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Small-Diameter FRP Bars

Kai-Di Peng '; Jun-Qi Huang °; Bo-Tao Huang > (*); Ling-Yu Xu *; Jian-Guo Dai > (*)

Highlights
Shear performance of FRGM-strengthened RC beams was explored for the first time.
Geopolymer- and epoxy-bonded FRGM had similar shear strengthening efficiencies.

Adding steel fibers into FRGM improved the shear capacity of strengthened RC beams.

An analytical model was proposed to predict the shear capacity of FRGM-strengthened beams.
Abstract

In this study, a comprehensive investigation on the shear behavior of RC beams strengthened with
small-diameter CFRP bar-reinforced geopolymer matrix (FRGM) system is presented for the first
time. A total of twelve RC beams, including two reference beams and ten strengthened beams, were
prepared and tested. Five factors were considered, including bonding methods (geopolymer-bonded
vs. epoxy-bonded), matrix types (slag-to-fly ash ratios of 9:1 vs. 6:4), alignment directions of small-
diameter CFRP bars (90° vs. 45° to the longitudinal direction), configurations of FRGM layers
(single-side vs. double-side), and shear span-to-depth ratios of RC beams (a/d = 2.4 vs. 3.2). The
strengthening efficiency of RC beams with the double-side FRGM layer (1.9 times that of the
reference beam) was found to be much larger than that of the RC beams with the single-side FRGM
layer (1.2 times that of the reference beam). In addition, the geopolymer-bonded layer showed a
similar load capacity (approximately 98%) with its epoxy-bonded counterpart. The use of steel fibers
in geopolymer matrix further restrained the development of shear cracks and improved the shear
capacity. Finally, a theoretical analysis method was proposed for predicting the shear capacity of the
FRGM-strengthened RC beams.
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1 Introduction

Concrete is the most widely used man-made engineering material, which is commonly made by
cementitious binders, aggregates, and water [1]. Also, reinforced concrete (RC) structures are widely
used in civil engineering structures [2, 3, 4, 5] and protection structures [6, 7]. The strengthening of
RC members is an essential topic for structural engineering researchers and practitioners [8, 9, 10,
11]. An RC beam may fail under either flexural or shear loads, and numerous research efforts have
been made on flexural (e.g., [12, 13, 14, 15, 16]) and shear (e.g., [17, 18, 19, 20]) strengthening of
RC beams. Normally, the shear failure occurs suddenly without sufficient pre-warning (i.e., a brittle
failure) [17, 18, 21, 22]. Therefore, for safety concerns, the shear strength of RC members should be
designed significantly larger than their flexural strength to achieve a ductile failure at the ultimate
state.

Fiber-reinforced polymer (FRP) composites have been widely used in concrete structural
members [23, 24, 25, 26, 27, 28, 29, 30], and epoxy resin is commonly used as the bonding adhesive
in the FRP strengthening systems. In recent decades, several shear strengthening methods using FRP
composites have been proposed, including externally-bonded FRP sheet/plate and near-surface
mounted FRP strip/rod to the surface of RC beams [9, 17, 18, 21, 31, 32]. Particularly, FRP could be
applied to strengthen structures with enhanced resistance to blast loading [31, 32]. Also, the use of
FRP composites in shear strengthening of RC beams has been proved very effective, and the
maximum improvement of the shear capacity could be two times that of the un-strengthened
counterpart [9, 33]. However, the relatively poor resistance of the epoxy-bonded FRP strengthening
system to fire has been noticed [34, 35, 36]. When FRP composites are exposed to fire (typically
above 300°C), they will undergo thermal decomposition. The results of existing studies have clearly
shown a significant problem of epoxy-bonded FRP in high temperature/fire environments [37, 38,
39]. In addition, some other concerns for the epoxy-bonded FRP system arise from its poor resistance
under ultraviolet radiation [40] and the lower epoxy/concrete compatibility under temperature
variation and moisture attack [39, 41, 42, 43].

To overcome the above-mentioned drawbacks of epoxy-bonded FRP strengthening systems,
fabric-reinforced cementitious matrix (FRCM) systems [44, 45, 46], often in the form of textile-
reinforced mortar (TRM) [47, 48, 49] or textile-reinforced concrete (TRC) systems [50], have been
proposed as an emerging alternative for the strengthening of RC members. The FRCM strengthening
systems are commonly composed of fabric/textile reinforcement and inorganic cement-based matrix
[46]. The available reinforcement used in the FRCM strengthening system can be classified as un-
impregnated fibers [45, 48, 49], including dry fiber sheet and fiber textile/mesh, and resin-
impregnated fibers (e.g., FRP grids and FRP bars) [13, 20, 51]. It should be noted that the average
fracture strain of fabric/textile in the FRCM layer is usually significantly lower than that achieved in
the epoxy-bonded FRP strengthening system due to the inefficient fiber/matrix stress transfer of the
former method [13]. Therefore, the FRP bar/grid, in which fibers have been impregnated with epoxy
resin, is an optimal choice to improve the stress efficiency of FRP reinforcement [20, 51]. For the
FRP grid, the fiber content is comparatively less than that of FRP bars, and the material efficiency of
FRP grids is lower as the fibers are arranged in two perpendicular directions [51]. For the normal-
size FRP bars in the strengthening layer, an effective anchorage of the strengthening system to the
RC members is still essential to guarantee the bond strength [51].

In the FRCM strengthening system, the inorganic matrix plays an important role as it acts as a
medium for transferring stress from the concrete substrate to the reinforcement [52, 53, 54]. In
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particular, the low tensile strength of the inorganic matrix generally leads to localized cracks which
affect the interfacial stress transfer between concrete substrate and reinforcement in FRCM [13, 55].
Therefore, adding short fibers in the in-organic matrix has been explored and found to improve the
tension stiffening effect and enhance the strengthening efficiency of the FRCM strengthening system
[13,20]. Particularly, strain-hardening cementitious composites are ideal matrix materials for the
FRCM system, whose tensile strain-hardening behavior can be achieved through the proper use of
steel fibers, polyvinyl alcohol (PVA) fibers and polyethylene (PE) fibers [56, 57, 58, 59, 60, 61, 62].
According to the existing studies, the in-organic matrices can be made from different types of mortars,
such as Portland cement mortar, polymer-modified mortar, geopolymer mortar and magnesium
oxychloride/phosphate cement mortar [63, 64, 65, 66, 67]. To improve the sustainability of cement-
based matrix, geopolymer matrix is a greener alternative to Portland cement [68, 69, 70, 71, 72, 73],
as aluminosilicate industrial by-products/wastes and sodium/potassium-based activators are
commonly utilized as raw materials. From the current technology, short fiber reinforcement can be
used to enhance the toughness of geopolymer matrix [74, 75, 76], and geopolymer concrete members
can also be reinforced by FRP bars [77, 78].

Very recently, the authors introduced a geopolymer-bonded small-diameter FRP system to
strengthen RC structures [79]. In this system, geopolymer exhibits a superior bond with concrete [80,
81] and better fire resistance than ordinary cementitious matrix and organic adhesives [82, 83]. In
addition, smaller-diameter FRP bars (with a diameter of 3 to 10 mm) have larger specific surface area,
which results in a better bond interaction between the bar and the concrete/geopolymer matrix [84,
85, 86]. It is noted that the diameter of FRP bars commonly ranges from few millimeters to a few tens
of millimeters. As the strengthening of RC members based on small-diameter FRP-reinforced
geopolymer matrix (FRGM) is an emerging method, the existing studies have only explored the
flexural strengthening [79] and the bond performance between small-diameter FRP bars and
geopolymer [86]. However, in order to avoid a brittle failure, the shear strength of RC members needs
to be significantly larger than their flexural strength. Therefore, it is necessary to ascertain the
efficiency of the shear strengthening of this new FRGM system for future applications. Up to now,
there is no literature on the shear strengthening performance of this emerging system. In addition, the
existing knowledge on the shear design of the FRGM-strengthened RC member is also quite limited.

In this study, a comprehensive experimental investigation was carried out to evaluate the shear
performance of FRGM-strengthened RC beams. The influences of various design parameters on the
shear strengthening effect were explored and discussed, which can facilitate valuable knowledge for
the design and application of the FRGM system with small-diameter FRP bars.

2 Experimental programs
2.1 Materials

The geopolymer matrix was produced using industrial by-products (i.e., fly ash and slag), river
sand, and alkaline activators. The mix proportions of three different types of geopolymers are listed
in Table 1. The alkaline activator was comprised of liquid sodium silicate and sodium carbonate
(Na2CO:3) pellets. The liquid sodium silicate (waterglass) had a solid content of 35% and a Si02/Na>O
molar ratio of 3.3. The sodium carbonate had a purity of 99%. According to the author’s previous
work [80], the increase in the slag-to-fly ash ratio of geopolymer could improve its bond strength
with the concrete substrate. Thus, the two mixes of plain geopolymer mortars (i.e., M-H and M-N in
Table 1) were prepared with different slag-to-fly ash ratios (i.e., 9:1 and 6:4). Fiber-reinforced
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geopolymer (M-S in Table 1) was also prepared using the matrix of M-H and 2.0% (Vol.) steel fibers.
It should be noted that the amount of water used in geopolymer M-H, M-N, and M-S was slightly
adjusted to achieve similar workability.

Table 1 Mix proportions of geopolymer (weight ratio)

Raw materials M-H M-N M-S
Fly ash 0.100 0.400 0.100
Slag 0.900 0.600 0.900
River Sand 1.500 1.500 1.500
Sodium Carbonate 0.076 0.076 0.076
Waterglass 0.120 0.120 0.120
Water 0.250 0.240 0.250

Steel fiber / / 2.0% (Vol.)

The compressive strength of geopolymer mortar was determined using the cube specimens with
a side length of 50 mm following ASTM C109/C109 M [87]. The compressive strengths of
geopolymer M-H, M-N, and M-S at 28 d were 106.3 MPa, 89.6 MPa, and 111.5 MPa, respectively.

Ready-mixed normal-strength concrete was provided by a local supplier, Guangzhou Hengtai
concrete mixing plant. The compressive performance of the concrete was determined by three
standard cylinders (®150 mm X 300 mm) following ASTM C39 / C39M [88]. The compressive
strength and peak strain of concrete were 59.6 MPa and 0.23%, respectively.

Sand-coated small-diameter carbon FRP (CFRP) bars with a diameter of 3 mm (Fig. 1a) were
employed as the internal reinforcement of the FRGM strengthening system. To fix CFRP bars in the
strengthening layer, two glass FRP (GFRP) bars with a diameter of 6 mm were used (Fig. 2).
According to ASTM D7205 / D7205M [89], five samples of each type of FRP bars were tested to
measure their mechanical properties. The results are summarized in Table 2, including the tensile
strength, tensile strain capacity, and elastic modulus. The properties of steel bars are also summarized
in Table 2. Three samples of each type of steel bars were also tested, following the instructions of
ASTM A370 [90].

Sand-Coated Small-Diameter FRP Bar b Surface Preparation

L l: li l
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Fig. 1 (a) Small-diameter CFRP bar and (b) concrete surface preparation.

Table 2 Mechanical properties of reinforcements.

Diameter Tensile Yield Strain at the end Tensile Elastic
Materials (mm) Strength ~ Strength  of yield plateau  Strain Capacity = Modulus

(MPa) (MPa) (%) (%) (GPa)

CFRP D03 3 2455 / / 1.6 154
GFRP D06 6 1216 / / 2.3 53

Steel bar D10 10 483 251 / 19.0 200
Steel bar D14 14 687 469 1.9 19.0 200
Steel bar D25 25 622 416 1.6 20.5 200

4/34



Accepted by Composite Structures (Elsevier), Nov. 2022

2.2 Beam specimens and testing methods

A total of twelve shear-critical RC beams were prepared. The details of RC beams are shown in
Fig. 2. 25-mm-diameter and 14-mm-diameter steel bars were used as the longitudinal reinforcements
in the tension and compression zones, respectively. All the RC beams had a rectangular cross-section
(150 mm x 300 mm), and the effective depth was 270 mm. Commonly, RC beam specimens can be
divided into three different types, deep beams (a/d < 1.0), short beams (1.0 < a/d <2.5), and ordinary
shallow beams (a/d > 2.5), where the “a” and “d” represented the shear span length and effective
depth of RC beam [20], respectively. Here, two different types of RC beams, short beams (a/d = 2.4)
and ordinary shallow beams (a/d = 3.2) were prepared with the shear spans of 650 mm and 850 mm.
For the specimens in Fig. 2, one shear span was heavily reinforced with stirrups while the other shear
span had no stirrups. The shear strengthening was carried out on the side without stirrups and the
shear failure was also designed to occur at this side. Surface treatment of the strengthening area in
the concrete beam was facilitated by the grooves with a triangle section (length: 11 mm, width: 6 mm,
and the maximum depth: 7 mm), as shown in Fig. 1b.

1500 or 1900

|
) Double Side Single Side
2014 2014
FRGM Strengthening Layer §
2025 2925
| A | Stirrup ®10@10d (100 mm) O L1 L1 | L]
150
| | 750 or 950 | | I 35 150 35 35
100 650 or 850 650 or 850 100
FRGM Strengthening Layer (90° CFRP) FRGM Strengthening Layer (45° CFRP)
GFRP 298 GFRP 206
CFRP ®3@10d (30 mm) CFRP ®3@10d (30 mm)

Fig. 2 Specimen dimensions.

The details of the FRGM layer are shown in Fig. 2, where the thickness and height are 35 mm
and 300 mm, respectively. The length of the FRGM layer was 750 mm or 950 mm. In the FRGM
layer, 3-mm small-diameter CFRP bars with a spacing of 30 mm (10d) were used as the shear
reinforcement, and two 6-mm GFRP bars were used to fix the small-diameter CFRP bars.

The specimen details of the RC beams are listed in Table 3. The factors considered in this study
include the shear span-to-depth ratio of RC beams (2.4 vs. 3.2), the configuration of the strengthening
layers (single-side vs. double-side), bonding methods (geopolymer-bonded vs. epoxy-bonded), slag-
to-fly ash ratios in geopolymer matrix (i.e., 9:1 vs. 6:4), short fiber reinforcement conditions in the
matrix (plain geopolymer vs. steel fiber-reinforced geopolymer), and the alignment directions of
small-diameter CFRP bars [90° (vertical) vs. 45° to the longitudinal direction]. It is noted that
according to existing literature [17, 91], the orientation of FRP bars/sheets (as shear reinforcement)
would affect the shear behavior of strengthened RC beams. Compared with FRP bars placed at 90°
direction, the bars placed at 45° direction could contribute more to shear resistance, because the bar
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orientation would be perpendicular to the diagonal crack. Considering this, two alignment directions
of mini CFRP bars were investigated in this study.

All beam specimens were strengthened with the FRGM layer through in-situ construction except
one for which the epoxy resin was used for bonding the prefabricated FRGM layer to make
comparisons (see AS-I-E in Table 3). The bond strength, tensile strength, and shear strength of the
resin were 7 MPa, 50 MPa, and 30 MPa, respectively (provided by the manufacturer). In the specimen
IDs, “A” and “B” present the RC beams with two different shear span-to-depth ratios; “0” stands for
the reference beam; “H”, “N”, and “S” stand for three types of geopolymer mortars in Table 1; “I”
and “II” mean the number of FRGM strengthening layer applied on the RC beams, representing
single-side and double-side strengthening, respectively; “E” stand for epoxy-bonded condition; and
“45” stands for the small-diameter CFRP bars with an angle of 45° to the longitudinal direction.

Table 3 Specimen details.

Specimen  Shear Span-to- Reinforcement Geopolymer No. of FRGM Angle Bonding
ID Depth Ratio Ratio (%) Matrix Layer (9 Method

A0 2.4 2.87 / / / /
AN-I 2.4 2.87 M-N 1 90 Geopolymer Bonding
AH-I 2.4 2.87 M-H 1 90 Geopolymer Bonding
AN-II 2.4 2.87 M-N 2 90  Geopolymer Bonding
AH-II 2.4 2.87 M-H 2 90 Geopolymer Bonding
AH-1-45 2.4 2.87 M-H 1 45 Geopolymer Bonding
AS-| 2.4 2.87 M-S 1 90 Geopolymer Bonding
AS-I-E 2.4 2.87 M-S 1 90 Epoxy Bonding
BO 3.2 2.87 / / / /
BN-I 3.2 2.87 M-N 1 90 Geopolymer Bonding
BH-I 3.2 2.87 M-H 1 90 Geopolymer Bonding
BS-I 3.2 2.87 M-S 1 90 Geopolymer Bonding

Note: “No. of FRGM layer” means the number of FRGM strengthening layers (single-side or double-side); “Angle”
means the angle of small-diameter CFRP bars aligned to the beam’s longitudinal axis; “Geopolymer Bonding”
means that the FRGM layer was cast in place; and “Epoxy Bonding” means that the FRGM layer was prefabricated
and then bonded to the RC beams using epoxy.

2.3 Experimental programs

Fig. 3 presents the experimental flowchart of the beam specimens in Table 3. The control beams
(i.e., A0 and BO) were tested at the age of 56 days (28 days + 28 days in Fig. 3). For the single FRGM
layer-strengthened specimens, the RC beams were cured for 28 days and then the FRGM layer was
applied. For the double layer-strengthened ones, the interval between the casting time of two FRGM
layers was 3-day. After another 28-day curing, the specimens with single and double FRGM layers
were tested. For Beam AS-I-E, the epoxy-bonded prefabricated FRGM layer (cured for 28 days) was
used as the strengthening layer, and the specimen was cured for 7 days after the epoxy bonding.
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Control RC Beams Curing for Testing:
(Curing for 28 Days) Another 28 Days Beams A0 and BO
Casting Curing for | Testing: Beams AN-I, AH-I, AH-I-
Single FRGM Layer 28 Days 45, AS-1, BN-I, BH-I, and BS-I
RC Beams Casting Curing for Casting Curing for | Testing: Beams AN-II

(Curing for 28 Days) First FRGM Layer 3 Days Second FRGM Layer | 28 Days and AH-II

Prefabrication of Curing for Applying Epoxy- Curing for Testing:

FRGM Layer 28 Days Bonded FRGM Layer 7 Days Beam AS-I-E

Fig. 3 Experimental flowchart of beam specimens.

The three-point bending test was conducted to investigate the shear performance of the
strengthened and reference beams (Fig. 4). The vertical displacements at the two supports and the
mid-span of the beams were measured using linear variable differential transformers (LVDTs). All
the test data were recorded simultaneously by a datalogger at a frequency of 1 Hz. In addition, the
DIC technique was used to monitor the strain field and cracking behavior of the beam specimens [92,
93, 94].

Hydraulic
Actuator

LvDT
= LVDT

FRGM
Strengthening Layer

Fig. 4 Schematic diagram of the set-up of the three-point bending test.

3 Shear performance of FRGM-strengthened RC beams
3.1 Load-deflection responses

Fig. 5 presents the load vs. mid-span deflection relations of the FRGM-strengthened RC beams
and the reference beams (i.e., A0 and B0). Fig. 6 summarizes the peak loads of all the beams. In Fig.
5, the specimens are divided into three groups for comparison. Here, Fig. Sa compares the
performances of specimens with different numbers of FRGM layers (single-side and double-side) and
the slag contents in the geopolymer matrix; Fig. Sb compares the performances of specimens with
varying fiber contents, the bonding methods, and directions of small-diameter FRP bars in the FRGM
layer; and Fig. 5S¢ shows the performances of specimens with a shear span-to-depth ratio of 3.2.
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Generally, the curves of the specimens in Fig. 5 could be divided into four parts, which were
“before crack load”, “crack load — diagonal crack load”, “diagonal crack load — peak load”, and “peak
load — failure”. At the first stage (i.e., before crack load), the load increased almost linearly with the
deflection, when the loads of approximately 60 kN and 50 kN were reached for specimens of A and
B series, respectively. Afterwards (i.e., crack load — diagonal crack load), the slopes of the curves
declined and the curves presented a non-linear increase. When the diagonal crack emerged (i.e.,
diagonal crack load — peak load), the slopes of the curves presented a second degradation, while a
non-linear increase was still seen until the peak load. At the final stage (peak load — failure), a sudden
drop could be observed, indicating the shear failure of the specimens. It should be pointed out that
for specimen AH-II in Fig. Sa and BS-I in Fig. S¢, critical shear cracks were observed after the peak
loads, but the load-deflection curves still showed a platform stage. Because of this unexpected
phenomenon and the limitation of the testing system, the test stopped at the mid-span deflection of
12.5 mm, and the decreasing parts of the load-deflection curves were not measured. The crack patterns
and failure processes of these two specimens will still be presented in the following sections.

Mid-Span Deflection (mm)

1 Group A: Geopolymer Matrix Group A: Steel Fiber, FRP Angle, Group B: Geopolymer Matrix
& Strengthening Layer & Bonding Method & Steel Fiber
400 400 400
a b c
320 + 320 320
= 240 + 240 + 240 +
5
e
]
o
= 160 | 160 |- 160 |-
—_— A0 - AO
e AN-| — AH- — B0
80 - AH- 80 AH-I-45 80 - —— BN
— ANl — AS- e BH-|
AH-lI AS-I-E — BS-|
O ) 1 1 1 i 1 " 1 ) 0 A 1 1 1 1 1 i 1 ) D ) 1 1 1 i 1 n 1 )
0.0 25 5.0 75 10.0 125 0.0 25 5.0 75 100 125 0.0 25 5.0 75 10.0 125

Fig. 5 Load-deflection curves of FRGM-strengthened concrete beams.
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Fig. 6 Ultimate loads of FRGM-strengthened concrete beams.
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Comparing the curves in Fig. 5a and the corresponding values in Fig. 6, it can be found that all
the specimens in Fig. 5a had almost the similar stiffness in the first and second stages (i.e., from the
initial stage to the diagonal crack load), indicating that the FRGM layer provided a marginal influence
on the initial and post-crack stiffness of the specimens, which was possibly due to the dominant
flexural deformation before the initiation of the diagonal shear crack. With the increase of the number
of FRGM layers (i.e., from single layer to double layers), the peak loads of the specimens showed a
significant increase. Here, the peak load of the specimen with a single FRGM layer was
approximately 1.2 times that of the reference beam, while the peak load of the specimen with double
FRGM layers was approximately 1.9 times that of the reference beam. In addition, the slag-to-fly ash
ratio of the geopolymer matrix (i.e., 1:9 for Beam AH-II and 4:6 for Beam AN-II) presented a
marginal effect on the peak load of the specimens.

For the results in Fig. 5b and the corresponding values in Fig. 6, it can be found that the peak
load of Beam AH-I was higher than that of the specimen strengthened by 45° small-diameter FRP
bars (i.e., AH-I-45), indicating that the direction of the small-diameter FRP bars in the FRGM layer
affected the peak load of the strengthened beams. The load contribution of the strengthening layer in
Beam AH-I was 36 kN, while that in Beam AH-1-45 was 49 kN. It indicated that the shear contribution
of 45° FRP bars was 36% higher than that of 90° FRP bars. The peak load of Beam AS-I was 1.4
times that of Beam AH-I, indicating that the addition of steel fibers in the geopolymer matrix
significantly improved the peak load of the strengthened beams. On the other hand, the geopolymer-
and epoxy-bonded FRGM layers showed the similar strengthening efficiency. The peak loads of
Beam AS-I (geopolymer-bonded) and Beam AS-I-E (epoxy-bonded) were 312 kN and 319 kN,
respectively.

Fig. 5c shows the load-deflection curves of the specimens with a shear span-to-depth ratio of
3.2, and the results from the experimental investigations seemed to be similar to those discussed in
the above section. The slag-to-fly ash ratios of the geopolymer matrix in BH-I and BN-I were 1:9 and
4:6, respectively. At the same time, the obtained peak load of Beam BH-I was slightly higher than
that of Beam BN-I (i.e., 1.12 times that of Beam BN-I). Furthermore, by adding 2% (Vol.) steel fibers
in the geopolymer matrix, the peak load of the Beam BS-I was 1.25 times that of the specimen without
steel fiber in the geopolymer matrix (i.e., Beam BH-I). Compared with the curves in Fig. 5a and Fig.
5b (shear span-to-depth ratio of 2.4), the curves in Fig. Sc¢ (shear span-to-depth ratio of 3.2) showed
lower peak loads as expected. For the specimens with the shear span-to-depth ratio of 2.4, the load
seemed to present a sudden drop when the diagonal crack initiated. After that, a non-linear load
increase with the reduced curve slope could be observed. However, for the specimens with the shear
span-to-depth ratio of 3.2, the curve reflected a relatively smooth transmission when the diagonal
crack occurred.

3.2 Crack patterns and failure modes

The crack patterns of the FRGM-strengthened beams and the reference beam are shown in Fig.
7, and the governing cracks at the ultimate state are marked with thick lines.

The group A specimens showed three types of failure modes. First, a governing diagonal crack
developing from the support to the loading point could be seen for the reference RC beam A0 and the
strengthened beam AN-I, AH-I, AN-II, and AH-I-45. In addition, concrete crushing could be observed
near the loading point, which reflected a typical shear-compression failure. Apart from the governing
diagonal crack, additional diagonal or vertical cracks could also be observed in the shear span region.
However, for the Beam AH-II, owing to the use of a double-layer higher-strength geopolymer matrix
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(M-H), the critical diagonal crack did not propagate throughout the whole section of the beam. For
the specimens using fiber-reinforced geopolymer matrix (i.e., Beam AS-I and AS-I-E), the slope of
the critical diagonal crack seemed to be larger than that of the specimen using a plain geopolymer
matrix Because the existence of steel fibers restrained the opening of the shear crack. Several cracks
also existed near the critical shear crack, and the epoxy-bonded specimens (i.e., AS-I-E) had more
diagonal cracks than the geopolymer-bonded specimens (i.e., AS-I). It should be pointed out that the
critical shear cracks of the RC layer of Beam AS-I will be further analyzed in Section 4.2 to
understand the failure process of the beam with steel fiber-reinforced geopolymer.

The group B specimens showed two types of failure modes. For the reference beam B0 and the
strengthened beams BN-I and BH-I, the diagonal cracks propagated almost horizontally near the
support (at the height of the longitudinal steel rebar). No concrete crushing could be observed at the
end of the loading stage, and these specimens were governed by the diagonal tension failure. For the
specimen using the fiber-reinforced geopolymer matrix (i.e., BS-I), the slope of the critical crack was
also larger than that of the specimens using the plain geopolymer matrix (i.e., BH-I).

Beam A0 Beam AH-1-45 Beam BO

[ ] [ [

Beam AN-I Beam AN-II Beam BN-I
o [ ®

Beam AH-I Beam AH-II Beam BH-I i
[ ] ®

Beam AS-| X Beam AS-I-E k2 Beam BS-I X

/ f’/ | 4 </ﬁ/\ | //i

Fig. 7 Crack patterns and failure modes of FRGM-strengthened concrete beams at the ultimate
stage.

3.3 Development of crack width

The maximum crack width vs. load and deflection relations of the tested specimens are presented
in Fig. 8 and Fig. 9, respectively, which were obtained from the DIC results according to the method
in [92, 93, 94]. The measured crack was the critical diagonal crack. It should be noted that 30 locations
were selected along the diagonal cracks, and the presented crack width at each load or deflection level
was calculated as the maximum value among the 30 crack width values. The crack width was
compared in three groups (i.e., Fig. 8a-c and Fig. 9a-c). Generally, the shapes of the curves were
similar and could be divided into two stages. Taken AN-II in Fig. 8a, for example, at the initial loading
stage, the crack width was maintained at the level of zero until the load reached around 160 kN. Then,
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the diagonal crack emerged, and a non-linear increase in the maximum crack width could be observed.
With the increment of the load level, the slope of the curve also increased.

Group A: Geopolymer Matrix Group A: Steel Fiber, FRP Angle, Group B: Geopolymer Matrix

& Strengthening Layer & Bonding Method & Steel Fiber
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Fig. 8 Maximum crack width vs. load relations.
Group A: Geopolymer Matrix Group A: Steel Fiber, FRP Angle, Group B: Geopolymer Matrix
& Strengthening Layer & Bonding Method & Steel Fiber
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Fig. 9 Maximum critical shear crack width vs. deflection relations.

From the curves in Fig. 8a and Fig. 9a, it can be found that with the increase in the number of
the strengthened layer, the width of the critical diagonal crack decreased. At the mid-span deflection
of 3 mm, the control specimen (i.e., AO) had a maximum crack width larger than 0.8 mm, while the
maximum crack widths of the specimens with one FRGM layer (i.e., AH-I) and two FRGM layers
were 0.4 mm and 0.08 mm, respectively. In addition, the slag-to-fly ash ratio of the geopolymer matrix
had the minimal effect on the development of the maximum crack width.

In Fig. 8b and Fig. 9b, it can be found that the direction of the small-diameter CFRP bars slightly
affected the maximum crack width. The specimen with vertically (90°)-placed small-diameter CFRP
bars (i.e., AH-I) showed a larger maximum crack width than the specimen with 45°-placed small-
diameter CFRP bars (i.e., AH-1-45). By adding steel fibers, the maximum crack width could be
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significantly reduced. At the mid-span deflection of 3 mm, the specimen with 2% steel fiber in the
geopolymer matrix (i.e., AS-I) exhibited a maximum crack width smaller than 0.1 mm, while the
specimen without the steel fiber (i.e., AH-I) exhibited a maximum crack width of 3.8 mm. In
comparison, the bonding methods seemed to show slight influence on the maximum crack width
evolution. From Fig. 9b, at the initial loading stage (mid-span deflection below 2.5 mm), the
geopolymer-bonded specimen (i.e., AS-I) showed a similar maximum crack width with the epoxy-
bonded specimen (i.e., AS-I-E). When the deflection was larger than 2.5 mm, the maximum crack
width of Beam AS-I-E was larger than that of Beam AS-I.

For the group B specimens (shear span-to-depth ratio of 3.2) in Fig. 8¢ and Fig. 9c, the
aforementioned phenomena can also be observed, i.e., (1) the strengthened beams had a smaller
maximum crack width than the reference beam, (2) slag-to fly ash ratio in geopolymer matrix had a
limited effect on the maximum crack width of the strengthened beams; and (3) the maximum crack
width could be significantly lowered by adding steel fibers in the geopolymer matrix.

4 Failure processes and DIC results of the tested beams

The failure processes of the beam specimens were analyzed using the DIC technique.
Additionally, after the test, the geopolymer matrix around the critical diagonal crack of the beam
specimens was removed to observe the in-situ failure modes of small-diameter CFRP bars in the
FRGM layer. In the following sub-sections, the DIC strain fields and local failure modes of Beams
AH-I, AS-1, AH-I-45, AN-II, and BH-I are presented and discussed in details. In contrast, the failure
processes of Beams A0, AN-I, AS-I-E, AH-II, BO, BN-I, and BS-I are summarized in the Appendix
to improve readability.

4.1 Beam AH-1

Fig. 10 presents the load vs. mid-span deflection relationship of Beam AH-I (using geopolymer
M-H in the FRGM layer), and the DIC strain fields at four loading stages. Here, the DIC images
correspond to the strain fields at the load levels of 72 kN, 145 kN, 217 kN, and 206 kN, respectively.
At the load of 72 kN, a vertical flexural crack resulting from the bending load could be observed. At
the load of 145 kN, a small shear crack (surrounded by the dashed line in the DIC image of 145 kN)
propagated diagonally, and a decrease in the slope of the load-deflection curve could be seen at this
stage. When the load reached the peak value (i.e., 217 kN), the critical diagonal crack was observed
clearly. Afterwards, the load—deflection curve presented a mild decrease; and during this stage, the
width of the diagonal crack and the FRP/geopolymer debonding developed rapidly. After the load of
206 kN, a sudden drop can be observed in the curve. A similar crack pattern was also observed in
Beam AN-I using geopolymer M-N as shown in Fig. A2 of the Appendix, which also indicated that
the different slag-to-fly ash ratios (AN-I vs. AH-I) had little effect on the shear performance of the
strengthened beam if the tensile strengths of the formed geopolymer matrix were similar.
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Fig. 10 Failure process and DIC strain fields of Beam AH-I.
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Fig. 11 Local failure mode of the FRGM layer in Beam AH-I: (a) overall view, and the enlarged (b)
Window b, (¢) Window c¢, and (d) Window d in Fig. 11a.

Fig. 11 presents the final failure mode of the FRGM layer in Beam AH-I. The debonding of the
small-diameter CFRP bars could be observed particularly at the two ends of the diagonal crack (see
Fig. 11¢ and Fig. 11d). The small-diameter CFRP bars also contributed to the shear capacity of the
strengthened beam. As the transverse shear strength of the CFRP bar was much lower than its tensile
strength [20, 97], the rupture of the small-diameter FRP bar can be seen in Fig. 11¢. The shear crack
in the FRGM layer is almost identical to that in the reference beam A0 in Fig. A1 of the Appendix.
For Beam AH-I in Fig. 11, the overlapped diagonal cracks of the parent concrete beam and FRGM
layer indicated an excellent interaction achieved between the strengthening layer and the RC beam.

4.2 Beam AS-1

Fig. 12 presents the load vs. mid-span deflection relation of the beam strengthened with steel
fiber-reinforced FRGM layer (AS-I), and the DIC strain fields at three load levels (i.e., 104 kN, 208
kN, and 312 kN). At the load of 104 kN, very fine cracks would be observed at the lower right corner
of the DIC image. Compared with the reference beam A0 (in Fig. A1 of the Appendix) and the beam
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with plain geopolymer matrix (e.g., Beam AH-I in Fig. 10), the steel fiber-reinforced FRGM layer
showed a superior crack resistance given a similar load level. When the load reached 208 kN, several
short slim cracks could be observed at the bottom of the FRGM layer. At the peak load (i.e., 312 kN),
it could be seen from the figure that two major flexural/shear cracks were formed (i.e., clearly with a
larger slope than those in Fig. 10), while the opening of diagonal shear crack appearing at the central
beam depth location was suppressed (surrounded by the dashed line). Afterwards, it should be noted
that the concrete crushing (i.e., shear-compression failure) was observed at the top of the beam (near
the loading point), followed by a sudden load drop. The failure process of the beam strengthened with
epoxy-bonded steel fiber-reinforced FRGM layer (i.e., Beam AS-I-E) is shown in Fig. A3 of the
Appendix. The load capacities and crack patterns of Beam AS-I and Beam AS-I-E are similar,
indicating that the effectiveness of the geopolymer- and epoxy-bonding methods was close.

After the test, the FRGM layer was removed from the strengthened RC beam, and two bonding
surfaces (both FRGM and concrete sides) are presented in Fig. 13. It is noted that the integrity of the
FRGM layer in Fig. 13a was well kept due to the addition of steel fibers. It can be seen that a relatively
large volume of concrete was attached to the FRGM layer (surrounded by the dashed lines in Fig.
13a), indicating an excellent bond between the FRGM layer and concrete substrate. After removing
the FRGM layer, the surface of the concrete substrate can be clearly seen in Fig. 13b, and a critical
diagonal crack can be found in the concrete beam.

360
312 kN
270 L
< 208 kN
< 180 -
@
(o]
-
9 | /104 kN
—AS_l
0 1 1 1
0o 2 4 6 8

Mid-Span Deflection (mm)
Fig. 12 Failure process and DIC strain fields of Beam AS-I.
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Fig. 13 Bonding surfaces of the (a) FRGM layer and (b) concrete substrate of Beam AS-I.
4.3 Beam AH-1-45

Fig. 14 presents the load vs. mid-span deflection relationship of the specimen using 45° small-
diameter FRP bars (i.e., Beam AH-I-45), and the DIC strain fields at the load levels of 77 kN, 153
kN, 230 kN, and 215 kN. Similar to Beam AH-I (see Fig. 10), the first crack in the shear span
approached the mid-span of the beam and propagated vertically. At the load of 153 kN, an arc-shaped
diagonal crack was observed. When the load reached peak value (i.e., 230 kN), the governing diagonal
crack could be seen while it did not propagate throughout the whole section. Afterwards, the curve of
the beam presented a mild decrease, and the diagonal crack developed throughout the entire section.
Also, the debonding between the small-diameter CFRP bars and the geopolymer matrix developed
rapidly. When the load decreased to 215 kN, the curve presented a sudden drop. In general, the failure
process and crack patterns of Beam AH-1-45 were quite similar to those of Beam AH-I in Fig. 10
(using 90° small-diameter FRP bars), while the load capacity of Beam AH-I1-45 was a little higher.
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Fig. 14 Failure process and DIC strain fields of Beam AH-1-45.
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Fig. 15 Local failure mode of the FRGM layer in Beam AH-I-45: (a) overall VieW, and the enlarged
(b) Window b, (c) Window c, and (d) Window d in Fig. 15a.

~

Fig. 15 presented the final failure mode of Beam AH-1-45, which is similar to that of Beam AH-
Iin Fig. 11. The debonding of the small-diameter FRP bars could be seen at both ends of the diagonal
crack (see Fig. 15¢ and Fig. 15d), owing to the comparatively short embedded length of the small-
diameter bar at the debonding side. Additionally, in the middle portion of the diagonal crack, shear
rupture failure of small-diameter FRP bars could be observed (see Fig. 15b), because the embedded
lengths of both ends of the small-diameter bar were large enough. The shear failure of the small-
diameter FRP bars also indicated that the FRGM layer was fully utilized in Beam AH-1-45.

4.4 Beam AN-I1

Fig. 16 presents the load vs. mid-span deflection relation of the specimen with double FRGM
layers (i.e., Beam AN-II, using geopolymer M-N), and the DIC strain fields at loads of 114 kN, 227
kN, and 341 kN. When the load reached 114 kN, two vertical cracks emerged in the shear span. At
the load of 227 kN, apart from the initial two cracks, a diagonal crack could be seen with an arc shape.
At the ultimate stage (i.e., 341 kN), the arc-shaped diagonal crack had the largest width, and the
specimen showed a shear-compression failure. In addition, Fig. 17 presents the final failure mode of
the specimen, which is very similar to the results of Beam AH-I (shown in Fig. 11) and AH-I-45
(shown in Fig. 15). It should be pointed out that the similar failure process was also observed for
Beam AH-II using geopolymer M-H, which can be found in Fig. A4 of the Appendix.
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Fig. 16 Failure process and DIC strain fields of Beam AN-II.

Fig. 17 Local failure mode of the FRGM strengthening layer in Beam AN-II: (a) overall view, and
the enlarged (b) Window b, (¢) Window c, and (d) Window d in Fig. 17 a.

4.5 Beam BH-1

Fig. 18 shows the load vs. mid-span deflection relationship of the specimen with the shear span-
to-depth ratio of 3.2 (i.e., Beam BH-I), and the DIC strain fields at loads of 67 kN, 134 kN, 201 kN,
and 189 kN, respectively. When load reached 67 kN, the vertical cracks in the shear span could be
seen. Then, at the load of 134 kN, a diagonal crack appeared together with several vertical cracks.
When the load reached the peak value (i.e., 201 kN), the critical diagonal crack could be clearly seen
with a considerable width. Afterwards, the curve presented a sudden drop followed by a short constant
stage. In the meantime, the crack developed towards the loading point and the support. A sudden drop
could be seen on the curve when the load decreased to 189 kN, indicating the complete failure of the
specimen. Fig. 19 presents the final failure mode of Beam BH-I, in which the observations were
similar to those of Beam AH-I in Fig. 11. It is noted that the failure processes of the other specimens
in group B (i.e., BO, BN-I, and BS-I) can be found in Fig. A5, Fig. A6, and Fig. A7 of the Appendix.
In addition, the findings obtained from the specimens in group B (i.e., BO, BN-I, BH-I, and BS-I) are
similar to those obtained from the specimens in group A (i.e., A0, AN-I, AH-I, and AS-I), in terms of
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the effects of slag-to-fly ash ratios and steel fiber reinforcements on the strengthened beams.
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Fig. 18 Failure process and DIC strain fields of Beam BH-I.

Fig. 19 Local failure mode of the FRGM layer in Beam BH-I: (a) overall view, and the enlarged (b)
Window b, (c) Window c, and (d) Window d in Fig. 19a.
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4.6 Summary of load-carrying mechanism of the strengthened beams

Based on the experimental findings, the load-carrying mechanism of the FRGM-strengthened
beams could be summarized as follows. At the initial loading stage, since the FRGM layer was well
bonded with the RC beam, the initial shear force was mainly carried by the concrete of RC beam and
the geopolymer matrix of FRGM layer. Herein, a compression path would be formed from the loading
point to the support. Meanwhile, the internal tensile force was perpendicular to the formed
compression path. Once the internal tensile force reached the tensile strength of concrete and the
geopolymer matrix, the diagonal crack would initiate and propagate, and the internal tensile force
carried by concrete and geopolymer matrix would be transferred to the FRP bars. After the rupture of
the FRP bars, the strengthened beam failed. Therefore, the strength of concrete and the geopolymer
matrix would greatly influence the load point when the diagonal crack initiated. In addition, the design
of the FRP rebar (e.g., inclination and reinforcement ratio) would mainly influence the load carrying
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capacity and the slope of the load-deflection curve after diagonal crack formed.
4.7 Effective strain of small-diameter CFRP bar

The shear failure of RC beams mostly occurs with a diagonal tension crack. The crack usually
starts with the vertical flexural cracks from the tensile face of RC beams, and then develops towards
the loading point. Cheng and Teng [17, 18] mentioned that the strain distribution in the FRP
reinforcement along the shear crack is non-uniform. The strains of FRP bars in the strengthened RC
beam intersected by the diagonal crack are strongly affected by the crack width due to the linear
elastic behavior of FRP. The maximum strain in the FRP reinforcement can be reached with the
increasing width of the diagonal crack.

However, it is difficult to use the conventional method (i.e., attaching strain gauges on the
surface of FRP reinforcement) to measure the actual strain distribution in small-diameter CFRP bars
along the diagonal crack during the test because the position of the crack is difficult to predict, and
the shear failure process of the RC beam is brittle. For the present test, the DIC analysis was used to
monitor the strain field and cracking behavior of the strengthened RC beams.

According to the DIC results, it is assumed that the debonding between small-diameter CFRP
bars and geopolymer matrix was comparatively small at the peak load, because the critical shear crack
opening at the peak load were well-restrained by the geopolymer mortar, and significant debonding
occurred only after the peak load. As the local debonding between small-diameter CFRP bars and
geopolymer mortar was difficult to monitor from the DIC results, it is assumed here that FRP bars
were well bonded to the geopolymer matrix. The strains in small-diameter CFRP bars can be
estimated from the DIC results by calculating the strain of geopolymer at the position of each small-
diameter FRP bar. Afterwards, the effective strain of CFRP bars (Table 4) in the FRGM strengthening
layer can be determined by averaging the obtained strains in each small-diameter CFRP bars. It should
be pointed out that only the small-diameter CFRP bars intersected by the diagonal shear crack and
distributed within the beam’s effective depth were used to determine the effective strain.

Table 4 presents the peak load, the corresponding mid-span deflection, and the effective strains
of the small-diameter CFRP bars. From the table, it can see that (1) The compressive strength of
geopolymer mortar had marginal effect on the effective strain of small-diameter CFRP bars in this
study (2830 pe in AN-II and 3160 pe in AH-II; 1890 pe in AN-I and 1820 pe in AH-I). (2) The use of
the CFRP bars distributed at 45° to the beam’s longitudinal axis could provide higher effective strain
in CFRP bars compared to the CFRP bars distributed perpendicularly to the longitudinal axis (i.e.,
1890 pe in AN-I, 1820 pe in AH-I and 2220 pe in AH-1-45). (3) With the increase on the number of
the FRGM strengthening layers, the effective strain of small-diameter CFRP bar increased, owing to
the larger deformation and ultimate load of the specimen, the effective strain of small-diameter CFRP
bars in AH-II could be 1.7 times that in AH-I. (4) Through adding steel fibers into the geopolymer
mortar, the effective strain of the small-diameter CFRP bar decreased. Here, AS-I and AS-I-E seemed
to present comparable ultimate loads and mid-span deflections with AN-II and AH-II, while the
effective strain of small-diameter CFRP bars in the steel fiber reinforced geopolymer was only about
50% of those in AN-II and AH-II. It may be related to the debonding between the FRGM layer and
the concrete substrate during the loading process (Fig. 13), leading to the deformation incompatibility
between the FRGM and RC layers. (5) With the increase of the shear span-to-depth ratio, the effective
strain of small-diameter FRP bar slightly increased due to the shift of shear compression failure to
diagonal tension failure.

19/34



Accepted by Composite Structures (Elsevier), Nov. 2022

Table 4 The average tensile strain of small-diameter CFRP bars in beams at the peak load.

Specimen Peak Load Mid-Span Average Tensile Strain
ID (KN) Deflection (mm) of FRP (ue)
A0 181 291 /
AN-I 210 3.89 1890
AN-II 341 5.40 2830
AH-I 217 3.78 1820
AH-II 353 5.69 3160
AH-I1-45 230 3.80 2220
AS-1 312 5.63 1440
AS-I-E 319 5.61 1540
BO 136 3.08 /
BN-I 179 5.36 1970
BH-I 201 5.21 2470
BS-I 252 6.71 1820
4000
Group A Group B
(ald = 2.4) (ald = 3.2)
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Fig. 20 Average strain of small-diameter FRP bars. The FRP’s average strains of the double-side
strengthened beam specimens are larger than those of the single-side strengthened specimens.

5 Theoretical analyses

This section presents the prediction method for the shear capacities of the FRGM-strengthened
RC beams. The shear capacity of the FRGM strengthened RC beams, V7, is contributed by two parts:
1.e., from the original RC beam (Vzc) and the FRGM strengthening layer(s) (Vrrcum) as illustrated in

Eq. (1).
Vs =Vie +Veran @

where the shear capacity of the un-strengthened RC beam Vkc is contributed by concrete and
transverse reinforcement, which can be predicted using the classical model [100] adopted in ACI
PRC-445-99 [101].
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in which /% is the compressive strength of concrete used in the RC beam; p is the flexural steel
reinforcement ratio; by, ho, and a are the width, effective depth, and span length of RC beams,
respectively.

The shear contribution of the FRGM layer (Vrreum) in the strengthened beams is from two parts:
the geopolymer matrix (V) and FRP reinforcement (¥Vrrp). According to the experimental design,
three types of geopolymer (i.e., plain geopolymer M-N and M-H, and steel fiber-reinforced
geopolymer M-S) were used in the FRGM strengthening layer. As very limited work could be found
on the shear performance of fiber-reinforced geopolymer, the shear capacities of the plain and fiber-
reinforced geopolymer were estimated based on the equation for fiber-reinforced concrete proposed
by Khuntia et al. [102]. The shear capacity of the geopolymer (V) in the FRGM layer can be
calculated as Eq. (3).

Vs = VeDerou My )
where brrca 1s the thickness of the FRGM layer; 4y is the effective depth of the RC beam. The
parameter v is the shear strength of the geopolymer mortar which can be obtained by Eq. (4).

{0.167(2.5&]+O25F}/E (a/h, <2.5)
Vg = a

(0.167+0.25F )|, (a/h, >2.5)

where f'c is the cylinder compressive strength of the geopolymer mortar; /¢ and a are the effective
depth and span length of RC beams, respectively. In this study, the cylinder compressive strength of
geopolymer (@100 mm % 200 mm) was measured at 28 d, and the results of geopolymer M-N, M-H,
and M-S were 71.7 MPa, 87.2 MPa, and 97.0 MPa, respectively. The parameter F is a fiber factor
defined by Eq. (5).

(C))

F=(L, /D, )V,d, 5)
where Lrand Dy are the length and diameter of the steel fiber, respectively; Vris the volume fraction

of steel fiber in matrix; and dris the bond factor which is defined as 0.5, 0.75, and 1.00 for round
fibers, crimped fibers, and indented fibers, respectively.

According to the existing analysis models [17, 18, 97, 98] for determining the shear capacity of
FRP-strengthened RC beams, the shear strength contributed by the FRP reinforcement can be
expressed by Eq. (6).

h-p (COt &+ cot S)sin S

SFRP
where n, Arrp, €rrp, Errp, and hrrp are the number of layers, cross-sectional area, effective strain,
elastic modulus, and effective depth of the FRP reinforcement, respectively; 6 is the angle between
the diagonal shear crack and the longitudinal beam axis (Fig. 21); £ is the angle between the beam’s
longitudinal axis and small-diameter CFRP bars (Fig. 21); and Srrp is the space between small-
diameter CFRP bars. The eftective depth /rrp of small-diameter CFRP bars is defined as 0.94¢ (Fig.

Vere = N&rrp Errp Arrp (6
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21) [17, 18], where ho is the effective depth of the RC beam.
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Fig. 21 Directions of the governing shear crack and FRP bars of the FRGM layer.

According to the experimental results (Fig. 7), the diagonal shear crack angle 6 is assumed as
45° for all strengthened RC beams. Furthermore, it is assumed that there is no debonding occurred
between small-diameter CFRP bars and geopolymer mortar before the peak load of the strengthened
RC beam. It should be pointed out that the effective strain of the CFRP bars would be overestimated
in this simplification, as slight debonding still occurred before the peak load. The effective strain of
CFRP reinforcement errp (Table 4) used in the FRGM strengthening layer can be determined by
averaging the strain in the small-diameter CFRP bars, which was obtained from the DIC results as
discussed in Section 4.6. Accordingly, for predicting the shear capacity of FRGM-strengthened RC
beams (Vs), the following formula can be derived.

Vs =Vie +V +Viegp @)

The predicted shear capacities of all the FRGM-strengthened RC beams are listed in Table 5,
and the comparison of the experimental and predicted results are shown in Fig. 22. It can be seen that
the predicted shear capacity is in an acceptable agreement with the experimental results. It should be
pointed out that the predicted shear capacities of the strengthened RC beams with the steel fiber-
reinforced geopolymer were lower than the experimental values. The possible reason for this
phenomenon may be that Eq. (3) is used to predict the shear capacity of steel fiber reinforced
conventional concrete, and the actual shear capacity of steel fiber-reinforced geopolymer may be
higher than that of conventional concrete. As this study is the first trial to investigate the shear
performance of the FRGM-strengthened RC beams, the experimental data is still very limited. In the
future studies, the afore-mentioned method should be further checked or updated based on extended
database.

Table 5 Comparison of the experimental results (V£xp) and the predicted results (V).

Specimen Vec (kN) Vo (kN)  Vegp(kKN) Vs (kN) Vexe (KN) Variation (%)

A0 82 / / 82 91 9.7
AN-I 82 14 20 115 105 9.6
AH-I 82 15 19 116 109 6.7
AN-II 82 27 59 168 171 -1.4
AH-II 82 30 66 178 177 0.7
AH-1-45 82 15 33 130 115 12.6
AS-I 82 31 15 127 156 -18.3
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AS-1-E 82 31 16 128 160 -19.4
B0 71 / / 71 68 4.8
BN-I 71 13 21 105 90 17.2
BH-I 71 14 26 111 101 10.9
BS-I 71 29 19 119 126 -5.7
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Fig. 22 Comparison of the experimental results and the predicted results.

6 Conclusions

In this study, an experimental program was carried out to investigate the structural performance
of RC beams shear strengthened with small-diameter CFRP bar-reinforced geopolymer matrix
(FRGM). According to the test results and discussions, the following conclusions can be obtained.

® The RC beams strengthened with the FRGM system exhibited significantly higher ultimate loads
than the reference beam. The strengthening efficiency of RC beams with the double-side bonded
FRGM layer (1.9 times that of the reference beam) was much larger than that of the RC beams
with the single-side bonded FRGM layer (1.2 times that of the reference beam).

® The overall interfacial debonding between the RC beams and the FRGM strengthening layer was
not observed in the strengthened RC beams in spite of the occurrence of local debonding between
the small-diameter CFRP bars and the geopolymer matrix. The RC beam strengthened with the
geopolymer-bonded (cast-in-place) FRGM layer showed a similar load-deflection behavior and
failure mode with its epoxy-bonded counterpart, indicating that the strengthening efficiency of
the geopolymer-bonding method was acceptable. Particularly, the load capacity of geopolymer-
bonded FRGM-RC beam was 98% of that of epoxy-bonded counterpart.

® The small-diameter CFRP bars placed at 45° to the RC beams’ longitudinal axis in the
strengthening layer led to more shear contribution (i.e., 36% higher) than those set at 90° to the
RC beams’ longitudinal axis. The use of steel fibers in geopolymer mortar could improve the
shear contribution of the FRGM in the strengthened RC beams due to the crack restraining effects
of the steel fibers in the FRGM layer. The DIC results could explain well the crack formation and
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failure mechanism of the strengthened RC beams.

® Based on the average strain obtained from DIC analysis, an analytical investigation was
conducted to predict the shear capacities of the strengthened RC beams. The experimental and
predicted results showed good agreements, which demonstrated the applicability of the analytical
model.

It should be noted that this research is the first trial to investigate the structural performance of
RC beams shear strengthened with the geopolymer-bonded small-diameter FRP bar system. As only
one beam of each group was adopted in the study, the reliability of the quantitative and statistical
analysis of the reported data should be further studied in the future research. It is worth mentioning
that the flexural strengthening of RC beams using the same system has also been investigated by the
authors and the results can be found in [79].
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Appendix: Failure processes of Beams A0, AN-I, AS-1-E, AH-I1, BO, BN-I, and BS-I

200
181 kN
150 |-
= 121 kN
=
< 100 |-
©
o
-
50 |- 60 kN
0 L 1 I 1 L 1 L
0 1 2 3 4
Mid-Span Deflection (mm)
Fig. A1 Failure processes and DIC strain fields of Beam AO.
240
210 kN
180 |-
z
=
5 120 F
@®
[e]
-
60 |-
—AN_I
1 1 1 1 L 1 L

0
0.0 1:5 3.0 4.5 6.0
Mid-Span Deflection (mm)

Fig. A2 Failure processes and DIC strain fields of Beam AN-I.
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