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ABSTRACT

A compiled database of 53 tests of FRP-reinforced concrete deep beams with shear span—depth ratios of less than
two was used to evaluate the strut-and-tie models (STM) provided in ACI 318 (2014), CSA S806 (2012), CEB-fib
(1999), and JSCE (2007). All provisions were found to be inadequate in calculating the capacity of FRP-reinforced
deep beams due to inherent shortcomings in each provision. Hence, a new STM-based procedure for FRP-reinforced
deep beams was proposed. The new model incorporates the effect of shear span—depth ratio (a/d), concrete
compressive strength (f¢), and tensile strain in the adjoining tie (g;). The contribution of the web reinforcement on
the strut efficiency factor was found to be insignificant. The new model was capable of predicting the ultimate
capacity of the compiled FRP-reinforced concrete deep beams with satisfactory conservatism.
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1. INTRODUCTION

Reinforced-concrete deep beams are structural members with discontinuity regions (D-regions) in which the plane
section does not remain plane; hence, the Bernoulli hypothesis and beam theory are not applicable (MacGregor
1997, Collins et al. 2008, Tuchscherer et al. 2011). Stresses in D-regions are dominated by shear, and shear stresses
are resisted by arch-action mechanism. Accordingly, the design of D-regions must be treated differently from
designing conventional sections (or slender beams). Researchers and code provisions have adopted the use of the
strut-and-tie model to design and detail deep beams (ACI 318 2014, CSA S806 2012, CEB-fib 1999, JSCE 2007).

The strut-and-tie model (STM) is based on the lower-bound theorem, in which the stress applied on the elements of
the STM should not exceed their maximum capacities, and the truss model shall be in equilibrium. When these
conditions are met, the truss will exhibit the deformation capacity required by the lower-bound theorem to
redistribute the internal stresses and form the arch action. Deep beams have varied applications as load-distribution
elements such as transfer girders, pile caps, and bridge bents. When such elements are located in aggressive
environments in which steel corrosion is a crucial factor, the use of fiber-reinforcement polymer (FRP) instead of
steel bars is prudent. Therefore, various experimental investigations have been conducted to examine the behavior of
FRP-reinforced deep beams (Kim et al. 2014, Latosh 2014, Andermatt and Lubell 2013, Farghaly and Benmokrane
2013, Nehdi et al. 2008). The test results show that an arch-action mechanism was able to form in FRP-reinforced
deep beams. In addition, the deep beams tested exhibited sufficient deformation to redistribute the internal stresses
as required by the STM (Andermatt and Lubell 2013, Farghaly and Benmokrane 2013). Only the Canadian CSA
S806 (2012), however, recommended the use of the STM for FRP-reinforced deep beams.
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The main objective of the current study was to assess the STM introduced in ACI 318 (2014), CEB-fib (1999), and
JSCE (2007) for steel-reinforced deep beams and CSA S806 2012 for FRP-reinforced deep beams. The parameters
affecting the strength of the deep beams were identified, and the tendency of each parameter was individually
assessed using the data on experimentally tested deep beams in the literature. Finally, a new STM-based procedure
was proposed for the design and detailing of FRP-reinforced deep beams.

To achieve the objective of this paper, the authors compiled a database of 53 experimental tests for FRP-reinforced
deep beams from the literature (Mohamed 2015, Kim et al. 2014, Latosh 2014, Andermatt and Lubell 2013,
Farghaly and Benmokrane 2013, Nehdi et al. 2008). Table 1 presents details of the deep beams included in the
database. Specimens described by the authors as having a failure mode other than shear (flexural and/or anchorage
failures) were excluded. In addition, significantly smaller specimens (with effective depths of less than 200 mm)
were also excluded, as it is difficult to present dimensional accuracy in reinforcement details, concrete geometry,
and testing setup using highly scaled specimens comparing to deep beams in reality. An effective depth limit of 200
mm could be reasonable, however, more investigations are needed to identify the size effect on the RC deep beams.
The deep beams included in the assessment had a/d values ranging from 0.83 to 2.10, concrete strengths ranging
from 26.1 to 68.5 MPa, various combinations of web reinforcement, and different types of FRP bars (AFRP, CFRP,
and GFRP).

Table 1: Details of database specimens

ie]
ACI CSA CfEiE' 1scE 88
Specimen b d .l I f Typeof Aw Em pv pn Pep 318 S806 g5q 2007 g3
ID mm mm mm mm MPaFRPBar mm?> GPa % % kN o

Pexp/  Pexpl  Pexpl  Pexpl Pexpl

Ppred Ppred Pprop Pprop Pprop

CF-d-250' 150 250 1.35 50 50 41.7 CFRP 506.3 134 - - 2981 079 224 176 1.33 0.77
CF-d-350' 150 350 1.21 50 50 37.6 CFRP 6353 134 - - 468.2 131 320 292 221 1.00
F-d-250' 150 250 1.39 50 50 42.0 GFRP 521.3 408 - - 2431 064 274 142 1.07 0.80
F-d-350* 150 350 1.25 50 50 48 GFRP 656.3 40.8 - - 4225 093 369 206 1.56 1.13
A1IN! 310 257 1.07 100 100 40.2 GFRP 1188 41.1 - - 814 100 186 1.00 0.78 1.08
A2N? 310 261 1.44 100 100 454 GFRP 1188 41.1 - - 472 066 168 0.66 0.50 1.15
A3N? 310 261 2.02 100 100 41.3 GFRP 1188 41.1 - - 244 055 189 055 041 144
A4N? 310 261 2.02 100 100 64.6 GFRP 1188 41.1 - - 192 028 113 0.28 0.20 0.99
B1N? 300 503 1.08 200 200 40.5 GFRP 2576 379 - - 1274 081 150 0.81 0.63 0.88
B2N? 300 501 1.48 200 200 39.9 GFRP 2576 379 - - 800 068 166 0.68 0.52 1.10
B3N? 300 502 2.07 200 200 41.2 GFRP 2576 379 - - 432 053 182 053 0.39 1.40
B4N? 300 496 1.48 200 200 40.7 GFRP 3168 41.1 - - 830 069 153 0.69 0.53 1.04
B5N? 300 497 1.48 200 200 66.4 GFRP 3168 41.1 - - 1062 054 144 054 041 1.16
B6N? 300 505 2.06 200 200 68.5 GFRP 2576 379 - - 376 027 114 0.27 0.20 1.03
C1N? 301 889 1.10 330 330 51.6 GFRP 4224 423 - - 2270 068 136 0.68 0.53 0.87
C2N? 304 891 1.49 330 330 50.7 GFRP 4224 423 - - 1324 053 138 0.53 0.40 1.00
G6#8° 300 1097 1.13 232 130 49.3 GFRP 2280 47.6 - - 1477 117 196 1.17 0.90 1.26
G8#8% 300 10881.13 232 130 49.3 GFRP 4054 519 - - 1906 151 197 151 1.17 1.30
C12#3® 300 11111.13 232 130 38.7 GFRP 856 120 - - 1191 119 183 1.19 0.92 1.06
C12#4% 300 1106 1.13 232 130 38.7 GFRP 1520 144 - - 1601 160 185 1.60 1.24 1.07
A3D9M-1.44 200 250 1.40 100 100 26.1 AFRP 190 80.70 - - 136.1 050 132 050 0.38 1.07
A3D9M-1.74 200 250 1.70 100 100 26.1 AFRP 190 80.70 - - 9898 045 142 045 0.34 1.23
A3D9M-2.14 200 250 2.10 100 100 26.1 AFRP 190 80.70 - - 88.00 052 203 052 0.38 1.26
A4D9M-1.74 200 250 1.70 100 100 26.1 AFRP 255 80.70 - - 1210 055 155 055 0.41 0.91
A5D9M-1.74 200 250 1.70 100 100 26.1 AFRP 320 80.70 - - 1340 061 157 0.61 0.45 1.40
A5D9L-1.74 200 310 1.70 100 100 26.1 AFRP 255 80.70 - - 1343 059 169 059 044 148
C3D9M-1.4* 200 250 1.40 100 100 26.1 CFRP 190 120.2 - - 1693 062 140 0.62 0.48 1.15
C3D9M-1.74 200 250 1.70 100 100 26.1 CFRP 190 120.2 - - 1065 048 131 0.48 0.36 1.16
C3D9M-2.14 200 250 2.10 100 100 26.1 CFRP 190 120.2 - - 5260 031 104 0.31 0.23 1.00
C4D9M-1.74 200 250 1.70 100 100 26.1 CFRP 255 120.2 - - 961 043 106 0.43 0.33 0.95
C5D9M-1.74 200 250 1.70 100 100 26.1 CFRP 320 120.2 - - 1514 068 154 0.68 0.51 1.39
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Table 1: Details of database specimens (cont’d.)

°

ACI CSA CEbB_JSCE fg

. b d Ib1 lo2 fo  Typeof Amp Erp  pv ph Pexp 318 S806 2007 §s
SpecimenID oy mm) Y9 (mm) (mm) MPa FRP Bar (mm?) (GPa) (%) (%) (kN) 1999 7 &

Pexp/ Pexp/ Pexp/ Pexp/ Pexp/

Ppred Ppred Pprop Pprop Pprop

C5D9L-1.74 200 310 1.70 100 100 26.1 CFRP 255 120.2 - - 1454 0.64 1.14 0.39 0.29 1.01
A1/100° 230 621 1.00 180 180 49.8 GFRP 1710 47.6 0.14 - 560.3 0.57 1.36 0.78 0.37 1.24

A1/755 230 621 1.00 180 180 52.2 GFRP 1710 47.6 0.10 - 552.4 0.53 1.30 0.73 0.35 1.20

Al/50°5 230 621 100 180 180 525 GFRP 1710 47.6 006 - 4937 047 1.16 0.65 0.31 1.08
A1/005 230 621 100 180 180 527 GFRP 1710 476 - - 4169 055 0.98 0.55 0.43 091
B1.5/100° 230 447 150 180 180 518 GFRP 1235 470 015 - 3224 047 1.80 0.62 0.24 1.95
C2/1005 230 328 200 180 180 50.8 GFRP 760.2 463 016 - 1259 0.28 1.63 0.36 0.15 1.53
C2/755 230 328 2.00 180 180 51.0 GFRP 760.2 463 0.10 - 987 022 127 0.28 0.12 1.20
C2/505 230 328 2.00 180 180 513 GFRP 760.2 463 0.06 - 1027 023 132 0.29 0.13 1.24
C2/00° 230 328 2.00 180 180 513 GFRP 760.2 463 - - 935 026 120 0.26 0.20 1.13
G1.47% 300 1088 1.47 232 203 387 GFRP 4054 664 - - 1849 150 248 150 1.12 1.66
G1.47H® 300 1088 1.47 232 203 454 GFRP 4054 66.4 - 068 1695 0.78 2.05 1.17 0.45 1.48
G1.47v® 300 1088 1.47 232 203 454 GFRP 4054 66.4 042 - 2650 1.22 3.21 1.83 0.70 2.31
G1.13®° 300 1088 1.13 232 203 37 GFRP 4054 664 - 2687 1.84 234 184 143 1.36

G1.13H® 300 1088 1.13 232 203 44.6 GFRP 4054 66.4 - 0.68 2533 101 196 1.44 0.64 124
G1.13v® 300 1088 1.13 232 203 44.6 GFRP 4054 66.4 042 - 3236 129 251 1.84 0.82 1.59
G1.13VH® 300 1088 1.13 232 203 37 GFRP 4054 66.4 042 0.68 2904 1.39 253 199 0.88 1.47
G0.838 300 1088 0.83 232 203 387 GFRP 4054 664 - - 3000 162 1.59 1.62 1.30 0.80
G0.83H5 300 1088 0.83 232 203 43.6 GFRP 4054 66.4 - 068 3166 1.11 156 1.51 0.78 0.82
G0.83v® 300 1088 0.83 232 203 43.6 GFRP 4054 66.4 042 - 3387 119 167 1.62 0.83 0.88
SG1.13% 300 1088 1.13 232 203 43.1 GFRP 3928 66.0 - - 2928 172 235 1.00 1.33 1.46
SG1.13VH® 300 1088 1.13 232 203 43.1 GFRP 3928 66.0 0.42 0.68 3110 1.28 250 1.07 0.81 1.55
Mean value 0.80 1.77 0.94 0.64 1.20
CoV 54% 33% 64% 65% 24%
b is the beam width; d is the effective depth; a/d is the shear span-depth ratio; l,1 and Ip; are the loading- and
support-plate widths, respectively; py is the vertical web-reinforcement ratio; pn is the horizontal web-reinforcement
ratio; Pexp is the ultimate load at failure recorded during testing; Ppreq is the predicted load. References: *Nehdi et al.
(2008), 2Andermatt and Lubell (2013), *Farghaly and Benmokrane (2013), *Kim et al. (2014), SLatosh (2014),
6Mohamed (2015).

2. STRUT-AND-TIE MODEL

P2 Pu2 T

Figure 1: Details of a one-panel strut-and-tie model

Researchers and practitioners consider the STM to be the most convenient tool for D-region design when the
conventional plane-bending theory does not hold. The use of the STM allows for easy visualization of force flow
and reduces complex states of stress within a D-region in a reinforced-concrete member into a truss comprised of
simple, uniaxial stress paths. Each uniaxial stress path is considered an STM member (Figure 1). Members of the
STM subjected to tensile stresses are called ties and represent where reinforcement should be placed. STM members
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subjected to compression are called struts. The intersections of truss members are called nodes. Nodes are named
based on the bounded elements. For instance, nodal zones are called CCC, CCT, or CTT nodes, respectively,
depending on the number of struts bounding them (three, two, or one).

To avoid tie failure, codes and provisions require a sufficient amount of longitudinal reinforcement to be placed as a
tie. Generally, the area of the longitudinal reinforcement should be more than or equal to P, / tan 0.f;, where Py is the
maximum applied load and fs is the allowable tensile strength (yield strength for steel and ultimate strength for FRP
bars). In our database, no failure in the FRP longitudinal reinforcement was observed as the measured strains in the
longitudinal FRP-reinforcement were below 60% of ultimate tensile strength of the bars (frou). Hence, this value is
recommended (frp < 0.6fspy) to achieve an adequate amount of FRP longitudinal reinforcement.

To avoid crushing of the concrete elements, most researchers and code specifications limit the compressive stress of
the concrete (fce) as the product of the concrete compressive strength (f.’) and an efficiency factor (B) as follows:

1 f, =p.f,

As can be seen from Eq. 1, B can be defined as the ratio of the stress in the concrete element to the concrete’s
compressive strength. Generally, the procedure was to account for all the parameters affecting the concrete’s
compressive strength (such as the reinforcement details, stress and strain conditions, and concrete softening) in a
single factor referred to as B. While various studies have been conducted to assess the value of B for steel-reinforced
deep beams (Reineck and Todisco 2014, Brown and Bayrak 2008), its value differs (see Table 2) for struts and
nodes designed according to ACI 318 (2014), CSA S806 (2012), CEB-fib (1999), and JSCE (2007).

Once fe has been calculated for concrete elements (struts and nodes), the maximum resisting force of the element
can be calculated by multiplying f.. by the area of the element (Ac), as shown in Figure 1. Calculating the depth of
the top horizontal strut (h,) and thus the diagonal strut angle (0), is an iterative process required to select the critical
admissible solution and the maximum predicted shear strength based on the lower-bound theorem.

Table 2: Efficiency factors according to code provisions

Element Efficiency Factor (B)
ACI 318 CSA S806 (2012) CEB-fib (1999) JSCE (2007)
(2014)

Struts without web ~ 0.85x0.60 1 _oss 0.85%0.60* 0.60

reinforcement 08+170s,

g, =&, + (g, +0.002) cot’ 6

Struts with web 0.85%0.75 1 <085 0.85%0.60* 0.80

reinforcement 08+170s,

g, =&, + (g, +0.002) cot® B

CCC node 0.85x1.00 0.85 0.85x0.60* 1.00
CCT node 0.85x0.80 0.75 0.85x0.60* 1.00
CTT node 0.85x0.60 0.65 0.85x0.60* 1.00

where 0 is the angle between the strut and tie, r is the tensile strains in the tie bars adjacent to the
compressive strut, and f; is the concrete compressive strength in MPa.
* B in according to CEB-fib (1999) should be less than 0.85(1-f./250)

3. ASSESSMENT OF CURRENT DESIGN PROVISIONS
The efficiency-factor equations in Table 2 were used to calculate the capacities of the FRP-reinforced deep beams in

our database. Table 1 provides the predicted capacities according to ACI 318 (2014), CSA S806 (2012), CEB-fib
(1999), and JSCE (2007). Figure 2 shows the comparison between the experimental results and the predicted
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capacity for each code provision. The results of the predicted capacities for all of the codes were scattered and not
adequately predicted, revealing that each provision has different deficiencies.

35 3.5
30 | ACI318(2014) 3.0 | CSA SB06 (2012) o©
op5 | Mean=0.80 »g | Mean=177, o
g2 CoV = 54% 2 CoV=33%8 o
220 | Qg.o - % Q
215 | ° ﬁ o A5 b 8.8 o °
10 po——- 9 8—09 ————————— 10 f———mm—— 8- _~__ LS
05 | 0 Ug% 8 & 05 |
Oo 1 1 1 1 1 OO 1 1 1 1 1
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
a/d ratio a/d ratio
35 3.5
3.0 | CEB-fib(1999) 30 | JSCE (2007)
o5 | Mean=0.56 s | Mean=0.64
0?20 | COV:62%8 ® C‘;o | CovV=65% o
o o) "
515 | 8 % w A5 o
o [a ) o o
10 f-—————— é%%——9 ————————— 1.0 f—————- 5 ——5——09 —————————
05 | ®f « 05 r e® & 8 8
O.o 1 1 1 1 1 O.o 1 1 1 1
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
a/d ratio a/d ratio

Figure 2: Comparison of experimental and predicted capacity using the STM in code provisions

The STM in the ACI provision produced unsafe and arbitrary estimations for the capacities of the deep beams in
our database, with a mean experimental-to-predicted value of 0.80 and coefficient of variation (CoV) of 54%. These
unsafe estimations have also been reported for steel-reinforced deep beams without web reinforcement (Reineck and
Todisco 2014, Tuchscherer et al. 2014), but with lower levels of safety in FRP-reinforced deep beams. This could be
attributed to the fact that the efficiency factor recommended in ACI 318 (2014) accounts only for the presence of
web reinforcement (see Table 2), and neglects other major parameters, such as concrete softening, f¢, and a/d ratio.
Additionally, the effect of web reinforcement on the strength of the FRP-reinforced deep beams was found to be
insignificant (Mohamed et al. 2014).

The STM in CSA S806 (2012) yielded safe yet conservative estimations for the deep beams in our database. The
level of conservatism—with a mean experimental-to-predicted value of 1.77 and CoV of 32%—could lead to
uneconomical design for FRP-reinforced deep beams. As shown in Table 2, the STM in CSA S806 (2012) explicitly
accounts for the concrete softening coefficient in the diagonal strut by calculating the strut efficiency factor as a
factor of the strains in the longitudinal reinforcement (eg). This implicitly accounts for the shear span—depth ratio by
taking into account the angle between the strut and tie (0), and does not account for the effect of the concrete
compressive strength (f¢).

The calculation of the strut efficiency factor in CSA S806 (2012) is the same as that for the design of steel-
reinforced deep beams in CSA A23.3 (2014). It is expected, however, that the softening coefficient of FRP-
reinforced members is higher than that of steel-reinforced members due to FRP bars having higher tensile strain than
steel bars. In steel-reinforced deep beams, the longitudinal steel bars should not yield, thus strains in the longitudinal
steel bars would be lower than 0.002. On the other hand, FRP bars have low elastic moduli and higher strains
compared to steel bars. These higher strains induce higher strains in the concrete surrounding the FRP bars, which
could lead to higher concrete softening in FRP-reinforced members. This could explain the underestimated capacity
produced by the STM in CSA S806 (2012).

The strut efficiency factor () recommended by CEB-fib (1999) takes into consideration the effect of the concrete
compressive strength (f¢), but for f; > 100 MPa. Therefore, the f." had no impact on the strut efficiency factors for
the deep beams in our database, and a constant value of B equal to 0.85x0.6 was taken instead. This led to the unsafe
scattered estimation of the capacity prediction according to the STM in CEB-fib (1999), with a mean experimental-
to-predicted value of 0.94 and CoV of 64%.
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Similar to ACI 318 (2014), JSCE (2007) stipulates constant values for the strut efficiency factor depending only on
the presence of web reinforcement. JSCE (2007) was also unable to satisfactorily predict the capacity of the FRP-
reinforced deep beams, with a mean experimental-to-predicted value of 0.70 and CoV of 61%. As in the case of the
ACI code, these unsafe and arbitrary results could be attributed to the negligence of the concrete softening
coefficient, f.', and a/d ratio. Nevertheless, the lower level of safety provided by JSCE (2007) in comparison to the
ACI code could be attributed to the higher value of strut efficiency factor recommended by JSCE (2007).

4. PROPOSED STRUT-AND-TIE MODEL

The selected database was used to identify the parameters affecting the strut efficiency factor of the FRP-reinforced
deep beams. Figure 3 provides the individual effect of each parameter influencing the strut efficiency factor. These
parameters were found to be the strain in the longitudinal reinforcement (e1), the concrete compressive strength (f.),
the shear span-depth ratio (a/d), and the web reinforcement (pw). The trend of each parameter affecting the strut
efficiency and the curve best-fitting equation are also presented in Figure 3.

1 1 -
a) & b) fc
@0.8 - @0.8 -
g g
E 0.6 | 3 0.6
2 2
_§ 04 r 5 04 L
2 =
o2 | mo2 f
0 1 1 1 1 1 0 1 1 1 1
0 001 002 0.03 0.04 0.05 0 20 40 60 80
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¢) a/d ratio d) pw
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[c=N [e=]
\g (d/a)O.SO \g
506 2 506 r
(i}
z 5
.E) 0.4 i ~§ 0.4 i o
2 £, =2 i 3
D02 | mo2 °
o0
O 1 1 1 1 O 1 1 1 1
0 0.5 1 15 2 0 0.2 0.4 0.6 0.8
a/d ratio Web reinforcement ratio (%)

Figure 3: Influence of parameters affecting the strut efficiency factor

Figure 3 (a) shows the effect of the longitudinal-bar strain on strut efficiency, as increasing the tensile—tie strains
decreases strut efficiency. Farghaly and Benmokrane (2013) illustrated that reducing the longitudinal reinforcement
ratios—while maintaining all other pertinent variables constant—increased the measured tensile-tie strains, leading
to a noticeable enhancement in the diagonal-strut strength, and thus the overall capacity of the specimens. This could
be explained by increased tensile strains in the ties exposing the adjacent concrete strut to tensile stresses, thereby
reducing concrete strength due to concrete softening (Vecchio and Collins 1993, Zhang and Hsu 1998). Concrete
softening is commonly referred to the reduction of concrete strength and stiffness due to the presence of high tensile
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strains in the direction normal to the compression. As discussed previously, concrete softening in steel-reinforced
deep beams could be relatively lower than that in FRP-reinforced deep beams, due to the relatively higher tensile
strains exhibited in FRP bars at ultimate load comparing to steel bars prior yielding.

It is worth mentioning that concrete softening in compression is a function of the principal tensile strain (g1) rather
than direct strains in the longitudinal reinforcement (Vecchio and Collins 1986). Therefore, the efficiency factor in
Figure 3(a) was related to &1, where g1 can be calculated as suggested in CSA S806 (2012) as follows:

[2] & =g +(g; +0.002)cot’ O

Figure 3 (b) shows the negative effect of f. on the efficiency factor of the concrete strut. This effect was explained
by Andermatt and Lubell (2013) by testing identical specimens with different f.'. Andermatt and Lubell (2013)
found that the more brittle nature of the high-strength concrete limited the deformation of the deep beams, and
reduced the diagonal strut’s efficiency. Many researchers (Kim et al. 2014, Andermatt and Lubell 2013) have
reported on the effect of a/d ratio on the strength of deep beams, since increasing the a/d ratio decreases strut
strength, as shown in Figure 3(c).

Mohamed et al. (2014) studied the effect of web reinforcement on the strength of FRP-reinforced deep beams by
using different web-reinforcement configurations (including horizontal only, vertical only, and vertical and
horizontal). Generally, based on the limited available data for FRP-reinforced deep beams (total of 10 specimens),
the presence of web reinforcement had no significant effect on the strut efficiency factor, as shown in Figure 3(d).
This was also observed in the steel-reinforced deep beams tested by Birrcher et al. (2013).

Based on the results shown in Figure 3, and performing least-squares regression to identify the effect of each
parameter affecting the strength of the strut, the following diagonal-strut efficiency factor is proposed:

1 1

1
\/E (a/d)08 \/8_1

Figure 4 shows the comparison between the experimental results and the capacity prediction using the proposed
model (Eq. 3) for the deep beams in our database. The proposed model produced safe capacity estimates with a
mean experimental-to-predicted value of 1.20 and CoV of 24%. Additionally, the predicted capacity was governed
by diagonal-strut failure, which is consistent with the experimental results. Nevertheless, the model underestimated
the capacity of some specimens, most of which were found to have vertical web reinforcement. Therefore, it is
suggested that the vertical bars may develop a more refined load-transfer mechanism than that assumed in the one-
panel truss mechanism shown in Figure 1. Brown and Bayrak (2008) indicated that, for steel-reinforced deep beams,
increasing the amount of vertical web reinforcement can shift portions of the load to a two-panel mechanism.
Additional research is needed to investigate such a mechanism in FRP-reinforced deep beams.

3]  B=05

where ¢ is given in Eq. 2.

3.5 Proposed model
30 r Mean=1.20
25 CoV =24%
o
g 20 | [e)
S g S 8 %
5 8 8°
Y'Y A A -
05 r
0.0 1 1 1 1 1
0 0.5 1 15 2 2.5
a/d

Figure 4: Predicted capacity using the proposed model
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5. CONCLUSIONS

In our study, a database of 53 FRP-reinforced deep beams was compiled from the literature to assess the adequacy
of the current STMs in ACI 318 (2014), CSA S806 (2012), CEB-fib (1999), and JSCE (2007), and to propose a new
strut-and-tie-based model. The following conclusions were drawn:

1. The STMs in ACI 318 (2014), CEB-fib (1999), and JSCE (2007) use constant values for calculating strut
efficiency, which led to unsafe estimations of the capacities of the deep beams in our database with mean
experimental-to-predicted values of 0.80, 0.56, and 0.64, respectively.

2. The STM in CSA S806 (2012) produced conservative yet underestimated predictions of the capacities of the
deep beams in our database, which could lead to uneconomical designs of FRP-reinforced deep beams.

3. The strut efficiency factor is negatively affected by increased strains in the longitudinal reinforcement (e1),
the shear span-depth ratio (a/d), and the concrete compressive strength (f;).

4. The limited data available for FRP-reinforced deep beams showed that the web-reinforcement ratio (pw) had
an insignificant effect on the diagonal-strut strength. More experimental investigations are needed to verify
this effect.

The new strut efficiency factor was proposed based on the parameters affecting the strut strength (Eq. 3). The
proposed model was verified against the compiled database and produced safe capacity estimates with an acceptable
level of conservatism. The compiled database had a/d values ranging from 0.83 to 2.10, concrete strengths ranging
from 26.1 to 68.5 MPa, various combinations of web reinforcement, and different types of FRP bars (AFRP, CFRP,
and GFRP). More experimental investigations are needed to further verify the proposal model.
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