordinary Portland Cement-based concrete.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The geopolymer concrete is currently attracting a widespread
attention in Australia due to its lower embodied energy and carbon
footprint, approximately 80% less CO, [1] compared to the
Ordinary Portland Cement (OPC) concrete [2]. Geopolymer con-
crete has engineering properties that are suitable for structural
applications, including rapid and good compressive strength devel-
opment, highly durable, excellent chemical and fire resistance, and
minimal thermal and drying shrinkage [3]. This type of concrete is
produced from alkali-activated waste materials like fly ash and rice
husk ash, that are rich in silica and alumina [4] resulting in 10-30%
cheaper than the OPC concrete in terms of material costs [5,6].
While the geopolymer concrete reinforced with steel bars has been
successfully trialled in a number of field applications, most of the
researches being conducted focus only on mix design and
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durability [7]. It is necessary therefore to extend the understanding
into the behaviour of structures made up of geopolymer concrete
to increase its acceptance and utilisation in the mainstream con-
struction application.

In Australia, the environments are severe to use steel as rein-
forcement to concrete structures from the viewpoint of corrosion
damage. With the limited resource of the state and the federal gov-
ernment to maintain existing infrastructures, the Engineers
Australia has been calling for a new approach and construction
of more durable infrastructures promising results as long-term
solutions [8]. Thus, the materials that are environmentally friendly,
requires low energy consumption in production, light weight, and
with good specific mechanical properties which require low main-
tenance are warranted. A promising solution is to combine fibre
reinforced polymer (FRP) materials and geopolymer concrete to
develop a structure with the best characteristics of each material.
The use of FRP bars will have a major role in attaining a more
sustainable and almost maintenance free infrastructure as the
corrosion problem is eliminated. Also, there is more incentive for
the construction industry to switch to the use of materials that
can significantly reduce carbon dioxide emissions, which is one
of the main causes of global warming. However, the use of
FRP-reinforced concrete is still unfamiliar to many practising
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Australian engineers, more so, with the use of FRP bars as internal
reinforcement in geopolymer concrete structures.

In order to encourage the use of FRP-reinforced geopolymer
concr ete, the anchorage of the FRP bars in this type of concrete
must be investigated first as it is the key factor that influences
the overall performance of structural elements in any reinforced
concrete (RC) structures. Conventionally, the FRP bars are anchored
to concrete through chemical adhesion, friction, and mechanical
interlock through the provisions of sand coating and/or ribs on
the surface of the bars. The other usual option to provide the
required development is to use standard hooks such as 90
degrees- or 180 degrees-hook. However, unlike steel reinforce-
ments, hooks should be pre-fabricated before installation because
the bending of FRP bars on-site is almost impossible and the bent
FRP bars are relatively weaker than the straight bars due to the
redirection of the fibres in the bend [9]. Another approach is to
use anchor heads to effectively utilise the strength of FRP bars,
especially in a congested reinforcement area.

The use of FRP bars with anchor heads to internally reinforce
the concrete is yet in its early stages with very limited studies.
Hasaballa and El-Salakawy [10] investigated the seismic perfor-
mance of beam-column joints reinforced with GFRP-headed bars.
The results of their study showed that the straight-headed bars
have excellent seismic performance than the bent ones. Johnson
[11] reported that the straight double-headed GFRP bars can be
effectively utilised as shear reinforcement for concrete beams.
Mohamed and Benmokrane [12] studied the pullout capacity beha-
viour of FRP-headed bars. Their results showed that the
FRP-headed bars can efficiently provide the necessary anchorage
to develop the ultimate tensile strength of the bar. An in-depth
investigation of the bond properties of anchorage systems for
GFRP bars including straight, anchor heads, and bents were con-
ducted by Vint [13]. It was concluded that the mechanical anchor
heads greatly improved the bond capacity of the bars and are more
effective for a smaller development length. Khederzadeh and
Sennah [14] tested 114 pullout specimens and reported that the
headed GFRP bars have a better anchorage capacity as compared
with the hooked bars. However, these studies focused on the beha-
viour of the headed bars embedded in the OPC concrete only and
not in the geopolymer concrete, which has been the key motivation
of this undertaking.

This study evaluated the effects of the anchor head on the pull-
out behaviour of the sand coated GFRP bars in the geopolymer con-
crete using a direct pullout test. The results from this study will be
used in developing some recommendations for the design of
GFRP-reinforced geopolymer concrete (GFRP-RGC) structures,
allowing their responsible introduction and wider use in civil
infrastructure.

2. Experimental details

The properties of the component materials, the method of
specimen preparation, and the direct pullout test employed in this
study are presented in this section.

2.1. Properties of the GFRP bars and the geopolymer concrete

The GFRP bars used in this study were provided by V-Rod®
Australia [15] and were manufactured by the pultrusion process
of E-glass fibres impregnated with modified vinyl ester resin.
Figs. 1 and 2 show the high modulus (HM) sand coated straight
and headed GFRP bars (Grade III, CAN/CSA S807-10 [16]). Three
types of bars having nominal diameters ¢ of 12.7 mm, 15.9 mm,
and 19.0 m with fibre contents by weight of 84.1%, 83.9%, and
84%, respectively, were considered. The fibre content was

determined in accordance with Method 1, Procedure G of ASTM
D3171 [17]. Table 1 summarises the guaranteed properties as well
as the nominal and actual (immersion) cross-sectional areas of the
bars as reported by the manufacturer. The tensile strength and the
elastic modulus were calculated using a nominal cross-sectional
area.

On the other hand, one batch of geopolymer concrete was used
to fabricate all the pullout specimens. The geopolymer binder was
made from the alkali activation of fly ash and blast furnace slag
(BFS). The concrete was composed of fine aggregates (fine and
medium sand) and coarse aggregates (10 mm and 20 mm gravels).
Plasticizers were added to improve the workability of the geopoly-
mer concrete. Seven 100 x 200 mm cylinders were also cast from
the same batch of geopolymer concrete. The cylinders were sub-
jected to compression test following the ASTM C39/C39 M [18]
standard using the SANS Testing Machine. Based on the test, the
average compressive strength of the 32-day geopolymer concrete
was 33.09 MPa.

2.2. Properties and configuration of the anchor head

Fig. 2 illustrates the anchor head configuration and the over-
view of the bar-head interface. The anchor heads were manufac-
tured using the same type of resin as the GFRP bars. The bar
ends bars were prepared with grooves/dents on the surface before
attaching the head to the bars to enhance the bond and to increase
the mechanical interlocking between the bar end and the head. The
headed anchorages are cast onto the deformed ends of the straight
bars and hardened at elevated temperatures.

The head lengths I, is approximately 92 mm. The maximum
outer diameter Do of the end heads is around three times the
bar diameter. The surface geometry of the anchor head has a spe-
cial configuration of ribs to enhance the bond with concrete inter-
face. It begins with a wide wedge that helps to transfer a large
portion of the load from the bar into the concrete and to develop
the required uniform stress for equilibrium. Beyond this wedge,
the head tapers in five steps to the outer diameter of the blank
bar. This configuration is responsible to develop a stronger anchor-
ing system, making it as a suitable alternative to bent bars in some
applications, and to avoid the splitting action in the vicinity of the
head.

2.3. Preparation of the pullout specimens

The loaded end of the GFRP bar was inserted into the steel tube
tabs having a diameter and a wall thickness of 33 mm and 3 mm,
respectively, using a commercially available epoxy adhesive as
shown in Fig. 1. This was done to avoid the transverse failure of
the bars caused by the gripping force of the machine clamps during
testing. The desired embedment lengths were properly marked on
the bars and were achieved by sleeving PVC pipes to disband the
bars from the geopolymer concrete. Then, the bars were placed
horizontally at the centre of each 150 x 150 x 300 mm rectangular
plywood moulds to achieve a concentric alignment. The geopoly-
mer concrete were poured into the moulds and were cast horizon-
tally. A mechanical vibrator was used to compact the geopolymer
concrete and to reduce the air voids present, especially near the
bonded lengths. The specimens were carefully de-moulded seven
days after casting to make sure that the concrete had cured prop-
erly to avoid damages upon their removal from formworks and
during handling.

Embedment lengths of 0 + l;n, 5 + lap, and 105 + [, were
considered for the headed bars while embedment lengths of 55
and 10y were adopted for the straight bars. The 0, 5¢, and
10 represent the length of the straight sand coated portion of
the bars. The embedment length 07 + I, was used to determine
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Fig. 1. High modulus GFRP bars coated with Grade 24 silica sand.

Fig. 2. Anchor head configuration and bar-head interface overview.

the pullout capacity of the anchor head. For each embedment
length, three replicates were made yielding a total of 45
bond-slip specimens: 27 headed GFRP bars-geopolymer (HGG)
and 18 straight GFRP bars-geopolymer (SGG) specimens. Each
specimen was labelled and identified in a following manner: type
of specimen-bar diameter-embedment length. For example, the
specimen designated as HGG-12.7-5¢ + I, means that it is a
geopolymer concrete specimen with a 12.7 mm nominal diameter
headed GFRP bar with a bonded a length of five times the bar diam-
eter (straight portion) plus the anchor head length .

2.4. Direct pullout test

All the specimens were tested on their 32nd day using a direct
pullout test in accordance with ACI 440.3R-04 [19] and CAN/CSA
S$806-02 [20] standards. Fig. 3 illustrates the schematic diagram
and the actual test setup. During testing, the specimens were posi-
tioned in a reverse manner on top of a fixed circular base plate with
a hole at the centre to accommodate the bars. The bars were pulled
down at a constant displacement rate of 1.2 mm/min using a
500 kN AVERY testing machine, The absolute slip of the GFRP bar

Table 1
Mechanical properties of the GFRP bars.
Bar Nominal cross  Guaranteed Modulus of  Ultimate
diameter  sectional area tensile strength, elasticity elongation
(mm?) fos* (MPa) (GPa) (%)
12.7 mm 129 1312 65.6 £2.5 2.00
(#4)
15.9 mm 199 1184 62.6£2.5 1.89
(#5)
19.0mm 284 1105 63.7+2.5 1.71
(#6)

" Numbers in the () are the manufacturer’s bar designation.

" Guaranteed tensile strength: Average value — 3x standard deviation (ACI
440.1R-06 [20]).
“* Numbers after “+” are the standard deviation of the modulus of elasticity.

in the geopolymer concrete was measured using a Linear
Variable Differential Transducer (LVDT) situated on top of the
unloaded end of the bar. The support stand of the LVDT was iso-
lated from the specimen so that the readings will not be affected
by the movement and failure of the specimen. The load and dis-
placement were recorded using a System5000 data logger.

3. Experimental results and discussion

This section summarises the experimental results such as the
failure mode, the average bond stress (), the pullout load-slip rela-
tionship, and the tensile stress developed in the bar at failure (f;).
The effects of embedment length and bar diameter on the tensile
strength development of the straight and headed GFRP bars were
analysed. Empirical equations were derived to describe the rela-
tionship between the mentioned parameters and the tensile stress
in the bars. Finally, the experimental outcomes were compared to
verify the viability of the proposed technology for structural
applications.

3.1. Mode of failure

Fig. 4 shows the failure mode of the SGG bond-slip specimens
that were governed by either bar pullout from the geopolymer con-
crete or splitting of the geopolymer concrete. The pullout type of
failure happened when the radial splitting stress, generated by
the bond between the bar and the geopolymer concrete, was lower
than the confining strength of the geopolymer concrete prism. On
the other hand, the splitting type of failure happened when the
hoop tension exceeded the tensile capacity of the geopolymer con-
crete, thereby creating wider longitudinal cracks that propagated
to the external surface. Generally, the specimens with shorter
anchorage length failed due to the bar pullout while those with
longer embedment lengths failed due to the concrete splitting.
The specimens with larger diameter and longer embedment
length, generally, exhibited wider and more visible cracks that
were confined along the bonded length of the GFRP bars. The
geopolymer concrete failed in an explosive brittle manner. This
was also observed by Sarker [21] and Sofi et al. [22] who studied
the bond behaviour of steel bars in geopolymer concrete.

Fig. 5 illustrates the geopolymer concrete splitting failure of the
HGG specimens. As depicted in Fig. 5a, a partial splitting failure
was observed in the specimens with headed bars bonded
57 + 1, in geopolymer concrete. With the provision of anchor
heads, the failure mode of straight bars embedded 5¢f in the
geopolymer concrete shifted from bar pullout to concrete splitting
owing to the additional bearing resistance of the anchor head that
yielded a significant amount of radial splitting stress in the
geopolymer concrete. The specimens with embedment lengths of
0gf + I, and 10y + I, on the other hand, exhibited full concrete
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(a) Schematic diagram

(b) Actual set-up

Fig. 3. Direct pullout test.

(a) Bar pullout (BP) (b) Concrete Splitting (CS)

Fig. 4. Typical failure of the SGG specimens.

splitting/breakout as shown in Fig. 5b and c, respectively. The split-
ting failure of the HGG specimens, however, was more severe than
their SGG counterparts due to the high tensile splitting stress radi-
ated by the anchor heads to the geopolymer concrete. More rigor-
ous cracking and more explosive concrete breakout accompanied
with huge sound were recorded as the bar diameter and embed-
ment length increased.

The typical failure modes of the mechanical anchor heads were
depicted in Fig. 6. Generally, the anchor heads failed by either the
longitudinal crack formation (Fig. 6a) or the anchor head breakout
(Fig. 6b).

3.2. Average bond stress

The average bond stress 7 between the GFRP bars and the
geopolymer was calculated from Eq. (1), assuming a uniform stress
distribution along the bonded length of the bars,
P
a TC@ld
where P is the pullout load at failure (N), & is the nominal bar
diameter (mm), and I; is the embedment length (mm). Table 2

T

(1)

summarises the computed 7 in the bars of the SGG specimens.
The 7 values in specimens with 12.7, 15.9, and 19.0 mm GFRP bars
embedded 5@ and 10 in the geopolymer concrete were 24 MPa
and 22 MPa, 22 MPa and 18 MPa, and 20 MPa and 15 MPa, respec-
tively. Generally, as the embedment length increases, the average
bond stress between the bars and the geopolymer concrete
decreases. Likewise, as the nominal bar diameter increases, the
average bond stress also decreases. The bond stress between the
headed bars and the geopolymer was not computed using Eq. (1)
since the anchor head would also carry part of the applied pullout
load. Thus, the comparison between the headed and the straight
GFRP bars was done based on the pullout and/or tensile stress
developed in each bar and was presented in the following sections.

3.3. Pullout load-slip relationship

Fig. 7 shows the typical relationship between the pullout load
and the slip of the SGG and HGG specimens. The straight bars, rep-
resented by SGG-15.9-5¢, that failed due to bar pullout from the
geopolymer concrete showed a low stiffness characteristic during
the early stage of the loading as depicted by the gradual increase
of the load while the slip increases rapidly. This can be attributed
to the settlement of the uneven face of the loaded end of the con-
crete. At this stage, the applied loads were simultaneously carried
by the chemical bond between the bar and the geopolymer con-
crete and the mechanical interlock and friction forces provided
by the sand coating. Once the specimen had stabilized, a linear
behaviour occurred wherein the pullout load increased proportion-
ally with the slip. Concurrently, longitudinal and interface cracks
were developed that marked the breakdown of the chemical bond
between the bars and the geopolymer concrete. The specimens,
however, continued to carry additional loads owing to the mechan-
ical interlock and friction resistance provided by the sand coating.
A short non-linear behaviour was observed before reaching the
maximum load that indicated the weakening of the sand coating’s
bond resistance due to wider cracks. The post-peak phase was
characterised by a softening curve wherein only the sand friction
forces sustained the remaining loads.

The initial and linear behaviour of the headed bars were gener-
ally comparable to the behaviour of the straight bars owing to the
similar bond resistance mechanism provided by both bars at lower
loads, the chemical bond and the friction and mechanical interlock
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(a) Partial concrete splitting
(PCS)

(b) Full concrete splitting
(FCS)

(c) Concrete break out
(CB)

Fig. 5. Typical failure of the HGG specimens.

(a) Longitudinal cracking
of the anchor head (HC)

(b) Break out of the
anchor head (HB)

Fig. 6. Typical failure of the anchor heads.

forces provided by the sand coating. As the applied load increases,
wider interface cracks occurred that weakens the sand coating
resistance. The applied loads, however, were predominantly car-
ried by the anchor head yielding higher pullout load readings com-
pared with the straight bars. Due to the high radial splitting stress
induced by the anchor heads, the specimens failed without exhibit-
ing the nonlinear and softening behaviour.

3.4. Tensile stress developed in the bars

Table 2 shows the ratio in percent between the tensile stress
developed f; and the nominal tensile strength f,s of the GFRP bars.
These values were calculated to determine the efficiency of each
anchorage system in developing the GFRP bars’ tensile strength.
Initially, the tensile stress was calculated by dividing the pullout
load with the bar’s nominal area. As can be seen from Table 2,
the anchor head alone can develop a tensile stress of 597 MPa in
the bars, which is approximately 45% of their nominal tensile
strength. The pullout resistance of HGG specimens with 57 + I,
embedment length was predominantly sourced from the mechan-
ical bearing of the anchor head, resulting in their higher pullout
capacities compared with their SGG counterparts. The tensile
stresses in the headed bars of the HGG-12.7-5¢ + l,;, (834 MPa),
HGG-15.9-5 + oy (673 MPa), and HGG-19.0-5 + I, (635 MPa)

specimens were 64%, 57%, and 58%, respectively, of the strength
of the bars and were 77%, 49%, and 54%, respectively, higher than
that of the SGG-12.7-5¢ (472 MPa), SGG-15.9-5¢ (451 MPa),
and SGG-19.0-5¢ (411 MPa), respectively. The tensile stresses reg-
istered by the headed bars embedded 10¢ + Iy, in the geopolymer
concrete were comparable to that of the straight bars, ranging from
91% to 109% of the stress developed in their counterparts. This can
be expected because, as the embedment length increases, the pull-
out resistance of the headed bars was mainly provided by the
mechanical interlock and friction forces of the sand coating. In
addition, both types of specimens failed by concrete splitting fail-
ure that made the anchor heads inefficient. However, given that
the concrete splitting failure is avoided, it can be anticipated that
the pullout capacity of the headed bars with longer embedment
lengths will be higher than the straight bars. This conclusion can
be verified from the experimental results obtained by
Khederzadeh and Sennah [14].

3.5. Influence of the bar diameter and the embedment length

Generally, the pullout behaviour of the tested specimens was
dependent on the bar diameter and the embedment length. Fig. 8
shows the effect of the bar diameter (J/cc, cc = concrete cover)
on the tensile stress developed in the GFRP bars (fs/f,s). The solid
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Table 2

Pullout load, average bond stress, tensile stress, and failure mode of the bond-slip specimens.

Specimen P* (kN) 7 (MPa) fs (MPa) Sslfps (%) Failure mode®
SGG-12.7-5% 60 (4) 24 472 36 BP
SGG-12.7-10y» 112 (10) 22 887 68 BP
SGG-15.9-5¢ 90 (1) 22 451 38 BP
SGG-15.9-10% 146 (1) 18 735 62 CS
SGG-19.0-5% 117 (0) 20 411 37 BP
SGG-19.0-10» 174 (1) 15 615 56 CS
HGG-12.7-0 + lgp 76 (3) - 597 45 PCS +IHB
HGG-12.7-5Z + g, 106 (1) - 834 64 CB +HC
HGG-12.7-10 + lgp 110 (2) - 870 66 CB +HC
HGG-15.9-0 + lgp 115 (1) - 577 49 CB+HB
HGG-15.9-5 + lgn 134 (3) - 673 57 PCS +HB
HGG-15.9-10¢ + lgp 159 (15) - 799 67 FCS +HC
HGG-19.0-0 + Iy, 139 (5) - 492 45 CB+HB
HGG-19.0-5& + lap 180 (3) - 635 58 PCS + IHB
HGG-19.0-10 + lgn 145 (5) - 513 46 CB +HB

2 The values inside the () are the standard deviation.

b BP = Bar pullout; CS = Concrete splitting; PCS + IHB = Partial concrete splitting and interface failure between the head and the bar; CB + HC = Break out of geopolymer
concrete and longitudinal cracking of the anchor head; CB + HB = Breakout of geopolymer concrete and anchor head; FCS + IHB = Full concrete splitting and longitudinal

cracking of the anchor head.

Fig. 7. Typical pullout load-slip curves of the SGG and HGG specimens.
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Fig. 8. Effect of bar diameter on the tensile stress developed in the GFRP bars.

and broken straight lines represent the general trend, not the
actual correlation, between the parameters for the headed and
straight GFRP bars, respectively. As can be seen from the figure,
the tensile stress in the bars decreases as the bar diameter
increases. This finding can be attributed to the shear lag and
Poisson’s ratio effects. The shear lag occurs when the bars are
pulled in tension through its surface, yielding a differential move-
ment between the surface fibre and the core of the bars. This

movement results in a non-uniform distribution of the normal
stress on the cross-section of the bar: maximum at the outer sur-
face while minimum in the core. The surface stress is the one that
governs the bond strength of the bar which is always higher than
the calculated average tensile stress. The difference between the
surface stress and the average stress increases as the bar diameter
increases, yielding an inverse relationship between the tensile
stress and the bar diameter. Furthermore, due to the low shear
stiffness of the resin coupled with lower shear strength of the
resin-fibre interface, shear lag is most likely to happen in GFRP
bars. The Poisson’s ratio effect, on the other hand, is characterised
by a decrease of the bar diameter due to the pulling stress. This size
reduction can weaken the connection between the bars and the
concrete. The Poisson’s ratio effect also increases as the bar diam-
eter increases.

Fig. 9 illustrates the effect embedment length (l;/ &) on the ten-
sile stress developed in the GFRP bars (f;/fps). The enhancement of
the HGG specimens’ pullout capacity can be attributed to the
mechanical bearing resistance provided by the anchor heads plus
the higher mechanical interlock and friction forces coming from
the longer bonded length that resulted in a stronger anchorage sys-
tem of the HGG specimens. For SGG specimens, the increase in
pullout load resistance was due to the increase in the amount of
bar surface area that is bonded in geopolymer concrete, thereby
producing higher mechanical interlock and friction forces to resist
the applied load.

S
tﬂ
)
20 1 m Straight Bars
10 1 # Headed Bars
0 " T
0.00 5.00 10.00 15.00

1,/

Fig. 9. Effect of embedment length on the tensile stress developed in the GFRP bars.
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Fig. 10. Combined effects of bar diameter and embedment length on the tensile
stress developed in the GFRP bars.

3.6. Prediction of the pullout load capacity

Fig. 10 shows the combined effects of the bar diameter and
embedment length on the tensile stress developed in the straight
and headed GFRP bars, including the two equations derived from
the regression analysis of the experimental results. The contribu-
tion of the anchor heads (fi;) can be obtained by subtracting-the
tensile stresses in the straight bars from that of the headed bars
and can be expressed as

Igxee

_6x1074( 4=
fsa=0.2944f (6 oo (Zz>> contribution of the anchor heads

()

The tensile stress in the headed GFRP bars f;;,, therefore, can be cal-
culated from Eq. (3), which is the sum of Eq. (2) and the tensile
stress equation for straight GFRP bars (depicted in Fig. 10).

0.4916 o
Fon =Fy (0.085 (ld;fc> +0.2944 <e6“° (4 ))) (3)

In terms of the pullout load capacity of the headed GFRP bars (Pg,),
the equation can be expressed as

0.4916 _6x10-4 Iyxcc
Py = Py (o.oss (’dgf) +0.2944 (e w10 (1 ))) 4)

where Py is the nominal tensile load capacity of the GFRP bars. This
equation, however, is applicable only to headed GFRP bars with
embedment lengths ranging from 5¢f to lj,. The Iy, given by

Table 3
The predicted pullout load capacity and corresponding percent error relative to the
experimental results.

Specimen Predicted pullout load capacity, P (kN) % Error
SGG-12.7-5 71 18
SGG-12.7-10% 100 -11
SGG-15.9-5 89 -1
SGG-15.9-10% 126 -14
SGG-19.0-5% 108 -8
SGG-19.0-10% 152 -13
HGG-12.7-0 + g, 49 -
HGG-12.7-5F + lgn 119 12
HGG-12.7-10 + lgp, 147 34
HGG-15.9-0 + I, - -
HGG-15.9-5 + lgp 158 18
HGG-15.9-10 + lgn 193 21
HGG-19.0-0 + g - -
HGG-19.0-5&F + g 199 11
HGG-19.0-10 + lgn 242 67

Fig. 11. Configuration of the HGG-19.0-10¢ + lgp.

Eq. (5), was derived by equating the expressions, depicted in
Fig. 10, for straight and headed GFRP bars.

lis = 90.19 (Qz) 5)

cc

Table 3 summarised the predicted pullout load capacities using Eq.
(4) and the corresponding estimation error in percent. It can be seen
from the table that for the straight GFRP bars, the predicted values
were relatively lower than the experimental values except the
SGG-12.7-5¢ specimen. On the other hand, the pullout capacities
of the headed bars were conservatively estimated by the proposed
equation. It is notable from the table, however, that the pullout load
capacity of the HGG-19.0-105 + I, was way higher than that of the
experimental result. This is in line with the conclusion made previ-
ously wherein headed bars with longer embedment lengths would
result into higher pullout capacity provided that concrete splitting
can be prevented. Furthermore, the experimental capacity of this
specimen is lower than that of the HGG-15.9-5( + l,;, because,
unlike the HGG specimens with 5@ + I, embedment length, this
specimen does not have any unbonded geopolymer concrete in its
loaded end that could prevent the early development of the longitu-
dinal cracks, as shown in Fig. 11.

3.7. Comparison between the experimental and the published results

Fig. 12 shows the comparison between the experimental results
and the published results on the pullout test of the straight and
headed GFRP bars in normal concrete, denoted by SGN and HGN,
respectively, and of the deformed steel bars in geopolymer con-
crete, symbolised by SG. For the specimens with headed bars, only
the results of those with a portion of straight bars bonded in con-
crete were reflected in this figure. The results were presented in
terms of the tensile stress normalised with a factor &§/(l4/(f'c))-
Fig. 13, on the other hand, displays the comparison between the
experimental outputs and Mohammad and Benmokrane’s [12]
results for the specimens with only the anchor head embedded
in concrete. These specimens, however, were evaluated in terms
of their tensile stress normalised with the concrete compressive
strength. For comparison purposes, only the specimens that failed
due to bar pullout (for straight bars) and concrete splitting (for
headed bars) were considered. Based on these figures, the follow-
ing generalisations were made:

1. The tensile stresses developed in the bars of HGG specimens are
higher than that of HGN specimens. This observation leads to
concluded that the headed GFRP bars, used in this study, have
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Fig. 12. Comparison between the experimental results (HGG and SGG) and the published results (SGN, HGN, & SG). (See above-mentioned references for further information.)
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Fig. 13. Comparison between HGG and HGN specimens with only the anchor headembedded in concrete.

better pullout resistance compared with that of the previous
studies and that the geopolymer concrete have superior tensile
strength compared with cement-based concrete. Further exper-
imental works, however, should be conducted to validate this
conclusion.

2. The HGG specimens showed superior pullout capacity com-
pared with SGG and SGN specimens, indicating that the use of
anchor head is an efficient method to enhance the bonding of
sand-coated GFRP bars in concrete.

3. The combination of anchor head and sand coating systems
showed better bonding performance compared with the ridge
system of deformed steel bars.

4. Generally, the HGG and SGG specimens showed better pullout
resistance than SGN and HGN specimens, suggesting the poten-
tial of the GFRP-reinforced geopolymer concrete system for
structural applications.

4. Conclusion

This study was conducted to investigate the effect of the anchor
head on the pullout behaviour of sand coated GFRP bars in the
geopolymer concrete using the direct pullout test. A total of 45
bond-slip specimens were tested following the ACI 440.3R-04
[19] and CAN/CSA S806-02 [20] standards. Based on the test, the
following conclusions were made:

e Based on the experimental results, the headed GFRP bars can be
an efficient method to enhance the anchorage capacity of the
GFRP bars in the geopolymer concrete.

o The tensile stress developed in the headed GFRP bars with only
the anchor head embedded in geopolymer concrete can reach
up to approximately 597 MPa, which is 45% of the nominal
tensile strength of the GFRP bars.

e With the provision of anchor heads, the tensile stresses in the
12.7,15.9, and 19.0 mm straight sand coated GFRP bars embed-
ded 5@ in geopolymer concrete increased by 362 MPa (77%),
222 MPa (49%), and 224 MPa (54%), respectively, and thereby
shifting the failure mode of the specimens from bar pullout to
geopolymer concrete splitting.

o The geopolymer concrete splitting failure of the specimens with
the headed bars was more severe than that of the straight bars
due to the high radial splitting stress induced by the anchor
heads.

e The tensile stress in the headed GFRP bars embedded in
geopolymer can be estimated from the derived empirical equa-
tion, however, with several limitations. Further experimental
results, therefore, are needed to calibrate the equation.

e The pullout load resistance SGG and HGG were generally higher
than that of the SGN and HGN, thereby showing the potential of
the GFRP-reinforced geopolymer concrete system for structural
applications.

e The use of anchor heads to achieve the required development is
beneficial if bending of GFRP bars is impossible, especially in a
congested reinforcement area, and if long lengths cannot be
produced due to limited space available to anchor the bar in
the concrete.
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3.3. Paper lll: Evaluation of the flexural strength and serviceability of
geopolymer concrete beams reinforced with glass-fibre-reinforced
polymer (GFRP) bars

This paper evaluated the flexural behaviour of geopolymer concrete beams reinforced with

glass fibre reinforced polymer (GFRP) bars using the four-point static bending test. The test

parameters were the longitudinal reinforcement ratio, anchorage system, and nominal bar

diameter. The beams were 3100 mm, 200 mm wide, and 300 mm deep (as shown in Figure 3

of Paper I11). For the beam with headed bars, the bars were arranged in a staggered manner to

minimise the stress concentration at the ends of the beam. In addition to “2.1 Materials” section
of Paper Ill, the comparison between the stress-strain curves of normal concrete and
geopolymer concrete of the same grade and the properties of GFRP stirrups used in the paper
were presented in Figure B.3 and Table B-2 of Appendix B, respectively, of the thesis. The
test matrix was summarised in Table 3, wherein the footnote “b” corresponds to “Balanced
steel reinforcement ratio (pn) based on ACI 318-15" rather than “Balanced steel reinforcement
(pb)”. Based on the experimental results, the beams with higher reinforcement ratio yielded
better flexural performance (lower deflection, narrower crack, and higher strength at service
condition) compared to the beams with lower reinforcement ratio. However, the beam with
headed GFRP bars behaved similarly as the beams with straight GFRP bars. Noting that the
bars were fully embedded in geopolymer concrete, this result tends to support the conclusion
made for headed bars in Paper 11, wherein the contribution of anchor heads diminishes as the
embedment length increases. According to several studies (Bank 2006; Hollaway 2008), the
short-term mechanical properties of FRP bars decrease with the increase in bar diameter.

However, the bar size did not affect the performance of the beam at service and ultimate levels,

mainly because the failure of the beams were governed by the crushing of geopolymer concrete

in the compression zone rather than GFRP bar rupture. In general, GFRP-reinforced
geopolymer concrete (GFRP-RGC) beams yielded higher flexural strength than GFRP-
reinforced concrete beam (GFRP-RGC), which was shown in Table 7 of Paper 11l and in

Table B-3 of Appendix B of the thesis.

The results presented in this paper demonstrated that GFRP bars is an effective
longitudinal reinforcement to geopolymer concrete beams. Few studies, however, investigated
the use of GFRP stirrups as transverse reinforcement in beams. Hence, an investigation of the
shear behaviour of geopolymer concrete beams with GFRP stirrups was conducted and the

results are presented, analysed, and discussed in Paper 1V.
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Geopolymer concrete reinforced with glass-fibre-reinforced polymer (GFRP) bars can provide a construc-
tion system with high durability, high sustainability, and adequate strength. Few studies deal with the
combined use of these materials, and this has been the key motivation of this undertaking. In this study,
the flexural strength and serviceability performance of the geopolymer concrete beams reinforced with
GFRP bars were evaluated under a four-point static bending test. The parameters investigated were
nominal bar diameter, reinforcement ratio, and anchorage system. Based on the experimental results,
the bar diameter had no significant effect on the flexural performance of the beams. Generally, the
serviceability performance of a beam is enhanced when the reinforcement ratio increases. The mechan-
ical interlock and friction forces provided by the sand coating was adequate to secure an effective bond
between the GFRP bars and the geopolymer concrete. Generally, the ACI 4401.R-06 and CSA S806-12
prediction equations underestimate the beam strength. The bending-moment capacity of the tested
beams was higher than that of FRP-reinforced concrete beams from the previous studies.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Reinforced concrete (RC) is one of the most commonly used
composite materials in the construction of roads, bridges, build-
ings, and other civil infrastructures. The demand for this material
is expected to increase in the future owing to the rise of infrastruc-
ture needs in many developing and industrialised countries. In fact,
it is estimated that the total global infrastructure demand amounts
to USD 4.0 trillion with a gap of at least USD 1.0 trillion per year [1].
Due to the serviceability and economic issues owing to the costly
repair and rehabilitation of damaged RC structures caused by the
corrosion of the steel bars and the sustainability issue owing to
the extremely resource- and energy-intensive process of producing
steel and cement materials, however, many engineers and
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0141-0296/© 2015 Elsevier Ltd. All rights reserved.

researchers have sought viable alternatives. Among the solutions
that are currently being employed are replacing cement-based
concrete with geopolymer concrete and replacing steel bars with
fibre-reinforced polymer (FRP) bars. Neither, however, can solve
the issues altogether.

Geopolymer concrete is considered as a highly sustainable
material since it can be manufactured from industrial waste
materials that are rich in silica and alumina, like fly ash and
blast-furnace slag. A number of studies have shown that
geopolymer concrete has properties making it suitable as a con-
struction material [2-5]. On the other hand, aside from being
innately corrosion resistant, FRP bars are lightweight, electrome-
chanically neutral, and fatigue- and chemical-resistant, as well as
having high tensile-strength properties [6-8]. Given the advan-
tages of these materials, their combined use should yield a
durable, cost-effective, and sustainable construction system. As
the demand for the rehabilitation of existing RC structures and
the construction of new infrastructure increases, accompanied
with the mounting fly-ash production mainly in China, India
and Australia [9], there is an urgent need for a thorough inves-
tigation of the proposed system so as to increase its uptake in
the construction industry.
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Nomenclature

a beam shear span

b beam width

c neutral axis depth from the top compression fibre

d beam effective depth

E. modulus of elasticity of the geopolymer concrete

Er modulus of elasticity of the GFRP bars

Es modulus of elasticity of the steel bars

Sr-exp experimental modulus of rupture of the geopolymer
concrete

fr-theo theoretical modulus of rupture of the geopolymer con-
crete

fru guaranteed tensile strength of the GFRP bars

fr tensile stress in the GFRP bars

fy yield strength of the steel bars

fe compressive strength of the geopolymer concrete

h beam total depth

Ier cracked moment of inertia

I, effective moment of inertia

Iy gross moment of inertia

L beam clear span

Lg uncracked beam length

M, actual bending-moment

M, cracking moment

Merexp  €xperimental cracking moment

Mcrneo  theoretical cracking moment

Mpeak-exp €xperimental peak bending-moment

Ms.exp experimental bending-moment at service condition

My..xp ~ experimental bending-moment at geopolymer concrete

crushing failure

M, theo  theoretical bending-moment at geopolymer concrete
crushing failure

Y neutral axis depth from the top compression fibre

P applied load

0oy constant variable

P1 constant variable

A midspan deflection

Apeak-exp €Xperimental midspan deflection at peak

As-exp experimental midspan deflection at service load

Ayexp  experimental midspan deflection at concrete crushing
failure

Ayneo  theoretical midspan deflection at concrete crushing fail-
ure

Ayni-exp  €xperimental midspan deflection at the unloaded phase

& usable compressive strain of the geopolymer concrete

€crexp  €Xperimental compressive strain at geopolymer con-
crete crushing failure

e peak strain, compressive strain at peak stress of the
geopolymer concrete

& ultimate usable tensile strain of the GFRP bars

n constant variable

O nominal diameter of the GFRP bars

(U8 diameter of the steel bars

Ob balanced reinforcement ratio of the steel bars

o5 reinforcement ratio of the GFRP bars

P balanced reinforcement ratio of the GFRP bars

Ds reinforcement ratio of the steel bars

Generally, the behaviour of concrete beams reinforced with FRP
bars (FRP-RC) is different from the traditional RC beams in many
ways, mainly because of the differences between the physical
and mechanical properties of FRP and steel reinforcements [10].
First, FRP-RC beams exhibit lower serviceability performance
owing to the lower modulus of elasticity of FRP bars compared to
steel bars [11-13]. Secondly, FRP-RC beams are usually designed
as over-reinforced because concrete crushing failure is less brittle
and less catastrophic compared to FRP rupture failure owing to
the rigid and brittle behaviour of FRP bars. Lastly, since the surface
geometries and mechanical features of FRP bars are different from
steel bars, they bond differently to concrete than steel bars. Some
researchers [14-16]| predicted the structural behaviour of the
FRP-RC system using the existing equations developed for the con-
ventional RC with some modifications to account for these
differences.

The flexural performance of steel-reinforced geopolymer con-
crete (S-RGC) beams is found to be superior even to traditional
RC beams. Rangan et al. [17] stated that the behaviour and strength
of fly-ash-based RGC beams are similar to those of beams made
with Portland cement and suggested that the current design provi-
sions can be used to design fly-ash geopolymer-concrete structural
members. Some researchers [9,18,19] reported, however, that S-
RGC beams have better load-carrying capacity, mainly because of
the enhanced mechanical properties of geopolymer concrete com-
pared to conventional concrete of the same grade. This enhance-
ment can be attributed to the better bonding of geopolymer
paste compared to cement paste [9]. Even though the strength is
different, the load-deflection characteristics, crack patterns, and
failure modes of RGC beams are analogous to RC beams [18,19].

While there are numerous references in the literature about the
strength and serviceability performance of FRP-RC and S-RGC
beams, few studies have investigated the behaviour of geopolymer

concrete beams reinforced with FRP bars, which is the novelty of
this research. The direct pullout test conducted by Maranan et al.
[20] showed an adequate bond between glass-fibre-reinforced
polymer (GFRP) bars and geopolymer concrete resulting from the
mechanical interlock and friction force provided by the sand
coating on the surface of the GFRP bars indicating their suitability
as reinforcement to geopolymer concrete. In this study, the
strength and serviceability performance of the geopolymer con-
crete beams reinforced with GFRP bars were evaluated with a
four-point static bending test. The parameters investigated were
the nominal bar diameter, the reinforcement ratio, and the anchor-
age system.

2. Experimental program
2.1. Materials

2.1.1. Geopolymer concrete

The geopolymer concrete used in this study was a commercially
produced concrete with a proprietary mixture. The geopolymer
concrete mix was composed of fine and medium sands, 10 mm
and 20 mm coarse aggregates, design water, plasticizer, and a
geopolymer paste produced from the chemical activation of two
industrial by-products (Class F fly ash and blast furnace slag) using
an alkaline liquid. Four 100 mm diameter by 200 mm high
geopolymer concrete cylinders were subjected to compression test.
Fig. 1 shows the compression stress-strain curves of the geopoly-
mer concrete. The average compressive strength and modulus of
elasticity of the 28-day geopolymer concrete were 38.2 MPa and
38.5 GPa, respectively. Furthermore, the modulus of rupture test
of four geopolymer concrete prisms with a cross-sectional area of
75 mm by 75 mm and a length 250 mm yielded an average value
of 3.86 MPa. This value was computed using Eq. (7) in Table 8.
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Fig. 1. Compression stress-strain curves of the geopolymer concrete.

2.1.2. GFRP bars

The GFRP bars used in this study were provided by V-ROD®
Australia [8] and were manufactured by pultrusion process of
E-glass fibres impregnated in modified vinyl ester resin. High mod-
ulus (HM) GFRP bars (Grade III, CSA S807-10) of varying nominal
diameters were considered in this study (Fig. 2): 12.7 mm,
15.9 mm, and 19.0 mm nominal diameter sand-coated GFRP bars
with fibre contents in percent by weight of 84.1, 83.9, and 84,
respectively [21]. Straight (without anchor head) and headed (with
anchor head) GFRP bars were used to investigate the influence of
the anchorage system on the flexural behaviour of the specimens.
The guaranteed properties of GFRP bars as reported by the manu-
facturer [21] are given in Table 1. The tensile strength and elastic
modulus were calculated using nominal cross-sectional area. For
the purpose of comparison, 16.0 mm deformed steel bars were
utilised as longitudinal reinforcement in one of the tested beams.
Table 2 presents the mechanical properties of the steel bar.

2.2. Test specimens

Five GFRP-reinforced and one steel-reinforced geopolymer con-
crete beams (the control specimen) were fabricated and tested. The
beams had nominal dimensions of 200 mm wide, 400 mm deep,
and 3100 mm long. Fig. 3 gives the cross-sectional geometry and
reinforcement details of the beams. Two 12.7 mm diameter GFRP
bars were used for compression-zone reinforcement. The beams
were also provided with 9.53 mm diameter GFRP stirrups spaced
at 100 mm on-centres. The test parameters were nominal bar
diameter, longitudinal tensile reinforcement ratio, and anchorage
system. Table 3 summarises the label and classification of the
tested beams. The specimens were designated based on the type
and amount of bottom longitudinal reinforcement. The first two
letters indicate the reinforcement type such as SG for straight

19.0 mm

15.9 mm

12.7 mm

(a) Straight bars (without anchor head)

Table 1

Guaranteed properties of GFRP reinforcing bars as reported by the manufacturer.
Bar Nominal cross- Guaranteed Modulus of Usable
diameter, sectional area, Ay tensile strength, elasticity, Ef  strain, &
@f(mm)  (mm?) fu® (MPa) (GPa) (ne)
12.7 (#4) 129 1312 65.6 +2.5 2000
15.9 (#5) 199 1184 62.6+2.5 1890
19.0 (#6) 284 1105 63.7+25 1710

2 Numbers in parentheses are the manufacturer’s bar designation.
Y Guaranteed tensile strength: Average value - 3x standard deviation (ACI
440.1R-06).

Table 2
Mechanical properties of the deformed steel bars.

Bar diameter, @ Yield strength, f, Modulus of elasticity, Es
(mm) (MPa) (GPa)

16.0 529 200

GFRP bars (without anchor head), HG for headed GFRP bars (with
anchor head), and DS for deformed steel bars. The abbreviation
RGC stands for “reinforced geopolymer concrete” followed by a
numeral that specifies the number of bottom bars. The last
numeral represents the corresponding nominal bar diameter. For
example, the specimen identified as SG-RGC-2-19.0 means that it
is a geopolymer concrete beam reinforced with two 19.0 mm
diameter straight GFRP bars. In this study, Eqs. 1 (3) and 2 (4),
recommended by CSA-S806-12 [22] and ACI 440.1R-06 [23] (ACI
318-08 [24]), were used to calculate the actual reinforcement
ratios py(ps) and the balanced reinforcement ratios pg, (o), respec-
tively, of the geopolymer concrete beams reinforced with GFRP
bars (steel bars). Table 8 provides these equations. The equivalent
rectangular stress-block factors, o and B;, were calculated from
Eq. (5) for CSA code and from Eq. (6) for ACI code, both equations
can be found also in Table 8. SG-RGC and HG-RGC beams were
designed as over-reinforced (pgppm>1.0), while DS-RGC beam
was designed as under-reinforced (ps/pp<1.0). The ultimate
strains were assumed equivalent to 0.0035 and 0.003, as per CSA
and ACI, respectively.

2.3. Test setup and procedure

The four-point static bending test was employed to investigate
the flexural performance of geopolymer concrete beams reinforced
with GFRP and steel bars. Fig. 4 shows the test setup and schematic
diagram. The load was gradually applied over a simply supported
beam with a clear span and a shear span of 2900 mm and
1100 mm, respectively, through a spreader I-beam using a
2000 kN capacity hydraulic jack at a rate of approximately 3 mm/
min. A laser-optical-displacement (LOD) device was placed at

15.9 mm

(b) Headed bars (with anchor head)

Fig. 2. High-modulus GFRP bars coated with Grade 24 silica sand.
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(a) SG-RGC-2-19.0

(d) SG-RGC-5-19.0

(b) SG-RGC-3-15.9

(€) HG-RGC-3-15.9

(c) SG-RGC-4-12.7

(f) DS-RGC-3-16.0

Fig. 3. Geometry and reinforcement details of the tested beams (dimensions are in mm).

Table 3

Label and classification of the tested specimens.
Beam pr (%)  pp (%) Remarks

CSA S806-12  ACI 440.1R-06

SG-RGC-2-19.0 1.13 0.38 0.40 Over-reinforced
SG-RGC-3-159 1.18 0.33 0.35 Over-reinforced
SG-RGC-4-12.7  1.00 0.29 0.30 Over-reinforced
SG-RGC-5-159  2.12 0.33 0.35 Over-reinforced
HG-RGC-3-15.9 1.18 033 035 Over-reinforced

DS-RGC-3-16.0 1.19* 293" Under-reinforced

@ Steel reinforcement ratio (ps).
b Balanced steel reinforcement ratio (pb)-

midspan to monitor the deflection. In addition, the beams were
instrumented with electrical-resistance strain gauges at mid-
span—bonded to the top surface of the geopolymer concrete and
on the top and bottom reinforcement—to measure the longitudinal
strains during loading. The strain gauges and sensor were
connected to a data-acquisition unit to record their readings
continuously.

3. Test results and observations

This section summarises the experimental results, including the
load-deflection relationship, mode of failure, flexural capacity,
midspan deflection, strains in the bars and geopolymer concrete,
and cracking behaviour of the tested beams.

3.1. Load-deflection relationship

Fig. 5 shows the relationships between the experimental bend-
ing load and the midspan deflection of SG-RGC and HG-RGC.
Generally, the load-deflection curves of SG-RGC have three
segments, differing from the typical two-segment curves observed
in previous studies [25,26] for FRP-reinforced concrete, and an
unloading curve segment. The first segment is a steep linear branch
wherein the deflection increases linearly with the applied load.
This phase represented the beam’s uncracked condition and was
identical for all the tested beams because, at this stage, the load-
carrying capacity of the beam was governed predominantly by
the geopolymer concrete properties. When the applied load
exceeded the geopolymer concrete’s tensile strength, vertical
cracks appeared at the bottom within the constant moment zone,
reducing the beam stiffness. This marked the beginning of the
cracked condition of the beam, represented by the second and
third segments of the curve. The second segment is composed of
an almost linear response up to the peak compressive strain of
the geopolymer concrete, followed by a nonlinear response up
until the geopolymer concrete crushing failure in the compression
zone. The observed nonlinearity was caused by either the extensive
cracking at the bottom or the extensive crushing of the geopolymer
concrete and not due to yielding of GFRP bars [27,28]. As the figure
shows, the stiffness of the second segment is similar for beams
with the same reinforcement ratio. The slope, however, increases
as the amount of reinforcement increases. These findings seem to
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(a) Test setup

(b) Schematic diagram (dimensions are in mm)

Fig. 4. Four-point static bending test.

—SG-RGC-2-19.0

—SG-RGC-3-15.9

—SG-RGC-4-12.7

—SG-RGC-5-15.9 | |

—HG-RGC-3-15.9

DS-RGC-3-16.0
1

0 20 40 60 80 100 120
Deflection (mm)

Fig. 5. Load-deflection relationship of the tested beams.

be consistent with the results obtained in FRP-reinforced concrete
beams [26,29,30]. Afterwards, a sudden load drop occurred, indi-
cating that concrete crushing failure had transpired. Interestingly,
the beams did not readily lose their load-carrying capacity after
this failure; instead, they continued to sustain additional loads.
This behaviour can be attributed to the confinement effect pro-
vided by the GFRP stirrups that enhanced the beam ductility and
strength. This section represents the third segment of the curve,
which has a lower flexural stiffness owing to the initiation of
failure in GFRP bars. To avoid any mishaps, the maximum applied
load was limited to a magnitude marginally lower than the capac-
ity of the load applicator. Similarly, the behaviour during load
removal was recorded to create an unloading curve. This tends to
show the elastic characteristic of the beams at higher loads, even
after exhibiting nonlinear behaviour or even after the concrete
crushing failure. On the other hand, the load-deflection relation-
ship of HG-RGC is comparable to that of SG-RGC with similar
amount of reinforcements. Noting that the bars are fully bonded
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in geopolymer concrete, this result corroborates with the findings
of Maranan et al. [31], which stated that, as the embedment length
increases, the bond strength of the straight and headed GFRP bars
become analogous to each other.

DS-RGC also yielded a three-segment load-deflection curve,
with a different post-cracking nature, and an unloading curve. As
can be anticipated, the second segment slope of this beam is stee-
per compared to those reinforced with GFRP bars owing to the
higher modulus of elasticity of the steel bars. As the applied load
exceeded the yield strength of the steel bar, a typical yielding pla-
teau occurred: this designates the third segment of the curve. SG-
RGC and HG-RGC did not exhibit this plastic behaviour. Upon the
removal of the applied load, an unyielding curve occurred, but
the residual deflection of this beam was much higher than that
of SG-RGC and HG-RGC.

3.2. Mode of failure

Table 4 summarises the observed failure modes of the tested
beams. As depicted in Fig. 6, the over-reinforced SG-RGC and HG-
RGC failed in flexure due to geopolymer concrete crushing in the
compression zone. The ACI 440.1R-06 and CSA S806-12 codes rec-
ommend this mode of failure for any concrete beams reinforced
with FRP bars since this type of failure is more gradual, less brittle,
and less catastrophic with higher deformability compared to the
tensile rupture of FRP bars [32,33]. On the other hand, Fig. 7 shows
that the under-reinforced DS-RGC also failed in flexure but steel
yielding induced the failure. Since all the tested beams failed
according to their intended failure, it can be deduced that the
beams were designed satisfactorily.

3.3. Flexural capacity

3.3.1. Cracking moment

The loads at which the first crack appeared were recorded dur-
ing the experiment and were verified from the load-deflection and
moment-strain relationships. Table 4 presents the experimental
cracking moment M .y, Of the tested beams. Nearly similar
Merexp values were obtained because this parameter mainly
depends on the geopolymer concrete tensile strength. The average
Mer_exp was 10.9 kN m that translates to a modulus of rupture f; of
3.64 MPa, which is comparable to the f; (3.86 MPa) of the geopoly-
mer concrete prisms.

3.3.2. At service condition

In this study, two benchmarks were employed to determine the
bending-moment capacity at service condition M;_exp. The first cri-
terion was based on ISIS-07 [34], which defines the M., as the
bending-moment that corresponds to a tensile-strain of 2000 pe
in the reinforcement. Using this principle, the M.y, of SG-RGC
and HG-RGC were relatively comparable with each other with an
average value of 26.2 kN-m. The M;_y, of DS-RGC, however, was

Table 4

Fig. 6. Typical failure of SG-RGC and HG-RGC beams.

Fig. 7. Typical failure of DS-RGC beam.

1.85 times higher than that of SG-RGC and HG-RGC because of
the higher elastic modulus of steel bars compared with GFRP bars.
The second criterion was based on Bischoff et al.’s [35] recommen-
dation wherein the M;.., is approximated as 30% of the beam’s
bending-moment capacity at failure (0.3M,.xp). All beams rein-
forced with GFRP bars, except SG-RGC-2-19.0, recorded compara-
ble M.y, values. Based on this criterion, however, DS-RGC
yielded a lower M;_ex, compared with SG-RGC and HG-RGC due
to its lower My_exp.

3.3.3. At failure
Table 4 provides the experimental bending-moment capacity
My.exp 0f SG-RGC and HG-RGC at geopolymer concrete crushing

Flexural capacity of the tested beams at cracking, at service condition, at failure, and at peak.

Specimen Mg? (kN m) M; (KN m) M, (KN m) Mpeak (KN m) Failure mode”
At 2000 pe At 0.3M,
SG-RGC-2-19.0 11.9{11.1}[11.5] 27.0 274 91.4{78.0}[72.3] 110.1 ccC
SG-RGC-3-15.9 11.5{11.1}[11.5] 213 314 104.8{79.7}[73.9] 104.7 cc
SG-RGC-4-12.7 10.4{11.1}[11.5] 272 28.8 96.1{77.2}[71.5] 109.3 cc
SG-RGC-5-15.9 10.4{11.1}[11.5] 27.7 29.8 99.3{84.3)[78.9] 1189 cc
HG-RGC-3-15.9 10.5{11.1}[11.5] 27.8 315 105.0{79.7}[73.9] 113.8 CcC
DS-RGC-3-16.0 10.8{11.1}[11.5] 48.6 25.6 85.4(72.7) 74.1 sy

¢ {}=Based on CSA-S806-12; [ ] = based ACI 440.1R-06; () = based on ACI 318-08.

b CC = Failure due to concrete crushing, SY = failure due to steel yielding.
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failure and of DS-RGC at steel yielding. The My._exp 0of SG-RGC-2-19.0
(91.4kNm), SG-RGC-3-159 (104.8kNm), SG-RGC-4-12.7
(96.1 kN m), SG-RGC-5-159 (99.3kNm), and HG-RGC-3-15.9
105.0 kN m were relatively equivalent to each other. The slight
variation can be attributed to the intrinsic nonhomogeneous and
anisotropic characteristic of the geopolymer concrete. On the other
hand, the early yielding of steel bars prior to geopolymer concrete
crushing failure resulted in a lower M,.., for DS-RGC-3-16.0
(85.4 kN m) compared with SG-RGC and HG-RGC having similar
Py thereby showing the superiority of the GFRP bars over the steel
bars in terms of load-carrying capacity.

3.3.4. At peak

All the tested beams continued to carry additional loads after
the concrete crushing failure, yielding another peak named as peak
bending-moment capacity Mpeak-exp in this study. The Mpeq-exp Of
SG-RGC-2-19.0, SG-RGC-3-15.9, and SG-RGC-4-12.7 were
110.1 kN m, 104.7 kN m, and 109.3 kN m, respectively. The initial
25 mm gap between the beam and the load applicator yielded a
relatively lower Mpeak-exp for SG-RGC-3-15.9 compared with the
other beams. The 113.8 kNm and 118.9 KN m Mpeak-exp Of HG-
RGC-3-15.9 and SG-RGC-5-15.9 were slightly higher than that of
SG-RGC-3-15.9. Nevertheless, the Mpeak-exp Of the former beams
could be much higher than that of the latter beam if the beams
were taken to final failure. On the other hand, the Mpeqk-exp
achieved by DS-RGC-3-16.0 (74.2 kN m) was much lower com-
pared to SG-RGC beams of similar py.

3.4. Midspan deflection

3.4.1. At service load

Table 5 summarises the immediate midspan deflection at ser-
vice condition As.y, of the tested beams. The ISIS-07 criterion-
based A, were 8.7 mm, 7.1 mm, and 10.6 mm for SG-RGC-2-
19.0, SG-RGC-3-15.9, and SG-RGC-4-12.7, respectively, while the
As.exp based from Bischoff's recommendation were 8.8 mm,
12.3 mm, and 11.5 mm, respectively. Generally, comparable results
were obtained for each criterion. The 4 ¢y, (7.3 mm and 8.0 mm
based on ISIS-07 and Bischoff, respectively) of SG-RGC-5-15.9
was generally lower than that of SG-RGC with lower pr. HG-RGC-
3-15.9, on the other hand, yielded similar Ay, as SG-RGC with
comparable p;, 10.0 mm based on ISIS-07 and 11.3 mm based on
Bischoff’s criterion. In general, the A, from Bischoff’s recom-
mendation were more conservative than that of ISIS-07 in terms
of deflection limits set by ACI 440.1R-06 and CSA S806-12 (L[240
or 10.8 mm). Thus, the criterion set by Bischoff should be used as
the basis for designing GFRP-reinforced geopolymer concrete
beams. The 4;_c,, of DS-RGC-3-16.0 was generally higher than that
of its SG-RGC counterparts.

Table 5
Mid-span deflection of the tested beams at service condition, at failure, and at the
unloaded phase.

Specimen A" (mm) A," (mm) Ares (Mm)
At 2000 pe At 0.30M,,
SG-RGC-2-19.0  8.7[6.6] 8.8[6.8] 43.4{34.7}[32.9] 144
SG-RGC-3-159  7.1[3.6] 12.3[8.3] 52.5{35.7}[36.3] 139
SG-RGC-4-12.7  10.6[7.4] 11.5[8.2] 53.2{35.3}[36.3] 15.2
SG-RGC-5-15.9  7.3[4.9] 8.0[5.6] 42.0{24.9})[26.0] 143
HG-RGC-3-15.9  10.0[7.2] 11.7[8.8] 54.1{35.9}[36.5] 14.0
DS-RGC-3-16.0  8.1(6.5) 3.7(3.55) 28.4(11.9) 58.2

2 {}=Based on CSA-S806-12; [ ] = based ACI 440.1R-06; () = based on ACI 318-08.

3.4.2. At failure

The measured A4,_¢y, of SG-RGC-2-19.0, SG-RGC-3-15.9, and SG-
RGC-4-12.7 were 43.4 mm, 52.5 mm, and 53.2 mm, respectively.
Except for SG-RGC-2-19.0, the recorded deflections were almost
analogous with each other. SG-RGC-5-15.9 yielded a lower A,_exp
(42.0 mm) compared with the other beams due to its higher stiff-
ness, owed to its higher amount of reinforcements. This finding
was also observed by Yoo et al. [30]. The A4, of HG-RGC-3-
15.9 (54.1 mm) was nearly comparable to SG-RGC with similar
reinforcement ratios. The A,y (28.4 mm) of the DS-RGC beam
is much lower than that of the SG-RGC.

3.4.3. At the unloading phase

After removing the applied load, all the beams reinforced with
GERP bars tended to return to their original position. The residual
deflections, Ares.exp, 0f SG-RGC were comparable to that of the
HG-RGC beam, approximately equivalent to 14 mm. This finding
proves the effective flexural bond of the sand-coated GFRP bars
in the geopolymer concrete. Furthermore, it also shows the inher-
ent elastic behaviour of the SG-RGC, mainly because of the partial
development of the tensile strength of the GFRP bars. The A ey, Of
DS-RGC was approximately four times higher than that of SG-RGC
owing to the inelastic yielding of the steel bars.

3.5. Strain distribution

Fig. 8 shows the relationship between the applied moment and
the midspan strains at the top and bottom reinforcements, TB and
BB, respectively, and on the top surface of the geopolymer concrete
(GCQ). The analogous curvature of the moment-strain curves in TB,
BB, and GC indicates the effectiveness of sand coating in anchoring
the GFRP bars in the geopolymer concrete. Interestingly, the shape
of the moment-strain curves of the reinforcement is similar to
their load-deflection curves, including an initial linear segment
with a steep slope, linear and nonlinear segments with reduced
slope after cracking, and a nonlinear segment after the crushing
failure of the geopolymer concrete. The moment-strain curves of
the geopolymer concrete in compression zone consisted only of
the first two segments since the strain gauges were damaged after
the crushing failure. The top GFRP bars, however, continued to
provide strain readings. This can be due to the confinement effect
provided by the stirrups that protected the bars from buckling and/
or kinking.

Table 6 summarises the bar and concrete strains at service
condition as defined by Bischoff, at concrete crushing failure, and
at peak load. SG-RGC with similar reinforcement ratios yielded
nearly comparable strains at different load stages. The tabulated
values make it clear, however, that increasing the reinforcement
ratio would generally result in lower strains at the bottom GFRP
bars. The strain readings at service condition of DS-RGC were
generally lower than that of SG-RGC.

3.6. Cracking behaviour

For all the tested beams, a few fine vertical flexural cracks first
developed within the pure bending-moment zone after the
in-plane bending-moment exceeded the cracking moment of the
beams. As the applied load increases, these cracks became wider
and propagated upward, while new vertical cracks formed along
the beams’ shear span. The vertical cracks in SG-RGC and
HG-RGC, at service condition, were generally wider than that of
DS-RGC, owing to the lower elastic modulus of GFRP bars com-
pared with steel bars. With further loading, the vertical cracks in
the pure bending zone became even wider, while the inclined
cracks, induced by shear stress, formed along the shear span and
then propagated towards the points of load application. The rate
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Fig. 8. Moment-strain relationships of the tested beams.
Table 6
Strain in the reinforcing bars and the geopolymer concrete (in ).
Specimen At service condition (0.3My.-exp.) At failure At peak
Concrete top surface Top bar Bottom bar Concrete top surface Top bar Bottom bar Top bar Bottom bar
SG-2-19.0 502 203 2028 4226 2086 10,855 11,186 14,963
SG-3-15.9 698 156 3508 2934 2115 12,244 11,083 14,956
SG-4-12.7 348 247 2147 4831 2327 11,547 9271 15,746
SG-5-15.9 429 448 2146 2329 2924 9168 11,710 12,973
HG-3-15.9 401 401 2438 3603 2042 13,286 9989 15,757
DS-3-16.0 272 233 768 2915 1604 3936 12,983 6099

of progress of the inclined cracks, however, slowed down with the
initiation of concrete crushing in the compression zone, thereby
redistributing the stresses within the zone. At the final loading
stage, a marginal number of inclined cracks reached the crushed
zone of the geopolymer concrete. Furthermore, all the beams expe-
rienced significant flexural cracking before the inclined cracks
joined the flexural cracks, thereby assuring that the beams failed
in flexure and not in shear.

Fig. 9 depicts the crack pattern at peak of the tested beams. The
number of cracks developed along the span of DS-RGC was smaller
than that of SG-RGC and HG-RGC, but the cracks were wider and
mostly concentrated at midspan, owing to yielding of the steel bars
in this region. The figure clearly shows that the cracks were

distributed uniformly along the span of SG-RGC, with a crack spac-
ing of about 100 mm, similar to stirrup spacing. Ehsani et al. [36]
and Faza and Gangarao [6] also reported this uniform crack distri-
bution for concrete beams reinforced with sand-coated FRP bars.
The tendency of the cracks to form at the stirrups location was
due to the loss of bond between the GFRP bars and the geopolymer
concrete. The stirrups caused the discontinuity of the mechanical
interlock and friction force resistance of the sand coating, thereby
yielding a spike in the concrete stresses. This could also explain the
reason why there is no significant effect on the crack spacing upon
doubling the amount of the GFRP reinforcement, as was also
reported by Theriault et al. [29] and Masmoudi [37]. The absence
of transverse reinforcements would increase the contact area
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(a) SG-RGC-2-19.0

(b) SG-RGC-3-15.9

(¢) SG-RGC-4-12.7

(d) SG-RGC-5-15.9

(€) HG-RGC-3-15.9

(f) DS-RGC-3-16.0

Fig. 9. Cracking patterns of the tested beams.

between the longitudinal GFRP reinforcements and the geopoly-
mer concrete that would lead to an increase in the rate of stress
transfer from the reinforcements to the geopolymer concrete,
thereby reducing the crack spacing. The study conducted by
Kassem et al. [26], on the other hand, showed that the beams with
bundled sand-coated FRP bars developed fewer cracks with wider
spacing than those with single bars owing to the better bond qual-
ity for single bars compared with bundled bars. This crack spacing

mechanism described as a function of bond between the reinforce-
ment and the concrete has been well researched and presented in
the previous studies [38-43].

Comparable crack patterns were observed between SG-RGC and
HG-RGC with similar p The figure also demonstrates that the
anchor heads have no significant influence on beam cracking beha-
viour and that an adequate bond can be secured with sand coating
alone.
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4. Discussion

This section summarises the influence of the nominal bar
diameter, reinforcement ratio, and anchorage system on the flexu-
ral performance of the geopolymer concrete beams reinforced with
GFRP bars. A comparison between the experimental and theoreti-
cal results was also presented in this section. The published results
on FRP-reinforced concrete beams were compared with the exper-
imental results.

4.1. Influence of the nominal bar diameter

This study utilised 12.7 mm, 15.9 mm, and 19.0 mm GFRP bars
as longitudinal reinforcement for geopolymer concrete beams.
Based on the experimental results, the nominal bar diameter had
no significant effect on the flexural strength and serviceability per-
formance of the geopolymer concrete beams reinforced with sand-
coated GFRP bars. Generally, SG-RGC-2-19.0, SG-RGC-3-15.9, and
SG-RGC-4-12.7 yielded similar flexural strengths, load-deflection
characteristics, crack patterns, and deflections. The comparable
behaviour of these beams can be expected, since these beams were
designed as over-reinforced and consequently, their flexural beha-
viour would mainly depend on the properties of the geopolymer
concrete and not on the diameter of the GFRP bars. Furthermore,
noting that all the tested beams were manufactured with a single
batch of geopolymer concrete, it can expected that beams with
similar reinforcement ratios would yield similar flexural
performance.

4.2. Influence of the reinforcement ratio

The flexural stiffness of the beams after cracking or the slope of
the second segment of their load-deflection curves increases as the
reinforcement ratio increases. Thus, it can be deduced from the
experimental results that the serviceability performance of a
GFRP-reinforced geopolymer concrete beam can be enhanced by
increasing the amount of longitudinal reinforcement. This
improvement can be clearly understood by imagining the bars as
parallel springs. As the number of bars increased, the overall stiff-
ness also increased, thereby lowering the deflection after cracking,
limiting the crack width, and decreasing the strain in the reinforce-
ment. Yoo et al. [30] reported that the flexural stiffness increased
with increasing longitudinal rigidity (A£f) and suggested that the
reinforcement ratio should be increased in order to control crack
width effectively.

The cracking moments of all the tested beams are similar, since
this parameter mainly relied on the properties of the geopolymer
concrete. The results also showed that doubling the reinforcement
ratio would not significantly enhance the beam load-carrying
capacity up to the point of geopolymer concrete crushing failure.
This can be expected since all the tested beams were over-
reinforced and their strength would be predominantly controlled
by the properties of the geopolymer concrete. After the geopoly-
mer concrete crushing failure, the GFRP bars began to sustain
several damages and hence, at this stage, the beam strength was
influenced by the amount longitudinal reinforcements. The load-
carrying capacity of the beam with larger p; was higher than that
of beams with lower pj, although the increase was just marginal.
This result seems to corroborate with that of Kassem et al. [26]
findings wherein they found out that increasing py by 50% and
100% will marginally increase the flexural capacity by just 4%
and 16%, respectively. The study conducted by Kara et al. [44]
showed that, for over-reinforced FRP-reinforced concrete beams,
a large increase in FRP reinforcement produced a modest increase
in normalised capacity. EI-Nemr et al. [25], however, suggested

that the influence of pyon the strength of FRP-reinforced concrete
beams could be fully realised when py is increased three to four
times.

4.3. Influence of the anchorage system

The strength and serviceability performance of HG-RGC was
nearly comparable to that of SG-RGC. This can be expected since
the straight and headed bars were fully bonded in the geopolymer
concrete, thereby yielding similar results. As reported by Maranan
et al. [31], the bond strength of the straight and headed GFRP bars
approached similar performances as the embedment length
increased. Thus, it can be deduced that a composite action can be
achieved between the straight bars and the geopolymer concrete
by fully embedding the bars in the geopolymer concrete and that
the friction and mechanical interlock resistance provided by the
sand coating were sufficient to produce a composite action
between the GFRP bars and the geopolymer concrete.

4.4. Comparison with current design provisions

In this study, the empirical equations recommended by the CSA
S806-12 and ACI 440.R-06 were employed to assess the strength
and serviceability performance of SG-RGC and HG-RGC, while the
ACI 318-14 code was adapted for the DS-RGC beam. Using Eq.
(7), the theoretical cracking moments, M_¢heo, based on CSA and
ACI are 11.1 kN m and 11.5 kKN m, respectively. The f, was calcu-
lated from Eq. (8) for the CSA code. Eq. (9), on the other hand,
was used for the ACI codes with the assumption that / is equivalent
to 1.0. Generally, the predicted values were relatively close to the
experimental results, with the ACI code providing a more conser-
vative estimate.

The theoretical flexural capacity at concrete crushing failure,
My_theo, Of SG-RGC and HG-RGC were determined with Eq. (10). In
CSA S806-12, the bar stress, f;, was computed by solving first the
neutral axis location, ¢, from Eq. (11) and then substituting this
value to Eq. (12). For ACI 440.1R-06, the f; was calculated with
Eq. (13). On the other hand, Eq. (14), recommended by ACI
318-08, predicted the flexural capacity of DS-RGC at steel yielding
failure. Table 4 summarises the M,_xe, Of the tested beams. The
values estimated according to CSA S806-12 were higher than those
predicted by ACI 440.1R-06, owing to the 8, factor and the higher
&, normally assumed in CSA (0.0035) compared to ACI (0.003).
Generally, both prediction equations underestimated the flexural
capacity of all the tested beams. The average theoretical strengths
of the beams based on ACI 440.1R-06 and CSA S806-12 are 76% and
81%, respectively, of the experimental flexural strengths. Generally,
this finding can be attributed to three major factors. First, the
assumed concrete compressive strains (0.003-0.0035) used in the
predictions are lower compared to the actual strain recorded dur-
ing the flexural tests, which reached higher values ranging from
0.0042 to 0.0048. Second, the prediction equations did not include
the contribution of the reinforcement in the compression zone.
Finally, the confinement effect due to the lateral ties (stirrups) pro-
vided in the pure bending-moment zone were not considered.

Egs. (18) and (19) show the deflection formula recommended
by the CSA S806-12 and ACI 440.1R-06 codes, respectively. In
CSA S806-12, the coefficient # was computed from Eq. (20). In
the case of ACI 440.1R-06, the effective moment of inertia (I,) for-
mula, a concept that is used to describe presented in Eq. (21) was
employed to calculate the midspan deflection. This formula, is
Branson'’s formula for steel-reinforced concrete (Eq. (23)) modified
with by incorporating a reduction factor g4 (Eq. (22)) to account for
the reduced tension stiffening in the FRP-reinforced members [45].
Table 5 summarises the predicted midspan deflections at service
condition A, e, Of the tested beams based on ACI 4401.R-06. In
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Table 7
Normalised bending-moment capacity of the tested beams and the GFRP-reinforced
concrete (GFRP-RC) beams obtained from the previous studies.

Reference Beam 05 (%) M,[f bd?
Current Study SG-RGC-2-19.0 1.13 47.7
SG-RGC-3-15.9 1.18 54.3
SG-RGC-4-12.7 1.00 49.6
SG-RGC-5-15.9 2.12 51.5
HG-RGC-3-15.9 1.18 54.5
[21] G1-6 16 436
G1-8 2.2 46.1
135] GB3-1 1.10 446
GB3-2 1.10 473
[36] 1501 1.10 35.1
1SO2 1.10 36.7
(37] 15030-2 1.01 35.9

general, the prediction equations underestimated the experimental
results. The estimated values based on Bischoff's recommendations
were more conservative than ISIS-07 in terms of deflection limit L/
240. Table 5 also shows the predicted midspan deflection at failure
Au-theo Of the tested beams. Again, both design equations did not
conservatively estimate beam A, ... The degree of underestima-
tion increased with an increase in the applied load, owing to the
overestimation of the tension stiffening parameter. Furthermore,
these equations were developed from a full-interaction analysis
of transformed section wherein it is assumed that no slip between
the concrete and the reinforcements, which is not the case in the
actual condition. Visintin et al. [38] suggested the use of partial-
interaction theory that allows the slip between the reinforcement
and concrete. Thus, considering the mentioned factors and the con-
cept of partial-interaction theory, an appropriate prediction equa-
tion is now being developed for the proposed system.

4.5. Comparison between the experimental results and the FRP-
reinforced concrete beams

Table 7 presents a comparison between the normalised
bending-moment capacity (M,/f bd?) of the tested beams and the
GFRP-reinforced concrete (GFRP-RC) beams obtained from the pre-
vious studies. The considered GFRP-RC beams had dimensions,
concrete strengths, and reinforcement ratios nearly comparable
to the tested beams. Furthermore, the GFRP bars were also sand-
coated and all the beams were designed as over-reinforced, such

that they failed due to crushing of concrete in the compression
zone. Generally, the bending-moment capacity of the tested beams
was higher than the bending-moment of the GFRP-RC beams,
mainly due to the following factors. First, the geopolymer concrete
had enhanced mechanical properties compared to the conven-
tional concrete of the same grade (higher compressive strain
capacity based on the flexural test of the beams and better tensile
strength and improved modulus of elasticity according to the com-
pression test of the cylinders). Second, all the tested beams had lat-
eral ties within the pure bending-moment span, which provided
confinement of the geopolymer concrete core, thereby increasing
the beam strength and ductility. Lastly, the tensile strength
(617-695 MPa) and modulus of elasticity (40-55GPa) of the
GFRP bars used in the previous studies were lower than the tensile
strength and the modulus of elasticity of the bars used in this
study. The high compressive strain capacity of geopolymer con-
crete was coupled with GFRP bars having a high tensile strength
resulted in a beam with high flexural strength and ductility.
Table 6 shows the amount of tensile strains in the bottom GFRP
bars at geopolymer concrete crushing failure. These strains trans-
late to a tensile stresses than can reach up to 892 MPa. If the beams
were reinforced with GFRP bars of lower tensile strength, the
beams will fail earlier due to bar rupture, yielding lower flexural
strengths.

5. Conclusion

This paper presented an assessment of the strength and service-
ability of geopolymer concrete beams reinforced with GFRP bars
subjected to four-point static bending testing. Based on the exper-
imental results and theoretical predictions, the following can be
concluded:

o The load-deflection curves of the beams with GFRP bars consist
primarily of three segments, including a steep linear branch
that corresponds to cracked response of the beam; linear and
nonlinear segments with reduced slope that represent the
cracked response of the beam; and a nonlinear segment after
the crushing failure of the geopolymer concrete.

e The beams reinforced with GFRP bars failed by concrete crush-
ing failure, since they were designed as over-reinforced, while
the under-reinforced beam with steel bars failed due to rein-
forcement yielding.

Table 8
CSA S806-12, ACI 440.1R-06, and ACI 318-08 prediction equations.
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e The bending-moment capacities at concrete crushing failure of
GFRP-reinforced geopolymer concrete beams were 1.2-1.5
times greater than that of steel-reinforced geopolymer concrete
beam with similar reinforcement ratio.

e The uncracked response of all the tested beams was similar
since, at this stage, the flexural performance of the beam was
governed by the geopolymer concrete properties.
For beams with similar reinforcement ratios, it appears that the
GFRP bar nominal diameter had insignificant effect on their
flexural behaviour.
Increasing the reinforcement ratio would enhance the service-
ability performance of the GFRP-reinforced geopolymer concrete
beams. Doubling the reinforcement ratio, however, did not
increase the beams load-carrying capacity at concrete crushing
failure since the beams were designed as over-reinforced and
therefore, their strength would be dependent on the geopolymer
concrete strength and not by bar rupture.
e The mechanical interlock and friction force resistance provided
by the sand coating, bonded on the surface of the GFRP bars,
were found to be adequate to secure a composite action
between the bars and the geopolymer concrete.
Generally, both the ACI-440.1R-06 and CSA S806-12 prediction
equations underestimated the flexural capacity of GFRP-
reinforced geopolymer concrete beams. This may be due to
the following factors: lower compressive strains used in the
prediction (0.003 and 0.0035, respectively) compared to the
actual strains (0.0042-0.0048); neglection of the compression
strength contribution of top GFRP bars; and exclusion of the
confinement effect of stirrups located in the pure bending-
moment zone.

e The bending-moment capacity of GFRP-reinforced geopolymer
concrete beams seems to be higher than that of GFRP-
reinforced concrete beams mainly because of the enhanced
mechanical properties of the geopolymer concrete compared
to the conventional concrete of the same grade. Further

investigations, however, are needed to support this
generalisation.
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3.4. Paper IV: Shear behavior of geopolymer concrete beams reinforced with
GFRP bars
The shear behavior of geopolymer concrete beams reinforced with GFRP bars and stirrups was
investigated in this paper. The test matrix was presented in Table B-4 of Appendix B of the
thesis. The properties of the 9.5 mm diameter GFRP stirrups were presented in Table B-2 of
thesis” Appendix B, wherein the measured actual bend radius was 38.1 mm (more than 4 times
the bar diameter) while the total lap splice length at the corner was 150 mm. These stirrups
represents those that were used in actual practice and were provided by the industry
collaborator. In Paper 1V, the influence of stirrup spacing and its contribution to shear strength
were carefully evaluated. Stratford and Burgoyne (2003) stated that since FRP bars are brittle
in nature, is not appropriate to assume that the stresses in the stirrups crossing an inclined crack
are equal. Hence, to measure the strain, strain gauges were attached in one stirrup, which was
positioned in the mid-shear span of the tested beams, with the assumption that this stirrup will
be mostly stressed compared with the other stirrups within the shear span. Indeed, the diagonal
shear cracks passed along the stirrups in which the strain gauges were attached. Based on the
experimental results, the GFRP stirrups doubled both the shear strength and deflection capacity
of the GFRP-RGC beams. The indicative strains measured from one stirrup were effectively
utilised in investigating the influence of stirrup spacing and its contribution to shear strength
of beam, which are presented in detail in sections “Crack Pattern and Propagation”, “Cracking
Load”, “Failure Mode”, and “Transverse-Reinforcement Strains”. The comparison of test
results with the existing literature verified the validity of the test results and findings of the

study.

Aside from beams, columns are one of the most critical and important structural
members. However, there are limited studies regarding the compression behaviour of concrete
columns reinforced with GFRP bars. With the advent of FRP reinforcing technology, the new
generation of GFRP bars have enhanced mechanical properties that can match that of steel.
This was the key motivation for investigating the compression behaviour of circular
geopolymer concrete columns reinforced longitudinally and transversely reinforced with

GFRP bars and ties, which is presented, analysed, and discussed in Paper V.
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ABSTRACT

The shear behavior of geopolymer concrete beams reinforced with GFRP bars and stirrups
was investigated. Six short beams with a shear-span-to-effective-depth ratio (a/d) of 1.8 were
cast: one with no stirrups, three with different stirrup spacing, one with less reinforcement,
and one with steel stirrups. In addition, a slender beam (a/d=4.7) with the same cross-
sectional area were built to investigate the influence of a/d. Experimental results showed that
the GFRP stirrups enhanced both the shear strength and deflection capacity of the beams by
approximately 200%. The shear crack initiated at a higher load and with a finer crack width
in the beam with narrower stirrups spacing. The short beam yielded higher shear strength
than the slender beam with a similar transverse reinforcement ratio. The beams with GFRP
stirrups yielded a shear strength and deflection capacity—including an analogous load—

deflection response—similar to that of the beam with steel stirrups.

INTRODUCTION

The corrosion of the internal reinforcing steel is the main factor shortening the life span of
reinforced-concrete (RC) structures®. Many owners are faced with the problem of costly
repairs and maintenance of RC structures that have been damaged and deteriorating due to
steel corrosion. Likewise, there is a great demand for sustainable structures, which hints at

the replacement of cement-based concrete with other types of environmentally friendly
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concrete since cement production results in billions of tons of wastes and contributes to 5% to
8% of the world’s greenhouse gases yearly?. According to 2008 estimates, Australia’s cement
industry accounts for approximately 1.3% of greenhouse-gas emissions®. A promising
solution is to combine fiber-reinforced-polymer (FRP) bars and geopolymer concrete.

Several studies have shown that FRP bars can replace steel bars in building more durable
structures, mainly because of its corrosion-resistant nature and the added benefits of being
lightweight (approximately 20% to 25% the density of steel) and having high tensile strength
(around twice steel’s yield strength), and being electromechanically neutral®. Geopolymer
concrete, on the other hand, is a viable substitute for cement-based concrete because it does
not generate high volumes of greenhouse gases, and it can be manufactured using silica- and
alumina-rich industrial-waste materials,® such as fly ash and slag. According to Duxson et
al.,® geopolymer binders have a CO2 footprint approximately 80% lower than that of ordinary
portland cement (OPC) binder. Many studies have shown that geopolymer concrete has
strength and durability comparable to or occasionally greater than that of normal concrete of
the same grade’. Furthermore, it has better fire and chemical resistance, exhibits lower creep
and shrinkage, and can develop high mechanical strength in a shorter period of time.® The
high cost and lack of design guidelines, however, are some of the major disadvantages of
geopolymer concrete.® Moreover, little research has gone into investigating the behavior of
fiber-reinforced polymer-reinforced geopolymer-concrete (FRP-RGC) systems. Additional
research, therefore, is required to enable engineers to understand the fundamental behavior
and to identify the similarities or differences between the proposed system and conventional
ones so that it can be generally adopted by the construction industry.

This study investigated the shear behavior of geopolymer concrete beams reinforced with
GFRP bars and stirrups. The behavior of the beams was assessed based on crack pattern and

propagation, failure mode, load—deflection response, cracking load, shear strength and
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deflection capacity, and strain in the geopolymer concrete and reinforcement. The influence
of stirrups, stirrup spacing, stirrup type, longitudinal-reinforcement ratio, and shear-span-to-
effective-depth (a/d) ratio were analyzed and compared to the published results on FRP-
reinforced normal-concrete (FRP-RC) and conventional RC beams. Different shear design
provisions were employed to identify which of the existing codes could be used to predict the
capacity of the tested beams, including the ACI 318-081° and CSA S806-12'! strut-and-tie
models, the JSCE 20072 shear formula for RC beams, and the kinematic model for deep

beams developed by Mihaylov et al .3,

RESEARCH SIGNIFICANCE

FRP bars are normally used to reinforce concrete beams and girders. Ample experimental and
analytical research!*® on the flexural performance of FRP-reinforced concrete (FRP-RC)
beams is available. While quite a few studies have investigated the concrete contribution to
shear strength in FRP-RC beams, there are relatively few data that deal with the contribution
of FRP stirrups’*® to shear strength, particularly in the case of FRP-RGC short beams. Short
beams are commonly used as transfer girders, whose safety is often crucial for the whole
structure’s stability. The authors believe that the experimental outputs of this study would be
beneficial for the development of design guidelines and specifications for the FRP-RGC

systems that would facilitate their uptake in mainstream construction applications.

EXPERIMENTAL PROGRAM

Materials

GFRP stirrups (CSA S807-10%°) of 9.5 mm (0.37 in.) nominal diameter (¢r) and deformed
steel stirrups of 10 mm (0.39 in.) diameter (¢s) were used. The GFRP stirrups have a lap
splice length of 150 mm at the corner. The transverse reinforcement was 150 mm (5.91 in.)

wide and 240 mm (9.45 in.) deep with a bent corner radius of around 38.1 mm (0.98 in.).
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High modulus GFRP bars?® with 12.7 mm (0.5 in.) and 19.0 mm (0.75 in.) nominal diameter
were used as longitudinal reinforcements at the top and bottom of the beam, respectively.
Table 1 provides the physical and mechanical properties of the reinforcement as reported by
the manufacturers, including the nominal cross-sectional area (An), GFRP bars’ guaranteed
tensile strength (fw), guaranteed tensile strength of GFRP stirrup’s straight leg (fu) and bent
(foent); steel bars’ yield strength (fy), modulus of elasticity of the GFRP bars (Ef), GFRP
stirrups (Ew), and steel bars (Es).

Table 1 — Mechanical properties of the reinforcement

o, Ay, fi", foend, Es,
mm (in.) mm? (in.?) MPa (Ksi) MPa (Ksi) GPa (ksi)
9.5 (0.38) 71.6 (0.11) fru = 1029 (149) 463 (67) En = 50 (7250)
12.7 (0.50) 127 (0.20) 1312 (190) - 65.6 (9510) + 2.5 (362)
15.9 (0.63) 199 (0.31) 1184 (172) - 62.6 (9080) + 2.5 (362)
19.0 (0.75) 284 (0.44) 1105 (160) - 63.7 (9240) + 2.5 (362)
#, = 10 (0.39) f,= 500 (73) E. = 200 (29000)

*Guaranteed tensile strength: average value — 3x standard deviation

The geopolymer concrete used in this study is a proprietary mixture consisting of 10 mm
(0.39in.) and 20 mm (0.79 in.) coarse aggregates, fine and medium sands, and a geopolymer
binder made from alkali-activated class F fly ash (FA) and ground granulated blast-furnace
slag (GGBS). Water and superplasticizer were added to improve the workability of the
concrete. The 28-day compressive strength f’c and uniaxial tensile strength f'ct of the
geopolymer concrete, determined in accordance with ASTM C39/C39M-04a%! and ASTM
C496/C496M-11,% respectively, were 43 MPa (6.24 ksi) and 3.46 MPa (0.50 ksi). The
flexural tensile strength (f), according to Maranan et al.,>® was approximately 10% of the
compressive strength of the geopolymer concrete or 4.3 MPa (0.62 ksi).

Test Specimens

Figure 1 shows the typical configuration of the tested beams. Five full-scale beams with a
a/d of 1.8 and a total span L of 1500 mm (59.06 in.) were fabricated and tested up to failure.

These beams were referred to as “short beams”. The beams had a width b and total depth h of
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200 mm (7.87 in.) and 300 mm (11.81 in.), respectively. The first beam was cast without
stirrups to determine the shear capacity of the geopolymer concrete. The second, third, and
fourth beams were reinforced with GFRP stirrups spaced at 75 mm (2.95 in.) or h/4, 100 mm
(3.94 in.) or h/3, and 150 mm (5.91 in.) or h/2 on center, respectively, to investigate the effect
of stirrup spacing. The fifth beam was transversely reinforced with steel stirrups spaced at
150 mm (5.91 in.) or h/2 on center for comparison purposes. These beams were designed to
be over-reinforced (reinforcement ratio (pr) = 1.66% and balanced reinforcement ratio (o) =
0.36%) with three 19.0 mm (0.75 in.) bottom GFRP bars to induce shear failure prior to
flexural failure. To investigate the influence of the amount of longitudinal reinforcement, a
short beam longitudinally strengthened with two 19.0 mm and one 15.9 mm GFRP bars (pf =
1.50% and pm = 0.36%) was cast with stirrups spaced at 125 mm (4.80 in.) or 5h/12. Another
beam with the same cross-sectional area but with a/d and L of 4.7 and 3100 mm, respectively,
was also built to determine the effect of a/d. The slender beam was transversely reinforced
with GFRP stirrups spaced at 100 mm (3.94 in.) or h/3 on center and was also designed to be
over-reinforced (pr = 2.01% and pm = 0.29%) with five 19.0 mm bottom GFRP bars. All the

beams were provided with two 12.7 mm (0.50 in.) top GFRP bars.

Fig. 1 — The typical configuration and test set up of the beams.

The specimens were labelled as follows: GG-a/d-G(S)-s. The first two letters (GG) stand

for “GFRP-reinforced geopolymer-concrete beam” and a/d for their corresponding shear
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span-to-effective depth ratio. The next letter represents the type of transverse reinforcement:
G for GFRP stirrups and S for steel stirrups. The letter “s” represents the center-to-center
spacing of the stirrups in millimeters. For example, the specimen identified as GG-1.8-G-75
is a GFRP-reinforced geopolymer-concrete beam with a a/d of 1.8 and transversely

reinforced with 9.5 mm (0.37 in.) GFRP stirrups spaced at 75 mm (2.95 in.) or h/4 on center.
Test Program and Instrumentation

The four-point static-bending test shown in Figure 1 was used to investigate the shear
performance of the beams. The beams with clear spans | of 1200 mm (47.24 in.) and
3100 mm (122.05 in.) were loaded with two equally concentric loads 300 mm (11.81 in.) and
400 mm (15.74 in.) apart at midspan, respectively, yielding a/d of 1.8 and 4.7, respectively.
To avoid bearing failure and premature crushing, loading and support plates measuring 250
mm (9.84 in.) by 150 mm (5.91 in.) by 20 mm (0.79 in.) and 250 mm (9.84 in.) by 75 mm
(2.95 in.) by 20 mm (0.79 in.), respectively, were used to transfer the applied loads and
reactions, respectively. Figure 1 also shows the location of the electrical strain gauges. The
TC strain gauge measured the strains on the geopolymer concrete top surface. TB and BB
were used to measure the strains at the top and bottom longitudinal reinforcement,
respectively. SL and SR were used to determine the strains at the mid-depth of the stirrup
straight portion located on the left and right sides of the beam, respectively. These strain
gauges were attached to the stirrups positioned at mid-shear spans, with the assumptions that
these stirrups would receive more stress than the other stirrups within the shear span. The
specimens were loaded to failure in displacement control mode with a hydraulic jack to allow
for the observation of both the pre- and post-peak behavior. The applied load was measured
with a 500 kN (112400 Ibf) capacity load cell, while the corresponding midspan deflection
was measured with a laser displacement sensor. The strain, load, and deflection readings were

recorded with a data logger, while the crack pattern was documented visually during the test.
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EXPERIMENTAL RESULTS

Crack Pattern and Propagation

Figure 2 shows the crack patterns and propagation just before the final failure. The numbers
marked on the beam represent the magnitude of the applied load (in KN). As the tensile stress
induced by the applied load exceeded the tensile capacity of the geopolymer concrete, some
vertical cracks began to form within the constant bending-moment zone. With further
loading, inclined cracks developed. Two types of shear cracks were observed in the
experiment. The first type was the web-shear (WS) crack characterized by the formation of a
diagonal crack that is independent of the flexural crack, and then propagated in both
directions. This type of crack developed mainly in the tested short beams. As these cracks
propagated toward the loading points, the geopolymer concrete strut simultaneously
underwent crushing at the upper end region, just before the final failure. The other type of
crack is the flexural-shear (FS) crack, which developed predominantly in the slender beam,
wherein the initial vertical flexural crack in the shear span bent in diagonal direction and
continued to grow in length and width, propagating toward the loading points and the
supports. The vertical flexural crack spacing, in general, were the same as the stirrup spacing.
This is expected since the mechanical bond between the bar and concrete was lost due to the
presence of stirrups. Oehlers et al.?* reported this crack-spacing mechanism, which is a
function of bond between the reinforcement and concrete.

Based on Figures. 2a-e and through visual inspection, GG-1.8 yielded wider and fewer
flexural and shear cracks compared to the GG-1.8-G beams, owing to the stirrups’ clamping
effect. This observation is consistent with Mohamed et al.’s?® findings for FRP-RC deep
beams, which showed that web reinforcement, specifically vertical stirrups, significantly
controlled the width of diagonal cracks. The short beam with closer stirrup spacing (GG-1.8-

G-75) yielded more shear cracks that were narrower and closely spaced than those in the
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beams with wider stirrup spacing, which follows the well-known idea that crack-opening
displacement or crack width increases as the spacing between shear cracks increases.?® The
reason for this behavior is that the smaller the stirrup spacing, the lower the effective concrete
area needed to be controlled by a stirrup in terms of shear-crack-width development, thereby
resulting in higher bond adhesion between the stirrup and the surrounding concrete. The
major diagonal crack that developed in the short beams defined the inclination of the main
concrete diagonal strut, as illustrated in the figures. The crack pattern in GG-1.8-S-150, as
shown in Figure 2f, was nearly similar to that of GG-1.8-G-150. The former beam, however,
had narrower and shorter shear cracks than the latter, owing to the lower elastic modulus of
the GFRP compared to steel. GG-4.7-G-100, on the other hand, developed wider flexural
cracks compared to GG-1.8-G-100 at comparable loads. No major shear cracks were
developed along the shear span of the slender beam before its final failure, as shown in

Figure 2g.

a. GG-1.8 b. GG-1.8-G-75

c. GG-1.8-G-100 d. GG-1.8-G-125

e. GG-1.8-G-150 f. GG-1.8-S-150
g. GG-4.7-G-100

Fig. 2 — Crack pattern of the tested beams.
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Failure Mode

Figure 3 shows the failure mode of the tested beams. As can be expected, all the short beams
exhibited brittle shear failure. That is, the shear capacity of the short beams was reached
before the flexural capacity was attained. This outcome demonstrated the effectiveness of the
design and testing procedures employed herein.

The failure of GG-1.8 can be classified as a diagonal-strut tension (DST) failure (Figure
3a) wherein the internal lateral spread of the compression force led to a transverse tension
that split the concrete parallel to the strut axis. Secondary anchorage failure due to splitting
action along the main reinforcement and minor concrete crushing at the top of the diagonal
strut were also observed during the experiment. The failure of the GG-1.8-G beams, on the
other hand, can be considered as a diagonal-strut compression (DSC) failure (Figures 3b-e).
The stirrups’ confining effect prevented longitudinal splitting and bond-splitting cracks and
effectively distributed the stresses along the diagonal-strut length, thereby subjecting the strut
to extreme compression stress. The lateral expansion of the compression field between the
support and the point-load application, however, resulted in the rupture of the GFRP stirrups
crossing the diagonal crack that subsequently led to the beams’ failure. Interestingly, these
failure modes were also observed by Mohamed et al.?® in FRP-RC deep beams. The rupture
of the stirrups’ bent portion induced the failure of GG-1.8-G-75, GG-1.8-G-100, and GG-1.8-
125, while the failure of GG-1.8-G-150 was initiated by the lap-splice failure located at the
stirrup bent. These beams also exhibited secondary concrete crushing in the flexural
compression zone. GG-1.8-G-75 experienced the most severe damage, followed by GG-1.8-
G-100, GG-1.8-G-150, and GG-1.8-G-125, respectively. GG-1.8-S-150 also experienced a
DSC mode of failure (Figure 3f). This beam, however, experienced a more ductile and a

lesser degree of failure compared to GG-1.8-G-150 due to the steel stirrups yielding. In
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contrast, the slender beam failed due to crushing of the geopolymer concrete in the flexural

compression zone, as shown in Figure 3g.

a. GG-1.8 b. GG-1.8-G-75
¢. GG-1.8-G-100 d. GG-1.8-G-125
e. GG-1.8-G-150 f. GG-1.8-S-150

g. GG-4.7-G-100

Fig. 3 — Failure mode of the tested beams.
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Load-Deflection Response

Figure 4 (left) shows the relationships between the applied load and the mid-span deflection

of all the tested beams. Generally, the beams exhibited a nearly bilinear load—deflection

behavior. The first steep linear segment represents the uncracked response of the beam. As

expected, the initial flexural stiffness was similar for all short beams since, at this stage, the

gross moment of inertia of the geopolymer concrete section was fully utilized. The second

linear segment with reduced stiffness, on the other hand, characterizes beam’s cracked

response. The stiffness reduction can be attributed to the successive flexural and shear

cracking, which reduced the beam’s moment of inertia. All GG-1.8-G beams with a

reinforcement ratio of 1.66% yielded similar stiffness. Slight nonlinear behavior and stiffness

degradation were observed in GG-1.8-G-150 and GG-1.8-S-150 before peak load due to the

widening of shear cracks and geopolymer concrete crushing in the flexural compression zone.

Interestingly, GG-1.8-S-150 evidenced a load—deflection response similar to GG-1.8-G-150.
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Fig. 4 — Shear load—-midspan deflection (left) and load-stirrup strain (right) relationships.
(Note: 1 kN = 224.8 Ibf, 1 mm = 0.039 in.)

The post-cracking stiffness of GG-1.8-G-125 was comparable to that of the short beams

with more reinforcement. El-Sayed et al.,?” however, reported that, as the longitudinal

reinforcement of FRP-RC deep beams increased, the cracked stiffness increased for the
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reinforcement ratios tested (0.7%, 1.2%, and 1.7%). These findings suggest that, in order to
enhance the cracked stiffness of the GFRP-RGC short beams, the reference reinforcement
ratio should be increased by 40% or higher. Further studies, however, are needed to justify
this statement. GG-4.7-G-100, on the other hand, yielded a cracked stiffness that was much
lower than GG-1.8-G-100. This could be attributed to the decreasing influence of arch action
with increasing a/d, indicating that the beam became less rigid. Interestingly, after the
concrete crushing failure, the slender beam continued to carry additional loads, owing to the

confined concrete core that provided the necessary compression contribution.
Cracking Load

Table 2 summarizes the applied shear loads when the vertical flexural cracks appeared in the
beams (Ver), which were verified from Figure 4 (left). As can be anticipated, the tested short
beams yielded comparable Vcrf, with an average value of 24 kN (5170 Ibf), since this
parameter depends mainly on concrete tensile strength. GG-4.7-G-100, on the other hand,
yielded a Ver (10 kN [2250 Ibf]) that was around 43% that of GG-1.8-G-100.

Table 2 — Load capacity, deflection capacity, geopolymer concrete peak strain, top and
bottom bars’ peak strains, and failure mode of the tested beams

Beam chlr\lf \I/<C|r\ls IYICI \Ii;:l nﬁ?n 6 i enp,  Failure
(Ibf) (Ibf) (Ibf) (Ibf) (in.) ne HE e Mode
GG-1.8 (5?30) (1152040) é°3,=015407) i (0&3) 1400 968 4677  DST
GG-18-G-75 (5%30) (1577040) (5?2?0) (2}1280) (0?39) 1736 5220 10016  DSC
GG-1.8-G-100 (5520) (132090) (6%30) (2;520) (0%35) 3753 3929 11476  DSC
GG-1.8-G-125 (5%30) (1152040) ( 43320) a 670170) (0%23) 1607 3626 7345  DSC
GG-1.8-G-150 (5%20) (1152040) (GSSZO) (2(15§g0) (0%35) 2056 4264 10204  DSC
GG-1.8-S-150 (5520) (1041520) (55280) (2(15%20) (0%35) 4441 3824 9510  DSC
GG-4.7-G-100 (5%20) (7230) (2%0) i : 2329 11710 11710 12973
Ve=V,-V,

“DST = diagonal-strut-tension failure; DSC = diagonal-strut-compression failure; GCC = geopolymer-concrete crushing failure
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Table 2 also provides the shear cracking loads Vers, which were verified from Figures 2
and 4 (right). The Vers of GG-1.8 was approximately 50 kN (11240 Ibf). Among the short
beams with stirrups, GG-1.8-G-75 vyielded the highest Vcrs, approximately equivalent to
70 KN (15740 Ibf), followed by GG-1.8-G-100 (60 kN [13490 Ibf]), GG-1.8-G-125 (50 kN
[11240 Ibf]), and GG-1.8-G-150 (50 kN [11240 Ibf]), respectively. This could be attributed to
the enhancement of the geopolymer-concrete contribution and stirrup shear contribution in
beams with closely spaced stirrups. On the other hand, the Vers of GG-1.8-G-150 was quite
similar to that of GG-1.8-S-150 (45 kN [10120 Ibf]). Lastly, the Vers (33 KN [7420 Ibf]) of
GG-4.7-G-100 was approximately half of GG-1.8-G-100’s Vcrs.

Shear Strength and Deflection Capacity

Table 2 also shows the shear-load capacity Vn and deflection capacity 4n of the tested
beams. GG-1.8 yielded the lowest Vi (147 kN [33050 Ibf]) and 4n (11 mm [0.43 in.]) among
the short beams. This value of Vn represents the shear contribution of the geopolymer
concrete V¢, which depends mainly on the diagonal strut’s strength. The beams with similar
reinforcement ratios and transversely reinforced with GFRP stirrups, however, had nearly
double the Vn and 4n values of GG-1.8 (with average values of 265 kN (56930 Ibf) and
19 mm (4346 in.), respectively). These findings corroborate Sagaseta and Vollum’s?
statement about short-span RC beams and the experimental results obtained by Nagasaka et
al.® and Vijay et al.*® for FRP-RC deep beams and Birrcher et al.’s* findings for RC beams
with total depth-to-width ratios less than or equal to 2.0 (h/b < 2.0), wherein the use of
stirrups enhanced the serviceability performance of the beams. Our results, however,
contradicted Mohamed et al.’s?® findings for the FRP-RC beams with h/b of 4.0, wherein they
concluded that the web reinforcement had no significant impact on the ultimate load capacity.

Based on the experimental and published results, it seems that stirrups are effective only
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when the h/b < 2.0. Further research work, however, should be conducted to validate this
premise and to determine the specific h/b limit that is applicable for the proposed system.

The short beams with similar reinforcement ratios (1.66%) and transversely reinforced
with GFRP stirrups of varying spacing yielded nearly comparable Vn and 4n, suggesting that
the stirrup spacing has no significant effect on the shear load and deflection capacities of the
tested short beams. These findings seem to be consistent with Vijay et al.’s® and Birrcher’s
et al.’s®! results obtained from FRP-RC (a/d =1.89) and conventional RC beams (a/d = 1.84),
respectively, with stirrup spacing of 100 mm (3.94 in.) on centers or wider. The experimental
results, however, contradict Nagasaka et al.’s?® findings for FRP-RC beams having a a/d of
1.78 and stirrup spacing less than or equal to 80 mm, wherein they found out that, as the
stirrup spacing decreased, the strength increased. It could be deduced, therefore, that, for the
beams with a a/d of around 1.8, stirrups spaced at 75 mm (2.95 in.) on centers (the minimum
spacing used in this study) or more have no significant effect on the shear strength of RC
deep beams. Nevertheless, this conclusion needs further investigation. In addition, Birrcher et
al.®! concluded that the use of web reinforcement in excess of 0.2% or 0.3% in beams with a
a/d of 1.2 or 1.85 would not enhance shear strength. The minimum amount of shear
reinforcement used in this study was 0.48%. It would be logical, therefore, to investigate the
minimum amount of web reinforcement that could be adopted for the proposed system.
Furthermore, the Vn (266 kKN [59800 Ibf]) and 4n (19 mm [0.75 in.]) of GG-1.8-S-150 were
comparable to that of GG-1.8-G-150. These results tend to show the suitability of GFRP
stirrups, in lieu of steel stirrups, as web reinforcement for geopolymer-concrete beams.

GG-1.8-G-125’s Vn (218 kN [49000 Ibf]) and 4n (16 mm [0.63 in.]) were both 18% lower
than that of the corresponding average values of the short beams with more reinforcement.
This result corroborates Farghaly and Benmokrane’s® findings for FRP-RC deep beams.

They reported that increasing the reinforcement ratio enhanced the diagonal strut strength—
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the governing failure—and, in return, increased the transferred shear forces through arch
action. According to Yost et al.,*® however, the amount of longitudinal reinforcement had no
significant influence on the shear capacity of GFRP-reinforced beams. This could be
attributed to the beam depth—Iess than 300 mm—they adopted in their study. The Vi (122
kN [27430 Ibf]) and 4n (74 mm [2.91 in.]) of GG-4.7-G-100, on the other hand, were
approximately 45% and 390%, respectively, of GG-1.8-G-100’s Vn and 4n, respectively. As
expected, the beam with low a/d yielded higher shear strength than those with high a/d. This
IS attributed to the strength enhancing effects of arching action in the short beams. According
to Rebeiz,* a significant amount of additional loading can be resisted by the RC short beams
beyond the formation of a first diagonal crack, owing to the redistribution of stresses in short
beams due to the relatively short distance between the supports and applied loads.

According to Stratford and Burgoyne®®, the stresses in the stirrups crossing an inclined
crack should not be assumed equal because of the brittle nature of FRP. Hence, in our study,
the shear contribution of the transverse reinforcement Vs was determined by subtracting Ve,
the Vn of GG-1.8, from the Vn of each beam specimen. As expected, the short beams with
reinforcement ratio of 1.66% yielded comparable Vs with an average value of 119 kN [26750
Ibf]). The short beam with lower reinforcement ratio (GG-1.8-G-125), on the other hand,

yielded the lowest Vs, equivalent to 71 kN (16070 Ibf).
Transverse-Reinforcement Strains

Figure 4 (right) shows the relationship between the applied shear load and the strain readings
obtained from the straight portion of the stirrups located at the failure zone of all the short
beams with a reinforcement ratio of 1.66%. Very low strain readings were recorded at lower
shear loads in all the tested beams, suggesting that the full section of concrete carried most of
the shear stresses. The stirrups then began to contribute to the beam’s overall shear-resisting

mechanism when diagonal cracking initiated. Among the GG-1.8-G beams, GG-1.8-G-75
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recorded the lowest strains for the same magnitude of load, thereby incurring narrower shear
cracks compared to GG-1.8-G-100 and GG-1.8-G-150. This could be attributed to the higher
transverse-reinforcement ratio (pw) or reinforcement index (pnEn/Es) of the GG-1.8-G-75
compared to GG-1.8-G-100 and GG-1.8-G-150 beams. GG-1.8-S150, on the other hand,
yielded lower strains and consequently, experienced wider shear cracks compared to GG-1.8-
G150 for similar applied loads, signifying the influence of the modulus of elasticity.

CSA S6-06% suggests a strain limit of 2500 pe in FRP stirrups to limit diagonal-crack
width. For the specified strain limit, GG-1.8-G-75 produced the highest shear-load capacity
(205 kN [46080 Ibf]), followed by GG-1.8-G-100 (142 kN [31920 Ibf]) and GG-1.8-G-150
(138 kN [31020 Ibf]), respectively. Both GG-1.8-G-100 and GG-1.8-G-150 exceeded the
4000 pe limit recommended by ACI 440.1R-06%" and CSA S6-14.® This indicates the

applicability of the HM GFRP stirrups as web reinforcement for GFRP-RGC beam systems.
Geopolymer-Concrete and Longitudinal-Reinforcement Strains

Table 2 summarizes the measured peak strains in the geopolymer concrete (¢c) and in the top
(¢'rp) and bottom (errp) longitudinal reinforcements. The maximum geopolymer-concrete
strains for the GG-1.8-G beams with a reinforcement ratio of 1.66% ranged from 1,736 pe to
3,753 pe, whereas the strain at failure for GG-1.8 was just 1,400 pe. The peak strains in the
longitudinal compression bars of these beams ranged from 3,929 pe to 5,220 pe,
approximately three to four times higher than that of GG-1.8 (968 pe). Furthermore, the
strains in the bottom longitudinal reinforcement in these beams (10,016 pe to 11,746 pe) were
approximately 2.5 times higher than that of GG-1.8 (4,677 ue). These tensile strain values
were lower than the strain capacity of the bottom GFRP bars (17,300 pe). Clearly, the
provision of GFRP web reinforcement enhanced the strain resistance of each component
material. GG-1.8-S-150 yielded strains relatively comparable to that of GG-1.8-G-150. These

results seem to indicate that stirrup type and spacing have no significant effect on the peak
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strains developed in the GG short beams. GG-1.8-G-125 also developed concrete (1,607 pe),
top-bar (3,636 pe), and bottom-bar (7345 pe) strains that were relatively lower compared to
the beams with higher reinforcement ratios. In comparison to GG-1.8-G-100, GG-4.7-G-100
yielded relatively lower concrete strains (2,329 pe), much higher top-bar strains (11,710 pe),

and slightly higher bottom-bar strains (12,973 pe).

THEORETICAL PREDICTION AND ASSESSMENT

Strut-and-tie modelling (STM) is one of the most common methods used in analyzing
disturbed regions or D-regions, wherein the strain does not vary linearly through the
member’s cross sections. In this study, two STM techniques were used to predict the shear
capacity of the tested GFRP-reinforced geopolymer-short beams: the ACI 318-08° and
CSA S806-12' STMs. The former model is normally adopted for steel-reinforced-concrete
deep beams, while the latter is for FRP-reinforced-concrete deep beams. Table 3 summarizes
the STM stress limits for strut (fswut), tie (fie), and node (frode) for each design code. The ACI
318-08 STM technique depends mainly on concrete compressive strength and considers the
transverse reinforcement effect through the factor fs. It does not, however, specifically
account for the influence of the orientation, type, and amount of the web reinforcement. The
CSA S806-12 STM technique, on the other hand, is an MCFT-based approach that is
predominantly influenced by the concrete strength and the axial stiffness of the longitudinal
reinforcement. This model does not account for the influence of stirrups. For the models used
in this study, er was approximated as 0.5&frp, Since adopting a strain value of & equivalent to
efp would lead to overly conservative estimates. Figure 5 shows the single-panel STM
adopted in the study: a pin-jointed truss consisting of the compression struts and tension tie.
The variables ha and hy are depths of the bottom and top nodes, respectively, while la and Ip
are the widths of the support and loading plates, respectively. This model, coupled with the
iteration procedure suggested by Andermatt and Lubell,*® was used to calculate the shear
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capacities of the tested short beams. The parameter ha was assumed to be twice the distance
of the centroid of the reinforcement to the bottom of the beam. The inclination angle 6 and
the corresponding diagonal strut width wst were computed from Equations 3 and 4,
respectively. The equations in JSCE 2007*2 and the kinematic model proposed by Mihaylov
et al.!® for RC deep beams—shown in Table 4—were also used. Due to inherent differences
in the properties of GFRP and steel bars, some parameters were modified so that these
prediction equations could be applied in the proposed system. Furthermore, the shear
contribution of dowel action was excluded in the prediction due to the relatively low shear
strength of the GFRP bars.

Table 5 depicts the experimental-to-predicted shear capacity ratio (Vn/Va*). Among these
equations, the CSA S806-12 STM yielded the most conservative predictions (a value greater
than 1.0 indicates a conservative estimation). Employing this technique, however, may yield
largely uneconomical sections. Furthermore, this method assumes a tie strain of 0.002 for
computing the CSA efficiency factor. If a higher strain value is assumed, however, the CSA
model predictions are even more conservative. It should be noted that a strain of 0.002 is
intended to represent strain in steel reinforcement. The strains in the FRP reinforcement were
much higher than 0.002 due to the material’s lower elastic modulus. The strain in FRP bars is
typically higher than in steel reinforcement at similar stress levels, so the CSA S806-12
model does not appear suitable for the proposed system.*® The ACI 318-08 STM, in general,
gave the most accurate predictions, particularly in predicting the shear behavior of short
beams with stirrups. Mihaylov’s kinematic model also yielded nearly accurate predictions.
The ACI 318-08 STM, which does not account for the variations in the type and spacing of
transverse reinforcement, therefore seems to be the most appropriate method for predicting
the strength of the tested short beams. The JSCE-07 model, on the other hand, yielded the

most accurate prediction of the shear strength of the short beam without stirrups. As can be
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expected, all the considered equations overestimated the shear capacity of the slender beam
because these equations considered the strength enhancement due to arching action.

Table 3 - The ACI 318-08 and CSA S806-12 STM provisions

ACI 318-081° CSA S806-121t

f..=0.8541f. (1-1) foe = @ T, /(0.8+1705,)<0.85d f,  (2-1)
g =¢; +(&, +0.002)cot’ 6 (2-2)
g =0.5¢, (2-3)

froe = 0.858 f, (1-2) frose = BT, (2-4)
f.,=0.65D, f, (2-5)

where: S, = factor that accounts for the effect of anchorage ties on the effective compressive strength of the nodal zone; s = factor that
accounts for the effect of cracking and confining reinforcement ratio within the strut; @. and &; = resistance factor for concrete and FRP
reinforcement, respectively; &; = principal tensile strain crossing the strut; and ¢ = tensile tie strain crossing the concrete strut centerline

Table 4 — The JSCE-07 and kinematic-model provisions for deep beams

JSCE-07*2 Kinematic Model*?

V.=V, +V, (5-1) V.=V, +V, +V,+VY, (6-1)
V. =(B,+8,) BB fusbd /7, 62 V,=018/f;[031+2mn(a, +16)]  (62)
3, =4/1000/d <1.5 (5-3) Ve =k f,blsin* ey (6-3)
B, =423[100p, (a/d-0.75)/Jf.  (5-4) V,=pyb(dcote,—I,~15l,)f, (6-4)
B, =(1+ \/1007)/2 <15 (55) w=A, cos(a,) (6-5)
B, :5/[1+(a/d )1 (5-6) @, =tan*[d/(s,,, +15l,)] (6-6)
fog = 0.19/f, -7y A, =0.0105l, cote, (6-7)
V, =gV, (5-8) (58)  Sw =028 /p; |[25(h-d)/d]  (69)
9=-017+03(a/d)+0.33/p, <10 (59)  f,, =143f" (6-9)
V, =[ AEqe (sina+cosa)/s]z/y,  (5-10) |, =15(h—d)cota>s, (6-10)

&, =1.5A,/0.9d (6-11)

where: a4 = effective aggregate size that equals the coarse aggregate maximum size a4 for concrete strengths less than 60 MPa (8.70 ksi)
and is zero for strengths greater than 70 MPa (10.15 kasi); Ay = total area of the transverse steel or GFRP reinforcement (mm?); d, =
effective shear depth (mm); f.q = average compressive stress in the critical loading zone (MPa); fy = stress in the steel or GRRP stirrups
(MPa); f,. = effective yield strength of the bars and can be taken as the yield strength of the bars f, and not more than 500 MPa (72.52 ksi)
(MPa); k; = crack-shape coefficient; Iy = dowel length (mm); smax = Spacing of the radial cracks at the bottom section (mm); V. = shear
contribution of the aggregate interlock; Ve z = shear contribution of the critical loading zone; V4 = shear contribution of the dowel action;
w = crack width (mm); z = distance between points of action of the tensile and compressive resultant forces; equal to d/1.15 (mm); a =
angle between the stirrups and the beam longitudinal axis; o, = angle of the critical crack to the longitudinal axis of the beam at shear
failure; a; = angle of line extending from the inner edge of support plate to the far edge of the loading plate’s tributary area; 4. = vertical
displacement of the critical loading zone (mm); & = strain in the transverse reinforcement; and y, = safety factor.
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Table 5 — Experimental-shear-capacity-to-predicted-shear-capacity ratio (Vn/Vn+)

Strut-and-Tie Model

Beam JSCE-07 Kinematic Model
ACI 318-08 CSA S806-12
GG-1.8 0.667 1.176 0.997 0.711
GG-1.8-G-75 1.014 2.048 1.402 0.854
GG-1.8-G-100 1.082 2.184 1.567 0.988
GG-1.8-G-125 0.864 1.744 1.295 0.830
GG-1.8-G-150 1.058 2.136 1.629 1.055
GG-1.8-5-150 1.054 2.128 1.623 1.051
GG-4.7-G-100 0.483 0.976 0.700 0.482
Average (a/d=1.8) 0.957 1.903 1.419 0.915
STD (a/d=1.8) 0.162 0.390 0.246 0.151
0=tan*[a/(h—h,/12-h /2)] )

w, =min[l,sin@+h, cos@;, sind+h cosg]  (4)
a. truss model b. node and strut dimension

Fig. 5 — Strut-and-tie model adopted in this study.

COMPARISON WITH FRP-RC DEEP/SHORT BEAMS

Figure 6 shows the average normalized shear strength (vn) of the tested GFRP-RGC short
beams and the published results on FRP-RC deep/short beams with (right) and without (left)
transverse reinforcement. The normalized value was obtained by dividing the ultimate shear
load Vn (N) with the square root of f’c (MPa), b (mm), and d (mm). The considered FRP-RC
beams®12%:3041-49 had f°¢, b, d, pr, pwv, and a/d ranging from 22.9 MPa (3.32 ksi) to 74.2 MPa
(10.76 ksi), 150 mm (5.91 in.) to 310 mm (12.20 in.), 225 mm (8.86 in.) to 891 mm (35.08
in.) 0.38% to 1.90%, 0.35% to 1.48%, and 1.44 to 2.50, respectively. Furthermore, all these
beams exhibited a shear failure. From the figure, it is apparent that the tested short beams

generally outperformed the FRP-RC deep beams with and without transverse reinforcement,
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thereby suggesting the suitability of the proposed system for the fabrication of structural deep

beams.
Current Study ) Current Study T
Kimetal.*!  pzzzzE— Alsayed *
Andermatt & Lubell 3 Alsayed et al. *
El-Sayed et al. 38 s Duranovic et al.
Alam & Hussein 42 [z Maruyama & Zhao M
Alametal 43  [zzzE4 Vijay et al. 30 SIS 5
Razaqpur & Spadeal’ |z Zhaoetal. ®
Vijay etal. 3 [zzm Okamoto et al.®® [ —
Nagasaka et al. 2 T Nagasaka et al. B
0 01 02 03 04 05 00 02 04 06 08 1.0
Vi Vi
a. without stirrups b. with stirrups

Fig. 6 — Normalized shear strength of GFRP-RGC and FRP-RC deep/short beams.

CONCLUSIONS

This study investigated the shear performance of GFRP-reinforced geopolymer-concrete
(GFRP-RGC) beams using the four-point static-bending test. From the experimental results,
the following conclusions can be made:

1. The use of GFRP stirrups enhanced the shear strength of the GFRP-RGC beams with
a a/d of 1.8 by approximately 200%, owing to the stirrups’ contribution to vertical
shear resistance and a clamping effect that enhanced the geopolymer-concrete’s
contribution to shear resistance. Furthermore, the shear-crack width also decreased
with the use of web reinforcement.

2. The spacing of the GFRP stirrups had some effect on the initiation of shear cracking
in the GFRP-RGC beams with a a/d of 1.8. The shear crack initiated at a higher load
in beams with stirrups at narrower spacing. Similarly, lower strains were recorded in
stirrups at narrower spacing at similar applied loads, suggesting the shear contribution

of GFRP stirrups before final failure.
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. The shear-crack width decreased as the amount of web reinforcement increased. This

could be due to the lower effective concrete area needed to be controlled by a stirrup
in terms of the development of shear-crack width, thereby resulting in a higher bond
adhesion between the stirrup and the surrounding geopolymer concrete.

. The use of web reinforcement in excess of 0.48% did not enhance the shear strength
of the GFRP-RGC beams with a a/d of 1.8. Similar phenomenon was also reported for
the FRP-RC deep beams. Further studies, however, should be conducted to validate
this generalization and to determine the possible range of a/d and the corresponding
minimum amount of web reinforcement that could be adopted for the proposed
system.

. The shear-crack width of the short beams with GFRP stirrups was greater than that of
the beam with steel stirrups, owing to the lower elastic modulus of GFRP bars
compared to the steel bars.

. The tested short and slender beams failed in a brittle manner, owing to the brittle
nature of GFRP bars and geopolymer concrete. Hence, for future studies, it is
recommended to use hybrid GFRP-steel longitudinal reinforcement to enhance beam
ductility while, at the same time, maintaining beam durability properties.

Increasing the reinforcement ratio by 11% (from 1.50% to 1.66%) increased the load-
carrying capacity by an average of 22%. This could be due to the enhancement of the
diagonal strut strength—the governing failure—which increased the transferred shear
forces through arch action.

. The short beams yielded higher shear strength compared to the slender beam, owing
to the strength enhancing effects of arching action in short beams.

. Since the beam with GFRP stirrups yielded similar shear strength and deflection

capacity, including an analogous load—deflection response, compared to the beam
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with steel stirrups, the transverse reinforcement type was not a factor in an arch-action
mechanism or, ultimately, in the shear strength of the GFRP-RGC short beams.
Hence, it can be asserted that the GFRP stirrups could be a viable substitute for steel
stirrups as web reinforcement for GFRP-RGC beams.

10. Among the design equations employed in the study, the CSA S806-12 STM gave the
most conservative estimates of the shear capacity of the GFRP-RGC short beams,
while the ACI 318-08 STM yielded the most accurate predictions.

11. The average normalized shear capacity of the tested GFRP-RGC short beams was
higher than that of the FRP-RC deep beams, suggesting the suitability of the proposed

system for the fabrication of structural deep/short beam members.
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3.5. Paper V: Behavior of concentrically loaded geopolymer concrete columns
reinforced longitudinally and transversely with GFRP bars
This paper presents the investigation of the behaviour of concentrically loaded geopolymer-
concrete circular columns reinforced longitudinally and transversely with GFRP bars. In
addition to the materials properties specified in section “2.1 Materials” of Paper V, the typical
stress-strain curve of the geopolymer concrete, labelled as Figure 3 in section “2.1.2
Geopolymer Concrete” of Paper V, is provided in Figure B.4 of Appendix B of the thesis.
The columns tested in this study are large-scale specimens to simulate the behaviour of actual
structure and fabricated based on maximum clearance and capacity limitations of the testing
equipment. Nonetheless, testing these specimens allowed the thorough evaluation of several
critical test parameters that affects the behaviour of concrete columns such as the contribution
of stirrup, stirrup spacing, stirrup type, and slenderness ratio. Currently, there is no design
guidelines that specify the minimum and maximum spacing of FRP ties for FRP-reinforced
concrete (FRP-RC) columns. Hence, aside from 50 mm spacing, a spiral pitch of 100 mm was
adopted in this paper for comparison purposes. This spacing was higher than the maximum
clear spacing limit specified by ACI 318-08 in Section 7.10.4.3 for RC spiral column (clear
spacing=76.2 mm (3 inches)), but, was more conservative compared to the ACI and AS limits
for conventional RC tied column (e.g. 16 times bar diameter=254.4 mm (ACI 318) or 15 times
bar diameter=238.5mm (AS 3600)), 48 times lateral tie diameter=456 mm, and the least

column dimension=250 mm).

From the experimental results, the provision of closely spaced GFRP ties or spiral enhanced
both the strength and ductility of the unconfined columns. The confinement effect of GFRP
spirals, however, was more effective than that of the GFRP ties, owing to the continuous nature
of spirals that evenly distributed the stresses along and around the concrete core. A notable
observation from the paper is that the column with spiral pitch of 100 mm yielded almost
similar compression capacity and stiffness as the column with spiral of 50 mm, suggesting the
suitability of spiral pitch of 100 mm for adoption in the GFRP-RGC column. In addition, the
longitudinal GFRP bars provided a notable compression contribution. However, these bars
exhibited a plateau behaviour due to the local buckling after the spalling of the concrete cover.
Finally, the results obtained from this paper suggested that the GFRP-RGC system could be
adopted as compression members, particularly when corrosion resistance, material greenness,

durability, and sustainability are sought.
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ABSTRACT

The behavior of concentrically loaded geopolymer-concrete circular columns reinforced longitudinally
and transversely with glass—fiber-reinforced-polymer (GFRP) bars was investigated. Six full-scale short
columns (L/r = 8) were cast: one column without transverse reinforcement; three columns with circular
hoops spaced at 50 mm, 100 mm, and 200 mm on centers; and two columns with spirals spaced at
50 mm and 100 mm on centers. In addition, two slender columns (L/r = 16) transversely reinforced with
hoops and spirals both spaced at 100 mm on centers were fabricated. Based on the experimental results,
the GFRP bars contributed an average of 7.6% to the overall capacity of the tested columns. The hoop- and
spiral-confined slender columns failed at a load equal to 66% and 82%, respectively, of the strength of
their counterpart short columns. Irrespective of the tie configuration, the columns with higher volumetric
ratios showed better compressive behavior than those with lower volumetric ratios. The ductility and
confinement efficiency of the spiral-confined columns were higher than that of their counterpart
hoop-confined columns. The tested columns yielded relatively superior compression performance com-
pared to OPC-based concrete columns reinforced with GFRP bars and ties. Further studies dealing with
the behavior and slenderness limit in GFRP-reinforced geopolymer concrete slender columns are recom-
mended to increase its uptake in the construction industry.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fiber-reinforced-polymer (FRP) bars and geopolymer concrete
have been increasingly used in the construction industry because
of their many advantageous properties. Aside from being innately
corrosion resistant, FRP bars are lightweight (20-25% of steel’s
density), have superior tensile strength (two to three times that
of steel’s yield strength), have high fatigue endurance, and are elec-
tromagnetically neutral [1-3], making them suitable as internal
reinforcement for concrete structures. Geopolymer concrete, on
the other hand, is a “green” material because it utilizes a geopoly-
mer binder, rather than cement binder, that can be manufactured
by the reaction of an alkaline liquid - normally a mixture of
sodium silicate and sodium hydroxide solution — with industrial
waste materials that are rich in silica and alumina, like fly ash
(FA) and blast-furnace slag (BFS) [4,5]. Davidovits [6] coined the
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E-mail addresses: ginghis.maranan@usq.edu.au (G.B. Maranan), allan.manalo@ usq.
edu.au (A.C. Manalo), Brahim.Benmokrane@USherbrooke.ca (B. Benmokrane), karu.
karunasena@usq.edu.au (W. Karunasena), pamendis@unimelb.edu.au (P. Mendis).

http://dx.doi.org/10.1016/j.engstruct.2016.03.036
0141-0296/© 2016 Elsevier Ltd. All rights reserved.

generic term “geopolymer” because the chemical reaction taking
place is a geopolymerization process wherein a large amount of
amorphous alumino-silicate oxides reacts with alkali polysilicates
yielding a polymeric Si-O-Al bonds. Geopolymers are intrinsically
fire and chemical resistant, have excellent thermal stability, and
exhibit low shrinkage and creep, owing to their inorganic frame-
work [7]. Furthermore, a number of studies have shown that
geopolymer concrete has mechanical properties that are either
comparable or superior to that of normal concrete of the same
grade [8-10]. While there are significant studies on the flexural
and shear behavior of FRP-reinforced concrete (FRP-RC) [11-19],
steel-reinforced geopolymer-concrete (S-RGC) [20-25] systems,
and FRP-reinforced geopolymer concrete (FRP-RGC) [26,27],
relatively few studies are available that deal with the behavior of
compression members comprised of these systems [28]. In fact,
among the current design guidelines and codes of practice for
FRP-RC systems, only the Japan Society of Civil Engineers (JSCE)
has established a design procedure for FRP-RC columns [29]. The
ACI 440.1R-06 [30] does not recommend the use of FRP bars in
columns while the CSA S806-12 [31] ignores the compression con-
tribution of FRP bars, owing to their low compression contribution.
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Nomenclature

Ap nominal area of the GFRP bars (mm?)

Ar total area of the longitudinal GFRP reinforcement (mm?)

Ag gross cross-sectional area of the column (mm?)

A cross-sectional area of the transverse reinforcement
(mm?)

D column diameter (mm)

D, concrete-core diameter delineated by the outside diam-
eter of hoops or spirals (mm)

E. modulus of elasticity of the concrete (MPa)

Er tension modulus of the GFRP bars (MPa)

Ef compression modulus of the GFRP bars (MPa)

Esec tangent modulus of elasticity of the concrete (MPa)

El flexural stiffness of the reinforced-concrete column

fru tensile strength of the GFRP bars (MPa)

fa ultimate compressive stress in the GFRP bars (MPa)

" concrete compressive strength (MPa)

fed confined-column compressive strength (MPa)

fed unconfined-column in-place compressive strength,
0.9f¢ (MPa)

ficrrp maximum confinement pressure

e moment of inertia of reinforcement about members’
centroidal axis (mm®*)

k effective length factor

Kkq efficiency factor that accounts for the geometry of the
section, taken as 1.0 for circular sections

ke efficiency factor that accounts for the premature failure
of the FRP system

L column height (mm)

L/r slenderness ratio

Ly unsupported length of GFRP bars (mm)

m parameter that controls the initial slope and curvature
of the ascending branch

n number of longitudinal bars

P. concrete core capacity (N, kN)

Py compression contribution of GFRP bars at P, load level
(N, kN)

Py compression contribution of GFRP bars at P, load level
(N, kN)

Py gross capacity of the column (N, kN)

P, nominal capacity of the column (N, kN)

Ppeak peak capacity of the column (N, kN)

r radius of gyration (mm)

Iy radius of gyration of GFRP bars (mm)

S circular hoop spacing or spiral pitch on-center (mm)

o compressive-strength reduction of the GFRP bar as a
function of its tensile strength

Ba concrete creep factor (assumed equivalent to 1.0 in this
study)

A deformation at P. load level (mm)

Ag deformation at Pg load level (mm)

Aq displacement that corresponds to the limit of the elastic
behavior (mm)

Ags displacement that corresponds to 85% of maximum load
(mm)

& axial strain in geopolymer concrete (pe)

Ecc axial strain in confined geopolymer concrete at f./ (LL€)

€o0s0cc  axial strain in confined geopolymer concrete at 0.50f,/

(pe) in the descending branch of the stress-strain model

€o08scc  axial strain in confined geopolymer concrete at 0.85f,/
(pe) in the descending branch of the stress-strain model

Ecg average axial concrete strain at Py load level (pe)

&cg-ave  average of e (E)

Eco axial strain in unconfined geopolymer concrete corre-
sponding to fo,’ (LLE)

&r ultimate tensile strain of the GFRP bars

& average strain in the longitudinal GFRP bars at P, load
level (pLe)

&g average strain in the longitudinal GFRP bars at P, load
level (pg)

gg-ave  average of gg (LE)

g average tie strain at Pg load level (pe)

Efic average tie strain at P. load level (p.g)

Eftce tie strain at f./ (p€)

&t ultimate tensile strain of the transverse reinforcement
(pe)

Vb safety factor

u ductility index

of nominal diameter of the GFRP bars (mm)

oF longitudinal reinforcement ratio

P transverse reinforcement volumetric ratio

Moreover, design guidelines for S-RGC systems have yet to be
established.

The strength and stiffness of glass-FRP (GFRP) bars in compres-
sion, based on earlier research [32-35], ranged from 30% to 70%
and from 77% to 100%, respectively, of the tension values. Para-
manantham [36] tested fourteen 200 x 200 x 1800 mm GFRP-
reinforced beam columns and stated that the GFRP bar was
stressed to up to 20-30% of its ultimate strength when subjected
to pure compression. Based on fifteen 450 x 250 x 1200 mm col-
umns, Alsayed et al. [37] reported that, irrespective of the tie type
(steel or GFRP), replacing the longitudinal steel bars with an equal
amount of GFRP bars reduced column capacity by 13%. The results
of the experimental investigation conducted by De Luca et al. [29]
and Tobbi et al. [38] on a number of square columns reinforced
with GRFP bars and ties revealed that the longitudinal GFRP bars
contributed 5-10% of column capacity. The series of studies con-
ducted by Tobbi et al. [38-40] on a number of 350 x 350 mm con-
crete columns with GFRP bars and ties showed that (1) the GFRP
bars could be used in compression members provided that there
is sufficient confinement to eliminate bar buckling; (2) GFRP ties

are effective in increasing the strength, toughness, and ductility
of the confined concrete core; and (3) the strength-reduction factor
of 0.85 and the equations used for conventional RC columns can be
adopted for GFRP-RC columns with some modifications to account
for the different mechanical properties of GFRP bars compared to
steel bars. Pantelides et al. [28] tested two circular columns with
internal GFRP spirals and vertical reinforcement under axial com-
pressive loading to failure. The test results indicated that these col-
umns achieved 84% of the axial load capacity of the all-steel
control column. Afifi et al. [41] and Mohamed et al. [42] investi-
gated the axial capacity of circular columns reinforced with GFRP
bars and ties. Their study indicated that concrete columns rein-
forced with GFRP and steel bars behaved similarly, although the
axial capacities of the GFRP-RC columns were, on the average,
7.0% lower than their counterpart steel-RC columns. Moreover,
the experimental findings showed that GFRP hoops and spirals
enhanced the ductility and effectively confined the concrete core
in the post-peak stages. In conclusion, the research work cited indi-
cates the suitability of concrete columns longitudinally and trans-
versely reinforced with GFRP bars.
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Some researchers have investigated the applicability of
geopolymer concrete for reinforced columns. Sumajouw et al.
[43,44] tested 12 slender fly-ash-based, geopolymer-concrete col-
umns reinforced with steel bars. Their results showed that the col-
umn capacity increased when the longitudinal reinforcement and
concrete compressive strength increased. Furthermore, they stated
that the current design provisions for conventional concrete could
be adopted for geopolymer concrete. Sarker [45] analyzed the
behavior of geopolymer-concrete columns reinforced with steel
bars. He recommended that the analytical method for conventional
concrete columns could be used for geopolymer-concrete columns
with the appropriate stress—strain relationship of geopolymer con-
crete. Sujatha et al. [46] tested a total of 12 slender geopolymer-
concrete column specimens reinforced with M30 and M60 grade
bars. The results showed that the geopolymer-concrete columns
behaved similarly to OPC columns regardless of the concrete grade,
with the geopolymer concrete yielding higher load and deflection
capacities and more ductile behavior than OPC.

The studies cited above demonstrate that FRP bars and geopoly-
mer concrete are suitable materials for compression members.
Moreover, combining them would yield a more durable and more
sustainable structural member with adequate strength and struc-
tural integrity. As of this writing, however, there have been only
two studies that dealt with the bond behavior of FRP bars in
geopolymer concrete [47,48], two research works about the struc-
tural behavior of FRP-RGC beams [26,27], and none about compres-
sion members. Thus, gaining an understanding of their structural
performance is very important. This study investigated the com-
pression behavior of geopolymer-concrete columns longitudinally
and transversely reinforced with GFRP bars. The parameters con-
sidered were tie configuration (hoops and spirals), tie spacing,
and slenderness ratio.

2. Experimental program
2.1. Materials

2.1.1. Longitudinal and transverse reinforcement

No. 5 high-modulus (HM) GFRP bars (CSA S807-10 [49]) with a
nominal diameter of 15.9 mm (Fig. 1) were used to reinforce the
circular column specimens in the longitudinal direction. No. 3
HM GFRP spirals and circular hoops with a nominal diameter of
9.5 mm (Fig. 2) were used to reinforce the corresponding columns
transversely. These two types of lateral reinforcement are most
commonly adopted for circular columns, and are the only currently

Fig. 1. 15.9 mm GFRP bars.

available types of lateral FRP reinforcement in the market. The
transverse reinforcement had an inner diameter of 180 mm. The
hoops had an overlap length of 80 mm. The GFRP reinforcement
was manufactured by pultruding E-glass fibers impregnated with
modified vinyl-ester resin and had a sand-coated surface to
enhance the bond and force transfer between the bars and the
geopolymer concrete. Table 1 provides the mechanical properties
of the reinforcement as reported by the manufacturer. The tensile
properties of the bars were determined in accordance with the B.2
test method in ACI 440.3R-12 [50]. The tensile strength f;, and elas-
tic modulus Er were calculated using the nominal cross-sectional
area A,. Currently, there is no standard method for determining
the compressive strength of FRP bars since it is complicated due
to the occurrence of fiber micro-buckling. Nevertheless, this study
utilized five 15.9 mm GFRP bars, with a length of 50 mm, that were
cut as flat as possible and were subjected to axial loads. Based on
the test, the average compressive strength of the GFRP bars was
612.5 MPa, which was 51.7% of the bars’ tensile strength. This
strength ratio was comparable to that proposed by Deitz et al.
[33] (50%), but was higher than that stated by Kobayashi and Fuji-
saki [34] (30-40%) for GFRP bars. In addition, this study assumed
that the GFRP bars’ elastic modulus in compression was similar
to its elastic modulus in tension and that the tension and compres-
sion behavior of GFRP bars was linearly elastic up to failure. These
assumptions were also reported by the previous researchers.

2.1.2. Geopolymer concrete

A commercially produced geopolymer concrete with a propri-
etary mixture consisting of fine and medium sands, 10 and
20 mm coarse aggregates, plasticizer, water, and a geopolymer bin-
der resulting from the alkali activation of two industrial waste
materials - class F fly ash (FA) and ground granulated blast-
furnace slag (BFS) - were used to fabricate the column specimens.
All the geopolymer concrete cylinders and column specimens were
cured in an ambient condition. Fig. 3 shows the typical stress—
strain curve of the geopolymer concrete with a 28-day compressive
strength f/ and modulus of elasticity E. of 38 MPa and 33 GPa,
respectively, as determined in accordance with ASTM C39/C39M-
15a [51]. The average slump and setting time of the geopolymer
concrete, following the ASTM C143/C143M-15 [52] and ASTM
C807-13 [53], respectively, were 150 mm and 90 min, respectively.
The unique feature of this geopolymer concrete is that the entire
constituent materials can be mixed in a truck bowl and remain
completely dormant until the activator chemicals are added [54].
The other mechanical properties of the geopolymer concrete were
reported by Maranan et al. [26] and Aldred and Day [54].

2.2. Test specimens

Eight full-scale GFRP-RGC columns were cast and tested. One
short column was fabricated without transverse reinforcement in
the test region, which served as the control specimen. Three short
columns reinforced with circular hoops uniformly spaced at 50,
100, and 200 mm on centers and two short columns reinforced
with spirals spaced at 50 and 100 mm on centers were fabricated
to investigate the influence of tie spacing and configuration. The
specimen with spirals at 200 mm on centers was not considered
in this study because this spacing caused the GFRP bars to buckle
inward, yielding an almost hourglass-shaped reinforcement cage.
In addition, two slender columns reinforced with circular hoops
and spirals spaced at 100 mm on centers were produced to
examine the slenderness effect. The short and slender columns
had total heights (L) of 1.0 m and 2.0 m, respectively, yielding slen-
derness ratios (L/r) of 8 and 16, respectively. The L/r of 16 was prac-
tically equivalent to the slenderness limit of 17.2 suggested by
Mirmiran [55], Mirmiran et al. [56], and Zadeh and Nanni [57]
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(a) Circular hoops

(b) Spirals

Fig. 2. 9.5 mm GFRP ties.

Table 1

Mechanical properties of the reinforcement.
Bar ¢ (mm) Ap (mm?) fr* (MPa) E; (GPa) & (%)
No. 3 9.5 71.3 1372 65.1+2.5 2.11
No. 5 15.9 197.9 1184 62.6+2.5 1.89

2 Guaranteed tensile strength: average value - 3x standard deviation (ACI
440.3R-12 [42]).

for GFRP-reinforced concrete columns. Fig. 3 presents the specific
details and configurations of the tested GFRP-RGC columns. All of
the columns had a diameter of 250 mm and were reinforced with
similar amounts of longitudinal reinforcement, consisting of six
15.9 mm GFRP bars, equivalent to 2.43% of the column’s gross
cross-sectional area (A,). The column height was divided into a
middle test region of 2L/3 and two end regions of L/6. The columns’
end regions were strengthened with ties spaced at 50 mm on cen-
ters to make sure that failure occurred in the test region. Fig. 4
shows the actual configuration of the GFRP reinforcement cages.
Fig. 5, on the other hand, shows the wooden framework and the
plastic-tube formwork with cast column specimens.

Table 2 depicts the column specimen identification and the test
matrix. The columns were labelled as follows: GGC-L/r-H(S)##.
The first three letters (GGC) stand for “GFRP-reinforced
geopolymer-concrete column” followed by the corresponding L/r.
The next letter represents the type of transverse reinforcement:
H for circular hoops and S for spirals. The ## sign represents the

hoop center-to-center spacing or the spiral pitch in millimeters.
For example, the specimen identified as GGC-8-H50 is a GFRP-
reinforced geopolymer-concrete column with a L/r of 8 and trans-
versely reinforced with 9.5 mm circular GFRP hoops spaced at
50 mm on centers. The specimen labelled as GGC-8-S50, on the
other hand, is a GFRP-reinforced geopolymer-concrete column
with a L/r of 8 and transversely reinforced with 9.5 mm GFRP
spirals with a pitch of 50 mm on centers.

2.3. Test program and instrumentation

Fig. 6 shows the test setup and instrumentation employed to
investigate the compression behavior of the GFRP-RGC column
specimens. The columns were supported at both ends with two
pairs of 10 mm thick steel collars/clamps, with an inner radius of
127 mm, to confine the top and bottom of the columns to prevent
end crushing, thereby ensuring failure at the test region. Three-
millimeter-thick neoprene rubber were also provided to fill the
gaps between the clamps and specimens, thereby ensuring that
the end regions were properly confined. The top and bottom ends
were smoothened and levelled evenly during the casting process
and were provided with 3 mm thick neoprene rubber during test-
ing to ensure uniform distribution of the applied load across the
cross section. Furthermore, chicken wire was placed around the
column specimens for safety purposes.

Fig. 3 provides the location of the electrical strain gauges. Three
strain gauges were mounted onto three longitudinal bars to

Fig. 3. Details and configuration of the column specimens.
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(a) for short columns

(b) for slender columns

Fig. 4. Configuration of the GFRP reinforcement cages.

Fig. 5. Wooden framework and plastic formworks with cast column specimens.

capture their compression contribution. Another three strain
gauges were attached to the geopolymer concrete to measure the
concrete strain; the strain gauges were positioned/aligned with
the strain gauges on the bars. Four strain gauges set 90° apart were

also used to capture the strains in the transverse reinforcement. All
the strain gauges were positioned at mid-height of the test region.
Two laser displacement sensors (LDSs) set 90° apart were used to
record the columns’ lateral deformations and/or lateral deflections.
The columns were subjected to monotonically increasing axial con-
centric loads and were loaded to failure in displacement control
with a hydraulic jack to allow for the observation of both the
pre- and post-peak behavior. The magnitude of the applied loads
was measured with a 3000 kN capacity load cell, whereas the cor-
responding deformations were measured with a string pot. The
strain, load, and deflection readings were recorded with a data log-
ger attached to the machine, while the failure modes were docu-
mented with a video recorder.

3. Experimental results
3.1. Load-deformation response

Fig. 7 shows the relationships between the axial load and the
deformation of the tested columns. The load-deformation of the
unconfined short column (GGC-8-00) consisted only of a relatively
linear ascending segment, with a stiffness of 301 kN/mm, up until
the peak load level, denoted as Pg in this study. P, represents the
gross capacity of the geopolymer-concrete column or the column’s
capacity before concrete cover spalling. After exceeding P,, the col-
umn failed suddenly and did not show any post-peak behavior.

The load-deformation responses of GGC-8-H50, GGC-8-H100,
GGC-8-S50, and GGC-8-S100 can be divided into three phases.
The first phase was comparable to that of GGC-8-00, a relatively
linear load-deformation relationship with an average stiffness of
318 kN/mm. This can be expected since, at this stage, the columns’
behavior was governed predominantly by the geopolymer con-
crete’s compressive properties with little or no significant contri-
bution from the GFRP ties. Furthermore, to activate the passive

Table 2

Specimen identification and test matrix.
Column D (mm) D (mm) p5 (%) s (mm) Pre (%) Lir Type
GGC-8-00 250 200 243 - - 8 -
GGC-8-H50 250 200 243 50 3.13 8 Hoops
GGC-8-H100 250 200 243 100 1.57 8 Hoops
GGC-8-H200 250 200 243 200 0.78 8 Hoops
GGC-8-S50 250 200 243 50 3.13 8 Spirals
GGC-8-S100 250 200 243 100 1.57 8 Spirals
GGC-16-H100 250 200 2.43 100 1.57 16 Hoops
GGC-16-5100 250 200 243 100 1.57 16 Spirals
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(a) Schematic Diagram

(b) Actual

Fig. 6. Test set-up.
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Fig. 7. Load-deformation response of the specimens.

confinement of the GFRP ties, a higher magnitude of applied loads
was needed due to the low elastic-modulus characteristics of these
ties. Upon exceeding a load level approximately equivalent to GGC-
8-00’s Py, micro-cracks were formed causing the lateral expansion
of the geopolymer concrete that subsequently yielded vertical
hairline cracks on the concrete surface. At this stage, the passive
confinement of the lateral reinforcement was marginally activated.
A short nonlinear segment with reduced slope occurred prior to P
owing to simultaneous crushing and cracking of the geopolymer
concrete. Right after exceeding P,, the concrete cover began to
spall, producing a short descending branch that represents the sec-
ond phase response of the columns. These columns, except GGC-8-
H200, continued to sustain additional loads owing to the still-
intact concrete core confined by lateral ties as represented by
ascending or descending lines, depending on the amount of trans-
verse reinforcement. This behavior represents the third phase
response. A second peak load P. was recorded that corresponds
to the maximum load capacity of the confined geopolymer-
concrete core. This load level also marks the initiation of
geopolymer-concrete core crushing failure. The load-deformation

response of GGC-8-H200, on the other hand, consisted only of
two phases: a linear load-deformation response and a short
descending branch.

GGC-16-H100 and GGC-16-S100 columns yielded similar initial
linear load-deformation curves, although their initial stiffness
(221 kN/mm) was lower compared to the GGC-8 columns. This is
expected since the axial stiffness is inversely proportional to the
height of the column. These columns also showed more noticeable
nonlinear behavior and stiffness degradation before reaching their
P; compared to their counterpart GGC-8 columns.

3.2. Failure mode

Fig. 8 shows the post-failure overview of the tested columns,
while Fig. 9 displays the specific failure of each material. As can
be expected, the specimens failed by either crushing failure or
buckling failure depending upon the slenderness ratio, suggesting
the effectiveness of the design and construction procedure
employed in the study. Right after reaching P;, GGC-8-00 failed
suddenly through the simultaneous crushing of the geopolymer
concrete and global buckling of the GFRP bars (Fig. 9a). The col-
umns failed in a brittle manner accompanied with an explosive
sound. A well-formed cone on both ends (Fig. 8a) characterized
GGC-8-00’s post-failure configuration.

The failure of GGC-8-H200 commenced with the formation of
vertical hairline cracks at an applied load approximately equiva-
lent to GGC-8-00's P,. Since the columns had poor confinement,
the longitudinal bars started to deflect laterally that contributed
further to the splitting of the geopolymer-concrete cover. Upon
reaching its Pg simultaneous crushing of the geopolymer-
concrete core and buckling of the longitudinal bars occurred.
Concrete-cover spalling and concrete shearing outward along the
inclined plane (Fig. 8d) typified GGC-8-H200’s failure, with rela-
tively more intact geopolymer-concrete core compared to GGC-8-
00, owing to the presence of circular ties.
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() GGC-8-00  (b) GGC-8-H50  (c) GGC-8-H100  (d) GGC-8-H200

(e) GGC-8-S50 () GGC-8-S100  (g) GGC-8-H100  (h) GGC-8-S100

Fig. 8. Overview of the column specimens after failure.

(a) GFRP bars’ global
buckling

(b) Vertical cracks formation and
geopolymer concrete cover
spalling

(c) GFRP bars’ kinking and
delamination, geopolymer concrete core
crushing, and circular hoops’ lap splice

(d) GFRP bars’ kinking and delamination,
geopolymer concrete core crushing, and
spiral rupture

joint failure

Fig. 9. Different failure mode configurations of the column specimens.

GGC-8-H50 (Fig. 8b), GGC-8-H100 (Fig. 8c), GGC-8-S50 (Fig. 8e),
and GGC-8-S100 (Fig. 8f), on the other hand, failed in a relatively
ductile and more complex manner compared to the other columns.
The failure can be described, generally, as the sequential occur-
rence of the following mechanism. The concentric compression
load induced longitudinal strains that yielded transverse tensile
strains due to Poisson’s effect. At higher load levels, the axial
strains and Poisson’s effect increased, thereby increasing the
geopolymer concrete’s lateral strain, which consequently induced
the formation of vertical columnar hairline cracks on the concrete
surface. These cracks progressively widened and increased in num-
ber prior to Pg, as shown in Fig. 8b. More but narrower cracks were
formed with increasing amounts of transverse reinforcement. After
the concrete cover spalled, the geopolymer-concrete core under-
went significant cracking, followed by the lateral expansion of
the core, again, due to Poisson’s effect. The longitudinal GFRP bars,
on the other hand, started to kink and to delaminate due to the clo-
sely spaced ties preventing the bar lateral movement (Fig. 9c).
These events were subsequently followed by GFRP-bar rupture,
geopolymer-concrete core crushing, and lap-splice joint failure of
the GFRP hoops (Fig. 9c) or rupture of the GFRP spirals (Fig. 9d),
specifically at the intersection of the longitudinal and transverse
reinforcement.

GGC-16-H50 (Fig. 8g) and GGC-16-S50 (Fig. 8f) underwent
cracking and crushing mechanisms similar to that of their counter-
part short columns before reaching ultimate failure. The failure of
these columns, however, was governed by column buckling and
not by the crushing or shear failure of the concrete, as shown by
post-failure curvature/shape of the specimens.

3.3. Strength and deformation capacity

Table 3 summarizes the gross concrete and concrete-core load
capacities (Pg and P, respectively) of the tested columns. The P

Table 3

Peak loads and the corresponding deformations.
Column Pg (kN) P (kN) Ag(mm) Ac(mm) Pg (kN) Pr (kN)
GGC-8-00 1772 - 7.2 - 123 -
GGC-8-H50 1791 1872 8.6 121 188 451
GGC-8-H100 1981 1763 5.6 6.9 133 444
GGC-8-H200 1988 - 7.3 - 134 -
GGC-8-S50 1838 2160 8.0 19.7 158 645
GGC-8-S100 2063 1717 7.2 11.4 147 587
GGC-16- 1624 - 11.1 - 107 -

H100

GGC-16-S100 1208 - 104 - 143 -
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of GGC-8-00 was 1772 kN. The geopolymer concrete’s strength was
calculated by subtracting the compression contribution of the
GFRP bars from this load and then dividing the remaining load
by the difference between the geopolymer concrete’s gross area
and total bar area ((Pg—Pg)/(Ag—Af)). The resulting strength was
equivalent to 34.42 MPa, which was approximately 90% of the
average compressive strength of the standard geopolymer-
concrete cylinders used in the study. Interestingly, this ratio was
higher than the commonly used value of 85% for estimating the
theoretical capacity of ordinary-concrete column sections, which
tends to support Maranan et al.’s [26] conclusion that geopolymer
concrete has better mechanical properties than ordinary Portland-
cement concrete of the same grade such as higher elastic modulus
(leading to its better compatibility with GFRP bars compared to
normal concrete), greater ultimate compressive strain (approxi-
mately 4500 pe), and larger tensile strength. The use of lateral ties,
however, increased the Pz of GGC-8-00. GGC-8-H50, GGC-8-H100,
and GGC-8-H200 yielded P; values of 1791 kN, 1981 kN, and
1988 kN, respectively, which translated into strength increases of
1%, 12%, and 12%, respectively. Similarly, the P, of GGC-8-S50
(1838 kN) and GGC-8-S100 (2063 kN) increased by 4% and 16%,
respectively. As mentioned earlier, this enhancement could be
attributed to the activation of the lateral confining pressures of
the circular hoops or spirals right after a load level approximately
equivalent to GGC-8-00's P, had been achieved. The P, of GGC-8-
H50 and GGC-8-S50 were relatively low compared to the columns
with lower volumetric ratios. Given that the P, was mainly depen-
dent on the geopolymer concrete, this result could be due to the
presence of closely spaced ties that caused discontinuity of the
geopolymer concrete between the cover and core, making the
column more susceptible to early concrete-cover spalling. Only
GGC-8-H50, GGC-8-H100, GGC-8-S50, and GGC-8-5100, however,
yielded P. of 1872 kN, 1763 kN, 2160 kN, and 1691 kN, respec-
tively, which were 105%, 89%, 118% and 82% of their respective
P;. As can be expected, the well-confined columns (GGC-8-H50
and GGC-8-H100) yielded P, that were higher than their P,. The
columns with spiral reinforcement, in general, produced higher
Pg and P. compared to their counterpart circular-tie-reinforced col-
umns. GGC-16-H100 and GGC-16-S100, on the other hand, reached
Pg of 1624 kN and 1208 kN, respectively, which were just 90% and
64%, respectively, of that of GGC-8-H100 and GGC-8-S100, respec-
tively. This result could be expected since these columns failed due
to buckling, a geometric type of failure, and not by compressive or
shear failure.

Table 3 summarizes the GFRP bars’ compression contribution at
Pg load level (Pg), which was determined by multiplying the mea-
sured average longitudinal bar strain (&) with the total nominal
area (Ay) and elastic modulus (Ey) of the GFRP bars. Py, represents
the maximum compression contribution of the GFRP bars since
the bars yielded an almost plateau behavior right after reaching
this load level. The control specimen GGC-8-00 yielded the lowest
P of 123 kN, while those with lateral ties obtained Py, ranging
from 133 kN to 188 kN. The columns with widely spaced lateral
ties (GGC-8-H100, GGC-8-H200, and GGC-8-S100) yielded an aver-
age P[Py of 6.9%, which was similar to GGC-8-00, whereas those
with closely spaced lateral ties (GGC-8-H50 and GGC-8-S50) pro-
duced higher Pg/P; than GGC-8-00, with an average of 9.5%. The
Py of GGC-16-H100 and GGC-16-S100 were 107 kN and 143 kN,
respectively, which is generally lower than their counterpart
GGC-8 columns. Nevertheless, it can be generalized from these
results that the longitudinal GFRP bars made a notable compres-
sion contribution and that it could be enhanced through the provi-
sion of adequate lateral confinement. This generalization
contradicts De Luca et al.’s [29] findings that the compression con-
tribution of GFRP bars was less than 5% of column capacity. Hence,
they concluded that the bar contribution could be ignored when

evaluating the nominal capacity of an axially loaded square RC col-
umn. This could be related to the lower longitudinal reinforcement
ratio (1.0%) they used and the better mechanical properties of the
GFRP bars used in this study compared to the bars they used for
their research work.

Table 3 also provides the axial deformation at Py and P, load
levels (4, and 4. respectively). Except for GGC-8-H100
(5.6 mm), all the transversely reinforced GGC-8 columns produced
Ag values that were higher than that of GGC-8-00 (7.2 mm). GGC-
8-H100 yielded a lower axial deformation than GGC-8-00 because
the former column exhibited less severe cracking, prior to reaching
its peak capacity, compared to the latter column, owing to the cir-
cular hoops that restrained the expansion of concrete core and
delayed the formation of cracks. The 4, of the hoop-confined col-
umns were in the following increasing order: GGC-8-H100
(5.6 mm), GGC-8-H200 (7.3 mm), and GGC-8-H50 (8.6 mm),
respectively. The axial deformation of GGC-H-100 was lower than
GGC-8-H200 because the former column had higher volumetric
ratio, resulting to a larger volume of effectively confined geopoly-
mer concrete; hence, the premature dilation of the core was pre-
vented and the formation of cracks was delayed. The well
confined column (GGC-8-H50), on the other hand, had denser
arrangement of the steel cage that produced planes of weakness
between the cover and core, and hence, this column yielded a lar-
ger axial deformation than GGC-8-H100. This was also the reason
why the axial deformation of GGC-8-S50 (8.0 mm) was greater
than that of GGC-8-S100 (7.2 mm). GGC-16-H100 and GGC-16-
$100, on other hand, achieved 4, of 14.1 mm and 12.9 mm, respec-
tively, which are higher than that of GGC-8-H100 and GGC-8-S100,
respectively. The 4. of GGC-8-H50 (12.1 mm), GGC-8-H100
(6.9 mm), GGC-8-S50 (19.7 mm), and GGC-8-S100 (11.4) were
approximately 1.41, 1.23, 2.46, and 1.57 times that of their corre-
sponding A, respectively. Obviously, the column with higher vol-
umetric ratio or lower tie spacing, irrespective of the tie
configuration, demonstrated better deformability performance
compared to those with lower volumetric ratios. Furthermore,
the column with spiral reinforcement showed higher deformability
compared to that with circular ties. The 4, of GGC-16-H100
(11.09 mm) and GGC-16-S100 (10.39 mm) were greater than their
counterpart short columns.

3.4. Geopolymer concrete and GFRP reinforcement strains

Fig. 10 shows the relationships between the axial load and the
average axial strains in the geopolymer concrete. These strains
were similar for all the tested columns up until an applied load
approximately equivalent to 81% of GGC-8-00's P, Table 4, on
the other hand, shows the maximum average strains in the
geopolymer concrete at the P; load level or the average concrete
strain when the cover began to spall (). Right after reaching its
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Fig. 10. Axial load versus geopolymer concrete strain curves.
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Table 4
Geopolymer concrete and GFRP reinforcement strains.
Column £cg (LE) & (M) & (LE) &g (HE) e (M)
GGC-8-00 1424 1647 - - -
GGC-8-H50 2129 2518 6047 1729 3302
GGC-8-H100 1845 1779 5955 664 5569
GGC-8-H200 2183 1803 - 853 -
GGC-8-S50 2183 2116 8680 968 7765
GGC-8-5100 1821 1967 7866 730 13,131
GGC-16-H100 1266 1436 - 552 -
GGC-16-S100 637 1922 - 700 -
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Fig. 11. Axial load versus longitudinal bar strain curves.

Pg, GGC-8-00 failed suddenly at a ¢, of 1424 pe. The ¢, of the GGC-
8 columns, however, varied from 1776 pe to 2183 pe. These strain
values were larger than GGC-8-00’s &, owing to the transverse
reinforcement that prevented the premature cracking within the
specimen and prevented the early buckling of the GFRP bars. Inter-
estingly, the average ¢ of the tested short columns €.qve, €quiva-
lent to 2032 pe, was comparable to that of the normal concrete
(2000 pe) suggested by Afifi [58] and Saatcioglu and Razvi [59].
The &, of GGC-16-H100 and GGC-16-S100 were 1266 pe and
637 e, respectively, which is generally lower than their counter-
part short columns.

Fig. 11 displays the relationships between the axial load and the
axial compression strains in the longitudinal bars. As with the
geopolymer concrete’s strains, at the same load levels, relatively
comparable strain readings were obtained from all specimens up
until 81% of GGC-8-00's P,. The figure clearly shows that the GFRP
bars maintained their integrity and load resistance until after the
surrounding concrete was crushed and spalled off after the peak
load. Table 4 summarizes the strains in the longitudinal GFRP bars
at Pg load level (&g). The &5 of GGC-8-00 was 1647 pe, which is
equivalent to 8.7% of the GFRP bars’ ultimate tensile strain ¢ Gen-
erally, the GFRP ties enhanced the &g, of the short columns. The &
of GGC-8-H100 and GGC-8-H200 were 1779 pe and 1803 p,
respectively, yielding &g/er ratios of 9.4% and 9.5%, respectively.
The well-confined GGC-8-H50, on the other hand, yielded the high-
est g among the columns with circular hoops, equivalent to
3070 pe or 13.3% of & GGC-8-S50 and GGC-8-S100 developed &g
of 2116 pe and 1967 g, respectively, translating to strain develop-
ment of 11.2% and 10.4% of &, respectively. The strains in the bars
at P. load level were also summarized in Table 4. The & were
6047 pe, 5955 e, 8648 e, and 7866 pe for GGC-8-H50, GGC-8-
H100, GGC-8-S50, and GGC-8-S100, respectively, translating to
&r/¢r ratios of 32.0%, 31.5%, 45.8%, and 41.6%, respectively. These
values were lower than the strain ratio capacity (51.7%) reported
earlier. GGC-16-H100 (1436 pe) and GGC-16-S100 (1922 pig) pro-
duced &gfer ratios of 7.6% and 10.2%, respectively. These results
showed that the GFRP bars had a compression contribution that
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Fig. 12. Axial load versus lateral-tie strain curves.

cannot be neglected. Interestingly, the average & of the short col-
umns &_qv (2036 pe) was relatively comparable to &cg_qve, SUggESE-
ing the compatibility between the bars and the geopolymer
concrete and that equivalency between these materials could be
assumed for design and analysis purposes. Furthermore, this strain
value was higher than the design strain limit of 1000 e proposed
by Zadeh and Nanni [57] to avoid exaggerated deflections.

Fig. 12 shows the relationships between the axial load and the
lateral-tie strain. Marginal strains (eg,) were recorded at lower
loads. After exceeding the load equivalent to GGC-8-H100's Py,
however, relatively higher strains were obtained from GGC-8-
H50 and GGC-8-S50 because of the early spalling of their concrete
covers compared to the columns with wider tie spacing. The &g, of
GGC-8-H50 (1729 pe) was higher than that of GGC-8-H100
(664 pe) and GGC-8-H200 (853 pe). A similar trend was also
observed in the spiral-confined columns with GGC-8-S50
(968 pe) yielding a higher &g, than GGC-8-5100 (730 pe). The trend
reversed, however, right after the P, load level was reached. The
e the transverse reinforcement strain at P. load level, were
5569 e and 13,131 pe for GGC-8-H100 and GGC-8-S100, respec-
tively. These strains were higher than that of GGC-8-H100
(3302 pe) and GGC-8-S100 (7765 pe), respectively. On the other
hand, the columns with spiral reinforcement generally yielded
higher &g compared to their counterpart columns with circular
hoops. GGC-16-H100 and GGC-16-S100 recorded &g values of
552 pe and 700 pe, respectively, which were lower than their
counterpart short columns.

3.5. Confinement efficiency and ductility index

In this study, the column ductility index (D.l.) was defined as
the ratio of the displacement that corresponds to 85% of Pyeqx to
the displacement that corresponds to the elastic behavior limit
(Ags/A4), as shown in Fig. 13. The procedure for determining these
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Fig. 13. Definition of Ags and 4;.
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Table 5
Normalised strength, ductility index (D.I.) and confinement efficiency (C.E.) of GFRP-
RGC and GFRP-RC circular columns.

Author Specimen Type  pgp (%) Pf Pr DI CE
cAg

Current study GGC-8-H50 Hoop 3.13 859 208 1.84
GGC-8-H100 Hoop 1.57 99.1 132 1.74
GGC-8-S50 Spiral  3.13 90.1 299 213

GGC-8-S100  Spiral 1.57 102.7 179 1.67

G4V-3H80 Spiral  1.48 89.0 113 137
G8V-3H40 Spiral  2.95 894 475 1.89
G8V-3H80 Spiral  1.48 89.2 200 1.69
G8V-3H120  Spiral 0.98 859 154 1.32
G12V-3H80  Spiral 1.48 894 245 1.78

Afifi et al. [41]

Mohamed et al. [42] G3H200 Hoop 1.48 888 1.83 1.57
G3H400 Hoop 1.48 84.8 1.88 1.60
G3H600 Hoop 1.48 87.7 191 1.63
Pantelides et al. [28]  13GLCTL Spiral  1.91 - 1.70 1.76
14GLCTL Spiral  1.91 - 3.60 1.59

displacements was based on Pantelides et al.’s [28] recommenda-
tions. The confinement efficiency (C.E.), on the other hand, was
computed as the ratio of the compressive strength of the confined
column to the compressive strength of the unconfined column

' [feo). The f./ was calculated as the peak load divided by the area
of the confined geopolymer concrete, which is represented by
point C in Fig. 14. The f.,/, on the other hand, was equivalent to
0.90f/. Table 5 summarizes the D.I. and C.E. values of the tested
columns. Based on the experimental results, the ductility index
and confinement efficiency increased when the amount of
transverse reinforcement increased. These results are consistent
with Afifi et al.’s [41] findings on circular concrete columns rein-
forced with GFRP bars and spirals. Sharma et al. [60] also reported
a similar trend regarding the ductility of the confined columns for
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Fig. 15. Axial load versus lateral deflection.

conventional RC columns. The geopolymer concrete columns with
spiral reinforcement, in general, showed higher ductility and con-
finement efficiency than those with circular hoops. These findings
are not consistent with those of Mohamed et al. [42] wherein they
concluded that the FRP circular hoops have similar confining effi-
ciency as the FRP spirals. This could be expected since they utilized
hoops with longer lap or splice lengths, approximately 2.5-5 times
longer than that of the hoops employed in this study. The ductility
and confinement efficiency of the slender geopolymer concrete
columns were not considered in this study, mainly because of
the nature of failure of these specimens.

3.6. Lateral deflection

Fig. 15 shows the typical lateral deflection readings, just before
the initiation of concrete-cover spalling, obtained from the hori-
zontally positioned laser displacement sensors. The black lines rep-
resent that of the short columns while the red and green lines
correspond to that of GGC-16-H100 and GGC-16-S100. At lower
applied loads, the deflection was approximately equivalent to zero
for both column types. At higher loads, however, the GGC-8
columns yielded relatively random readings owing to the
geopolymer-concrete crushing and cracking. The slender columns,
on the other hand, yielded deflections that increased hyperboli-
cally with increasing loads, clearly indicating that the columns
were undergoing lateral buckling.

4. Discussion
4.1. Influence of the transverse reinforcement

The provision of transverse reinforcement generally enhanced
the compression performance of the tested GFRP-RGC columns.
The compression failure of the confined columns was less brittle
compared to the unconfined control specimen. At P, load level,
the average strength and deformation capacity of the confined
columns were 10% and 1%, respectively, higher than that of the
corresponding values for the unconfined column. Furthermore,
the average geopolymer concrete and longitudinal GFRP bar strains
of confined columns were 24% and 43% higher, respectively, than
that of the unconfined column, suggesting the ties’ effectiveness
in enhancing the strain development in each component material
of the column.

4.2. Influence of the transverse-reinforcement spacing

The effect of the amount of transverse reinforcement on the
performance of confined concrete has been well studied. As can
be expected, the closer the tie spacing or the larger the volumetric
ratio, the less brittle the compression failure of the tested columns,
showing a slower rate of strength decay after the peak. After the
geopolymer-concrete cover spalled, the well-confined columns
(GGC-8-H50 and GGC-8-S50) showed relatively higher strength
and deformation capacities than the less-confined columns (GGC-
8-H100 and GGC-8-S100). These observations tend to support
Paultre and Légeron’s [61] generalization for confined columns,
which states that the effectiveness of confinement reinforcement
in restraining concrete varies from “one” for a continuous tube to
“zero” when the ties are spaced more than half the minimum core
cross section. This conclusion may also explain why the poorly
confined GGC-8-200 evidenced load-deformation behavior and
failure mode similar to GGC-8-00, since the hoop spacing was
too wide to provide any lateral confinement. Interestingly, the
columns with a volumetric ratio of 3.13% or a transverse-
reinforcement spacing of 50 mm on centers yielded another peak
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and deformation capacities that were higher than their initial
capacities. This can be related to the high confinement that
enhanced the geopolymer-concrete core and prevented vertical
GFRP bar buckling, owing to reduced the unbraced length of the
bars, which enhanced the compression contribution of the GFRP
bars.

The amount of transverse reinforcement, expressed in terms of
P Played a major role after the concrete cover spalled. An
adequate amount of lateral reinforcement with respect to the
unsupported length of longitudinal reinforcement ensured the
stability of the longitudinal reinforcement between the ties. Fur-
thermore, after the concrete spalled, the well-confined
geopolymer-concrete columns yielded an ascending load-defor-
mation relationship, while the poorly confined geopolymer-
concrete columns produced a descending response.

4.3. Influence of the transverse-reinforcement configuration

The geopolymer-concrete columns confined by spirals exhib-
ited relatively higher ductility and confinement efficiency com-
pared to their counterpart columns confined with circular hoops,
owing to the continuous nature of the spirals, which effectively
confined the whole geopolymer-concrete core by distributing the
lateral confining pressures uniformly around the perimeter and
along the height of the geopolymer-concrete core. This observation
corroborates Yong et al.’s [62] and Mohamed et al.’s [42] findings
for conventional RC and FRP-RC columns, respectively. Further-
more, the difference between the two types of lateral ties can be
clearly seen after the spalling of the concrete cover of the well-
confined columns. The P.-to-P, ratio of GGC-8-S50 was 1.18,
whereas, for GGC-8-H50, the ratio was just 1.04. This result tends
to suggest that the strength enhancement in hoop-confined col-
umns due to transverse reinforcement could be ignored. Interest-
ingly, this finding corroborates those of Kent and Park [63] for
rectangular conventional RC columns transversely reinforced with
rectilinear ties, in which the concrete core delineated by the outer
tie diameter was not fully confined due to the non-uniform lateral
pressure that resulted in poor strength enhancement. This could be
attributed to the discontinuous nature of the circular hoops, since
the column failure was governed by lap-splice failure at the joint
and not by the GFRP ties rupturing. It can be deduced, therefore,
with the same amount of strength and ductility improvement,
hoop-confined columns should be much more confined than
spiral-confined columns.

4.4. Influence of the slenderness ratio (L/r)

Generally, the columns with higher slenderness ratios and con-
fined with hoops and spirals yielded strength capacities (P,) that
were 66% and 82% of the strength of their short-column counter-
parts. The hoop-confined slender column yielded &, &g, and &g
that were just 35%, 80%, and 83%, respectively, of the strains of
their counterpart hoop-confined short columns. The spiral-
confined slender column, on the other hand, recorded strains that
were 68%, 97%, and 95%, respectively, of the corresponding values
for spiral-confined short columns. Furthermore, the confinement
efficiency of the hoop- and spiral-confined slender columns was
just 59% and 46%, respectively, of their counterpart short columns.
These results could be attributed to the buckling failure of the slen-
der columns—a geometric type of failure not related to the strength
of the material—which lowered their strength capacities and did
not allow the efficient use of each component material. The higher
deformation values could be attributed to column lateral move-
ment. Clearly, these results indicate the influence of slenderness
in the tested columns with L/r =16, thereby suggesting that the
previously proposed slenderness limit for GFRP-RC columns
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Fig. 16. Py-to-P, ratios.

(17.2) must be lowered for the proposed system. The critical buck-
ling load P.—estimated from Eq. (1)—was equivalent to 1898 kN.
This is higher than the P, of the tested slender columns, indicating
that a lower P limit must be adopted for the proposed system. Fur-
ther research is needed, however, to support these generalizations.

2
P — % (1a)
0.2El, +Efl,
El = B R (1b)

4.5. Theoretical prediction

The nominal capacities of the tested GFRP-RGC columns were
determined using the equations below. These formulas were used
to estimate column strength at P, load levels. Fig. 16 shows the
comparison of the experimental-to-predicted (Pg-to-P,) ratios
using these equations.

P, = oufi(Ag — Ap); o4 = 0.85 —0.0015f. > 0.67 2)
Py = 0.85f,(A; — Ay) 3)
Py = 0.85f1(Ag — Ay) + oef Ay (4)
Py = 0.90f(Ag — Ay) + &ErAy (5)

Of the current North American standards for FRP-RC systems,
only CSA S806-12 has established a prediction equation for FRP-
RC columns, as depicted by Eq. (2). This equation, however, ignores
the compression contribution of the FRP bars. Using this equation,
the ratios of the peak experimental load-to-predicted nominal
capacity (Pg/P,) varied from 113% to 143%, with an average value
of 129%. Eq. (3) was based on the equation in ACI 318-11 [64] rec-
ommended for conventional RC columns. It neglects, however, the
compression contribution of GFRP bars. Based on this formula, the
Pg/P, ratios ranged from 105% to 129% with an average value of
121%, yielding less conservative estimates compared to Eq. (1).

Eq. (4) depicts the equation recommended by Afifi et al. [41].
The compression contribution of the GFRP bars was considered
by introducing a factor o« that accounts for the reduced compres-
sive strength of the GFRP bars as a function of their tensile
strength. Currently, no standard test is available to determine the
compressive strength of FRP bars. Hence, in order to determine
the factor o, in this study, five 15.9 mm GFRP bars 40 mm in length
were used and were subjected to compressive testing. The test
yielded an average o, approximately equivalent to 0.5. From
Eq. (4), the Pg/P, ratios ranged from 72% to 92% and an average of
83%. This equation generally yielded unconservative estimates,
indicating its inapplicability for the proposed system. Eq. (5) was
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based on Mohamed et al.’s [42] recommendations, although we
used a reduction factor of 0.90 obtained from the experiment
instead of the commonly used value of 0.85. Adoption of higher
strength-reduction factor seems to be logical for the proposed sys-
tem owing to the higher elastic modulus of the geopolymer con-
crete (33 GPa) compared to a normal concrete (29 GPa, calculated
using the ACI 318-11 formula) of the same grade (38 MPa). This
would result in better compatibility in the GFRP-RGC system, as
evidenced by the recorded average strains in the GFRP bars and
geopolymer concrete that, subsequently, would yield more area
under the stress—strain curve compared to a GFRP-RC system. Fur-
ther studies, however, are recommended to validate these conclu-
sions. The longitudinal reinforcement’s contribution was
calculated based on the actual strains in the bars, represented by
€fg-ave- This strain corresponds to the average compression strain
in GFRP bars at the P; load level or the strain at which the plastic
deformation of the geopolymer concrete initiated. Based on the
column compression test, the &g_qave Was equivalent to 0.002. The
Pg/P, ratios varied from 68% to 111%, with an average value of
100%. Interestingly, among the equations considered herein, this
equation yielded the relatively most accurate prediction of the
nominal capacity of the column specimens. In addition, this equa-
tion produced conservative estimates, except for the slender col-
umns, thereby suggesting the equation’s suitability in predicting
the capacity of short GFRP-RGC columns. A new equation must,
therefore, be proposed to consider the slenderness effect on the
capacity of GFRP-RGC columns.

4.6. Comparison with the GFRP-RC circular columns

The performance of the tested GFRP-RGC circular columns was
compared to that of Afifi et al.’s [41], Mohamed et al.’s [42], and
Pantelides et al.’s [28] GFRP-RC circular columns in terms of nor-
malized strength, ductility index, and confinement efficiency.
These values were summarized in Table 5. The normalized strength
was calculated as the difference between P, and Py divided by the
concrete strength (f¢) and the gross area (A,) of the column. From
the table, it can be seen that the strength of the GFRP-RGC columns
were higher than that of the GFRP-RC columns. Interestingly, this
finding tends to support the authors’ earlier claim that GFRP bars
have better compatibility with geopolymer concrete compared
with OPC concrete, owing to the higher elastic modulus of the for-
mer concrete compared to the latter concrete. Comparing the duc-
tility and confinement efficiency of GFRP-RGC columns to that of
GFRP-RC columns with comparable amounts and types of trans-
verse reinforcement, the two systems showed relatively compara-
ble performance. From these findings, it can be inferred that GFRP
bars can be used as reinforcement for geopolymer-concrete col-
umns, particularly when structural columns that are corrosion

Fig. 17. Adopted stress-strain curve for the confined geopolymer concrete.

resistant and electromagnetic transparent are targeted. This con-
clusion corroborates Zadeh and Nanni’s [57] generalization based
on past experimental research, stating that GFRP bars can be used
to strengthen conventional RC columns.

4.7. Proposed stress-strain model for confined GFRP-RGC circular
columns

Fig. 17 shows the stress-strain curve adopted in this study. The
first segment (O-A) represents the unconfined behavior because, at
this stage, the transverse strain were not high enough to activate
the lateral confinement pressure of the stirrups. This seems to be
to logical to adopt because according to Ozbakkaloglu et al. [65]
the confinement action by the FRP shell (GFRP ties in this study)
on the concrete core is of the passive type, wherein the pressure
arises as a result of lateral expansion of concrete under axial com-
pression. Since GFRP ties have low elastic modulus, it would
require high transverse strain to activate its passive confining pres-
sure. The remaining segment (A-B-C-D), on the other hand,
embodies that of the confined behavior, upon the activation of
the GFRP ties’ passive confinement. Eqgs. (6a)-(6e), proposed by
Popovics [66], was employed to model the ascending branch
(0-A-B) while Egs. (7a)-(7c), which was proposed by Han et al.
[67] for high strength reinforced concrete tied columns, was used
to model the descending part (B-C-D). Egs. (6d) and (6e) were also
adopted by Afifi et al. [68] to predict the peak stress and corre-
sponding strain in the circular concrete columns confined by GFRP
spirals and hoops. The maximum confining pressure (ficerp) Was
computed from Eqs. (8a) and (8b). The constants a, b, ¢, d, e, f, g,
h, i, and j were determined through the regression analysis of short
columns’ experimental results, as implemented by Han et al. [67],
such as the confined compressive strength (f./); the axial strains,
derived from longitudinal reinforcement strains, at f./, 0.85f.,
and 0.50f, (&cer €o8sce» and €gs0ce Tespectively); and transverse
reinforcement strain at fo (&ncc). These constants were tabulated
in Table 6. Fig. 18 shows a good correlation between the predicted
and the experimental stress-strain curves for the tested GFRP-RGC
column specimens. The proposed equations, however, are applica-
ble only for the specimens considered in this study. Further
research works are needed to further calibrate the proposed
equations.

_ fec(ec/ec)™
fe= o1t (/) & < (6a)
E
" =F —Eu (6b)
Esec = fro/cc (6¢)
fee=fo+ a(pftflGFRP)b (6d)
f d
e =60 |1+ c(pf[ ,IGFRP> (6e)

fo=f. {0.85 05| 5 03f, (7a)
0.50cc cc |
e
f
80.85¢cc = €co 1 + e<pﬂf/’GFRP (7b)
co
pificre)
€o085cc = &0 |1+ 8 (%) (7¢)
co
p
ficere = %Ef Eftec (8a)
&frcc = 1 x eXplj(&re/s)] (8b)
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Table 6
Constants a, b, ¢, d, e, f, g h, i, and j.
Column a b c d e f g h i j
Hoop-confined column 22.01 -0.03 72.23 0.54 102.40 0.40 210.54 0.36 790.1 0.003
Spiral-confined column 34.88 0.05 132.88 0.64 35.39 0.36 7.25 0.02 196.1 0.009
40 70 70
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Fig. 18. Experimental and predicted stress-strain curves of the GFRP-RGC columns.

4.8. Proposed compression relationship for GFRP bars

It was evident from the experiment that the GFRP bars in the
columns with ties spaced at 50-200 mm exhibited local combined
crushing and buckling failure while the control specimen under-
gone buckling failure; hence, two equations were proposed.
Eq. (9a) shows the proposed relationship for predicting the ulti-
mate compression stress in the GFRP bars (fz/) that undergone
local combined crushing and buckling failure. The maximum value
of 612.5 MPa was adopted from the compression test of GFRP bars.
This equation was basically derived from the regression analysis of
the experimental results acquired from the actual column test. To
calculate the experimental fg/, the load Py was divided by the total
area and number of longitudinal bars. The compression behavior of
GFRP bars encased in geopolymer concrete and confined by a clo-
sely spaced ties can intuitively be expected to be different from
that of buckling test of the bars. The buckling test resulted in a
fixed-fixed end condition while in the column test, the end condi-
tions are not as simply defined. Furthermore, buckling behavior of
GFRP bars is not only influenced by the lateral bracing distance
(or tie spacing) but also by the geopolymer concrete core condition

Table 7
Compressive stress in GFRP bars.

Column Ly (mm) Experimental (MPa) Predicted (MPa)
GGC-8-00 667 102 101.5
GGC-8-H50 50 158 142.2
GGC-8-H100 100 112 1243
GGC-8-H200 200 112 105.7
GGC-8-S50 50 133 142.2
GGC-8-5100 100 123 1243

[69]. Eq. (9b), on the other hand, predicts that of GFRP bars that
undergone global buckling failure, the bars in the control speci-
men. Interestingly, the obtained effective length factor k (0.926)
was approximately equivalent to 1.0, which is typically adopted
for pinned-end specimen. Table 7 shows that the predictions by
the proposed models show a good agreement with the experimen-
tal results for the aforesaid specimens. Further research works,
however, are needed to enhance the accuracy of the proposed
equations.

-0.946
f}u =612.5-53.564 x s x (Lrif> For: 50 mm < L < 200 mm
f

(9a)
2
fo=—TE . k-0926 For:L, >200mm

(KL /p)* ob)

5. Conclusion

This study investigated the behavior of geopolymer-concrete
columns reinforced longitudinally and transversely with GFRP
bars. From the experimental results, the following conclusions
were drawn:

e The compression contribution of the GFRP bars (2.43%
reinforcement ratio) with respect to column capacity prior to
concrete spalling varied from 6.6% to 10.5%, with an average
value of 7.6%.

o Irrespective of tie configuration, the columns with closely spaced
lateral ties or higher volumetric ratios failed in a more ductile
manner and showed higher confinement efficiency compared
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to the columns with relatively lower volumetric ratios. The hoop-
and spiral-confined columns with ties spaced at 50 mm on cen-
ters yielded ductility indices [confinement efficiency] that were
58% [7%] and 67% [28%], respectively, higher than their counter-
part columns with ties spaced 100 mm on centers.
The spiral-confined columns exhibited a more ductile behavior
and higher post-concrete-cover spalling strength compared to
their hoop-confined counterparts, as proven by the higher aver-
age ductility index and average confinement efficiency (2.39
and 1.90, respectively) of the spiral-confined columns com-
pared to the hoop-confined ones (1.79 and 1.70, respectively).
These findings could be attributed to the uniform lateral confin-
ing pressure of the spirals.
The short columns failed due to crushing and/or shear failure,
while the slender columns failed due to buckling. Hence, irre-
spective of the type and amount of transverse reinforcement,
the short columns yielded higher compression capacities than
the slender columns. The hoop- and spiral-confined short col-
umns with ties spaced at 100 mm on centers yielded strength
capacities that were 22% and 71%, respectively, higher than
their counterpart slender columns.
e The GFRP-RGC circular columns yielded a relatively higher nor-
malized strength (97.3%) compared to GFRP-RC circular col-
umns (88.3%). This could be attributed to the higher elastic
modulus of geopolymer concrete (33 GPa) compared to normal
concrete (29 GPa) of the same grade (38 MPa), resulting in bet-
ter compatibility in the GFRP-RGC system than in a GFRP-RC
system. Further studies, however, are needed to validate this
generalization.

The slender columns failed at a load 66% and 82% of the strength

of their short-column counterparts. They exhibited higher

deformation compared to the short columns due to the lateral
movement and they failed due to buckling.

e The nominal capacity of the tested columns could be estimated
accurately using the proposed equation because it considers the
actual geopolymer-concrete strength-reduction factor (0.90)
and the actual compression contribution of the GFRP bars (using
the average bar strain as being equivalent to 2000 pig).

e The proposed confined stress-strain equations show good cor-
relation with the experimentally established stress-strain rela-
tionship for the GFRP-RGC columns. Further research works,
however, are needed to further calibrate these equations.

o It can be inferred, therefore, that a GFRP-RGC system could be
adopted as compression members, particularly when corrosion
resistance, electromagnetic transparency, material greenness,
durability, and sustainability are sought.
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4. CONCLUSIONS

Glass fibre reinforced polymer (GFRP) bar has gained considerable acceptance as internal
reinforcement for concrete structures mainly to enhance the durability and to prolong the
serviceability of these structures while geopolymer concrete is considered as a viable
alternative to the traditional cement-based concrete for the development of environmentally
friendly and more sustainable structures. To date, numerous research works on GFRP-
reinforced concrete (GFRP-RC) and relatively less studies on steel-reinforced geopolymer
concrete (S-RGC) systems are available in the literature. The use of GFRP-reinforced
geopolymer concrete (GFRP-RGC) system, however, had not been studied before and this had
been the key motivation of this undertaking. In this study, the structural behaviour of
geopolymer concrete beams and columns internally reinforced with GFRP bars was

experimentally and analytically investigated. The study was conducted in five phases:

1. Determination of the influence of the bar diameter and embedment length on the bond
performance of straight GFRP bars in geopolymer concrete using the direct pullout test.

2. Assessment of the effects anchor head on the pullout behaviour of GFRP bars in
geopolymer concrete, including the influences of the bar diameter and embedment
length.

3. Evaluation of the flexural strength and serviceability of geopolymer concrete beams
reinforced with GFRP bars and stirrups with different bar diameters, reinforcement
ratios, and anchorage systems using the four-point static bending test.

4. Investigation of the influence of stirrups, stirrup spacing, stirrup type, longitudinal
reinforcement ratio, and shear-span-to-effective depth ratio on the shear behaviour of
geopolymer concrete beams reinforced with GFRP bars and stirrups using the four-
point static bending test.

5. Examination of the influence of ties, tie spacing, tie configuration, and slenderness ratio
on the behaviour of concentrically loaded geopolymer concrete columns reinforced
with GFRP bars and ties.

4.1. Bond behaviour of GFRP bars in geopolymer concrete

The bond-slip response of high modulus straight and headed GFRP bars in geopolymer
concrete was determined following the direct pullout test. The effects of bar diameter,
embedment length, and anchorage system were evaluated. For comparison purposes, bond-slip
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specimens with steel embedded in geopolymer concrete were also cast and tested. Based on

the test results, the following conclusions were derived:

There is a sufficient bond between the sand-coated straight GFRP bars and geopolymer
concrete to secure a composite action, owing to the mechanical interlock and friction
forces coming from the sand particles. In fact, the maximum average bond stress of the
sand-coated straight GFRP bars in geopolymer concrete reached as much as 23 MPa.
The bond development of GFRP bars can be enhanced further through the mechanical
bearing resistance provided by the anchor heads. This was proven by an increase of
tensile stress developed in the bars, approximately 45% of the bar’s tensile strength,
and the failure mode of the specimens, wherein the use of anchor head shifted the failure
from bar pullout to concrete splitting. The strength-enhancing effect of anchor head,
however, diminishes as the embedment length increases.

For both straight and headed bars, an increase in the bonded length was accompanied
by a decrease in the average bond strength, owing to the nonlinear stress distribution
along the effectively bonded length of the bar. Similarly, as the bar diameter increases,
the average bond strength decreases, which could be attributed to Poisson’s and shear
lag effects.

Bar pullout failure occurred in the specimens with shorter embedment length while
concrete splitting failure happened in the specimens with longer embedment lengths.
No significant difference was found between the bond strengths developed by the sand-
coated GFRP and deformed steel bars, suggesting that the provision of sand particles
was an effective means to anchor the GFRP bars in geopolymer concrete properly.
The bond strengths obtained from straight and headed GFRP bars embedded in
geopolymer concrete were higher than those embedded in OPC concrete of similar
grade, indicating that the geopolymer concrete have superior tensile strength compared
to the OPC concrete.

The developed bond stress-slip models, based on CMR models, yielded outcomes that
were practically similar to the experimental results. The proposed equation for
predicting the pullout capacity of GFRP bars, on the other hand, yielded lower estimates
for straight GFRP bars while it produced conservative estimates for headed GFRP bars.
Sufficient bond exist between the GFRP bar and geopolymer concrete to effectively
transfer the stresses from one to the other and secure a composite action, which
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validated the acceptability of GFRP bars as alternative reinforcement to geopolymer

concrete structures such as beams and columns.

4.2. GFRP-reinforced geopolymer concrete beams

Five full-scale slender GFRP-RGC beams and one full-scale slender S-RGC heam with

nominal dimensions of 200 mm wide, 300 mm deep, and 3100 mm long were subjected to a

four-point static bending test to investigate the flexural strength and serviceability performance

of the proposed system. The test parameters were the nominal bar diameter, longitudinal

tensile reinforcement ratio, and anchorage system. On the other hand, six beams with the same

cross-sectional area as the beams in flexure but with a length of 1500 mm were tested to

examine the shear behaviour of the GFRP-RGC system. The influence of stirrups, stirrup

spacing, stirrup type, and longitudinal reinforcement ratio were analysed. From the test results,

the following generalisations were made:

The failure of the beams in flexure was due to concrete crushing failure, and yielded a
three-segment load-deflection. The first part was a stiff linear segment that
characterises the uncracked response while the second part was an almost linear
segment with reduced slope that represents the cracked response of the beams. The third
segment, a nonlinear segment with much reduced slope, signifies the post-crushing
behaviour of the beams, owing to the still intact geopolymer concrete core confined by
stirrups that provide the compression resistance.

The serviceability performance of the beams was enhanced by doubling the longitudinal
reinforcement ratio, such as lower deflection and narrower crack widths; however, it
did not improve the load-carrying capacity of the beam, specifically at the concrete
crushing stage. This outcome suggests that a much higher amount of longitudinal
reinforcement must be used in beams to enhance both its flexural strength and
serviceability performance.

The diameter of the bars have no significant effect on the flexural strength and stiffness
of the beams.

The beam reinforced with headed GFRP bars yielded similar flexural performance as
the beam reinforced with straight GFRP bars with similar reinforcement ratio. Noting
that the bars are fully bonded in geopolymer concrete, this observation tends to support
the earlier conclusion that the influence of anchor heads diminishes as the embedment

length increases.
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The bending-moment capacities at concrete crushing failure of GFRP-RGC beams were
1.2 to 1.5 times greater than that of S-RGC beam with similar reinforcement ratio.
The bending-moment capacity of GFRP-RGC beams seems to be higher than that of
GFRP-RC beams, owing to the enhanced mechanical properties of the geopolymer
concrete compared to the conventional concrete of the same grade. Further
investigations, however, are needed to support this generalisation.

Two methods were proposed to predict the flexural strength of the tested beams. For
the first method, using the rectangular stress block, accurate results were obtained when
a concrete strength reduction factor of 0.90 and a usable concrete strain of 0.0048 were
adopted and by incorporating the compression contribution of GFRP bars. The second
method adopted Popovics stress-strain model and linear equation to model the
ascending and descending branches, respectively, of the parabolic stress block.
Accurate predictions were obtained when the same amount of concrete strain was
adopted and when the compression contribution of top GFRP bars were included.

The mid-span deflection of the tested beams were accurately estimated by modifying
Branson’s effective moment of inertia formula through the factors fa and b, both
functions of actual and balanced reinforcement ratios.

The shear failure of the beams was governed by either diagonal strut tension failure or
diagonal strut compression failure. Furthermore, these beams produced a two-segment
load-deflection response: the cracked and uncracked responses of the beams.

The provision of GFRP stirrups enhanced both the shear strength and deflection
capacity of the GFRP-RGC beams by approximately 200%, owing to the stirrups’
contribution to vertical shear resistance and a clamping effect that enhanced the
geopolymer-concrete’s contribution to shear resistance.

A small increase of longitudinal reinforcement, around 11%, enhanced both the shear
strength and deflection capacities of the beams with average of 22% and 16%,
respectively.

At the same strain level in the GFRP stirrups, the beam with closely spaced stirrups, 75
mm on center in this study, yielded the highest shear-load capacity. Similarly, the shear
crack initiated at a higher load in the beam with stirrups with narrower spacing. These
observations could be attributed higher reinforcement index pwEn/Es of the beam with
closer stirrup spacing compared to the other tested beams. Furthermore, the shear crack

width decreases with the stirrup spacing because, the smaller the stirrup spacing, the
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lower the effective concrete area needed to be controlled by a stirrup in terms of shear-
crack-width development, thereby resulting in higher bond adhesion between the
stirrup and the surrounding concrete.

e The short beam with a shear-span to effective depth ratio (a/d) of 1.8 yielded higher
shear strength compared to the slender beam with a a/d of 4.4 with similar amount of
transverse reinforcement, owing to the strength enhancing effects of arching action in
short beams.

e The shear capacity of the tested GFRP-RGC beams were higher than that of their
counterpart GFRP-RC beams with similar configurations

e The ACI 318-14 yielded the most accurate estimates among the equations considered
in this study in predicting the shear strength of the tested beams.

e These results suggest that the GFRP-RGC system can be as effective as GFRP-RC and
S-RGC systems for the fabrication of structural beams; however, some considerations
should be considered in their design. To validate further the adoptability of the proposed
system in the construction sector, the behaviour of GFRP-RGC columns subjected to

compressive loading was then investigated.

4.3. GFRP-reinforced geopolymer concrete columns

The compression behaviour of 250 mm diameter circular geopolymer concrete columns
reinforced longitudinally with GFRP bars (2.43%) and confined by either GFRP spirals or
hoops with different spacing was investigated by subjecting the column specimens to axial
loads. Six (6) short and two (2) slender columns with slenderness ratios (L/r) of 8 and 16,
respectively, were considered in this study. From the experimental and analytical results, the
following conclusions were drawn:

e The GFRP bars contributed an average of 7.6% to the overall capacity of the tested
columns, suggesting that these bars have compression contribution that cannot be
ignored in the design calculations.

e The provision of transverse reinforcement generally enhanced the both the strength and
deformation capacity of the tested GFRP-RGC columns by 10% and 1%, respectively.

e lrrespective of the tie configuration, the columns with ties spaced at 50 mm on-centre
yielded higher strength and deformation capacities than the columns with ties spaced at
100 mm and 200 mm on-centres, because the former columns have closely spaced ties
that enhanced the compression properties of the geopolymer-concrete core and

prevented the buckling of GFRP bars. Furthermore, the closer the tie spacing or the
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larger the volumetric ratio, the less brittle the compression failure of the tested columns,
showing a slower rate of strength decay after the peak.

e The ductility and confinement efficiency of the spiral-confined columns were higher
than their counterpart hoop-confined columns because the spirals effectively confined
the whole geopolymer-concrete core by distributing the lateral confining pressures
uniformly around the perimeter and along the height of the geopolymer-concrete core.

e The slender columns yielded lower failed at a load 66% and 82% of the strength of their
short-column counterparts. They exhibited higher deformation compared to the short
columns due to the lateral movement and they failed due to buckling.

e Geopolymer concrete columns reinforced with GFRP bars yielded relatively superior
compression strength than OPC-based concrete columns reinforced with GFRP bars
and ties because the GFRP bars have better compatibility with geopolymer concrete
compared with OPC concrete, owing to the higher elastic modulus of the former
concrete compared to the latter concrete.

e The proposed confined stress-strain equations show good correlation with the
experimentally established stress-strain relationship for the GFRP-RGC columns.

4.4. Contributions of the study

The results obtained from this study showed that the GFRP-RGC system is a promising
application. The outcomes of this thesis provide the research community and the construction
industry with a more in-depth understanding on the structural behaviour of GFRP-RGC beams
and columns, thus filling the knowledge gap that currently exists in civil infrastructure. The
experimental data, proposed design parameters, and analytical models developed in this study
can be important tools for design engineers permitting the safe design and development of
GFRP-RGC system, enabling their increased acceptance and utilisation in the mainstream
construction application. Upon the widespread acceptance of GFRP-RGC system, it is
expected that CO2 emissions from the cement and concrete sectors can be minimised, the virgin
resource materials for manufacturing cement can be preserved, the energy can be saved, the
costly repair and rehabilitation can be avoided, and the landfill needed for fly ash disposal can

be reduced.

Further, the results obtained from the study could create a platform whereupon
designers and engineers could begin to employ GFRP materials and systems in their design
solutions. It is believed that by understanding the behaviour of geopolymer concrete structures
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reinforced with GFRP bars, new and innovative structural forms would emerge to incorporate
GFRP and geopolymer concrete materials in a more functional and economically viable

manner.

4.5. Areas for further study

The study of GFRP-RGC system is at an early stage and requires further experimental
and analytical works to increase its adoptability in the mainstream construction applications.
Based on the findings of this study, the following recommendations for future investigations
are drawn:

1. A higher bond performance of straight and headed GFRP bars embedded in
geopolymer concrete can be achieved if the geopolymer concrete will exhibit a
pullout type of failure. It is suggested, therefore, to use transverse confining
materials, like stirrups and FRP wraps, to achieve this mode of failure.

2. Since the design of GFRP-RGC beams is governed by serviceability requirements,
a detailed experimental and analytical investigation on the crack width and on the
long-term deflections of GFRP-RGC beams and columns should be carried out.
Furthermore, the use of headed GFRP bars as the main flexural reinforcement for
geopolymer concrete deep beams should also be investigated.

3. Further experimental works incorporating the effects of other parameters, such as
geopolymer concrete strength, transverse reinforcement ratio, GFRP bar types, size
effects, and type of loads, should be done to be able to calibrate accurately the
proposed prediction equations. In addition, finite element models should be
developed so that parametric investigations could be done easily.

4. Additional investigations, using a wide variety of geopolymer concrete mixes and
FRP bars, is recommended to be able to establish design codes for geopolymer
concrete structures reinforced with FRP bars.

5. Given that the GFRP-RGC system is a doable technology, the investigation should
be extended to the evaluation of the structural performance of other structural
elements like slabs, footings, retaining walls, hollow beams and columns, and even
precast elements.

6. Finally, the durability performance of GFRP bars under a high-alkali condition must

be evaluated since the geopolymer binders have a higher pH than OPC binders.
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Appendix A

A.1l. Flexural strength prediction
The following is the summary of the basic assumptions adopted to determine the theoretical

bending-moment capacity at concrete crushing failure (Mu-theo) Of the tested beams:

I. Plane sections normal to the axis remain plane after bending;
ii. There is a perfect bond between the GFRP bars and geopolymer concrete; and

iii. The tensile strength of the geopolymer concrete is ignored.

In this study, two methods were adopted to calculate the Mu-theo. The first method
adopted the equivalent rectangular stress block to estimate the geopolymer concrete
compression force (Cc), represented by the first term of the equation. The neutral axis depth ¢
is iteratively obtained when equilibrium of forces from Equation A-1, Table A-1 is satisfied.
The second term represents the compression forces provided by the top GFRP bars (Cr) while
the last term embodies the tensile force of the bottom GFRP bars (Tr). Then, the corresponding
bending moment capacity is computed using Equation A-2, Table A-1. The effect of varying
the geopolymer concrete strain ecu (0.003, normally adopted for ordinary concrete, or 0.0048,
determined from the flexural test of GFRP-RGC beams) was investigated, including the
influence of adding the compression GFRP bars. Table A-2 summarises the different scenarios
considered.

The second method, on the other hand, utilised a parabolic stress block to determine Ce.
The ascending part of the block is represented by Popovics (1973) stress-strain model
(Equation A-3, ) while the descending segment is modelled using Equation A-4, Table A-1.
The value of c is iteratively determined using the fibre model analysis (FMA) and the procedure
is repeated until the equilibrium of forces in Equation A-3, Table A-1 is satisfied. Finally, the
bending moment capacity is calculated from Equation A-4, Table A-1. Different scenarios

were also considered, as shown in Table A-2.

For both predictions, the results obtained from the compression tests of 200 mm high
by 100 mm diameter geopolymer concrete cylinders presented in Paper V were merged with
the outputs in Paper 11, since both batches of geopolymer concrete were manufactured using
similar materials and compositions. The results yielded average compressive strength (f’c),
strain at f’c (¢’c), and elastic modulus (Ec) of 38 MPa, 1600 pe, and 33 GPa, respectively. The
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properties of the GFRP bars, on the other hand, were adopted from the manufacturer’s
specifications.

Table A-3 shows the experimental-to-predicted flexural strength ratio of the tested
beams obtained from the first method. A value greater than 1.0 means that the strength was
conservatively estimated. Among the scenarios considered, Scenario 3 yielded the most
accurate predictions with an average experimental-to-predicted ratio of 1.05. It also provided
conservative estimates. This result, interestingly, tends to support the generalisations made
from the experimental works such as the &cu could reach as much as 0.0048 (Paper I11), and
the GFRP bars have compression contribution that should not be ignored (Papers I111). Table
A-3 also shows the computed experimental-to-predicted flexural strength ratio of the tested
beams using the second method. The scenario that adopts ecu equivalent to 0.0048 and that did
not consider the top GFRP bars (Scenario 8) yielded the most accurate predictions with an
average experimental-to-predicted ratio of 0.98. Furthermore, it can be generalised from the
results that, for more conservative estimates, the current flexural design provision for FRP-RC
system could be adopted for the proposed system. Further research works, however, are needed
to validate these claims.

Table A-1 Summary of equations used to determine the theoretical bending moment capacity
of GFRP-RGC beams

First Method Second Method
085 Ach+5,E A =5 E A (ata) 2 C0 TS EATEEAC =T o
d f (e4/e.)m ,
Elf =&y (ﬂj (A-lb) 1:ci = ( / ) L\m » € = & (A'Sb)
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Table A-2 Summary of the scenarios considered in the ultimate strength design (USD) method

Method Scenario Ecu Top bars
Based on 1 0.0030 With
equivalent 2 0.0030 Without

rectangular 3 0.0048 With
stress block 4 0.0048 Without
5 0.0030 With
Parabolic 6 0.0030 Without
stress block 7 0.0048 With
8 0.0048 Without

Table A-3 The experimental-to-predicted flexural strength ratio using the first method
(rectangular stress block) and second method (parabolic stress block)

Specimen 1 2 3 4 5 6 7 8
SG-RGC-2-19.0 1.22 1.25 1.00 1.05 1.10 1.11 0.89 0.92
SG-RGC-3-159 1.37 1.40 1.13 1.18 1.23 1.25 1.00 1.03
HG-RGC-3-15.9  1.37 1.40 1.13 1.18 1.23 1.25 1.00 1.04
SG-RGC-4-12.7 1.30 1.33 1.07 1.11 1.17 1.14 0.95 0.98
SG-RGC-5-159 1.13 1.16 0.94 0.99 1.07 1.09 0.88 0.92

Average 1.28 1.31 1.05 1.10 1.16 1.18 0.94 0.98

SD 0.10 0.10 0.08 0.08 0.08 0.08 0.06 0.06

A.2. Midspan deflection prediction
The midspan flexural deflection at any given loads of the tested slender GFRP-reinforced
geopolymer concrete (GFRP-RGC) beams (Paper 111) subjected in a four-point load system
were theoretically determined from Equation A-5. The deflections at the uncracked stage were
calculated using the gross moment of inertia Ig while those at the cracked stage were computed
using the proposed effective moment of inertia le for GFRP-RGC beam (Equation A-6a) since
the current prediction equations suggested by the ACI 440.1R-15 (2015) and CSA S806-12
(2012) for FRP-RC beams underestimated the deflections of GFRP-RGC beams. Equation A-
6a was basically derived from the ACI 318-14 (2014) , the le formula proposed by Branson
(Branson 1968) for steel-reinforced concrete beam, and was modified by incorporating the
effects of the actual and balanced reinforcement ratios through the reduction coefficients fa
(Equation A-6b) and p» (Equation A-6¢). This method of modifying le, using the actual and
balanced reinforcement ratios, was also adopted by the ACI 440.1R-15. In this study, the
coefficients fla and f» were determined using the following steps:

1. Foreach pair of experimental bending moment (starting from the experimental cracking

moment, Mcr-exp, Up until the bending moment at geopolymer concrete crushing failure,
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Mu-exp) and midspan deflection, the corresponding experimental effective moment of
inertia le-exp Were determined using Equation A-5.

2. The corresponding theoretical effective moment of inertia le-theo, ON the other hand, was
determined from Equation A-6a, given preset values of fa and fhb.

3. Then, with fa and pb as the changing variables, the sum of the square of the difference
between le-exp and le-theo Was minimised, using the option Generalised Reduced Gradient
(GRG) nonlinear engine of the Excel solver, to determine the true fa and fb.

4. Finally, the relationship between these constants and the actual and balanced
reinforcement ratios was established, which are depicted in Equations A-6a and A-6b.
Figure 1.1 shows the relationship between the bending moment and midspan

deflection. It was evident from the figure that there is a good agreement between the
experimental and predicted moment-deflection curves. At service level, the predicted
deflection was relatively higher than the experimental deflection, suggesting that the proposed
equations yielded conservative estimates. Figure A.2(a) shows the experimental moment-
deflection curves of all the tested beams. Based on the figure, as the reinforcement ratio
increases, the stiffness of the beams also increases. The proposed prediction equations also
yielded the same behaviour as shown in Figure A.2(b). Additional experimental works,
however, are needed to enhance further the accuracy of the proposed equations.
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Figure A.2 Summary of the experimental and predicted moment-deflection curves

Nomenclature:

a = shear span of the beam (mm)
A = total area of the bottom longitudinal GFRP bars (mm?)
A’ = total area of the top longitudinal GFRP bars (mm?)
b = beam width (mm)
c = neutral axis depth (mm)
Cec = compressive force provided by the geopolymer concrete (N or kN)
Cei = compressive force provided by the it strip geopolymer concrete (N or kN)
Ci = total compressive force provided by the GFRP bars (N or kN)
d = effective depth of the beam (mm)
d = distance of the centroid of compression bars from the top-most compression
fibres (mm)
Ec = elastic compressive modulus of the geopolymer concrete (MPa)
Ef = tensile modulus of the GFRP bars (MPa)
Esec = secant modulus of the geopolymer concrete (MPa)
E’t = compression modulus of the GFRP bars (MPa)
fei = concrete compressive or tensile stress at the centroid of the i strip (MPa)
fr = modulus of rupture of the geopolymer concrete (MPa)
¢ = geopolymer concrete compressive strength (MPa)
ler = cracked moment of inertia (mm?)
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constant that describe the initial curvature of Popovics stress-strain model
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cracking moment of the beam (Nmm or kNm)

theoretical bending moment capacity of the beam (Nmm or KNm)

total tensile force provided by the GFRP bars (N or kN)

distance of the centroid of the i" segment from the top-most compression fibres
(mm)

parameter use to calculate the average uniform stress of the equivalent
rectangular stress block

parameter that determine the depth of the equivalent rectangular stress block
constant that modify the first term of the proposed le equation

constant that modify the second term of the proposed le equation

midspan deflection (mm)

post-peak strain at 0.85f ¢ of the geopolymer concrete

post-peak strain at 0.50f ¢ of the geopolymer concrete

concrete compressive or tensile strain at the centroid of the it strip

usable compressive strain of the geopolymer concrete

ultimate tensile strain of the GFRP bars

strain at f'c of the geopolymer concrete

compressive strain of the GFRP bars

longitudinal reinforcement ratio

balanced reinforcement ratio
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Appendix B

B.1 Paper I: Bond stress-slip behaviour: Case of GFRP bars in geopolymer
concrete
Figure B.1 shows the schematic of pullout specimens showing the locations of bonded and
debonded lengths. The desired embedment lengths were achieved by sleeving PVC pipes to
disband the bars from the geopolymer concrete. On the other hand, the bond stress-slip curves
of all the tested pullout specimens in Paper | are shown in Figure B.2. From the figure, it can
be observed that peak stress at failure and the pre- and post-peak behaviour varies per specimen.
In this study, the average bond stress at failure was determined from the average of the three
specimens. The bond stress-slip curves presented in Figures 6, 7, and 8 of Paper I, used to
represent the bond-stress slip behaviour of the specimen’s group, were based on the average
value of the test results. The average bond stiffness of the pullout specimens are summarised
in Table B-1. This stiffness was obtained from Region | of the bond stress-slip curve of the
tested specimens. From the table, it can be generalised that as the bar diameter and embedment
length increase, the bond stiffness also decrease. This could be expected since the specimens
with larger bar diameter and longer embedment have larger contact area between the
reinforcement and the geopolymer concrete that resulted in better chemical adhesion and
mechanical interlocking, the main pullout resistance mechanism in Region I, between the two
materials. However, the GG-15.9-15dp and GG-19.0-15dbs specimens, yielded lower stiffness
compared to their counterpart specimens with shorter embedment length, because these
specimens have little or no unbonded geopolymer concrete in its loaded end that could prevent

the early development of longitudinal cracks.

Figure B.1 The schematic diagram of pullout specimen
showing the bonded and debonded lengths
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Figure B.2 Bond-stress slip curves of pullout specimens

Table B-1 Bond stiffness of the pullout specimen

Specimen Bond stiffness (N/mm)
GG-12.7-5db 67
GG-12.7-10db 206
GG-12.7-15db 345
GG-15.9-5db 145
GG-15.9-10db 474
GG-15.9-15db 381
GG-19.0-5db 305
GG-19.0-10db 879
GG-19.0-15db 641

Bond stress (MPa)
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B.2 Paper lll: Evaluation of the flexural strength and serviceability of geopolymer

concrete beams reinforced with glass-fibre-reinforced polymer (GFRP)

bars

Figure B.3 shows the comparison between the stress-strain curves of geopolymer concrete and

ordinary portland cement (OPC) concrete with average compressive strength of 38 MPa and
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41 MPa, respectively. Generally, the shape of the stress-strain curves of geopolymer concrete
was similar to that of OPC concrete. However, the average modulus of elasticity of geopolymer
concrete (38 GPa) was higher than that of the normal concrete (32.9 GPa) while the strain at
peak of geopolymer concrete (1200 microstrain) was lower than that of normal concrete (1600
microstrain). Table B-2 shows the mechanical properties of the GFRP stirrups, which were the
results of the numerous actual tests conducted by Pultrall Inc. (the bar manufacturer) and by

the researchers in the University of Sherbrooke, Canada.

The comparison between the strength of the GFRP-RGC beams and GFRP-RC beams
with stirrups in the constant bending moment zone are presented in Table B-3. These beams
have width, height, and concrete compressive strength ranging from 149 mm to 203 mm, 152
mm to 400 mm, and 27.6 MPa to 73.4 MPa, respectively. Furthermore, all the beams failed
due to crushing of concrete in the compression zone. The comparison showed that the tested
beams in this study (GFRP-RGC beams) have higher strength compared to the GFRP-RC

beams.
50
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Figure B.3 Comparison between the stress-strain curves
of geopolymer concrete and normal concrete

Table B-2 Mechanical Table B-3 Comparison between GFRP-RGC and GFRP-
properties of GFRP stirrups RC beams with stirrups in the constant bending moment

Properties Values  ZOne
Nominal Diameter 9.5 mm Beam Type M, /( fc'bdz), %
. 2
Nominal Area 73::3'61mm GFRP-RGC 20.38
Bl 150 MM El-Nemr et al. 2013 (GFRP-RC) 11.44
Lap splice mm Kassem et al. 2011 (GFRP-RC) 12.62

Tensile strength® 1029 MPa

463 MP Lau and Pam 2010 (GFRP-RC) 19.69

Strength at bend 50 4 saikia et al. 2007(GFRP-RC) 9.13

_onslle odalls__ 4 yost et al. 2001(GFRP-RC) 19.25
uaranteed tensile strength: average value

— 3x standard deviation Alsayed et al. 2000 (GFRP-RC) 17.02

B-3



B.3 Paper IV: Shear behavior of geopolymer concrete beams reinforced with
GFRP bars.
Table B-4 shows the test matrix and test parameters considered in Paper IV. The beam
specimens were labelled as follows: GG-1.8-G(S)-#. The first two letters (GG) stand for
“GFRP-reinforced geopolymer-concrete beam” while the numbers 1.8 and 4.7 corresponds to
their shear-span-to-effective depth ratio a/d. The next letter represents the type of transverse
reinforcement: G for GFRP stirrups and S for steel stirrups. The # sign represents the center-
to-center spacing of the stirrups in millimeters. For example, the specimen identified as GG-
1.8-G-75 is a GFRP-reinforced geopolymer-concrete beam with a a/d of 1.8 and transversely
reinforced with 9.5 mm (0.37 in.) GFRP stirrups spaced at 75 mm (2.95) in. or h/4 on-centre.
The symbols b, h, I, f'c, s, ps, pi, and pw stand for the width, total depth, total length,
compressive strength of geopolymer concrete, stirrup spacing, longitudinal reinforcement ratio,

balanced reinforcement ratio, and transverse reinforcement ratio.

Table B-4 Test matrix and test parameters

b h I e S pf pib piv
Beam  mm) mm) (mm) ¥ P mm) %) %) (%)
GG-1.8 200 300 1500 1.8 43 n/a 1.69 0.56 n/a

GG-1.8-G-75 200 300 1500 1.8 43 75 169 056 0.95
GG-1.8-G-100 200 300 1500 1.8 43 100 169 056 0.71
GG-1.8-G-150 200 300 1500 1.8 43 150 169 056 048

GG-1.8-S-150 200 300 1500 1.8 43 100 169 056 0.48
GG-4.7-G-100 200 300 2900 44 38 100 201 033 0.71

B.5 Paper V: Behavior of concentrically loaded geopolymer-concrete circular
columns reinforced longitudinally and transversely with GFRP bars

Figure B.4 shows the typical stress-strain curves (mentioned as Figure 3 in section “2.1.2

Geopolymer Concrete” of Paper V) of the geopolymer concrete obtained from the

compression test of four 100 mm diameter by 200 mm high geopolymer concrete cylinder.
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Figure B.4 Typical stress-strain curve of the 100 mm diameter by 200 mm high
geopolymer concrete cylinder
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Appendix C

C.1. Conference Paper I: Bond stress—slip behaviour: Case of GFRP bars in

geopolymer concrete

Maranan GB, Manalo AC, Karunasena W, and Benmokrane B (2014). Bond-slip behaviour
of GFRP bars into geopolymer concrete. Proceedings of the 7™ International Conference on
FRP Composites in Civil Engineering (CICE 2014), 20-22 August, Vancouver, Canada, pp.
106 (full paper in USB).

Abstract: Geopolymer concrete reinforced with glass fibre reinforced polymer (GFRP) bars is
a new and emerging technology that is suitable for the construction of corrosion resistant,
durable, and highly sustainable civil infrastructures. To encourage its utilisation in the
construction industry, a better understanding on its bond mechanism should be gained since it
is the critical factor that controls the structural performance of reinforced concrete members.
In this study, the bond-slip behaviour of 15.9 mm nominal diameter sand-coated GFRP bars
with and without anchor head into geopolymer concrete, with a compressive strength of 33
MPa, was evaluated using direct pullout test. Three embedment lengths (59, 109, and 150)
were adopted to assess the interface bond between the GFRP bars and the geopolymer concrete.
The results were compared to that of the pullout test of 16 mm diameter deformed steel bars
embedded into geopolymer concrete. The results showed that as the embedment length
increases, the pullout capacity of bond-slip specimen also increases. In addition, the GFRP bars
have comparable bonding capacity to that of the deformed steel bars. Finally, the provision of
anchor head increased the pullout capacity of the GFRP bar by as much as 31%.



C.2. Conference Paper II: Flexural behavior of GFRP bars subjected to elevated

temperature

Maranan GB, Manalo AC, Karunasena W, Benmokrane B, and Lutze D (2014). Flexural
behavior of GFRP bars subjected to elevated temperature. Proceedings of the 23" Australasian
Conference on the Mechanics of Structures and Materials (ACMSM23), 9-12 December, Byron
Bay, Australia, pp.187-192.

Abstract: The FRP reinforced concrete structures may be exposed to high temperatures that
may reduce the structural integrity of the bars, and eventually of the entire structure. Therefore,
the thermal stability of the FRP bars must be thoroughly investigated before they can be fully
utilized in the construction industry. The flexural strength testing has long been a staple
technique for measuring the uniaxial tensile strength of the brittle materials because it is
inexpensive and convenient to run rather than the direct tension test. Although the results
obtained were not the absolute tensile data, they can provide an indication about the relative
tensile performance of the FRP bars. In this study, the flexural behaviour of the GFRP bars of
varying nominal diameters (12.7 mm, 14.0 mm, 15.9 mm, 17.0 mm, and 20.5 mm) subjected
to elevated temperatures (up to 150 °C) was investigated. The results showed that as the
temperature increases, the flexural strength and stiffness of the GFRP bars decreases. As the
temperature approaches the glass transition temperature (Tg) of the bars, a drastic strength and
stiffness reduction was observed. These findings were also observed in the pure tension testing
of the FRP bars done by other researchers. The bars with a larger nominal diameter showed a
better flexural strength decay resistance than those with a smaller nominal diameter at elevated
temperatures. However, a comparable flexural stiffness deterioration was observed at an

increasing temperature.
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ABSTRACT

The FRP reinforced concrete structures may be exposed to high temperatures that may reduce the
structural integrity of the bars, and eventually of the entire structure. Therefore, the thermal stability of
the FRP bars must be thoroughly investigated before they can be fully utilized in the construction
industry. The flexural strength testing has long been a staple technique for measuring the uniaxial
tensile strength of the brittle materials because it is inexpensive and convenient to run rather than the
direct tension test. Although the results obtained were not the absolute tensile data, they can provide
an indication about the relative tensile performance of the FRP bars. In this study, the flexural
behaviour of the GFRP bars of varying nominal diameters (12.7 mm, 14.0 mm, 15.9 mm, 17.0 mm,
and 20.5 mm) subjected to elevated temperatures (up to 150 °C) was investigated. The results showed
that as the temperature increases, the flexural strength and stiffness of the GFRP bars decreases. As the
temperature approaches the glass transition temperature (Tg) of the bars, a drastic strength and stiffness
reduction was observed. These findings were also observed in the pure tension testing of the FRP bars
done by other researchers. The bars with a larger nominal diameter showed a better flexural strength
decay resistance than those with a smaller nominal diameter at elevated temperatures. However, a
comparable flexural stiffness deterioration was observed at an increasing temperature.
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INTRODUCTION

The corrosion of the steel bars is the prime factor that causes the premature failure and/or shorter
service life of reinforced concrete (RC) structures, especially those that are located in harsh
environments, such as in marine and mining areas. One of the promising solutions is to utilize a
corrosion resistant material called the fibre reinforced polymer (FRP) bars. Aside from being corrosion
resistant, the FRP bars have high durability, high strength-to-weight ratio, and electromagnetic
resistant (Gangarao et al. 2007). The FRP bars have been successfully used as internal reinforcement
for concrete in the construction of roads and bridges. Many engineers and researchers are now
extending the application of FRP reinforced concrete (FRP-RC) for the construction of multi-storey
and industrial buildings. However, data regarding the fire resistance performance of FRP-RC
structures (e.g. the time duration the structures can withstand high temperatures as well as fire
exposures; the temperature at which the strength, stiffness, and bond between the materials decreased)
must be gained for their wider acceptance and application in the construction industry.

The fire resistance of FRP-RC structures are dependent on its constituent materials, the concrete and
the FRP bars. Between these two materials, the latter is more susceptible to degradation at higher
temperatures. The strength and stiffness of the polymer are known to decrease significantly as the
temperature approaches its glass transition temperature (Tq) (Fried 1995). The composite action
between the fibres and the polymer diminishes and this would result into wider crack width in the
concrete and consequently larger deflection of the structural element. The tensile behaviour of the FRP
bar at elevated temperatures, therefore, must be thoroughly investigated. Many researchers (e.g.
Kumahara et al. 1993; Abbasi and Hogg 2005; Wang et al. 2007; and Kashwani and Al-Tamimi 2014)
studied the tensile performance of FRP bars at varying temperatures using a pure tension test.
However, this test has several disadvantages such as the requirement for a longer test specimen, longer
time duration and high costs of specimen fabrication and testing, and the difficulties of gripping. With
the stated limitations, the bending test can be employed to roughly investigate the tensile performance
of the FRP bars. The flexural strength testing has long been a staple technique for measuring the
uniaxial tensile strength of the brittle materials such as ceramics and glasses (Quinn et al. 2009) and is
relatively easy to run and inexpensive rather than direct tension test (Whitney and Knight 1980).
Generally, the tensile stress obtained from the flexure test of the GFRP bars are higher than that
obtained from the pure tension test (Whitney and Knight 1980; Tripathi 2003). In the present work,
three-point bending tests were performed to investigate the tensile performance of the sand-coated
GFRP bars subjected to elevated temperatures. The experimental results obtained from this study can
provide an approximate interpretation of the tensile behaviour of the bars at elevated temperatures.
Furthermore, the results can be used in the future for establishing a relationship between the tensile
strength and the flexural strength of the GFRP bars at elevated temperatures such that the tensile
response can be back-calculated from the bending behaviour. In this way, a large statistical-database
can be obtained in a far more convenient and low cost approach.

EXPERIMENTAL PROGRAM
GFRP Bars

Five sand-coated GFRP bars with nominal diameters of 12.7 mm, 14.0 mm, 15.9 mm, 17.0 mm, and
20.7 mm were considered as shown in Figure 1. Three specimens were prepared for each bar diameter.
The bars were provided by V-Rod® Australia (www.vrodaustralia.com.au) and were made by
embedding E-glass fibres in a modified vinyl ester resin using a pultrusion process. The glass fibre
content of the GFRP bars, determined by Burn-out test according to 1SO 1172:1996(E), is 84.05 %.

Differential Scanning Calorimetry (DSC) Analysis
The average glass transition temperature (Tg) of the bars was obtained using a TA Instruments Q100

DSC machine following the ASTM D3418-12 standard. Approximately, 30-mg unconditioned
samples were cut from the reference bars. After the samples were cleaned and dried, they were placed
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in aluminium pans and sealed, as shown in Figure 2, using forceps. The samples were heated from 10
°C to 150 °C at a ramp rate of 3 °C/min for one hour duration. Based on the test, the mean T, of the
bars (117 °C) was found to be within the range of the T4 of a vinyl ester matrix system (110 °C to 120
°C) reported by Robert et al. (2009).

Flexural Test

The three-point bending test of the GFRP bars was presented in Figure 3. The test was conducted
following the ASTM D4476 standard using full bars, instead of half bars. The simply supported
specimens, with clear span of 180 mm, were loaded at midspan at the rate of 10 mm/min using the 100
KN capacity MTS testing machine. The test was conducted using a steady-state temperature (heat then
load) regime. The temperature in the oven chamber was raised to the desired temperature. Then, the
bars were placed inside the chamber for 15 minutes prior to testing to be sure that the temperature at
the core of the bars reached the required temperature. The bars were subjected to temperatures ranging
from room temperature (21°C) to 150 °C. The load and displacement were recorded using a data
logger. Each specimen was identified in the following manner: nominal bar diameter (12.7mm, 14.0
mm, 15.9mm, 17.0 mm, and 20.5 mm) - temperature it was subjected to (21°C to 150 °C).

12.7 mm
14.0 mm

15.9 mm

17.0 mm

20.5 mm

Figure 1. GFRP bars Figure 2. Sample Tq specimen  Figure 3. Three-point bending test
RESULTS AND DISCUSSION

Table 1 summarizes the experimental results such as the flexural load (F) and the corresponding
standard deviation (SD), the flexural strength (fy), and the flexural stiffness (E,). The flexural strength
and stiffness were calculated using Eq. 1 and Eq. 2, respectively, where L, d,, and A are the clear span,
the nominal diameter, and the midspan deflection, respectively. The ratio (F/A) was obtained from the
slope of the linear portion of the load-deflection curves presented in Figure 4. In general, the strength
and stiffness of the GFRP bars decrease as the bar diameter increases.

; _8FL F 40
b

= 1 7=
zd,’ @ A 3xd;] @

Load and Midspan Deflection Relationship at Elevated Temperatures

The typical relationship between the load and the midspan deflection of the GFRP bars (represented by
12.7 mm GFRP bars) subjected to elevated temperatures is shown in Figure 4. As can be seen from the
figure, the load increases linearly with deflection up to failure for all subjected to temperatures ranging
from 21 °C to 80 °C. The load drops observed, before reaching the peak load, were attributed to the
debonding of the sand coating just beneath the point of load application. Generally, the bars failed in a
brittle manner. The failure of the GFRP bars is dominated by the simultaneous crushing of the resin
and fibre in the compression zone as depicted in Figure 5. In addition, the bars with larger diameters
exhibited interlaminar shear failure in the tension zone as shown in Figure 6. On the other hand, it can
be seen from Figure 7 that the mode of failure of the 12.7 mm and 15.9 mm GFRP bars was dominated
by the fibre rupture and interlaminar shear failure at the tension zone of the bar that leads to the
debonding of the sand coating.
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The bars subjected to temperatures ranging from 100 °C to 150 °C exhibited a non-linear behaviour
and stiffness degradation before reaching the maximum load because the Tg of the bars falls within this
temperature range. The polymer behaves like a rubbery material and this has resulted in a ductile
behaviour of the bars. Figure 8 shows the typical crushing failure of the GFRP bars exposed at these
temperatures. White powder resins were formed. At a temperature of 150 °C, interlaminar shear
failure was also observed in the tension zone of the bars with larger diameter. The bars with larger
diameter exhibited more severe failure than those with smaller diameter.

Table 1. Flexural load, strength, and stiffness of the GFRP bars at elevated temperatures

Specimen F SD fo Es Specimen F SD fy Es
(kN) (kN) (MPa) (GPa) (kN) (kN) (MPa) (GPa)
12.7-21 7.6 0.1 999.8 77.3 15.9-21 7.6 0.1 869.7 41.9
12.7-35 3.6 0.2 815.0 77.1 15.9-35 7.1 0.1 811.6 414
12.7-50 2.2 0.3 495.1 74.1  15.9-50 5.2 0.3 598.1 41.7
12.7-65 2.2 0.5 495.4 72.0 15.9-65 5.3 0.4 603.3 38.5
12.7-80 2.4 0.5 534.6 68.3 15.9-80 4.6 0.6 520.8 36.8
12.7-100 2.1 0.1 473.8 53.9 15.9-100 3.2 0.2 370.4 31.6
12.7-120 0.9 0.1 191.5 28,5 15.9-120 1.6 0.2 184.9 15.8
12.7-150 0.3 0.1 60.5 245  15.9-150 0.9 0.1 102.0 114
14.0-21 6.6 0.4 14680 77.3 17.0-21 10.5 0.4 1201.3 63.1
14.0-35 5.6 0.0 1263.6 77.1  17.0-35 9.0 0.1 1031.7 62.2
14.0-50 3.7 0.3 820.0 74.1 17.0-50 7.3 0.4 828.0 58.1
14.0-65 3.6 0.3 815.8 72.0 17.0-65 7.0 0.4 796.0 57.4
14.0-80 3.5 0.4 792.9 68.3 17.0-80 4.5 0.3 510.1 53.2
14.0-100 1.7 0.1 385.3 539 17.0-100 3.5 0.1 396.9 40.9
14.0-120 1.0 0.1 222.6 28,5 17.0-120 2.3 0.3 261.5 29.6
14.0-150 0.5 0.1 122.6 245 17.0-150 1.0 0.0 118.3 154
20.5-21 155 0.2 1034.1 52.1  20.5-80 9.9 0.7 664.3 47.2
20.5-35 151 05 10121 52.2 20.5-100 7.5 15 501.2 39.4
20.5-50 126 0.8 838.9 50.9 20.5-120 3.8 1.3 254.6 23.2
20.5-65 121 0.6 811.8 50.1 20.5-150 2.0 0.2 132.1 10.8

Effect of Temperature on the Flexural Strength of the GFRP Bars

The relationship between the normalized flexural strength and the temperature is shown in Figure 9.
The normalized values were calculated by finding the quotient between the flexural stress at t
temperature, fy, and the flexural stress at room temperature (21 °C), frr. Generally, the flexural
strength of the GFRP bars decreases as the temperature increases due to the decomposition of the
resin. This trend was also observed in the pure tension test of FRP bars, conducted by Wang (2007),
Abbasi (2005), and Robert and Benmokrane (2010). Furthermore, as the temperature approaches the
Ty of the bars, a significant decreased of the flexural strength occurred because the polymer becomes
soft and consequently looses its ability to hold the glass fibres together and to transfer stresses from
one fibre to another. It can be seen that the bars with a larger nominal diameter experienced better
flexural performance at higher temperature as compared to those with smaller diameter, which
indicates that size effect (specifically the variation in the nominal diameters) should be considered in
the investigation of the thermal stability of FRP bars.

Effect of Temperature on the Flexural Stiffness of the GFRP Bars

Figure 10 shows the correlation between the normalized flexural stiffness and the temperature. The
normalized values were obtained by dividing the flexural stiffness at t temperature, Ey, to the flexural
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stiffness at room temperature (21 °C), Err. The same as the flexural strength, the flexural stiffness of
the GFRP bars decrease as the temperature increases. However, the rate of deterioration of the flexural
strength is faster than the flexural stiffness at temperature ranging from 21 °C to 100 °C. The same as
the flexural strength, a drastic decrease in the flexural stiffness was also observed as the temperature
approaches the Tgy of the bars for the same reason. The composite action between the fibres and the
polymer diminishes and this resulted in lower flexural stiffness (and strength) of the GFRP bars. On
the other hand, a comparable rate of degradation of the flexural stiffness of the GFRP bars with
varying diameter was observed at increasing temperatures.
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Figure 4. Typical load and midspan deflection
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Figure 9. Flexural strength of the GFRP bars at Figure 10. Flexural stiffness of the GFRP bars at
elevated temperatures elevated temperatures

CONCLUSIONS

The three-point bending test of the GFRP bars subjected to elevated temperatures was conducted.
Based on the experimental results, the following conclusions were made:

o Generally, as the temperature increases, the flexural strength and stiffness of the GFRP bars
decreases.

e A drastic decrease of the flexural strength and stiffness of the GFRP bars was observed as the
temperature approaches the Ty of the bars because the polymer transition from a glassy (hard)
material to a rubbery (soft) material, thereby losing its ability to hold the fibres together and to
transfer stresses from one fibre to the other.
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e The bars with a larger nominal diameter showed better flexural strength decay resistance than
those with a smaller nominal diameter at elevated temperatures.

e The rate of degradation of the flexural stiffness of the GFRP bars with varying diameter was
comparable with each other at increasing temperatures.

e Additional studies should be carried out to provide further information that can be used to
establish a relationship that can predict the tensile response of the GFRP bars from the
bending response at elevated temperatures.
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C.3. Conference Paper lll: An overview of the use of composite rebars as

reinforcement in geopolymer concrete structures

Maranan GB, Manalo AC, Karunasena W, Benmokrane B, Mendis P, and Darren Lutze
(2015). An overview of the use of composite rebars as reinforcement in geopolymer concrete
structures. The 2015 Composites Australia CRC-ACS Conference (2015 Composites
Conference), 21-23 April, Gold Coast, Australia, 11 p.

(http://www.compositesconference.com.au/2015-composites-conference/)

Abstract: Fibre reinforced polymer (FRP) bar has gained considerable acceptance as internal
reinforcement for concrete structures because of its non-corrosive, lightweight, nonmagnetic,
and high tensile strength properties while geopolymer concrete, normally manufactured using
industrial waste materials like fly ash and blast furnace slags, has been successfully used in the
construction of pavement, retaining walls, and bridges. To date, numerous research works on
FRP-reinforced concrete and steel-reinforced geopolymer concrete are available. However, the
use of FRP bar as internal reinforcement to geopolymer concrete had not been studied
extensively and this has been the key motivation of this undertaking. This paper presents an
overview on the research and development of the proposed system, the glass fibre reinforced
polymer-reinforced geopolymer concrete (GFRP-RGC). Firstly, the issues and challenges on
the use of the traditional steel-reinforced concrete were presented. Secondly, the existing
solutions to address these problems were discussed. Then, the current research gap in the
present solutions were identified. Finally, the results of the on-going research and development
works on understanding the behaviour of the geopolymer concrete reinforced with FRP bars
were presented. It is anticipated that the proposed system would yield more durable, greener,

and cost-effective construction system compared to the conventional ones.

C-9



C.4. Conference Paper IV: Flexural response of GFRP-reinforced geopolymer

concrete beams

Maranan GB, Manalo AC, Karunasena WM, Benmokrane B, and Mendis P (2015). Flexural
response of GFRP-reinforced geopolymer concrete beams. Proceedings of the 27™" Bienniall
National Conference of the Concrete Institute of Australia (Concrete 2015), 30 August-2
September, Melbourne, Australia, pp. 287-296 (full paper in USB).

Abstract: This study investigated the flexural response of glass fibre reinforced polymer-
reinforced geopolymer concrete (GFRP-RGC) beams using a four-point static bending test.
Three full-scale beams were cast and reinforced with nearly same amount of longitudinal GFRP
reinforcements but of varying diameters at the bottom (4-12.7 mm, 3-15.9 mm, and 2-19.0
mm), two 12.7 mm GFRP bars at the top, and 9.5 mm GFRP stirrups spaced at 100 mm on-
centre. The average compressive strength of the geopolymer concrete was 38.2 MPa. Based on
the experimental results, all the tested beams showed nearly similar crack pattern, load-
deflection response, bending-moment and deflection capacities, and strain readings, suggesting
that the flexural response of a GFRP-RGC beam was not significantly influenced by the bar
diameter; instead, by the properties of the geopolymer concrete. The 0.3Muy criterion suggested
by Bischoff must be adapted in the serviceability design of a GFRP-RGC beam. The flexural
capacities of the tested beams were generally higher than the predicted values from ACI
440.1R-15 and CSA S806-12 standards. Furthermore, the GFRP-RGC beams have higher
strength compared with their GFRP-reinforced concrete counterparts. Thus, it can be concluded
that the GFRP-RGC beams have structural properties that are suitable for civil infrastructure

applications.
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C.5. Conference Paper V: Comparison of the shear behaviour of geopolymer

concrete beams with GFRP and steel transverse reinforcements

Maranan GB, Manalo AC, Karunasena W, Benmokrane B, and Mendis P (2015). Comparison
of the shear behaviour of geopolymer concrete beams with GFRP and steel transverse
reinforcements. Proceedings of the 12 International Symposium on Fiber Reinforced
Polymers for Reinforced Concrete Structures (FRPRCS-12) & The 5™ Asia-Pacific Conference
on Fiber Reinforced Polymers in Structures (APFIS-2015), 14-16 December, Nanjing, China,
pp. 169 (full paper in USB).

Abstract: This study presents a comparison of the shear behaviour of geopolymer concrete
beams transversely reinforced with glass fiber-reinforced polymer (GFRP) and steel bars. Two
full-scale beams with GFRP and steel stirrups spaced at 150 mm on-center were fabricated and
tested up to failure using the four-point static bending test. Another beam without web
reinforcements was also cast to determine the shear contribution of the geopolymer concrete.
All the beams were provided with the same amount of flexural reinforcements. The beams were
supported over a 1200 mm clear span with 450 mm shear span on each side. The shear span-
to-depth ratio of the beams was 1.8. Based on the test results, the provision of GFRP stirrups
almost doubled the shear capacity of the beam without web reinforcements. Comparable load-
deflection response, shear strength, deflection capacity, and strain readings were observed
between the beams with GFRP and steel stirrups. The two beams yielded similar crack pattern;
however, wider cracks were developed in the former beam owing to the lower elastic modulus
of GFRP bar compared with steel bar. Furthermore, both beams failed in shear, classified as a
diagonal strut compression failure; however, the failure of the beam with GFRP stirrups was
induced by the stirrup’s lap splice failure while steel yielding caused the failure of beam with
steel stirrups. This had led to a more brittle final failure of the former beam compared with the

latter beam.
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