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Analysis of Sections Subjected to Combined Shear and

Torsion—A Theoretical Model

by Khaldoun N. Rahal and Michael P. Collins

A three-dimensional behavioral truss model capable of analyzing rectan-
gular reinforced and prestressed concrete sections subjected to combined
loading is presented. This model uses the principles of the modified com-
pression field theory (MCFT), and is capable of analyzing sections sub-
jected to combined biaxial bending, biaxial shear, torsion, and axial load.
Compatibility of curvatures is introduced to enable the model to handle
combined shear and torsion, and explain nonlinearity in the shear-torsion
interaction curve. The model provides a check on spalling of the concrete
cover for sections subjected to combined shear and torsion.

Calculated deformations and ultimate |oads from the model are compared
with experimental results and are shown to be in good agreement.

Keywor ds: angle of twist; beams (supports); bending; bridges (structures);
cracking (fracturing); deformation; reinforced concretes; shear properties;
spalling; strength; torsion tests.

Many structural elements are subjected to load combina-
tions that include significant torsion and shear. Fig. 1(a) and
(b) show two examples: an elevated guideway structure, and
a frame on the edge of a building or in a multideck bridge
structure. In general, six actions may be acting on a section:
torsion T, axial load N, vertical shear V,, vertical bending M, ,
lateral shear V,, and lateral bending M, [Fig. 1(c)].

The North American design provisions (ACI,* CSA?) for
members subjected to combined loading are semi-empirical,
and are incomplete, since they do not cover the case of the
six combined actions. Moreover, ACI* provisions do not
cover prestressed concrete members subjected to torsion. In
addition, treatment of the issue of spalling of concrete cover
isinconsistent with the Canadian code,? which assumes that,
under torsion, the concrete cover will spall off, while ACI
provisions account for atorsional contribution from the cov-
er.

Engineers designing sections subjected to complex load-
ing must someti mes supplement the code provisionswith an-
alytical modelsfrom theliterature, such asthat of Rabbat and
Collins,® which was developed in 1975. However, these
models often do not include the latest research findings, such
as softening of the compressive strength of diagonally
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Fig. 1—Examples of structures subjected to combined sec-
tional forces
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cracked concrete, the ability of cracked concreteto carry ten-
sion, and the ability of relatively small concrete covers to
contribute to torsional and shearing resistance without spal-
ling.

This paper presents an analytical model capable of predict-
ing the behavior of reinforced concrete sections subjected to
biaxial bending, biaxial shear, torsion, and axial load. The
model considers the stress-strain relationship of cracked
concrete and provides a direct check on spalling of concrete
cover dueto shear and/or torsion. It is believed that this mod-
el will be acontribution to the more rational analysis of rein-
forced concrete members subjected to complex |oading.

DESCRIPTION OF THE MODEL

Fig. 2(a) (from Reference 4) shows the original section
and three-dimensional stresses on asmall element within the
section. These stresses are complex, and cannot be deter-
mined easily with the current knowledge of cracked concrete
behavior. To simplify the analysis, the section isidealized in
such a way as to consider elements subjected to one- and
two-dimensional stresses separately, while maintaining in-
teraction between the two systems. Fig. 2(b) shows the ide-
alized section resisting a portion of the applied actions (N,
M,, M,, and the longitudinal stresses due to shear and tor-
sion) by means of longitudinal stresses. As shown, the longi-
tudinal strains are assumed to vary linearly over the section,
i.e., plane sections remain plane, and the longitudinal stress-
esarerelated to the longitudinal strains by the usual uniaxial
stress-strain relationships for the materials.

Fig. 2(c) shows the idealized section resisting torsion and
shears (T, V,, and V) by means of two-dimensional stresses.
This section consists of four transversely reinforced walls
with varying thickness and varying angle of principal com-
pressive strains. Subscripts L, B, R, and T refer to the left,
bottom, right, and top walls of the idealized section, respec-
tively. Subscript i is used to refer to al four walls when a
property or equation is common to al of them. The terms b
and h are the sectional width and depth, respectively.

Interaction between Systems 1 and 2

Links between the two idealized systems are the longitudi-
nal strains e (obtained from System 1 and used in System 2)
and longitudinal forces due to shear and torsion (obtained
from System 2 and used in System 1). Hence, each wall is
subjected to a shear force and alongitudinal strain ¢ . EQua-
tions of the modified compression field theory® can then be
used to solve for the complete state of stress and strain in
each wall.

A number of requirements must be satisfied within this
model before the predicted response can be obtained. These
reguirements include:

1. Over the section: equilibrium of the shearing stresses
(System 2) and longitudinal stresses (System 1), and com-
patibility of strainsin the longitudinal direction (System 1).

2. In each wall: constitutive laws for steel and concrete
(MCFT) (Systems 1 and 2); condition of compatibility of av-
erage strains (MCFT) (System 2); condition of equilibrium
of average stresses (MCFT) (System 2); and compatibility of
curvatures (System 2).

REQUIREMENTS OVER THE SECTION
Equilibrium of shearing stresses (System 2)

The four walls are tied together by the requirements of
equilibrium of shearing stresses. It is assumed that V, is re-
sisted solely by the two vertical walls, while V, is resisted
solely by the horizontal walls.

Hence, the vertical shear stressv in the vertical walls can
be related to V, by

. D
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Fig. 3—Strain and stress distributions across wall thickness
and equivalent stress block

where b, and d, are, respectively, the “web” width and ef-
fective flexural depth for vertical moment. Similarly, the
horizontal shear stress v in the horizontal walls is related to
V; by

v= =2 )

where, now, b, is the web width and d, is the effective flex-
ural depth for lateral moment. Note that b, and d, in Eq. (2)
are different from thosein Eq. (1).

The shear flow q circulating around the section provides
the resistance to torque and hence

T= 2Aq 3

where A, is the area enclosed by the shear flow.

Shearing stresses and principal compressive strains , will
vary across the wall thickness ty. Experimental evidence ob-
tained by Mitchell and Collins® has shown that the diagonal
compressive strains associated with shear flow vary linearly
across the wall thickness. Fig. 3(a) and (b) show alinear dis-
tribution of strains, and the corresponding parabolic distribu-
tion of stresses, respectively. It is convenient to replace the
parabolic stress distribution by an equivalent rectangular
stress block, asisdonein flexural calculations. Note that the
depth of this equivalent stress block is called a.

The shear stresst due to applied torque, and acting across
athickness a, is given by

= 9= T
‘ & ZAoai (4)

where a is the eguivalent thickness of the diagonal, effec-
tivein resisting torsion. [Fig. 3(c)]. The area enclosed by the
shear flow can be related to a;, b, and h, the dimensions of
the section, by the following relationship

Aog@,_a_t_a_djaﬁ_ﬁ_a_sé (5)
For the critical wall, where t and v are additive, the shear

stress distribution is assumed to be as shown in Fig. 4(a). The
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uniform shear stress due to the shear force acts over athick-
nesstg,, and is computed using Eq. (1) and (2), with tg, taken
as half the effective shear width. The equivalent uniform
shear stresses due to torsion act over a width a of the wall
and are calculated by Eq. (4).

The modified compression field theory for shear devel-
oped by Vecchio and Collins® has been successfully used in
membrane elements and beams. To apply this theory to the
present model, an average value v,, of the shearing stress
shown in Fig. 4(a), acting on an appropriate thickness t,,,
must be computed. The termst,, and v,, shown in Fig. 4(a)
are calculated in such a way as to provide a shear loading
equivalent to the original system of stresses. Averaging t
and v across t,, underestimates the concrete compressive
stresses in the outer fiber of the wall, e,.. A special check,
described later, is conducted to cal culate the maximum con-
crete compressive stress, which is the indicator of crushing
of concrete.

Equilibrium of longitudinal stresses (System 1)

Thelongitudinal stressesin the section must bein equilib-
rium with the applied axial force and biaxial moment. Since
torsion and shearing forces cause additional longitudinal
stresses in the section, their contribution must also be taken
into account.

The concrete and steel stresses (obtained from strain dis-
tribution over the section, and using the material constitutive
laws), when integrated over the section, should add up to the
sectional forces. Hence

4

OedA. + A= N+ & N, (6a)
Ag Ap i=1
.
dcydAc+ dsydAs+ dpydAp: _Mz_ é (yqu\) (6b)
Ac As Ap i=1
4
JezdAc+ fs2dAs + fpzdA= —My - § (zN,) (6¢c)
Al A Ap iz 1

where A;, A;, and A, are, respectively, the areas of con-
crete, nonprestressed steel, and prestressed steel in the sec-
tion, and f;, fs, and f, are, respectively, the stresses in the
concrete, nonprestressed steel, and prestressed steel. z and y;
are, respectively, the z- and y-coordinates of the centroid of
Wall i. The right-hand sides of these equations are the total
equivalent actions, which are the summation of the applied
loads and those due to the effect of shearing stresses. N, is
the longitudinal force due to wall shearing stresses, and is
computed for each of the walls using the following equation

Nyi= @h_flig (7)

where f; is the average tensile stress in diagonally cracked
concrete.
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Compatibility of longitudinal strains (System 1)

Fig. 2(b) shows a general view of the deformation of the
section in the longitudinal direction. The section may be
curved in both the horizontal and vertical planes. Threeinde-
pendent variables are necessary to describe the state of lon-
gitudinal strain and, consequently, the state of longitudinal
stress. Fig. 2(b) shows the variables chosen for this model,
along with their sign convention. These variables are;

longitudinal strain at section centroid, taken positive if

€cen = tensile
f, = curvature about z-axis, taken positive if it causes com-
pression in top fiber
f = curvature about y-axis, taken positive if it causes com-
y pression in right fiber

For a given combination of e, f ,, and f ,, longitudinal
strain e, at any point with coordinates (y, z) can be computed
asfollows:

e\: (ecen_yfz+ Zf y) (8)

The model assumes a perfect bond between the concrete
and steel. Hence, Eq. (8) can be used to compute strain in the
concrete and in reinforcing bars at the section. The strainin
the prestressed steel isthat in the concrete plus pe,, thestrain
difference between the tendon and surrounding concrete,
which depends on the specifics of the prestressing operation.

REQUIREMENTS WITHIN THE WALLS
The constitutive laws, and compatibility and equilibrium
requirementsincorporated in the modified compression field
theory (MCFT), are satisfied, and compatibility of curva-
tures between the walls is also insured.

Compatibility of curvatures (System 2)

In each wall, the twist y of the section, longitudinal cur-
vature f |, transverse curvature f ,, and maximum curvature
(along q ) f 4, arerelated by the requirement of compatibil-
ity. The following equation can then be deduced’

fgp= f.5N°(q) +f cos’(q)+ Ysin(2q) 9

Care should be taken with the signs of the longitudinal and
transverse curvatures. For example, the transverse curvature
in the right wall is computed using the following equation

fo = -1~ 8 & (10)

where by is the center-to-center dimension of the vertical leg
of the stirrups. The transverse curvature in the left wall will
be of opposite sign to that in the right wall.

Given f 4, and the strain at the surface e, the thickness
of the diagonal is computed by

4= Zos (11)

Concrete surface strains (System 2)
The compressive strain at the surface of concrete e 5 isan

indicator of crushing, which is a key aspect of the behavior
of partially and completely over-reinforced sections. The
analysis, which is based on the average values, v,, and t,,
(Analysis 1), assumesaconstant e ,, and, hence, does not re-
flect the way e, and t change across the width of the wall.
A specia analysis is required to more accurately estimate
e, This specia analysis (Analysis 2) is based on the as-
sumption that the principal compressive strains caused by
torsion vary linearly across the width of the wall.

Thevaluesof f,,, a, and f,,,, are obtained from Analysis
1. The combined shear and torsion contribution to concrete
principal compressive stressesisf,,, t,,. The shear contribu-
tion is foq, t,, Wheref,g, is

fasn= Ven(tang + cotq) —f; (12)

The torsion contribution to the principal compressive
stressesis, therefore, f,,, tq, - T, tgr Thiscontribution is used
to calculate, by trial and error, the value of e, based on the
assumption that e, due to torsion varies linearly across t,.
[Fig. 4(c)]. The solution technique should consider the pos-
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sibility that t; may be greater than the wall thickness t. This
case corresponds to partial plastification of the wall.

A numerical examplein Reference 4 illustrates this check,
carried out on the critical wall of the section of contraflexure
of RC2-1 (Reference 4) tested under combined shear and tor-
sion. The average value of e, was 0.000174, while the sur-
facestrain e,s was 0.000294.

e, a1, and b ; are used to check for crushing of the con-
crete at the surface, and to update the values of A,, and
hence, better estimate the twist. Crushing is assumed to take
place when the surface principal compressive strain e,
reaches 1.5 eg¢.

SPALLING OF CONCRETE COVER

Fig. 5(a) shows the corners of a section subjected to tor-
sion. The compressive stresses, which contributeto theresis-
tance to applied torque, change direction near the corners.
This creates tensile stresses in the direction perpendicular to
the compressive stress direction. When the concrete cannot
resist these tensile stresses, splitting takes place, usually
along the weak plane formed by the transverse bars. Similar
spalling can occur under shear or combined shear and tor-
sion.

The mechanics of spalling have still not been adequately
studied. However, since concrete cover is held to the section
by the ability of concrete to resist tension, counting on the
load carried in the cover is equivalent to relying on tensile
stresses in the concrete.

Factors that increase the risk of spalling include:

1. Increasing the concrete cover.

2. Increasing f, (which may vary across the cover if torque
isapplied).

3. Increasing the area of steel at theinterface between con-
crete inside and outside the stirrups.

4. Decreasing the tensile strength of concrete.

A measure of the weakening effect of the steel in the split-
ting plane may be given by

_ Sdy; S+ dul':
- r.s (13)

Ky
where d,,, isthe diameter of longitudinal bar, and the sum-
mation is taken over all the bars in contact with the stirrups.
dy; is the diameter of the stirrup bars, sis the spacing of the
stirrups, and p, is the perimeter of the stirrup. K; is approxi-
mately the ratio of the area occupied by the reinforcing bars
to the total area along the perimeter of the stirrups.
The suggested measure of the potential of spalling in the
vertical wallsis given by

K.= Kldzd(z)
© o,

(14a)

Integration is carried out along the clear cover only. For
the horizontal walls, integration isperformed in the direction
of y, and b, is replaced by d,. Assuming that .ff.¢ is propor-
tional to the tensile strength and that it carries the units of
stress, the coefficient K, isdimensionless.
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Fig. 5—Spalling in section

K,-values (at loads at which spalling was observed or at
ultimate loads, whichever takes placefirst) were analytically
computed for the specimens subjected to shear and torsion,
from References 4, 6, and 10 [Fig. 5(b)]. A measure of K, at
which spalling was first detected (based mostly on speci-
mens of Series 2 of Rahal and Colling) is given by

K,= 0.0270 + 0.0135 Jvib £ 0.0560 (14b)

where the value of T/(Vb) is positive. The factor K5 is di-
mensionless.

To insure that the spalling load is always greater than the
cracking load, and to avoid very conservative predictions for
spalling in sections with large thickness of concrete cover,
spalling is assumed to take place only if e, exceeds 20 per-
cent of e¢ .

Reduction in dimensions due to spalling
From the literature on tests on combined shear and torsion

that reported whether or not spalling occurred before the ul-
5
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BINED

timate capacity wasreached (primarily Reference 8), thefol-
lowing can be concluded:

Case 1—n the case of high T/(Vb), the magnitudes of (t
+v), t ,and (t -v) may all belarge enough to cause spal-
ling, and, hence, spalling can affect the cover around the
whole section.

Case 2—In the case of small T/(Vb), the magnitude of (v +
t ) and (v - t ) are both large enough to cause spalling, which
affects the shear width, providing most of the resistance to
shear.

Case 3—When the ratio is neither considerably large nor
small, (t - v) does not cause spalling while (t + v) does. The
other sides of the section are subjected to t, usually not
enough to cause spalling [depending on T/(Vb)]. These sides
are, however, partially affected by spalling on the corners
adjacent to the critical side (t + v).

Consequently, spalled dimensions depend on the torque-
shear ratio. With only a limited number of tests on spalling
of sections subjected to combined shear and torsion, the rec-
ommended values of the dimensions b and h to be used in
analysis are conservative [Fig. 5(c)]. They apply under the
following limitations:

1. Fig. 5(c.1) for the case of no spalling.

2. Fig. 5(c.2) for the case of severe spalling, occurring un-
der the following conditions

l£éorl35 (15)

3. Figure 5(c.3) for the case of partial spalling, affecting
one side of the section fully, and the two adjacent sides par-
tially, and occurring under the following conditions

<5 (16)

In this case, assuming that only half the cover is spalledis
a conservative choice.

APPLICATIONS OF THE MODEL

The equations of thismodel wereimplemented into acom-
puter program, COMBINED, which is based on the algo-
rithm shown in Fig. 6.

The model is based on the MCFT, which has proved to be
agood tool for analyzing the behavior of sections subjected
to combined shear, bending, and axial |oad. In this paper, the
reliability of the model is verified by comparing calculations
of themodel with experimental resultsfromtestson puretor-
sion, shear, and combined shear and torsion. Special empha-
sisis given to the prediction of spalling. The comparison is
divided into two parts: calculating deformations, and calcu-
lating ultimate loads and interaction diagrams.

Predicting deformations
An advantage of the present model isthat it allowsthe full

| oad-deformation response (up to ultimate capacity) of a sec-
tion under combined loading to be calculated. Thisincludes
calculating the steel and concrete strains, aswell asthe over-
all sectional deformations, such astwist, elongation, and cur-
vatures. The model also cal culates cracking loads and checks
the mode of failure.

To check the applicability of torsion and spalling assump-
tions adopted in the model, the response of two specimens
loaded in puretorsion was cal cul ated. Specimen PT5 (Refer-
ence 6) had essentially no cover, while Specimen PT6 (Ref-
erence 6) had a 40-mm-thick cover. Fig. 7 compares the
calculated and observed response, including twist, and the
transverse, longitudinal, and principal compressive strains.
Very good agreement is observed. Of special interest, the
calculated concrete compressive strains compared very well
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with the observed strains. The results of the model show
good agreement with those from the testsin both cases, when
spalling takes place and when it does not.

The validity of applying the spalling check to sections sub-
jected to shear and to combined shear and torsion is checked
here with the use of experimental data from Arbesman,® and
Rahal and Collins?®

Specimen SA3 (Reference 9) (no cover on the vertical
sides) did not suffer from spalling, while SA49 (Reference 9)
(cover = 40 mm on the vertical sides) did. Fig. 7 shows the
calculated and measured shear strain. It should to be noted
that SA3 and SA4 were test regions in the same specimen,
and that test region SA4 was preloaded when SA 3 was test-
ed. This explains the relatively large observed deformations
in SA4.

Fig. 8 compares the calculated and observed response of
seven specimens tested by Rahal and Collins® The three
specimens of Series 1, shown in Fig. 8(a), had a clear cover
of 23 mm, while the four specimens of Series 2, shown in
Fig. 8(b), had a clear cover of 43 mm. Deformations shown
in Fig. 8 include transverse strains, twist, and lateral curva-
tures. Of special interest isthe ability of the model to capture
the lateral curvature in sections subjected to shear and tor-
sion [Fig. 8(d)]. The shearing stresses on the side wheret
andv are additive arelarger than those wheret and varesub-
tractive. Larger shearing stresses cause larger longitudinal
stresses and strains. The different longitudinal strains cause
the lateral curvature.

The specimens of Series 1 were predicted to remain un-
spalled, while those of Series 2 were predicted to spall con-
siderably, reducing their stiffness and strength.

Theaccuracy of themodel in cal culating deformationsand
capturing the effects of spalling of the concrete cover is evi-
dent from the resultsillustrated in Fig. 7 and 8.

Predicting ultimate loads and interaction diagrams
The ability of program COMBINED to calculate accurately

shear-torsion interaction diagrams was checked by using ex-
perimental datafrom References 8 and 10 through 13. Fig. 9
shows cal culated and observed interaction diagrams for tests
by Rahal and Collinsg® (Series 2), where spalling affected the
ultimate loads, and Klus° Pritchard,*2 and Ewida and Mc-
Mullen.13 Very good agreement was observed. Table 1 sum-
marizes the correlation of the calculations of COMBINED
with experimental capacities of beams subjected to “pure”
and “combined” torsion and shear. The average value of the
ratio of observed to calculated load is 1.0, and the coefficient
of variation is about 8 percent.

Curvature of T-V interaction diagrams
It can be seen from Fig. 9 that the observed shear strength-

torsional strength interaction relationship consists of a con-
vex curverather than the straight lines that would result from
astraight addition of torsional shear stress and “shear” shear
stress. The reason for this nonlinearity is not well explained
intheliterature, but itisgenerally believed that it may be due
to some “redistribution” of shearing stresses or “plastifica-
tion” in the section.

In 1968, Klus'© suggested that an increase in the percent-
age of transverse steel will increase the curvature of the T-V

7



1000 220
Iculated
wofl- 7Ca culated | 200
i —
- -’ —
800 — o‘,,.fﬁ-:.-.-.,%_._a—"",// Observed N 180
P
700 - RC1-2 / / {160
o # / . _
g 600 //.’ // 140 7
= <
« 500 _J;'\Observed re 1120 ot
g e / 100 &
I aoolff / J Re1-4 T
N/ /4 7 80 @
3005~ I 11 —{60
200 [~ a0
100 -2 gawe—e  RC13 {20
e
0 | | (& | L 0
0 2 4 /70 /o 2 4 6 8

TRANSVERSE STEEL STRAIN (x103)
(a) Series 1: Shear vs. Transverse Strains

160 =1 1400

140 — 1200

120
— 1000

100

80

TORQUE (kip in.)

60

TORQUE (kN.m)

— 400
40

20

Al | | |z 0
e 1 2 3770 1 2 3 a4
ROTATION (degrees)
(c) Series 2: Torque vs. Rotation of Test Region

1000 — 220

900 — RC2-2 «_11_» —200

o Spalling —180

—1160

RC2-1 —1140
——————— —120

— 100

SHEAR (kN)
SHEAR (kips)

— 80
— 60
—40

I ()—‘_' 3+ {20
IB/”D 7 | | | 0

[
0 3 6 9 12 15 18

RC2-3

%3/ :la

TRANSVERSE STEEL STRAIN (x103)

(b) Series 2; Shear vs. Transverse Strains

— 160

140

—120

- 100

—180

SHEAR (kN)
SHEAR (kips)

-1 60

—40

100 — —— —20
I 2— © Spalling
| | | | | | 0
% 2 70 2 -4 ) -8 -10

CURVATURE (Z axis, x106)
(d) Shear vs. Lateral Curvature

Fig. 8—Comparison between cal culated and measured load-deformation curves of University of Toronto Tests*® on combined

shear and torsion

interaction diagram. In 1981, Ewidaand McMullen®® proved
experimentally and theoretically that an increase in the
amount of reinforcement increases the curvature of theinter-
action diagram. They recommended three different equa-
tions for the interaction of fully over-reinforced, partialy
under-reinforced, and under-reinforced sections. Ewida and
McMullen®® also showed that a small shear force can in-
crease the torsional strength of heavily reinforced sections.
They explained this increase by stating that “the failure is
due to failure of the concrete in the compression zone. When
a small shear force is applied, the compressive stresses are
decreased (relieved) and the shear strength is thus enhanced.
This phenomenon will be referred to as ‘ shear relief.’” 13

The model presented in this paper makes use of the re-
quirement of compatibility of curvatures to explain the cur-
vature of the interaction diagram and increase in torsional
strength when a relatively small shear force is applied. Fig.
10(a) shows the normalized interaction diagrams for three
sections: under-reinforced, partially under-reinforced, and
over-reinforced. Spalling was not a factor in this analysis.
Note that very large amounts of reinforcement were used to
insure that reinforcement did not yield (in the completely
over-reinforced section), and magnify the curvature of the
curves. Fig. 10(b) shows how the calculated average thick-
ness t,, of the critical wall changed from the case of pure
shear to that of puretorsion. Thefact that the changein t,, is
not linear confirms the idea of “redistribution.” Eq. (9) and
(11) provide an explanation. Applying proper sign conven-

8

tion to the terms of Eq. (9) indicates that, in the critical side
of the section, the curvature in the longitudinal and trans-
verse directions opposes that due to twist (along q, f |, and
f causetension whiley causescompression). Eq. (11) indi-
catesthat decreasing or limiting f 4, impliesalarger value of
ty (and consequently t,,). Engaging a larger area of concrete
in resistance “relieves’ the concrete at the surface where
crushing is expected, and confirms the idea of “redistribu-
tion.” Considerable redistribution on hollow sections may
cause partial “plastification” of the section.

Fig. 10(b) also shows that redistribution, and consequently
the curvature of the interaction diagram, are more significant
in heavily reinforced sections. It also shows that increasing
the amount of steel increases the thickness of the equivalent
tube resisting pure torsion. This was noted by Mitchell and
Collins.® Their equation for ty showed that an increase in the
amount of reinforcement increases the force that the rein-
forcement can carry, and, consequently, requires an increase
in the thickness t of the equivalent hollow tube of concrete
that resists the applied torque. The same phenomenon takes
place when the torque is combined with a shear force. The
increase of the thickness ty isto redistribute the stresses over
agreater thickness of the wall. In hollow sections, the thick-
ness ty may become so large that redistribution almost causes
“plastification” of the section. Fig. 10(b) shows plastifica-
tion of the critical wall of the section with partially and fully
over-reinforced sections.

ACI Structural Journal / July-August 1995



Table 1—Correlation of the calculations of Program COMBINED with shear and torsin tests.

Specim Texp Vexp Tealc Vealc Ratio Average Co\gﬂ;?grt] of
Rahal and Collins*®

RC1-2 — 805 — 911 0.88 0.90 1.4%
RC1-3 140 107 153. 115. 0.91
RC1-4 11 764 11.3 856 0.89

RC2-1 83.5 535 85.6 548 0.98 1.03 3.9%
RC2-2 — 796 — 763 1.04
RC2-3 135 111 131. 109 1.03
RC2-4 57.6 715 52.9 657 1.09

Kluslo

1,2 — 157. — 142. 111 1.03 4.5%
10 3.3 132. 3.26 130. 1.01
6 5.88 117. 5.86 117 1.00
9 7.4 101 7.43 101. 1.00
5 8.82 93 8.42 88.8 1.05
7 11.6 63.2 10.5 57.3 1.10
8 125 30.8 12.7 31.3 0.98
3,4 14.7 — 14.7 — 1.00

Badawy et a1l

S5 — 151. — 147. 1.03 1.08 3.0%
S6 8.9 93.4 8.1 84.5 111
S7 11.6 48.9 10.5 44.3 1.10
S2 135 — 12.7 — 1.06

Pritchard™

10 — 108. — 126. 0.86 0.91 5.1%
9 5.97 87.7 6.41 94.2 0.93
8 9.1 63.8 9.45 66.0 0.96
7 111 395 11.7 41.3 0.96
6 11.8 1.65 13.8 1.93 0.85

Ewida and McM uIIen13

P-1 121 — 13.6 — 0.89 1.01 9.2%
P-2 10.8 42.7 11.5 45.2 0.94
P-3 9.0 70.8 9.0 70.6 1.00
P-4 7.0 113. 6.33 102. 111
P-5 — 149 — 131. 1.13

Mitchell and Collins®
PT5 65.3 — 73.0 — 0.89
PT6 64.7 — 65.5 — 0.99
Arbesman®

SA3 — 729 — 700 1.04
SA4 — 533. — 520 1.03
Average 1.00
Coefficient of variable (percent) 7.8%

Spalling is another factor that may increase the curvature
of the T-V interaction diagram. Experiment$ showed that
sections subjected to relatively high or relatively low T/V
may be severely affected by spalling, while sections subject-
ed to intermediate values of T/V areonly partially affected by
spalling. This increases the curvature of the interaction dia-
gram, since the reduction in area at intermediate T/V values
isnot asdramatic asthat at extreme T/V values. Therelative-

ACI Structural Journal / July-August 1995

ly small calculated pure torsional capacity of specimens of
Series 248 [Fig. 9(a)] provides such an example.

CONCLUSIONS
An analytical model has been developed capable of pre-
dicting the load-deformation response of rectangular rein-
forced concrete sections subjected to complex combinations
of loads, including biaxial bending, biaxial shear, torsion,
and axia load. The model, based on modified compression

9
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field theory, considers the requirements of compatibility and
equilibrium, and uses realistic constitutive laws.

Comparisonsof cal culations of the model with experimen-
tal results from members|oaded in shear and/or torsion have
shown that the model is a powerful tool for calculating the
full response of sections subjected to combined loading.

Some of the features of the model are:

1. It allows ultimate loads and the full response of the sec-
tion (up to ultimate loads) to be calcul ated.

2. It takesinto account tensile stressesin cracked concrete,
which enhances the accuracy of the calculated deformations.
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3. It calculates cracking |oads.

4. It determines steel and concrete strains, which enables
the mode of failure of the section to be identified.

5. Effect of torsion on the distribution of concrete surface
strainsis estimated.

6. The possibility of spalling of the concrete cover is
checked.

7. It accounts for softening of the concrete strength, which
yields greater accuracy in the prediction of failure of over-re-
inforced sections.
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8. It gives a rational explanation for the curvature in the
shear-torsion interaction diagram based on the generally be-
lieved idea of “redistribution” of shearing stresses over the
section. The model also shows that increasing the thickness
of the concrete cover or amount of reinforcement addsto the
curvature of the shear-torsion interaction diagram.
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NOTATION

depth of equivalent stress block

area enclosed by shear flow

area of concrete of section

area of longitudinal prestressed steel

area of longitudinal nonprestressed steel
horizontal dimension of section
centrer-to-center distance between vertical legs of stir-
rups

shear width

diameter of longitudinal reinforcing bar
diameter of stirrup reinforcing bar

shear depth

compressive cylinder strength of concrete

average concrete principal tensile stress

average concrete principal compressive stress

average concrete principal compressive stress (due to
shear and torsion)

concrete principal compressive stress due to shear force
peak compressive strength of diagonally cracked con-
crete

'_‘X ST et o

depth of equivalent stress block
compressive stress in concrete
stressin prestressed steel
stressin nonprestressed steel
vertical dimension of section
spalling constant

spalling constant

spalling constant

bending moment about y-axis
bending moment about z-axis

axial force
perimeter of stirrup

shear flow

center-to-center spacing of stirrups

torsional moment

averagewall thickness

calculated torsional strength

thickness of diagonal compressive field under torsion
observed torsional strength

steel contribution to torsional strength

thickness of wall resisting shear
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a = depth of equivalent stress block

v = shear stress

\% = shear force
Vav = average combined shear stress
Vsh = shear stress due to shear force
Vy = shear force along y-axis

V, = shear force along z-axis

X = coordinate along x-axis

y = coordinate along y-axis

z = coordinate along z-axis

aj stress factor in equivalent stress block

b, = depth factor in equivalent stress block

e = strain at peak strength of concrete cylinder

e, = principal compressive strain
€ 2ay = talggri%%e principal compressive strain due to shear and
€ = principal compressive strain at surface of concrete
€ogn = principal compressive strain due to pure shear
€ cen = longitudinal strain at centroid of section

e = averagelongitudinal strain

et = averagetransversestrain
fap = wall curvature in direction of g

f = wall curvature in longitudinal direction

fy = wall curvature in transverse direction

f y = sectional curvaturein y-direction

f, = sectional curvaturein z-direction

g = shear strainin wall

Y = twist of section

q = direction of plane of principal strain with respect to lon-

gitudinal axis
e = shearing stress due to torsion
de p = strain difference due to prestressing
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