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ARTICLE INFO ABSTRACT
Keywords: This study investigated the performance of geopolymer—mortar panels (GMPs) in improving the
Anchor bolt shear capacity of reinforced-concrete (RC) beams. A GMP with a thickness of 15 mm was pre-

Geopolymer mortar

fabricated and fixed to the shear span of beams using mechanical anchors. Five RC beams were
Shear strengthening

constructed and tested under a four-point bending monotonic load: one unstrengthened, three
strengthened with a GMP, and one strengthened with a Portland-cement-mortar panel. The
investigated parameters included (a) anchor-bolt spacing, (b) presence of a wire mesh, and (c)
binding material types. The results indicated that the GMP is an effective technique for improving
the shear capacity of RC beams. The maximum gain in the shear capacity of the strengthened
beams ranged from 14.1% to 34.9% with respect to the unstrengthened beam. Moreover, the
results suggested that the failure mode of the beam changed from brittle to ductile failure if an
anchor bolt spacing of 200 mm and wire mesh were used at the GMP. Based on these findings, the
GMP can be used as an alternative method for shear-strengthening RC beams in building appli-
cations owing to its high strength and ductility. Finally, an analytical model based on the
simplified-modified-compression-field theory model was proposed to predict the shear capacity
of RC beams strengthened with the GMP. The analytical model was in reasonable agreement with
the test results.

1. Introduction

One of the relevant countermeasures for enhancing the performance of existing RC structures to meet standard requirements is the
strengthening method. Several techniques are often adopted, such as the bonded-external-steel-plate method, which significantly
contributes to structural enhancement. However, its disadvantages include corrosion and fire resistance. A popular approach is Fiber
Reinforced Plastic (FRP), which is characterized by a high strength-to-weight ratio, ease of application, adequate corrosion resistance,
and minimization of the change in geometry. However, owing to its poor resistance to high temperatures [1], inefficient application in
moist environments, incompatibility with concrete substrates, and the probability of abrupt failure without warning [2], this material
is not deemed suitable. All these issues are due to the organic resin used to bond the fibers in the FRP (epoxy).

An innovative strengthening method known as a geopolymer-mortar panel (GMP) offers a promising solution to these issues. A
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Nomenclature

A, cross-sectional area of concrete

Ag cross-sectional area of the longitudinal rebars

ag Maximum size of coarse aggregate

b width of beam

b*, width of the base of the concrete semi-pyramidal tensile fracture
d effective depth

E; elastic modulus of steel

Eyire modulus elastic of wire mesh

fe compressive strength of concrete

fsty yield stress of transverse rebars

h height of beam

hpanet height of the panel

I second moment of area

Sxe crack spacing parameter

toanel panel thickness

% shear force

Ve shear force in concrete

Vs shear force in transverse rebars

Q first moment of area

v shear strength

Ve shear strength in concrete

Vs shear strength in transverse reinforcement

Vwire shear strength in wiremesh

Vpanel shear strength in panel

a angle defining the concrete fracture surface

B factor accounting for the tensile stress in the cracked concrete
0 direction of the principal stress/strain

Pst stirrups ratio

Dsx reinforcement ratio of longitudinal reinforcement

Pst Longitudinal steel reinforcement ratio

Pwire ratio of transverse wiremesh

Tmax maximum shear stress in a rectangular non-cracked section
Tavg average shear stress of the panel

Ex yield strain of longitudinal reinforcement

Eyire effective strain of wire mesh

&1 longitudinal strain assessed at a mid-depth of the beam cross section
Sy yield strain of longitudinal reinforcement

GMP is a 15 mm panel made of fly-ash based geopolymer mortar that is mechanically anchored to the shear span of beams. In the South
Sulawesi Province, Indonesia, there is a large amount of fly-ash waste from steam-power plants. Unused fly-ash waste has immense
potential as a construction material for producing geopolymer mortar or concrete.

Geopolymer mortar/concrete was proposed by Davidovits [3], and it is described as a non-cement material manufactured from
alkali-activating aluminosilicates, including industrial wastes (fly ash and blast-furnace slag) or metakaolin at low calcination tem-
peratures [4-12]. Studies on geopolymers and activated-alkali materials have revealed that their properties are comparable or superior
to those of OPC mortar or concrete [13-18]. Owing to their superior mechanical properties, good resistance to high temperatures, and
corrosion resistance, geopolymers are regarded as viable substitutes for cement in building construction [10,19].

One of the main limitations of geopolymer mortars that should be overcome for large-scale structural applications is inherent
brittleness. Some studies have been conducted on fly-ash based geopolymer composites reinforced with various fibers; these fibers
include polypropylene [20-25], cotton [26], glass [27], natural flax [28], carbon [15,29], basalt [16], steel [16,17,30-34], and
polyvinyl alcohol (PVA) [35,36]. According to Ekaputri et al. [35], PVA fibers can improve the strength, ductility, and workability of
geopolymer mortars. Therefore, PVA fibers were used in the present study.

Studies on geopolymer mortars have been extended to various applications in RC structures, such as strengthening materials for RC
beams. Many studies have been conducted to investigate the use of geopolymer mortars as flexural strengthening materials for RC
beams [37-43]. Experimental results showed an increase in the maximum load capacity and stiffness owing to the tensile capacity and
higher bond strength of the geopolymer mortar and reinforcement. For shear strengthening, Zhang et al. [44] used a textile-reinforced
geopolymer mortar (TRGM) as the strengthening material for RC beams. Test results showed that one and two layers of TRGM
increased the shear capacity by 47% and 106%, respectively, when compared to the unstrengthened beam. In their study, the beam
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was shear strengthened using a U-shaped TRGM and bonded with a geopolymer mortar. In this study, geopolymer—-mortar panels were
prefabricated (precast) and applied as structural elements using anchor bolts. This prefabricated panel has advantages over the
cast-in-place method used by Zhang et al. [44], such as more quality control and faster implementation. In addition, shear
strengthening of RC beams using geopolymer-mortar panels have not been previously conducted. A similar method has been con-
ducted using different materials, such as ultra-high-strength-fiber-reinforced concrete [45], mortar reinforced with recycled-steel
fibers [46], and mortar reinforced with CFRP laminates [47].

Therefore, this study investigated the shear performance of RC beams strengthened with a 15-mm-thick GMP anchored to both
sides of the RC beams. This is expected to improve the structural performance of RC beams, such as shear capacity, stiffness, ductility,
and failure mode. The feasibility of a GMP as a shear strengthening method was evaluated, and the effects of the anchoring spacing,
wire mesh, and binding materials were discussed. Finally, a modified prediction model is proposed to evaluate the shear capacity of the
strengthened RC beams.

2. Experimental program
2.1. Specimens and parameters

The experimental program investigated the performance of a GMP as a shear strengthening method in RC beams subjected to static
monotonic loading. As shown in Fig. 1, a beam with cross-section of 150 x 300 mm and length of 2300 mm was fabricated and tested
as simply supported in a symmetric four-point load setup.

The same batch of ready-mix concrete was used to produce all the beams with a compressive strength of 25 MPa. Meanwhile, the
actual compressive strength at 28 days was 27.5 MPa measured on 100 x 200 mm cylinders. The beams were reinforced in the tension
and compression zones with three and two longitudinal rebars of 16 and 10 mm diameters, respectively. Stirrups with 10-350 and
10-300 mm diameters, were arranged in the shear span and constant-moment regions, respectively. The properties of reinforcing steel
are listed in Table 1. The control beams were designed to fail in shear, allowing the flexural resistance to exceed the shear resistance. To
ensure the occurrence of shear failure, a cross-sectional analysis of the flexural and shear capacities was conducted. The calculation
results showed that the flexural and shear capacities of the beams were 159.9 kN and 125.5 kN, respectively. This indicated that the
flexural capacity of the beam was higher than the shear capacity. Therefore, the failure mode is shear failure.

Four beams were shear strengthened at the shear span, and one beam was tested without shear strengthening as a control beam
(Table 2). The parameters of this study included (a) anchor bolt spacing (200 and 300 mm), wire mesh (with and without a wire mesh),
and binding material (geopolymer mortar and Portland-cement-mortar). Three beams were strengthened using a geopolymer-mortar
panel and one with a Portland-cement-mortar panel.

The control and strengthened beams are denoted as CB and X-Y-Z, respectively. X in the strengthened beams indicates the type of
binding material (GM for geopolymer mortar and PC for Portland-cement-mortar), Y is the presence of wire mesh (W for wire mesh and
NW for no wire mesh), and Z denotes the anchor bolt spacing (200 and 300 mm). The details of the tested beams are tabulated in

Panel 15mm
Screw and bolt

Strain Gauge

‘ Lyp

600

2300

a. Longitudinal section

*2d8 *2d8

\ﬁ
« Screw and bolt
Panel 15 mm
Wiremesh 5 mm
8 d8 - 350 8 d8 - 300
2l 2]
«3D16 *3D16
\‘—
Q— 150 ‘;u% J'— 150 «L
A-A B-B

b. Cross-section

Fig. 1. Geometry and detail of beam (unit in mm).
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Table 1

Properties of reinforcing bars.
Reinforcement Diameter (mm) A, (mm?) fy (MPa)
Tension 16 200.96 384.8
Compression 8 50.24 336.7
Stirrup 8 50.24 336.7
Wire mesh 5 19.63 490.0

Table 2

Beam variations.
Specimens Binding material of panels Bolt spacing (mm) Wire mesh
CB - - -
GM-W-200 Geopolymer mortar +PVA 200 5 mm
GM-W-300 Geopolymer mortar +PVA 300 5 mm
GM-NW-200 Geopolymer mortar +PVA 200 -
PM-W-200 Portland-cement-mortar + PVA 200 5 mm

Table 2, and the panels, including anchor bolt spacings and wire mesh, are shown in Fig. 2.

The longitudinal spacing between anchor bolts was determined based on the angle of the shear plane (), which normally varies
between 22° and 45° for normal-strength concrete. As shown in Fig. 2a, the transverse spacing between anchor bolts was 200 mm. The
longitudinal spacing between the anchor bolts were calculated using Eq. (1).

Transverse spacing

Longitudinal spacing = and
an

(€D

With a transverse spacing of 200 mm and shear plane () between 22° and 45°, a longitudinal spacing between bolts of 200 and
495 mm was obtained. The bolts were arranged as uniformly as possible along the length of the panel. Therefore, the longitudinal
spacing between the bolts in this study was 200 and 300 mm.

2.2. Binding materials

GM was produced using low-calcium fly ash (FA) obtained as a waste product from coal power plants. The chemical composition of
FA was obtained by conducting X-ray fluorescence (XRF) tests, and the results are presented in Table 3. The total chemical composition
of SiOy + AlxO3 + Fey03 was 60.07%. Thus, according to ASTM C 618, the FA used in this study was Class C.

GM was used as the binding material for the strengthening panels in the GM-W-200, GM-W-300, and GM-NW-200 beams. It was
prepared using 25% FA, 25% alkali, 50% sand, 1.5% borax, and 2% superplasticizer. A 0.6% PVA fiber by the total mixture was added.
The activator solution consists of sodium hydroxide (NaOH) 8 M. The ratio of NaOH to sodium silicate (NazSiO3) was 1.5. NaOH 8 M
was obtained by dissolving 320 g of solid NaOH in aquades until it reached 1 liter. Therefore, the aquades requirement for a 1 m> GM
was approximately 132.6 L/m?® as shown in Table 4.

The mixing procedures for GM were as follows: FA and fine aggregates were mixed in a standard pan mixer for two minutes. The
alkali activator was then poured into the mixture and mixed for two minutes. Superplasticizers were added to improve the workability
of the geopolymer matrix, and the fibers were gently combined and blended until a uniform dispersion was obtained. The flow rate of
the fresh geopolymer was 235 mm. The freshly mixed geopolymer mortar was then poured into molds to fabricate the GMP.

A universal testing machine was used to determine the compressive strength of the GM with a cube size of 50 x 50 mm. The
splitting-tensile strength was tested on cylindrical specimens of dimensions 50 x 100 mm. A universal testing machine with a capacity
of 1000 kN was used to determine the compressive strength of the GM with a cube size of 50 x 50 mm. The loading rate of the

Longitudinal spacing (200, 300 mm) Wiremesh 5 mm
+—>

Strain Gauge

Transverse spacing (200 mm)

700 mm

A
v

a. Anchor bolts spacing b. Panel with wire mesh

Fig. 2. Strengthening panel.
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Table 3

Chemical composition of FA based on XRF test (% by weight).
SiO, Al,03 Fey;03 CaO NayO K;0 MgO H,0 SO3
37.04 11.41 11.62 19.24 0.57 0.72 4.53 0.51 1.37

Table 4

Mix proportion of GM and PM (kg/m®).
Binding material FA Cement Water NaOH Na,SiO3 Sand Plasticizer PVA
Geopolymer mortar 390 - 132.6 156 234 780 7.8 6.5
Portland-cement-mortar - 636 299 - - 1360 - 4

compressive strength test was 0.2 MPa/s based on the ASTM C39/C39M-01 standard test method for the compressive strength of
cylindrical concrete specimens.

For comparison, commercial Portland cement (PM) was used to fabricate the strengthening panel, and its compressive design
strength was similar to that of the GM. The dimensions of the specimens used to determine the compressive and tensile strengths of PC
were also similar to those of GM. The mix proportions of GM and PM are presented in Table 4. The water to cement (w/c) ratio of the
Portland-cement-mortar mix of 299 kg/m? is also presented in this table.

2.3. Fabrication procedures

Geopolymer and Portland-cement-mortar panels were fabricated. The process started with the installation of a wooden formwork,
marked with the location of the bolt holes using a PVC pipe with a diameter of 0.5 inch (12.5 mm), as shown in Fig. 3a. After curing for
24 h, the GMP was removed from the formwork. Subsequently, moist curing was continued for 28 days by wrapping with wet laps and
covering with plastic bags. A similar procedure was adopted for the PC-mortar panel.

This process led to the fabrication of RC beams. After 28 days of curing, the three beams were strengthened with a geo-
polymer—mortar panel at the shear span, one beam was strengthened with a Portland-cement-mortar panel, and the remaining one was
left unstrengthened to represent the control specimen.

Before strengthening, the beams were prepared by grinding the surfaces and edges until any loose material was removed. Sub-
sequently, strengthening panels were placed on each side of the beams at the shear span. The panels were fixed to a concrete substrate
with anchors composed of bolts and nuts on both sides (Fig. 3b).

2.4. Test setup

All beams were subjected to monotonic loads under a 4-point load setup with a total and shear span of 2000 and 700 mm,
respectively. Furthermore, the loads were monitored using a load cell and increased monotonically in the displacement-control
mechanism of 0.2 mm/s. One side of the beam was painted white to observe cracking. After each load level was reached, any
cracks formed during loading were marked and photographed. The loading test environment is shown in Fig. 4.

The deflections at the midspan and under the loading points were recorded using three linear-variable-displacement-transducers
(LVDT). To facilitate control of the potential yield for steel bars, a strain gauge was attached to the tensile-longitudinal rebars at the
midspan, whereas the other gauge was bonded to the stirrups at the shear span. Fig. 5 shows the Phi-gauges attached at the interface
between the panel and RC beam to evaluate compatibility. The data from the load cell, displacement transducers, phi-gauge, and strain
gauges were recorded using a data logger. Finally, two digital cameras were used to capture the crack patterns on both sides of the
beam until failure.

e

a. Fabrication of GM panels b. Installation of panels into RC beam

Fig. 3. Fabrication procedures.
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Fig. 5. Phi-gauges at the interface between the RC and panel.
3. Test results and discussion
3.1. Compressive and splitting-tensile strengths

From Table 5, the compressive and splitting-tensile strengths of the GM with PVA fibers at 28 days was 21.5 MPa and 2.1 MPa,
respectively. Meanwhile, the compressive and splitting-tensile strengths of a Portland-cement mortar with PVA fibers at 28 days was
23.2 MPa and 2.5 MPa, respectively. The results indicate that the compressive and splitting-tensile strengths of the GM were similar to
those of the PC mortar.

3.2. Load-displacement response

Displacement at the midspan was monitored during the loading test. The data was used to evaluate the stiffness variations in the
beams. Fig. 6(a—c) present the effect of anchor-bolt spacing, wire mesh and binding material on the load-displacement behavior. A
summary of the cracking load, yielding load, failure load, and failure mode for each beam is presented in Table 6. It can be seen from
Fig. 6 that the stiffnesses of all the beams were similar, prior to the dominant diagonal crack which formed at a load of 115 kN. The
stiffness of the control beam decreased significantly after this stage, until failure. However, the stiffness of the strengthened beams also
increased. This is because the strengthening panel resisted part of the shear load and stopped further diagonal crack propagation.

In this study, displacement control was used during the loading process, resulting in a descending branch of the load-deflection
curve. The descending behavior revealed that the control beam (CB), GM-W-300, and GM-NW-200 experienced brittle failure, where
the load suddenly dropped at failure. Meanwhile, the remaining beams (GM-W-200 and PM-W-200) exhibited ductile behavior, where
the load slightly decreased at failure.

The effect of anchor-bolt spacing was observed in the post-yield behavior, where GM-W-200 continuously deformed until the
ultimate load, whereas GM-W-300 immediately collapsed (Fig. 6a). The wire mesh significantly improved the maximum load and
displacement of the beams (Fig. 6b). Meanwhile, with the effect of the binding materials (Fig. 6¢), the load—deflection behavior was

Table 5

Compressive and splitting-tensile strengths at 28 days.
Binding materials Compressive strength (MPa) Splitting-tensile strength (MPa)
Geopolymer mortar + PVA 21.5 2.1
Portland-cement-mortar + PVA 23.2 2.5
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Fig. 6. Load-displacement response.

Table 6

Test results related to test and failure loads.
Specimens Perpanet (kKN) Py stirrp (KN) Py 1ong (kN) P, (kN) Failure load enhancement (%) Failure mode
CB - - - 124.8 - Shear failure
GM-W-200 63.1 165.4 152.4 168.4 34.9 Concrete crushing
GM-W-300 60.7 135.6 153.2 153.2 22.8 Shear + Panel fracture
GM-NW-200 51.5 132.3 142.3 142.3 14.1 Shear + Panel fracture
PM-W-200 87.6 158.5 154.4 161.6 29.5 Concrete crushing

Perpanet: first crack at the panel, Py girrups: yielding load of stirrup, Py jong: yielding load of longitudinal rebars, and P,: failure load.
almost similar in terms of stiffness and load-displacement.
3.3. Failure load

Specimens CB and GM-NW-200 failed in shear, whereas the remaining beams failed owing to the yielding of longitudinal rebars and
concrete crushing at the compression zone (except for GM-W-300). Fig. 7 shows the failure-load enhancement of all the beams.

As shown in Fig. 7, the strengthening method in the different beams significantly enhanced the failure load. The beam GM-W-200,
which was strengthened with 200 mm anchor-bolt spacing and wire mesh, had the highest strength-enhancement ratio of 34.9%
compared to that of CB. Meanwhile, GM-NW-200, which was strengthened with 200 mm anchor bolt spacing and without wire mesh,
showed the lowest strength-enhancement ratio rate of 14.1%.

Comparing the failure loads of GM-W-200 and GM-W-300 as an effect of anchor bolt spacing, it was clearly seen that the failure load
significantly increased with smaller anchor bolt spacing. The failure load increments of GM-W-200 and GM-W-300 were 34.9% and



R. Irmawaty et al. Case Studies in Construction Materials 17 (2022) e01568

GM-W-200

GM-W-300

GM-NW-200

PM-W-200

0 50 100 150 200 250
Failure load (kN)

Fig. 7. Failure load and strength enhancement.

22.8%, respectively, compared of the CB. This implies that the anchor bolt spacing is beneficial for improving the shear capacity. The
bolt acted as a dowel in transferring the shear force from the RC member to the strengthening panel. With a smaller bolt spacing, the
strengthening panel and RC beam work well together, enabling the wire mesh inside the panel to be effectively utilized. This can be
observed from the load-strain relationship of the wire mesh, whereas at the same load, the strain in GM-W-200 was greater than that in
GM-W-300 (Fig. 8). In addition, the ultimate wire-mesh strain on GM-W-200 was greater than that of GM-W-300. The higher the wire-
mesh strain, the higher the contribution of the wire mesh to the increase in shear capacity.

The effect of the wire mesh on the failure load enhancement was evaluated by comparing GM-W-200 and GM-NW-200 with the CB.
The GM-W-200 and GM-NW-200 beams were strengthened with an anchor bolt spacing of 200 mm. From Fig. 7, the failure load
enhancements of GM-W-200 and GM-NW-200 were 34.9% and 14.1%, respectively, compared to the CB. This implies that the addition
of wire mesh to the GMP results in a strength increment of 2.48 times higher than that without the wire mesh. The wire mesh resisted
part of the shear load and arrested further crack propagation.

Beams GM-W-200 and PM-W-200 were strengthened using the same anchor bolt spacing (200 mm) and wire mesh but with
different binding materials (geopolymer mortar and Portland-cement-mortar). According to Fig. 7, the failure load enhancements of
GM-W-200 and PM-W-200 were 34.9% and 29.5%, respectively. This implies that the binding materials had an insignificant effect on

200

150 S E— |

100

Load (kN)

50 L ............................. ........................... 4

—&— GM-W-200
—— GM-W-300

i
100 150
Strain (x10°)

Fig. 8. Load-strain of the transverse-wire mesh.
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the shear strength. Therefore, GM can be used as an alternative to Portland cement as the binding material in panels. The use of
geopolymers in this study requires the extensive use of thousands of tons of fly-ash waste produced from the coal combustion of power-
plant energy in the South Sulawesi Province, Indonesia. At present, the need for eco-friendly materials for sustainable development are
a major environmental concern in the construction industry. Compared to OPC, energy consumption and CO, emissions during
geopolymer production can be significantly reduced, with approximately 80% less CO, emissions compared to the production of OPC
[71.

Based on the above findings, the GMP with sufficient anchor bolt spacing and wire mesh is an excellent alternative for strength-
ening structural members in building applications. This is because the GMP was shown to improve the strengthening performance of
RC beams in terms of stiffness, post-yielding behavior, maximum load, and failure mode.

3.4. Load-strain response

Three strain gauges were attached to each tested beam to measure the strain progression in the longitudinal rebar, stirrups, and
wire mesh. Fig. 9 shows the load-longitudinal-tensile-rebars strain in all beams at midspan. All the longitudinal rebars in the
strengthened beam achieved a yielding strain of 2000 ue. However, the longitudinal rebars at the CB did not yield because of shear
failure.

The load-stirrup response is shown in Fig. 10. Evidently, at an early stage, the stirrup strains in all the beams linearly increased with
the applied load. After diagonal cracks formed at the shear span, the stirrup strain of all the beams increased sharply. Before failure, all
the stirrups yielded.

Comparing the strains of the specimens under the same load level, the strain of the strengthened beams GM-W-200 was lower than
that of GM-W-300 (Fig. 10). For example, at a load of 125 kN, the stirrup strains at GM-W-200 and GM-W-300 were 500 ue and 1000
ue, respectively. This indicates that the smaller the anchor bolt spacing, the lower the developed strain in the stirrups. This is because,
at the same load level, a higher shear force is shared by the strengthening-panel system in beams with smaller anchor-bolt spacings,
which reduces the shear force supported by stirrups and thus leads to a larger reduction in the strain of the stirrups. There was also a
good compatibility between the RC beam and panel with a smaller anchor bolt spacing.

The use of a wire mesh at the strengthening panel also affected the stirrup-strain development after the formation of diagonal
cracks. According to Fig. 10, the stirrup strain in the strengthened beam with a wire mesh (GM-W-200) was lower than that of the beam
without a wire mesh (GM-NW-200). For example, at a load of 125 kN, the stirrup strains at GM-W-200 and GM-W-300 were 500 p¢e and
1050 pe, respectively. This implies a contribution of the wire mesh in supporting the shear force along diagonal cracks.

Fig. 11 shows the progression of typical strains in the wire-mesh transverse direction of the strengthening-panel system. The
location of the strain gauge at the wire mesh is shown in Fig. 2b. The strains in the transverse-wire mesh were very small prior to the
development of diagonal cracks, similar to the progression of strain in the stirrups. Subsequently, there was a significant increase in the
wire-mesh strain. In addition, comparing the load level at which the stirrup and wire-mesh strains increased sharply (Figs. 10 and 11),
the beginning of the rapid increase in stirrup strain was close to the wire mesh. This implies that the wire mesh supported shear-force
sharing. Once the wire mesh supported the carrying load, the propagation of shear cracks was restrained; thus, further strain increases
in the stirrups slowed down. This was confirmed from the development of stirrup strains after shear cracking, where the strain at the
same load level in GM-W-200 was lower than that in the CB. At the failure load, the wire-mesh strains are approximately 91 pe.
Unfortunately, only one strain gauge was attached to the wire mesh. Hence, the strains of the other transverse-wire mesh along the
shear span could not be obtained. However, it was confirmed that the effect of wire mesh on the failure load was significant where the
failure load was increased from 142.3 kN (GM-NW-200) to 168.4 kN (GM-W-200).

200 T
: : i
. 1
—e—CB Yield strain |
—=— GM-W-200 ; !
—=— GM-W-300 ; !
150 f| —a— pMVW-200 [ y

Load (kN)

o1 ............. e b -

0 500 1000 1500 2000 2500
Strain (x10°)

Fig. 9. Load-longitudinal rebar strain.
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Fig. 12 shows the load-strain behavior of the concrete at the outer-compression zone. All beams experienced an increase in strain
linear to the applied load. Based on the maximum strain of the concrete at failure, only GM-W-200 and PM-W-200 reached the ultimate
strain of the concrete (¢&,). This indicated that the strengthening panels with an anchor spacing of 200 mm and wire mesh provided the
ideal behavior for RC beams that fail because of under-reinforced conditions.

3.5. Crack pattern

Fig. 13 shows the crack patterns of the CB. Flexural cracks occurred at 37.8 kN around the constant-moment region. At 56 kN, the
first crack in the shear span initially opened on the bottom side. Some cracks extended to diagonal cracks at further load levels. After
the main diagonal cracks opened and propagated to the loading point, another diagonal crack appeared over the main cracks at
94.6 kN. The strut between these two diagonal cracks was assumed to be in compression after the main diagonal crack occurred.

The crack patterns of the strengthened beams are shown in Figs. 14-17. In these figures, the geopolymer-mortar panels are shown
in blue, whereas the Portland-cement-mortar panels are shown in green. The flexural crack first opened in the constant-moment re-
gion, followed by flexural cracks in the strengthening panels. In the beam without the wire mesh GM-NW-200, the diagonal crack
propagated towards the loading point, as shown in Fig. 16. At failure, only GM-W-200 and PM-W-200 failed because of concrete
crushing in the compression zone. Meanwhile, the strengthened beam with a 300 mm anchorage spacing (GM-W-300) and without
wire mesh (GM-NW-200) failed with the same brittle failure as the CB. This demonstrates that an anchor spacing of 200 mm and wire
mesh played an important role in changing the failure pattern from brittle to ductile.

The spacing between the anchor bolts of 300 mm also caused anchorage failure at the panel owing to stress localization in that area
(Fig. 15¢). As a result, there was a separation of 10 mm between the panels and concrete. This indicates that the applied stress at the
anchor was greater than the resisted stress at each anchor bolt. This phenomenon was not observed in the GMP with an anchor spacing
of 200 mm.

In addition, the crack width at the strengthening panels was measured using a crack meter immediately after failure. Fig. 18(a, b)
compare the crack widths of panels with and without wire mesh. The results show that the panel with wire mesh has a much smaller
crack width (0.4-1.4 mm) than that without wire mesh (3.2 mm). This demonstrates that the wire mesh significantly influences the
crack width and propagation in the panels.

After the test, the strengthening panel was removed to observe the crack pattern in the shear span of the RC beam. Figs. 14-17
present a comparison of the crack patterns of beams on the panel and RC sides. The results show that diagonal cracks propagate along
the support and loading points in all specimens. This contrasted with the observation on the panel side, where diagonal cracks were not
observed, except in the specimen without a wire mesh (GM-NW-200). This indicates that the strengthening panels with wire mesh
effectively inhibited the rate of diagonal crack development on the RC side and delayed the occurrence of shear failure, as occurs in
beams without a wire mesh.

4. Failure mechanisms
4.1. Shear failure of RC beams strengthened by the GMP
The loading test of the strengthened beams showed the same failure pattern in the panel with an anchor-bolt spacing of 300 mm

(GM-W-300) as that without a wire mesh (GM-NW-200). The behavior of specimen GM-W-300 was used to reveal the failure mech-
anism. The load—-displacement relationship of GM-W-300 is shown in Fig. 19. Initial flexural cracking appeared under the loading point

Fig. 13. Crack pattern of the control beam (CB).
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Panel 15 mm

W-PVA-200

a. Panel side (before removing the panels)

- Screw and bolt

b. RC side (after removing the panels)

Fig. 14. Crack pattern of GM-W-200.

in the constant-moment region of the RC beam at a load of 22.7 kN. The first cracking on the GMP was observed at a load of 60.70 kN.
The stiffness changed and propagation cracks were observed on both sides of the shear span. The separation between the RC and GMP
was first observed at approximately 68.0 kN, as shown in the gap at the interface (Fig. 20).

A diagonal crack on the GMP occurred at a load of 84.5 kN at the stirrups yielded at a load of 135.6 kN (Fig. 21). Subsequently,
flexural cracks on the beam side propagated vertically near the neutral axis. When the load reached 153.2 kN with a deflection of
9.1 mm, the load dropped drastically. Based on the strain observations shown in Fig. 21, the longitudinal rebars reached the yield
strain. All the concrete on the outer-compression side was not crushed. This was confirmed from the load-concrete strain in Fig. 21,
where the concrete strain was still much lower than the ultimate strain of the concrete (e, = 3000 pe). Hence, a sudden failure
occurred immediately after yielding of the longitudinal rebars. The strengthening panels can no longer carry shear forces after the
longitudinal rebars have yielded; therefore, the beam loses its capacity to resist the load. The panels at the failure load were found to
fracture vertically under the loading point (Fig. 22).

4.2. Flexural failure of RC beams strengthened by the GMP

From the loading test, the failure patterns of GM-W-200 and PM-W-200 were similar. That is, both strengthened beams failed
because the longitudinal rebars that yielded before the concrete at the compression side were crushed. The behavior of specimen GM-

12
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Panel 15 mm

» Screw and bolt

a. Panel side (before removing the panels)

b. RC side (after removing the panels)

Anchorage
failure

c. Anchorage failure and separation between the GMP and RC

Fig. 15. Crack pattern of GM-W-300.

Panel 15 mm

a. Panel side (before removing the panels)

b. RC side (after removing the panels)

Fig. 16. Crack pattern of PM-W-200.

W-200 was used to explain this failure mechanism. The load-displacement relationship of GM-W-200 is shown in Fig. 23. The loads
and strains of the longitudinal rebars, stirrups, and concrete are illustrated in Figs. 9, 10, and 12, respectively.

The initial flexural cracking first appeared in the constant-moment region of the RC beam at a load of 25.2 kN. The first flexural
cracking on the GMP was observed at 63.1 kN. A diagonal crack at the shear span occurred at 80.8 kN, which was noticed from the
slight increase in the stirrup strain (Fig. 10). The separation between the RC and GMP occurred at approximately 67.4 kN as shown by
the gap between the panel and RC-beam interface (Fig. 24). The load suddenly dropped when it reached 152.4 kN; thereafter, it
continued to increase gradually. Based on the strain observations, the longitudinal rebar at this point reached the yield strain. As the
load increased, the stirrup yielded at 163.2 kN. The load still increased gradually, but was not proportional to the displacement owing
to the contribution of the strengthening-panel systems. Finally, the beam failed at a load of 168.4 kN due to concrete crushing in the
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Panel 15 mm

a. Panel side (before removing the panels)

Screw and bolt

b. RC side (after removing the panels)

Fig. 17. Crack pattern of PM-W-200.

a. With wire mesh (0.4 mm) b. Without wire mesh (3.2 mm)

Fig. 18. Effect of wire mesh on crack width.
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0 i 1
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Fig. 19. Load-displacement of GM-W-300.
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Fig. 20. Gap at interface of GM-W-300.
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Fig. 21. Load-strain of GM-W-300.

compression zone (Fig. 25). The results show that the wire mesh on the strengthening panels changed the failure mode of the beams
from shear to flexural failure.

5. Prediction of the shear capacity carried by the GMP

The prediction of shear capacity carried by the GMP with and without wire mesh was proposed using force equilibrium along the
section of diagonal cracks, as shown in Fig. 26(a, b). The shear-carrying capacity was half of the failure mode (V = P/2) owing to the
four-point bending test. Baghi et al. [47] developed a similar design approach based on simplified-modified—compression-field theory

(SMCFT).
According to the free-body diagram in Fig. 26a, the shear capacity of RC beams strengthened with the GMP, and wire mesh is given

by Eq. (2). The contributions from the concrete (v.) and stirrups (vs) in the RC beam, and from the panel (Vpqne) and wire mesh (Viire)
need to be recognized to complete the equilibrium condition in Eq. (2). However, for a beam without a wire mesh (Fig. 26b), the
contribution of vy, = 0 is as expressed in Eq. (3).

V="V +vs+ Vpanel + Viire (2)
V=V + Vs + Vpanel (3)

The expressions for v, and v; are presented in Egs. (4) and (5), respectively:

ve = V1, Q)
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Fig. 22. Fracture of the panel.
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Fig. 23. Load-displacement of GM-W-200.

vy = Pyfuycott), ®)

where v, and v; are the shear strengths of concrete and stirrups, respectively. Moreover, f’c, ps, and f;.,, are the compressive strength of
concrete (MPa), stirrup ratio, and yield stress of the stirrups (MPa), respectively. Bentz et al. [48] developed an SMCFT, where the
shear strength is a function of two parameters, namely, the tensile-stress factor in the cracked concrete (f) and the inclination of the
diagonal-compressive stress in the web of the section (0), as stated in Eqs. (6) and (7):

0.4 1300
- 6
P = T 15008, 1000+ S ©
0 = (29 +700¢,) (o 88 + ) <75 @
- TP Tas00) <

In Egs. (6) and (7), &4 is the longitudinal strain assessed at the mid-depth of the beam cross-section, whereas S, is the crack-spacing
parameter, obtained using Egs. (8) and (9), respectively.

fiuo  v.cotd — v, /cotf
Eg=—F=—F—

8
E; Esp, ®
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Here, s, and a; denote the yield strain of the longitudinal reinforcement (Fig. 26) and the maximum size of the aggregate,

respectively. In Eqs. (8) and (9), E;, psx, and &, are the modulus of elasticity (MPa), reinforcement ratio, and yield strain of the lon-
gitudinal reinforcement, respectively, and py is obtained using Eq. (10):

A‘[
=2 1
P Acv ( 0)

where Ag and A, is the cross-sectional area of the longitudinal rebar and concrete, respectively.
According to Blanksvard [49], the maximum shear stress in a rectangular-noncracked section is defined by Eq. (11):
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_vo_¥

_ 11
T’n(l.\' It 2A b ( )

where V denotes the total shear force; Q and I are the first and second moments of the area, respectively; and t is the thickness of the
cross-sectional area. The shear resistance of the panels is obtained by determining the existence of a complete bond between the GMP
and concrete substrate as follows:

Vpanel =2 (2/3tpanelhpzmelfavg) ) (12)

where tyqne is the panel thickness (15 mm) and hyane is the height of the panel (300 mm). Note that Factor 2 originates from the plates
applied on both sides of the beam. The 7,y is the average shear stress of the panel, and according to the results presented in [50], this
value is assumed as 3.5 MPa. Subsequently, complete bond conditions between the GMP and the concrete substrate are expected.
Based on Eq. (12), the contribution of the panel to the shear strength (Vpane) is given by Eq. (13):

Vpanel = 2(2/3tpanclhpanelfavg)b *w.d. (1 3)

|

Input parameters
b, h’ d;f-,w ag; Aslaf;w E:I; Esl> Psis tpanela hpanel; Sx

l

Assume a value for longitudinal strain &;

A\ 4

Calculation of crack spacing (S,.) using Eq. (8)

!

Calculation of the tensile-stress factor in the
cracked concrete (B) using Eq. (5), and the crack
inclination (0) using Eq. (6)

\4

Calculation of shear strength using Eq. (16)

A4

Calculation of longitudinal strain evaluated at
mid-depth of the beam cross-section using Eq. (7)

+1
gq

X

Fig. 27. Estimation procedure of BSMCFT implemented to strengthen the panel.
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For beams strengthened with the GMP and mechanical anchors, the base width of the concrete-semi-pyramidal-tensile fracture
(b*) was taken as b*,, = (by+2tpane1)/2. Accordingly, the contribution of the panel to shear strength was calculated using Eq. (14):

4tpanelhpnnelfavg
3(20)d a4

Vpanel =

To evaluate the contribution of the wire mesh to the shear strength (vyir), the prediction model proposed by Escrig [51] was
developed. According to Escrig [51], the contribution of the longitudinal-wire mesh can be ignored (a« = 90°). Therefore, only the wire
mesh in the transverse direction was applied in this study and is predicted by the following formula:

Viire = ph,~[rg8»1fireEwire7 (15)

where pyire, Ewire, and &y are the reinforcement ratios of the transverse-wire mesh, elastic modulus of the wire mesh (200,000 MPa in
this study), and effective strain in the wire mesh, respectively. The value of &, was obtained from experiments.

Accordingly, the shear strength of an RC beam strengthened with the GMP, and wire mesh is defined by Eq. (16) by recognizing the
contributions of the concrete, stirrups, panels, and wire mesh.

V= e Vs Vs Vo = B+ Pfiy cOLOF
(16)

4t ‘panel hpanel Ta vg

: ireEwireEwire
3267 )d Tt Prire€

For the beam without the wire mesh, the contribution of the wire mesh to the shear strength is vy = 0. Therefore, Eq. (16) was
modified, as expressed in Eq. (17):

V= Ve + Vs + Vpanar = Pr/fr + Vs + pyfiny cOt O+
a7)

A panetPpaneiTavg

3(2b;,)d

The shear strength value in each contribution was multiplied by the beam width (bw) and effective depth (d) to calculate the shear
capacity.

By following the procedures presented in Fig. 27, a method to calculate the shear strength of the RC beams according to the SMCFT
is shown. This solution is adapted to the strengthening panel in this study. The results are summarized in Table 7.

Table 7 summarizes the experimental results and predicted values according to the analytical formulations. The shear-capacity
ratio between the experimental and analytical predictions (Vexp/Vanaysis) was 1.02 with a COV of 3.5%. The results in this table
show that the analytical approach can accurately predict the ultimate shear capacity of RC beams, which have been strengthened using
the GMP. The SMCFT model can be adopted for beam-shear strengthened members using composite laminates or panels. The same
model was adopted by Lourenco et al. [46] and Baghi et al. [47], where the results showed a high level of prediction accuracy.

6. Conclusions

This study analyzed the performance of three shear-strengthened beams with the GMP, one shear-strengthened beam with a
Portland-cement-mortar panel, and one CB. Anchor-bolt spacing, wire-mesh existence, and binding-material types were examined. The
following conclusions are drawn from the experimental and analytical results:

1. GMPs can effectively enhance the shear capacities of RC beams. All the beams exhibited a shear strength enhancement of 14.1% (a
GMP without a wire mesh) to 34.9% (a GMP with a wire mesh) compared to the control beam.

2. The effect of the wire mesh on the GMP was greater than that of the anchor bolt spacing. The shear capacity of the beam with an
anchor spacing of 300 mm (GM-W-300) was reduced by 15.5% when compared to beam GM-W-200, while the shear capacity of the
beam without wire mesh (GM-NW-200) was reduced by 9.0%. This was because the wire mesh resisted part of the shear load and
arrested any further crack propagation.

Table 7

Comparison between the experimental and analytical results.
Specimen Vexp (KN) Vanatysis (KN) Vexp/ Vanalysis

Ve Vs Vpﬂnzl Viwire mesh Vot

CB 62.38 37.25 24.03 0.00 0.00 61.27 1.02
GM-W-200 84.19 27.16 23.72 10.00 17.46 78.34 1.07
GM-W-300 76.61 27.16 23.72 10.00 17.46 78.34 0.98
GM-NW-200 71.17 28.82 23.87 18.00 0.00 70.69 1.01
PM-W-200 80.80 27.16 23.72 10.00 17.46 78.34 1.03
Average 1.02
CoV (%) 3.5

19



R. Irmawaty et al. Case Studies in Construction Materials 17 (2022) e01568

3.

RC beams strengthened with the GMP experienced shear failure when insufficient bolt spacing or no wire mesh is present. However,
if the anchor-bolt spacing is sufficient and the wire mesh is provided at the GMP, the failure mode changes from shear to flexural
failure.

. The binding materials had a minor effect on the shear capacity and failure mode because the strengths of the GMP and Portland-

cement-mortar panels were similar. Because the failure load and mode were identical, the GM can be used as an alternative material
in strengthening panels.

. An analytical calculation adopted from the SMCFT was used to estimate the shear capacity of the RC beam strengthened with the

GMP. The results indicated that the calculated shear capacity correlated with the experiments, where the shear-capacity ratio
between the experimental and analytical predictions (Vexp/Vanalysis) was 1.02 with a COV of 3.5%.
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