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ABSTRACT. Sixteen high-strength plain concrete deep beams were tested
under pure torsion. The variables were the span/depth and the depth/width
ratios. Concrete strength of about 67 MPa (9700 psi), span/depth ratios var-
ying from 1 to 4 and depth/width ratios ranging from 2 to 5 were used. Test
results showed that high-strength plain concrete deep beams under torsion
failed suddenly and violently along a smooth surface, and the inclinations of
the failure surfaces were influenced by both span/depth and depth/width
ratios. The torsional capacity gradually increased as the span/depth ratio
decreased from 3 to 1. The increase of span/depth or depth/width ratio re-
duced the beam stiffness and increased the angle of twist and the energy ab-
sorbed. The torsional strength of the test beams were also predicted using
some of the theoretical equations available in the literature and were com-
pared with the experimental values.

1. Introduction

Over the last decade, the application of high-strength concrete, i.e., concrete with
compressive strength in excess of 41 MPa (6,000 psi), has gained wide acceptance in
construction industry and is currently being used in many parts of the world. Recent
developments in material technology and the apparent advantages of high-strength
concrete have encouraged engineers to produce and use concrete of high strength.
However, adequate investigations on the aspects of its behavior in structural mem-
bers are yet to be done. Therefore, a sufficient research data in this area is lacking.
The ACI Committee 318! has formulated design recommendations for normal-
strength concrete shallow beams under both pure torsion and torsion with combined
loading conditions. Engineers rely on these guidelines for the torsion design of deep
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beams, i.e., members with span/depth ratio of less than five, for both normal and
high-strength concrete, without consideration to the differences in the behavior of
deep and shallow beams under torsmn[ I'and also between the characteristics of nor-
mal and high-strength concrete®*!. The ACI Committee 363" has urged for investi-
gation of the various aspects of structural behavior of high-strength concrete mem-
bers. To the authors’ knowledge, only a single investigation on the behav1or of high-
strength concrete shallow members under torsion is reported so far® and no work
appears to be carrled out on the torsional behavior of deep beams using high-
strength concrete®®”). Therefore, the objective of this investigation is to study the tor-
sional behavior of high-strength concrete deep beams under torsion.

2. Prediction of Torsional Strength

The behavior of reinforced concrete beam in torsion before the onset of cracking,
can be based on the study of plain concrete beam, because the contribution of rein-
forcement at this stage is negllglble . Three theories, namely, elastic, plastic, and
skew-bending theories™ "I have been developed to predict the torsional strength of
plain concrete shallow members with rectangular cross sections. Recently, modifica-
tions to the skew-bending equation were proposed to predict the torsional capacities
of high-strength plam concrete shallow beams!®! and of normal- -strength plain con-
crete deep beams'?!. A brief review of these theories is now given.

2.1 Elastic Theory

The determination of the stress in non-circular members subjected to torsional
loading is not as simple as that for circular section!"”). However, results obtained from
the theory of elasticity indicate that the torsional failure of a plain concrete member
with rectangular cross section takes place when the maximum Iprmcipal tensile stress,

0,..c » Decomes equal to the tensile strength of concrete, f Since o,,,, is equal to
¢ i pure shear, the elastic failure torque, T, , can be estimated as

T, =K X Y[ (1
where,
K, = St. Venant’s coefficient, which depends on the aspect ratio, Y/X, of the
member and varies from 0.208 to 0.333.
X, Y = The shorter and longer sides of the rectangular sections, respectively,
mm or in.
1 = The tensile strength of concrete, 0.42 V' ¢/ (MPa) or 5 V f

(psi) as suggested by Hsu®),

The elastic theory was first used by Bach and Grafin 1912 and was widely adopted
later by several investigators in this field'”. However, tests have shown that this
theory consistently underestimates the fallure strengths of plain concrete beams so
tha}glthe test results obtained are roughly 50 percent greater than the predicted val-
ues
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2.2 Plastic Theory

Nylander suggested that the extra strength that can not be achieved by the elastic
theory may be contributed by the plastic properties of concrete. In other words,
concrete may develop plasticity and thus increase the ultimate strength. Similar to
elastic theory, failure is assumed to occur when the maximum principal tensile stress,
0., Feaches the tensile strength of concrete, f;. The plastic failure torque, T, , can

max,

therefore be evaluated as
T,= K, XY f ®)
where

K, = (0.5 - X/6Y ), is the plastic coefficient which depends on Y/.X and varies
from 0.333 t0 0.5

The plastic theory can roughly account for the extra strength that can not be
explained by the elastic theory, because the coefficient K, is about 50 percent greater
than K| used in the elastic theory. However, the plastic theory was found unsatisfac-
tory[9] because concrete is not ductile enough, particularly in tension to permit a per-
fect plastic distribution of shear. Therefore, the nominal torsional strength of a plain
concrete section is somewhat between the values predicted by the elastic and plastic .
theories.

2.3 Skew-Bending Theory
This theory considers in detail the internal deformation behavior of a series of
transverse warped surfaces along the beam. Initially presented by Lessig in 1958, it
had subsequent contributions from several researchers in this field®. Studies by
Hsu!” have led to the conclusion that failure of a rectangular section in torsion occurs
by bending about an axis parallel to the wider face of the section, and inclined at
about 45° to the longitudinal axis of the beam. Based on this approach, the torsional
strength, T,, can be expressed as follows
2
7, = XY (085 1) 3)

n

where,
f. = Modulus of rupture of concrete, MPa or psi.

The difference among the elastic, plastic and skew-bending theories lies only in the
nondimensional coefficient and in the material constants. The coefficients K, and K,
used in the elastic and plastic theories, respectively, are functions of Y/X, while the
coefficient in the skew-bending theory is a constant ( =1/3 ) and always lies between
K, and K, . In the elastic and plastic theories, the material constant is the direct ten-
sile strength of concrete, f , while in the skew-bending theory, it is the modulus of
rupture, 0.85 f, . Although f, represents a type of indirect tensile strength, it is af-
fected by the tensile strain gradient and, therefore, the size of the specimen.

Since the modulus of rupture is not often available for analysis and design, Hsu®!
developed the following empirical equation to predict the nominal torsional capacity
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of plain concrete beams, T, , in terms of the concrete compressive strength
T,=6(X +10) YV (psi units) 4)
where,
f. = Compressive strength of concrete, psi, and x = 4 in.

Bakhsh et al.® showed experimentally that a better prediction of the nominal tor-
sional capacity, T, , of high-strength plain concrete shallow beams can be obtained
by using the splitting tensile strength of concrete, f ;p , in the skew-bending equation
(Eq.3)inlieuof 0.85f,, i.e.,

Xy .
Tn = T f_sp (5)
where,

f;p = Splitting tensile strength of concrete, MPa or psi.

2.4 Modified Skew-Bending Equation
for Normal-Strength Concrete Deep Beams

Akhtaruzzaman and Hasnat'?! observed that the torsional strength of deep beams
without a transverse opening remains practically constant for span/depth ( L / Y')
ratio = 3.0 and increases with the decrease of L/Y ratio < 3.0. They concluded that,
as a lower-bound approach, the nominal torsional capacity, T, , of normal strength
plain concrete deep beams with solid cross section can be adequately evaluated by
the following equations

T,=11T, for L/Y = 3.0 (6)
T,=T, (134 -0.08 L/Y) for L/Y < 3.0 @
where,
T, = 085 3)(2 Yf;p
L = Center-to-center span, mm. or in, and
L/Y = Span/depth ratio.

2.5 ACI Torsional Design Provisions

The ACI Code 318-89"" does not contain any design provision for deep beams
under torsion. However, the present ACI procedure for the torsional design of nor-
mal strength shallow beams is based on the skew-bending theory and the recommen-
dations of ACI Committee 438!'%. Therefore, the nominal torsional strength, T, ,
provided by concrete is specified to be as

n

T = L3Y(0.2 V) (S.I. units) )
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T, = X23Y (24 V) ( psi units) 9)

3. Experimental Program

Sixteen beams were tested in this study. The dimensions of test specimens and the
test variables are given in Table 1. The beams were divided into four groups on the
basis of their Y/X and L/Y ratios. The beams are identified by one letter and two
numbers. The letter “B™ designates a beam, the first number indicates its Y/X ratio,
and the second number represents its L/Y ratio. One concrete strength of about 67
MPa (9,700 psi) was used. The L/Y ratio was varied from 1 to 4, while the Y/X was
varied from 2 to 5 to study their effect on the torsional capacity of deep beams. All
beams had a constant depth of 400 mm, and the beam widths and spans were varied
to achieve the desired L/Y and Y/X ratios.

TABLE 1. Test variables and experimental and theoretical torsional strength.

Test variables Theoretical torsional strength®

Exp. | ..

Group|Beam S"La“ XY \ywliyl £ fe | £ |Ea1|Ea2|Ead |Eq.4 | Eq.S [Eq.67 Eq8 ‘0;‘*"5 +
no. | mo. | - |mm |mm MPa M]ga MPa |kN-m [kKN-m | kN-m [kN-m | kN-m {kN-m [kN-m kN[pr th
nlolelalelelonle ool aw]|aw| a]ao o
B21]0.4 (200400 2 | 1 J66.91]5.30 | 6.42 ]13.52122.91]29.10 | 16.46 | 28.27 | 30.27 | 8.93 | 30.12 } 0.99

| B22]0.8(200]400] 2 | 2 |66.91]5.30 | 6.42 }13.5222.9129.10 | 16.46 ( 28.27 | 28.35 | 8.93 | 25.90 | 0.91
B23| 1212001400 2 | 3 166.91]530 | 6.42 |13.52122.91|29.10 | 16.46 | 28.27 | 26.43 | 8.93 | 23.90 ] 0.90
B24|1.6]200(400( 2 | 4 ]66.91]530 1642 }13.5222.91{29.10 | 16.46 | 28.27 {26.43 | 8.93 | 24.47 | 0.93
B31]0411351400( 3 | 1 |66.91530 | 642 ] 6.69|11.12|13.26 | 875 [12.88 1 13.79 | 3.98 | 13.85 ] 1.00

) B 32108 |135]400| 3 | 2 [66.91]530 | 6.42 | 6.69 1112 13.26 | 8.75 | 12.88 {12.92 | 3.98 | 12.75 1 0.99
B33]1.2]135]400( 3 | 3 ]66.91]5.30 |6.42 ] 6.69(11.12]13.26| 8.75112.88 | 12.04 | 3.98 | 10.90 }0.90
B34]1.6(135(400) 3 | 4 6691 ]530 642 ] 6.69|11.1213.26| 8.75|12.88 | 12.04 | 3.98 | 11.00 | 0.91

B 411041001400 4 | 1 16691530 j6.42 ] 3.94) 630] 7.28| 580 | 7.01| 7.57| 2.18 | 7.20 | 0.95

3 B42(08{1001400] 4 | 2 6691|530 [6.42] 3.94| 630| 7.28| 5.80| 7.01| 7.10| 2.18 | 6.37 | 0.9
B43]1.2]1001400| 4 | 3 16691530 [ 642 | 394 | 630| 7.28) 580) 7.01| 6.61|2.18 | 6.14 {093
B24|1.6/100{400( 4 | 4 16691530 1642 ] 394 630 7.28] 580 7.01| 6.61|2.18 | 5.99 |0.91
B51]04]80(400| 5 | 1 ]6691]530 | 642 ] 255| 411| 4661 3.731 452 4.84| 1.40 | 470 ] 0.97

4 BS52{08] 80i400f S | 2 |6691]530 | 642 ] 2.55| 4.11| 4.66| 3.73 | 4.52| 4.54 | 1.40 | 4.50 | 0.99
BS3[12] 80[400) 5 {3 ]66.91]530 642 255 411 4.66] 3.73| 4.52| 4.00 | 1.40 | 3.90 | 0.98
BS4j16( 80({400| 5 | 4 [66.91]530]6.42 | 255} 411} 466§ 3.73) 4.52| 4.00| 1.40 | 4.10 | 1.03

*For all beams, average material properties are used.
**T,, is calculated from the applicable Eq. 6 or 7.

A general purpose ordinary portland cement (Type I) was used in this experimen-
tal work. Sand with high fineness modulus of (3.1), and coarse aggregates with a
maximum size of 10 mm (3/8 in.) were employed. A dark gray densified silica fume
with a specific gravity of 2.2 (compared to that of 3.1 for ordinary portland cement)
was used. The bulk density of the silica fume was around 6.00 kN/m”’ (37.6 1b/ft’). A
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super-plasticizer was used to lower the water requirement of the concrete mix, to
provide good workability and to increase strength by virtue of lowering the water/ce-
ment ratio. Table 2 shows the mix proportions and mechanical properties of concrete
used.

TABLE 2. Details of mix and mechanical properties of concrete.

- . s .
G | Mo |y P | e (s | ST gl | v
| c:raca % % 0 (ﬂp)ﬁlm (f, )MPA
on the day of At

(N () 3) (4) (5) (6) testing 28 days (8) 9)

1 1:1.2:1.8 1027 6 0 70 | 66.21(28days) | 66.21 5.24 6.27

2 1:1.2:1.8 1027 6 0 65 | 68.23(28days) | 68.23 5.40 6.37

3 1:1.8:1.20 ]0.27 6 0 98 | 66.91(28days) | 66.91 5.30 6.42 «

4 1:1.4:1.1 0.21 6 10 60 | 67.75(14days) | 89.70 5.36 6.51
Average material properties for all groups 65 66.91 70.81 5.30 6.42

*C = Cement, F.A. = Fine aggregate, C.A. = Coarse aggregate.
** Average value of three specimens.

Concrete was placed in three layers in the formwork and internally consolidated
with an electrical vibrator to produce uniform concrete without any segregation. For
each group of beams, eight 150 X 300 mm (6 X 12 in.) cylinders and four 150 x 150 x 510
(6 X 6 X 17 in.) prisms were cast. Curing of beams and control specimens was done
by watering them once daily and keeping them covered with a plastic sheet until 24
hours before testing to prevent the loss of moisture. All beams and control specimens
were cured in the same room and under similar conditions. Before testing, the beams
were coated with a white paint to facilitate the observation of cracking patterns.

The beams were tested under the action of pure torsion. Special bearings at the
supports insured that the test beam was free to twist at one end while the other end
was held against torsional rotation as shown in Fig. 1. The load was applied in small
increments up to failure. At the end of each load increment, torsional rotations of the
beam at both ends, and crack development and propagation on the beam surfaces
were recorded. The failure-crack inclinations were also measured at the end of the
test.

4. Test Results and Discussion

The test results are analysed and compared to existing theories as follow :

4.1 Experimental Torsional Strength
The effect of L/Y ratio on the experimental torsional strength, 7, , , of the tested

beams are shown in Table 1 and Fig. 2. For beams with constant Y/X ratio, the tor-
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S100X22.8 Torsion arm ~Jack
20X100mm Steel plate 20X W0WOmm

Test specimen U Steel plate

Torsion arm
Tep plate
25mm dia. belt
Bsase plate

Cennector plate

Special
. Tersional
1 Bearing
FRONT VIEW SIDE VIEW
Jack

F1G. 1. Test set-up.

sional strength is approximately constant for L/Y = 3.0 and gradually increases for
L/Y < 3.0. This observation is similar to the one reported by Akhtaruzzaman and
Hasnat!?. The increase in the torsional strength in the region of L/Y < 3.0 may be
explained by the fact that the torsional load and the clamping reactions at the sup-
ports are distributed over larger length, thereby enlarging concrete confinement
zone. Figure 3 shows that when the L/Y ratio is large, the confinement zones are lo-
cated near the supports. However, when the L/Y ratio is small, the confining zones
may overlap and the beam is subjected to compressive stresses in addition to the tor-
sional shearing stresses. The test results show that decreasing the L/Y ratio from 3 to
1 or Y/X ratio from 5 to 2 increases the torsional strength from 3.90 kN - m to
30.12 kN - m depending on the Y/X and L/Y ratios.
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FI1G. 2. Effect of span/depth ( L/Y ) ratio on the experimental torsional strength.
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4.2 Crack Pattern and Failure Mode

In all the beams, no crack was observed during the test prior to failure. When the
failure loads were reached, the beams failed suddenly and violently along smooth in-
clined surfaces. The failure-crack inclinations with respect to the beam axis were dif-
ferent on the two vertical sides of the beams. Figure 4 shows the failure-crack pat-
terns of some of the test beams. Only one mode of failure, viz., shear failure was ob-
served.

FiG. 4. Typical crack patterns.
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Table 3 presents the failure-crack inclination angles on the two vertical faces (ten-
sion and compression failure inclination angles) of the beams of different groups.
The inclinations were evaluated by choosing the best fit straight line along the
cracked surface. Figures 5 and 6 show the failure inclination angles plotted as a func-
tion of the L/Y ratios for the tension and the compression cracks, respectively, on the
two vertical faces of the tested beams. The inclinations of the tension failure cracks
varied from 36.71 to 69.26 degrees depending on the Y/X and L/Y ratios. This indi-
cates that a modification to the skew-bending theory is needed to predict the tor-
sional strength of high- strength concrete deep beams, since it assumes a 45° failure
plane. The inclination is found to increase with the decrease of L/Y ratio from 3to 1.
This is similar to the effect of L/Y ratio on the torsional capacity for the test beams.
The inclination of a compression crack was always found lower than that of the cor-
responding tension crack and varied from 30.30 to 63.10 degrees depending upon the
Y/X and L/Y ratios.

4.3 Theoretical Torsional Strengths

The theoretical torsional strengths, T, , of the test beams were estimated using the
following methods :

80
& Group# 1 - A=200x 400 mmZ, Y/X = 2
O Group # 2 - A=135 x400 mm?, Y/X = 3
o Group# 3 - Az100x400 mnf, YIX = 4
® Group#4 -Az B0 x400mmZY/X = 5
~ 60
o
[ ]
A
w
P |
(4]
2 404
Z
=
wn
Zz
w
-
204
0 T T T 1
0 1 2 3 4 5

SPAN / DEPTH (L/Y ) RATIO

FiG. 5. Effect of span/depth ( L/Y ) ratio on the tension crack angle.
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1. Elastic theory (Eq. 1).
2. Plastic theory (Eq. 2).
3. Skew-bending theory in terms of the modulus of rupture (Eq. 3).
4, Skew-bending theory in terms of the compressive strength (Eq. 4).
5. Skew-bending theory in terms of the splitting tensile strength (Eq. 5).
80
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FiG. 6. Effect of span/depth ( L/Y ) ratio on the compression crack angle.
TaBLE 3. Inclination of tension and compression failure-cracks for the tested beams.
Inclination of tension cracks (degrees) Inclination of compression cracks (degrees)
Span/depth
(L/Y)  |Group# 1 |Group#2 |Group % 3| Group # 4 | Group # I | Group %2 | Group # 3 | Group # 4
ratio
Y/IX=2 | Y/X=3 | Y/X=4 | YIX=5 | Y/IX=2 | Y/IX=3 | YIX=4 | Y/X=5
1 67.61 62.01 69.26 57.37 57.75 57.75 63.10 52.55
2 53.83 48.35 49.90 42.57 50.54 43.10 40.54 37.10
3 50.42 44.79 42.45 37.59 42.0 36.64 37.19 31.57
4 49.63 43.79 43.79 36.71 41.02 34.92 36.57 30.30
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6. The equations proposed by Akhtaruzzaman and Hasnat!” for deep beams (Eq. 6,7).
7. ACI Code equation (Eq. 8).

The experimental torsional strengths of the test beams and their theoretical
strengths are computed and presented in Table 1 and in Fig. 7 through 10. Table 1
shows that the elastic and the plastic theories, and the skew-bending theory in terms
of the compressive strength, and the ACI Code 318-89 equation are always conserva-
tive in predicting the torsional strengths of the test beams by 52 t0 123%,1t031%, 3
to 83% and 174 to 248%, respectively. The skew-bending theory in terms of the split-
ting tensile strength and the modulus of rupture overestimates the torsional strengths
of the test beams by 0.4 to 18% and 1 to 22%, respectively. Figures 7 to 10 show that,
the theoretical torsional strength computed on the basis of Akhtaruzzaman and Has-
nat!?! equations (Eq. 6 and 7) gives the best prediction for the experimental torsional
strength ( T,,/T,, valuesclose t0 1.0 ). Itis found that the main parameters which af-

fect the torsional strength are the splitting tensile strength, f| , L/Y, and Y/ X ratios.
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FiG. 7. Effect of span/depth ( L/Y ) ratio on the experimental and the theoretical torsional strength for
beams of group # 1 ( Y/ X =2) ).
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FiG. 8. Effect of span/depth ( L/Y ) ratio on the experimental and the theoretical torsional strength for
beams of group #2 ( Y/ X =3).
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beams of group # 3 ( Y/X =4).

. Effect of span/depth ( L/Y ) ratio on the experimental and the theoretical torsional strength for
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F1G. 10. Effect of span/depth ( L/Y ) ratio on the experimental and the theoretical torsional strength for
beams of group # 4 ( Y/X = 5).

4.4 Twisting Characteristics

Figure 11 shows the torque-twist relationship of the test beams. The torque-twist
curves are approximately linear up to 50% of the respective torsional strength; there-
after the curves become non-linear and the torsional stiffness is reduced in this range,
as could be noticed from the reduced slopes of the curves. Figure 11 shows that the
angle of twist, 6, increases with the increase of L/Y or Y/X ratio provided that all
other variables are constant. The energy absorbed as estimated as the area under the
torque-twist curve increases with the increase of L/Y or Y/X ratio.

Conclusion

Based on the test results of sixteen high-strength plain concrete deep beams tested
under pure torsion, the following conclusions can be drawn :

1. For beams with constant depth/width ( Y/X ) ratio, torsional strength of high-
strength plain concrete deep beams gradually increases as the span/depth ( L/Y )
ratio decreases from 3 to 1.

2. In all the beams, no crack was observed during the testing prior to failure.
When the failure load was reached, the beams failed suddenly and violently along
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EXPERIMENTAL TORSIONAL STRENGTH, Texp (kN -m)
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FI1G. 11. Torque-twist relationship.
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smooth inclined surfaces.

3. The failure-crack inclinations on the beam surfaces were influenced by span/
depth and depth/width ratios.

4. Akhtaruzzaman and Hasnat equationm gives the closest predictions of the ex-
perimental torsional strength.

5. The main parameters which affect the torsional strength are the splitting tensile
strength, f{ , span/depth, and depth/width ratios.

6. The angle of twist, 6, for the test beams increases with the increase of span/
depth or depth/width ratio. This indicates that the energy absorbed by the beams in-
creases with the increase of L/Y ratio or Y/X ratio.

7. The ACI 318-89 Code torsional equation for normal strength shallow beams is
highly conservative by 174 to 248% in predicting the torsional strengths of the high-
strength plain concrete deep beams tested in this study.
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