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ABSTRACT

This paper reveals the influence of arching action on the shear behaviour of glass fibre reinforced polymer
(GFRP) reinforced laterally restrained concrete slabs in bridge decks. A total of seventeen full-size
one-way concrete slabs were constructed and tested in this study. Those restrained test slabs represents
typical full-scale dimensions of a real bridge deck slab 400 mm wide by 2400 mm long and 200 mm deep.
The test variables were lateral restraint stiffness, reinforcement configuration and concrete strength. The
behaviour of test slabs was discussed and the influence of those structural parameters on the amount of
arching action was evaluated by comparing the results of different specimens. The test results showed
that increasing the arching effect resulted in shear failure mode and larger shear strength. The experi-
mental shear strengths of the restrained test slabs were compared with some theoretical predictions
in the literatures. The results indicated that those theoretical methods yielded high conservative predic-
tions. A theoretical model that takes into account the effect of arching action in the shear-strength pre-
diction was proposed by the writers. This method provided accurate and slightly conservative

predictions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

It has been evident that corrosion of steel reinforcement consti-
tutes one of major problems that shorten the service lifetime of
concrete bridge decks [1,2]. One solution to this corrosion problem
is the use of alternative materials to steel reinforcement that do
not corrode, such as fibre reinforced polymer (FRP). Since glass
fibre reinforced polymer (GFRP) is more economical than other
available FRP (CFRP and AFRP), it is more attractive for infrastruc-
ture application and has been used as reinforcement in concrete
bridge deck slabs for more than twenty years [3].

Currently, it is well established that the concrete bridge deck
slabs can fail in shear, including punching shear failure and
one-way shear failure, due to the in-plane restraints and the con-
centrated or distributed loads of large magnitude [4,5]. In addition,
it has been recognised that an internal arching effect is induced as
the slab deflects due to the horizontal restraints provided by the
slab panel boundary conditions such as supporting beams, dia-
phragms and surrounding slabs [5]. This is known as arching action
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or compressive membrane action. In previous research, it was
shown that this arching phenomenon had a strong effect on failure
mode and ultimate capacity of GFRP reinforced concrete bridge
deck slabs [5,6]. However, the majority of research on the shear
behaviour of FRP reinforced concrete members has been concen-
trated on the simply supported beams or slabs [7]. The effect of
arching action as a result of in-plane restraint was not taken into
consideration except in the specimens with small span-to-depth
ratio (< 2.5) [8]. Interestingly, the tests by authors showed that
the failure mechanism of GFRP reinforced concrete deck slabs with
large span-to-depth ratio (> 2.5) could be shear failure due to the
significant arching action [5,9]. Therefore, an investigation of the
shear behaviour of laterally restrained concrete slabs reinforced
with GFRP bars should be carried out by taking into account the
effect of arching action.

The aim of this paper is to study the shear behaviour of in-plane
restrained GFRP reinforced concrete slabs in bridge deck structures.
As shown in Fig. 1, a one-way spanning concrete slab strip with lat-
eral restraints typical of a bridge deck slab is conducted in this
study. A series of experimental tests were carried out to investigate
the influence from some structural variables on the behaviour of
those slabs, which included the degree of external restraints, con-
crete strengths, reinforcement percentages and reinforcing materi-
als. After comparing the results of different test specimens, the
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(a) Test slab and lateral restraint configuration

(b) A typical test specimen

Fig. 1. Test model.

influence of arching action on shear-strength and failure mode was
discussed and presented. A understanding of the nature of shear
behaviour of concrete deck slabs reinforced with GFRP bars can
be extended. Subsequently, the shear-strengths from the test were
compared to the theoretical predictions provided by some pub-
lished shear-strength design methods and a model proposed by
authors. It was shown that the theoretical method taking into con-
sideration the effect of arching action proposed in this study gave
reasonable agreement with the test results.

2. Background to shear behaviour of FRP reinforced concrete
members

It is well known that the cracked reinforced concrete flexural
member without shear reinforcement, such as concrete slabs,
resists the applied shear stress by means of five structural mecha-
nisms: (i) shear resistance of uncracked concrete; (ii) aggregate
interlock; (iii) dowel action of the longitudinal reinforcement;
(iv) residual tensile stress across the inclined crack; and (v) arching
action [10]. As similar to the behaviour of steel reinforced concrete

members, those five mechanisms are expected in FRP reinforced
concrete members. Due to the relatively low modulus of elasticity
of the FRP composite material, FRP reinforced concrete structures
generally develop wider and deeper cracks compared to those rein-
forced with steel. Those cracks decrease the contribution to shear
strength from the uncracked concrete due to the low depth of con-
crete in compression. The contribution of aggregate interlock and
residual tensile stress can also be reduced by the large crack
widths. Additionally, due to the relatively small transverse
strength of FRP bars and relatively wider cracks, the contribution
of dowel action may be negligible. Finally, the shear capacity of
FRP reinforced concrete members is smaller than those reinforced
with the same amount of steel bars. This is well reported by the
findings from the experimental investigations [11]. In addition,
the shear behaviour of FRP reinforced concrete slabs without shear
reinforcement is potentially the dangerous case in shear prone
applications due to the brittle nature of concrete and FRP reinforc-
ing bars [10].

Since most research of the shear behaviour of FRP reinforced
concrete members is carried out based on the simply supported
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structures, the effect arching action was only taken into account in
the shear-strength prediction model for the concrete members
with a small shear span-to-depth ratio (< 2.5). The influence from
the external restraints has not been considered in the existing the-
oretical prediction models. However, the test of GFRP reinforced
concrete deck slabs by authors showed that the degree of
in-plane restraint stiffness had a strong effect on failure mode
and ultimate capacity [5]. Until now, few studies have investigated
the influence of arching action set up as a result of restraints on the
shear behaviour of GFRP reinforced concrete deck slabs. Therefore,
this paper presents a comprehensive experimental an theoretical
study of this arching effect on the shear behaviour of laterally
restrained GFRP reinforced concrete slabs.
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Fig. 2. One-way slab strip located in a global deck slab (unit: mm).

3. Experimental programme
3.1. Details of test slabs

The experimental test specimens were conducted to investigate
the behaviour of one-way slabs representative of the typical sections
of full scale bridge deck slabs, see Fig. 2. As illustrated in Fig. 3, the
test slabs were 2400 mm long x 400 mm width x 200 mm deep.
As shownin Table 1, the experimental programme is split into seven
phases of testing. To achieve a noticeable increase in the arching
capacity, the magnitude of lateral restraint stiffness were varied by
three times (66 kN/mm, 190 kN/mm and 460 kN) as illustrated in
Table 1 (Phases I to III). The values of the lateral restraint stiffness
were adopted based on the previous test studies of bridge deck slabs
[12] and laterally restrained concrete components [13].
Furthermore, three types of concrete strengths were used in each
Phase of Phases I to III. In Phase IV, the horizontal restraint stiffness
was removed to investigate the effect of the existence of horizontal
restraints. In this experimental study, the influence of FRP reinforce-
ment configuration, such as reinforcement percentage and position,
were also investigated (see Phase V and VI). Finally, one slab rein-
forced with steel was fabricated and tested to study the effect of rein-
forcing material as shown in Table 1.

The test slabs were constructed by using normal-weight ready
mixed concrete. The sand-coated glass FRP bars with 70% fibre con-
tent in a vinylester resin was used this test. Table 2 lists the mate-
rial properties of the GFRP bars and steel bars used as longitudinal
reinforcement. The test method for the GFRP bars was carried out
according to the requirement of ACI 440-R06 [14] with the loading
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Fig. 3. Cross section of a test specimen (unit: mm).

Table 1
Experimental variables.

Phase Model Reinforcing material f., «(N/mm?) p (%) Reinforcement configuration K, (kN/mm) Boundary condition Failure load (kN) Failure mode
I SG1 GFRP 41 0.60 B/T 3¢12.70 460 FE + LR 187 SF
SG2 GFRP 70 0.60 B/T 3¢12.70 460 FE + LR 199 SF
SG3 GFRP 85 0.60 B/T 3¢12.70 460 FE + LR 205 SF
1l SG4 GFRP 41 0.60 B/T 3¢12.70 190 FE + LR 165 SF
SG5 GFRP 62 0.60 B/T 3¢12.70 190 FE+LR 171 SF
SG6 GFRP 84 0.60 B/T 3¢12.70 190 FE +LR 186 SF
il SG7 GFRP 43 0.60 B/T 3¢12.70 66 FE + LR 155 SF
SG8 GFRP 62 0.60 B/T 3¢12.70 66 FE + LR 162 SF
SG9 GFRP 80 0.60 B/T 3¢12.70 66 FE + LR 176 SF
v SG10  GFRP 84 0.60 B/T 3¢12.70 0 FE 127 BF + RF
SG11  GFRP 83 0.60 B/T 3¢12.70 0 SS 87 BF + RF
\% SG12  GFRP 85 060 B3¢12.70 460 FE + LR 199 SF
SG13  GFRP 88 1.00 C3¢12.70 460 FE +LR 195 BF + SF
VI SG14  GFRP 86 022 BT 2¢9.53 460 FE + LR 195 SF
SG15  GFRP 79 1.38 B 7¢12.70 460 FE +LR 210 SF
SG16  GFRP 72 280 B 6¢19.05 460 FE + LR 215 SF
VII SS1 Steel 80 0.60 B 4¢p12.00 460 FE + LR 229 SF+YS

Boundary condition: FE = fixed end; LR = lateral restraint; SS = simply supported.

Reinforcement configuration: B = bottom; T = top; C = centre; N/A = no reinforcement.
Failure mode: SF = shear failure; BF = bending failure; RF = rupture failure; YS = yielding steel.
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Table 2

Material properties of reinforcing bars.
Reinforcing  Diameter Yielding Rupture Elastic Ultimate
material (mm) strength strength modulus strain

(N/mm?)  (N/mm?)  (kN/mm?) (ue)

GFRP 9.53 - 760 40.8 18627
GFRP 12.7 - 690 40.8 16912
GFRP 19.05 - 620 40.8 15196
Steel 12 340 500 200 -

Fig. 4. Reinforcement layout in frame work before casting.

rate of 0.2 N/s. Fig. 4 shows a typical view of the reinforcement lay-
out in the formwork. The reinforcement details of the test speci-
mens and the reinforcement configurations are shown in Table 1.
The clear cover of all the test slabs was 40 mm, except the test
specimen coded as SG13.

3.2. Test apparatus and instrumentation

The effectiveness of in-plane thrust is dependent on the stiff-
ness of restraints. A steel frame used in the previous test [6] pro-
vided the horizontal restraints and was analogous to end
conditions of real slab system such as that of a bridge deck slab,
as shown in Fig. 1. The lateral restraint stiffness is the combination
of the axial stiffness of steel bolt and bending stiffness of steel rig
as shown in Eq. (1).

1 1 1

K r Ksteel rig-bending stiffness K steel bolt-axial stiffness

(1)

As illustrated in Fig. 3, a 430 x 25 mm line load was applied at the
midspan for all the test slabs. The slabs were tested under
three-point bending over a clear span of 2000 mm, giving a shear
span-to-depth ratio of around 6. The strain gauges and displace-
ment transducers were connected to a data acquisition system after
the test specimens were positioned in the steel frame. The electrical
resistant strain (ERS) gauges were embedded in reinforcing bars to
assess the strain development in both the midspan and support
locations (see Fig. 4). The vibrating wire strain gauges were located
at the midspan, the one-fourth span and the support of sides of con-
crete slabs. As shown in Fig. 5, four linear variable-displacement
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transducers (LVDT) were located at the midspan and one-fourth 3.3. Test procedure

span of the concrete slabs to measure the vertical deflections of

the test specimens. To study the arching effect, three displacement All the test slabs were accurately positioned in the restraining 3
transducers were configured at the end of steel rigs to measure the steel frame and attention was paid in positioning the slab relative o
horizontal displacements (see Fig. 5). to the loading frame to minimise the effect of eccentricity. In each
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Fig. 6. Crack patterns of test slabs.
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test specimen, two preliminary test loads were applied and the
recovery was measured. Thereafter, the test slabs were loaded
incrementally to failure. In the test process, deflections of the slabs,
crack widths development, strains in GFRP bars and concrete slabs
were measured for all the test specimens.

4. Experimental results
4.1. Crack patterns in the test slabs

Fig. 6 shows the propagation of crack patterns for the test slabs.
It was illustrated that the few initial cracks were predominately
vertical and perpendicular to the direction of the maximum stress
induced by the bending moment and formed at an approximate
service load of 50 kN. In the restrained test specimens, those
flexural cracks did not penetrate into the compression zone. After
the compressive zone depth of concrete slabs was reduced to
20-30 mm, those flexural cracks at the midspan did not propagate
upwards the top surface. In addition, the initial cracks of the test
slabs with lateral restraints remained narrow at this loading stage
(around 60 kN). Furthermore, it was found that increasing the
restraint stiffness resulted in smaller crack widths, which was sim-
ilar to increasing the reinforcement percentage. Interestingly, the
variation of reinforcing material could not influence the cracking
pattern or cracking load significantly as shown in Fig. 6. Then, at
higher loads, in the shear span, the cracks acquired some inclina-
tion towards the central zone, due to compressive stress in the
shear span of the laterally restrained test specimens (see Fig. 6).
Within the range of 50-60% of the ultimate load, the main diagonal
crack formed, defining the direction of arching action (see Fig. 6).
With the further loading, the GFRP-concrete bonding failure cracks
were observed in the test slab (coded as SG16) with large rein-
forcement percentage (2.8%) (see Fig. 6h). After the loading level
corresponding to around 80% of ultimate strengths, no more cracks
appeared in all the test slabs.

The effect of boundary conditions on the failure mode is illus-
trated in Fig. 7. It was shown that the failure mode for restrained
slabs was identified as diagonal shear-compression failure. In those
slabs, diagonal cracks formed initially at the mid-depth of the slab
in the direction of arching thrust propagating to the outside edge of

loading beam and the inside edge of bearing plate at the support.
With the development of this diagonal crack, the failure of those
test slabs occurred with concrete crushing at the top surface.
This type of shear-compression failure was typical for all the
restrained concrete slabs, which had a large span-to-depth ratio
(around 6), as shown in Table 1. Conversely, the vertical flexural
cracks rather than the inclined shear cracks occurred in the slabs
coded as SG11, which had no the external restraints, as shown in
Fig. 7. Furthermore, it should be noted that increasing the lateral
restraint stiffness or the reinforcement percentage both resulted
in the significant shear behaviour in GFRP reinforced concrete
slabs, see Figs. 6 and 7. Interestingly, no rupture of GFRP bars
occurred in all the restrained concrete slabs even though the rein-
forcement percentage of those members were smaller than the
balanced reinforcement percentage given by ACI 440-R06 [14]
(around 1.25%). As it has been established that in-plane restrained
slabs generally fail by concrete crushing due to the influence of
arching action, replacing steel with FRP bars in restrained slabs
does not require any additional provision as a concrete crushing
failure mechanism occurs [6,15].

Fig. 8 compares the development of diagonal crack widths for
the restrained slabs. It is of interest that the degree of lateral
restraints and the FRP reinforcement percentage had a similar clear
effect on controlling the diagonal crack width (see Fig. 8a and b). As
shown in Fig. 8a, the crack widths were decreased about 58% when
the lateral restraint stiffness were enhanced by three times at a
loading level of 100 kN. At the same applied load, increasing the
FRP reinforcement percentage from 0.22% to 2.8% resulted in
decreasing the crack width by around 86% (see Fig. 8b).
Conversely, the variation of concrete strengths could not affect
the diagonal crack width significantly, see Fig. 8c.

4.2. Load vs. deflection response

Fig. 9 shows the midspan vertical defection versus the applied
loads for the test slabs. It can be noted that all the slab specimens
exhibited a nearly bilinear response up to failure. The first part up
to the flexural cracking load (around 50-60 kN) was similar for all
the test slabs representing the behaviour of the uncracked slab
utilising the gross inertia of the concrete cross section, while the

(a) Flexural failure in Specimen SG11 (test slabs without lateral restraints)

n 3 m i
Shear cracks-

-

(c) Shear-compression failure in Specimen SG3 (test slabs with large restraints)

Fig. 7. Failure modes of test slabs with different lateral restraint stiffness at ultimate loads.
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Fig. 8. Crack width of test slabs vs. applied load crack width* — The measurement of crack width was stopped at the crack width of 2 mm.

second part represents the cracked slab with the reduction stiff-
ness. As shown in Fig. 9a, the specimens had similar stiffness up
to the initial flexural crack and followed by a reduction stiffness
for all slabs but with different tendencies, which is attributed to
the difference in the degree of external restraints. It was shown
that the midspan deflections of two slabs, SG10 and SG11, were
around five times of those of the restrained slabs at a loading level
of 90 kN (see Fig. 9a). On the contrary, Figs. 9b and c illustrate that
the reduction of stiffness in load-deflection curves cannot be
affected by the variations in other structural variables (concrete
strengths, FRP reinforcement ratio and reinforcing material)
significantly. This is different from the findings from the test of
simply supported FRP reinforced concrete members [8], which
could be due to the strong restraint stiffness (460 kN/mm) used
in those test slabs.

The horizontal deflections of the steel rigs in the test specimens
are shown in Fig. 10. For all the test restrained slabs, it was
observed that the horizontal deflections were enhanced signifi-
cantly as soon as the applied load exceeded the flexural crack
loads, which indicated that arching thrust was developed after this
loading level. It was expected that the horizontal displacement of
the specimen coded as SG3 with large restraint stiffness was small-
est among those three slabs (see Fig. 10a). As similar to the load vs.
vertical deflection response, this behaviour could not be affected
by the variation of concrete strengths (see Fig. 10b). As shown
Fig. 10c, increasing the FRP reinforcement percentage resulted in
the smaller horizontal deflections in the restrained test slabs with
the same restraint stiffness. This could be attributed to the reduced
contribution of arching action by increasing the FRP reinforcement
percentage [6].
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Fig. 9. The response of applied load vs. vertical deflection at the midspan.

4.3. Strain in FRP reinforcement

Fig. 11 shows the applied load versus the FRP reinforcement
strain. The strain values are the average measured strain for
the longitudinal GFRP bars at the midspan. Initially, the strain
values of the GFRP bars in all the test slabs developed in a similar
manner before the occurrence of the initial flexural cracks (see
Fig. 11). As shown in Fig. 8a, the contribution of FRP reinforce-
ment in the test slabs without restraints was far more significant

than that in the restrained test slabs. On the contrary, increasing
the concrete strength could not affect the strain of GFRP bars in
the restrained slabs significantly as shown in Fig. 11b. Fig. 11c
illustrates that the strain measured on the reinforcing GFRP bars
is reduced by increasing the reinforcement ratios. In addition, the
maximum tensile strain of the GFRP reinforcement in all the
restrained test slabs, expect the model coded as SG14
(p =0.22%), was up to 70% of the rupture strain at the ultimate
loads.
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Fig. 10. The response of the applied load vs. horizontal deflection of steel rig Effect
of FRP reinforcement percentage.

4.4. Ultimate strength

Table 1 summarises the loading-carrying capacities of the test
slabs. As shown in Table 1, all the restrained test slabs failed in
shear-compression mode. The effect of several structural parame-
ters on shear failure loads is presented in Fig. 12 graphically.
Increasing the degree of external restraint had a strong effect on
ultimate shear capacity for the restrained specimens, see
Fig. 12a. Comparing the loading-carrying capacities of a restrained
slab (SG3) and a simply supported slab (SG11) reveals that the
strength is enhanced by more than 50%. This indicates that increas-
ing the restraint stiffness enhances the arching thrust strength and
compressive depth [6], which is governing the failure, and in turn
increases the transferred shear forces through the arching action.
Additionally, the increasing rate of shear strength in each set of
the test slabs having similar concrete strength was nearly the
same. This is attributed to the similar influence from arching
action. Meanwhile, comparing the specimens having the same
restraint stiffness reveals the clear effect of concrete compressive
strength on the ultimate shear strength as shown in Fig. 12b.
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Fig. 11. The response of applied load vs. strain measured in longitudinal FRP
reinforcement.

Fig. 13c illustrates that increasing the reinforcement ratio from
0.22% to 2.8% has no significant effect on shear strengths for the
restrained slabs, which is different from the test results of simply
supported FRP reinforced concrete members by other researchers
[10,11]. Interestingly, the similar research findings were also pre-
sented in the study of restrained slabs reinforced with steel [13]
and GFRP reinforced deck slabs [5]. This is attributed to the
decreased influence from arching action by increasing the rein-
forcement percentage [5].

4.5. Parametric study of arching action and FRP reinforcement
contribution to shear strength

In this study, the contribution degree of arching action to the
shear strengths was investigated by the axial forces in the concrete
slabs. The axial forces were calculated from external restraint stiff-
ness (see Table 3 and Eq. (1)) and the horizontal deflections mea-
sured in the test (see Fig. 11). Meanwhile, the influence from FRP
reinforcement were also represented by the axial forces inside
the bars, which were obtained from the measured reinforcement
strain (see Fig. 10) and reinforcing material properties (see
Table 2). Based on the observation of the test, three critical struc-
tural parameters had strong affect on the shear behaviour of test
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Fig. 12. The effect of structural variables on loading-carrying capacities of the
restrained test slabs.

slabs, which included lateral restraint stiffness, concrete strengths
and FRP reinforcement ratio. A corresponding parametric study
was conducted to investigate the influence of those structural vari-
ables on the contribution from arching action and FRP reinforce-
ment as shown in Fig. 13. As shown in Fig. 133, the axial force in
concrete slabs was enhanced as increasing the lateral restraint
stiffness. On the other hand, the axial force of FRP reinforcement
were reduced slightly by increasing this stiffness values. This indi-
cates that increasing the degree of external restraint resulted in
dramatically stronger contribution of arching action and slightly
smaller contribution of FRP reinforcement. Hence, the shear
strength of restrained FRP reinforced concrete slabs was enhanced
by increasing the lateral restraint stiffness significantly (see
Fig. 12a). As shown in Fig. 13b, the variation in reinforcement per-
centage had a strong effect on the influence from arching action
and FRP bars simultaneously. It was expected that the contribution
of FRP reinforcement was improved as increasing the reinforce-
ment ratio. On the contrary, the effect of arching action on shear
capacity was reduced. Interestingly, the increasing rate of axial
forces in FRP reinforcement was close to the reducing rate of those
at the end of concrete slabs (see Fig. 13b). Under this condition, the
ultimate capacity of the restrained slabs could be not be affected
by FRP reinforcement percentage significantly (see Fig. 12c). In
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(a) Effect of lateral restraint stiffness on axial forces
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(c) Effect of concrete strength on axial forces

Fig. 13. Comparison of axial forces provided by lateral restraints and in the
longitudinal FRP bars with varied structural parameters.

addition, the contribution of arching action and FRP reinforcement
was not affected by increasing the concrete strength as shown in
Fig. 13c. This analytical result suggests that any theory for the pre-
diction of the ultimate shear capacity of laterally restrained FRP
concrete slabs must take into account the influence of the concrete
strength, the FRP reinforcement and the degree of external
restraint comprehensively.

5. Comparison of predicted and experimental shear capacities
5.1. Predicted shear capacity by the existing theoretical models

Currently, the shear behaviour of the restrained FRP reinforced
concrete members is still less well understood. In the previous
study, it was found that some attempts to use the steel reinforced
concrete member design provisions unmodified for FRP members
produced unconservative prediction results [16]. This implies that
a fundamental difference in the shear behaviour between members
reinforced with steel and FRP could exist. This structural fact is
supported by the findings from the experimental investigations
on concrete beams reinforced longitudinal with CFRP and GFRP
bars [17]. Those experimental test results also revealed that the
axial stiffness of the reinforcing bars was a key parameter in eval-
uating the concrete shear strength of the flexural member
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Table 3
Summary of the existing shear design formulations.

Design procedure Equation

Variables

ACI 440.1 R-06 [14] Vi = 04\ [foby - k-d (2)

JSCE 1997 [20] Visce = Ba - Bp - Bn - Fyua - bw - d (3)

CSA S806-12 [21] 13

Vesa =0.05- 7+ e - km - Ky - Kq - ks - (f/’:)

0.11 ~q$c,\/f7’c<bw»d,, <Ves < 0A22-¢[\/E»bw»d‘,

IStructE 1999 [22]

- 1/3 ;
El-Sayed et al. [23] Versaped = (93&) = (41)‘”6’) 6)

< VE

VEisayed < Yg<-bw -d

e 5\ 1/3
S (I S G,
VKaru = <\/; fc Es (L'o C

Kara [24]
by -d (7)

Alam and Hussein [25]

Valam =

i 13
%/Zé(%) “V/fe-bw-d(8)
(;.};A\/EAbw-dgvfamm <%‘\/E‘b‘~‘d

Hoult et al. [26]

Vhour =

Abdul-Salam [27]

Antonio et al. [28] Vantonio = Vut - fee - bw -d (11)

vy =¢-(1.072 -0.01 - o) - %+ 0.036

“bw-dy (4)

1/3 1/3
Vismar =079+ (pr £) - (490" (38) " -bw-d (5)

03 1300 y
05+(0.15+1000,)°7 ~(1000+55) * Ve bw-dy (9)

fi - Concrete strength (cylinder test);

k=\/2-np - ps+ (g pp)> =g - ps

ps - FRP reinforcement percentage

ny = Eg/E.

E; - Elastic modulus of FRP reinforcement
E. - Elastic modulus of concrete

by - Slab web width

d - Effective depth of slab

Ba = (1000/d)"/* < 1.5

By = (100p:E/Es)'* <15

B, =1 (No axial forces)

foug =0.2-fY% <0.72 N/mm?

km:,/VMLfgm

ke =1+ (Epp)'?

ke=2%2>1.0
d

ks = 52393< 1.0

M; - The factored moment;
Vs - The factored shear force
d, =min(0.9-d,0.72 - h)

J - Concrete density factor

S

feu — concrete strength (cylinder test);
E; - Elastic modulus of FRP reinforcement
Es - Elastic modulus of Steel reinforcement

0.85 > f; = 0.85 —0.0007 - (f,. — 28) > 0.65

a - Shear span

co - Constant equal to 7.696
c; - Constant equal to 7.254
¢, - Constant equal to 7.718

J - Concrete density factor

_ My/dy+vy
S = 2EA

_ 31.5d
Swe = Tgin > 0.77d

My - Bending moment at the critical section for shear;
Vs - Shear force at the critical section for shear
ag - Maximum aggregate size in mm

Vabdut-salam = 0.018 - (9)'/* - (1 + \3/%) d-by- \3/[75 (10)

_E
*=E

%:a~pf«(1+1/l+f—p/>

¢=12-02-a, ainm

reinforced by FRP bars. Therefore, some researchers developed new
shear-strength prediction models taking into account the differ-
ence in modulus of elasticity of FRP reinforcement [11,18]. In this
paper, the shear capacity of the restrained concrete slabs rein-
forced with GFRP bars were predicted by using shear equations
of design codes [14,19-21] and theoretical models from literatures
[22-27] to study the accuracy of those existing shear design meth-
ods. Table 3 summarises the shear-strength prediction equations
from those literatures [14,19-27]. It can be found that most of
those formulations were developed by modifying the existing
shear design equations for steel reinforced concrete structures.
The predicted shear capacities of the restrained test slabs by the
design equations from the current FRP reinforced concrete design
codes [14,19-21] and literatures [22-27] were shown in Tables 4
and 5 respectively. It was evident that those existing theoretical

models yielded high conservative predicted shear strengths and
the reliability of those predictions was not good. As shown in
Tables 4 and 5, the average ratios of the predicted capacity (V)
to the test capacity (Vies:) are from 0.34 to 0.71. In addition, the
COV values of all the ratios of V,,/Vies are around 20% for those pre-
diction methods. In the analytical study of those theoretical mod-
els, it was found that the effect of arching action was not
incorporated into the design equations due to the large shear
span-to-depth ratio (> 2.5). In addition, despite the 60 N/mm?
concrete strength limit in the CSA-S806-12 shear-strength provi-
sion [20], this method yielded better predictions for those test
slabs compared to the results from other equations (see Tables 4
and 5).

In the study of FRP reinforced concrete bridge decks [5], it was
shown that the arching effect was improved by increasing the
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Table 4

Comparison of the predicted shear capacity by current design codes [14,20-22] with the test results.
Model Vtest (kN) Vaci (kN) Visce (kN) Vesa (KN) Vistructe (KN) Vaci/Vtest Visce/Vtest VesalViest Vistructe/ Viest
SG1 176 37 61 109 74 0.21 0.35 0.62 0.42
SG2 199 42 68 142 89 0.21 0.34 0.72 0.45
SG3 205 44 68 156 94 0.22 0.33 0.76 0.46
SG4 165 37 61 109 74 0.22 0.37 0.66 0.45
SG5 171 41 68 134 85 0.24 0.40 0.79 0.50
SG6 186 44 68 156 94 0.24 0.37 0.84 0.51
SG7 143 37 62 111 75 0.26 0.43 0.78 0.53
SG8 156 41 68 134 85 0.26 0.44 0.86 0.55
SG9 176 44 68 152 93 0.25 0.39 0.86 0.53
SG12 199 44 68 156 94 0.22 0.34 0.79 0.48
SG13 195 35 50 58 79 0.18 0.26 0.30 0.40
SG14 195 28 49 124 68 0.14 0.25 0.64 0.35
SG15 210 65 91 151 123 0.31 0.43 0.72 0.58
SG16 215 85 113 144 148 0.39 0.53 0.67 0.69
Average = 0.24 0.37 0.71 0.49
Standard deviation = 0.06 0.07 0.14 0.08
Coefficient variation = 0.25 0.19 0.20 0.17

Table 5

Comparisons of the predicted shear capacity from literatures [23-28] with the test results.
Model  Viest VEl-sayed Vkara Valam Voult VAbdul-salam Vantonio Velsayed/ Viara/ Valam/ Viour/ Vabdul-salam/ ~ Vantoniof

(kN) (kN) (kN) (kN) (kN) (kN) (kN) Viest Viest Viest Viest Viest Viest

SG1 176 56 67 50 56 84 73 0.32 0.38 0.28 0.32 0.48 0.42
SG2 199 62 81 65 66 101 94 0.31 0.41 0.33 0.33 0.51 0.47
SG3 205 64 86 71 70 111 103 0.31 0.42 0.35 0.34 0.54 0.50
SG4 165 56 67 50 56 84 73 0.34 0.41 0.30 0.34 0.51 0.45
SG5 171 60 77 61 63 97 89 0.35 0.45 0.36 0.37 0.57 0.52
SG6 186 64 86 71 69 111 102 0.34 0.46 0.38 0.37 0.60 0.55
SG7 143 57 69 51 56 86 75 0.40 0.48 0.36 0.39 0.60 0.53
SG8 156 60 77 61 63 97 89 0.39 0.50 039 0.41 0.62 0.57
SG9 176 63 84 69 69 109 100 0.36 0.48 0.39 0.39 0.62 0.57
SG12 199 64 86 71 70 111 103 0.32 0.43 0.36 0.35 0.56 0.52
SG13 195 47 60 45 45 91 80 0.24 0.31 0.23 0.23 0.47 0.41
SG14 195 46 62 52 48 85 71 0.24 0.32 0.27 0.25 0.43 0.37
SG15 210 84 111 91 94 139 144 0.40 0.53 0.44 0.45 0.66 0.69
SG16 215 102 134 109 115 171 189 0.48 0.62 0.50 0.53 0.80 0.88
Average = 0.34 0.44 0.35 0.36 0.57 0.53
Standard deviation = 0.06 0.08 0.07 0.08 0.09 0.13
Coefficient variation = 0.18 0.18 0.20 0.21 0.16 0.24

lateral restraint stiffness and decreased by the enhancement of
reinforcement percentage. The similar structural behaviour was
also obtained in this test study as illustrated in Figs. 13a and b.
Therefore, the ratios of the predicted shear capacity (Vp) to the test
capacity (Viest) are plotted against FRP reinforcement percentage
and lateral restraint stiffness respectively, see Figs. 14 and 15. As
illustrated in Fig. 14, increasing the reinforcement percentage
could improve the accuracy of the prediction method. On the other
hand, increasing the lateral restraint stiffness resulted in smaller
ratios of V,, to Vies; see Fig. 15. Based on this analytical result, it
can be summarised that the contribution of arching action should
be incorporated into the shear-strength prediction methods for the
laterally restrained GFRP reinforced concrete members.

5.2. Predicted shear capacity with introduction of arching action

In the experimental study, it was shown that the influence of
arching action on the shear behaviour of restrained test slabs were
similar to the over-reinforcing effect in concrete members (see
Fig. 7). Therefore, the effect of arching action on shear capacity
could be assumed to be equivalent to increasing the reinforcement
percentage. This theoretical assumption was also used by
Kirkpatrick et al. [28] and BD 81/02 [29] in the study of shear
punching capacity of concrete bridge deck slabs. Because this
equivalent arching reinforcement percentage [28,29] was devel-
oped empirically based on the test results of steel reinforced

concrete structures, a stiffness coefficient of E{ should be intro-

duced. Using this stiffness coefficient, the “equivalent” FRP rein-
forcement percentage [29] can be obtained as below:

p _E ko fo ol
“ E 3208

where k, is the maximum arching moment coefficient as follow:

ks = 0.0525- (4.3 - 16.1\/3.3 .10+ 0.1234-R) (13)

In Eq. (13), R is a measure of the elastic deformation that is as
defined in Eq. (14).
P,

- Ly
K
In Eq. (14), €. is the plastic strain of an idealised elastic-plastic
concrete, which is given by

€ = (—400+60-f.—0.33-f,)x10°°

(12)

R=—

(14)

(15)

Furthermore, L, is the half span of the equivalent rigidly restrained
arch (see Eq. (16)), which was provided by Rankin [30] with ideal-
isation of the slab as a three-hinged arch [31].

JJE. by -d
VK oa !

L (16)

where a is the shear span, K; is the lateral restraint stiffness.
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Fig. 16. The predicted shear capacity by the modified method vs. the test results.

Thus, the proposed equation herein takes into account this
arching reinforcement to predict the shear capacity of the
restrained FRP reinforced concrete slabs. The “equivalent” rein-
forcement percentage was proposed by Kirkpatrick et al. [28] for
the prediction method in British Standard 5400 [32], which is sim-
ilar to the shear-strength equation of IStructE 1999 [21]. Therefore,
the proposed equation in this paper is a modification of the
[StructE 1999 [21] method by adding this “equivalent” reinforce-
ment percentage as shown as Eq. (17).

E, 1/3 400 1/4 1/3
Vistrueee = 0.79 - (pf E—}: + ,0;) : (T) : <f2%> by -d (17)

The shear capacities of the restrained GFRP reinforced concrete
slabs in this experimental study are plotted against the predicted
values by Eq. (17) in Fig. 16. The trend line is fitted to the data
using regression analysis. It can be seen that the slope of the trend

line is equal to 0.94 and the R? value of the regression line is 0.97.
In the comparison with the test results, the proposed method
yielded accurate and slightly conservative predictions with an
average Vp/Viest 0f 0.94 and a corresponding COV of 5%.

6. Conclusions

The shear behaviour of one-way laterally restrained concrete
slabs reinforced with GFRP bars was investigated in this paper.
The influence from arching action on the shear behaviour was pre-
sented and discussed. The variables considered in the test were lat-
eral restraint stiffness, concrete strength and reinforcement
configurations. The experimental shear-strength results were com-
pared to the available shear design equations and the proposed
shear-strength prediction method. Based on the results obtained
in this study, the following conclusions can be drawn:

(1) Due to the existence of lateral restraints, all the restrained
GFRP reinforced concrete slabs failed in shear. The observed
failure mode was shear-compression. However, flexural fail-
ure was observed in the test slabs without lateral restraints
due to the low reinforcement percentage (0.6%) and large
span-to-depth ratio (> 6).

(2) The experimental evidence indicated that the contribution
of arching action to shear behaviour was similar to increas-
ing the reinforcement percentage. Increasing the arching
effect trended to increase the shear strength by delaying
cracking and limiting the penetrated depth of the crack into
the slabs. The enhancement in the shear capacity was due to
the improvement of the shear transfer and the increased
area of compression concrete.

(3) In the study of axial forces in concrete slabs and those occur-
ring in the longitudinal GFRP bars, it was found that the con-
tribution of arching action to shear strengths was enhanced
by increasing the lateral restraint stiffness and reducing the
FRP reinforcement percentage. However, the variation of
concrete strength could not affect the arching effect
significantly.

(4) This paper evaluated the performance of several design
codes and design equations of literatures in the
shear-strength prediction of the restrained GFRP reinforced
concrete slabs. The effect of arching action on the shear
capacity was not considered by those theoretical methods
due to the large span-to-depth ratio. Therefore, the analyti-
cal results showed that all the existing shear-strength pre-
diction methods yielded high conservative prediction
results.

(5) Based on the study of arching action in the laterally
restrained deck slabs [5,28], an “equivalent” arching rein-
forcement percentage was adopted to take into account
the arching action contribution to the shear strength. A mod-
ification of the shear-strength prediction method of IStructE
1999 [21] was proposed by adding this arching reinforce-
ment percentage. The proposed equation was applied to cal-
culate the shear capacities of the restrained test slabs and
yielded accurate and slightly conservative prediction results.
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