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Abstract

The shear design of concrete members reinforced with Carbon Fiber Reinforced Polymer
(CFRP) bars remains a key hurdle for engineers. This study experimentally investigates the
shear behavior of normal-strength concrete members reinforced with CFRP bars without
shear reinforcement subjected to monotonic loading. Specifically, this research investigates
the effect of anchorage length on shear-dominated behavior, aiming to provide a novel
assessment of the interaction between shear and anchorage design—two aspects that have
traditionally been treated in isolation in existing studies. The experimental results revealed
that all test members, regardless of reinforcement type or anchorage length, exhibited a
shear strength ranging from 1.1 to 5.63 times the code-predicted values, confirming the
conservatism of current design standards. This pronounced difference in the shear strength
of reinforced members is attributed to (1) the unexpectedly significant contribution of
dowel action because of the high tensile strength and over-reinforcement ratio, and (2) the
inherent conservatism in current code equations for shear capacity. Unlike prior studies
that noted conservative shear prediction, this research demonstrated that anchorage length
requirements, which are typically linked to flexural design, can be significantly relaxed in
shear-dominated members with safety secured. This research highlights the need to refine
shear prediction models for CFRP members by incorporating parameters that account
for the reinforcement ratio and the unique contribution of dowel action. Furthermore, a
revision of anchorage length design standards is justified to develop a more rational and
economical design for shear-dominated members.

Keywords: shear strength; CFRP concrete member; without shear reinforcement;
anchorage length

1. Introduction

Fiber-reinforced polymers (FRP) have emerged as a promising alternative for rein-
forcement in civil engineering over recent decades because of their exceptional mechanical
properties and resistance to corrosion, making them ideal for both new construction and the
strengthening of existing structures [1]. For instance, significant progress has been made
not only in research on the behavior of concrete members reinforced with carbon fiber-
reinforced polymer (CFRP) bars but also in applications involving slabs, tunnel concrete
linings, and precast girder connections [2]. However, the shear design of these members
remains a critical issue. As shear strength prediction models for CFRP members have
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been proposed by modifying those for RC members, the existing design standards tend to
adopt a conservative approach when evaluating the shear strength of CFRP members based
on RC models. Consequently, shear strength calculations based on ACI 440-03 and 06,
CSA-5806-2, and CSA-S6-14 have also been reported to conservatively estimate the shear
strength of CFRP members without stirrups [3-5].

This conservatism stems from uncertainties in how CFRP’s material properties affect
established shear transfer mechanisms, particularly in members designed without shear
reinforcement. According to the design standards for concrete structures, if it is confirmed
that the bending moment and shear force can be adequately resisted without shear rein-
forcement, then the minimum shear reinforcement is not required for elements such as
slabs and foundations. Additionally, deep beams (a/d < 2.5) can transfer greater shear
forces compared with slender beams, and are therefore used as transfer girders in buildings,
cap beams in bridge bents, pile caps in foundations, and other heavily loaded structural
members [5]. In previous studies, most shear strength prediction models applied to mem-
bers without stirrups, regardless of the RC member type, tended to provide conservative
estimates because of the uncertainty associated with shear failure [6,7].

The shear resistance of concrete without stirrups (V) comprises three components:

(1) Resistance from uncracked concrete, which is closely related to the compressive and
tensile strength (approx. 20-40% of the total shear resistance).

(2) Resistance from aggregate interlocking, influenced by particle size and grading (ap-
prox. 33-50% of the total shear resistance).

(3) Resistance from dowel action, which is further enhanced by the thickness of the
concrete cover and presence of stirrups (approx. 15-25% of the total shear resistance).

While the shear transfer mechanism of CFRP members is similar to that of RC mem-
bers, their material properties introduce critical differences. For instance, the relatively low
elastic modulus of CFRP typically leads to wider and deeper cracks, which can reduce shear
resistance by diminishing aggregate interlock [8]. Furthermore, the contribution of dowel ac-
tion in CFRP members is frequently debated. Some studies suggest that the shear resistance
transferred through dowel action tends to decrease owing to differences in the material
properties compared with rebars [9]. Conversely, other research indicates that, under cer-
tain conditions—such as high reinforcement ratios or specific layout configurations—dowel
action can contribute significantly to shear resistance [10,11]. Specifically, when a large
amount of longitudinal reinforcement is present, especially in multiple layers throughout
the tension zone, dowel action can account for a substantial portion [10,12]. This creates a
seemingly contradictory behavior where the linear—elastic nature and high tensile strength
of CFRP might actually enhance the shear resistance in ways not fully captured by the
current models.

This uncertainty is compounded by regulations for anchorage length, particularly in
members governed by a shear failure mode. All design standards recommend securing an
anchorage length sufficient to prevent anchorage failure before the reinforcement yields.
However, the regulations for cases where shear failure precedes flexural failure remain
ambiguous. Determining the anchorage length based solely on flexural design raises con-
cerns regarding excessive member size or over-reinforcement, issues that are particularly
critical for CFRP members. While the existing studies have reported on the conservatism
of shear strength predictions for FRP reinforcement and the significance of dowel action,
there remains a scarcity of research exploring the influence of anchorage length on shear
behavior. By evaluating these two factors—shear capacity and anchorage—in conjunction,
this study offers a novel perspective on the potential for unnecessarily conservative anchor-
age length requirements in shear-dominated members. Furthermore, this research makes
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both academic and practical contributions by proposing improved design methodologies
specific to CFRP-reinforced members.

To investigate the potential overdesign stemming from these interconnected issues,
this study was conducted. Shear failure is induced in over-reinforced test members, with
the flexural reinforcement type and anchorage length as the experimental variables. This
research was conducted with the following objectives:

(1) To compare the experimental test results with shear design calculations to verify the
actual shear strength of the members.

(2) To examine how the provided anchorage length (shorter than code requirements) per-
forms in shear-dominated members, and whether current anchorage length equations
are overly conservative in such cases.

(3) To provide fundamental data for the development of a more accurate analytical model
that overcomes the limitations of current conservative approaches.

2. Materials and Methods

2.1. Materials
2.1.1. Reinforcement

The main reinforcements used in this study are Carbon Fiber Reinforcement Poly-
mer (CFRP) and rebar. Steel-reinforced concrete members (hereinafter referred to as RC
members) were used as comparative members to compare with CFRP-reinforced members
(hereinafter referred to as CFRP members). CFRP bars with thread-wrapped surfaces were
used (Figure 1), as this deformation pattern provided a better mechanical interlock and
bond performance than smooth bars. Such high bond strength can delay crack initiation,

indicating an enhanced energy dissipation capacity [13].

Figure 1. Reinforcements used in members.

The mechanical properties of the main reinforcement used in this study are shown in
Table 1. The tensile strength of CFRP bars was prepared according to ASTM D 7205 [14],
and their tensile strengths were measured when all the members were made. The tensile
strength of rebar was evaluated according to ASTM E8/E8M-24 [15]. Regardless of the
type of flexural reinforcement, stirrups were not placed in any of the members.

Table 1. Mechanical properties of CFRP and steel reinforcement.

. Nominal Cross Tensile Elastic Yield

Type of Surface Diameter conal h dul .
Reinforcement Configuration (dp, mm) Sectional Area Strengt Modulus Strain
’ (As;, mm) (ffu, MPa) (Ef, GPa) (e, %)

CFRP Thread-wrapped 10 71.3 1800 110 1.8

Steel rebar Ribbed 10 71.3 500 200 0.25

2.1.2. Concrete

The concrete used in this study was a ready-mixed product from a concrete plant.
The air content was 4.5%, and the target slump was 150 mm. Both the members and
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cylindrical specimens (J100 x 200 mm) underwent air curing under the same conditions to
achieve a consistent level of strength. The cylindrical specimens of compressive strengths
were measured when all the member experiments were completed [16]. Additionally,
each compressive strength value was the average of three specimens. At this point, to
evaluate the elastic modulus of concrete specimens according to ASTM C469/C469M, a
Linear variable differential transformer (LVDT) was installed, and the elastic modulus
was calculated [17]. The measured compressive strength and modulus of elasticity were
31.7 MPa (standard deviation (SD) of 1.52 MPa) and 27.8 GPa (SD = 0.2 GPa), respectively.
The concrete mix design used in this study is shown in Table 2.

Table 2. Mix proportions.

W/B
(%)

S/a
(%)

Gmax Unit Weight (kg/m?)
(mm) Water Cement Coarse Aggregate Fine Aggregate

39.5

46.1

25 166 420 980 803

2.2. Test Variables

This study designed an experiment to investigate the effect of anchorage length on
the shear-dominated behavior of over-reinforced members without stirrups. The primary
variables were the reinforcement type and the anchorage length, noting that a variation
in anchorage length resulted in a corresponding change to the a/d. In this study, six
simply supported members were constructed with a cross-section of 150 (b) x 200 (h) mm,
having an effective depth (d) of 147.5 mm. Four members were reinforced with CFRP
bars (denoted C-series) and two with conventional steel rebars (denoted S-series), as
summarized in Table 3. The primary variables were (1) the type of flexural reinforcement
(CFRP vs. rebar) and (2) the anchorage length of the reinforcement beyond the support
(either 600 mm or 750 mm). In this paper, ‘Provided anchorage length’ refers to the length
of the straight bar embedded in the end of the members (except for the 150 mm extension
for LVDT installation), while ‘Required anchorage length” denotes the theoretical length
required by design codes. Meanwhile, Vc represents the shear strength of concrete without
shear reinforcement (concrete contribution), and Vu denotes the ultimate shear strength of
the member (shear capacity at failure).

Table 3. Test variables for the beams.

Specimen
ID

No.

Type of
Reinforcement

Anchorage
Length
(mm)

Designed
P o Fracture
Mode

Number of o o 1.4 py,
Reinforcement (P (Ps) %) Py (%) (%)

C-600

—_

0.207 0.290

CFRP 9.34

600 2.453

S-600

3.434

0.788
6 1.934 Shear

C-750

= =N

N

0.207 0.290 failure

CFRP 9.34

750

S-750

—Q—— 3434 ————
2.453 0.788

For the 600 mm anchorage case, the total member length (end-to-end) was
1200 mm, whereas for the 750 mm anchorage it was 1500 mm. All members contained
six 10 mm diameter tensile reinforcement bars (reinforcement ratio: 1.93%), regardless of
reinforcement type. All members had no stirrups to enforce a shear failure mode. These
variables are summarized in Table 3. It should be noted that the variation in anchorage
length inherently altered the clear span and, consequently, the a/d. Specifically, members
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with a 600 mm anchorage length had a shear span of approximately 400 mm (a/d of 2.7),
whereas those with a 750 mm anchorage length had a longer span of approximately
550 mm (a/d of 3.7). The rationale for selecting 600 mm and 750 mm was twofold:
600 mm corresponds to 60 times the bar diameter (60dy,), representing a short and po-
tential unconservative anchorage length, while 750 mm is closer to code requirements.
Thus, by comparing these two cases, the effect of a reduced anchorage length on shear
performance can be evaluated.

2.3. Test Setup and Loading Procedure

CFRP bars cannot be bent into hooks and have unique bond characteristics. Therefore,
CFRP bars were straightly extended to the outside by 150 mm. The support region—the
distance from the support to the member’s end—was set equal to the members’ depth
(200 mm) to accommodate the needed anchorage length. To check for any potential slip in
all specimens, the displacement at both ends of the exposed CFRP bars was monitored.

A strain gauge was installed at the center of the reinforcement to measure the strain
under the load. Considering the neutral axis depth, the concrete strain gauge was attached
20 and 40 mm from the edge of the compression zone for all members.

A three-point deflection-controlled loading method, as shown in Figure 2, was applied
in this study. Moreover, the load on the members was applied using a monotonic loading
method at a rate of 0.2 mm/min. Vertical loads were applied using a hydraulic servo-
actuator with a capacity of 500 kN. To obtain vertical displacement with increasing load,
two LVDTs were installed vertically at the bottom of the center section. Throughout the
experiments, horizontal LVDTs were installed and placed in direct contact with the ends
of the CFRP bar to measure slippage. After the experiment, the crack characteristics were
investigated by measuring the cracks.

P1
50 3@50 l (Unit : mm) &
= Tl ] 2
T N~
o <
(3 ~—
= £ b 5
5
S voT "b=150"
L =150 7 L =150
L=200 L =800 L =200 Cr=Ce=Ci= same size
T L =1200 r i
=200 m strain gauge
— concrete gauge
(@
P1
50 3@50 l Unit : mm 3
25090, 13 { ’ e
o N
o <
N Lm
» EL%: e L
LVDT VDT "p=150"
=150 L =150
L= 200“\‘ L =1100 " L =200 Cr=Ca=C: = Same size
l L =1500 » m strain gauge
L = 1800

(b)

— concrete gauge

Figure 2. Reinforcement details and cross-section of the beams: (a) anchorage length: 600 mm (a/d
of 2.7); (b) anchorage length: 750 mm (a/d of 3.7) (dimension in mm).

Figure 3 shows the actual experimental setup, including the straight anchorage
of the CFRP bars, the support region, and the instrumentation for displacement and
strain measurements.
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Figure 3. Shear-dominated member test setup and arrangement of horizontal LVDTs for test members.

3. Test Results
3.1. Deflection Behavior

Figure 4 shows the experimental load—deflection curves determined using the LVDT
measurements obtained at the midspan of all members. Figure 4a presents the case where

the anchorage length is 600 mm, while Figure 4b shows the case where the anchorage
length is 750 mm.

Anchorage Length : 600mm X P Anchorage Length : 750 mm X P
Specimen ID: €-600-1 ——C-600-2 ——S-600-1 Specimen ID: C-750-1 ——C-750-2 ——S-750-1
1201 1201
1001 1001
o 80 o 80 P
g g
< <
B 60 B 60 / |
5 / 3 /
40 // 40
20 20 A~
0 T T T T [} T T T
0 2 3 4 5 6 1] 1 2 3 4 5 6
Mid-span deplection (mm) Mid-span deplection (mm)

(@) (b)
Figure 4. Load—deflection curve: (a) anchorage length: 600 mm; (b) anchorage length: 750 mm.

As shown in Figure 4, regardless of the type of reinforcement, all members exhibited a
slight change in flexural rigidity immediately after the initial crack occurred, followed by an
increase in load without a significant change in slope until the maximum load was reached.
Additionally, since there was no shear reinforcement, the members failed immediately after
diagonal cracks formed, and the failure progressed rapidly under a relatively low load.

Meanwhile, among the 600 mm anchorage members, one CFRP member (C-600-2)
achieved a notably higher ultimate load (114.7 kN) compared to its twin C-600-1 (89 kN)
and the S-600-1 (86.7 kN). This variability underscores the inherent scatter in shear tests.

Nevertheless, both CFRP members exceeded the predicted shear capacity by a wide
margin. The exceptionally high capacity of C-600-2 can be attributed to a combination of
normal experimental scatter and the enhanced dowel action provided by the CFRP bars,
which effectively bridged the shear cracks.

For RC members, regardless of anchorage length, a higher flexural rigidity was ob-
served compared to CFRP members. This appears to be due to the superior elastic modulus
of the rebar compared to CFRP. Meanwhile, in all test members, no significant yield-
ing or sudden slip was observed, and no slip of the rebars was observed based on the
LVDT measurements taken at both ends of the member. In other words, it was confirmed
that shear failure occurred before slip, and that the failure followed the intended shear
failure mode.
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Table 4 shows the initial cracking load and maximum load and displacement for all
members. It was observed that both the initial cracking load and ultimate load decreased,
despite the increase in a/d from 2.7 to 3.7. Part of this reduction is attributed to the increased
shear span (a), which leads to a larger a/d and thus a lower shear capacity. In other words,
the a/d of 3.7 could not develop the same arching action as the a/d of 2.7. This likely
contributed to their lower shear strength. This observation is consistent with the shear span
effects noted in the literature—shorter spans (lower a/d) exhibit higher shear strength due
to a partial arching action [18,19].

Table 4. Comparison of experimental results of the members.

) Initial Crack Point Maximum Point
SpecimenID — p_ (N) Aer (mm) P, (kN) Ay (mm)
C-600-1 19.1 0.28 89.0 2.04
C-600-2 18.1 0.18 114.7 2.94
S-600-1 16.2 0.22 87.6 1.58
C-750-1 12.5 0.23 76.2 3.88
C-750-2 16.6 0.45 84.1 4.85
S-750-1 14.8 0.39 90.1 4.13

The ultimate loads of the CFRP members were of the same order as those of the RC
members. This indicates that the tensile strength of the longitudinal reinforcement did not
govern the failure in shear failures; the concrete mechanism dominate, so even an extremely
high-strength bar like CFRP does not substantially increase the shear failure load relative
to steel.

3.2. Relationship Between Load and Strain

A concrete strain gauge placed 20 mm from the edge of the compressive zone in all
members was used to measure the concrete strain. Additionally, a gauge was installed at the
center of the main reinforcement to measure strain. The load-strain curves corresponding
to the applied load levels of the members are shown in Figure 5.

The concrete strain is presented in Figure 5a. The strain increased linearly with the
load, regardless of the type of reinforcement. Although there was a slight change in the
slope after the initial crack occurred, the concrete strain in the CFRP members increased
more than in RC members. This trend was not influenced by the change in the anchorage
length. Additionally, the concrete strain was found to range from 1000 to 1500 pe, which is
less than half of 3300 pe, despite the failure of the member, indicating a very high possibility
of shear failure.

Moreover, the load-reinforcement strains shown in Figure 5b exhibit the same be-
havior observed in the load—deflection curves, with strain increasing linearly with the
load. Furthermore, regardless of the anchorage length, all rebar strains remained below
the yield strain, even at a maximum load. This trend was also observed when CFRP
was used, indicating that the member exhibited shear behavior, as confirmed in the
load—deflection curves.

3.3. Characteristics of Crack Pattern and Failure Mode

To evaluate the crack pattern, a crack map was drawn after the flexural test. Figure 6
shows a typical crack occurrence pattern observed in this test. From the results, cracking in
all members began with the formation of flexural cracks, initiated by crack opening at the
bottom center of the member, which then grew vertically. The load at this stage exhibited a
similar trend to that shown in Table 4.
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110 110
100 100
90 \ 90 7
804 NN 80 - / 7
o A o / 4’
Zz 704 N Zz 704 57
= N X e 7
= 60 ARSRY = 60 7 )4
° by ° Y
8 s0- o § 8 50 ’ -
S AR S ‘ o4
40 AN 40| At
| ARNY ;o
30 NN 30 Sl
20 MO 20 7,27
AT} -
104 \ 10 4 W

T T T T T T T
-1800-1500-1200 -900 -600 -300 O

Strain (uc)

————T——T——T—T
-1800-1500 -1200 -900 -600 -300 O
Strain (uc)

@)

Strain (uc)

'}
T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 35000 500 1000 1500 2000 2500 3000 3500

Strain (uc)

(b)

Figure 5. Load-strain curve: (a) concrete strain; (b) reinforcement strain.
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Figure 6. Typical crack occurrence patterns: (a) C-600-1; (b) C-600-2; (c) S-600-1; (d) C-750-1;
(e) C-750-2; (f) S-750-1.
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Furthermore, the flexural cracks tended to progress toward the edge of the concrete
in the compression zone. However, additional flexural shear cracks developed within the
shear region, and, due to the dominance of shear stress, the cracks became increasingly
inclined and propagated toward the loading point, eventually leading to diagonal cracks.
Meanwhile, the flexural cracks that developed near the center of the member did not extend
into the compressive zone as the load increased and ultimately led to failure. This indicated
that the failure mode of the member was primarily governed by shear stress.

RC members (5-600-1, S-750-1) showed a tendency for the flexural cracks at the bottom
center of the member to slightly increase compared to the CFRP members (C-600-1, C-600-2,
C-750-1 and C-750-2).

4. Discussion
4.1. Shear Capacity

The failure load, the contribution of concrete to shear resistance (V,exp), and the nor-
malized shear strength obtained from the experimental results are presented in Table 5.

From the results, in CFRP members, the normalized shear strength (\‘//}if’; d) slightly de-
creased despite the anchorage length increase from 600 to 750 mm. As aforecmentioned, the
increased anchorage length entailed an increase in the a/d; thus, the results were affected
by this change. This reduction appears to be due to a decrease in the width of the concrete
compression zone as a/d increased, which reduced the shear resistance. As described in
the introduction, CFRP members appear to be slightly more affected by this reduction than

those using rebar, likely due to the brittle material properties of CFRP compared to rebar.

Table 5. Summary of test results.

Failure Load Experimental v,
Specimen ID Shear Strength f cexp
(Py, kN) (Veoxpr kN Ve Vf bd
C-600-1 89.0 445 0.36
C-600-2 114.7 57.4 0.46
S-600-1 87.6 43.8 5.63 0.35
C-750-1 76.2 38.1 : 0.31
C-750-2 84.1 42.1 0.34
S-750-1 90.1 45.1 0.36

Table 6 presents the calculation for the contribution of concrete to the shear resis-
tance (Vca1) according to various design standards [20-29]. The parameters affecting the
V—compressive strength, cross-sectional dimension, and so on—are generally included in
these standards, irrespective of the reinforcement type. However, each design code exhibits
distinct characteristics in determining the value of V.. The characteristics of each model
can be described as follows:

For CFRP, the ACI 440.1R-15 code determines V. based on the compressive strength,
reinforcement ratio, and strain of FRP; however, the size effects and a/d are not di-
rectly considered. Consequently, the accuracy of the predictive values is reduced under
high compressive strength or special conditions, and the predictive results tend to be
conservative [30].

The CSA-5806-12 code incorporates the reinforcement ratio and elastic modulus of
FRP, but does not consider the size effects. It also underestimates the contribution of
compressive strength (3/f.). Notably, it is the only code that accounts for the influence
of the a/d in its predictive models for the V. of CFRP members. Nevertheless, this code
provides upper and lower limit criteria, and in this study the result was calculated based
on the lower values.
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Table 6. Parameter ranges of the concrete shear strength equations.
Concrete Shear Strength (V. .,1)
Reinf t
e1rF1r orcemen Standard ‘ Anchorage Length

ype Equations (mm)

600 750
ACI440.1R-15[20] V. = £./f by (kd) 16.1

Ve = 0.05A0ckpk; 3/ f bwdy (Ve
CSA-5806-12 [21] shall not exceed 0.220./f' .bwdy, Ve 10.3
shall be not less than 0.11¢.+/f’ .bwdy)
CFRP CSA-56-19 [22] Ve = 2.5B0c ferbodiong 16.8
A E
EC2[23] v, = o.1z§/ (14 20) (100, £, £ bud 35.7
/ Ef /200

JSCE (1998) [25] V, = %fb‘dl’d 30.3 30.1
ACI 318-19 [26] Vv, = {0'6&,\3 Yo/ F+ 6NT<J bod(Ao < Ay min) 22.1
CSA-A23.3-19 [27] Ve = 0cABy/ f/ .bwd 16.2
CSA-56-19 [28] Ve = 2.5B0_ ferbody 16.8
Rebar EC 2 [23] Ve = (C gy ck/100p; for + 0‘15%) byd 31.4

0.79 100A4 400 3/ feu .

BS 8110 [28] V. = {W 21004 /500 /1;5} bud 31.6
JSCE (2007) [29] V, = %})ﬂ’d 26.2

CSA-56-19 is a bridge design standard that can be applied when using rebar and CFRP
bars. This model reflects size effects; however, despite the distinct mechanical properties
between rebar and FRP, it does not include parameters that reflect these differences.

EC 2 reflects the size effects, reinforcement ratio, elastic modulus, and strain and elastic
modulus ratios between rebar and CFRP to calculate the shear strength.

ISE (1999) reflects various parameters, such as the compressive strength, cross-section
dimension, size effect, reinforcement ratio, and elastic modulus of CFRP, and the elastic
modulus ratio between rebar and CFRP, to predict shear strength.

JSCE (1998) incorporates the empirical design equation that includes compressive
strength, reinforcement ratio, size effects, and the ratio of the design flexural moment (M)
and real flexural moment (M,) for predicting shear strength.

Among the standards, the V., for CFRP members calculated using CSA-5806-12 was
the most conservative. This conservatism appears to be due to the limited consideration of
the relationship between the ultimate shear force (V) and the bending moment, as well as
the underrepresentation of concrete compressive strength. Additionally, CSA-56-19 was
similar to ACI 440.1R-15, so the results did not show a significant difference.

Additionally, the European code (EC2 and ISE) predicted a larger V. ., compared to
ACI and Canada codes, as they considered the size effect. Specifically, EC2 predicted the
highest V. ., value because it also factored in the effect of over-reinforcement. On the other
hand, the JSCE (1998) model, unlike other prediction models, appears to provide a larger
margin for V., by offering a calculation method specifically for cases where stirrups are
not used. Moreover, the JSCE (1998) model did not account for the effect of anchorage
length; however, the calculation results vary depending on the anchorage length because
they reflect the influence of the design flexural strength (M) and actual flexural strength
(My), including V ., for members without stirrups, which resulted in predicting a larger
V¢ cal compared to other models.
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For rebar, ACI 318-19 calculates V. based on an empirical expression, with compressive
strength, width, effective depth, and size effects as variables. However, it does not directly
consider the a/d. Furthermore, there is no clear distinction between beam action and arch
action. Due to these characteristics, ACI 318-19’s model is known for being simple and
practical. However, it may diminish accuracy for high-strength concrete or deep beams
and tends to provide conservative results [31,32].

CSA-A23.3-19 is based on the Modified Compression Field Theory (MCFT) proposed
by Vecchio and Collins for calculating V. [33]. Furthermore, 3 not only reflects the effects of
the maximum size of coarse aggregate and cracks but also incorporates the size effects. The
a/d is indirectly considered, distinguishing between deep beams and slender beams [34].
The predictive models of CSA-56-19 and CSA-A23.3-19 have similar forms, and the design
criteria provide an equation that can be applied to both rebar and FRP.

EC 2 for FRP also utilizes the strut-and-tied model to calculate the shear strength. As
with the ACI 318-19 model, this model incorporates the reinforcement ratio for longitudinal
reinforcement and the size effect. It explicitly accounts for emphasizing applicability
to high-strength concrete [35]. Moreover, it should be noted that this shear strength is
associated with the reinforcement concrete cross-section as a whole; thus, it differs from the
shear strength of concrete alone [35].

The BS 8110 model is similar to ISE (1999). Additionally, it includes the factor ¥ fz”—g, to
consider the influence of a higher compressive strength on the shear strength. For deep
beams (with a/d between 2 and 2.5), the increase in shear strength due to arching action is
incorporated by multiplying the calculated shear strength by %—f [36,37].

JSCE (2007) reflects empirical design equations with coefficients reflecting compressive
strength, size effects, the reinforcement ratio, and axial force. This model emphasizes the
arching action in deep beams, indirectly considering the a/d. This reflects the fact that the
arching action serves as the primary failure mechanism in deep beams [38].

The prediction model of ACI 318-19 estimated V., to be larger than that of the
Canadian code because it included a coefficient reflecting the size effect where stirrups
were not used. Similarly, the European codes also reflected the size effect, as with CFRP,
leading to relatively larger predictions. However, it was found that there was no significant
difference between the prediction models, such as CFRP members.

Table 7 shows the results comparing the V¢ exp obtained from the experiments with
the V., calculated according to the design standards. As a result, the V. ., obtained from
the experiments are all higher than those predicted through the design criteria, indicating
that the current prediction models are overly conservative. Overall, all CFRP members in
our study showed a higher shear strength than was predicted by codes, but the degree of
increase varied. Thus, while the enhanced dowel action appears to play a role, it should be
investigated further.

For CFRP members, the difference between the experimental results and the predicted
results decreased in the following order, CSA-S806-12, ACI 440.1R-15, CSA-S6-19, ISE, JSCE
(1998), and EC 2, regardless of anchorage length. The reason the experimental values were
larger than the predicted values is that the contribution of concrete to the shear resistance
in the prediction model was developed based on the assumption that stirrups are placed to
secure shear resistance and continue contributing to the shear resistance even after cracking
occurs. However, since stirrups were not placed in this study, it appears that the current
design standards predict significantly lower shear resistance by excluding the contribution
of stirrups, as well as the dowel action and aggregate interlocking.
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Table 7. Comparison of test results with the difference code predictions.

X Experimental Ratio of V¢, and Ve exp
SpeIclljmen Shear Strength ACI
(Veexps kN) 440.1R-15 CSA-S806-12 CSA-S6-19 Eurocode2  ISE(1999) JSCE (1998)
C-600-1 445 2.76 4.36 2.65 1.25 1.67 1.47
C-600-2 57.4 3.57 5.63 3.42 1.61 2.15 1.89
C-750-1 38.1 2.37 3.74 2.27 1.07 1.43 1.27
C-750-2 42.1 2.61 4.13 2.51 1.18 1.58 14
Mean 2.83 4.47 2.71 1.28 1.71 151
SD 0.45 0.71 0.43 0.2 0.27 0.23
CoV(%) 16 16 16 16 16 15
ACI 318-19 CSA-A23.3-19 CSA-S6-19  Eurocode 2 BS 8110 JSCE (2007)
S-600-1 43.8 1.98 2.7 2.61 2.1 1.68 2.18
S-750-1 45.1 2.04 2.78 2.68 2.16 1.73 2.24
Mean 2.01 2.74 2.65 2.13 1.71 2.21
SD 0.03 0.04 0.04 0.03 0.03 0.03
CoV(%) 1 1 2 1 2 1

In EC2, JSCE, and ISE, where the difference between V ., and V¢ exp is relatively small,
it was found that these models were developed based on the RC prediction model, along
with the interaction between FRP and reinforcing bars (%), and include a longitudinal
reinforcement ratio that accounts for the effect of dowel action when estimating the shear
strength of concrete (V.). Therefore, to mitigate the difference between V¢ exp and V. .1, it
is necessary to consider a longitudinal reinforcement ratio that reflects the effect of dowel
action in other prediction models as well.

Nevertheless, the actual shear resistance of members is believed to be higher than
the values predicted by the models. This is because shear resistance mechanisms, such as
dowel action and aggregate interlocking, continue to contribute up to a certain level of
load, even after cracking occurs. In addition, in this study, the actual reinforcement ratio
was intentionally over-reinforced to induce shear failure, reaching 1.934%. Similarly, the
CFRP members were reinforced beyond the balanced reinforcement ratio to induce brittle
failure. It is therefore considered that most of the actual experimental results exceeded
the predicted values due to the enhanced shear resistance effect from dowel action, as the
over-reinforced reinforcement improved the dowel action contribution.

4.2. Characteristics of Anchorage Length

Table 8 presents the calculated required anchorage lengths based on the design stan-
dards used in the V. prediction models [5,20-22,26,27]. Exceptions include the European
models (EC 2, ISE), which do not clearly provide anchorage length requirements for CFRP
members; the ISE model, which provides an anchorage length for RC members only; and
the JSCE model, which provides anchorage length calculations only for cases where stirrups
are used.

When CFRP is used as the main reinforcement, the anchorage lengths calculated using
ACT 440.1R-15 range from 25.2% to 38.1% of the required anchorage lengths calculated
using the other prediction models. This discrepancy may be influenced by the fact that the
model does not reflect the specified tensile strength (f¢,) of the reinforcement used in the
prediction model (1800 MPa) but instead uses the modulus of elasticity and strain, leading
to a lower specific fy, than 1800 MPa.
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Table 8. Parameter ranges of the anchorage length equation.

Required Anchorage
Reinforcement Type Standard Equations Length (mm)
600 750
frr

ACT 440.1R-15 [20] - & 40 ; 453

T Bers b
CERP CSA-S806-12 [21] Iy = 1.15kkekekaks \;’% A, 1793
CSA-S6-14 [5 I — 045 kiki__freea g 1188

g a =045 (des ki TFEZ) Ser 0

1, = fy‘Pt(Pe‘PCS% d

ACI 318-19 [26] Ty (k) 423
(No. 19 and smaller bars)
Rebar _ _ _ kikoksky f

CSA-A23.3-19 [27] Iy = L1520 - 4, 1398
CSA-S6-19 [22] 1, = 0.45 Kikks Sy 4 1369

(dcs +Ktr) E b

In contrast, the required anchorage length calculated using the Canadian model CSA-
56-19 was approximately 67% of the value calculated using CSA-S806-12. This difference
is considered to be an underprediction, as the design code of CSA-56-19 accounts for the
effect of the elastic modulus, unlike CSA-5806-12.

When rebar was used as the main reinforcement, the anchorage length predicted using
ACI 318-19 was approximately 30% of the anchorage length calculated using CSA-A23.3-14
and CSA-56-19. It showed a similar trend to the required anchorage length calculations for
CFRP members. The difference between the required anchorage lengths calculated using
CSA-A23.3-19 and CSA-56-19 was approximately 29 mm, suggesting that the Canadian
models do not show a significant difference in the required anchorage length when the
material properties of the reinforcement are the same. However, the large difference
between the calculated results of the ACI and Canadian models is likely influenced by the
inclusion of the tensile strength of CFRP in the design equations.

Table 9 compares the required anchorage lengths with the provided anchorage lengths
of all members, where the values in parentheses below the required anchorage lengths
indicate the ratio of the provided anchorage length to the required anchorage length.

Table 9. Comparison of required anchorage length and provided anchorage length of members.
(Note: N/A indicates that the corresponding code provision is not applicable to the specimen type).

Provided Anchorage Length (mm) 600 750
Specimen ID C-600-1 C-600-2 S-600-1 C-750-1 C-750-2 S-750-1
ACI 440.1R-15 453 (132%) 453 (166%)
CSA-5806-12 1793 (33%) N/A 1793 (42%) N/A
CSA-56-14 1188 (51%) 1188 (63%)
Required ACI 318-19 423 423
anchorage length (142%) (142%)
(mm) ) ) 1398 1398
CSA-A23.3-19 N/A (43%) N/A (43%)
1369 1369
C5A-56-19 (44%) (44%)

For CFRP members, the required anchorage length calculated using ACI 440.1R-15
ranged from 132% to 166% of the provided anchorage length, indicating that the provided
anchorage length satisfied the requirements of ACI 440.1R-15 regardless of the anchorage
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length-dependent a/d. However, the required anchorage length calculated based on
Canadian standards was approximately 33% to 63% of the provided anchorage length.
Generally, when a sufficient anchorage length is not secured, there is a high possibility of
slip. However, in the CFRP member tests, no slip was observed even when the anchorage
length required by the Canadian models was not fully satisfied. This result is attributed to
the occurrence of shear failure before the flexural failure load was reached. Therefore, for
shear-dominated members, the Canadian models appear to be overly conservative for the
required anchorage length.

For RC members, the required anchorage length calculated using ACI 318-19 was
approximately 142% to 177% of the provided anchorage length, satisfying the required
anchorage length criteria. However, the required anchorage lengths calculated using the
Canadian standards CSA-A23.3-14 and CSA-56-19 were approximately 43% to 55% of
the provided anchorage length. Despite this, no slip was observed in the RC members,
indicating that, for shear-dominated behavior, the Canadian models may also impose an
excessively conservative required anchorage length.

Meanwhile, Table 10 compares the provided anchorage lengths with the required
anchorage lengths to develop the theoretical flexural capacity of each member. The results
showed that, regardless of the type of reinforcement, the required anchorage lengths
calculated using the U.S. design standards (ACI 440.1R-15 and ACI 318-19) underestimated
the required anchorage length for shear failure, while the Canadian models overestimated
the required anchorage length for shear failure, regardless of the reinforcement type.

However, in all members, no slip was observed, even when the required anchorage
lengths for shear failure specified by the Canadian models were not satisfied.

Therefore, since the prediction models commonly used for anchorage length estima-
tion are based on flexural design to ensure sufficient flexural performance, it is considered
that a sufficient resistance to anchorage failure can be provided even with a shorter an-
chorage length when the structural behavior is shear-dominated, regardless of the type
of reinforcement.

The findings regarding shear capacity and the characteristics of anchorage length are
interconnected. The improved shear capacity observed in the CFRP members, attributed
to an enhanced dowel action, was possible because a sufficient anchorage length was
maintained throughout the loading process. Although the provided anchorage lengths
were shorter than the conservative requirements of the Canadian codes, they were adequate
for preventing bond failure. This allowed the non-yielding CFRP bars to remain fully
engaged with the surrounding concrete, enabling them to function as effective dowels and
resist the diagonal cracks.

However, it is crucial to acknowledge that our findings are based on lab-scale, over-
reinforced members under monotonic loading. Larger-scale elements often exhibit the
well-known size effect [39-41], where the shear stress capacity decreases as the member
depth increases. In FRP reinforced elements, the size effect can be pronounced because
wider cracks and a lack of dowel yielding can reduce the aggregate interlock efficiency
in larger members. Therefore, the conservatism observed in our study might not directly
translate to full-scale bridge girders. In a larger member, the shear strength may de-
crease as the contribution of arching and dowel actions diminishes due to the size effect;
therefore, relaxing anchorage length requirements in design standards based on the con-
servatism observed in lab-scale experiments requires a cautious approach and additional
safety verification.
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Table 10. Comparison of required development length and provided development length of members.

Type of Reinforcement

CFRP Rebar

Specimen ID

C-600-1 C-600-2 C-750-1 C-750-2 S-600-1 S-750-1

Expected flexural fail load

(kN)

132.5 100 134.8 101.7

Actual shear fail load (kN)

89 114.7 76.2 84.1 87.6 90.1

Ratio of load
(Actual load/
Expected load)

0.67 0.87 0.76 0.84 0.65 0.89

Required
length
according to
Expected
flexural fail
load

ACI440.1R-15

453

CSA-5806-12

1739 N/A

CSA-56-14

1188

ACI 318-19

CSA-A23.3-19

CSA-56-19

423
1398
1369

N/A

Required
anchorage
length
when the
beam failed
by shear

ACI440.1R-15

304 394 344 384

CSA-5806-12

1201 1560 1363 1506

N/A

CSA-56-14

796 1034 903 998

ACI 318-19

CSA-A23.3-14

CSA-56-19

275
309
890

376
1244
1218

N/A

Provided anchorage length

600 750 600 750

5. Conclusions

This study investigated the shear behavior of normal-strength concrete members

reinforced with thread-wrapped CFRP bars without shear reinforcement subjected to

monotonic loading. The experimental results were compared with theoretical predictions

based on current design standards. The key conclusions are as follows:

)

@)

®)

4)

All members, regardless of the reinforcement type and anchorage length, exhibited a
higher ultimate shear strength (V) than the predicted concrete shear strength (V).
This outcome is primarily attributed to the enhanced dowel action resulting from the
over-reinforcement in the CFRP members, an effect that is conservatively neglected in
the current design standards.

The anchorage length provisions based on flexural failure modes are overly conserva-
tive and inefficient for shear-dominated members. This was demonstrated by the fact
that no slip or anchorage failure was observed in any member, even with provided
anchorage lengths shorter than the code requirements.

For shear-dominated members, it was found that the main factors considered in
calculated concrete shear strength (V. 1) differ among the design standards of var-
ious countries. Therefore, it is necessary to identify the key factors that signifi-
cantly influence shear behavior and apply appropriate design standards to accurately
reflect them.

Therefore, V. prediction models, such as ACI 440.1R-15, CSA-5806-12, and CSA-56-19,
could be improved by incorporating factors that reflect the enhanced dowel action and
residual shear mechanisms in members without stirrups. In particular, parameters
like the longitudinal reinforcement ratio, bar diameter, and concrete strength (which
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influence dowel action and interlock action) should be included in shear capacity
formulations to reduce over-conservatism.
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