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� Cracking development and failure mode of HSC hollow beams under torsion are studied.
� Sixteen HSC hollow beams were tested under torsion.
� The variables study were the concrete’s compressive strength and the total torsional reinforcement ratio.
� The influence of the variables study on the cracking development and failure mode is analysed.
� A new type of fragile failure mode was indentified.
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This paper presents the failure mode and the development of cracking analysis in high strength hollow
beams under pure torsion up to failure. Sixteen hollow beams were tested. The beams had a constant
cross-section and were symmetrically reinforced along the four membranes. The variable parameters
were the concrete’s compressive strength (46.2–96.7 MPa) and the total torsional reinforcement ratio
(0.30–2.68%). The strength, ductility and the formation of plastic hinges were already presented by the
authors in previous articles [1,2]. The beams presented different types of behaviour, failure mode, crack-
ing development and showed the damages provoked by the torque loading. Such results complement the
cited articles. The authors found an unexpected new type of failure (corner break off) that takes place for
a certain interval of reinforcement ratio and that does not allow the beams to reach the maximum
strength and ductility that would be expected if this type of failure did not exist.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Some aspects of the structural behaviour of High Strength Con-
crete (HSC) members are not yet totally known, such as the struc-
tural behaviour of beams under torsion. To check such behaviour,
and to check the validity of the design rules for torsion, more
experimental work is needed to confirm some theories and to cor-
rect future version of the codes. The authors have recently reported
some results on an experimental testing programme of HSC hollow
beams under pure torsion. Before this study, other researchers
have reported torsional tests on HSC solid rectangular beams [3–
5]. Normally torsion forces are combined with other types of forces
and pure torsion is very rare in real structures. But in some
structures, such as curved bridges, the torsion could be the most
important action. Furthermore, the design procedures based on
force interactions require the knowledge of the behaviour of the
members under pure torsion. Since HSC is frequently being used
in the construction of bridges and hollow beams are a common
solution for this kind of structure, a research programme on the
behaviour of HSC hollow beams under torsion is very important.

The experimental programme comprised the test of sixteen
beams that were cast at a precast plant, transported to the labora-
tory and tested from zero to failure load. From the experimental re-
sults, the authors found that 4 different types of failure could take
place: brittle failure due to insufficient reinforcement, ductile fail-
ure, brittle failure due to corner break off, and brittle failure due to
insufficient concrete strength. Ductile behaviour did occur for the
whole range of concrete strength (from 48 to 97 MPa) within a cer-
tain interval of reinforcement ratio. This interval is narrowed as the
concrete strength increases. The possibility of designing beams
that could have a ductile behaviour under torsion is real from
the tests. Normally, a ductile behaviour is well accepted for bend-
ing moments but shear and torsion are associated with brittle
failures. However, some reports show that plates under shear
[6,7] and HSC beams under flexure and shear [8–11] can also have
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ductile behaviour [8–11]. FRP RC structures can also present duc-
tile behaviour in flexure [12]. Prestressed concrete beams can also
have ductile flexural behaviour [13,14].

As far as shear is concerned, a good choice of longitudinal and
transversal reinforcement can also lead to some ductility. Cladera
and Marí have recently studied shear failures in beams with and
without stirrups. In a first pair of papers, they proposed a new sim-
plified shear design method to be used in design codes [15,16]. In a
following article they [17] presented a shear force versus mxy defor-
mation graph and some curves clearly show a great increase of
deformations without great variations on the shear force. Some
similarities between shear and torsion forces exist and the authors
have also found that ductile behaviour is also possible in beams
under torsion [1,2,18]. Other shear studies involving cracking and
corroded bars deserve also to be mentioned [19,20]. The authors
found that the effect of corrosion could have some effects on the
ductility.

The aim of this paper is to present some complementary aspects
of the behaviour of HSC hollow beams under pure torsion. How the
longitudinal and the transversal strains relate with the angular
deformation curves of the members is one of the analyses. The
development of cracking with load is other interesting aspect,
since very different patterns were found and these patterns con-
firm the conclusions reported in earlier articles published by the
authors [1,2,18]. An analysis on the failure modes is also presented.
2. Research significance

The first studies on torsion of reinforced concrete beams were
published in the beginning of the past century. Theoretical models
were developed. These models can be divided into two main theo-
ries: the Skew-Bending Theory which was the base of the American
code between 1971 and 1995; and the Space Truss Analogy which
is currently the base of the American code (since 1995) and of the
European model code (since 1978).

The newest theory is the Variable Angle Truss-Model which
firstly aimed to unify the torsion design of small and large sections
and of reinforced and prestressed concrete. The first version of the
model was presented by Rausch in 1929 [21]. Other authors have
contributed for new updated versions of the Model, such as:
Andersen in 1935 [22], Cowan in 1950 [23], Lampert and Thurli-
mann in 1969 [24], Elfgren in 1972 [25], Collins and Mitchell in
1980 [26]. The first versions of the model were complemented
with the influence of the diagonal cracking on the compressive
strength of the concrete struts (Softening Effect), as presented by
Hsu and Mo in 1985 [27,28]. In 1973, Collins [29] has developed
the Variable Angle Truss-Model using a different path, which was
based on the compatibility of deformations, instead of the theory
of plasticity. The next developments of the model by Mitchell
and Collins [26,30,31] and Vecchio and Collins [32,33] led to the
so called Modified Compression Field Theory. In 1995, Rahal and
Collins [34,35] have reported results from an experimental project
which indicated that the concrete cover did have influence on the
ultimate torque due to the possibility of premature break off of
such cover. As a consequence, the concrete cover should not be ta-
ken into account when computing the ultimate torque.

The Variable Angle Truss-Model can be divided into two catego-
ries: Plasticity Compression Field Theory (Lampert and Thurli-
mann, Elfgren); and Compatibility Compression Field Theory
(Collins, Hsu and Mo). While in the first theory the stresses are
based on the theory of plasticity, the second theory is based on
the deformations’ compatibility of the truss analogy. The Plasticity
Compression Field Theory is the base of the exact method as pre-
sented by the European Code (MC90 [36] and EC 2 [37]), while
MCFT is used in the Canadian Standard (CAN3-A23.3-04 [38]).
When looking to the countries and their codes, the Plasticity Com-
pression Field Theory is more widespread than other theories. The
Space Truss Analogy has a historical value and gives good results
for high levels of loading. However, for low levels of loading, the
method does not give good predictions.

The Skew-Bending Theory, developed by Hsu in 1979 [39],
should also be referred, since it was the base of the American Code
up to 1995 [40,41]. The provisions were changed afterwards, as
proposed by MacGregor and Ghoneim in 1995 [42], based on the
Variable Angle Truss-Model, as the European Codes.

All the theoretical and experimental studies that were cited
above corresponded to normal strength concrete beams under
pure torsion. Few studies on HSC beams under pure torsion are
available in literature. The publications by Rasmussen and Baker
[2,3], Fang and Shiau [43] and Wafa et al. [5] and are rare excep-
tions. These initial studies comprise laboratory programmes test-
ing small to medium rectangular beams. Nine over reinforced
plain beams were used for the first study [2,3] (concrete strength
was the only parameter that varied), sixteen plain beams were
used for the second study [43] (both concrete strength and tor-
sional reinforcement ratio were varied), while fourteen beams
were used for the third study [5] (in this case the concrete strength,
the cross-section aspect ratio, the level of longitudinal prestress
force and the amount of torsional reinforcement were varied).
None of the beams was hollow. The general analysis of the results
indicated that, compared with NSC, the use of HSC has some
advantages as far as cracking and ultimate strength are concerned.
In general, the studies raise some doubts as to whether the present
code rules based on Space Truss Analogy are correct. These code
rules did not give good results when compared to the HSC beams
tested by the authors. This clearly shows that more experimental
work is needed to reach firm conclusions on the extension of de-
sign rules for HSC beams under torsion. Furthermore, no experi-
mental studies on HSC hollow beams were found. The authors
have published some results from an experimental programme
[1,2] on HSC hollow beams and they found different types of
mechanical behaviour that is supported by the cracking and dam-
ages that the twist load provoked to the beams.

This article covers some aspects related with the behaviour of
high strength concrete beams under torsion and is based on the
test results presented in a previous paper [1,2]. These aspects,
not described in the cited publication, include cracking, evolution
of the strains in the reinforcement bars and the type of failure.
The available published studies on this topic are very rare and this
article will contribute for filling that gap and providing further
information on the actual behaviour of high strength concrete hol-
low beams under pure torsion. As presented later on this article,
the corner break-off is a type of cracking that could occur in these
types of beams. Such phenomenon could lead to a reduction of tor-
sional strength. In existing structures some techniques might be
very powerful in detecting cracking [44,45]. Some other techniques
might be used for strengthening of damaged beams [46]. These as-
pects are not covered in this article, but could be investigated in
the future.
3. Test program

A detailed description of the test program is presented in previ-
ous articles by the authors [1,2], however some key characteristics
will be repeated here in order to improve the reading of the paper.
3.1. Test specimens

For this study, sixteen rectangular hollow beams, 5.9 m long
were tested on a ring that fixed one of the ends and applied a
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torsion force on the other end. Fig. 1 shows the general and fixes
geometry used for all the beams, as well as two examples of the
beams detailing. The beams had a hollow square cross section,
60 cm wide and with walls 10 cm thick. These dimensions were
decided in order to have some analogy with the beams tested by
Lampert and Thurlimann [24] (researchers with valuable work on
the subject). The jack capacity was also taken into account, as well
as aspects related with the importance of having a reasonable scal-
ing and avoiding the instability of the walls. The ends of the test
beams had a geometry to be assembled to the heads of the testing
equipment. The beams were also stiffer near to the ends to ensure
that failure would occur in the central zone. The variables of the
experimental program were the compressive strength of concrete
and the amount of reinforcement steel. The concrete strength of
cylinder specimens varied from 46.2 to 96.7 MPa. Three beam ser-
ies were cast and tested, series A, B and C, classified according to
concrete strength. Within each series, the percentages of reinforce-
ment steel covered a wide range.

Table 1 presents a summary of the properties of the test beams
and includes: the identification of the torsion reinforcement, the
distances of the centres of parallel branches of the stirrups (x1

and y1, see Fig. 1), the area of longitudinal reinforcement (Asl)
and of one branch of the transversal reinforcement (Ast), the
medium concrete compressive strength (fc), the longitudinal
reinforcement ratio (ql = Asl/Ac with Ac = x�y and x = y = 60 cm)
and the transversal reinforcement ratio (qt = Ast�u/Ac�s with
u = 2�(x1 + y1)) and the longitudinal versus transversal reinforce-
ment ratio mb = Asl�s/(Ast�u).
3.2. Materials properties

The medium value of the concrete compressive strength, for
each test beam, was obtained from five specimens. Three speci-
mens were cast, cured and tested at the same time as the corre-
sponding beams. All the cast specimens and beams were cured in
a humid environment, were kept constantly wet and covered by
a plastic sheet. Concrete mixes are revealed in Table 2.

The ordinary steel bars were hot laminated ribbed bars com-
mercially identified as Class S500 (500 MPa) with diameters vary-
ing from 6 to 20 mm. To obtain the actual values of the yield
stresses and strains (fy e ey) six specimens of each diameter were
tested. The medium values of the steel bars were fy = 686 MPa
(99,470 psi) and ey = 3430 l.
SECTION 1-1
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Fig. 1. Geometry and detailing
3.3. Testing procedure

The testing rig is basically formed by three main parts:

– the test frame where the jack is fixed;
– the ‘‘torsion apparatus’’, that transform the load applied by the

jack to the torsion moment transmitted to the end of the test
beams;

– the reaction wall, placed at the other end of the beam and keep
that end fixed, with no transversal rotations.

The tests were carried out on the strong floor of the structures
laboratory of the Department of Civil Engineering of the University
of Coimbra. Fig. 2 shows how the three parts were placed during a
test. The reaction wall and the ‘‘torsion apparatus’’ was fixed to the
strong floor. This testing rig allows the longitudinal deformations
of the beams and the warping in the end of the beams.

Load was applied by steps of imposed deformations by the actu-
ator. This procedure was useful for the study of beams after the
maximum peak load. To control the loading, several load cells were
placed at key points of the testing rig. Transversal rotations were
measured at ten different cross sections located along the beam
(sections A–A to J–J) and constantly spaced, as illustrated in
Fig. 2. To record the transversal rotation at each section a pair of
LVDTs were used. A free sliding system of the LVDTs heads at the
contact point to the beams was developed and used in order to cal-
culate the transversal rotations.

The reinforcement steel bars were instrumented at three sec-
tions of the beams (mid-span and quarter spans). At each section,
8 strain gauges were stuck to the reinforcement steel, 4 on each
longitudinal bars located at the corners of the section and 4 on
the transversal bars (one per branch of the stirrup).

A Data Logger was used to read and record the values given by
LVDTs, load cells and strain gauges. Fig. 3 is a photo that shows a
general view of the beam with all the reading devices in place.
4. Torsion moment versus medium angular deformation curves

Fig. 4 presents a graph with some lines showing the torsion
moment T (T = 0.85 � P, where P is the applied force, see Fig. 2) ver-
sus medium angular deformation hm for series A and C test beams.
The medium angular deformation (hm) is obtained by dividing the
transversal angles measured at sections A–A by the distance
12
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Table 1
Properties of tested beams [1,2].

Beam Longitudinal reinforcement Transversal reinforcement (/@s) x1 (cm) y1 (cm) Asl (cm2) Ast (cm2) fc (MPa) ql (%) qt (%) qtot (%) mb

A1 4/8 + 16/6 /6@9.0 cm 53.7 54.7 6.53 0.28 48.4 0.18 0.19 0.37 0.96
A2 4/12 + 12/10 /8@8.0 cm 53.8 53.1 13.95 0.50 47.3 0.39 0.37 0.76 1.04
A3 16/12 /10@9.5 cm 54.0 53.5 18.10 0.79 46.2 0.50 0.49 1.00 1.02
A4 4/16 + 20/10 /10@7.0 cm 52.0 52.5 23.75 0.79 54.8 0.66 0.65 1.31 1.01
A5 4/16 + 20/12 /12@8.0 cm 52.8 52.8 30.66 1.13 53.1 0.85 0.83 1.68 1.03
B1 20/6 /6@11.0 cm 53.9 54.4 5.65 0.28 75.6 0.16 0.14 0.30 1.11
B2 4/12 + 20/8 /8@7.5 cm 53.3 53.4 14.58 0.50 69.8 0.41 0.40 0.80 1.02
B3 4/16 + 20/10 /10@7.0 cm 53.5 53.7 23.75 0.79 77.8 0.66 0.67 1.33 0.99
B4 16/16 /12@7.5 cm 52.3 53.6 32.17 1.13 79.8 0.89 0.89 1.78 1.01
B5 20/16 /12@6.0 cm 51.8 51.8 40.21 1.13 76.4 1.12 1.09 2.20 1.03
C1 4/8 + 16/6 /6@9.0 cm 54.0 54.9 6.53 0.28 91.7 0.18 0.19 0.37 0.96
C2 4/12 + 12/10 /8@8.0 cm 53.2 53.3 13.95 0.50 94.8 0.39 0.37 0.76 1.04
C3 4/16 + 20/10 /10@7.0 cm 54.5 54.0 23.75 0.79 91.6 0.66 0.63 1.29 1.05
C4 4/16 + 20/12 /12@8.0 cm 54.6 54.5 30.66 1.13 91.4 0.85 0.86 1.71 0.99
C5 4/20 + 12/16 /12@6.5 cm 54.0 54.3 36.69 1.13 96.7 1.02 1.05 2.07 0.97
C6 24/16 /12@5.0 cm 53.3 52.9 48.25 1.13 87.5 1.34 1.34 2.68 1.00

Table 2
Mix design of concretes [1,2].

Components 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 + Addictive) 0.40 0.35 0.25
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Reaction wall
(restrained torque)

Load arm
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Fig. 2. Test setup [1,2].
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between A–A and J–J sections (535 cm, as shown in Fig. 2). Each
individual curve T � hm presents some important points: cracking
(‘‘s’’), the yielding of transversal reinforcement (‘‘h’’) and the
yielding of longitudinal reinforcement (‘‘4’’). The yielding points
were identified from the recorded experimental data obtained
through the strain gauges stuck to the bars. The lines on the T
� hm graph show that the influence of the total reinforcement ratio,
qtot, on the global behaviour of the beams is identical to that re-
ported in previous studies on NSC beams under torsion.

Table 3 summarises relevant points from the T � hm curves,
namely: cracking torque and corresponding twist angle (Tcr and
hcr), torque levels of yield of longitudinal steel and yield of trans-
versal steel, and corresponding twist angles (Tty, Tly, hty and hly),
resistant torque and corresponding transversal rotation (Tr and hTr).

Beams A3, B3 and C3, when tested, had a premature failure, just
after the yielding of the bars. This premature failure was caused by
breaking off the concrete located in the corners of the beams. This
subject will be analysed later. Beams A1, B1 and C1 have very low
torsional reinforcement ratios. The respective lines on the T � hm

graph show that the yielding of the steel bars takes place for torque
levels equal or slightly higher to the cracking torque. The failure of
such beams was fragile and premature and the beams easily drop



Fig. 3. General upper view of a tested beam [1,2].
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Table 3
Key points of T � hm curves [1,2].

Beam Tcr (kN m) hcr (�/m) Tty (kN m) hty (�/m

A1 104.1 0.071 128.4 0.44
A2 109.5 0.064 239.4 1.08
A3 113.3 0.057 272.7 1.16
A4 120.9 0.063 360.9 1.56
A5 120.9 0.044 – –
B1 111.5 0.060 – –
B2 116.7 0.044 265.8 1.33
B3 130.5 0.043 – –
B4 142.9 0.061 – –
B5 146.3 0.066 – –
C1 117.3 0.038 150.0 0.46
C2 124.5 0.049 244.8 1.07
C3 131.9 0.064 347.7 1.46
C4 132.6 0.051 – –
C5 138.3 0.051 – –
C6 139.1 0.054 – –

(–) Beams with brittle failure.
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into the group of concrete beams with insufficient reinforcement.
The beams with highest values of reinforcement ratios had fragile
failure by concrete crushing.
5. Steel strains versus angular deformation curves

Figs. 5–7 present graphs of transversal and longitudinal rein-
forcement strains (est e esl) ‘‘versus’’ medium transversal rotation
(hm). The points that correspond to cracking, yielding of tranversal
reinforcement and yielding of longitudinal reinforcement were
identified by symbols: ‘‘s’’, ‘‘h’’ and ‘‘4’’, respectively.

For the beams of Figs. 5–7, the graphs shows that the lines are
generally not straight, contrary to what should be expected
through theoretical models for torsion, as those presented by the
authors in previous publications [47,48]. Such models, based in
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rves [1,2].

) Tly (kN m) hly (�/m) Tr (kN m) hTr (�/m)

131.8 0.57 150.8 1.18
247.1 1.17 254.8 1.66
259.2 1.07 299.9 1.54
368.2 1.66 368.2 1.66
– – 412.2 1.53
115.4 0.21 116.0 0.23
273.3 1.42 273.3 1.42
– – 355.9 1.45
– – 437.9 1.24
– – 456.2 1.24
– – 151.8 0.72
246.6 1.10 266.1 1.44
– – 351.2 1.53
– – 450.3 1.50
– – 467.3 1.34
– – 521.3 1.27



Fig. 5. est, esl � hm curves (Beams A).
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Variable Angle Truss-Model to characterize the post cracking
behaviour, assume a generalized and stabilized cracking stage as
a starting point. Consequently, the evolution of the strains comes
directly proportional to the evolution of the torsion moment up
to the yielding of the reinforcement (linear variation). However,
this does not occur in real beams since, during the cracking stage,
the cracking is not homogeneous along the beams, but concen-
trated in certain sections. Furthermore, the space between cracked
sections is not exactly constant and more cracks open at different
sections until the stabilization of the phenomenon. This somehow
random opening of cracks causes some variations of the strains in
the reinforcement, due to the release of strains in the concrete
when a crack opens in the vicinity of a strain gauge, stuck to a rein-
forcement bar. As the ultimate load is approached, some zones be-
came more important by concentrating within them a large
amount of transversal rotation (twist), and the failure takes place
at those locations (this is quite typical of beams with ductile fail-
ure). Also, some minor construction errors may play a role in this
aspect of the beams’ behaviour. Such errors might explain the
non-linearity of the h–e relationship. The small horizontal part at
the beginning of the load is explained by the fact that the reinforce-
ment bars have negligible stresses before cracking.

Despite the explanation given above, it is possible to identify a
tri-linear shape of the h–e relationship for the beams with a ductile



Fig. 6. est, esl � hm curves (Beams B).
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behaviour. A first phase is characterized by a small and horizontal
branch (pre-cracking stage). Then, an inclined branch takes place
(from the cracking of concrete to the yield of steel). A third and last
linear branch takes place after yielding of steel up to failure of the
beam. The beams with fragile behaviour tend to present a bi-linear
shape for the h–e relationship: a first small and horizontal branch
(pre-cracking stage) is followed by an inclined branch up to failure.

In general, the inclination of the lines after cracking is higher for
Series C beams than for Series A beams. Therefore the stresses in
the bars increase more for HSC beams than for NSC beams. This
might be associated with the greater fragility of the cracking
behaviour of HSC beams in comparison with NSC ones.
6. Failure mode analysis

6.1. General comments

Figs. 8–11 are photos of the failure zone of the tested beams.
From visual observation and from T � hm graphs, especially look-
ing at the lines as they approach the ultimate load, some failure
modes were identified.

Fig. 8 shows the type of failure observed in beams with low
levels of reinforcement. These beams, which fell in the under-
reinforced beams category, typically quickly developed a large
main helicoidal crack just before failure occurred. A main crack



Fig. 7. est, esl � hm curves (Beams C).

170 S.M.R. Lopes, L.F.A. Bernardo / Construction and Building Materials 51 (2014) 163–178
developed in beams A1 and C1, but some secondary cracks, not
uniformly distributed along the beams, did also occur. Beam B1
had a large crack without secondary cracks. This beam had a rein-
forcement ratio slightly lower than the other two that had the
same failure mode. Having a lower reinforcement ratio, the yield-
ing of the steel occurred simultaneously with cracking, whereas for
the other two beams, the yielding of the steel occurred a little later
than cracking. Therefore, pure under-reinforced failure can only be
attributed to Beam B1. The mechanism of resistance along the
main crack is developed by the steel bars (by both tension and
dowel) and by aggregate interlock (especially for Beam A1, because
of its lower concrete strength).
Fig. 9 shows a type of ductile failure that took place for the fol-
lowing beams of each series. The ductile nature of the failure can
be observed on the T � hm graph, where the lines corresponding
to these beams have a zone after steel yielding, with increasing
deformations and no great loss of load capacity. The failure of these
beams was due to the formation of a helicoidal cracking surface.
The compressive concrete struts were limited by inclined cracking.
The ductile nature of the failure was not as evident as the concrete
strength increased (see T � hm graph).

Fig. 10 shows the type of failure of the beams with intermediate
amounts of steel reinforcement in each series. The main feature
was the breaking of the concrete cover in the beams’ top corners.



A1 B1 

C1 

Fig. 8. Fragile failure due to insufficient reinforcement.

A2 B2 

C2 C3 

Fig. 9. Ductile failure.

A3 

B3 

C4 

Fig. 10. Fragile failure due to corner break-off.

S.M.R. Lopes, L.F.A. Bernardo / Construction and Building Materials 51 (2014) 163–178 171
The breaking of the concrete cover was reported a long time ago.
The illustration of the transversal section of Fig. 12 shows that
the torsion moment creates a flow of tangential stresses along an
outer ring of concrete. Such stresses cause compressive force in
the concrete and they have a quick change of direction near the
corner of the section. By equilibrium, this change of direction
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Fig. 11. Fragile failure due to insufficient concrete compressive strength.
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creates a force towards the outside of the section, which needs to
be resisted by the concrete. Since the tensile strength of the con-
crete is normally low, a portion of concrete at the corner might
crack and, in this case, it is expelled from the section. Inside the
steel cage, the same kind of forces exists, but the reinforcement
bars have sufficient strength to resist. The breaking of the corners
was observed in a 43.2 cm square beam tested at the University of
Toronto by Mitchell and Collins in 1974 [31]. The beam had a thick
cover (4 cm) to enforce the breaking phenomenon. Rahal and
Collins alerted for the possibility of great loss of strength of the
section if this phenomenon does occur [34]. In fact, the breaking



Table 4
Characteristics of failure and cracking parameters.

Beams Failure type dm (cm) am (�)

A1 Practically fragile – insufficient reinforcement 25.0 47.5
A2 Ductile 15.3 47.6
A3 Small ductility – corner break off 14.9 46.7
A4 Practically fragile–failure of concrete struts 12.1 47.4
A5 Fragile–failure of concrete struts 12.5 46.4
B1 Fragile – insufficient reinforcement 179.3 51.2
B2 ductile 12.0 45.5
B3 Fragile – corner break off 13.0 46.3
B4 Fragile–failure of concrete struts 12.6 46.2
B5 Fragile–failure of concrete struts 12.4 45.7
C1 Practically fragile – insufficient reinforcement 35.6 46.7
C2 Ductile 13.4 46.1
C3 Ductile/corner break off 11.4 46.5
C4 Fragile – corner break off 9.6 46.0
C5 Fragile–failure of concrete struts 11.3 46.5
C6 Fragile–failure of concrete struts 10.7 46.7
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of the corner reduces the idealized tubular effective section that re-
sists to the torsion moment. The factors that increase the risk of
this phenomenon include [34]:

1. Increasing of the concrete cover;
2. increasing of the medium compressive stress in the concrete

wall;
3. increasing of the steel area that forms the interface between

inner and outer concrete with relation to the surface defined
by the stirrups;

4. decreasing of the tensile strength of concrete.
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Fig. 14. Cracking pattern in beams w
Since the breaking off phenomenon takes place for loads close
to those corresponding to the maximum strength of the section,
the design strategy should concentrate on preventing such phe-
nomenon to occur before the torque strength to be achieved. As
said before, one of the rules consists on imposing a maximum con-
crete cover.

Rahal and Collins, in 1995 [34,35], tested rectangular beams
(30 � 60 cm and 34 � 64 cm) under torsion. Based on such stud-
ies, they showed that when the concrete cover is relatively small
(up to 23 mm) no breaking off takes place before failure. For beams
with large covers (43 mm in the case of these studies) they
observed breaking of the corners and this fact led to premature
failure. Based on these studies, they proposed a limit for the con-
crete cover given by: c P 0;3Ac=pc (where c is the concrete cover,
Ac is the area limited by the exterior perimeter pc of the cross sec-
tion). Since the tests on this topic are remarkably rare, the limita-
tion for the cover presented before might be rather conservative,
because to propose such rule Rahal and Collins took into account
the tests in where such phenomenon did not occur before failure
of the section.

As previously referred, the breaking off of the concrete cover
had already been observed and studied in previous research works
on NSC beams. These studies reported that the loss of the load-car-
rying capacity was appreciably affected by concrete breaking off of
the whole concrete cover (at the corner and along the faces) at the
failure section. The loss of concrete only at the corners of the
beams seems to be a new failure mode, not previously reported.
From the analysis in Fig. 13 presented before, it is clear that this
phenomenon is normally present and is not confined to the last
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ith insufficient reinforcement.
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part of the loading but tend to occur after the beam area had fully
cracked, from the point where the behaviour of the beam starts to
follow the predictions of the Space Truss Analogy. It is then that the
equilibrium at the corners is associated with deviation forces be-
cause of the change in the direction of concrete struts (Fig. 13).
The presence of this corner effect in last phase of loading for the
majority of the test beams will be supported by the results pre-
sented in the next section. The observations of the general cracking
behaviour and the cracking patterns are important to identify the
presence of the phenomenon.

In this work the breaking off of the concrete cover at the corners is
considered as a different mode of rupture because the authors found
that the consequences are not negligible. In fact the loss of the load
carrying capacity in some beams is more than 20%. This shows that
the outer corner concrete plays an important role in the load-carry-
ing capacity of the tested beams. It might be more important for hol-
low beams than solid beams. The solid beams have more possibility
of redistributing the forces to the interior of the sections, and this
could explain the small impact that the loss of cover had in other re-
search works. The use of HSC instead of NSC might also make this
phenomenon more important because it is more fragile.

As previously referred, earlier studies have identified the con-
crete cover as the parameter that has the main role in this phe-
nomenon. From the concrete breaking off at the corners, the
authors suggest that the stirrup spacing and the diameters of the
longitudinal bars at the corners also have an important influence.
In this work, cover was 2.5 cm and this figure agrees perfectly with
the recommendations of the previous works. Furthermore, the stir-
rup spacing respects the maximum limits imposed by the codes
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Fig. 15. Cracking pattern in be
and the longitudinal bars are not exaggeratedly small. Having ta-
ken all these precautions, the authors were very surprised the first
time they saw this failure mode. Further tests confirmed this as a
common failure mode, given certain conditions. The results of this
work seem to indicate that this phenomenon is also highly depen-
dent on the ratio of the torsion reinforcement (only parameter that
varied within each of the Series A, B and C). This aspect is not en-
tirely new, since previous studies also indicated that possibility by
pointed out that the reinforcement at the interface section defined
by the stirrups surface would be an important factor to influence
this phenomenon.

Generally, failure by breaking off the concrete corners occurs
suddenly. This is a fragile type of failure. Furthermore, as the con-
crete compressive strength became higher, the failure associated
with this aspect became more explosive, with the concrete corners
being expelled from the beams. This was perfectly clear in Beam C4.

This type of failure typically occurs for reinforced beams be-
tween a group that has ductile failures and another group that
has fragile failures due to concrete crushing (see T � hm graph).
The lines of T � hm graph show that the yielding of the torsional
steel can occur before failure, as in Beams A3 and C3. This is an
indication that the concrete breaking off at the corners could pre-
vent the beams from taking advantage of its available ductility. The
curves on the T � hm graph also seem to indicate that this mode of
failure is rather premature and negatively influences the load-
carrying capacity. Obviously failure by breaking off of the concrete
corners should be avoided and needs further study, this particular
subject has only been focused on in order to clearly identify the
parameters that influence it.
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Fig. 16. Cracking pattern in beams with corner break-off.
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Fig. 11 shows the mode of failure for the most strongly rein-
forced beams. The type of rupture was very fragile due to crushing
of concrete struts. This fragile behaviour can also be observed on
the T � hm graph. With higher concrete strength of the beams,
the failure moments became more explosive.

Table 4 classifies the mode of failure (pure or hybrid) that was
observed for each test beam. The association of the mode of failure
with the amount of reinforcement is clear. It should be pointed out
that, as previously referred, the area of the steel bars at the inter-
face between inner and outer concrete (at stirrup level) cover could
influence the cover concrete breaking off. This work separates this
parameter and therefore confirms the hypothesis raised by previ-
ous researchers. Table 4 also shows that the percentage of steel
reinforcement for which the breaking off at the corners is possible
increases as the concrete strength becomes higher. For series A
beams this percentage is around 1.00%, for Series B beams this per-
centage is around 1.30% and for Series C beams the percentage
ranges from 1.30% to 1.70%. The percentage of steel is clearly a
key parameter influencing this phenomenon.

6.2. Analysis of the crack pattern

To study the cracking pattern of the beams after testing, 3 vis-
ible faces (side faces and top face) were drawn digitally by means
of a Computed Aided Design (CAD) tool.

Figs. 14–17 illustrate the cracking condition of the failure zone
of the beams. The black areas correspond to severe local damage or
breaking off/crushing of the concrete. Figs. 14–17 show that there
is always a tendency for the concrete to break off at corners, even if
the failure is not provoked by it. This phenomenon is revealed by
the horizontal cracks near the ends of the faces. Figs. 14–17 also
show that this phenomenon is more visible near the top corners.
Probably this is due to the self-weight of the beams, which in-
creases the compressive stresses near the top of the beam.

The observation of the cracking pattern leads to the conclusion
that the spacing between consecutive cracks decreases as the rein-
forcement ratio increases. Small cracking spacing corresponds to
well distributed cracks. Independently of the series, such distribu-
tion of cracks is substantially improved when the reinforcement
ratios vary from 0.30% to 0.37% (first beams of the series) to
0.76% to 0.80% (second beams of the series). After this second level
the cracking spacing seems to stabilize very quickly, indicating that
the range of reinforcement ratio that influences the pattern corre-
spond to a small interval of values. Furthermore, this cracking sta-
bilization seems to be more quickly reached as the concrete
strength increases, probably due to increasing concrete-steel
bonding.

Table 4 also presents the medium torsional cracking spacing
(dm) and the medium inclination of the cracks (am). dm represents
the average spacing value of the inclined cracks, neglecting the
horizontal cracks due to cover breaking off and secondary cracks
that occur near to the ultimate load. am are the average of the an-
gles of the inclined cracks with the longitudinal line at mid-height
of the faces.

Table 4 confirms the quick stabilization of dm as the torsional
reinforcement ratio increases and the faster stabilization as the
concrete strength increases. Table 4 shows that dm is slightly smal-
ler for higher concrete strengths (however for the smallest values
of dm, the variation of these values is very small when the series
are compared with one another). This conclusion is not to the same
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Fig. 17. Cracking pattern in beams with insufficient concrete compressive strength.
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as that of Rasmussen and Bake [3,4] who concluded that for HSC
beams, the number of cracks did not vary when compared to
NSC beams (for the same reinforcement ratio). Table 4 also shows
that the medium inclination of beams is kept almost constant for
all the beams ranging from 45.5� and 47.6�, therefore not far from
the expected value of 45�. This is due to the fact that the longitu-
dinal and transversal reinforcement were balanced and that the
torsional stresses do not depend on the material itself. Only beam
B1 presents a slightly higher medium inclination of cracks (51.2�)
than normal. In this case, the cracks’ inclinations do not depend
on the amount of steel or the compressive strength of the concrete.
For Beam B1, the higher value for the angle of the main helicoidal
crack could correspond to the optimum direction for the minimum
fracture energy.
From the above results and from the results of Section 6.1, there
does not seem to be any doubt that the variable study that has the
most influence on the failure mode and cracking development of
the tested HSC hollow beams is the amount of torsional
reinforcement.

7. Conclusions

This study shows that, in general, the use of HSC instead of NSC
would not entail clear advantages in some aspects of the mechan-
ical behaviour of beams under torsion, in particular in the antici-
pated increase of torsional stiffness in Stages I and II. However
there are still some clear tendencies for higher torsional cracking
moments and ultimate torsional moments when using HSC.
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The different modes of failure took place for all the series, that
is, for all three levels of concrete strength. The torsional reinforce-
ment ratio is the variable that has most influence on the mode of
failure. In general, the tests have shown that the use of HSC, when
compared with NSC, leads to less ductile beams and the cracking is
more fragile and noisier.

The tests showed a type of failure that might be considered as
new for the type of beams studied in this work: the breaking off
of the concrete corners. This type of failure was observed in some
of the beams of Series A, B and C, therefore in normal strength and
also in high strength concrete beams. Normally, only the top cor-
ners of the beams were affected (this might be due to some non-
negligible bending caused by the self weight of the beams). The
beams that suffer the breaking off of the corners had a sharp de-
crease of the torsion moments (by at least 20% for some of the
tested beams). Since all the beams had the same cover, a single rule
that limits the cover to prevent corner breaking off (as proposed in
previous studies) is not sufficient, because some beams did not fail
this way. In each series (that corresponds to a certain concrete
strength level) this type of failure took place in the region defined
by the transition from ductile failures to fragile failures by insuffi-
cient compressive strength of the concrete struts. The reinforce-
ment ratio is a parameter that has a great influence on the
occurrence of this type of failure. The range of the reinforcement
ratios that provoke this type of failure seems to be wider as the
concrete strength becomes higher. Therefore, this type of failure
is even more important for high strength concrete beams.

The overall pattern of the cracking does not seem do present
differences when NSC beams are compared with HSC beams. How-
ever, the lines of the cracks seems to be more straight for high
strength beams, probably because they cross the aggregates in
these beams and they go round the aggregates in normal strength
concrete beams.

Regardless of the concrete strength, the crack pattern depends
strongly on the total reinforcement ratio, qtot. For qtot less than
0.30–0.37% only one big crack is formed in the whole beam. For qtot

higher than 0.76–0.80% a large number of cracks form, well-
distributed along the beam. For the qtot values between these two
levels the cracks become better distributed as the qtot goes from
the bottom to the top level of this interval. This increase of the num-
ber of cracks seems to stabilize after qtot values above 0.76–0.80%,
and the stabilization is quicker for higher concrete strengths.

The new aspects of torsional behaviour observed in this investi-
gation need further experimental work to confirm the tendencies
that were found here and to fix the limits for the different types
of mechanical behaviour more clearly.
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