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This paper presents the results of an experimental investigation on the behavior of T- shaped RC beams with
rectangular web opening under pure torsion. Seven beam specimens were tested in order to study the influence
of geometrical parameters on the torsional strength. The investigated parameters were: (1) the flange width, (2)
the flange thickness, and (3) the opening height. All specimens had the same span, same depth, same web width
and same opening length. All beams were loaded till failure. Cracking patterns were monitored and systematic
measurements were taken to draw the torque-angle of rotation curves. The results are analyzed to study the
effects of the studied parameters on the cracking torque, the ultimate torque, the angle of rotation at cracking,
the angle of rotation at ultimate, and failure modes. The analysis of testing results highlights several key aspects
to provide a set of recommendations for such beams. The experimental results show that the geometrical
parameters (flange width, flange height, and opening height) have a profound effect on the behavior of T-shaped
RC beams under pure torsion. A new analytical model based on softened truss model has been used for predicting
the torsional behavior of the tested beams. The softened truss model has been successively used for torsion,
which is extended to T-shaped RC beams with large web opening under pure torsion. The analytical torque-

rotation curves were compared with the experimental ones and observations were noted.

1. Introduction

The need of openings in structural elements is common to pass ducts
of mechanical and electrical services. The effect of the web opening on
the beam strength and service capability must be taken into con-
sideration. This effect depends on opening positions, shapes, and di-
mensions. Generally, openings are not located closer than one-half of
the beam's depth to the supports to avoid the critical region for shear
failure and reinforcement congestion [1].

Common opening shapes in reinforced concrete beams are circular
and rectangular. Other shapes of opening such as square, triangular,
diamond or irregular can also be made. The common size classification
expressions are "large openings" and "small openings". This classifica-
tion is important since the behavior of reinforced concrete beams with
openings depends on the opening size. The analysis theories and design
methods of beams with small openings differ from those with large
openings. In the earlier studies, researchers used these expressions to
distinguish between the two types of openings but without an exact
definition for each. Mansur et al. [2] and Abul Hasnat et al. [3]

suggested that the opening is large if the opening length is greater than
the height of either the top chord or the bottom chord, and is small
otherwise.

The extensive studies carried out on beams with web opening fo-
cused on the effect of opening on beam strength, behavior, and to create
a suitable method of design [1-7]. Valuable investigations on the be-
havior of angular, rectangular and T-shaped RC beams under pure
torsion, under combined shear and torsion, pure shear, pure bending
moment, pure torsion, combined shear and bending moment or com-
bined bending moment and torsion were made by several researchers
[8-18]. However, most of these studies focused on rectangular beams
rather than T-shaped beams.

In recent years, efforts have been devoted to experimental in-
vestigations and theoretical models have been developed for creating
suitable method of design for reinforced concrete torsional members
[6,15,19-22]. Nevertheless, the international codes as ACI code [23],
Canadian code [24] and the Egyptian code of building [25] do not give
any recommendations for analyzing or designing reinforced concrete T-
shaped RC beams with web opening under pure torsion. Limited
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research on the behavior of normal and high strength rectangular RC
beams with web opening under pure torsion exists in the literature
[2-4,6,7]. El-Badry [7] studied experimentally and theoretically the
behavior of high strength rectangular RC beams under pure torsion. The
variables were the concrete strength, opening height to section depth
ratio, opening depth to its length ratio and opening vertical eccen-
tricity. El-Badry [7] proposed a theoretical model to calculate torsion
capacity, the corresponding rotation angle in all stages of loading until
failure and failure occur by formation of two diagonal cracks through
the opening opposite corners. Another study by Abd EL Salam [4] in-
vestigated experimentally the behavior of normal strength RC beams
under pure torsion for a rectangular section. The studied variables were
ratio of opening width to the beam depth, ratio of opening depth to the
beam depth, ratio of the horizontal eccentricity of the opening along
beam axis to the beam depth, amount of longitudinal reinforcement at
the top and the bottom, spacing between stirrups above and below the
opening and details of reinforcement around the opening. Deifalla and
Ghobarah [8,10], developed and implemented an innovative test setup
capable of simulating the behavior of inverted T-shaped RC beams
under combined shear and torsion. The behavior of three inverted T-
shaped RC beams tested under different values for the ratios of the
applied torque to the applied shear force. In addition, Deifalla et al
[26-28], studied the analysis and design of strengthening T-shaped
beams using Fiber Reinforced Polymer (FRP) laminates subjected to
torsion

In this paper, the experimental results of seven beam specimens are
presented and discussed clearly for each studied parameter to in-
vestigate the influence of various geometrical parameters on the torsion
strength of T- shaped RC beams with web opening. The primary ob-
jective of this research is to study the effect of flange width, flange
thickness, and opening height on the ultimate torsional moment capa-
city, and angle of rotation - torque relationships. In addition, the non-
linear behavior of the tested beams was compared with the predicted
torque-rotation curves using a new analytical model which was pro-
posed by the authors. The verification of the proposed analytical model
was achieved by comparing the predicted and experimental behavior of
the seven T-shaped RC beams which were tested by the authors. The
predicted torque — rotation curves show good agreement compared
with the experimental ones.

2. Test program description
2.1. Test specimens

The experimental program consisted of seven T- shaped RC beams.
The total length of each specimen was taken 1700 mm, and the overall
length of the beam was divided into three parts. The middle part with
1300 mm length was the tested zone. The end parts were heavily re-
inforced concrete cantilevers to prevent premature failure during

Table 1
Details of the tested specimens.
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testing. Table 1 shows the main parameters of the tested specimens. The
specimens were designed according to the Egyptian code 2009 [25].
The dimensions of web width and depth were constant and taken as
200 mm x 400 mm. The openings were concentric with respect to the
beam depth. The dimensions and steel details for the tested beams are
shown in Fig. 1 in elevation and cross section. Closed stirrups of 10 mm
diameter were used with 200 mm spacing along the beam span. To
study the effect of geometrical parameters (flange thickness and
opening height), the tested beams were divided into three groups, in
addition to the control specimen B; without opening. The first group
consisted of three beams; B,, B3, and B,4, where the flange width was
600 mm, 800 mm and 1000 mm respectively. For the second group, the
three beams were Bs, B3, and Bg where the flange thicknesses were
100 mm, 120 mm and 150 mm respectively. For the first and second
group, the depth of the openings was 60 mm which represents 15% of
the beam depth. The third group composed of beams, B3, and B, with
opening depths 60 mm and 120 mm which corresponds to 15% and
30% reduction in the cross-sectional area of the beam.

2.2. Material properties

For all specimens, the normal-strength concrete mix was designed to
develop a characteristic compressive strength of 30 MPa after 28 days.
The concrete mix consisted of 1240 kg of coarse aggregate, 620 kg of
fine aggregate, 350 kg cement, 1801 of water per 1.0 m> of concrete.
The compressive strength was determined using standard cubes
(150 x 150 x 150 mm) at 7 days, 28 days and the day of testing. All
beams were cured by water sprinkling for 28 days and then left in the
laboratory atmosphere till testing day. Foam blocks were inserted in the
beams with the required opening dimensions to form openings.
Longitudinal steel reinforcement of 12 mm diameter and closed stirrups
of 10 mm diameter have yield strength 384 MPa was used. In addition
to the closed stirrups, 8 mm diameter with yield strength 248 MPa was
used in the loading cantilever. Fig. 2a shows the geometry of the steel
reinforcement of some tested beams during constructing. Fig. 2b shows
some tested beams after casting.

2.3. Test setup

The test set-up was constructed to apply a pure torsional moment to
the tested specimens; where test specimens were simply supported on
movable supports as shown in Fig. 3c. During the test operation, the
specimens were subjected to vertical load by a hydraulic jack of
1000 kN-capacity attached to a rigid steel frame. A sensitive load cell
was used to measure the vertical load. The applied vertical load was
equally distributed on both cantilevers by rigid steel I-beam as shown in
Fig. 3b. Two Linear Variable Displacements Transducers (LVDTS) were
attached to the two ends of the cantilevers to measure the vertical
displacement at various loading stages. All the instrumentations were

Beam B t h, L, te t A [ Pr (pe/ p1)
specimen (mm) (mm) (mm) (mm) (mm) (mm) (mm?) (%) (%)

B 800 120 0 0 0 0 152,000 0.743 0.258 0.347
B, 600 120 60 600 170 230 128,000 1.236 0.307 0.248
Bs 800 120 60 600 170 230 152,000 1.041 0.258 0.248
By 1000 120 60 600 170 230 176,000 0.899 0.223 0.248
Bs 800 100 60 600 170 230 140,000 1.130 0.280 0.248
Be 800 150 60 600 170 230 170,000 0.931 0.231 0.248
B, 800 120 120 600 140 260 152,000 1.041 0.258 0.248

Where, B is the flange width; t; is the flange thickness; h, is the depth of the opening; L, is the length of the opening; t; is the distance measured from the top face of the beam to the top of
the opening; ty, is the distance measured from the bottom face of the beam to the bottom of the opening; A is the gross cross sectional area; p; is the ratio of the longitudinal reinforcement
area to the gross cross section area of the RC section; and p; is the ratio of the transversal reinforcement area to the gross cross section area of the RC section.
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Fig. 1. Dimensions and details for all tested specimens (a) Typical elevations for control specimen and specimens with openings (b) Cross sections for all tested specimens.

connected to a data acquisition system (DAQ) to record the readings
during the test.

The load on each cantilever was applied in increments. About 15
load increments were used up to failure. After each increment, the
readings of vertical load and vertical displacement were recorded. The
development and propagation of cracks were marked up to failure. The
rotation angle was measured by dividing the deflections under both two
loaded points by the distance between the centerline of the tested
beams and the loaded point. The torque measured by multiplying the
applied load on the cantilever by the distance between the centerline of
tested beams and the loaded point.

86

3. Test results and discussion
3.1. Cracking patterns and failure modes

The cracking patterns in the vertical and the horizontal faces for
each beam under pure torsion are shown in Fig. 4. The crack pattern is
nearly the same for all beams. The first crack appeared at the corner of
the opening. These cracks were inclined with approximately 45 degrees’
angle to the longitudinal axis of the beam. The angle of inclination of
the compression diagonals with respect to the beam axis, 6, depends on
the ratio of the force carried by the longitudinal reinforcement to that
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(b)

Fig. 2. Test specimens (a) reinforcement and (b) after casting.

carried by the stirrups [29]. There are many cracks appeared on the
vertical and outer horizontal faces especially at the bottom chord of
each beam. These cracks at the inside horizontal face of the top and the
bottom chords occurred at the later stage of loading especially at the
top chord due to the existence of the slab which resists the applied
torsional moment. The cracks were spirally trajectory on the four sides
of tested beams due to shear stresses from torsion. The crushing of
concrete was the main cause of the failure mode in all the tested beams.
The crushing zones were in the solid section and were joined by spiral-
diagonal tension cracks around the remaining three beam faces. Fig. 5
shows the cracking patterns of the tested specimens at failure. The ratio
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Plan of specimens B, Bs, Bs, B¢, and B7

of the transversal and longitudinal reinforcement as shown in Table 1,
strongly governs the ratio of the forces carried by the longitudinal and
transversal reinforcement which can be seen in the global failure mode
as well as the angle of the cracks in the ultimate state.

3.2. Torque - rotation curves

Fig. 6 shows the effect of flange width, flange thickness and opening
height on the measured torque — rotation curves respectively. These
curves show that the relation between the applied torsional moment
and the angle of rotation can be divided into two main parts. The first
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(b) Test setup and support detail

Fig. 3. Arrangement of the test setup.
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(c) Cracking pattern of beam specimen B;

@ Cracking pattern of beam specimen By

= 48

i

(g) Cracking pattern of beam specimen B

Fig. 4. Cracking patterns of the tested specimens in horizontal and vertical faces.

part is linear up to the cracking torque. The second part is nonlinear and
the slope of the curve decreases with increasing the torque indicating
the post-cracking behavior. All tests were performed under load con-
trol; therefore, the torque-rotation curves do not incorporate a des-
cending branch after the maximum torque. Therefore, torque-rotation
curves do not allow concluding the influence of the studied variables on
the ductility of the studied beams.

3.3. Measured torque and rotation angle at working and ultimate levels

The measured torque and rotation angle at working and ultimate
levels are summarized in Table 2 for each specimen. The effect of flange
width on the measured results for beams (B,, B3, and B,) are shown in
Fig. 7a. The cracking torque is increased for beams B; (with B
= 800 mm) and B4 (with B = 1000 mm) by about 12% and 22% re-
spectively, compared to the cracking torque of beam B, (with B

88

= 600 mm) while the ultimate torque is increased by about 4% and
10% respectively. On the other hand, the cracking angle of rotation is
increased for beams B; and B4 by about 29% and 43% respectively,
compared to the cracking angle of rotation of beam B,. The angle of
rotation at ultimate is increased by about 25% and 29% respectively. It
is clear that the measured torque and rotation angle at cracking and
ultimate levels are increased with the increase of flange width.

Fig. 7.b shows the effect of flange thickness on the cracking and the
ultimate torque for the three tested beams (Bs, Bs, and Bg). The figure
indicates that the increase of flange thickness increases the cracking
and the ultimate torques. The cracking torque is increased for beam B3
(with t; = 120mm) and Bg (with t; = 150 mm) by about 53% and
108% respectively, compared to the cracking torque of beam Bs (with t,
= 100 mm) while the ultimate torque is increased by about 5% and
33% respectively. The angle of rotation at the first crack is increased for
beam B3 and beam B¢ by about 50% and 83% respectively compared to
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(d) Failure mode of beam specimen B7

Fig. 5. Cracking patterns of the tested specimens at failure.
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Table 2
Experimental results of the tested specimens.

Beam specimen T, Ocr Ty Oy Ter / Tu O
(kN. m) (deg/ m) (kN.m) (deg/m) (%) (%)
B, 28.0 1.403 39 4.41 71.79 31.81
B, 14.7 0.80 25 2.75 58.80 29.00
Bs 16.5 1.03 26 3.44 63.46 29.94
By 18 1.15 27.5 3.55 65.45 32.39
Bs 10.8 0.69 24.8 3.2 43.55 21.56
Bs 22.5 1.26 33 3.67 68.18 34.33
B, 10.2 0.57 21.9 2.86 46.58 19.93

where, T, is the cracking torque; 6, is the angle of rotation at first crack; T, is the
ultimate torque;and 6, is the angle of rotation at ultimate.

the angle of rotation at cracking of beam Bs. The angle of rotation at
ultimate is increased by about 7% and 14% respectively. It is obvious
that the increase of flange thickness (t;) increases the cracking torque,
ultimate torque and corresponding angles of rotation.

The cracking and ultimate torque for the three tested beams (B4, B,
and B;) with different opening height is shown in Fig. 7c. The cracking
torque is decreased for beam B3 (with h, = 60 mm) and beam B, (with
h, =120mm) by about 41% and 64% respectively compared to
cracking torque of beam B; without opening. The ultimate torque is
decreased by about 33% and 44% respectively. The angle of rotation at
the first crack is decreased for beams B3 and B, by about 27% and 59%
respectively compared to the angle of rotation at cracking of beam B,
without opening, the angle of rotation at ultimate is decreased by about
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height.

22% and 35% respectively. It indicates that the increase of opening
height (h,) decreases the cracking torque, ultimate torque and the
corresponding angle of rotation at the first crack and at the ultimate.

4. The proposed analytical model

The torsional strength of members with both longitudinal steel and
stirrups is determined by two different elastic analysis methods, which
are skew bending theory [30] and space truss model theory. The space
truss model theory is divided into Rausch truss analogy [12] and the
variable angle truss model [31]. When a beam is subjected to pure
torsion its cross section is idealized as a thin-walled tube and the con-
crete core is neglected as shown in Fig. 8. After cracking the torsional
strength is provided by closed stirrups and longitudinal bars. The beam
will resist the torsional moment by the outer side perimeter of the beam
section and the concrete will be separated into series of diagonal con-
crete struts at an angle (0) [29]. Thus, truss model theory considers all
sections; hollow or solid sections are idealized as thin-walled tubes after
cracking. The torsional moment acts as a shear force on the outside
perimeter of the beam section. Each edge of the beam section is re-
sisting this shear force as a plane truss model which represents separate
beam with width (t.) as shown in Fig. 8. Therefore, the beam is resisting
this torsional moment by four plane trusses at each edge forming what
is known as space truss model.

The space truss model consists of longitudinal reinforcement re-
presenting the top and the bottom chords of the truss; closed stirrups
representing the vertical members of the truss; and diagonal concrete

Fig. 8. The idealized cross section for torsion (a) Section of the actual beam (b) Truss
model ideal section [29].
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compression members between spiral cracks around the beam re-
presenting the diagonal members of the truss. Fig. 9 shows the com-
ponents of space truss model. The space truss model is included in the
latest versions of the ACI 318-14 [23]. Therefore, for any beam either
solid or hollow, the external fibres of the beam only contribute in re-
sisting torsional moment. Thin walled section analysis used to predict
the shear stresses due to torsion in hollow section as well as in solid
sections.

Rausch [12] extended Morsch 45° truss model [32] for design shear
and torsion and derived an equation to predict torsional strength of
solid reinforced concrete members based on space truss model but it
overestimates the actual torsional strength of any members. The soft-
ening of concrete due to diagonal cracking causes the un-conservative
nature of Rausch's equation [12]. Consequently, using a new stress-
strain curve for softened concrete improved the prediction of torsional
strength. The applied moment is resisted by a field of diagonal com-
pressive stresses in the concrete strut, which does not exceed cylinder
compressive strength due to the existence of transverse tensile strain.
This phenomenon is called "concrete softening in compression". Nu-
merous models for softened stress strain curve proposed by Vecchio and
Collins were found in existing literature [33-36]. In the present ana-
lysis, the softening concrete parameter (f3) is calculated based on the
modified compression field theory [35] that is provided by Canadian
code (CAN/CSA A 23.3-14) [24]. A new analytical model was devel-
oped and an analytical procedure was proposed for nonlinear analysis
of T-shaped RC beams with large web opening subjected to pure torsion
to calculate torque and angle of rotation at all stages of loading where
the behavior of T-shaped RC beams under torsion is studied by means of
torque - rotation curves. The analytical method employs the combi-
nation of model of concrete softening and space truss model. The sof-
tened truss model has been successively used for torsion, which is ex-
tended to T-shaped RC beams with large web opening under pure
torsion. The nonlinear behavior for the materials (concrete and steel
reinforcement) is incorporated by mean of stress (o)-strain (go) re-
lationships. The verification of the proposed analytical model is
achieved through extensive comparisons between torque-rotation
curves that are obtained from current analytical model and the ex-
perimental results of the seven beams that were tested by the authors.

4.1. Analysis of the proposed analytical model

The proposed analytical model in this study based on the developing
of the softened truss model proposed by Hsu et al. [21] which depends
on an iterative analysis procedure for sections analysis subjected to
pure torque. The softened space truss model, developed by Hsu, is si-
milar to the space truss model described above; except that it utilizes
the full concrete cross section and takes concrete softening into con-
sideration. The model was developed according to the fundamental
principles of the mechanics of materials, stress equilibrium, strain
compatibility, and the constitutive law of materials. The used analytical
procedure is proposed with several simplifications by assuming the
angle of inclination of the diagonal concrete struts (6) equals 45 degrees
for non-pre-stressed reinforced concrete members [23]. The softening
concrete parameter is calculated from Eq. (13) [24] and the equivalent
thickness of shear flow zone (t,) is calculated from ACI equation [23].
The modified model is extended to analyze T-shaped RC concrete beams
with large web opening under pure torsion. The analysis procedure is
applied by dividing the beam into two parts, top and bottom chords.
The top chord is the T-shaped part above the opening and the bottom
chord is the rectangular part below the opening (Fig. 10). The sum of
the torsional moments for the top and bottom chords is the total mo-
ment applied on the beam and the angle of rotation assumed to be the
maximum angle of the two parts. However, for the T-shaped RC beams
without openings the beam is considered as a top chord with depth
equals the total depth of the beam and the depth of the bottom chord
equals zero.
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The analysis of the proposed model can be summarized in the fol-
lowing points briefly:

1st: Determine the shear stress due to torsion in each face of the
beam where each face acts as a beam with width (t,) resists a shear
stress 7 by plane truss. The shear flow (q) is the product of shear stress
(1) by the equivalent thickness of shear flow zone (t.) with constant
value at all points around the perimeter of the tube. The shear flow path
acts at mid-thickness of the walls of the tube, as shown in Fig. 9b. The
shear stress due to torsion at any point along the perimeter of the tube
can be calculated from Eq. (1). the equivalent thickness of shear flow
zone () can be calculated from Eq. (8). The cross-section properties

(A,) and (A,p) are expressed by the shaded areas (Fig. 11). The cross-
section properties can be calculated for the rectangular and T-shaped
sections from Egs. (2)-(6), respectively.

_ T
24t eh)
- For rectangular section:
Agp = (b —2d)(t - 2d) (2)
A, = (b — t)(t — t,) =0.85A,, 3
Py =2[(b-2d) + (t — 2d)] @
- For T- shaped section:
Aop = [(B = 2d)(t; — 2d) + (b — 2d)(t — t; — d)] (5)
A, =[(B = t)(t; — t,) + (b — t,)(t — t;—0.5t,)] =0.854,, 6)
Py =2[(B-2d) + (t — 2d)] )
Py, ®

Where, (A,) the area enclosed by the centerline of the shear flow zone
equals 0 .85A4,,(ACI 318-14); (A,) is the gross area bounded by the

-
:
;

=

(a)

(t-ts)

!
!
!

(b)

Fig. 11. Definition of A, Ao, and Py, for rectangular and T- shaped beam cross section (a) Area and perimeter enclosed by the centerline of stirrups (Aon),(Pr) (b) Area enclosed by shear

flow path (A,).

91



A.E. Salama et al.

Journal of Building Engineering 18 (2018) 84-94

fez A fez A
Bfe | - - - - __ Bfe |l - _ __
: S s
" 1 SE3) 3N\
) N < et Az N .
= ey \ FNA L \
E ' > 2 - )
€25 BFO 2 & B o) 250
(a) & < Bg (b) & > Be,

Fig. 12. Stress-strain curve for softened concrete [35].

centerline of the outer most closed stirrups and (Py) is the perimeter of
the closed stirrup.

2nd: Study equilibrium for each face of the space truss to calculate
the internal forces in each plane truss. Fig. 9a shows the analysis of one
face of the space truss where the shear force V; is resolved into a di-
agonal compressive force (D; = V; / sin 0) and an axial tension force Nj.
The force D; is resisted by compressive stress in the struts. The diagonal
compressive strength acting on the softened concrete struts can be
given by:

fo = T
«d ™ 2 Aut, sin O cosd (C)]
So, the torsional moment equals
T = 2A,t,f,; sind cosd (10)

3rd: The stress-strain curve for softened concrete is used in the
current theoretical model that was proposed by Vecchio and Collins
[35] as shown in Fig. 12. The curve is divided into two regions:

Region 1: For <f,, the equation of ascending portion of the curve
is:

e [2)-5(2)]

Region 2: For &>f¢, the equation of the descending portion of the

curve is:
)2 }

fo = ﬁfe [1_(
(a) 5<pe, (b) &>pe,

Where ¢, = 3 g9

The average compressive stress for the softened concrete struts in
the space truss model (f,q4 ), which is related to the maximum com-
pressive stress f, is computed by using equation (15). The factor k; is
the ratio of the average stress (f.q) to peak stress (8f.) and can be cal-
culated by integration of stress — strain curve equations in Fig. 12 as
expressed in Eqgs. (16) and (17), or can be obtained from Table 1 [21] as
a function of the concrete compressive strain at concrete surface (e5)
and the softening parameter (). The parameter B can be calculated
from Eq. (13) according to Canadian code equation (CAN/CSA A
23.3-14) [24].

1

B 1D

—¢§

2e9 — &p (12)

= 1
T 08+170g 13
g =g + (g +0.002)cot? 14
) f.q  average stress
=kpf.so, k= 5 =—=——
Jea = il "7 Bf.  peak strenght 15)
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Foreys < feo

2
w2 Lo o2) (2]

& (16)
Foreys > feo
ALA 1 pe :
o - e (%) - (2] e
& &s| Y0 &p &
£ 35 & >
25 2~ ¢p
+ 1-| —— |de
"/E‘P [ (250 - Ep) ] 2 17)

Where A,, and A;, A, are the shaded areas under ascending and des-
cending portions of the softened stress — strain curve as shown in
Fig. 12. g is the principal tensile strain of strut, g is the tensile strain of
the longitudinal steel.

4% Studying compatibility equations for each face of the space
truss. Five basic equations are derived by Hus [21]. The first equation
relates the angle of rotation (0*) to the shear distortion (y) in the wall.
The second and the third equations relate the shear distortion (y) in the
wall to the strains in the tensile strain in the longitudinal reinforcement
(g) and the tensile strain in the stirrups (e,). The last two Egs. (21) and
(22) describe the bending of the concrete struts. The curvature of the
diagonal concrete struts (y) is related to the angle of rotation (6*) as
expressed in Eq. (21). The last Eq. (22) relates the compressive surface
strain, g with the curvature of the concrete strut, y and the effective
width of shear flow zone, ¢,. Fig. 13 shows the total width of the thin-
walled tube of softened space truss (t) due the bending of concrete
struts, only the compression zone with effective width t. is considered.
The strain distribution is assumed to be linear within the effective width
of shear flow zone (t,).

6% = Ppy

240 (18)
r_ (g, + &)cotb
2 19

Longitudinal bar et pPrig KBk

_\
Center line off 4 = =[]

shear flow zone !

&

=

Strains ~ Stresses Stress Block

Fig. 13. The strain and stress distribution in the thin-walled tube of softened space truss
[24].
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Y _

5= (& + &)tand (20
Y = 6*sin20 (@4))
& = YL, (22)

5th: Studying the relationship between equilibrium and compat-
ibility equations. The angle of rotation can be derived by using some
trigonometric relationships together with the compatibility equations.
The angle of rotation can be obtained as function of the compressive
surface strain, effective thickness of shear flow zone(t.), and the in-
clination angle of the diagonal concrete struts (6).

Py

0* = — (g + g)tand
AO( ¢+ &) (23)
Py .

¥ = —(g + &)tanbsin26
A, 24)
2Pt, .

&y = & + &)tanfsinbcosd

28 Ao ( t 2) (25)

* _ 2
2t.sinBcosd (26)

4.2. Procedure of the proposed analytical model

The proposed model using excel sheet has been performed for
nonlinear analysis of flanged RC beams subjected to pure torsion to
calculate the torque (T) and the angle of twist (6*). Fig. 14 presents the
flow chart for the proposed theoretical model. The procedure can be
summarized as follows:

Step (1): Select a value of the compressive strain at the surface of
concrete strut g where the maximum value of g doesn’t exceed
0.0035.

Step (2): Assume the angle of inclination of the diagonal concrete
struts (0 = 45°) and calculate  from Eq. (13).

Step (3): Calculate the values of Ay, A,, Py, and t. from Egs. (5), (6),
(7), (8) and (2), (3) (4), (8) for top and bottom chord of the beam
respectively.

Step (4): Calculate k, from Egs. (16) and (17) or from Table 3 then
calculate f,, from equation (15).

Step (5): Calculate the torque for the top and the bottom chord, also
calculate the corresponding angle of rotation 6 * from Egs. (10) and
(26), respectively.

Step (6): Repeat the pervious steps with another value for ey,
consequently seven values for torque and corresponding angle of

<x

| Divide the beam into top and bottom chords |

| Select incremental values for €55 with 0.0005 |

| Calculate B and t., A, for each part |

| Calculate K and f.q, then calculate T and 0" for each |

| T = Tiop + Thotom and 0" = is the max of 610p and Bpotiom

I Select another value of &, then plot torque — rotation curve|

Fig. 14. Flow chart for calculating torque (T) and rotation angle (6%).
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Table 3
The value of K; corresponds to (3 and e, at all stages of loading [21].

&5 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
B ky

0.1 0.8654 0.9215 0.9218 0.8994 0.861 0.8089 0.7439
0.2 0.7333 0.8611 0.8883 0.8806 0.8513 0.8048 0.7429
0.3 0.6018 0.798 0.8526 0.8604 0.8409 0.8005 0.7419
0.4 0.4948 0.7331 0.8147 0.8385 0.8294 0.7956 0.7407
0.5 0.4167 0.6667 0.7747 0.8148 0.8167 0.7901 0.7394
0.6 0.3588 0.6019 0.7325 0.7891 0.8026 0.784 0.7379
0.7 0.3146 0.5442 0.6889 0.7613 0.787 0.7771 0.7362
0.8 0.2799 0.4948 0.6445 0.7314 0.7698 0.7693 0.7432
0.9 0.2521 0.4527 0.6018 0.6997 0.7506 0.7603 0.7319
1.00 0.2292 0.4167 0.5625 0.6667 0.7292 0.75 0.7292

where, ¢, is the compressive strain at the surface of concrete strut at different stages of
loading which doesn’t exceed 0.0035, k; is the ratio between average stress (fcq) and peak
stress (Bf);and P is the concrete softening parameter.

rotation and the torque- rotation curve can be plotted.
4.3. Comparison of experimental and analytical results

The analytical and experimental torque-rotation curves of the spe-
cimens tested by the authors are shown in Fig. 15. All these specimens
are with openings expect the control specimen B;. The analytical
torque-rotation curves predicted by the proposed model were validated
by comparing the predicted and experimental curves of the seven spe-
cimens tested by the authors. Fig. 15 shows that the analytical torque-
rotation curves predicted by the proposed model agrees well with the
experimental ones.

5. Conclusions

The paper presents a test setup capable of simulating the behavior of
reinforced concrete T- shaped beams under pure torsion. The torsional
behavior of beams with and without rectangular web opening is in-
vestigated and the main conclusions drawn are summarized as follows:

1. The first cracks appeared at the two diagonal corners of web
opening with 45- degree inclination to the longitudinal axis of the
beams. The crushing of concrete was the main cause of the failure
mode in all the tested beams. The crushing of the concrete was
observed at the four corners of the openings

2. The geometrical parameters of beam flange have a great effect on
the behavior of T-shaped beams under pure torsion. Increasing the
flange width or flange thickness increases the torsional capacity and
angle of rotation at different levels due to stiffness enhancement.

3. The increase of flange width by about 67%, increases the torsional
capacity by 22% at the first crack level and by 10% at the ultimate
level. Also, the angle of rotation is increased by 43% at the first
crack level and 29% at the ultimate level.

4. When the flange thickness is increased by 50%, the torsional capa-
city is increased by 108% at the first crack level and by 33% at the
ultimate level. Also, the angle of rotation is increased by 83% at first
crack level and by 14% at the ultimate level.

5. The opening height affects the torsional capacity as it reduces the
stiffness of the beam. When the opening height was doubled, the
torsional capacity is decreased by 38.18% at the first crack level,
and by 16% at the ultimate level. Also, the angle of rotation is de-
creased by 44% at the first crack level and by 17% at the ultimate
level.

6. The proposed analytical model is reliable for predicting the torsional
behavior of T- shaped RC beams with large web opening subjected
to pure torsion where the model prediction agrees well with the
experimental results.
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Fig. 15. Comparison between experimental and analytical torque-rotation curves.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the

online version at http://dx.doi.org/10.1016/j.jobe.2018.02.004.
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