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Torsion Strength of Concrete Beams oo
with Steel Fibers, Lightweight, or FRP:

Data Driven Code Appraisal

Ahmed Awad, Jawad Ahmed, Ahmed F. Deifalla®, Maged Tawfik,
and Amr El-Said

Abstract Despite extensive research efforts directed toward the shear and torsional
behavior of concrete elements, torsion strength remains an unexplored area.
Numerous new materials are being used in construction as a result of advances in
concrete technology. The use of lightweight concrete, steel-fiber reinforced concrete,
and FRP-reinforced concrete are all kinds of advancements. The objective of the
current work is to enhance torsion strength prediction for these three aspects. A
summary of a series of power equation models for torsion strength based on a massive
experimental database of 346 beams tested under torsion is outlined. The model vali-
dation is discussed. The developed models are accurate while remaining simple for
design purposes.
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17.1 Introduction

A reliable design necessitates a thorough understanding of the characteristics of
concrete components subjected to torsion (ACI-445 2013). Recently, the ACI exam-
ined torsion of all cases, including high-strength concrete (HSC), prestressed concrete
(PC), and normal weight concrete (NWC) (ACI-445 2013). However, steel fiber
reinforced concrete (SFRC), concrete with Fiber reinforced polymer (FRP), and
lightweight concrete (LWC) were not discussed. Researchers all over the world are
investigating the design and behavior of elements subjected to shear, torsion, and
punching shear (ACI 213R-03 2014; Muttoni 2018; Kuchma et al. 2019; Deifalla
etal. 2021; Deifalla 2020a, b, 2022, 2023; Badra and Deifalla 2022; Graybeal 2014;
Greene and Graybeal 2013, 2015). Especially, torsion design and analysis of NWC
beams require simplified, accurate, and unified approaches (Deifalla and Ghobarah
2014; Chalioris 2008; Chalioris and Karayannis 2009; Deifalla 2015; Deifalla et al.
2014; Deifalla et al. 2015; Hassan and Deifalla 2016; Rahal 2013; Deifalla 2020,
2021; ACI-318-19, ACI Committee 318 2019; prEC2: PT1prEN 1992-1-1/2018-04
2018). Although combined loading is the most common situation, most research
studies have focused on pure torsion to distinguish the torsion effect (ACI-445
2013; Deifalla and Ghobarah 2014; Chalioris 2008; Chalioris and Karayannis 2009;
Deifalla 2015; Deifalla et al. 2014; Deifalla et al. 2015; Hassan and Deifalla 2016;
Rahal 2013; Deifalla 2021; Deifalla 2020c; ACI-318-19, ACI Committee 318 2019;
prEC2: PT1prEN 1992-1-1/2018-04 2018). Very little guidance is offered by Design
Codes and guides regarding the design of LWC, SFRC, and FRP reinforced beams
(ACI 213R-03 2014; MC 2010; CSA 2004; EC2 2004; JSCE 2007; Nawaz et al.
2019; Khaloo and Sharifian 2005a).

For over two millenniums, the popularity of Lightweight concrete (LWC) in
construction is growing (ACI 213R-03 2014). It has several advantages over NWC,
including better insulation, and lower weight. On contrary, it had more cracking
due to lower concrete stiffness. However, the experimentally observed behavior of
LWC was found to be like that of the NWC (ACI 213R-03 2014). Recently, LWC is
implemented in construction applications as it is considered a good alternative for
NWC. These applications are as follows: (1) the walls whether curtain or structural;
(2) marine structures or offshore; (3) folded plates and shell roofs; (4) bridge girders
and decks; (5) beams and slabs that are precast, pre-tensioned, or post-tensioned; and
(6) High-rise buildings elements walls, columns, and floors. LWC is helpful for the
optimization of the reinforced concrete (RC) structures’ construction process, self-
weight, and member sizes (ACI 213R-03 2014). Using the LWC is better than NWC
in achieving functional and architectural design (ACI 213R-03 2014). Thus, many
extraordinary structures made of LWC are spread all around the world (ACI 213R-03
2014). The ACI Guides do not offer any recommendations for the torsion design of
beams for LWC; instead, it directs practitioners to the ACI design codes, which are
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primarily developed for NWC (ACI 213R-03 2014). Although LWC design guide-
lines are generally conservative, the design’s consistency and economy are question-
able. Since the economic factor governs the world directions towards all life aspects
including RC structures.

With the economical aspect of design, thus, reducing safety factors, and improving
the accuracy of the design models is the researcher’s goal (ACI 213R-03 2014).
Worldwide, FRP bars are noncorrosive; thus, used in many projects (ACI-445
2013; Muttoni 2018). The available design codes and guidelines, except the Cana-
dian Standards Association (CSA), include detailed provisions only for shear and
bending design of beams. While CSA includes torsion design. Thus, an objective
for researchers is to provide practitioners with reliable design methods in torsion
(Muttoni 2018). The design codes torsion provisions are lacking due to the following
reasons: (1) shear and bending are more frequent compared to torsion; (2) if the
applied torque is less than cracking torque, it can be neglected, and (3) Shear and
bending are investigated much more than that for torsion. For the economy and safety
of RC members. Since the complete comprehension of the torsion design is of the
utmost importance, thus, it is still under investigation.

The design of FRP-RC beams under shear is attracting the core of research studies;
thus, it is beneficial to examine the torsion behavior versus the shear behavior.
Although shear and torsion strength in beams are formed by a set of diagonal and
orthogonal internal forces, one of which is in compression and the other in tension,
there are several distinctions between the two exist as follows: (1) Parallel pattern
propagation for the shear cracks, while spiral pattern propagation for torsion cracks;
thus, shear cracks spread in the same direction while torsion cracks spread in two
opposite directions; (2) the torque strain varies in the three dimensions and it is non-
uniform, while shear force strain varies in the two-dimension plane and it is uniform
as well as perpendicular to the plane of applied shear; (3) mostly uniform stresses
are developed due to shear forces, while in torsion cause bending on beam sides and
thus the stress varies both horizontally and vertically across the cross-section. (4) the
equivalent hollow tube thickness, which is resisting the applied torsion. In addition,
it varies with the applied load. This is like the compression zone effective thickness
in the case of bending moment; and (5) In flanged beams, the web mainly carries the
shear forces, while the torque moments are carried by the flange and the web. The
addition of steel fibers, which are available in various shapes and cross-sections, to
the concrete mix leads to the creation of FRC. The characteristics are enhanced by
the addition of steel fiber. Many researchers have extensively studied the behavior
of this composite material. This current study aims at improving the torsion strength
prediction for these three problems. A summary of a series of power equation models
for torsion strength based on a massive experimental database of 346 beams tested
under torsion is outlined. The model validation is discussed. Concluding remarks are
outlined.
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17.2 Model Development

17.2.1 Lightweight Concrete

Based on the existing previous investigations regarding the cracking torque, the
following form is proposed as follows:

1 +0.004d \ [ 3y.\“ os (A
Tcr= _— I‘wc4 , =< 171
“( 2 ) (64) ) (Pc 47D

Thus, using the multi variable nonlinear regression using the gathered database,
the following formula is proposed such that:

1+0.004d\ ™% /3y \ "7 | arrose (A2
T, =038 ———< FO034 (p7) 00 (Ze 172
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where d is the distance between the extreme compression fibers to the centroid of
longitudinal tensile reinforcements (mm).

A, is the total area of the concrete cross-section (mm?).
Pc 1s the perimeter of the concrete section (mm).

¥, 1s the unit weight of concrete (kN/m?).

£ is the cylinder concrete compressive strength (MPa).

F is the fiber index.

17.2.2 Steel Fibered Concrete

Using multivariable nonlinear regression, the strength predictions of the strength of
beams under torsion (7)) for SFRC beams, can be such that:

0.19x%y,/f.u (1 + 0.04F)  for rectagular cross section
T =1 0.1D3/f.(1 + 0.08F) for circular cross section (17.3)
0.2>" x*y\/feu(1 + 0.15F) for flanged cross section

While for SFRC beams, the torsional strength (T) can be such that:

n (17.4)

T = oszy\/EJrowF xy\/ﬂ+kAsf,

where x is the cross-smaller section’s dimension.
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Xo 1s the smaller center-to-center dimension of the thin wall tube analogy, which is
roughly equal to (5/6)x.

x1 is the smaller dimension of the steel stirrup, which is taken approximately as 0.9
X.

v is the cross-bigger section’s dimension.

Yo is the bigger center-to-center dimension of the thin wall tube analogy, which is
roughly equal to (5/6)y.

y1 is the bigger dimension of the steel stirrup, which is roughly equal to 0.9 y.
A, is the cross-sectional area of the stirrup.

Jiy 1s the yield strength of transverse reinforcement.

fu 1s the cubic compressive strength of the concrete.

F is the fiber index.

17.2.3 FRP Reinforced Concrete Beams

For torsion, Deifalla adapted the power-law equation, which was first proposed by
Rahal with respect to the beams with Glass FRP. In addition, experimental investiga-
tions by Belarbi and Hsu were implemented. Thus, implementing the multi-variable
non-linear regression, a model for the ultimate and cracking torsion was proposed.
Thus, to capture nonuniform strain and stress distribution across the stirrups and the
cross section (Deifalla 2022; Deifalla et al. 2015; Noshy et al. 2017). For cracking
torque, all effective variables were included as follows: the concrete compression
stress (f), perimeter of cross section (p.), area of cross section (A.), such that:

_]0.1 9(A§/pc)o'9 (fc/) b for rectangular cross section

= (17.5)
{ 0.09 (Az/pc)o'9 (ﬁ’) e for rectangular cross section
While for ultimate torsional moment, Nonlinear Multi-variable Regression was

employed with the inclusion of all effective variables as follows: longitudinal rein-

. . A A .
forcement forces (fr,A;), transversal reinforcement ratio <’% + fFé—’) Cross section

perimeter (p.), the concrete compression stress (f;), and area of cross section A,; such
that:

N

A uA 0.1
T = 0.16(£) A3 (JL +JL> (fud))""? < 0.34A,1,f! (17.6)
S

where A, is the enclosed area within the outermost closed stirrup’s centerline (mm?).
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A is the torsion-resistant longitudinal reinforcement (mm?).

A; is the transversal reinforcement area that is bearing the torsion (mm?).
s is the spacing between stirrups.

Jffu 1s the FRP bar’s maximum tensile strength (MPa).

Jf; 1s the yield strength of the longitudinal steel reinforcements (MPa).

t,, is the idealized hollow section’s wall thickness, which is supposed to be no larger
than the ratio of A,;/ph or two times the minimum ¢ (mm).

17.3 Model Validation

17.3.1 Lightweight

Table 17.1 shows the details and test results for the experimental LWC beams, while
Table 17.2 and Fig. 17.1 show the ratio between the experimental torsional strength
and that calculated using previous methods as well as the proposed model (PM1).
For the cracking torque, the proposed model PM1 performance is more consistent
and accurate but simple for design purposes compared to existing design codes.
In addition, the coefficient of variation is 29% for the proposed model, while the
existing model’s coefficient of variation is 33%, 36%, and 29% for the ACI, CSA, and
EC2, respectively. Moreover, the average values of the ratio between the measured
torsional strength and that calculated using the ACI, the CSA, and the EC2, and the
proposed model are 1.47, 1.32, 0.88, and 1.04, respectively. For the ultimate torque,
the proposed model performance is more accurate and consistent but simple for
design purposes compared to existing design codes. In addition, the proposed model
coefficient of variation is 23%, while the existing model’s coefficient of variation is
31%, 21%, and 25% for the ACI, CSA, and EC2, respectively. Moreover, the average
values of the ratio between the measured strength and that calculated strength using
the ACI, the CSA, and the EC2, and the proposed model are 1.30, 0.96, 1.00, and
1.21, respectively.

17.3.2 Steel Fibered Concrete

Table 17.3 shows the details and test results for the experimental steel-fibered
concrete beams, while Table 17.4 and Fig. 17.2 show the ratio between the exper-
imental torsional strength and that calculated using Nayraan and Karim model
(NKPT) and the proposed models (PM2), and (PM3). The proposed model PM2
based on the Nayraan model is more accurate and consistent than the proposed
model PM3 based on the ACI. The proposed model PM2 coefficient of variation is
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Table 17.1 Details and test results for the experimental LWC beams database
# D Cross Length |vyc fl f! Ter Ty
section (mm) kN/m?® | MPa MPa |kNm |kNm
(mm)
Nawaz LC-1-7 R200 x 700 15.45 697 |121 |0.71 0.71
38119) LC-1-14 100 1545 | 717 121 072 | 072
LC-1-42 15.35 8.18 |1.31 |0.75 0.75
LC-1-90 15.27 838 |1.31 |0.77 0.77
NC-2-7 16.46 1222 |1.62 |0.87 0.87
NC-2-14 16.51 1525 |1.72 097 0.97
NC-2-21 16.36 16.67 |1.82 |1.00 1.00
NC-2-42 16.31 18.69 |1.92 |1.03 1.03
NC-3-7 15.96 11.62 |1.52 |0.85 0.85
NC-3-42 15.66 17.78 192 |1.02 1.02
NC-4-21 15.15 1475 |1.72 |0.96 0.96
NC-4-42 15.20 16.67 |1.82 |0.99 0.99
HC-5-7 18.18 48.58 |3.13 |1.65 1.65
HC-5-14 18.08 50.00 |3.23 |1.67 1.67
HC-5-21 18.13 5595 |3.33 |1.85 1.85
HC-5-42 18.08 59.09 |343 |1.79 1.79
HC-6-14 18.08 57.17 343 | 191 1.91
HC-6-21 18.03 60.60 |3.54 |1.84 1.84
HC-6-28 18.08 66.36 |3.64 |2.09 2.09
HC-7-3 19.19 27.67 |242 |1.49 1.49
HC-7-7 19.24 4252 293 |1.58 1.58
HC-7-21 19.19 58.58 |343 |1.92 1.92
HC-7-42 19.17 66.46 |3.74 |2.09 2.09
HC-8-7 17.13 21.21 |2.12 |1.26 1.26
HC-8-14 17.07 2656 |2.32 |1.28 1.28
HC-8-42 17.07 36.66 (273 |1.49 1.49
HC-9-7 20.72 52.82 |3.33 |1.74 1.74
HC-9-14 20.63 68.28 |3.74 |1.92 1.92
HC-9-28 20.63 7828 |4.04 |2.29 2.29
HC-10-7 20.36 48.58 [3.13 |1.72 1.72
HC-10-28 20.30 7444 394 |2.16 2.16
HC-10-42 20.30 8221 |4.14 |2.16 2.16
Khaloo LC1 R200 x 700 17.85 9.09 |141 |0.73 0.73
and LCl-05-32 | 100 18.11 909 141 078 | 0.78
Sharifian ——————
(20052) LC1-1.0-32 18.37 9.09 |141 |0.81 0.81

(continued)
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Table 17.1 (continued)

# 1D Cross Length |yc ! ! T.r T,

section (mm) kN/m?® | MPa MPa |kNm |kNm
(mm)

LC1-1.5-32 1863 | 9.09 141 086 | 086
LC1-2.0-32 1890 | 9.09 141 092 | 092
LC1-3.0-32 1942 | 909 141 092 | 092
LC2 1920 |12.12 [1.62 088 | 088
LC2-0.5-25 1938 1212 |1.62 087 | 087
LC2-0.5-32 1938 1212 | 1.62 091 091
LC2-1.0-25 1968 |12.12 |1.62 097 | 097
LC2-1.0-32 1968 1212 |1.62 | 1.01 1.01
LC2-1.5-25 1998 1212 |1.62 | 111 111
LC2-1.5-32 1998 1212 |1.62 |1.17 1.17
LC2-2.0-25 2027 1212|162 [1.22 1.22
LC2-2.0-32 2027 1212 |1.62 |1.30 1.30
LC2-3.0-25 2087 1212 162 |1.25 1.25
LC2-3.0-32 2087 |12.12 |1.62 | 133 1.33
NC 1760 3030 |2.53 | 1.44 1.44
NC-0.5-32 1777 3030 |2.53 | 148 1.48

Khaloo |NC-1.0-32 |R200x | 700  |17.95 3030 |2.53 | 1.62 1.62

and NC-15-32 | 100 18.13 3030 |2.53 |1.84 1.84

Sharifian —————

(2005b) | NC-2.0-32 1830 3030 253 226 | 226
NC-3.0-32 18.64 3030 (253 |226 | 226
HC 2006 | 61.61 |3.54 |1.93 1.93
HC-0.5-25 2028 | 61.61 |354 |1.94 1.94
HC-0.5-32 2028 |61.61 |354 [205 | 205
HC-0.5-50 2040 |61.61 |354 |2.12 | 212
HC-1.0-25 2050 | 61.61 |354 |23 | 2.13
HC-1.0-32 2050 | 61.61 |354 |234 | 234
HC-1.0-50 2062 6161 |354 |268 | 2.68
HC-1.5-25 2073 |61.61 |354 |230 | 230
HC-1.5-32 2073|6161 |354 |276 | 276
HC-2.0-25 2095 |61.61 354 269 | 2.69
HC-2.0-32 2095 |61.61 |354 |3.02 | 3.02
HC-3.0-25 2138|6161 |354 |264 | 2.64
HC-3.0-32 2138 |61.61 |354 |298 | 2.98

Yapetal. | OPSC-0 RIO0O x | 500 |18.48 |3424 [333 |0.00 | 0.00

(2016) T opsc-25 100 1891 |39.69 (434 1022 | 023

(continued)
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Table 17.1 (continued)

# 1D Cross Length |yc ! 1 T.r T,
section | (mm) kKN/m> |[MPa |MPa |kNm |kNm
(mm)
OPSC-50 1933|4161 (545 025 | 026
OPSC-75 1978 4636 677 029 | 0.30
OPSC-100 2022 4777 828 029 | 031
OPSC-0 R200 x | 1500 1990 [33.13 |2.83 |554 | 5.6
OPSFRC-55 | 150 2089 |3474 |3.64 |735 | 7.43
OPSFRC-65 2061 |3586 |3.94 |7.85 | 7.96
OPSFRC-80 2091 3737 |3.94 |8.67 8.69
Yapetal. | LRI R300 x | 2000 |18.69 |26.77 |232 |3.27 8.30
2015)  [1Ro 150 18.69 (2929 242 |4.36 9.27
LR3 1869 |3131 (253 |598 |11.79
LTI T300 x 1869 [29.80 (242 |525 |14.62
LT2 4007150 18.69 [30.81 |2.53 836 |18.82
x 100

Table 17.2 Model validation with respect to Lightweight concrete beams

Statistical measure ACI 19 CSA EC2 PM1
Cracking torsion moment Mean 1.47 1.32 0.88 1.04

C.0.V (%) 33 36 29 29
Ultimate torsion moment Mean 1.30 0.96 1.00 1.21

C.0.V (%) 31 21 25 23

17%, while the existing model NKPT and the proposed model PM3 coefficient of
variation are 22 and 19%. The average values of the ratio between the experimental
torsional strength and that calculated strength using the existing NKPT model, and
the proposed models PM2, and PM3 are 1.21, 1.01, and 1.02 respectively.

17.3.3 FRP Reinforced Concrete Beams

Table 17.5 shows the details and test results for the experimental FRP reinforced
concrete beams, while Table 17.6 and Fig. 17.3 show the ratio between the experi-
mental torsional strength and that calculated using the previous Hasan and Deifalla
model (HD), the CSA, and the proposed model (PM4). For the cracking torque, the
proposed model performance is more consistent and accurate but simple for design
purposes compared to existing models. In addition, the coefficient of variation is
24% for the proposed model, while the existing model’s coefficient of variation is
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Fig. 17.1 The relation between experimental versus calculated ultimate torsional strength using:
a the ACI, b CSA, ¢ EC2,d PM1

63% and 37% for the CSA, and HD, respectively. Moreover, the average values of
the ratio between the measured torsional strength and that calculated using the CSA,
the HD model, and the proposed model PM4 are 1.33, 1.2, and 0.95, respectively.
For the ultimate torque, the proposed model PM4 performance is more accurate
and consistent but simple for design purposes compared to existing design codes.
In addition, the proposed model coefficient of variation is 36%, while the existing
model’s coefficient of variation is 63% and 47% for the CSA, and HD, respectively.
Moreover, the average values of the ratio between the measured torsional ultimate
strength and that calculated using the CSA, the HD model, and the proposed model
PM4 are 1.33, 1.65, and 1.24, respectively.

17.4 Conclusions

Three massive experimental databases of a total of 346 beams were tested under
torsional moments. Four models were proposed for predicting the torsional strength
of lightweight concrete beams, steel fiber reinforced concrete beams, and beams
with FPR reinforcements, which is based on the database and using Multi-linear
regression. The present work can reasonably lead to the following conclusions:
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Table 17.3 Details and test results for the experimental steel-fibered concrete beams database

References Cross section | pr feu Sfiy 01 fiy 1 Tu
(mm) (%) | (MPa) |(MPa) |(%) |(MPa) |(%) |(kNm)
Noshy etal. (2017) | R100 x 155 |0.75 |20.5 |390 [0.73 |- - 13
RI00 x 155 075 205 [390 |073 [371  |1.14 |1.75
R100 x 155 | 125 |214 |375 073 |- - 1.32
RI100 x 155 | 125 |214 [390 073 |- - 1.37
RI00 x 155 | 125 |214 |450 |13 |- - 1.38
RI00 x 155|125 [214 (390 |073 [371 |0.82 |191
RI100 x 155 |125 (214 [390 073 371 |1.07 |2.03
RI00 x 155 |1.75 |21.6 |390 |073 |- - 143
RI00 x 155 |1.75 |21.6 [390 |073 [371  |1.14 |227
Sharma (1989)  |R152x 310 |05 402 |350 126 400 |11 |13.95
RI52 x 310 |1 402|350 126 [400 |11 |15.67
Kaushik and RI25x300 |05 [242 [400 |1.1 |400 |234 |75
Sasturkar (1989)  [R125 % 300 |1 266 400 |11 400 234 |9
RI25x 300 |15 255 400 |11 |400 |2.34 |85
Al-Ausi et al. R85 x 178 | 134 431 |314 |135 |- - 265
(1989) R85 x 178 | 191 423 [310 |077 |- - |263
R85 x 178 |09 |423 [314 |135 [368 |045 |28
R85 x 178 | 134 |41.8 |314 |135 |- - 243
R85 x 178 | 1.86 |41.4 |368 |025 |- - 231
R85 x 178 059 |513  |310 077 |310 077 |2.74
R85 x 178  |0.82 |49.1 |310 077 [310 |0.54 |2.56
R85 x 178  |1.09 |46.1 [310 077 368 |025 |26
R85 x 178 | 1.16 (486 |310 |0.77 368 |0.18 |2.76
R85 x 178|052 (486 368 025 |310 |1.34 |2.18
R85 x 178 | 1.11 |46.1 [368 |025 310 |0.77 |2.18
R85 x 178 | 142 449 [368 |025 368 045 |2.67
R85 x 178 | 1.61 475 |368 |025 [368 |025 |2.63
R85 x 178 | 0.84 |49.1 |339 048 (310 134 |2.74
R85 x 178 | 1.59 484 [339 |048 |- - 246
R85 x 178 095 |482 [310 |1.15 |- - 276
R85 x 85 106 482 (310 |161 |- - 1.02
R85 x 145 | 142 449 [310 |094 |- - 1.83
R300 x 300 |05 |258 [380 |07 [380 079 |27.34
R300 x 300 |1 214 (380 |07 (380 079 |29.01

(continued)
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Table 17.3 (continued)
References Cross section | pr feu Sfiy 01 fiy 1 Tu
(mm) (%) |(MPa) |(MPa) | (%) |(MPa) | (%) |(kNm)
Narayanan and R300 x 300 |15 |28 380 0.7 | 380 0.79 | 34.67
ﬁ‘;fgg;n'Palanﬁan R300 x 300 |1 214|380 | 1.05 |380 | 1.18 |36.46
R300 x 300 |1 214 (380 |14 380 | 1.57 | 40.86
Mansur et al. RI00 x 200 [0.6 (312 [250 |1.57 250 |0 1.41
(1989) RI00 x 200 |12 |40.1 |250 157 |250 |0 1.74
RI00 x 200 |0.6 [389 [250 |157 250 |035 |2.29
RI00 x 200 |12 (356 |250 |1.57 250 |035 |2.84
RI00 x 200 |03 |40.1 |500 |1.01 |500 | 1.68 |5.56
El-Niema (1993) |R100 x 200 0.6 |41.1 500 |1.01 |500 |1.68 |5.69
RI00 x 200 |09 |42 500 | 1.01 |500 | 1.68 |5.73
RI00 x 200 |12 (433 [500 |10l [500 |1.68 |5.82
RI00 x 200 |03 [413 [500 |157 |[500 |0.85 |4.11
RI00 x 200 |06 |422 |500 |1.57 |500 |0.85 |4.19
RI00 x 200 |09 (434 [500 |1.57 500 | 0.85 |4.23
RI00 x 200 |12 |441 |500 |1.57 |500 085 |4.23
RI00 x 200 |03 |415 |500 |0.57 |s00 |1.51 |3.85
RI00 x 200 |0.6 |42.8 [500 |057 500 | 1.51 |3.93
RI00 x 200 |09 [43.1 [500 |057 500 | 1.51 |3.98
RI00 x 200 |12 [439 |500 |057 500 |1.51 |4.02
RI00 x 200 |03 |352 |500 |1.57 |500 | 0.02 |2.01
Rao and Rama RI100 x 200 | 0.6 |37 500 | 1.57 |500 |0.02 |2.27
Seshu (2005) RI00 x 200 |09 [377 [500 | 157 |500 |0.02 |26l
RI00 x 200 |12 [384 |500 |1.57 |500 |0.02 |2.82
RI00 x 200 |03 (339 [500 |0.14 [500 |251 |1.75
RI00 x 200 | 0.6 |344 |500 |0.14 [500 |2.51 |2.31
RI00 x 200 |09 |35 500 0.4 |500 |2.51 |2.57
RI00 x 200 |12 |353 |500 |0.14 |500 |2.51 |2.69
Rao and Seshu R100 x 200 1 17 415 1.57 |- - 2.41
(2006) RI100 x 200 |3 164 |415 |157 |- N PYE)
R100 x 200 |1 19 415|157 [344 |05 |2.73

(continued)
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Table 17.3 (continued)

References Cross section | pr feu fiy pI fry Pt Tu
(mm) (%) | (MPa) |(MPa) |(%) |(MPa) |(%) |(kNm)
R100 x 200 |3 169 415 1.57 |344 0.75 |3.15
Chalioris and R100 x 200 |03 |51 432 1.57 | 432 1.51 |6.67
Karayannis RI100 x 200 [0.6 |51.8 432 1.57 432 1.51 |6.76
(2009b)

R100 x 200 |09 |525 432 1.57 |432 1.51 |6.84
R100 x 200 |1.2 |53.9 432 1.57 |432 1.51 693
R100 x 200 0.3 |51.1 432 1.57 |432 08 522
R100 x 200 0.6 |52.1 432 1.57 |432 08 |53

R100 x 200 |09 |534 432 1.57 |432 0.8 539
R100 x 200 |12 |54.1 432 1.57 |432 0.8 547
R100 x 200 |0.3 |52.6 432 0.57 432 1.51 |5.77
R100 x 200 0.6 532 432 0.57 432 1.51 |5.82
R100 x 200 |09 |54.1 432 0.57 432 1.51 |59

R100 x 200 |12 555 432 0.57 432 1.51 |5.99
Raoetal. (2010) |R150 x 200 |03 |334 460 0.67 |460 0.55 |4.58
R150 x 200 |0.6 |31.3 460 0.67 | 460 0.55 |5.68
R150 x 200 |03 |31 460 0.67 | 460 0.55 |4.94
R150 x 200 [0.6 |30.9 460 0.67 | 460 0.55 |5.87
R150 x 200 |03 |32.7 460 0.67 | 460 0.55 [4.92
RI150 x 200 [0.6 |29.5 460 0.67 | 460 0.55 |5.88
R150 x 200 |03 |31.9 460 0.67 |460 0.55 |4.85
R150 x 200 |0.6 |30 460 0.67 | 460 0.55 |5.49
R150 x 200 |03 |31.7 460 1.51 | 460 0.55 |6.01
R150 x 200 |0.3 |31.6 460 1.51 |460 0.55 |6.25

Where p is the volume ratio of fibers

p; is the longitudinal steel reinforcement ratio

p¢ is the transversal steel reinforcement ratio

fiy is The yield strength of longitudinal steel reinforcing bars
f1y is The yield strength of transversal steel reinforcement

Table 17.4 Model validation with respect to steel fibered concrete beams
Statistical measure | Existing model (NKPT) |PM2 |PM3

Ultimate torsion moment | Mean 1.21 1.01 1.02

C.OV (%) 22 17 19
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17.2 Comparison of calculated and experimental ultimate torsion strengths for a L and T-

beams and b R-beams

There is an absence of consensus among code provisions about many concepts,
such as lightweight concrete, shear contribution for concrete, cracking torsional
moment, size effect, angle of inclination of the strut, maximum nominal shear
stress, and interaction between the torsion, shear, and moment.

The proposed model PM2 based on the NKPT model proved notably high effi-
ciency in predicting torsional strength for steel fibered concrete beams and a lower
coefficient of variation when compared to the NKPT model and the proposed
model PM3 which is based on the ACI provisions.

The proposed model PM4 outperformed the previous Hasan and Deifalla model
HD and the CSA provisions in predicting ultimate and cracking torsional strength
for FRP-reinforced concrete beams.

The coefficient of variation and the average of the ratios between the experimen-
tally measured torsional strength and that calculated showed that all the proposed
models PM1, PM2, PM3, and PM4 are simple, consistent, and accurate, which
are suitable for the purpose of design. These models could be the base for future
design code developments.
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Table 17.6 Model validation with respect to FRP-reinforced concrete beams

Statistical measure CSA HD PM4
Cracking torsion moment Mean 1.33 1.20 0.95
C.0.V (%) 63 37 24
Ultimate torsion moment Mean 1.33 1.65 1.24
C.0.V (%) 63 47 36
100 100
L 80 80
£ = e e
£5 w0 00" o o0 s*
—_3 ® o
€ £ 09 .- ® o
| R B 40 oL % CSA
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Fig. 17.3 The relation between experimental versus calculated ultimate torsional strength using
PM4, CSA, and HD
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