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a b s t r a c t

Torsion tests on high strength concrete hollow beams have revealed some ductile behavior. However,
this ductile behavior only occurs for a narrow interval of the torsional reinforcement ratio. Tests have
shown that a torsion plastic hinge can be formed. Furthermore, this torsion plastic hinge is concentrated
in a small length of the longitudinal axis of the beams. In this paper, the authors show that plastic models
are possible for beams under torsion. A torsion plastic hinge at the failure cross section can be assumed.
This paper also shows that torsional ductility becomes more difficult as the concrete strength increases.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

High Strength Concrete (HSC) is being increasingly used in new
structures. When compared to Normal Strength Concrete (NSC),
HSC has advantages that compensate for its higher production
costs, due to selection of aggregates, mix proportioning, curing and
quality control. Current building structures, and especially bridge
structures, can benefit from the economical advantages of HSC.
However, the mechanical behavior of HSC structures is somehow
different from those of NSC. For instance, the ductility performance
is certainly different when comparing HSC with NSC structures.

The study presented in this paper is based on pure torsion
tests on HSC hollow beams. Pure torsion is surely not frequent in
real structures. When it takes place, torsion is normally combined
with shear and flexure. However, in some cases, such as in
curved bridges, torsion can be very important. In any cases where
torsion takes place, design of the structure using interaction graphs
requires a knowledge of the structural behavior of the member
under pure torsion.
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– FCTUC – Polo 2, 3030-290 Coimbra, Portugal. Tel.: +351 239797253; fax: +351
239797123.
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In long span bridges, hollow beams are a normal solution for
the cross section. Therefore, a study on the behavior of HSC hollow
beams under pure torsion is very important.

The theory of plasticity can be easily used as a structural
designing tool. Codes of practice refer to this theory. However, its
application is only possible if the structure has a ductile behavior to
accommodate internal redistributions of forces, to prevent brittle
failure. It is well known that concrete structures that are correctly
reinforced normally have a capacity to withstand inelastic flexural
deformations that are sufficient to permit the use of plastic theory.

Although ductile behavior is well accepted for bending
moments [1–3], shear and torsion failures are normally associated
with brittle behavior. However, shear and torsion may not
necessarily lead to brittle failure. As far as shear is concerned,
a good choice of longitudinal and transversal reinforcement will
induce some ductility. Cladera and Marí have recently studied
shear failure in beams with and without stirrups. In a first pair
of papers, they proposed a new simplified shear design method
to be used in design codes [4,5]. In a following article they [6]
presented a shear force versus shear deformation graph and some
curves clearly show a great increase of deformation without great
variations in the shear force. At the ultimate load, the softening
effect (influence of the diagonal cracking on the behavior of the
compressed strut) takes place. This phenomenon permits a better
dissipation of the internal energy through a reasonable amount
of inelastic deformation. In this case, the theory of plasticity can
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be also valid for shear. Due to the similarities of internal stress
mechanisms between members under torsion and those under
shear forces, beams under torsion can also be sufficiently ductile to
permit plastic analyses. For the case of torsion, sufficient ductility
can be obtained through the control of various factors: use of steel
bars with special ductility requirements, detailing of bars using
small spacing values, and use of reinforcement ratios limited by
an upper and a lower values (as in flexure).

Many codes do not have specific requirements of minimum
reinforcement amount to ensure a ductile behavior of beams under
torsion. ACI 318R-05 [7] does present a specific minimum value,
but the calculation procedure is based on empirical considerations,
which could lead to some incongruent results, as explained by
Ali and White [8]. Other codes, such as MC 90 [9], EC 2 [10]
and CSA A23.3-04 [11], adopt the minimum values intended for
shear. This aspect is very important for high strength concrete
beams [12]. As far as the maximum reinforcement is concerned,
the codes normally indicate a procedure that indirectly lead to it.
The maximum reinforcement ratio is conditioned by enforcing a
maximum compressive stress in the concrete struts.

Although the codes show some concern in ensuring a ductile
behavior of members under torsion forces, it is not sufficient
because the specific studies on this subject are rare, and non-
existent for the particular case of high strength concrete beams.

This paper covers the overall behavior of hollow beams under
pure torsion, especially plastic behavior. The study is based on
experimental results from sixteen beams.

2. Research significance

Experimental studies on high strength concrete beams under
pure torsion are very rare. A study was published by Rasmussen
& Baker in 1995 and reports tests on nine small rectangular plain
beams [13,14]. These beamswere over reinforced, and the concrete
strength was the only variable parameter. Another study was
published byWafa et al. in the same year [15]. This study reported
tests on 14 small rectangular plain beams. The variables were the
concrete strength (with large variation), the aspect ratio of the
cross section, the level of uniform prestress, and the amount of
torsion reinforcement. The general analysis of the results gave
some indications on the advantages in using HSC on themaximum
torsional strength of such beams.

The studies cited above do not approach the topic of ductility
in torsion. As explained later in this paper, this topic is very
important, especially in continuous structures in which torsion
plays an important role. The concept of a torsion plastic hinge in
zones where the reinforcement bars yield can be an important
design tool. In hollow beams under pure torsion the ductile
behavior is more difficult to achieve than in plain beams. Since the
beams are hollow, when the outer fibers of the section reach their
maximum strength, there is no concrete in the interior of the cross
section to take stresses when the flow of stresses can no longer
run in the maximum size ring that can be accommodated in the
cross section. As the outer fibers fail, the side or diameter of the
ring gets smaller, and the performance of the beam starts to be
very dependent on the existence of a concrete nucleon. Therefore,
the specific study of the plastic rotation capacity under torsion is
of great importance.

3. Importance of the torsional ductility

It is widely accepted that flexural ductility is very important if
moment redistributions are expected to take place in hyperstatic
structures.Would the ductility be also important and is the torsion
redistribution relevant? This is the key question the authors will
try to answer in this Section.

Fig. 1. Redistribution of forces in continuous curved beams.

Fig. 2. Total redistribution of torsional moments.

A continuous curved beam (frequent situation in bridges) is
a good example for showing the importance of ductility. In this
type of beam, torsion forces are very important, and when a
redistribution of internal forces takes place itwould involve torsion
forces. Fig. 1 shows the diagrams for the elastic forces (dotted
lines) and for the forces after redistribution (solid lines) of two
curved beams with non-symmetric loading (for instance, due to
a live load). In the beam of Fig. 1b all the three supports have
full restriction to twist, whereas the beam of Fig. 1a has the
two end supports with no twist possibility; the inner support
free to twist. If the torque at the right end support reaches the
maximum value, then, the reinforcement bars of this section yield.
The beam will suffer great twist deformation at the section and
some redistribution might take place, leading to the diagrams
represented by the solid lines (Fig. 1). The change of the torque
diagram implies a change in the bending moments and shear
diagrams. However, the changes on these two types of diagrams
are smaller than those of torque.

If the end sections do not have sufficient torsion ductility, then
the variation of twist is not gradual and, at the limit, the torque
at the section might drop sharply to nil. In this case the diagrams
are those shown in Fig. 2. Hinge is confined to a small length, as
showed by tests (the authors will address this point later in this
article). From Fig. 2(a) and (b), the maximum torque at mid span
suffers a great increase, and the newmaximum value could create
new plastic hinges at these points. This could lead to a mechanism
(Fig. 3), which leads to a partial failure of the structure, due to
torsion.
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Fig. 3. Torsional mechanism.

This analysis shows that this kind of structure must have a
minimum amount of torsional ductility at the sections with the
highest values of torsion forces, to prevent sudden (brittle) failure.

The above analysiswas explainedby considering that the beams
had no initial cracking. It is known that the cracking induces
a sharp decrease in the torsion rigidity by approximately 90%
to 95% [16], much more than the decrease that takes place for
bendingmoments or shear. Therefore, the redistribution of torsion
moments is also important at service [17], and this also requires
that some attention must be given to the torsional ductility of the
critical sections.

As explained above, the torsional ductility is an important
subject and needs to be studied. The use of HSC in bridges is a factor
that increases the importance of such study, since the material is
more brittle when compared to NSC.

4. Test program

4.1. Test specimens

A set of 16 rectangular hollow beams were tested to failure.
The beams were 5.90 m long plus the heads (to transmit the
forces). They were placed on two end supports, one fully restricted
rotational movements, and the other could withstand large
rotational movements. Fig. 4 shows the dimensions of the beams
(constant for the whole set) and two examples of reinforcement
detailing. During the construction of the beams, special attention
was given to the anchorage of the longitudinal and transversal
reinforcement. The decision on the beams’ dimensions was taken
after seeing the type of beams used in other investigations [18] and
by taking into account the scale factor, the actuator capacity and an
exaggerated flexibility of the concrete walls. The geometry of the
ends was carefully constructed to fit the steel parts of the testing
apparatus.

The variables were the concrete compressive strength (cylin-
ders), and the total amount of torsion reinforcement. Three sets of
beamswere considered (series A, B and C) as a function of the range
of the concrete compressive strengths. In each test series, the rein-
forcement ratios were defined from the maximum and minimum
values as reported in ACI 1989 code [19], because this code consid-
ers a wide interval for this parameter.

Table 1 presents some key parameters that define the beams,
namely: distance between branches of the stirrups (x1 and y1, see
Fig. 4), area of longitudinal reinforcement (Asl), area of one branch
of transversal reinforcement (Ast), average compressive strength
of concrete (fc), longitudinal and transversal reinforcement ratios
(⇢l = Asl/Ac where Ac = x.y and x = y = 600 mm – see Fig. 4;
⇢t = Ast .u/Ac .s where u = 2.(x1 + y1) and ‘‘s’’ is the spacing of
transversal reinforcement), total reinforcement ratio (⇢tot) and the
ratio between longitudinal and transversal reinforcement (mb =
Asl.s/(Ast .u)).

4.2. Materials properties

The average value of the concrete’s compressive strength was
obtained through uniaxial compressive tests on 150 ⇥ 300 mm
cylinders, poured and cured in the same conditions as those of the
test beams. The mix design is presented in Table 2.

Hot-rolled steel ribbed bars (S500) were used as reinforcement.
The average values of yield stresses and strains (fy and "y) were
obtained from tests on steel specimens (6 probes per each diameter
of bar used in the test beams). The values were: fy = 686 MPa and
"y = 3430 µ.

4.3. Testing procedure

The testing equipment (Fig. 5) is composed by different parts,
namely:

– a steel frame fixed to the strong floor of the laboratory (a
electromechanical actuator was fixed to this frame);

– a torsion device that transformed the linear force applied by the
actuator into a torque applied to one of the beams ends, first
end;

– a reactionwall, fixed to the strong floor of the laboratory, which
was responsible for restringing the rotationalmovements of the
second beam ends.

The equipment was developed to allow axial and warping
movements at the beams’ extremities. The load applied to the
beams was controlled by deformation.

Load cellswere placed in keypoints of the equipment to confirm
the load at these points.

Normally, previous research work on torsion reports a medium
rotation of beams, because the authors only take readings at both
ends of the beams. The authors found that the readings of the
rotation at several sections of the beams could be very informative.
Therefore, they developed a reading technique that took readings
at 10 sections (sections AA to JJ) of the beams and equally spaced
(Fig. 5). The reading equipment worked very well and did give
interesting information. Ten pairs of LVDTswere used as illustrated
in Fig. 6.

In general, the central line of the beam did not coincide with
the center of the pairs of LVDTs that read the twist at the 10
locations. The adjustment of the beam to the testing equipment
and some unsymmetrical behavior caused by size deviations (due
to construction tolerance) causes a certain wobble effect on the
beam axis as the test goes on. A certain level of unpredicted
movement of the beam should be considered, and the computation
of the twist � should take this into account. Fig. 7 illustrates
the computing technique used in this work for the 4 possible
situations.

In Fig. 7, 1L1 and 1L2 represent the increments of the 2
consecutive pairs of readings (for load levels i and i + 1) given
by transducers T1 and T2. b0 is the horizontal distance (constant)
between the 2 transducers. Hi and Hi+1 are the vertical distances
between the two target points of the section for load levels i and
i + 1 (the target points were the points where the transducers
touched the beams). The first value of Hi was 0 (for load level 0).

Strain gauges were fixed to the reinforcement at sections
located at quarter spans. In each of the sections, strain gaugeswere
stuck to the 4 corner longitudinal bars and to the 4 branches of one
stirrup.

A data logger was used to record the data.
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Fig. 4. Geometry and detailing of tested specimens.

Table 1

Properties of tested beams

Beam Longitudinal
reinforcement

Transversal reinforcement (�@s) x1 (mm) y1 (mm) Asl (mm2) Ast (mm2) fc (MPa) ⇢l (%) ⇢t (%) ⇢tot (%) mb

A1 4�8 + 16�6 �6@90 mm 537 547 653 28 48.4 0.18 0.19 0.37 0.96
A2 4�12 + 12�10 �8@80 mm 538 531 1395 50 47.3 0.39 0.37 0.76 1.04
A3 16�12 �10@95 mm 540 535 1810 79 46.2 0.50 0.49 1.00 1.02
A4 4�16 + 20�10 �10@7 m 520 525 2375 79 54.8 0.66 0.65 1.31 1.01
A5 4�16 + 20�12 �12@80 mm 528 528 3066 113 53.1 0.85 0.83 1.68 1.03
B1 20�6 �6@110 mm 539 544 565 28 75.6 0.16 0.14 0.30 1.11
B2 4�12 + 20�8 �8@75 mm 533 534 1458 50 69.8 0.41 0.40 0.80 1.02
B3 4�16 + 20�10 �10@70 mm 535 537 2375 79 77.8 0.66 0.67 1.33 0.99
B4 16�16 �12@75 mm 523 536 3217 113 79.8 0.89 0.89 1.78 1.01
B5 20�16 �12@60 mm 518 518 4021 113 76.4 1.12 1.09 2.20 1.03
C1 4�8 + 16�6 �6@90 mm 540 549 653 28 91.7 0.18 0.19 0.37 0.96
C2 4�12 + 12�10 �8@80 mm 532 533 1395 50 94.8 0.39 0.37 0.76 1.04
C3 4�16 + 20�10 �10@70 mm 545 540 2375 79 91.6 0.66 0.63 1.29 1.05
C4 4�16 + 20�12 �12@80 mm 546 545 3066 113 91.4 0.85 0.86 1.71 0.99
C5 4�20 + 12�16 �12@65 mm 540 543 3669 113 96.7 1.02 1.05 2.07 0.97
C6 24�16 �12@50 mm 533 529 4825 113 87.5 1.34 1.34 2.68 1.00

Table 2

Mix design of concretes

Componentes Mix design (content per m3)
Series A Series B Series C

Thin sand (kg) 205 164 83
Thick sand (kg) 914 908 766
Crushed granit 5/11 (kg) 718 734 780
Normal Portland cement - C Type I/42.5R (kg) 360 375 530
Admixture - Rheobuild 1000 (l) 4.1 4.8 15
Silica Fume (Sikacrete HD) (kg) – 41 60
Water – A (l) 145 145 146
A/(C + Additive) 0.40 0.35 0.25

5. Global analysis of the experimental results

5.1. Evolution of torque with angular deformation

Fig. 8 presents the torque (T ) versus medium twist (✓m) for
beam series A, B and C. The medium twist is obtained from the
torsional rotations of sections AA and JJ (the distance between

these two sections was 5.35 m (see Fig. 5). The points that
correspond to cracking, yielding of transversal reinforcement and
yielding of longitudinal reinforcementwere identified by symbols:
‘‘�’’, ‘‘⇤’’ and ‘‘1’’, respectively.

Fig. 9 illustrates the different types of failure that took place. The
four photographs are the visual identification of the types of failure.
Each of these types can be also identified on the T–✓m graphs by the
behavior of the curves near to the ultimate load.
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Fig. 5. Schem of test setup.

Fig. 6. Test procedure and equipment for twist measurement.

Beams A1, B1 and C1, with the lowest values of torsional
reinforcement ratio, had a typical brittle failure due to insufficient
reinforcement. In these beams, the yielding load was much closer
to the cracking load. In these beams, a sole and large helicoidal
crack appeared and quickly reached failure.

Beams A2, B2 and C2 had a ductile failure. The T–✓m curves
of these beams show a post peak zone, with large inelastic
deformations without great loss of torsional strength.

Beams A3, A4, B3, C3 and C4 had failures due to corner break off.
Typically, this failure is sudden, with no previous signs. Therefore,
this is typically a brittle failure.

Beams A5, B4, B5, C5 and C6, with the highest torsional
reinforcement ratios, had brittle failures due to insufficient
concrete strength. The concrete struts failed. The failure became
more explosive as the concrete strength of the beam increased.

Table 3 summarizes relevant points from the T–✓m curves,
namely: cracking torque and corresponding twist angle (Tcr and
✓cr ), torsional stiffness for non-cracked stage, Stage I, ((GC)I),
torsional stiffness for cracked stage, Stage II, ((GC)II), torque levels
of yield of longitudinal steel and yield of transversal steel, and
corresponding twist angles (Tty, Tly, ✓ty and ✓ly), resistant torque and
corresponding transversal rotation (Tr and ✓Tr ). (GC)I and (GC)II

were calculated by linear regression with the range of T–✓m points
of the corresponding stage (stage I and II).

5.2. Torsion strength: Experimental and design values

This section presents a comparative analysis of the predictions
for the maximum torque given in some codes of practice. The
predictions obtained by the codes are compared with the results
from the tests. The following recent codes of practice were
considered: American codes ACI 318R-05 [7], Canadian Standard
CAN3-A23.3-04 [11] and European Code EC 2 [10].

For the comparative analysis presented here, beamswith brittle
failures were also considered. If a given code anticipates brittle
failure due to crushing of the concrete struts of a beam under
analysis, then the corresponding theoretical strength is computed
by adopting the top limit of the compression stress in concrete
struts.

Table 4 presents the theoretical values of the maximum torque,
Tr,calc, as indicated by the codes. The corresponding experimental
values, Tr,exp = Tr , are also given. The experimental to theoretical
torque ratios are also presented. Beams with predicted brittle
failure are highlighted.

Table 4 shows that ACI 318R-05 [7] slightly underestimates
the strength of the test beams, presenting values on the safe
side, with small deviations from the actual behavior of the beams.
The deviations become smaller as the concrete strength of the
beams increases. Comparison of Tr,exp/Tr,calc values shows that
beamB1 exhibits different ultimate behaviorwhen comparedwith
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Fig. 7. Twist calculation.

Table 3

Key points of T–✓m curves

Beam Tcr (k Nm) ✓cr (�/m) (GC)I (k Nm2) (GC)II (k Nm2) Tty (k Nm) ✓ty (�/m) Tly (k Nm) ✓ly (�/m) Tr (k Nm) ✓Tr (�/m)

A1 104.1 0.071 84070 3807 128.4 0.44 131.8 0.57 150.8 1.18
A2 109.5 0.064 97950 7559 239.4 1.08 247.1 1.17 254.8 1.66
A3 113.3 0.057 113315 8337 272.7 1.16 259.2 1.07 299.9 1.54
A4 120.9 0.063 109485 11100 360.9 1.56 368.2 1.66 368.2 1.66
A5 120.9 0.044 159702 14398 – – – – 412.2 1.53
B1 111.5 0.060 107198 612 – – 115.4 0.21 116.0 0.23
B2 116.7 0.044 151621 6715 265.8 1.33 273.3 1.42 273.3 1.42
B3 130.5 0.043 172940 9790 – – – – 355.9 1.45
B4 142.9 0.061 134251 16590 – – – – 437.9 1.24
B5 146.3 0.066 126968 15698 – – – – 456.2 1.24
C1 117.3 0.038 177073 4523 150.0 0.46 – – 151.8 0.72
C2 124.5 0.049 146640 6924 244.8 1.07 246.6 1.10 266.1 1.44
C3 131.9 0.064 118473 9209 347.7 1.46 – – 351.2 1.53
C4 132.6 0.051 148258 12989 – – – – 450.3 1.50
C5 138.3 0.051 156268 16371 – – – – 467.3 1.34
C6 139.1 0.054 146963 19294 – – – – 521.3 1.27

(–) Beams with brittle failure.

the ultimate behavior exhibited by the other beams. The steel
bars of this beam yielded exactly when the first cracks appeared
(Fig. 8). The ultimate torsional moment is equal to the cracking
torsionalmoment. This is due to a premature failure by insufficient
reinforcement (typical behavior of under-reinforced beams).

When compared with ACI code, the other codes have very dif-
ferent Tr,exp/Tr,calc values for the beams with highest reinforce-
ment ratios. For the beams with small reinforcement ratios, the
Tr,exp/Tr,calc values are bigger than unity, while for the beams with
high reinforcement ratios, such values are less than 1.0. Therefore,

for beams with high reinforcement ratios, the codes of practice are
generally unsafe. The predicted values are sometimes very differ-
ent from the actual ones. As far as the reinforcement ratio is con-
cerned, the middle beams represent Tr,exp/Tr,calc values close to
unity. Therefore, the codes give good predictions for middle range
reinforcement ratios, but the same is not true for the whole range
of reinforcement ratios.

Summarizing, the best code for the ultimate torque prediction
is ACI 318R-05 [7]. The other studied codes are not always safewith
respect to prediction of the maximum torque.
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Fig. 8. T–✓m curves.

Fig. 9. Different types of failures.
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Table 4

Torsion strengths of tested beams

Beam Tr,exp (kN m) ACI 318R-05 [7] EC 2 [10] CAN3-A23.3-04 [11]
Tr,calc (kN m)

Tr,exp
Tr,calc

Tr,calc (kN m)
Tr,exp
Tr,calc

Tr,calc (kN m)
Tr,exp
Tr,calc

A1 150.8 101.6 1.48 106.7 1.41 109.7 1.38
A2 254.8 212.2 1.20 221.3 1.15 234.6 1.08
A3 299.9 284.9 1.05 292.6 1.03 324.2 0.93
A4 368.2 298.1a 1.24 411.0 0.90 415.8 0.89
A5 412.2 302.9a 1.36 507.0 0.81 499.9 0.83
B1 116.0 78.3 1.48 81.4 1.42 82.2 1.41
B2 273.3 223.3 1.22 232.7 1.17 249.1 1.10
B3 355.9 383.6a 0.93 405.2 0.88 437.6 0.81
B4 437.9 373.3a 1.17 523.1 0.84 535.2 0.82
B5 456.2 343.1a 1.33 645.1 0.71 641.6 0.71
C1 151.8 102.5 1.48 107.1 1.42 110.9 1.37
C2 266.1 211.0 1.26 225.6 1.18 232.9 1.14
C3 351.2 386.5 0.91 399.3 0.88 418.4 0.84
C4 450.3 438.2a 1.03 508.9 0.89 533.6 0.84
C5 467.3 440.8a 1.06 593.6 0.79 647.2 0.72
C6 521.3 395.4a 1.32 835.5 0.62 870.9 0.60

a Brittle failure due to insufficient concrete compressive strength expected in these beams.

Fig. 10. Evolution of rotations along the beams (beam A1).

Fig. 11. Evolution of rotations along the beams (beam A2).

5.3. Torsion deformations along the longitudinal axis of the beams

The experimental study of the plastic behavior of a beam
involves the identification of the location of the torsion plastic
hinge and the evaluation of the deformations in that zone. Surely,
the T–✓m curves are too generalist for this purpose. As explained
before, rotations were monitored in 10 sections, which led to
graphs that show the evolution of the rotations along the axis
of the test beam. Such graphs are presented in Figs. 10–20, for
the majority of the test beams. For each beam, two types of
graphs were plotted: graphs showing absolute rotations, �i, and
graphs showing relative rotations, 1✓ij. The relative rotations are

computed from the absolute rotations by dividing �i+1 ��i of two
consecutive sections (i and i + 1) by the distance between them.

Graphs of Figs. 10–20 present several lines, each one of them
corresponding to a load level (the load step was typically 10 kN).
The curves that correspond to cracking, yielding of transversal
reinforcement (Ast) and yielding of longitudinal reinforcement
(Asl) are identified. For low levels of loading, the lines are close
to the horizontal base line. As the load increases the lines move
apart from the base line (the rotations increase). Some beams
had brittle failures with no previous warning. The torque strength
fell greatly after the maximum load. Since the load was applied
by deformation control, it was possible to record the post peak
behavior for these beams. Dotted lines are presented to show the
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Fig. 12. Evolution of rotations along the beams (beam A3).

Fig. 13. Evolution of rotations along the beams (beam A5).

Fig. 14. Evolution of rotations along the beams (beam B2).

rotations after the failure of the beam. This shows the zone where
the failure took place (high values of the dotted lines) and the
behavior before failure (plain lines)which sometimes does not give
any clue on the location of a future failure section.

Regarding the behavior of the beams, Figs. 10–20 showdifferent
stages for different load levels. Before cracking, the increments of
rotation are very small, since the successive curves are practically
coincident to its predecessors. Furthermore, the rate of rotation is
approximately constant in the whole length of the beam. This first
stage corresponds to linear elastic behavior of the beams. Some
small deviations from this linearity (for example Fig. 18, beam
C2) might be due to some inaccuracy associated with the reading
procedure when the load was small.

After cracking, the consecutive curves were further apart when
compared with the consecutive curves of the pre-cracked phase.
Just after cracking, the linear behavior had finished. The relative
rotations graphs start to show some ‘‘humps’’ on the curves (before
cracking, they were approximately horizontal), which indicate
higher concentrations of rotations at certain zones of the beams.
The overall behavior of the beams was more or less the same from
the cracking load up to the load corresponding to yielding of the
reinforcement bars or to failure of the beams (in the cases that
the reinforcement did not yield before the failure of the beam).
After yielding, beamswith low reinforcement ratios clearly present
localized zones with high torsional deformations, which governed
the global deformation of the beams. This behavior is illustrated on
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Fig. 15. Evolution of rotations along the beams (beam B3).

Fig. 16. Evolution of rotations along the beams (beam B4).

Fig. 17. Evolution of rotations along the beams (beam C1).

the relative rotation graphs: the ‘‘humps’’ of the consecutive curves
becomes more prominent turning itself into ‘‘bells’’. The beams
with this kind of behavior are: A1 and A2 (Figs. 10 and 11); B1 and
B2 (Fig. 14 for B2); C1 and C2 (Figs. 17 and 18).

The medium widths of the ‘‘bells’’ are a good indication of
the length of the torsion plastic hinges. For the test beams, the
approximate medium value of such length is 600 mm (the height
of the beams was also 600 mm). It should be noted that, for
beams under flexure, the length of the plastic hinge is many times
assumed to be equal to the height of the beam. Therefore, by
observing the graphs of the current research, this criterion seems
to be extensible to hollow beams under torsion.

In some beams with brittle behavior (beams A5, Fig. 13 and
C6, Fig. 20, for instance), just after failure, the rotation increased
greatly at the failure zone but, outside the failure zone, the beams

had a reduction of in rotation at the same time as the global
rotation of the beam was still increasing.

In the graphs of Figs. 12, 13, 15, 16 and 18–20, the dotted lines
refer to rotations that were recorded after maximum peak load (in
some cases, quick failures did not allow extra readings after the
peak load).

6. Conclusions

High strength concrete beams under torsion have 4 different
types of failure, which depend on the amount of reinforcement.
From the lowest to the highest reinforcement ratios, the failures
of the beams are: brittle failure due to insufficient reinforcement,
ductile failure, brittle failure due to corner break off, and brittle
failure due to insufficient concrete strength. These 4 types of failure
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Fig. 18. Evolution of rotations along the beams (beam C2).

Fig. 19. Evolution of rotations along the beams (beam C4).

Fig. 20. Evolution of rotations along the beams (beam C6).

occurred for all the three series of tested beams, which correspond
to 3 levels of concrete strengths (series 1: fc from 48 to 55 MPa;
series 2: fc from 69 to 76 MPa; series 3: fc from 87 to 97 MPa).

Ductile failure is possible for a narrow interval of reinforcement
ratios.

The results clearly show that some codes are excessively
permissive, and could lead to the acceptance of brittle beams or
unsafe values of the predicted maximum torque. From the range
of codes that were studied here, ACI 318R-05 [7] seemed to be the
only one that has acceptable rules with respect to minimum and
maximum reinforcement of members under torsion.

Beamswith ductile failure develop torsion plastic hinges, zones
with higher concentrations of torsional rotation. The average
length of such zones is approximately equal to the height of the
beam (600 mm).

More tests are needed to define the interval of the reinforce-
ment ratios exactly. From the graphs presented in this paper, it is
easy to identify the reinforcement ratios that correspond to ductile
failure. These ratios are a good starting point for future research.
In future tests, it is also important to investigate the cases corre-
sponding to break off of the concrete corners, since this type of be-
havior leads to premature failure, and the reinforcement ratios are
not too different from those that correspond to ductile failures.
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