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ARTICLE INFO ABSTRACT

Keywords: Most existing studies on grouted splice connections have focused on the bond behavior between connected steel

CFRP rebars and conventional steel or iron sleeves. These research findings cannot properly predict the bond behavior

GFRP . and performance of the grouted splice connections, particularly when a new splice device, such as fiber rein-

;Z‘:;ei;;llt:mr forced polymer (FRP) materials, are adopted. The main purpose of this study is to investigate the feasibility of the

Bond strength proposed grouted splice sleeve connection (GSSC) using sheet materials of carbon fiber reinforced polymer

Confinement effect (CFRP) and glass fiber reinforced polymer (GFRP). A total of 45 GSSC specimens with various rebar embedded
lengths and different polymer sleeve materials were tested to failure under incremental axial pull-out load to
evaluate the bond performance of the connected steel rebars in confined grout provided by the FRP sleeves. To
evaluate the confinement effect of FRP sleeves on the tensile strength of the grouted connection, an analytical
model was developed. The pull-out test results showed that the rebar embedded length was the major parameter
affecting the average tensile strength of the GSSC. Also, the effects of mechanical properties of FRP sheets, such
as the number of FRP layers and type of FRP sheets, contributed to the tensile strength of the GSSC sleeves that
allow the transmission of tensile load between rebars through the medium of grout, aluminum tube, and FRP
sheets. The analytical model that incorporates the confinement effects predicted well the experimental ultimate
tensile strength of GSSC connections.

1. Introduction

The overall structural integrity of precast concrete (PC) structures is
significantly governed by the structural performance of connections,
which are the most important components in PC systems. Connections
can dictate the type of frame in the precast system, the limitations of the
frame, and the erection process, which emphasize the importance of
connections [1,2]. Thus, the effectiveness of PC connections in trans-
ferring the forces between structural members needs to be clearly
investigated. The effectiveness of the grouted splice sleeve connection
(GSSC), which is generally used in practical PC design, significantly
depends on the development of bond between rebars and surrounding
grout. Thus, the splice connections should be able to provide structural
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continuity by developing adequate bar bond strength in short develop-
ment length.

In grouted sleeve connections, various design parameters affect the
bond strength between deformed bars and surrounding concrete, such as
the embedment length of rebar, rebar diameter, rebar profile, rebar
spacing, rebar casting position, concrete strength, rebar yield strength,
cover concrete thickness, and confinement [3,4]. Confinement pressure
is one of the main factors that improve the bond performance between
rebars and surrounding concrete [5-10]. Various methods have been
proposed to provide the confinement by surrounding the anchorage
length of the rebar with different materials, such as transverse rein-
forcement [9], cylindrical steel pipes [10,11], aluminum tubes [12],
spiral bars [13-17], and fiber reinforced polymer (FRP) [18]. Note that
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the cylindrical steel pipes, aluminum tubes, and FRP materials are used
to resist the splitting expansion of the bond materials surrounding the
rebars, while the spiral bars and transverse reinforcement are used to
restrain the propagation of splitting cracks. As the embedded length and
confinement are two factors governing the feasibility of the GSSC [19],
the present study focused on the effects of embedded length and
confinement on the bond performance of spliced bars in the GSSC with
two sleeve materials (i.e., GFRP and CFRP).

Current design codes provide limited information for the design of
the GSSC due to the proprietary and confidential nature of these prod-
ucts. On the other hand, existing studies addressing the performance of
the spliced connections are limited to small-scale tests [20-22]. Further,
most of the existing studies mainly focused on GSSC using steel pipes.
However, steel pipes cannot generate the required interlocking mecha-
nism between their inner surface and grout. Thus, additional methods
(e.g., welding) are needed to provide adequate interlocking mechanism
[13,14,19].

Low weight and a wide variety of mechanical properties are
considered as important factors in several existing studies [23-28] of the
continuous fiber reinforcements. The combination of fiber re-
inforcements and metals including aluminum had led to the emergence
of composite materials (e.g., fiber-metal laminates (FML)). These lami-
nates are fabricated by combining the metal layers with different
orientation of fiber reinforcements embedded in the resin adhesive
[29-37]. The FML composites behave as a metallic structure, and show
superior mechanical properties, such as excellent corrosion resistance,
high fire resistance, high impact resistance, and light weight [38]. For
example, the glass fiber reinforced polymer (GFRP) based FML exhibits
excellent impact resistance, which is greater than that of carbon lami-
nates and monolithic aluminum alloys [39]. Various preparation
methods, such as pre-treatment by phosphoric and chromic acid for
industrial tools, and materials were proposed to enhance the bond
strength between fiber-aluminum layers and consequently the me-
chanical properties of FMLs [40].

In the present study, axial pull-out tests were performed to investi-
gate the effect of confinement and rebar embedded length on the
feasibility of grouted FRP sleeve connections under incremental axial
loads. As the major test parameter, sleeves with several numbers of
CFRP or GFRP layers were applied to spliced bars to generate confine-
ment stress along the bar splices. In addition, the rebar embedded length
was considered as the second parameter to evaluate the minimum rebar
embedment length to ensure the rebar fracture. Based on the test results,
a design model to predict the bond behavior of the proposed GSSC was
developed.

2. Test plan
2.1. Test specimens

To investigate the bond performance of the GSSC with three types of
sleeves (i.e., aluminum tube sleeve, carbon FRP sleeve, and glass FRP
sleeve), a series of pull-out tests were carried out. Fig. 1 shows the test
specimens. The test parameters were the type of sleeve (i.e., aluminum
tube, and aluminum sleeve wrapped with FRP sheets), material (i.e.,
aluminum, carbon FRP, and glass FRP), embedded length of spliced bar
(i.e., (75, 125, and 175) mm), and the number of layers (i.e., 6 and 7
layers).

Three controlled specimens, K-F, were tested under tensile load to
reach their ultimate tensile strengths. In specimen groups K-F, two 500
mm Y16 reinforcing bars were used as a benchmark for the ideal grouted
splice. A flexible corrugated aluminum tube with thickness of 1.0 mm
was used as the sleeve (see Fig. 1(a)). The embedded lengths of spliced
bars were [, = (75, 125, and 175) mm in each group K-F. Table 1 shows
the design parameters of the F-FRP specimens.
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(b) Flexible corrugated aluminum sleeve
wrapped with FRP sheets (F-FRP)

Fig. 1. Dimensions of sleeve connection specimens.

2.2. Preparation of sleeves

Fig. 2 shows the corrugated aluminum tube, GFRP, and CFRP sheets
employed for making FRP sleeves. The F-FRP sleeves were fabricated by
wrapping FRP layers around the flexible corrugated aluminum tube
(Fig. 3). Based on the preliminary studies [41,42], six and seven layers of
GFRP or CFRP sheets were used to avoid premature fracture of FRP
sheets in F-FRP GSSC. As the test parameters, the FRP material types (i.
e., carbon fibers (F-C) and glass fibers (F-G)), the number of FRP layers
(i.e., 6 and 7), and bar embedment lengths (i.e., (75, 125, and 175) mm)
were addressed. Fig. 4 shows the FRP sleeves manufactured for GSSC
connections.

2.3. Reinforcing bars

For reinforcing bars, two 500 mm long Y16 rebars (where Y denotes
the specified yield strength of 460 MPa and 16 denotes the rebar
diameter of 16 mm) were used for each grouted splice. Single ends of
pairs of rebars were spliced together, with an end-to-end spacing of 10
mm in sleeve, while the other ends were free. Fig. 5 shows the
geometrical properties of Y16 rebar, where the rebar diameter is 16 mm,
rib height of 1 mm, rib spacing of 11 mm, and rib inclination of 60°.
Rebars were spliced together with Sika Grout-215 inside the sleeve.
Fig. 6 and Table 2 show the material properties of Y16 rebars obtained
from the rebar tensile tests.

2.4. Preparation of GSSC

For the grouting of splice sleeve connections, Sika Grout-215 (i.e.,
specified compressive strength of higher than 60 MPa at 28 days) was
used as the bond material in the GSSC. Sika Grout-215 was prepared in
accordance with the instructions provided by the manufacturer (i.e., 25
kg of grout in 4 L of water).

The present study used an unsaturated epoxy resin EPICOTE 1006
SYSTEM produced by Wee Tee Tong Chemicals Pte Ltd., Singapore. The
resin ingredient was mixed under room environment, according to the
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Table 1

Design parameters of specimens.
Specimens* Number of Materials Number dy L. I " d;

Specimens of layers (mm) (mm) (mm) (mm) (mm)

K-FLy5 3 Flexible aluminum - 16 75 160 1.0 37
K-FL1o5 3 Flexible aluminum - 16 125 260 1.0 37
K-FLy75 3 Flexible aluminum - 16 175 360 1.0 37
F-CeLys 3 Carbon FRP 6 16 75 160 4.0 42
F-CgL125 3 Carbon FRP 6 16 125 260 4.0 42
F-CgLq75 3 Carbon FRP 6 16 175 360 4.0 42
F-C7L7s 3 Carbon FRP 7 16 75 160 4.5 42
F-C7Lq25 3 Carbon FRP 7 16 125 260 4.5 42
F-C7L175 3 Carbon FRP 7 16 175 360 4.5 42
F-GgL7s 3 Glass FRP 6 16 75 160 4.0 42
F-GgLios 3 Glass FRP 6 16 125 260 4.0 42
F-GgLi7s 3 Glass FRP 6 16 175 360 4.0 42
F-G;L7s 3 Glass FRP 7 16 75 160 4.5 42
F-GyLi25 3 Glass FRP 7 16 125 260 4.5 42
F-G7L175 3 Glass FRP 7 16 175 360 4.5 42

* 175, L125, and L175 indicate the embedded lengths (le) of 75 mm, 125 mm, and 175 mm, respectively.
“"The thickness of aluminum tube in all specimens is 1.0 mm, and each of them is corrugated.

\
: W\ (\§\\ ‘

‘.,\“‘&5\'\,\\ \% \

FEFEEEE

T
1

48004
02,4 4

(b) GFRP sheet

~
-

™
~
<

(c) CFRP sheet

Fig. 2. Materials for FRP sleeves.

Fig. 3. Preparation of G-FRP and C-FRP sleeves: (a) Corrugated aluminum
tube; (b) Applying epoxy resin on the FRP sheets; (¢) Wrapping of aluminum

tube with FRP sheets; (d) FRP sleeve.
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Fig. 6. Load-displacement responses of Y16 rebar.

manufacturer’s specifications. The resin was pigmented by the addition
of up to 60% EPICOTE 1006 Hardener Part B. Table 3 shows the me-
chanical and physical properties of the mixture as specified by the
manufacturer for the pultrusion process.

In this study, continuous woven roving E-glass and carbon fiber with
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Table 2
Material properties of Y16 reinforcing bars.
Specimen  Yield strength Ultimate tensile strength Elongation
(MPa) (MPa) (mm)
Y16-1 503 601 32.6
Y16-2 500 597 34.8
Y16-3 493 595 36.3
Table 3
Mechanical and Physical Properties of the EPICOTE 1006 SYSTEM.
Pencil strength 2H-3H
Compressive strength 82 N/mm?
Tensile strength 30 N/mm?
Heat distortion 100 °C

Elongation 1.9%
Gel time (at 150 g mass at 20 °C) 67 min
Pot life (at 150 g mass at 20 °C) 47 min

density of 300 g/m? was used. The fibers were compatible with the resin
as recommended by the manufacturer. Similar to glass fiber, continuous
woven roving carbon fiber was used. Table 4 shows the material prop-
erties of the woven roving fibers of GFRP and CFRP provided by
manufacturer, and CFRP and GFRP coupons. Monotonic tensile tests
were performed on five CFRP and GFRP coupon specimens with the
dimensions of (25 x 250 x 2.5) mm to measure the tensile properties of
the composite materials (see Fig. 7). Note that the configuration of the
tensile test for FRP composite materials satisfied the requirements of
ASTM D3039/D3039M-14 [43].

2.5. Advantages and applications of the proposed GSSC

FRP sheet has the advantage of excellent tensile strength (Table 4).
On the other hand, the aluminum corrugated sleeve is weak in tension
but has excellent corrugated profile inside the sleeve. Thus, a combi-
nation of FRP sheets and aluminum corrugated profile can provide the
tension resistance and shear keys for bearing resistance for GSSC (see
Fig. 8).

The pull-out test results of the proposed GSSC under axial loads are
applicable to evaluate the behavior and performance of the sleeve
connections under monotonic loading, but cannot be extrapolated to
different loading conditions, such as cyclic or dynamic loading. How-
ever, the pull-out test results would be applicable to evaluate the
behavior and performance of connections in a beam under flexural
loading, because the flexural test results show similar trend to those of
the direct pull-out tests [16].

In terms of manufacturing cost, compared to conventional cast iron
couplers that require special equipment, the proposed GSSC only re-
quires FRP sheets, epoxy resin, and corrugated aluminum tube, and can
be manufactured without any sophisticated equipment (see Figs. 3 and

Table 4
Specification of woven roving FRP fibers.

Properties of Specification of manufacturer Coupon test

FRP sheet Woven roving E- Woven roving GFRP CFRP
glass fibers GFRP carbon fibers
CFRP

Standard weight ~ 300 300 -
(g/m®

Tensile strength 980-1,470 4,900 700 1,200
(MPa)

Elastic modulus 51,000 230,000 29,000 125,000
(MPa)

Maximum 3 1.9 - -
elongation

(%)
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Fig. 7. CFRP and GFRP composite coupons.
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Fig. 8. GSSC specimens with GFRP sheets for pull-out tests.

4). Thus, the proposed GSSC with short rebar embedment length and
cost effectiveness can be employed in precast concrete column-to-
column or wall-to-wall connections [16].

2.6. Pull-out test

Fig. 9 shows the test setup and instrumentation of measurement. To
perform the pull-out test, the loading procedure was conducted ac-
cording to the recommendations of AC-133 [44] and ASTM A1034A
[45]. The tests were performed under axial tension-pullout load by using
a hydraulic actuator with a loading rate of 0.5 kN/s, until the specimen
failed under incremental tensile load.

Pulling Force

LVDT

Strain Gauge No.1 /

Strain Gauge No.2

Strain Gauge No.3 /

Fig. 9. Pull-out test setup.
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To measure the vertical displacement of the specimens, two linear
variable displacement transducers (LVDTs) were installed on the rebar
and sleeve of the specimens. During the pull-out test, slip displacement
occurs due to several factors, including the bond-slip between rebar and
surrounding grout, tension elongation of sleeve, bond-slip between
grout and sleeve, and gripping slip of the actuator. Thus, the displace-
ments of the rebar and sleeve were measured by the two LVDTs to
evaluate the slip.

Three strain gauges were installed on the sleeves and spliced bars
according to the recommendations of ASTM standard [45] (see Fig. 9).
To investigate the tensile strain of the spliced bars, strain gauge No. 1
was longitudinally attached to the rebar at a distance of one bar diam-
eter (i.e., 16 mm) from the top end of the sleeve. Strain gauge No. 2 was
longitudinally attached to the middle of the sleeve to measure the lon-
gitudinal strain. Strain gauge No. 3 was transversely attached to the
middle of the sleeve to measure the transverse strain.

Table 5
Results of tensile load tests for the F-FRP grouted splices.
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3. Test results
3.1. Control specimens

Table 5 shows the results of the tensile load tests for GSSC specimens.
The test results showed that the effect of rebar embedded length on the
ultimate tensile strength was insignificant in the control specimen
groups K-F. This is because sufficient interlocking mechanism and
confinement were not provided by the corrugated aluminum tubes. As
shown in Table 5, although the control specimen groups K-F (using
flexible aluminum sleeve) had excellent corrugated profile, they
exhibited the lowest tensile strengths among the grouted splices. Ulti-
mately, fracture of the sleeve occurred at the discontinuity of the spliced
bars due to the insufficient cross-sectional area (i.e., thickness of 1.0
mm) and low tensile strength of the corrugated sleeve.

3.2. Failure modes of the grouted splice sleeves

In the test specimens, four major failure modes were bar fracture, bar
bond-slip, aluminum tube bond-slip, and FRP sleeve fracture. In all
specimens, the tensile capacity of the grouted splice FRP sleeve was

“Specimen Yield strength Yield displacement Tensile strength Ultimate displacement Failure mode

Py Average Ay Average Py(kN) Average Ay Average

(kN) (Std.error) (mm) (Std.error) (Std.error) (mm) (Std.error)
K-FLys-1 - - - - 25.2 24.7 0.79 0.68 Sleeve Fracture
K-FL75-2 - - 24.6 (0.37) 0.63 (0.08) Sleeve Fracture
K-FL;5-3 - - 24.3 0.61 Sleeve Fracture
K-FLj25-1 - - - - 26.4 26.1 0.89 0.84 Sleeve Fracture
K-FLj35-2 - - 25.7 (0.29) 0.79 (0.04) Sleeve Fracture
K-FL155-3 - - 26.1 0.83 Sleeve Fracture
K-FLy75-1 - - - - 29.7 29.0 1.01 0.93 Sleeve Fracture
K-FLy75-2 - - 28.5 (0.50) 0.88 (0.06) Sleeve Fracture
K-FLy75-3 - - 28.9 0.90 Sleeve Fracture
F-Celys-1 70.1 68.7 2.08 2.09 70.1 68.7 2.25 2.17 Bar bond slip
F-CeLys-2 73.1 (4.28) 2.27 (0.15) 73.1 (4.28) 2.33 0.17) Bar bond slip
F-CoL75-3 62.9 1.91 62.9 1.94 Bar bond slip
F-CgL125-1 99.1 101.1 3.42 3.09 99.1 101.1 3.96 4.07 Sleeve Fracture
F-Cglios-2 101.3 (1.56) 2.87 (0.24) 101.3 (1.56) 4.82 (0.57) Sleeve Fracture
F-CgL25-3 102.9 2.99 102.9 3.43 Sleeve Fracture
F-CgLy75-1 98.9 95.8 2.42 2.41 114.8 115.4 25.77 21.79 Bar Fracture
F-Celi7s5-2 93.6 (2.26) 2.53 (0.11) 113.8 (1.56) 21.95 (3.31) Bar Fracture
F-CgL175-3 94.9 2.27 117.5 17.66 Bar Fracture
F-C7L75-1 68.5 70.4 2.00 2.06 68.5 70.4 2.16 2.22 Bar bond slip
F-CyL75-2 74.2 (2.71) 2.13 (0.05) 74.2 (2.71) 2.34 (0.09) Bar bond slip
F-C;L5-3 68.4 2.06 68.4 2.15 Bar bond slip
F-C7Ly25-1 105.0 102.2 2.20 2.31 105.0 104.7 8.95 8.63 Bar bond slip
F-C7L125-2 95.1 (5.03) 2.54 (0.16) 102.7 (1.53) 8.83 (0.37) Bar bond slip
F-C7L125-3 106.4 2.19 106.4 8.12 Bar bond slip
F-C7Ly75-1 95.6 95.4 2.61 2.70 115.8 117.2 24.51 23.98 Bar Fracture
F-C7L175-2 93.9 (1.11) 2.64 (0.11) 116.6 (1.50) 26.66 (2.43) Bar Fracture
F-C;L175-3 96.6 2.85 119.3 20.77 Bar Fracture
F-GgL75-1 60.1 59.2 1.79 1.70 60.1 59.2 1.83 1.82 Bar bond slip
F-GgLys5-2 56.4 (2.02) 1.75 (0.10) 56.4 (2.02) 1.79 (0.02) Bar bond slip
F-Gelys-3 61.1 1.55 61.1 1.83 Bar bond slip
F-GgL2s-1 89.0 89.1 2.55 2.52 89.0 89.1 2.82 2.92 A tube bond slip
F-GgL125-2 90.2 (0.90) 2.38 (0.10) 90.2 (0.90) 291 (0.09) A tube bond slip
F-GgL125-3 88.0 2.63 88.0 3.03 A tube bond slip
F-GgLy75-1 98.4 98.4 2.54 2.60 113.1 115.0 27.59 26.43 Bar Fracture
F-GgLi75-2 94.7 (3.02) 2.33 (0.25) 116.6 (1.44) 29.10 2.77) Bar Fracture
F-GgLi75-3 102.1 2.94 115.3 22.61 Bar Fracture
F-GyL75-1 61.1 61.7 1.70 1.64 61.1 61.7 1.80 1.78 Bar bond slip
F-GyL75-2 60.1 (1.56) 1.59 (0.05) 60.1 (1.56) 1.67 (0.08) Bar bond slip
F-G;Ly5-3 63.8 1.62 63.8 1.86 Bar bond slip
F-GyL125-1 99.8 96.7 2.47 2.59 99.8 100.1 6.88 6.66 Bar bond slip
F-G7L125-2 94.3 (2.31) 2.41 (0.21) 104.6 (3.56) 6.12 (0.38) Bar bond slip
F-G7L125-3 95.9 2.88 95.9 6.97 Bar bond slip
F-GyL175-1 95.8 95.6 211 2.18 114.7 115.6 19.64 20.60 Bar Fracture
F-GyL175-2 94.1 (1.15) 2.08 (0.12) 116.6 (0.78) 17.95 (2.64) Bar Fracture
F-GyL175-3 96.9 2.35 115.4 24.20 Bar Fracture

" The tensile strength is obtained from the average of tensile strength of three identical specimens.



K. Koushfar et al.

greater than that of the counterpart control specimen, as the bond
strength between the rebar and grout increased due to the confinement
effect presented by the properties of the FRP sleeve, such as the number
of FRP layers, type of FRP sheet (i.e., Carbon and glass), and bonding
characteristics of aluminum and FRP sleeve. Note that the tensile ca-
pacity of the FRP sleeve had an essential influence on this issue.

Fig. 10(a) shows the FRP sleeve fracture that occurred in specimens
F-CgL125. Under an average load of 101.1 kN, a partial fracture was
observed at the center of the FRP sleeve. In this failure mode, the FRP
sleeve exceeded its tensile strength (i.e., 101.1 kN), while the spliced
bars did not reach the ultimate tensile strength of the rebar (i.e., 120.2
kN). Such failure occurred because the inadequate number of FRP layers
was unable to provide the required radial strength and stiffness to resist
the normal splitting stresses generated by radial expansion of the grout.

In specimen F-GyLys, bar bond-slip failure occurred (Fig. 10(b)). As
seen in Table 5, bar bond-slip failure of FRP sleeve specimens occurred
at the tensile loads of (56.4 to 106.4) kN. Such failure occurred as the
surrounding grout was split by the wedging action of the rebar ribs, and
the grout was crushed by pull-out of the ribs. Adequate grout-sleeve
bond strength was developed by the corrugated profile of aluminum
tube, which prevented the delamination of grout from the sleeve in
GSSC. Thus, the grout remained in the sleeve throughout the test. With
the combination of corrugated aluminum tube and FRP layers as a
means of confinement, the splitting cracks were restrained, but the bond
failure occurred by shear failure of the grout keys between rebar ribs.
This result indicates that the rebar-grout bond strength developed by the
shear resistance of the grout keys is insufficient. After the shear failure of
the grout keys, the rebar-grout bond strength was significantly depen-
dent on the friction between the rebar and damaged grout keys.

In general, bond-slip failure of aluminum tube was observed in
specimens F-Ggljzs. In this case, the corrugated shape of flexible
aluminum tube (i.e., F-FRP specimen groups) did not generate the
required bond strength between the aluminum tube and surrounding
FRP sleeve. As shown in Fig. 10(c), after complete debonding of
aluminum tube at the end of the GSSC, the load-displacement behavior
of the specimen was similar to that of the control specimens in a brittle
manner, with a sudden drop of load. As a result, these specimens failed
by the bond-slip failure of aluminum tube before the ultimate tensile
strength of the spliced bars. This result indicates that the aluminum tube
profile is a critical component to generate the adequate bond mechanism
between the aluminum tube and FRP sleeve interface under tensile load.

Although specimens F-CglLios and F-Ggljss had the same rebar
embedded length, different failure modes occurred. Because F-CgLj2s
used CFRP sheets that had higher tensile strength than GFRP sheets, F-
CelL125 failed by sleeve fracture at higher load of 101.1 kN without
premature failure. On the other hand, F-GgLj25 using CFRP sheets with
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lower tensile strength failed by premature failure of tube bond slip at
lower load of 89.1 kN. For this reason, the GFRP sleeve fracture failure
did not occur.

According to previous studies [46,47], the tensile load—displacement
behavior of the acceptable GSSC showed three stages: 1) elastic state; 2)
rebar yielding; and 3) tensile fracture of spliced bar. Tensile fracture of
the spliced bar is a major factor that determines the acceptability of the
GSSC. In this type of failure, the ultimate strength of the GSSC was P, =
(113.1 to 119.3) kN, which reached the tensile strength of a single bar (i.
e., 118.7 kN) (Table 5). This result indicates that the proposed grouted
splice can transfer the tensile load sufficiently to provide continuity of
rebars.

3.3. Load-displacement relationships of GSSC

Fig. 11 shows the load-displacement relationship of the represen-
tative specimens. Two types of behavior (i.e., ductile mode and brittle
failure) were categorized, based on the trend of the load-displacement
relationship. Specimens F-C;L;75 (i.e., 175 mm embedded length, and
seven FRP layers) showed ductile behavior, while specimen groups F-
GyLys (i.e., 75 mm embedded length, and seven FRP layers) and F-CyL; 25
(i.e., 125 mm embedded length, and seven FRP layers) showed brittle
failure. Thus, the embedded length greater than 175 mm is
recommended.

Fig. 11(a) shows the load-displacement relationships of specimen
group F-CyL; 75 failed in rebar fracture due to sufficient bond strength. In
this figure, the initial slope of the load-displacement relationship is
shown as line A-B. The main rebar yielded at the tensile load of about 95
kN. Consequently, the stiffness decreased significantly (i.e., line C-D).
By the interception between the two lines A-B and C-D, the yield
strength (Py) and corresponding displacement (dy) were defined. After
yielding, large displacement occurred, due to the plastic elongation of
spliced bars. Ultimately, rebar fracture occurred at the outside of the
FRP sleeve.

Fig. 11(b) shows the load-displacement relationships of specimen
group F-GyLys failed in bar bond-slip (i.e., brittle manner). Initially, the
load-displacement relationships of the specimens were similar to those
of the specimens with ductile behavior. However, bond-slip failure
occurred before rebar yielding.

Specimen group F-C;Ljzs showed bar bond-slip failure, which
exhibited relatively low ductility (Fig. 11(c)). Specimen group F-CyLj2s
failed at about 104.7 kN immediately after the yielding of spliced bars.
The bond between the rebar and grout failed during the strain hardening
process of the spliced bars. For this reason, rebar bond failure occurred
after slight rebar elongation.

Fig. 10. Failure mode (a) sleeve fracture, F-CgL;25-1; (b) rebar bond-slip failure, F-G;L;s-1; (c) tube bond slip failure, F-GgLj25-1; (d) rebar fracture, F-CgL;75-3.
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Fig. 11. Load-displacement of the F-G series.

3.4. Strains of rebar and sleeve

Fig. 12 shows the load-strain relationships at SG1, SG2, and SG3
(refer to Fig. 9), where strain gauges SG1, SG2, and SG3 measure the
longitudinal strain of rebar, longitudinal strain of FRP sheet, and
transverse or hoop strain of FRP sleeves, respectively. In specimen group
F-GyL175 with embedded length of 175 mm, the rebar strain recorded by
SG1 exceeded the yield strain of 2,430 x 10~% mm/mm (Fig. 12(a)).
These specimens behaved in two phases: 1) elastic behavior before
yielding (i.e., line A-B); and 2) inelastic behavior (i.e., line C-D) with
large strains after yielding of the spliced bars. As shown in Fig. 12(b),
only small longitudinal strain (i.e., 3,052 x 10~® mm/mm) developed in
the sleeve, compared to the ultimate strain of GFRP composite (i.e.,
24,100 x 10~% mm/mm), indicating that the sleeve did not yield during
the test. Thus, adequate thickness of the sleeve was provided. Fig. 12(c)
shows the transverse strain of the sleeve. Due to the longitudinal
stretching of the grouted splice under tension force, the sleeve shrinks in
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Fig. 12. Load-strain responses of the F-FRP grouted splices.

the transverse direction (i.e., line A-B in Fig. 12(c)). As the tension force
increased, due to the splitting expansion of the grout in the sleeve from
the surface of the spliced bars, the sleeve expanded. Thus, tensile strain
in the transverse direction of the sleeve developed (i.e., line C-D in
Fig. 12(c)).

4. Discussion
4.1. Effect of FRP type

The bond performance of a GSSC significantly depends on the bond
mechanism between the rebar-grout and grout-sleeve interfaces. The
bond mechanism between the rebar and grout is mainly affected by the
chemical adhesion, frictional resistance between these interfaces, and
mechanical interlocking between grout keys and rebar ribs. This
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mechanical interlock is obtained by two phenomena: 1) bearing action
due to grout shear keys; and 2) confinement action due to radial hoop
tension.

Fig. 13 shows that as the pull-out force is applied to the rebar, the
reaction forces (R) of the deformed bar can be decomposed into longi-
tudinal (L) and normal (N) component stresses with respect to the rebar
axis. The longitudinal component stress (L) is applied to the grout shear
key (i.e., ® in Fig. 13), which results in the bearing stress in front of each
rebar rib. The grout shear keys restrain the bar-slip by interlocking the
ribs along the rebar axis. This mechanism combined with chemical
adhesion between the rebar and surrounding grout improves the fric-
tional resistance between the rebar and grout. As the axial tension force
increases, the wedging action developed by the rebar ribs increases.
When the wedging action surpasses the shear strength, the grout shear
keys between rebar ribs are crushed, and pull-out failure occurs.

On the other hand, the applied normal componential stress (N) to the
inclined surface of the rebar rib generates reaction of radial confinement
stress (M) that confines the grout (see Fig. 14). Afterward, the radial
confinement stress generates a compressive region in the grout sur-
rounding rebar. This compressive region generates a uniform compres-
sive field around the spliced bars, which increases the frictional
resistance between the rebar and surrounding grout. Depending on the
magnitude of the applied load, the grout in compression can decrease
the propagation of tensile splitting cracks.

For more explanation of the confinement effect, note that the
increased volume of the grout results in the tensile hoop stress (Ts)
perpendicular to the radial direction at the grout and sleeve (see
Fig. 14). The radial tension in the grout initiates radial cracks, which
split the grout along the spliced bars. On the other hand, the sleeve
provides the confinement reaction (M), which resists the expansion of
the grout and propagation of radial cracks. The propagation of radial
cracks and splitting of the grout can be prevented by providing sufficient
confinement. When splitting cracks propagate through the entire grout,
bond splitting failure occurs. Thus, the bond performance of GSSC is
affected by the type of FRP, while different types of FRP make different
tensile hoop stress (Ts).

Consequently, flexible corrugated tubes wrapped in CFRP sheets (i.
e., F-C specimen groups) achieved higher tensile strengths than corru-
gated tubes wrapped in GFRP sheets (i.e., F-G specimen groups). As
shown in Table 5, this trend was even more evident for the specimens
with embedded length of 75 mm. The tensile strength of F-G6 specimen
groups with embedded length of 75 mm increased by 16% (i.e., from
(59.2 to 68.7) kN when the wrapping material changed from GFRP to
CFRP sheets), due to the higher tensile strength and elastic modulus of
carbon fiber (i.e., 1,200 MPa) than that of glass fiber (i.e., 700 MPa) (see
Table 4).

4.2. Effect of the number of FRP layers
According to the test results, the bond performance of the GSSC is
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Fig. 13. Mechanical interlocking mechanism of bond and component stresses.
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affected by confinement force due to the number of FRP layers (i.e., the
confinement). As seen in Table 5, as the number of FRP layers increased,
the tensile strength increased slightly (i.e., by (0.5-12.3) % in the glass
FRP grouted splices, and by (1.5-3.5)% in the carbon FRP grouted
splices) due to the increase of only one layer. However, sufficient FRP
layers can enhance the frictional resistance, by controlling the propa-
gation of the splitting cracks around the spliced bars. On the other hand,
when the number of FRP layers was insufficient, FRP grouted splices
failed in brittle manner near the end or mid-length region, due to the
linear-elastic and brittle behavior of FRP wraps (see Fig. 10(a) and
Fig. 15). In this case, the FRP sleeve exceeded its ultimate stress, which
was not able to provide the required radial strength and stiffness to
effectively resist the normal splitting stresses generated by the radial
expansion of the grout (see Fig. 15(b)). Thus, the ultimate strength of the
spliced bars was not developed.

4.3. Effect of embedded length

The test results showed that as the rebar embedded length increased,
the ultimate tensile strength of the GSSC increased. Due to the
improvement of bond strength, the increased embedded length
enhanced the tensile strength of the GSSC, which was also reported in
previous study [19]. As the embedded length increases, more grout keys
are involved, and smaller stress is applied to each grout key, which re-
duces the propagation of inclined cracks and the bond strength degra-
dation. For this reason, the ultimate tensile strengths can be increased,
due to the increase of interlocking between grout keys and rebar ribs.
Table 5 shows that as the embedded length increased from (75 to 175)
mm, the average tensile strengths of the grouted splice sleeves using
carbon FRP and glass FRP increased by (66.5 and 94.0) %, respectively.

4.4. Feasibility of GSSC

To evaluate the bond performance of the GSSC, the yield ratio (xy),
strength ratio (u,), and ductility ratio (uq) were calculated. When p, us,
and yq satisfy the minimum requirements of the current design codes (e.
g., ACI 318-19 [48] and AC-133 [44]), the proposed GSSC can be
considered as an adequate GSSC to resist tension force [44,48-50].

The yield ratio (u,) of the GSSC is defined as follows:

py = 221.0 o))

where oy is the yield strength of the rebar; and oy is the specified yield
strength. The minimum yield ratio of y, = 1.0 indicates that the spliced
bar yields in the test specimens.

The strength ratio (u;) is defined as follows:

Oy

= —4>1.25 2

sy

where 6, is the ultimate stress of the rebar (=P,/A;, where P, is the axial
tension force; and A, is the cross-sectional area of the rebar).
According to ACI 318-19 [48] and AC-133 [44], the acceptable
range of the strength ratio is determined as u; > 1.25 to develop at least
125% of the specified yield strength of the spliced bars.
The ductility ratio (uq) is defined as follows:

A,
Hy = Z>4'0 3

y

where A, is the ultimate displacement corresponding to the peak load;
and 4, is the yield displacement corresponding to the intersection of
lines A-B and C-D in Fig. 11. The ductility ratio y4 should be greater than
4.0, which is the target ductility ratio to secure life safety in the low-
moderate seismic zone, according to design codes and previous studies
[47,50-53].

The acceptable indices for the proposed GSSC can be determined as
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Fig. 15. FRP grouted splices failed under axial and radial tension.

uy > 1.0, yg > 1.25, and pg > 4.0, respectively. Table 6 shows the
calculated values of yy, yi;, and pg of the GSSC specimens. Regardless of
the FRP type and the number of FRP layers, the specimens with
embedded length of 175 mm satisfied the bond requirements. Thus, as
discussed in the section “Load-displacement relationships of GSSC”,
the embedment length greater than 175 mm is recommended for the
proposed GSSC.

5. Analytical model

To predict the tensile strength of GSSC including the confinement
effect, an analytical model was developed. Because the actual bond
stress distribution along the rebar interface is difficult to measure, a
simple assumption of uniform bond stress distribution along the
embedded length of the spliced rebar is used [16,54,67], which has
generally been used and verified in existing studies with various con-
figurations of grouted sleeves [10,19,55-59]. Further, short rebar
embedded lengths of (75, 125, and 175) mm adopted in this study are
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Table 6

Feasibility evaluation of test specimens.
Specimen Ultimate tensile strengthP, (kN) Ultimate displacementA,(mm) Yield ratioyu, Strength ratiopus Ductility ratiouq Remarks™
F-CgL7s-1 70.1 2.25 0.68 0.75 1.19 NA
F-Cely5-2 73.1 2.33 0.78 0.78 1.02 NA
F-CgL75-3 62.9 1.94 0.68 0.68 1.015 NA
F-CgLy25-1 99.1 3.96 0.68 0.68 1.48 NA
F-CL125-2 101.3 4.82 0.81 1.09 2.09 NA
F-CgL125-3 102.9 3.43 0.90 1.11 1.44 NA
F-CgLy75-1 114.8 25.77 1.07 1.25 10.64 A
F-CeL175-2 113.8 21.95 1.01 1.24 8.67 A
F-CeL175-3 117.5 17.66 1.02 1.26 7.78 A
F-C7L75-1 68.5 2.16 0.70 0.73 1.16 NA
F-CyLys-2 74.2 2.34 0.72 0.80 1.25 NA
F-CyLys-3 68.4 2.15 0.73 0.73 1.04 NA
F-CyL125-1 105.0 8.95 1.22 1.15 4.06 NA
F-CyL125-2 102.7 8.83 1.02 1.1 3.47 NA
F-CyL125-3 106.4 8.12 1.00 1.15 3.70 NA
F-CyLy75-1 115.8 24.51 1.02 1.25 9.42 A
F-CyLy75-2 116.6 26.66 1.01 1.26 10.1 A
F-C7L175-3 119.3 20.77 1.04 1.28 7.28 A
F-GgLys-1 60.1 1.83 0.41 0.64 1.02 NA
F-GgLys-2 56.4 1.79 0.60 0.60 1.02 NA
F-GgLys-3 61.1 1.83 0.65 0.66 1.18 NA
F-GeLq2s-1 89.0 2.82 0.72 0.96 1.48 NA
F-GeL125-2 90.2 291 0.83 0.97 1.54 NA
F-Gel125-3 88.0 3.03 0.74 0.95 1.53 NA
F-GglLy75-1 113.1 27.59 1.07 1.25 10.86 A
F-GeL175-2 116.6 29.1 1.01 1.25 12.49 A
F-Ggl175-3 115.3 22.61 1.02 1.26 7.70 A
F-G;Lys-1 61.1 1.8 0.65 0.65 1.05 NA
F-G7Lys5-2 60.1 1.67 0.64 0.64 1.05 NA
F-GyL75-3 63.8 1.86 0.68 0.68 1.14 NA
F-GyLi25-1 99.8 6.88 1.07 1.07 1.16 NA
F-GyL15-2 104.6 6.12 1.05 1.13 2.45 NA
F-G7L125-3 95.9 6.97 0.94 1.03 1.17 NA
F-G;L175-1 114.7 19.64 1.03 1.23 9.3 A
F-G;Ly75-2 116.6 17.95 1.01 1.25 8.6 A
F-G7L175-3 115.4 24.2 1.04 1.24 10.3 A
* A: Acceptable; NA: Not Acceptable.

within the range where the actual bond stress distribution can be

assumed uniform [65,66]. For this reason, the average bond stress in Eq. Sleeve ".,

(4) can be used to predict the bond strength of the GSSC. The relation- Grout h‘ “

ship between the bond force of bar splices (P,) and the average bond A \ —l " _|_ On

stress of the rebar () can be defined as follows [60]:

P, = nd,L.T (€)]
where dy, is the diameter of the spliced bar; and 7 is the average bond
stress of the spliced bar, which can be derived as follows [5]:
= (C+ Dya/f, ®)
where C and D are constants related to the type of sleeve; oy, is the
average confinement stress of the grout acting on the spliced steel rebar;
and f,; is the compressive strength of the grout (i.e., 60 MPa in this
study).

Based on the previous research [56,57], the confinement force acting
on the spliced bar can be equivalent to the confinement force initiated by
the grouted sleeve. Thus, it is assumed that the confinement stress of the
FRP sleeve acting on the grout can be uniform along the embedded
length of the spliced bar, without consideration of the effects of local
confinement stress and bond strength generated by different configu-
rations of the sleeves [10,57,61,62].

Based on the test results, the confinement stress of the sleeve and the
longitudinal tensile strength of the FRP GSSC were predicted. According
to the free body diagram (Fig. 16) proposed by Einea [10], the
confinement stress () in the sleeve can be calculated from the trans-
verse tensile stress developed in the sleeve (o7,51).

The transverse tensile stress of the sleeve (o74) was defined as
follows:

10

oty Wl L
Ts Ts Ts Ts

Fig. 16. Free body diagram of stress in the GSSC proposed by Einea [10].

(6)

ors = €rsky

where €7 is the tensile strain measured at the sleeve (refer to Table 7
and Fig. 17); and Eg is the elastic modulus of the sleeve (i.e., 125,000
MPa for CFRP, and 29,000 MPa for GFRP in this study, see Table 4).

Table 7
Comparisons between the predicted ultimate tensile strength and test results.

Specimens ET,sl Pu,pred Pu,exp Pu,pred / Pu,exp
(mm/mm x 10°) (Eq. (14))
F-CoL7s 48 66.8 68.7 0.97
F-CeL175 3 117.1 115.4 1.01
F-C;L7s 52 70 70.4 1.00
F-C7L12s 34 108.6 108.0 1.01
F-CyL175 5 120.4 117.2 1.03
F-GeLys 214 68.1 59.2 1.15
F-GgLi7s 15 116.5 115.0 1.01
F-G7Lys 240 71.2 61.7 1.15
F-G7L125 69 97.4 100.1 0.97
F-G7L175 46 129.7 115.6 1.12
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Fig. 17. Free body diagram of stress of the FRP grouted splice connection.

The transverse tensile stress (o7) is obtained by dividing the
transverse tensile force (P q) by the effective transverse cross-sectional
area of the sleeve (Ar), which is defined as a function of the sleeve
thickness (tg) and the effective confinement length equivalent to the
rebar embedded length (L,).

Pra _ Prg
Arg Lty

)

o751 =

The transverse tensile force of the sleeve (Prg) that introduces
confinement stress to the GSSC can be determined from Egs. (6) and (7).

(€))

In the free body diagram introduced by Einea [10] (see Fig. 16), the
normal confinement stress introduced by the sleeve (o,) can be defined
from the static equilibrium condition.

PT,.:I = gT,.lerlLets[

_ 2PT,.&I

D,L, ©

n

where D; is the diameter of sleeve.
Substituting Pr,q of Eq. (8) into Eq. (9), o, can be re-defined as
follows:

_ 2ergEqtq

D, (10

To quantify the normal confinement stresses (c,p) acting on the
surface area along the rebar embedded length in cylindrical grouted
splices, the equivalent normal confinement force (P,) is divided by the
contact surface area (App) of the rebar.

P, _o,(nDiL,)
Ah_ﬁ o ﬁ'd;,Le

D;

dy

Onp = (€8]

To predict the tensile strength of the GSSC, the relationship between
the confinement stress (6,) and bond stress (r) was considered. Fig. 18
shows the relationship between the normalized bond stress (z/ \/ fg’) and
normal confinement stress (1/ on,p) according to the method proposed by
Untrauer and Henry [5] for the GSSC specimens showing the bar bond-
slip or bar fracture.

In Fig. 18, the bond stress (r) can be defined as a function of the
confinement stress (op, 5) and grout strength (fg’). The values of C and D in
Eq. (5) were determined as (1.546 and 0.493) by linear regression
analysis of the present test results.

7 = (0.493,/5,, + 1.546) \/JZ (12)

Substituting Eq. (12) into Eq. (4), the ultimate tensile strength (P,)
of the GSSC is calculated as follows:

P, = ndyL, (0493 /5,5 + 1.546) /f, as)

11

4 'y
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VOn,»

Fig. 18. Relationship between 7/ f:g and /G,p.

As the confinement stress (0,p) in Eq. (13) is difficult to quantify in
practice, substituting Eqs. (10) and (11) into Eq. (13) further simplifies
Py, as follows:

2er gEqt, :
P, = mdyL, <0.4931 [ 1.546) Vr
b

When the ultimate tensile strength (P,) of the GSSC calculated by Eq.
(14) is greater than the ultimate tensile strength of rebar, the rebar
fracture would occur. However, according to the test results of this
study, the peak load of the specimens governed by rebar fracture was
slightly less than the ultimate tensile strength of the rebar. Due to bond-
slip of the longitudinal bar developed in the micro-space between the
surrounding grout keys and rebar ribs, the grout was radially dilated,
which decreased the effective ultimate tensile strength.

Based on the test results, the reduction coefficient of tensile capacity
() is suggested as follows:

14)

il
a=-
PC

15)
where P; is the measured ultimate tensile strength of test specimens with
bar fracture failure; and P, is the measured ultimate tensile strength of
the rebar.

Thus, the effective tensile strength of the spliced bar (Fp) can be

defined as follows:
Fb = QP[ (16)

As shown in Fig. 19, the average tensile strength of specimen with
bar fracture failure is P; = 115.8 kN, while the measured tensile strength
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Fig. 19. Tensile resistance of specimen groups.

of the rebar is P, = 120.2 kN. Thus, the corresponding reduction coef-
ficient «a is calculated as 0.96. Such result would be attributed to bond
slip between rebar and grout [63].

The failure mode of the proposed GSSC can be judged using the
tensile capacity of the rebar. In the case of P, < Fp, the proposed GSSC
fails due to bar-slip. In the case of P, > F, the proposed GSSC can
transfer the tensile force until rebar fracture.

Table 7 presents the predicted tensile strengths of the specimens
calculated by Eq. (14). The proposed model (Eq. (14)) predicted the test
results well, showing the average ratio of predictions to test results =
1.04 and COV. = 0.064. This result indicates that the ultimate tensile
strength of the GSSC can be predicted using the confinement stress
developed by the sleeve. However, note that the predicted values given
in Table 7 are dependent on the transverse strain obtained from the
experiments, which implies a drawback of Eq. (14), as it relies on the
experimental data. Thus, further studies are needed to define the
transverse strain in practice. One of the approaches is to estimate the
transverse strain by conducting analytical studies on numerous GSSC
specimens using finite element analysis or Gaussian Quadrature method
[68]. Based on the analytical responses of transverse strain, an equation
for the corresponding transverse strain to predict the tensile strength of
GSSC including the confinement effect can be developed.

Despite the prediction accuracy, some differences of ultimate tensile
strength between the predictions and test results would be attributed to
the ultimate tensile strength of the GSSC that relies on the interlocking
mechanism between 1) shear keys of the deformed bar and surrounding
grout, and 2) shear keys of the corrugated aluminum tube and grout.
This interlocking mechanism relies on the grout strength that would
vary slightly from sample to sample of GSSC, compared to the theoret-
ical method where only one consistent value of grout strength is adop-
ted. To minimize this difference, specimens need to be carefully
manufactured and tested to ensure that all samples have the same age of
grout and subsequently similar grout strength.

Table 7 shows the specimens that failed by either bar fracture or bar-
slip (see Table 5). In a word, specimens F-C6L125 and F-G6L125 and
GSSC without FRP sheets are excluded, because these specimens failed
by sleeve fracture that are not governed by the bond strength between
interfaces 1 and 2 (see Fig. 19). For this reason, the proposed model (Eq.
(14)) is only applicable to predict the ultimate tensile strength based on
the bond strength at interfaces 1 and 2 only (see Fig. 19), assuming the
tensile strength of aluminum and FRP composites is sufficient to resist
the rebar tensile strength. Further, the proposed model is limited to
predict the ultimate tensile strength of the proposed GSSC without
incorporating the influence of environmental conditions, such as

12

temperature and moisture.

MC1990 [64] states that the rebar diameter, type of rib, diameter of
sleeve, and compressive strength of grout would influence the degree of
confinement stress, and thus the tensile capacity of the grouted sleeves.
In this study, only the embedded length and sleeve configuration were
considered in the analytical model. Thus, further studies are needed to
evaluate the effect of various test parameters on the tensile capacity of
the grouted sleeves.

5.1. Load transfer mechanisms of the proposed GSSC

Fig. 20 shows two discontinuous rebars connected by the proposed
GSSC. The success of GSSC is demonstrated by the connection that can
transmit the tensile load between rebars without any failure at any in-
terfaces inside the sleeve except the rebar fracture outside the sleeve
(Fig. 10(d)). Such rebar fracture indicates that the bond strength at all
interfaces is greater than the rebar tensile strength. In the load transfer,
the following interfaces inside the sleeve can be considered: at the
interface 1, bond failure between the deformed bar and surrounding
grout results in rebar pull-out failure (Fig. 10(b)); at the interface 2,
bond failure between the grout and inner surface of corrugated
aluminum tube results in grout pull-out failure; and at the interface 3,
adhesive bond (provided by the epoxy resin) failure between the outer
surface of corrugated aluminum tube and FRP sheet results in aluminum
tube pull-out failure (Fig. 10(c)). Further, when the number of FRP
layers are insufficient, the aluminum and FRP composites would be
fractured (Fig. 10(a)).

6. Conclusion

In the present study, 45 GSSC specimens using FRP (i.e., CFRP and
GFRP) were tested under monotonic uni-axial tensile load to investigate
the effects of embedded length and FRP properties on the feasibility and
bond behavior of the GSSC. On the basis of the test results, the following
fundamental conclusions have been drawn:

1. When the rebar embedded length was the same, the tensile strength
of GSSC with CFRP sheets was greater than that of GSSC with GFRP
sheets. This trend was clearly shown in the specimens with
embedded length of 75 mm. The tensile strength of the F-G6 spec-
imen group with embedded length of 75 mm increased by 16%, due
to the higher tensile strength of carbon (i.e., 1,200 MPa) in com-
parison to glass (i.e., 700 MPa).
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Fig. 20. Load transfer through bond mechanisms.

2. The increased number of FRP layers of the sleeve improved the
confinement of the grouted splices. However, due to the increase of
only one layer (i.e., six to seven layers), the increase rate of the
tensile strength of the FRP grouted splices was not significant: (0.5 -
12.3) % for glass FRP, and (1.5 — 3.5) % for carbon FRP.

3. As the rebar embedded length increased, the ultimate tensile
strength of the grouted splice connections significantly increased. As
the embedded length increased from (75 to 175) mm, the average
tensile strengths of the grouted splices increased by (66.5 — 94.0) %.
The increase rate of the tensile strength was greater in the specimens
with GFRP (i.e., 94.0 %), compared to the specimens with CFRP (i.e.,
66.5%).

4. Based on the acceptable requirements of the yield ratio (u,), strength
ratio (us), and ductility ratio (ug), use of the embedded length of at
least 175 mm is recommended in the proposed GSSC, regardless of
the FRP type and the number of FRP layers.

5. The ultimate tensile strength of the grouted splice was proposed. The
predictions of the proposed method matched well with the experi-
mental ultimate tensile strength of the grouted splices, showing the
average ratio of predictions to test results = 1.04 and COV. = 0.064.

It is noted that further studies are needed as follows: 1) the bond
strength between the outer surface of FRP sheets and surrounding con-
crete needs to be investigated; 2) tensile test needs to be performed on
aluminum tubes wrapped with FRP sheets to determine the tensile
strength of the aluminum tube and FRP sheet composites; and 3) flexural
beam test of GSSC connection is needed to investigate the effect of
flexural behavior on the splice connections of beams.
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