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An analytical model for predicting the load-deformation responses of reinforced
concrete elements subjected to pure torsion is proposed. Compressive stress-
strain and tensile stress-strain curves of concrete struts between diagonal
cracks are considered in equilibrium in this model.Experiments are then
conducted to verify the validity of this model. The experimental and analytical
values are found to be in good agreement and the proposed model is thus capable
of predicting not only the strengths but also the angles of twist,the steel
strains, and the concrete strains throughout the loading history. Concrete cover
and reinforcement ratio are also found to have significant effect on the change
of shear flow.
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1. INTRODUCTION

The three-dimensional truss model proposed by Rausch1) in 1929 and the diagonal
flexure model proposed by Lessig’ in 1959 typical failure models of reinforced
concrete members subjected to torsion, and theoretical and experimental studies
based on these models have been made extensively up to this time. For example,
the strength computation formula proposed by Rausch was found in later studies
to overestimate ultimate torsional resistance ?nd numerous corrections have been
made. The research by Collins and Mitchell? applying the Compression Field
Theory based on the three-dimensional truss model maintained that the concrete
cover outside the center line of stirrups would be spalled and not contribute to
strength, and a correction was made taking shear flow to be infide the center
line of stirrups..Further, there is the study by Hsu and Mo’ that concrete
struts between diagonal cracks are in a biaxial compressive-tensile stress
state, there being a difference from a uniaxial compression state. These
corrections all strictly concern behaviors of reinforced concrete members in the
vieinity of ultimate torsional resistance, and although there is an unclear part
remaining with regard to handling of cover concrete, so far as ultimate strength
is concerned, a stage where they can be used to and an extent in design has been
reached.

At present, the world-wide trend is for transition to limit state design, and
in the "Design Volume" of the Standard Specifications of the Japan Society of
Civil Engineers revised in 1986, it was stipulated that safety be verified
concerning serviceability limit state, ultimate limit state, and fatigue limit
state. As a result, it became possible to adequately deal with crack resistance
and ultimate strength using the concept in current specifications, but there are
many theoretically unresolved parts in examination of the serviceability limit
state concerning crack width and deformation-displacement, crack width being
dealt with by emprical formula while there is nothing on deformation-
displacement. Consequently, it is absolutely necessary for rational designing of
this type of member to derive theoretical formulae making possible accurate
estimates of crack occurrence, behaviors of reinforcement and concrete after
crack occurrence, and, deformation behavior.

With this kind of background, there have been many studies made using
conventional three-dimensional truss models and diagonal flexure models to
analytically examine deformation behaviors at any loading stage, in particular,
immediately after occurrence of cracking. Representative ones among such studies
are those of Collins and Mitchell? %?d Hsu and Mo* using g?ree—dimensional
truss models, and of Rangan and Staley’’/ and Ewida and McMullen~’ using diagonal
flexure models, but these models which consider the ultimate torsional behavior
are not capable of expressing the torsional behaviors at arbitrary loading
states, especially, just after cracking has occurred. The reason for this is
that both models are predicated on a state where diagonal cracks have been
completely developed, and tension stiffening of concrete after occurrence of
cracking has been ignored.

Therefore, in the present study, tension stiffening of concrete and the
influence of cover concrete on torsional behaviors of reinforced concrete



members were focused on.That is, a model introducing tension stiffening of
concrete to continuously grasp the torsional behaviors before and after crack
occurrence was set out, reinforced concrete members subjected to torsion were
extracted, an equilibrium equation considering not only the allocation of
compressive force to concrete struts between diagonal cracks, but also tension
stiffening of concrete, and a constitutive equation based on the adaptation
condition equation of strain were derived, and a new formula for evaluating
torsional behavior at any loading condition was obtained. Further, specimens
varying thicknesses of concrete cover and reinforcement ratios were made and
loading tests were performed with the objective of finding the influences of
cover concrete and reinforcement ratio on the torsional resistance behavior of
this type of member. The influence of cover on torsional behavior was evaluated,
along with which quantitative assessments of analytical results were made based
on the results of these experiments, in aiming to explain the torsional
resistance of reinforced concrete members

(hereafter referred to as "RC members").

2. ANALYTICAL STUDY O 5, =1, (2¢24)-24))
EEB-FIP model code

2.1 Assumptions in Analysis fe

a) Compressive Stress-Strain curve of concrete
The compressive stress-strain curve of concrete fefe
in the CEB-FIP Model Code which is a
representative example of uqioa)xial compression and
that of Vecchio and Collins of a biaxial state
subject to compression and tension are shown in
Fig. 1.

‘ ~ Fig.1 Compressive Stress-
In this analysis of RC members subjected to Strain Curve of Concrete
torsion, since concrete between diagonal cracks

is under compression-tension of a biaxial state

due to tensile force of reinforcement

cutting across it, the curve of Vecchio P—— fu | fote IM‘
and Collins which considers the stress- - /- —\

strain curve of concrete to be greatly s I—"—zi-
lowered compared with compressive oo g/ 1 (=7 =l .. ¢
strength of the concrete in a uniaxial

state, as shown in Fig. 1, was used. | :

Strains were considered to be ‘ SEss R
distributed in fan shape, while (2) () ()

cracking angles at the surfaces and . . L
interiors of members were assumed to be Fig.2 Strain and Stress Distribution in
identical. Pass Width of Shear Flow

Case of Eas S €p

were o)) eE
Case of > ' ' ‘
Ud=fr'fc[1—('2_e:°:_%)!] ------ (2)



where,fr is 1/A ,and A is expressed by the following equationw),

A=y0.7F e/ €a B (3)

When the stress-strain relation of concrete between diagonal cracks is
transformed into the stress block shown in Fig. 2, k4 will be according to the
following equations:

Case of es=<e¢p

k;=%(1—‘3%) [ pu— (4)
Case of s> &
r=(1 (ul—w)'(l 3:,,) *(za—e;;%ep'(l‘ ;?) ______ ()

The distance (td) from the member surface to the neutral axis shown in Fig. 2
was considered as the path width of shear flow, and the center of the shear flow
was considered to pass through the center of the stress block.

b) Tensile Stress-Strain Curve of Concrete

For the tension stiffening of concrete in ,this study,the tensile stress-
strain curve of concrete of Sato and Shirais) shown in Fig. 3 was used. In
effect, it was expressed by Eq. (6) assuming the stress-strain relationship
before cracking to be linear and a third-order curve shown by Eq. (7) assuming
that the tension stiffening of concrete after cracking is zero when reaching the
limit of bond. It was presumed that tensile stress distribution of concrete is
distributed on the width of the shear flow path shown in (c) of Fig. 2.

Case of &= é&cr

o/ fer=er/eer - (6)

Case of > e,

orf fr=1—2.748X +2.654 X*—0.906 X* = mem——- (7)

where,

X=(5|_ Ccr)/(euu— Ecr)
¢) Stress-Strain Curve of Reinforcement
Assuming that longitudinal bars and stirrups to resist stresses only in their
respective axial directions, and that the stress-strain relationship of
reinforcement is one of a completely elastic body,
the following will result:

oa=Es & a<eay  emeee- (8)

Osi= Oiy & 28y ee— (9)



osn=Es &, a<ey e (1 O)

Osh™= Ony wZey (1 1 )

2.2 Analytical Model

When an RC member is subjected to for
torsion, by applying the assumptions

of a) and b) in the preceding
section, the principal compression,
principal tension, and shear-stress
distribution in the direction of

member cross-sectional depth will be Eer €1

as shown in Fig. 4 before crack

occurrence, and as shown in Fig, 5

after occurrence. That is, when the

principal stress distribution in this Fig,3 Tensile Stress-Strain Curve of
direction is considered, a biaxial Concrete

compressive-tensile stress state is

formed from the member surface to the

cross section center before S

~ occurrence of diagonal cracking and in the vicinity of the -member surface after
occurrence. ‘ . :

60 /T ee=—0.906 x*+2.650 x*
-2.7148 x+1.0

(61 ~ ece)
Cesu=eep)

X =

This analytical model considers the parts in compression-~tension states shown
in Figs. 4 and 5 as plate elements in biaxial states, and by using the
assumption of c¢), it will be as shown in Fig. 6.

Vecchio and Collins12) have expressed this RC member plate element similarly
for the case of being subjected to shear.

Equivalent Rectangular Shearing

2.3 Equilibrium Condition Equation Stress Block
Princip&& Tensile Stress
The following equation is obtained for ;7
the analytical model shown in Fig. 6 by : i
taking the equilibrium of force in the Aé
direction of 1 (longitudinal reinforcing Y
bar) . Principal Compressive Shearing Stress
Stress
Joda=[ o 7 (AT M— (12) :
Fig.4 Stress Distribution in the
where, the reduction in cross-sectional Direction of Cross Sectinal
area of concrete due to reinforcement is Depth (Before Cracking)

small so that when it is ignored Eq.
(12) will become Eq. (13).

o=oatpady 00 ————— . (13) 2 H > —]
Further, as the plate element of an RC — _
member subjected to pure torsion is in a —H =
field of pure shear, and
Eq. (13) will become Eq. (14).
0=0u+py 00 = —————— (14) Fig.5 Stress Distribution in the
Direction of Cross Sectinal
Considering the same for the h(stirrup) Depth (After Cracking)
direction, :



Eq. (15) is obtained. o
0=0ctpsn 0  =mmm=e (15) === > z

Next, by applying Mohr's stress circle
shown in Fig. 7 regarding concrete
stress, the equilibriums of the 1 and h
axes and shear stress will be expressed
by the following equations:

h-Direction:

1-Direction

—0g°CO0S’a+ oroSin‘a+ oy 0g=0 —===—-— (16)
Fig.6 Analytical Model
— o sin’a+ o, COS'atpon =0 —=mmmm (17
. cen®
a={0s+odsina-cosa e (18) gamm X
Further, when the second terms on the \
left sides of Egs. (16) and (17) are
omitted, these equations will be the - [
same as the equations based on the Te /
conventional three-dimensional truss
model. [§ e
Torque c?n be obtained by the equation '
of Bredt#’.
Fig.7 Mohr's Stress Circle
T=24ctsrta = ————— (19)

2.4 Kinematic Condition

Mohr's strain circle shown in Fig. 8 can be applied by using the average strain
of concrete and reinforcement for the plate element as shown in Fig. 6, and the
strains and shear strains in the 1- and h-axis directions will be given as
follows: ) '

a=—cscos’atgesinta 000000000 mm———- (20)
en=—carSintategecos’a 0 emeeee (21)
ya=2(eat &)sine-cose 0 & aceeme- (22)

Further, from Mohr's strain circle, the crack angle will be according to Eq.
(23), the principal tensile strain according to Eq. (24), and the shear strain
according to Eq. (25).

tan*a=(e+ e/ (ent ed L mm———— (23)
€1=€¢+£|+£h —————— (24)
Tn=e-cotatetane+es/(sina-cose) 00 ______ (25)



On the other hand, the angles of twist <

will respectively be expressed by the "
following equations _hased on the IR
Compression Field Thetiry and the thin- / lz

shell elastic theory

0=t¢s/(2tasina-cose) = amecoo (26) e

A 2 — (27) Fig.8 Mohr's Strain Circle

where, by letting Eq. (26) for twist angle computation obtained by the
Compression Field Theory and Eq. (27) for twist angle computation obtained by
the thin-shell elastic theory, the path width (td) of shear flow will be as
follows:

Aot eas

t —
4" P,{ercos’a+en-sin*a+ed

2.5 Development of Constitutive Equation

Substituting Eq. (23) in BEq. (28), and by respectively eliminating & and e ,
the following equations will be obtained:

Ao'e.;,

COS = Py talet e S (29)
. Ao* £as
S F talented === (30)

From Eqs. (20) and (21), sine and cosa will be according to the following
equations:

&+ e4°CcOS’a
&

sin’e=

-sin?

cos'a=w ——— (32)
Concerning reinforcing bar strain (&) in the 1 direction, by substituting Egs,
(29) and (31) in the equilibrium equation (16), Eq. (33) is obtained. Regarding
handling of ou in Eq. (33), by substituting Eq. (8) in Eq. (33) before
reinforcing bar yielding, and Eq. (9) after yielding,it is possible to obtaing
at the respective states.

Ao tesl0a—orea/s) 000 . (33)

(erteapar osit o 61/ &) (2 Pty

Similarly, concerning computation of reinforeing bar strain (&) in the h

direction, Eq. (34) is obtained by substituting Eqs. (30) and (32) in the
equilibrium equation (17). The & at the respective states can be obtained by
substituting Eq. (10) for o in Eq. (34) before reinforcing bar yielding and Eq.
(11) after yielding



N A . — gy . . .
(ea+ ealPsn® asnt or e/ £1)= 2 Edz(za;o.;d) /o) (34)

2.6 Analytical Procedure

The flow chart of analysis will be as follows:

1) Give the cross-sectional configuration, reinforcement arrangement, and the
physical properties of reinforecing bars and concrete.

2) Select the value of strain (es) of concrete.

3) Assume the depth (td) of shear flow.

4) Assume the principal strain( a).

5) ?a}culate k, from Egs. (4) and (5), 2 from Eq. (3), and o from Eq.(1) or
Eq. (2 A

6) Calculate &« from Eq. (33) and & from Eq. (34).

7) Calculate principal tensile strain & from Eq. (24).

8) Repeat 4) to 8) until the error in & becomes less than the allowable value.
9) Calculate crack angle from Eq. (23) and shear flow depth from Eq. (28).

10) Repeat 3) to 10) until the error in td becomes less than the allowable
value.

11) Calculate torque (T) using Eq. (19)
and angle of twist (¢) using Eq. (26). ‘ :

12) Return to 2) and repeat the  Table 1 Experimentation Program
procedure varying the value of concrete

strain (es).

Width |Beight| Thickness An Stirrup
e 00| 0 [ | Gocmtet | @ [8 @ ] s
3.0UTLINE OF EXPERIMENTS
al 2| 0.5 54 | o6 | 12
Series 2
3.1 Experimentation Program and |l s | > 3.0 4 0.675
Specifications of Specimens sl x| 2 5.5 5.41 0.6% | 12
RN ERE 2.0 s4 | 066 | 2
With the objective of finding the [T = | = 2.0 s | oew | 8
behavior of torsional resistance of RC S| o | @ 2.0 08 | o6 | 8
members subject to pure torsion, loading
experiments were carried out making
square cross-sectioned specimens with o .
reinforcement quantity constant and Table 2 Physical Properties of
varying cover (distance from member Reinforeing Bars

surface to stirrup center) in 3 ways
(hereafter referred to as Series C, and

square cross-sectioned specimens of l}mg) Yielwhg)nxth Tatsi(}];S%ggﬂl )bdnlusool;/f'll%sticity
height 300mm,width 300mm, and length . = = = -
2,500mm with reinforcement ratio varied boj 06| | eart
in 3 ways (hereafter referred to as
Series S. The experimentation progranm c

. X s 5 300 :
gzlgsgdi.ng these specimens is given in |58~ b T TEREETT

. \kuQ\O

An example of the cross-sectional i b
dimensions and reinforcement o

arrangements of specimens on which
loading tests were carried out is shown
in Fig. 9.

3.2 Materials

Fig.9 Cross-Sectinal Dimensions and
Reinforcement Arrangements of
Specimen



The reinforcing bars used were SD-30, D-10, and the results of tension tests
are given in Table 2.

The concrete used had a target compressive strength of 300kgf/cm2(28.4 kN/mm
), and the results of tests are given in Table 3.

3.3 Loading Method

Loading tests were made using a strain-control type apparatus, and a brief
sketch of the loading method is shown in Fig. 10.

4. COMPARISON STUDY OF EXPERIMENTAL AND ANALYTICAL RESULTS

4.1 Influence of Tension Stiffening of Concrete on Torsional Behavior of RC
Member

There have been many studies made . .
concerning tension stiffening of concrete 12Ple 3 Physical Properties of
before and after crack occurrence with Concrete
members subjected to bending moment and
shear force as objects, and to summarize P pS—— —— Jodos of Blasticity
them, there are two ways of thin}s(i)ng, the | StrongthQuim® | StrengthV/md O/m®)
thinking of the CEB-FIP Code which c .8 2.9 0.2x10%
maintains that there is influence on
coefficient of elasticity of reinforecing
bars which are tension materials, and the
thinking that with concrete under tensile

stress, the tensile stress increases

linearly with increase in tensile strain

before crack occurrence and gradually . .
Loading Point

decreases with increass) in tensile strain
after crack occurrence’’. However, to use
the conventional three-dimensional truss and
diagonal flexure models with the purpose of
continuously grasping the conditions before
and after crack occurrence introducing the . .
influences of these, since these models Fig.10 Loading Method
assume in the first place states in which

diagonal cracks have completely developed,

it may be said that there is a discrepancy - 20
in the basic assumption. When torsional
loading experiments are made, the load-
deformation curve before crack occurrence of
an RC member subjected to torsion is

2.4 2.7 0.20x10*

Specimen

10T

—— TEST

TORQUE(KN m)

practically uninfluenced by the — Analysis

reinforcement quantity and is governed by ~— Space Truss
the tensile stress of the concrete, while in AN . \ . . A

concrete struts after crack occurrence, 0 1.2 3 4 5 6

tensile stress perpendicular to the cracks TWIST (deq/m)

is produced with bond between reinforecing

bars and concrete as the medium, and from -
the fact that the tension stiffening of Fig.11 Relationship between Acting
concrete is the governing allocation of Torque and Twist per Unit
strength of an RC member subjected to Length (Specimén C1)
torsion, the study of this analysis giving :
consideration to this influence will be as

described below.



The relationship between acting torque (T) 20
of Specimen C with concrete cover of 0.5 cm
which is close roughly to zero and twist (6)
per unit length will be as shown in Fig. 11,
and c%n be divided into the following 4
zones '’ having features normally attributed
to them from T- ¢ curves.

—~TEST
— Analysis

: ~---Space Truss
That is, the first zone is the state before 0 0 1000 2000
the initial diagonal crack is formed in the STRAIN  (X107%)
member, where the T- curve becomes more or Fig.12
less identical to the relationship obtained
by elastic theory assuming the concrete %0 Relationship between Torque and
be a monolith. Reinforcing Bar Strain

TORQUE(KN m)

The second zone is the zone in which torsional stiffness is lowered greatly
with initial crack occurrence compared with Zone 1, and the number of cracks is
increased. :

The third zone is a zone in which the number of cracks is not increased and
only crack widths are increased. Reinforcing bars yield near the end of this
zZone.

Lastly, in the fourth zone, stiffness again declines, ultimate strength is
reached, and secondary cracks are formed.

In the conventional analyses based on truss models, as shown by the dotted line
in Fig. 11, only the trend of experimental values in the vicinity of maximum
strength, or, from Zone 3 to Zone 4, was grasped. The reason for this is that
with a three-dimensional cracks have completely developed, and the constitutive
equation has been obtained from the equilibrium condition and the adaptation
condition of strain ignoring tension stiffening of concrete. As shown by the
golid line in Fig. 11, this analysis which considers the tension stiffening of
concrete is capable of accurately grasping the trends of experimental values
before and after crack occurrence and at the ultimate state.

The tension stiffening of concrete also affects the relationship between torque
and reinforcing bar strain, and as shown in Fig. 12, it was succeeded in
analytical values estimating with good accuracy the average strain(average value
from 8 strain gauges each attached to axial-direction reinforecing bars and
stirrups at 2 cm intervals) of experimental values for. all zones.

As described above, since the influence of tension stiffening of concrete
indicated by the second terms at the left sides of Egs. (16) and (17) could not
be taken into consideration with the conventional three-dimensional truss model,
the allocation of reinforcing bar resistance to the same torque became larger
than actual to result in overestimation. However, in the present analysis, the
tension stiffening of concrete at and after crack occurrence was considered as
shown in Fig. 3, so that allocation of reinforcing bar resistance became smaller
than for that based on the three-dimensional truss model, and it was possible to
grasp the trends of the individual zones in the experimental values. If the
strength borne by reinforcement before occurrence of cracking in an RC member
subjected to pure torsion is ignored because it is small, the compressive stress
o; of concrete and tensile stress or of concrete in the equilibrium equations
(16) and (17) become equal, and are identical to the equatons when subjected to
pure shear. However, Eqs. (16) and (17) indicate that after occurrence of
cracking, tensile stress o of concrete is decreased as shown in Fig. 3, and



when o is zero it will be the same as with the three-dimensional truss model,
and this may be said to be an analysis which rationally grasps actual torsiona
behavior. A :

4.2 Influence of Cover Concrete of RC Member on Torsional Behavior

In calculation of ultimate torque using the three-dimensional truss model, the
manner in which the shear flow path location is set out has an extremely great
influence on strength, so that there have been numberous concepts offered since
Rausch's formula up to the present. Furthermore, factors causing deterioration
such as carbonation and salt damage have become prominent so that there is a
trend for concrete cover to be made thick, and the influence of concrete cover
on this type of member has become a matter that cannot be ignored. However,
there are still many points about handling of cover concrete both in analyses
and experiments that are not clear, and especially, in case of estimating the
deformation behavior at any loading stage, it is not an exaggeration to say that
unless the changes in the shear flow path locations from before occurrence of
cracking until the ultimate state are accurately grasped tied in with cover
concrete, the torsional resistance mechanism of this type of member cannot be
discussed. Therefore, in this section, studies will be made, experimentally and
analytically, of the influences of concrete cover on the torsional behaviors of
RC members,

20—
a) Load-Deformation Curve 3

Spalling of cover concrete of RC

TORQUE(KN m)
=

members subjected to torsion has bgsn 1 Bt
pointed out by Gqllins and Mitchell?’, i b
while Hsu and Mo maintained that only ct| 30

when the ratio of the distance from ci] ss

member surface to inner side of stirrup o 1 2 3 & § & 7
to width of path of shear flow is higher TWIST (deg/m)

than 0.75 should spalling phenomena be
applied, and in case of a ratio lower
than 0.75, strength calculations are
made including cover concrete. Later, in
the study by Ewida and McMullen''’/, it
was considered that this spalling occurred after maximum strength has been
reached.

Fig.13 Relationship between Acting
Torque and Twist (Series C)

The results of experiments on the relationship between acting torque (T) and
twist (f) in Series C where thickness of cover was varied are shown in Fig. 13.
Series C is the one where quantity of reinforcing steel was constant and
thickness of cover was varied at 0.5, 3.0, and 5.5 cm.

The strength at which diagonal cracks occurred showed a tendency to increase
since the cross section would become larger with increased thickness of cover.

The strength after occurrence of cracking showed prominant decrease due to
spalling the greater the thickness.of cover, this spalling phenomenon being
strongly affected by cover thickness, with maximum strength reached immediately
after crack occurrence in case of C3 of large thickness of cover, the strength
gradually declining along with advancement of deformation to approach in the end
the load-deformation curve of Spcimen Cl of cover roughly close to O cm. That
is, with Specimen Cl, deformation progressed along with strength after
occurrence of cracking with maximum strength of 1.36 tf m(13.3 kN/mm<) reached
at twist of 5.82 deg/m, while with Specimen C2 of cover 3.0 cm, the maximum



strength was 1.46 tf m(14.3 kN/mp?) when twist was 1.7 deg/m. Furtheré with
Specimen C3 of cover 5.5 cm, maximum strength of 1.76 tf m(17.2 kN/mm*) was
reached when twist immediately after crack occurrence was 0.65 deg/m, and it was
recognized that twist at maximum strength decreased with increased cover.
Therefore, it was shown by this figure that spalling occurred at a comparatively
early period as cover became thicker.
Next, the experimental and

analytical values of the

relationships of acting torque (T) % Analysis 1

and twist (4) per unit length of = 20

Series C and S are shown in Figs. I

14 and 15, respectively. g ¥ T
S10F "

In performing analyses, the
allocations of tensile forces borne
by concrete were taken into
account, and studies were made of

the two cases of Analysis 1 with g3, 4, pyperinental and Analytical

TWIST (deg/m)

path width of shear flow taken from Values of the Relationships
the surface considering that between Torque and Twis
concrete would not be spalled, and (Series C) .

Analysis 2 considering cover
concrete to be spalling and taking
the path width from the center line
of stirrups.

Based on the spalling of cover
concrete shown in Fig. 12, it was
possible in Analysis 1 for the
trend of experimental values in the
viecinity of the time of diagonal
crack occurrence to be evaluated,
and in Analysis 2, the trend in the
viecinity of ultimate strength with
regard to Specimens C2 and C3 for TWIST {deg/m)
which maximum strengths had been
determined.

e

TORQUE(CKN m)

—— Analysis1
..... Analysis2

2 3 4

Fig.15 Experimental and Analytical
Values of the Relationships
between Torque and Twist

On the other hand, with regard to (Series )

Series S shown in Fig. 15, in which maximum strength was not determined by
spalling of cover concrete, it was possible in Analysis 1 to evaluate the
behaviors at and after occurrence of diagonal cracking, where in the vicinity of
maximum strength the experimental values were exceeded but the vicinity of
maximum strength was excluded. However, in Analysis 2, although strengths at and
after cracking were exaluated on the low side, there was good agreement with
experimental values.

According to the foregoing, spalling starts more at an initial stage of
deformation the smaller that the cross section is even with identical
thicknesses of cover, that is, the larger the ratio of cover thickness to cross
section side length, while subsequently, it proceeds gradually, until in the end
the concrete cover is completely spalled.

As shown in Fig. 14 and 15, the difference between Analyses 1 and 2 lies in
from where the width of the shear flow path is taken, and it can be comprehended
that influence of the manner of handling shear flow on the relationship between
torque and deformation is extremely great. Consequently, it is thought that in
calculation of maximum torque and deformation at that time, the method of taking



the width of the shear flow path from the center line of stirrups considering
spalling of concrete will be on the conservative side in design, and gives
reasonable values in step with the results of experiments.

In any event, when estimating strength-deformation from the time of crack
occurrence until maximum strength, it is thought to be necessary for the
spalling phenomenon due to the
influences in the thickness of cover and

cross~-sectional dimensions to be N 3 NONN Specimen C1
quatitatively exaluated. NN AL Y
b) Cracking Propersies « . \\ . D\ \f S?eclimen 074

. | NERMMNNN
Spalling of the concrete cover can be . a
comprehended also from the cracking N N\ N \Spec‘imen c3
pattern shown in Fig. 16. With Specimen - T
C3 of thick cover,spalling occurs with : N S
small deformation, that is, § =0.65 TS
deg/m, and stress transmission no longer :\\\‘\‘ Specimen C3 Removed
takes place between cover concrete, WY\ Concrete Cover

axial reinforcement, and stirrups, as a
result of which the number of cracks at
cover concrete 1s not increased after Fig,16 Cracking Pattern (Series C)
spalling and crack intervals are large
compared with Specimen C1. Specimen C1
has cover of 0.5 cm with the concrete
surface and stirrup surface on the same

plane and spalling does not occur. Crack J4 Fob
dispersion becomes better than for the 1 /A

cover portion of Specimen C3, with the ///

number of diagonal cracks increased. A
Furthermore, with Specimen C3 also, A .)ii NN
cracking properties similar to those of \\\ K
Specimen C1 are seen at the part inside A S\ \\\
stirrups removing cover concrete, and N\ s toe SLDE

the cracking properties clearly differ
between the cover portion and the
portion surrounded by stirrups.
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After completion of loading tests,
specimens were cut perpendicularly to
the longitudinal direction, and the
condition of development of cracks at a
transverse cross section is shown in
Fig. 17. As this figure shows, the initial crack first occurs at the surface of
the member at an angle of 45 deg from the axial direction later growing inward,
and extending to approximately 80 percent of the member width at the time of
failure. The compression depth in the theory using a diagonal flexure model is
taken from the surface of the member, but as shown in the cracking pattern
diagram, cracks are formed along the reinforcing bar cage also showing that
cover concrete had spalled. In effect, since cover concrete and reinforcement
were not integral, it was ascertained from this diagram that it is reasonable to
compute maximum strength removing the spalled portion. Consequently, for the
path of shear flow in the three-dimensional truss model also, it is a more
rational and reasonable method to exclude the spalled portion with regard to
maximum strength.

Fig.17 Cracking Pattern (Series $)



¢) Strain Distribution and Compression Depth of Concretein Direction of Depth of

Member Cross Section

Concrete gauges were attached to member surfaces at 45-deg angles from the
member axes, and embedment gauges were arranged at locations from the surfaces
determined beforehand. The strain distributions from these are shown specimen by

specimen in Figs. 18 and 19.
According to these figures, the
locations of neutral axes coincided
with the centers of the square cross
sections before occurrence of
diagonal cracks, but after
occurrence, the neutral axes shifted
abruptly to near the concrete
surfaces, after which, along with
increases in deformation, the
distances from the concrete surfaces
increased slightly. That is, with
Specimen C1 of cover close to O cm,
the depth to the neutral axis after
occurrence of cracking changed from
2.5 cn to 3.8 cm at maximum strength.
In analysis using Eq. (28), the depth
was 2.4 cm immediately after crack
occurrence and 3.9 cm at maximum
strength for good agreement with the
experimental values. On the other
hand, with Specimen C2 of cover
thickness 3.0 cm, the depth of the
neutral axis was 3.2 cm after
occurrence of cracking, later
becoming 6.8 cm at the end as
deformation increased, but in
analysis, the depth of the neutral
axis after crack occurrence was 3.0
cm, and 4.0 cm at the end, the final
depth of the neutral axis being much
smaller than the experimental value.
In this regard, when it was
considered that cover concrete would
be spalled off in- the end, and the
thickness of concrete cover of 3.0 cm
was deducted, the result was 3.8 cm
to agree roughly with the analytical
value.

The surface strain distributions of
Specimens C1, C2,and G3 are shown in
Fig. 20 to explain such spalling
phenomena. Firstly, in the case of
Specimen C1, concrete strain is
increased as deformation advances
since spalling has not occurred, but
the concrete strain of C3 increases

Fig.18 Strain Distribution of Concrete
in Direction of Depth of Cross
Section (Specimen C1)-
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Fig.19 Strain Distribution of Concrete
in Direction of Depth of Cross
Section (Specimen C2)
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Fig.20 Surface Strain Distribution of
Specimen C1, C2 and C3

linearly until crack occurrence, after which on reaching maximum strain of 900
at twist of 1.02 deg/m it begins to decline, and in the end it becomes 450 .

As a consequence, the influences of cover concrete and the path width of shear



flow on the torsional behavior are conjectured to be as described below. That
is, the compression depth existing on the surface side of the member after
cracking - provides monolithic resistance through the medium of bond between
reinforcement and concrete, but spalling begins at an earlier stage the greater
the thickness of conerete cover for gradual loss of the integrity, and as a
result the compression depth increases to be in equilibrium with tensile force.
Subsequently, the compression depth extends to the interior enclosed by
reinforcement and in the end the cover spalls.

4.3 Torsional Resistance of RC Member

Early studies on torsionB) and the current ACI Building Code Requirements13)
use Eq. (35) for calculating maximum strength.

In effect, maximum strength (Tu) is considered as the sum of crack resistance
(Tc) and resistance (T,) by reinforcement of a three-dimensional trus§
structure. The Standard Specifications of the Japan Society of Civil Engineers4
maintain that such a concept is unreasonable since torsional resistance from
crack resistance cannot be expected at maximum strength, and considers only
resistance (TS) by the reinforcement in the truss structure after occurrence of
cracking.

However, with the analytical method described here, the load-deformation
relationship can be grasped continucusly from before oceurrence of cracking
until ultimate strength through calculation with only T, at cracking and then
introducing tension stiffening between concrete struts affer crack occurrence so
that it can be expressed how Tc is predominant at the initial stage after crack
occurrence,but gradually, it declines as deformation increases, and finally, Ty
becomes predominant. Therefore, by using this analytical method, it becomes
possible to grasp the torsional behaviors of RC members at the limit state with
good accuracy in regard to torsional crack width and displacement-deformation.

5. CONCLUSIONS

This study was made with the objective of learning about the torsional behavior
of reinforced concrete members, and within the scope of this study, it was
possible to draw the following conclusions:

(1) With the conventional three-dimensional truss model, deformations at Zones
1,2, and 3 are overestimated, but with the present analytical method which takes
into consideration tension stiffening of concrete,the torsional resistance
behavior of a reinforced concrete member can be estimated with good accuracy
from before occurrence of cracking up to the time of failure.

(2) The depth of compression axis or the width of the shear flow path (ty) can
be estimated by Eq. (28) which is obtained by assuming that the twist determined
by the Compression Field Theory and the twist based on the thin-shell elastic
theory are equal, and as a result there is good agreement with experimental
results.

(3) The phenomenon of spalling of the cover of a reinforced conerete member
subjected to torsion is not something which occurs after reaching maximum
strength, but begins from an early stage before maximum strength, with spalling
occurring at an earlier stage of loading the greater the reinforcement strain
and the larger the thickness of cover.

(4) The computation method considering the full cross section as effective in
calculating crack resistance and taking into account a softening phenomenon of
concrete for the cross section considering cover to have spalled is an
analytical method which aptly grasps the actual torsional phenomenon of a
reinforced concrete member,and may be said to be reasonable.



(5) The location of the neutral axis coincides with the center of the
rectangular cross section before occurrence of cracking, but shifts abruptly to
near the surface of the member after cracking so that the thin-shell theory can
be applied even for a member with a solid cross section.

(6) At any stage of loading the resistance provided by concrete is predominant
in the load resistance mechanism before crack occurrence, but as deformation
progresses after crack occurrence, the resistance provided by concrete declines,
with the resistance by the truss structure becoming predominant in the end.

(7) Hereafter, in theoretical studies of load-deformation in any state, there
will be a necessity to study stress decline due to spalling and variation in
compression depth of concrete struts.

NOTATION
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Area enclosed by the center line of shear flow

Total area of longitudinal steel :

Cross sectional area of one leg of a transverse steel bar
Cylinder compression strength of concrete

Coefficient for softening effect

Average stress divided by peak stress in the stress block
Perimeter of the center line of a transverse hoop bar

Perimeter of the center line of shear flow - :

~Torsional moment :

Spacing of transverse hoop bar

Effective depth of the compression zone in the diagonal concrete struts
Angle of inclination of the diagonal compression struts

Shear distorsion at the center line of shear flow

Principal tensile strain in concrete

Bond limit strain between steel and concrete

Tensile strain in concrete

Concrete strain of shear flow in the diagonal concrete struts
Strain at the surface of the diagonal concrete struts

Strain in stirrup

Strain in longitudinal reinforcing bar

Strain at maximum stress of non-softened concrete, taken as 0.002
Angle of twist per unit length

Aaf/(Po* td

At Pa/(Por taS)

Stress in concrete in the direction of transverse reinforcing bar
o Stress in concrete in the direction of longitudinal reinforcing bar
a4 Average compressive stress in the longitudinal concrete struts
Tensile stress in concrete

Yield strength of longitudinal reinforcing bar

Yield strength of stirrup

Stress in stirrup

Stress in longitudinal reinforcing bar

Shearing stress at the center line of shear flow

&
newon oo

Pu
Psn

o
TN T T R N N (N (N O (N TN N O (I

ar
Ohy
Tiy
Tan

Tst

o nonon

Ta

REFERENCES

1) Rausch,E.:Design of Reinforced Concrete in Torsion, Techische Hochschule
Berlin, pp.53,1929

2) Lessig,N.N.:Determination of Load-Carrying Capacity of Rectangular Concrete
Elements Subjected to Flexure and Torsion, Trudy No.5, Institut Betonail
Zhelezabetona (Concrete and Reinforced Concrete Institute), Moscow, pp.5-28 (in



Russian), Translated by Portland Cement Association, Foreign Literature Stuady,
No.371

3) Collins,M.P. and Mitchell, D.:Shear and Torsion Design of Prestressed
Concrete Beams, PCI Journal, Vol.25, No.5, pp.32-100, Sep.-Oct.,1980

4) Hsu,T.T.C. and Mo, Y.L.:Softening of Concrete in Torsional Members, Univ. of
Houston, Civil Eng. Dept., Research Report, pp.1-107, March 1983

5) Rangan,B.V., Staley, R.F. and Hall, A.S. :Behavior of Concrete Beams in
Torsion and Bending, Journal of the Structural Division, ASCE, Vol.103, ST-
4yPP.749-772, Apr.1978

6) Ewida,A.A. and McMullen,A.E. :Torsion-Shear-Flexure interaction in reinforced
concrete members, Magazine of Concrete Research, Vol.33, No.115, pp.113-122,
June 1981

7) Nagataki,S., Okamoto,T., Lee,S.H. and Yamaoka,S. :A Study of Torsional
Properties of Reinforced Concrete Members(in Japanese), Proceeding of the Japan
Society of Civil Engineers, No.372/V-5, pp.157-166,1986

8) Reported by ACI Committee 224:Cracking of Concrete Members in Direct Tension,
ACT Journal, Vol.83, No.1, pp.3-13, Jan.-Feb.,1986

9) Sato,M. and Shirai,N. :A Study on Elastic-Plastic Properties of Earthquake-
Proof Wall Builded by Reinforced Concrete {in Japanese), Annual Convention
Report of Architectual Institute of Japan, pp.1615-1618, 1978

10) Vecchio,F. and Collins,M.P. :Stress-Strain Characteristics of Reinforced
Concrete in Pure Shear, IABSE Collequuim Advanced Mechanics, No.115, pp.113-122,
June 1981

11) McMullen,A.E. and El-Degwy,W.M.:Prestressed Concrete Tests Compared With
Torsion Theories, PCI Journal, Vol.30, No.5, pp.96-127, Sep.-Oct.,1985

12) Vecchio,F. and Collins,M.P.:The Modified Compression Field Theory for
Reinforced Concrete Elements Subjected to Shear, ACI Journal, Vol.83, No.1,
pp.219-231, Mar.-Apr. 1986

13) ACI 318-77 :Building Code Requirment for Reinforced Concrete Institute,
Detroit, 1977

14) Japan Society of Civil Engineers :Standard Specification For Design and
Construction of Concrete Structures, Part 1 (Design),1986



