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Abstract

Investigations on steel fiber reinforced concrete (RC) beams in torsion show, that

the steel fibers positively influence the torsional load-bearing behavior. Since a

systematic evaluation of the previously known test results and the derivation of a

generally valid design model were lacking until recently, current codes such as

Model Code 2010 do not contain any design models for the consideration of the

steel fiber load-bearing effect in the torsion design. Due to this, the existing tor-

sion tests on steel fiber RC were summarized in a database. Furthermore, on the

basis of the test results and observations, the space truss model developed by

Rausch and later refined by Lampert and Thürlimann, among others, was further

developed and supplemented by additional longitudinal and transverse steel fiber

tension struts. This modified space truss model was validated with the database

and shows good to very good predictions to the torsion test data.
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1 | INTRODUCTION

The torsional behavior of concrete beams, reinforced con-
crete (RC) beams and, partly, prestressed concrete beams
reinforced with steel fibers has been subject to interna-
tional research since the 1970s. Those experimental results
have shown that the cracking torque, the torsional stiff-
ness after cracking and the ultimate torque are positively
influenced by steel fibers. To some extent, calculation

equations have been proposed on the basis of the results.
These calculation equations are based on different theories
or models (elasticity theory, plasticity theory, truss model
etc.) and were only slightly modified in some parts, for
example, by means of empirical adjustment factors. In
addition, these empirical adjustment factors were derived
almost exclusively on the basis of the respective authors'
own test results, which means that they are only based on
a limited number of test results and consequently have
only limited validity. A summary and explanation of the
different approaches can be found in Reference.1

However, until recently, neither a systematic evalua-
tion of the existing experimental results published in the
literature nor a derivation of a general calculation
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approach has been carried out. Therefore, equations that
take the load-bearing behavior of the steel fiber in torsion
design into account are missing in the current design
codes and guidelines. For example, the Model Code
20102 (MC2010) does not contain a design model or
design equations. However, the MC2010 allows fiber RC
beams without longitudinal and transverse reinforcement
to be designed, if fiber RC with a hardening tensile
behavior is used and the principal tensile stress must not
exceed the design value of the ultimate residual tensile
strength of the fiber RC (elasticity theory).

Based on this fact, the experimental results of steel
fiber reinforced beams under torsion—which can be
found in literature—have been summarized in a data-
base, a modified space truss model for the realistic deter-
mination of the load-bearing behavior of steel fiber
reinforced beams in pure torsion has been developed and
validated with the help of the database, which is reported
on in References.1,3,4 This developed model has been
included in Germany in the revised guideline “Steel Fibre
Reinforced Concrete” of the German Committee
for Reinforced Concrete (DAfStb), which supplements
DIN EN 1992-1-1/NAD5,6 (EC2/NAD) with specific
design rules for steel fiber RC (see Reference7,8). In the
meantime, similar models have been developed by
References,9,10 for example, and compared and validated
with a large number of torsion tests in literature.

In the course of this article, it will be examined in the
following, whether the approach according to Reference1 is
also compatible with the Model Code 2010, since the tor-
sion design (of RC beams) differs slightly between
EC2/NAD and MC2010 and the two codes DAfStb and
MC2010 apply, among other things, different residual ten-
sile strengths of the fiber RC (unnotched four-point bend-
ing tests vs. notched three-point bending tests, see also
Reference11). Before that, however, the torsional behavior
of steel fiber RC beams without and with additional steel
rebars will be explained. A distinction will be made
between pure concrete (C), reinforced concrete (RC), pre-
stressed concrete (PC), steel fiber reinforced concrete
(SFRC), steel fiber reinforced concrete reinforced with
additional rebars (SFR-RC), and steel fiber reinforced pre-
stressed concrete (SFR-PC).

2 | TORSIONAL LOAD-BEARING
BEHAVIOR OF STEEL FIBER
REINFORCED BEAMS

2.1 | General

The torsional load-bearing behavior of steel fiber RC was
first investigated in the 1970s by Hafeez Khan et al.12 and
Narayanan and Toorani-Goloosalar.13 While these tests

had still been limited to SFRC beams, further series of
tests were carried out by various researchers in the fol-
lowing years, in which SFR-RC and SFR-PC beams were
also investigated in addition to SFRC beams. Some of
these investigations aimed to replace the longitudinal
and/or transverse reinforcement by steel fibers (see Ref-
erence14) or to design SFR-PC beams without any con-
ventional reinforcement (see Reference15).

The tests on SFRC and SFR-RC beams showed that,
similar to pure concrete (C) and RC beams (see Refer-
ence16), they behaved approximately linear-elastic and the
torsional stiffness was not significantly influenced by the
steel fibers for non-cracked sections (e.g., References17,18).
Moreover, even in the case of SFRC and SFR-RC beams
with rectangular cross-section, the initial crack always
occurred on the longer cross-section side (h) and at this
point inclined centrally at 45� to the beam axis in accor-
dance with the shear stress curve according to elasticity
theory (e.g., References19,20). However, by increasing the
dosage of the steel fibers, a smaller rising in the torsional
cracking moment could be observed, whereas the tensile
strength of the applied fiber RC increased at the same
time (e.g., Reference21). In case of cracked sections, the
steel fibers had a significant impact on the load-bearing
and deformation behavior of SFRC as well as SFR-RC
beams as will be explained below.

2.2 | Steel fiber RC beams without
longitudinal and transverse reinforcement

The tests results on SFRC beams show that, either the beams
could not be stressed at all or they could only be stressed
slightly beyond the torsional cracking moment, depending
on the dosage of the fibers and the performance of the
fibers.18–22 When the torsional cracking load was been
reached, a crack was formed at an angle of 45� to the longi-
tudinal axis of the beam over 2/3 of the beam circumference,
analogue to pure concrete beams (cf. Reference23), and the
remaining cross-section subsequently cracked in the oppo-
site direction due to bending stress (e.g., Reference19). If the
performance of the fibers was high, some additional fine
cracks could be observed, but these were not decisive for
the failure (e.g., References21,22). Comparable to pure
concrete beams (cf. Reference23), the SFRC beams with
low dosages of fibers failed abruptly and broke in two.
In contrast to that, robust failure occurred with a high dos-
age of fibers and the beams did not break in two
(e.g., References18,20). Depending on the dosage of fibers
and the performance of the fibers, post-failure load-bearing
capacity due to fiber pull-out could also be recorded after
the ultimate load was reached (e.g., References19,21,22).

Figure 1 shows an example of the torque-twist
response of the beams P1, P3, and P6 tested by Craig
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et al.21 under pure torsion and reinforced with different
dosages of steel fibers (0.00 vol.-%, 1.00 vol.-%, und 2.00
vol.-%), but with the same fiber type.

As can be seen, the beam P1 without steel fibers fails
abruptly upon reaching the torsional cracking load. In
contrast to that, the failure of the fiber reinforced beams
P3 and P6 is more robust, whereby P6 with the highest
dosage of fibers has a minimally higher cracking moment
(about 16%) and can still be stressed slightly (about 16%)
after reaching the torsional cracking load with an
increase in twisting. Furthermore, the post-cracking load
capacity caused by the steel fibers can be clearly seen in
beams P3 and P6.

2.3 | Steel fiber RC beams with
longitudinal or transverse reinforcement

Experimental investigations on fiber RC beams that were
additionally reinforced with longitudinal or transverse
reinforcement showed that, analogue to concrete beams
with only longitudinal or transverse reinforcement (see
Reference23), a helical crack formed around the cross-
section after the torsional cracking load was reached. With
a high dosage of fibers, further cracks were observed in
some cases, which were not evenly distributed over the
beams (e.g., References14,17,24). Similar to pure concrete
beams with only longitudinal or transverse reinforcement,
failure occurred with a low dosage of fibers when the tor-
sional cracking load was reached or shortly thereafter.
With increasing the dosage of fibers, the torsional load
could be maintained and in some cases it could even be
slightly increased and subsequently maintained
(e.g., References17,19,24,25). With increasing twist, these
beams failed due to fiber pull-out. Regardless of the dosage
of the fibers, the beams did not break in two, as they were

held together by the longitudinal reinforcement and some-
times also by the steel fibers (e.g., Reference18).

Figure 2 shows an example of the torsional load-
bearing behavior of three beams tested under pure tor-
sion, which were reinforced with identical longitudinal
reinforcement and different dosages of steel fibers (0.00
vol.-%, 1.50 vol.-%, und 2.00 vol.-%). These are the tests
T5, T2, and T7 carried out by Craig et al.,17 which corre-
spond to the test specimens of Figure 1 in their dimen-
sions and the type of fiber used.

Figure 2 shows that the beam T5 without steel fibers
can still support a small load when the crack load is
reached and then can hold this load for a short time before
it fails. A similar behavior is shown by test specimen T2
with 1.50% by volume steel fibers, whereby an approxi-
mately 10% higher load can be supported. In contrast, test
specimen T7, with a dosage of steel fibers of 2.50 vol.-%,
can support a load that is approximately 40% higher than
that of T5 after cracking with an increase in twisting.

It becomes evident from the investigations on fiber
RC beams with longitudinal reinforcement according to
Mansur and Lim19 (which are the only ones to provide
information on the measured strain of the longitudinal
reinforcement), that the longitudinal reinforcement can-
not be fully utilized. This also explains the low ultimate
torsional loads of the beams, as the failure is always
caused by the weaker reinforcement, if so the steel fibers.
No equilibrium can be reached in the torsional crack,
which causes a premature failure with the formation of a
shear fracture. Compared to SFRC beams, the longitudi-
nal reinforcement inhibits crack expansion directly after
crack initiation, which means that the torsional cracking
moment can be maintained or can even slightly be
increased with an increase in twisting. Since the crack
widths increase with increasing twisting and the steel
fibers are (gradually) pulled out of the concrete, the

FIGURE 2 Torque-twist response of the beams T5, T2, and T7

reinforced with identical longitudinal reinforcement and different

dosages of steel fibers according to References17

FIGURE 1 Torque-twist response of the beams P1, P3, and P6

reinforced with different dosages of steel fibers according to

Reference21
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capacity of the steel fibers is exhausted relatively quickly
and the supportable torsional moment decreases. Investi-
gations according to Yang et al.24 also show that increas-
ing in the degree of longitudinal reinforcement does not
increase the torsional load, but only a higher twist can be
applied. Consequently, only the dosage of the fibers has
an influence on the ultimate torsional moment. This is
similar to fiber RC beams that were reinforced exclu-
sively with transverse reinforcement (e.g., Reference26).

2.4 | Steel fiber reinforced beams with
longitudinal and transverse reinforcement

The tests on SFR-RC beams showed that, corresponding
to the RC beams under pure torsional loading (see Refer-
ence16), the load could be further increased after the tor-
sional cracking load had been exceeded, and several
almost helically running cracks inclined at 45� were
formed. Increasing the dosage of fibers led to smaller
crack widths and crack spacing and to a larger number of
cracks (finer crack pattern) (e.g., References18,24,27).
Comparable to RC beams, the torque-twist response prin-
cipally consists of three distinct phases, namely pre-
cracking phase, post-cracking phase and the phase with
the yielding of the reinforcement (e.g., References27,28). It
was observed that, analogue to RC beams, with a high
degree of reinforcement (see Reference16), the transition
phase from pre-cracking phase to post-cracking phase
was no longer quite as abrupt or without a sudden
increase in twisting by increasing the dosage of the fibers
(e.g., References24,29). Furthermore, by increasing the
dosage of fibers, a partly significant raise of the torsional
failure moment, a higher torsional stiffness in the post-
cracking phase and a higher twist were recorded

(e.g., References17,24,29). The failure occurred as a result
of a combination of fiber pull-out and tearing of the
reinforcement bars.

Figure 3 shows an example of the torque-twist
response of the beams T1, T3, and T8 tested by Craig
et al.17 under pure torsion, which were reinforced with
identical longitudinal and transverse reinforcement, but
different dosages of steel fibers (0.00 vol.-%, 1.50 vol.-%,
und 2.00 vol.-%). These test specimens correspond to the
tests T5, T2, and T7 according to Figures 1 and 2 with
regard to dimensions, the fiber types, the dosages of fibers
and the degree of longitudinal reinforcement and differ
only in the transverse reinforcement used.

The test specimen T1 without steel fibers can be sub-
jected to slightly higher loads after reaching the torsional
cracking load under excessive increase of the twisting and
it subsequently fails. The transverse reinforcement for this
test specimen was designed in such a way that slightly
more than the torsional cracking load could be absorbed
(≈ minimum transverse reinforcement) and the transverse
reinforcement failed after the abrupt transition from pre-
cracking phase to post-cracking phase. Regarding test
specimen T3 with 1.50 vol.-% steel fibers, the transition to
post-cracking phase is not associated with excessive twist-
ing. Furthermore, a higher torsional stiffness and a more
than 62% higher torsional failure moment can be
observed. Test specimen T8 with 2.00 vol.-% steel fibers
behaves similar, whereby a more than 118% higher tor-
sional load and a higher twisting can be applied.

3 | APPROACHES FOR STEEL
FIBER REINFORCED RC BEAMS
UNDER TORSION

3.1 | General

From the load-bearing behavior of beams reinforced with
steel fibers under pure torsion presented in Section 2 (see
Figure 1 to Figure 3), it becomes clear that a significant
improvement of the torque-twist response can only be
achieved for beams that have been reinforced with longi-
tudinal and transverse reinforcement in addition to the
steel fibers (SFR-RC beams). For this reason, an approach
for these SFR-RC beams is developed subsequently. As
this is based on the space truss model for RC beams, this
theory will be briefly described first.

3.2 | Space truss model for RC beams

The space truss theory is the most frequently used theory
worldwide for determining the torsional load-bearing

FIGURE 3 Torque-twist response of the beams T1, T3, and T8

reinforced with identical longitudinal and transverse reinforcement

and different dosages of steel fibers according to Reference17
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capacity, which was first developed by Rausch30,31 and
refined by Lampert and Thürlimann,32 among others.
For example, the refined form is included in DIN EN
1992-1-1/NAD5,6 (EC2/NAD) and Model Code 20102

(MC2010). In the refined space truss model, it is assumed
that only the reinforced edge zones of the cross-section
are available for torsional load transfer and, on the basis
of this, solid and hollow cross-sections must be idealized
to a fictitious thin-walled hollow cross-section with con-
stant wall thickness tef . A constant shear flow

υ¼ T
2 �Ak

, ð1Þ

is assumed over the constant effective wall thickness tef
according to Bredt's torsion theory33,34 (Figure 4). In
Equation (1), T denotes the torsion moment and Ak the
area within the center line of the fictitious thin-walled
cross-section, including inner hollow areas. Furthermore,
the walls of the fictitious thin-walled hollow cross-section
are idealized by a space truss model. The concrete com-
pressive struts, inclined circumferentially at angle θ, are

in equilibrium with longitudinal and transverse tension
struts consisting of longitudinal and transverse reinforce-
ment (Figure 5). The longitudinal reinforcement is
assumed to be concentrated in the corners, whereas the
transverse reinforcement is thought to be concentrated in
sections. The torsional load capacity is determined via
the strut forces; shear stresses are not calculated. The
strut forces can be determined from equilibrium observa-
tions on a truss node. To simplify matters, the unwinding
of the fictitious thin-walled cross-section of a RC beam—
the so-called shear wall model—is often considered (see
References1,35). With the shear wall model, the torsional
load-bearing capacity of the longitudinal reinforcement
results in

Tsl ¼Asl

uk
� f y,sl �2 �Ak � tanθ, ð2Þ

and the torsional load-bearing capacity of the transverse
reinforcement results in

Tsw ¼Asw

sw
� f y,sw �2 �Ak � cotθ: ð3Þ

For the concrete compressive strut, however, the fol-
lowing applies

Tcc ¼ kc � f cc � tef �2 �Ak

cotθþ tanθ
, ð4Þ

where Asl is the cross sectional area of longitudinal rein-
forcement, Asw is the cross sectional area of transverse
reinforcement, f y,sl is the yield strength of longitudinal
reinforcement, f y,sw is the yield strength of transverse
reinforcement, f cc is the concrete cylinder compressive
strength, uk is the perimeter of cross-section Ak, sw is the
spacing of the transverse reinforcement and kc is the
reduction factor of the concrete compressive strength.

The maximum supportable torsional moment of a RC
beam results from the minimum of the load-bearing
capacities of the individual struts according to Equation (2)
to Equation (4) (compare also EC2/NAD and MC2010).

3.3 | Modified space truss model for
SFR-RC beams

In order to take the load-bearing effect of the steel fibers
into account, the (refined) space truss model must be
modified. The steel fibers “suture” the cracks between
the inclined concrete compressive struts and allow a force
transmission across the cracks, so that this fiber load-
bearing effect can be divided into a longitudinal and a

FIGURE 4 Fictitious thin-walled hollow cross-section of a

solid cross-section under torsion

FIGURE 5 Space truss model for reinforced concrete beams
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transverse part. If their load-bearing effect is understood
as additional longitudinal and transverse tension struts,
the shear wall model of a SFR-RC beam shown in
Figure 6 results.1 The additional strut forces Ffl and Ffw

can be determined from equilibrium considerations at a
truss node.

The shear flow υ resulting from pure torsion (see
Equation 1) can be summarized via the shear wall height
uk to a shear force VT as follows:

VT ¼ υ �uk ¼T �uk
2 �Ak

: ð5Þ

The acting shear force is supported proportionally by
the steel bars and the steel fibers in the longitudinal and
transverse direction (cf. Reference1). For the steel fiber
tension struts in the longitudinal direction, the following
thus applies

Ffl ¼VT � cotθ¼T �uk � cotθ
2 �Ak

, ð6Þ

and for the steel fiber struts in the transverse direction

Ffw ¼VT ¼T �uk
2 �Ak

: ð7Þ

If the strut forces are related to the corresponding
(crack) surfaces, where

Afl ¼uk � tef , ð8Þ

applies to the surface in the longitudinal direction and

Afw ¼ uk � cotθ � tef , ð9Þ

applies to the surface in the transverse direction, the
stress in the longitudinal direction can be determined as

σfl ¼ Ffl

Afl
¼ T � cotθ
tef �2 �Ak

, ð10Þ

and the stress in the transverse direction can be deter-
mined as

σfw ¼ Ffw

Afw
¼ T

cotθ � tef �2 �Ak
: ð11Þ

If Equations (10) and (11) are converted to T and the
stresses are replaced by the respective post-crack tensile
strength of the steel fiber concrete (σfl ¼ f ct,fl and
σfw ¼ f ct,fw), the torsional load capacities of the individual
struts in the failure state can be determined. For the tor-
sional strength of the steel fibers in the longitudinal
direction

Tfl ¼ f ct,fl � tef �2 �Ak � tanθ, ð12Þ

and for the torsional strength of the steel fibers in the
transverse direction

Tfw ¼ f ct,fw � tef �2 �Ak � cotθ, ð13Þ

results.
The torsional moment that can be supported in each

direction is the sum of the torsional load-bearing capacity
of the steel bars (Equations (2) and (3)) and the steel
fibers (Equations (12) and (13)) in each direction. For the
longitudinal direction this results in

Tsfl ¼TslþT fl, ð14Þ

FIGURE 6 Unwinding (left), plane shear wall model (center), and force polygon for node I (right) of steel fiber reinforced RC beams

(SFR-RC beams)
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or

Tsfl ¼Asl

uk
� f y,sl �2 �Ak � tanθþ f ct,fl � tef �2 �Ak � tanθ, ð15Þ

and for the transverse direction

Tsfw ¼TswþTfw, ð16Þ

or

Tsfw ¼Asw

sw
� f y,sw �2 �Ak � cotθþ f ct,fw � tef �2 �Ak � cotθ:

ð17Þ

If there are no different post-crack tensile strengths of
the steel fiber RC for the longitudinal and transverse
directions (e.g., due to a specific alignment of the
fibers36), f ct,fl ¼ f ct,sw applies.

Since the concrete compressive strength is almost not
influenced by the steel fibers (cf. e.g., MC20102),
Equation (4) applies to the concrete compressive strut.
The maximum supportable torsional moment TR of a
SFR-RC beam results from the minimum of the load-
bearing capacities of the tension struts Tsfl and Tsfw

according to Equations (15) and (17) and the concrete
compressive strut Tcc according to Equation (4):

TR ¼ min

Tsfl

Tsfw

Tcc

8
><

>:
ð18Þ

4 | TORSION DATABASE “STEEL
FIBRE REINFORCED CONCRETE”

4.1 | Selection criteria and data scope

To verify the prediction accuracy of the approach or the
modified space truss model presented above
(Equation (18)), the torsion database “Steel Fibre Rein-
forced Concrete” according to Reference1 has been used,
which includes a total of 269 torsional tests on concrete,
RC and prestressed concrete beams made of normal
strength fiber reinforced concrete (NSFR-RC) and ultra-
high performance fiber reinforced concrete (UHPFRC) as
well as reference tests from the international literature
(torsional tests made of high performance fiber rein-
forced concrete [HPFRC] are currently not to be found in
the literature). The reference tests are tests that have
been carried out without steel fibers, but are otherwise
identical in design to the fiber reinforced tests. With the

reference tests, the torsional load-bearing capacity of the
steel fibers can be directly determined by comparison.

The following selection criteria were used to verify
the approach:

• Minimum cross-section size of bm ¼ ffiffiffiffiffiffiffiffi
h �bp

>0:14m
and min b;hf g≥ lf=0:41 (with lf as length of the steel
fibers),

• normal strength concretes (12N=mm2 ≤ f ck
≤ 50N= mm2),

• macro fibers made of steel,
• ribbed steel reinforcing bars,
• RC beams with longitudinal and transverse reinforcement,
• one longitudinal reinforcement per corner of the trans-

verse reinforcement and, if necessary, others distributed
evenly over the length of the transverse reinforcement,

• longitudinal spacing of transverse reinforcement
sw ≤ h=2 and

• torsional failure in the test (utilization of the torsional
reinforcement or the concrete).

The minimum cross-sectional size was chosen so that,
on the one hand, the space truss model can occur and, on
the other hand, the steel fibers cannot extend over the
entire (short) cross-sectional width and/or height due to
their length and thus an extrapolation of the results
obtained in the test to larger cross-sections must be ques-
tioned. The longitudinal spacing of the transverse rein-
forcement was chosen so that at least one transverse
reinforcement crosses the torsion crack approximately in
the middle and premature failure can be excluded. How-
ever, these criteria are not size effects.

Taking account of the selection criteria mentioned
above, a total of 26 fiber reinforced tests and six reference
tests without fiber reinforcement according to Refer-
ences17,28,29,37 remain. Consequently, it must be stated at
this point that the experimental sampling is not very
high, as no more suitable tests are currently documented
in the literature. A summary of the selected tests is pro-
vided in Table 1 and further more information can be
found in Reference.1 Figure 7 shows the parameter range
of the tests considered.

It becomes clear that, on the one hand, the investigated
concrete compressive strengths f ck (see Section 4.2.1) range
from 17 to 52N/mm2 and thus the entire range of con-
crete compressive strengths of normal strength concrete
is covered. On the other hand, the volumetric dosage of
the fibers V f varies between 0.3 and 1.5, the aspect ratio
of the fibers λ between 37.5 and 75.0 (100.0), the longitu-
dinal reinforcement ratio ρsl ¼Asl= b �hð Þ between 0.5 and
1.6 and the stirrup reinforcement ratio
ρsw ¼ Asw=sw �ukð Þ= b �hð Þ between 0.5 and 1.4, thus cov-
ering the usual ranges of construction practice.
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4.2 | Basis of evaluation and
assumptions

4.2.1 | Concrete compressive strength of the
(fibers reinforced) concrete

The characteristic value of the concrete compressive
strength was determined according to Reference38 for the
evaluation of tests as follows:

f ck ¼ f cm�4:0N=mm2, ð19Þ

where f cm is the mean value of the cylinder compressive
strength of the concrete (cylinder: Ø=h¼ 150=300 [mm]).

Since the concrete compressive strength is (almost)
not influenced by the steel fibers, the strength reduction
factor kc according to MC2010 was applied in
Equation (4) for the concrete compression strut:

kc ¼ kε �ηfc, ð20Þ

where kε is the coefficient for the state of strain in the
webs of beams (kε ¼ 0:55 for “level I approximation”) and
ηfc is the coefficient for the effect of brittle failure

FIGURE 7 Range of parameters of the used data of the fiber reinforced tests with regard to (a) concrete compressive strength fck,

(b) residual tensile strength of the concrete fFtuk, (c) volumetric dosage of the fibers Vf, (d) aspect ratio of the fibers λf, (e) ratio of the

longitudinal reinforcement ρsl, and (f) ratio of the transverse reinforcement ρsw
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behavior of concrete of strengths greater than 30N/
mm2 (ηfc ¼ 30=f ckð Þ1=3 ≤ 1:0).

4.2.2 | Residual tensile strength of the
fibers RC

Since the individual literature references only contain
information on the splitting tensile strengths of the steel
fiber RC used, the mean value of the residual post-crack
flexural tensile strengths was determined using the
empirical approach according to Reference11 (for the esti-
mation of the residual post-crack flexural tensile
strengths of unnotched four-point bending tests, see
Reference39):

f Rim ¼ 1
0:37

�k �V f � 1�k �V fð Þ � f ctm,fl

0:39
� ζLi �ηV, ð21Þ

where k is the factor that depends on the type of fibers
with k¼ lf=df � χ for steel wire fibers; χ is the factor that
depends on the anchoring of the fiber with χ¼ 0:3 for
endhooked steel fibers and χ¼ 0:2 for straight steel fibers;
V f is the volumetric dosage of the fibers [�]; f ctm,fl is the
flexural tensile strength of the concrete according to
MC20102 [N/mm2]; ζi is the coefficient for taking into
account the fiber effect as a function of the length of the
fibers and the CMOD considered with ζ1 ¼ 1:18� 7:5�lf

1000 for
CMOD1 ¼ 0:5mm and ζ3 ¼ 0:42þ 7:5�lf

1000 for
CMOD3 ¼ 2:5mm; ηV is the coefficient for considering
the nonlinear influence of the dosage of the fibers
with ηV ¼ 1= 0:7�0:2 �V fð Þ.

The mean value of serviceability residual strength
f Ftsm and ultimate residual tensile strength f Ftum were
calculated according to MC2010 as follows:

f Ftsm ¼ 0:45 � f R1m, ð22Þ

f Ftum ¼ f Ftsm� wu

CMOD3
� f Ftsm�0:5 � f R3mþ0:2 � f R1mð Þ≥ 0,

ð23Þ

where wu is the maximum crack opening accepted in
structural design (depends on the ductility required) with
wu ¼ 1:5mm according to MC2010 and CMOD3 is the
crack mode opening displacement with
CMOD3 ¼ 2:5mm according to MC20102 or EN 14561.40

As MC20102 does not contain any information on the
determination of the characteristic value of the residual
tensile strength, this is determined by means of a factor
of 0.6 following Reference.41 Furthermore, according to
MC2010, the fiber orientation must be taken into
account. Since the torsional load-bearing behavior of

SFR-RC beams can be attributed to shear stresses, a fiber
orientation factor of K = 2.0 was assumed following e. g.
Reference.42 From this follows for the characteristic value
of the ultimate residual tensile strength f Ftuk:

f Ftuk ¼
0:60 � f Ftu

2:0
: ð24Þ

This value was assumed for the longitudinal and
transverse direction, so that in Equations (15) and (17)
f Ftuk ¼ f ct,fl ¼ f ct,sw applies.

4.2.3 | Definition of the ideal hollow
cross-section

According to MC2010, the effective wall thickness tef for
solid cross-sections is defined as follows:

tef ≤ dk=8≥ 2 � cnom,swþϕswþϕsl=2ð Þ, ð25Þ

where dk is the diameter of the circle that might be
inscribed at the most narrow part of the cross-section,
cnom,sw is the nominal value of concrete cover of the
transverse reinforcement, ϕsw is the diameter of the
transverse reinforcement and ϕsl is the diameter of the
longitudinal reinforcement.

5 | VERIFICATION OF THE
MODIFIED SPACE TRUSS MODEL

5.1 | General

The evaluation of the torsion database “Steel Fibre Rein-
forced Concrete” was carried out as follows:

• The model safety factor is defined as γmod ¼
Tu,exp=Tu,cal,k and in order to satisfy the safety require-
ments for the design, the percentage of tests with
γmod < 1:0 must be less than 5%.

• The value Tu,exp is the torsional failure load measured
in the test.

• The value Tu,cal,k refers to the calculated characteristic
torsional load capacity (Equation 18) of the test.

• The yield strength of the longitudinal reinforcement
f y,sl and the yield strength of the transverse reinforce-
ment f y,sw were assumed without the partial safety fac-
tor γs for the material properties of reinforcing steel.

• The characteristic concrete compressive strength f ck
was assumed without taking the factors βcc and βc,sus
for time effects as well as without the partial safety fac-
tor γc for concrete material properties into account.
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• The characteristic value of the ultimate residual tensile
strength f Ftuk was assumed without the partial safety
factor γF for fiber RC.

In order to validate the approach, the experimental
values Tu,exp are compared with the calculated character-
istic values Tu,cal,k of the torsional moment. The statistical
parameters listed were determined from the model safety
coefficient γmod ¼Tu,exp=Tu,cal,k assuming a standard nor-
mal distribution, n is the number of tests, n<1:0 is the
number of tests with γmod < 1:0, x is the mean value, σ is
the standard deviation, ν is the variation coefficient and
Q0:05;0:95 is the 5%-; 95%- quantile.

5.2 | Evaluation

Figure 8 shows the comparison of the experimental and
calculated torsional moments. A distinction is made
between SFR-RC tests (fiber reinforced) and reference
RC tests without steel fibers (reference).

The evaluation shows that the approach (see Section 3.3)
provides good to very good agreement with the experimen-
tal values. Only one test cannot be recalculated so well. This
is a test with a calculated failure of the concrete compres-
sive strut (Tcc according to Equation 4), which is marked
with an “*)” in Figure 8. However, it should be noted
here that the results are based on “only” 26 tests and are
thus somewhat limited, as no more suitable tests are cur-
rently documented in the literature (see also Section 4.1).

Figure 9 shows the influence of significant model
parameters on the model safety factor γmod and on the
prediction accuracy of the approach.

For the concrete compressive strength f ck it becomes
clear that the entire range of MC2010 is covered with
regard to the concrete compressive strength classes for

normal strength concrete, and that with the increasing of
the concrete compressive strength the model safety factor
γmod increases, and thus, the calculated value increas-
ingly underestimates the experimental value.

With regard to the characteristic value of the ultimate
residual tensile strength f Ftuk and the volumetric dosage
of the fibers V f , it can be seen that, on the one hand,
lower scatter occurs with increasing ultimate residual
tensile strength or with increasing volumetric dosage of
the fibers and, on the other hand, the reference tests
without steel fibers show the greatest scatter. Conse-
quently, the approach proposed according to Section 3.3
(modified space truss model) for SFR-RC torsion tests
achieves slightly better agreements between experimental
and calculated torsional moments than the calculation
approach according to Section 3.2 or MC2010 (refined
space truss model) for pure RC torsion tests (without
steel fibers). Additionally, it is shown that the tests con-
sidered, cover the entire range of the usual performance
of steel fiber concrete (characteristic value of the ultimate
residual tensile strength f Ftuk according to MC20210).

The evaluations for the model parameters middle
cross-section size bm, longitudinal reinforcement ratio ρsl
and transverse reinforcement ratio ρsw do not reveal any
real trend. With regard to the model parameters middle
cross-section size bm, it must be noted that so far only
small cross-sections have been investigated. For this rea-
son, no conclusions can be made about any kind of size
effects, as occurs, for example, with beams under shear
loading (cf. References38,42). It must also be mentioned
that no size effects occur with RC beams under torsional
loads (among other things due to the clear load transfer
and the missing crack stresses) (cf. References35). How-
ever, the tests considered here cover the usual ratios of
longitudinal and transverse reinforcement in practice.

In principle, the approach (modified space truss
model) provides model safety factors above 1.0. Only one
fiber reinforced test (fiber reinforced) and one reference
test without steel fibers (reference) are just below 1.0,
which means that the proportion of steel fiber reinforced
tests with γmod < 1:0 is less than 5%, so that the safety
requirements for a design are achieved. The mean value
is 1.77 (experimental values Tu,exp compared with calcu-
lated characteristic values Tu,cal,k) and is thus comparable
to other models for steel fiber RC or RC under shear load-
ing (e.g., References2,5,38,43).

Figure 10 shows an evaluation of the torsional
strength of the steel fibers in the longitudinal direction
(Equation 12) and in the transverse direction
(Equation 13) in relation to the total torsional moment of
the longitudinal direction (Equation 14) and of the trans-
verse direction (Equation 16). It can be seen that in the
tests considered, the torsional load-bearing capacity of

FIGURE 8 Comparison of the experimental and calculated

torsional moments
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the fibers is up to about 30% and therefore it makes sense
to take the fiber load-bearing effect into account in the
torsional design.

6 | SUMMARY AND
CONCLUSIONS

The use of steel fibers increases the load capacity and
robustness of beams under pure torsion. This increase

depends on the dosage and the performance of the steel
fibers.

In the case of SFRC beams, only a slight increase in
the torsional cracking or ultimate torsional moment can
be observed. In the post-cracking phase of the torque-
twist curve, however, a significant influence can be
noticed.

SFRC beams that are additionally reinforced with lon-
gitudinal reinforcement or with transverse reinforcement
show a more ductile load-bearing behavior, but the

FIGURE 9 Model safety factor γmod as a function of: (a) the characteristic value of the concrete compressive strength fck, (b) the middle

cross-section size bm, (c) the characteristic value of the ultimate residual tensile strength fFtuk, (d) the volumetric dosage of the fibers Vf,

(e) the ratio of the longitudinal reinforcement ρsl, and (f) the ratio of the transverse reinforcement ρsw
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longitudinal or transverse reinforcement is not utilized.
The ultimate torsional moment is only marginally
increased by the steel fibers; an increase in the degree of
longitudinal or transverse reinforcement, on the other
hand, does not increase the ultimate torsional moment.
Consequently, the design of fiber RC beams with longitu-
dinal or transverse reinforcement does not make sense,
as the steel fibers cannot completely replace a missing
longitudinal and/or transverse reinforcement.

A significant improvement of the torque-twist
response can only be achieved with steel fiber reinforced
beams with longitudinal reinforcement and transverse
reinforcement (SFR-RC beams). In this case, a slightly
higher torsional cracking moment, a finer crack pattern,
a higher torsional stiffness after cracking and a higher
ultimate torsional moment occur due to the steel fibers,
which is why a consideration of the load-bearing effect of
the steel fibers in the torsional design of SFR-RC beams
seems appropriate.

Based on this, the well-known space truss model for
RC beams was extended to include the load-bearing effect
of the steel fibers. For this purpose, the steel fiber load-
bearing effect was understood as additional tension struts
in longitudinal and transverse direction and an additive
approach was proposed (modified space truss model (Fig-
ure 6), Equation 18). The modified space truss model was
checked with the help of torsion database “Steel Fibre
Reinforced Concrete” according to Reference,1 which
was filtered with regard to SFR-RC beams made of nor-
mal strength concrete with macro fibers. The evaluations
show that good to very good agreements with experimen-
tal torsional moments are achieved with this model and
that the safety requirements with regard to a design are
complied. In addition, the evaluation shows that in the
tests considered here, the (calculated) load-bearing capac-
ity of the fibers can amount to up to 30% of the torsional
failure moment (Figure 10). However, it should be noted
that the experimental sampling is not very high (26 tests)
and the results are therefore somewhat limited.

The tests considered cover the entire application range
of MC2010 for normal strength fiber reinforced concrete
(NSFRC) and the parameters commonly used in practice.
When using the approach, however, the limits according
to Section 4.1 must be considered and it must be taken
into account that the mean cross-section size bm studied
was (only) between 14 and 30, it is pointed out that large-
scale tests should be conducted to verify the adequacy of
the proposed modified space truss model here. In addi-
tion, the literature does not currently contain any torsion
tests on SFR-RC beams made of high-performance fiber
reinforced concrete (HPFRC). However, an approach for
UHPFRC can be taken from References.1,27
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