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ABSTRACT

Experimental data on RC members subjected to pure torsion is compiled from published studies so far. Inter-
estingly, the past studies have concentrated largely on members with small to moderate concrete covers, with
handful data on members with thick concrete cover. Widely accepted torsion models including the diagonal
compression field theory (CFT), softened truss model (STM) and softened membrane model for torsion (SMMT)
are verified on the domains of experimental data missing-in specimens with thick concrete cover. With increasing
demand for durability design of RC structures use of thick concrete cover, say up to 75 mm, is being introduced in
practice. Recent experimental investigation by the authors demonstrated that spalling of concrete cover,
particularly in cases of thick covers, significantly impacts the torsional behavior of RC members. The present
study uses these set of experiments to look at the response prediction capability of the existing advanced models
and assess the reliability of existing concrete cover spalling theories. For cases with thick cover, the existing
models either did not adequately capture the ultimate capacity or erroneously predicted the torsional behavior of
the members due to the different mechanics between RC beams with thin and thick covers. Similarly, the spalling
theories failed to fully explain the physically observed spalling behavior. Guided by the recent experimental
observations and the apparent gaps, the study provides a rational theory for the spalling of concrete cover. The
initiation and gradual evolution of concrete cover spalling is traced by observing the acting spalling moment and
spalling resistance formulated in the proposed spalling model. The proposed spalling model inherently assumes
members susceptibility to spalling of cover concrete and is governed by, the thickness of the concrete cover,
tensile strength of concrete, presence of rebar cage and their location, and size of the member. The theory is
unified and can explain the spalling of cover due to torsion as well as shear. Its capability is examined by
integrating the approach into existing truss model. When compared with state-of-the-art models, the proposed
method provides consistent prediction with a relatively smaller scatter, for cases with thick concrete cover as
well.

1. Introduction

The torsional behavior of reinforced concrete (RC) members depends

experiment database is carefully compiled from published studies. Fig. 1
shows pure torsional experiments [1-4,7-15] presented in terms of
compressive strength of the concrete and reinforcement ratio. The plot is
prepared using experimental data of more than 175 solid rectangular RC
specimens. It is evident that concrete strength from normal to high

on different factors. The main variables include the amount of rein-
forcement, concrete strength, the shape of the member, width to depth
ratio, and concrete cover [1-6]. Over the last fifty years, a surge of
research has been observed focusing on the mechanistic behavior of RC
members subjected to pure torsion [7]. Noteworthy, previous studies
have mainly focused on certain areas of investigations while other
variables are least explored. To examine the accumulated experimental
data distribution and explore remaining research gaps, a pure torsional

strength and rebar ratios from under to over reinforced cases are satis-
factorily covered.

While it is reasonable for the studies to be concentrated on normal
strength concrete and under-reinforced regions, the database also points
to regions in which further studies may be needed. Fig. 2 shows the
distribution of pure torsion experimental studies regarding concrete
cover thickness. The vertical axis describes the relationship between the
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Nomenclature

A, Area enclosed within the outer perimeter of the cross-
section.

A Total area of longitudinal reinforcement.

Ay Local area of longitudinal reinforcement on panel i.

A Area of a single leg of transverse reinforcement.

b Width of a member (Figurel and Figure2).

Cc Clear cover.

fe Compressive strength of concrete.

fet Tensile strength of concrete.

fu Ultimate strength of longitudinal reinforcement.

fut Ultimate strength of transverse reinforcement.

fn Yield strength of longitudinal reinforcement.

ft Yield strength of transverse reinforcement.

qc In-plane shear flow.

S Spacing of transverse reinforcement.

T Torsion.

T Acting spalling torsion.

Ter Cracking torsion.

tq Thickness of shear flow zone.

Tspall Spalling resistance.

Tuie Ultimate torsional capacity of tested specimen.

£ Smeared biaxial strain in the 1-direction (SMMT model).
& Smeared biaxial strain in the 2-direction (SMMT model).
Elim it Maximum strain in the 2-direction.

Y12 Average shear strain in the 2-1 coordinate (SMMT model).
& Diameter of longitudinal rebar.

b, Diameter of transverse rebar.

0 Angle of inclination from the horizontal axis (Eq. 4).

14 Angle of twist.

T Shear stress due to torsion.

concrete cover and the full sectional property. Rahal and Collins [6,30]
used this criterion to show the susceptibility to cover spalling. The plot
clearly shows the lack of studies on thick concrete cover. Nearly all the
torsional tests are conducted for members with a small concrete cover.
The average normalized concrete cover ratio of the specimens is 0.29.
For such members, concrete strength and the relative amount of longi-
tudinal and transverse reinforcement play a major role in the failure
mechanism. Failure is usually associated with the crushing of softened
diagonal strut or rebar rupture. On the contrary, for sections with thick
concrete cover, the torsional behavior is controlled by premature cover
spalling phenomena (see Fig. 3). Yet, studies pertaining to this brittle
type of failure is almost non-existent.

In practice, due to the increasing demand for durability design,
recent code provisions propose thick concrete covers considering the
environmental exposure of the structural member. ACI [16] allows the
use of up to 75 mm cover for members in an aggressive environment.
Similarly, according to EC 2 [17] structural members with high exposure
class requirements might be designed with a specified cover of more
than 70 mm, considering the cover needed for deviation during con-
struction. Accordingly, the maximum normalized cover ratio for each
specimen is calculated assuming a cover limit of 75 mm, and the average
value is 1.03 as indicated in Fig. 2. The absence of investigation on the
thick concrete cover is plainly depicted from the gap between the
average (0.29) and the allowable limit (1.03).

Despite its brittle failure, provision for torsion didn’t appear in the
codes until 1971 when the first time a design guideline was given in ACI
[31]. Beginning the 1950s torsional theories followed two distinct paths
in skew bending theory and formulations-based membrane element
truss model. The skew bending theory includes the works by Lessig [18],
Yudin [19], Collins et.al. [20], Hsu [21], and Elfgren [22,23]. The
research path using the truss model include the theories of Lampert and
Thiirlimann [24], Collins [25], Mitchell and Collins [5], Collins and
Mitchell [26], Hsu and Mo [27], and Jeng and Hsu [28]. The skew
bending theory only used equilibrium equations and can only predict the
ultimate capacity of members. In contrast, the modern truss
model-based theories incorporate the three Navier’s principles of me-
chanics. The advanced truss models such as the diagonal compression
field theory(CFT) [5], softened truss model(STM) [27], and softened
membrane model for torsion(SMMT) [28] can predict the entire load
history.

In the truss model, in view of the direction, gradual formation,
rotation of cracks and crack modeling, two types of smeared truss model
theories have been developed, namely, the rotating angle theory [5,29,
32] and the fixed angle theory [28,33].

Mitchell and Collins [5] proposed a diagonal compression field
theory (CFT) with a rotating angle truss model satisfying the three

principles of mechanics. The model is one of the first rational ap-
proaches that can predict the torsional behavior of RC members. The
model assumes concrete will not carry any tension after cracking and the
shear flow due to torsion is assumed to be resisted by a diagonal
compression field. Using equilibrium, compatibility equations, and
material constitutive law for concrete in compression, CFT can trace the
full history of RC members subjected to torsion. In CFT not all of the
concrete is effective in providing diagonal compressive stresses. Mitchell
and Collins observed the spalling of concrete cover and assumed the
spall off concrete at corners results in a reduction to the effective
thickness of shear flow. Accordingly, CFT models the behavior of RC
beams subjected to torsion using this net effective thickness and uniaxial
compression strength of concrete without compression softening effect.

In 1985 Hsu and Mo proposed a rotating angle softened truss model
(STM). STM [27] is constructed on satisfying Navier’s principle of me-
chanics of material. The model implemented a similar equilibrium and
compatibility model to that of the CFT. Unlike CFT, STM utilizes soft-
ened constitutive model for cracked concrete in compression and in-
corporates a smeared tensile stress-strain relationship for rebar.
Extending the softened membrane model (SMM) for shear by Hsu and
Zhu [34], Jeng and Hsu proposed a softened membrane model for tor-
sion (SMMT). SMMT is a fixed angle smeared truss model and in addi-
tion to Navier’s principle of mechanics, it incorporated the Poisson
effect for concrete subjected to biaxial stress condition. SMMT model
can predict the entire load history curve, including the ranges before and
after cracking, as well as the ascending and descending branches.

The above theoretical models inherently assume the ultimate ca-
pacity of the members to be controlled by either crushing of the softened
concrete or rebar rupture. While they acknowledge concrete cover
spalling may control the behavior of members, in both STM and SMMT
the effect of concrete cover is not considered in their formulation. CFT
considers the spalling of cover by using the spalled concrete section for
analysis. While it rightly considers spalling, the model uses a uniaxial
stress-strain model for concrete in compression and ignore the contri-
bution of cracked concrete in tension. Although at the time it was not
quantified, the use of uniaxial stress-strain models seems incompatible
as it is proven compression softening occurs due to transverse cracking
on their landmark theory MCFT by Vecchio and Collins [29]. In addi-
tion, the spalling of cover does not initiate from the start. Although, it
may serve as a simplistic/ conservative design assumption, considering
spalled section throughout the whole range cannot be physically
explained.

To better understand the effect of the concrete cover and to illustrate
the difference between the theoretical models, their prediction is
examined with the experimental results of Nagataki et al. [14] (See
Fig. 2 for the experiments and Fig. 4 for the comparison). For specimens
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with small cover C1, the behavior of the member is adequately predicted
by the models. However, for the specimens with large cover, the pre-
diction by the models differs by large. SMMT’s prediction is consistent
with the experimental results in the pre-cracking range, while it highly
overestimates the ultimate capacity and erroneously predicted the fail-
ure mode. The ultimate capacity predicted by CFT is on the safe side
with a sufficiently close estimate. However, the behavior of the thick
cover specimens is not adequately captured as the model projected the
member to reach peak capacity after a large angle of twist, which is
contrary to the observed behavior. It should also be noticed that the
difference between the experiment and the models predictions increases
with the increase of the concrete cover thickness.

On the other hand, due to stringent requirement for durability design
in code provisions, currently, structures may be designed with a
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relatively larger concrete cover. The torsional behavior of such struc-
tural elements cannot be adequately captured using the exiting
advanced models. Therefore, it is useful to close this gap.

While spalling of concrete cover may lead to brittle failure in torsion
and shear loaded members, the mechanics of spalling of concrete cover
is not adequately investigated and remains still a mystery. Mitchell and
Collins [5] for pure torsional members and Rahal and Collins [6,30] for
members subjected to combined torsion and shear investigated and
proposed the mechanics of spalling of cover concrete. Without a doubt,
the investigations on the concrete cover [5,6,30] provide a useful insight
into the torsional behavior of RC members. However, the proposed
spalling mechanism cannot explain the initiation and gradual evolution
of concrete cover spalling. The theory also lacks generality as it cannot
explain spalling in shell elements. Furthermore, in some cases, the

120 | AFang
|+ Rasmussen
s 100 } Koutchoukali
= } ¢ Hsu
:E'.‘ 30 } ® McMullen
o0 | ™ Peng
% 60 } X Jung-Yoon Lee
.2 } X Nagataki et al
§ 10 | ® Leonhardt
E.. } @ Hao-Jan Chiu
6 | AM.S Ibrahim
20 } @ Changbin Joh
|®M.-J.Kim
0 60
5
120 AFang
+ Rasmussen
N 100 Koutchoukali
E & Hsu
-E-': 80 ® McMullen
%1) ™ Peng
‘3 60 X Jung-Yoon Lee
.g x Nagataki et al
§ " L 4 | | ®Leonhardt
g' A m |®Hao-Jan Chiu
S » 0“" oo N | |AM.S Ibrahim
20 *e d.’ ® PR o | |® Changbin Joh
o M.-J.Kim
0 A i i T
0 4 Ak, bSS £ % 12 16

Fig. 1. -Experimental researches pertaining to the compressive strength of concrete against reinforcement ratio.
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assumptions seem to be incompatible with experimentally observed
behavior (see Section 6).

In summary, with the increasing demand for durability design in RC
structures the use of thick concrete cover is introduced in practice. It is
therefore useful to understand the mechanics of RC members with thick
cover and predict their behavior. The existing widely accepted models
for torsion are developed based on the database only concentrated for
members with relatively small cover and fail to capture the torsion
behavior of RC members with a relatively thick cover. Furthermore, the
available spalling theories cannot fully explain the physically observed
spalling behavior and lack generality of application. In this paper, by
using the recently conducted pure torsional experiments on nine RC
specimens with varying concrete cover, transverse rebar, and concrete
strength, a critical assessment of the state-of-the-art models is
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conducted. Later, a new rational theory for the spalling of concrete cover
which can be integrated into existing theoretical models is forwarded.

2. Torsional experiments on RC beams with thick concrete cover

While adding to the handful database in the domain of thick cover,
recently an experimental program was undertaken to better understand
the mechanics of torsion of RC members with relatively thick concrete
cover [7]. The specimen designation with sectional detailing is given in
Table land Fig. 5.
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Table 1
Specimen designations with cross-sectional and mechanical properties [7].
Set Designation Clear cover (mm) A; (mm?) A/S (mm) fy1 (MPa) fu (MPa) fyr (MPa) fye (MPa) f. (MPa) fee (MPa)
1 NSC-S1-C30 16 452.39 0.628 689.7 817.4 534.1 659.5 42.1 3.8
NSC-S1-C45 31 452.39 0.628 689.7 817.4 534.1 659.5 39.4 3.7
NSC-S1-C60 46 452.39 0.628 689.7 817.4 534.1 659.5 38.8 3.5
2 NSC-S2-C45 29 452.39 0.604 689.7 817.4 521 647.1 41.4 3.5
NSC-S2-C55 39 452.39 0.604 689.7 817.4 521 647.1 39.9 3.5
NSC-S2-C60 44 452.39 0.604 689.7 817.4 521 647.1 40 3.4
3 HSC-C30 16 452.39 0.628 689.7 817.4 534.1 659.5 60.8 5.1
HSC-C45 31 452.39 0.628 689.7 817.4 534.1 659.5 60.8 4.6
HSC-C60 46 452.39 0.628 689.7 817.4 534.1 659.5 60.8 4.3
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Fig. 5. Test set up (a) 3D view of the specimen (b) Top view and test region (c) detail of support condition (d) Detailing of the specimens (all dimensions are in mm)
(e)Specimen during testing [7].

3. Evaluation of existing theoretical models for thick cover reaching their corresponding cracking load, due to significant cover
spalling their behavior shows a decline in load-carrying capacity. Hence,

3.1. Experimental result the peak capacity of the specimens with large cover coincided with their
corresponding cracking capacity. Moreover, the ultimate capacity of the

The torsional behavior of the specimens is presented in Fig. 6 and members is controlled by the spalling of the concrete cover (see Fig. 7).
Table 2. The specimens with relatively small cover showed a linear and Generally, the specimens with relatively small concrete cover failed
very stiff behavior up to the cracking torsional capacity. After the for- due to the crushing of the softened diagonal strut coupled with concrete
mation of diagonal cracking, the specimens (NSC-S1-C30 and HSC-C30) cover spalling. The cover spalling initiated after the cracking torsion and
exhibited an increasing post cracking capacity with softened torsional the spalling was restricted to the edge of the member. In contrast, for the
stiffness. The remaining specimens with large concrete cover after remaining members with thick cover, the specimens failed prematurely
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Fig. 6. Experimental result [7].

Table 2
Experimental result [7].

Set Designation Ter Tule Failure Mode
(kNm) (kNm)

1  NSC-S1- 11.2 19.71 Crushing of strut accompanying with
C30 spalling* of concrete cover
NSC-S1- 10.8 12.51 Spalling of concrete cover
C45
NSC-S1- 8.2 10.15 Spalling of concrete cover
C60

2 NSC-S2- 12.8 14.66 Spalling of concrete cover
C45
NSC-S2- 10.8 10.95 Spalling of concrete cover
C55
NSC-S2- 11.4 12.25 Spalling of concrete cover
C60

3 HSC-C30 13.6 19.86 Crushing of strut accompanying with

spalling* of concrete cover

HSC-C45 11.6 13.76 Spalling of concrete cover
HSC-C60 9.4 10.65 Spalling of concrete cover

T, visible crack observed *The spalling was limited to the edge of the member

due to spalling of concrete cover. The spalling affects essentially the full
perimeter of the member. Furthermore, the initiation of the spalling
commenced near the diagonal cracking torsion. Detailed observations
and comprehensive comparison of the experiments with commonly used
codes and advanced graphical methods can be found from the original

work [7].

3.2. Comparison of the theoretical models with thick cover experiments

The modern truss models for torsion are built on the Navier principle
of mechanics. These models can be used to predict the full torsional
response of RC members subjected to pure torsion [5,27,28]. They are
extensively tested with a large number of experiments providing a
consistent prediction which led to the development of simplified models
and equations based on the theories [35-37]. A comparison between the
experiments and the prediction by SMMT, STM, CFT is made using the
recent group of experiments [7] to evaluate the capability of the models.
The specimens failed due to a localized spalling of concrete cover over a
finite length (See Fig. 3 and Fig. 7). Further measurements showed the
length of the spalled region is essentially equal to the larger side
dimension. Michell and Collins [5] also observed the localized effect and
noted ‘The concrete cover will not spall-off over the entire length of the
beam’. In the current investigation of specimens with thick cover, the
total observed rotation after cracking/spalling is essentially concen-
trated to the finite spalled region. In the following analysis, to directly
compare the results with the model’s prediction, the total angle of twist
is calculated considering the finite spalled length of 300 mm.

The comparison between SMMT, STM, and CFT with the different
cover experiments is presented in Fig. 8. The models closely predicted
the behavior of the specimen with a relatively small cover
(NSC_S1_C30). The specimen failed due to the crushing of the diagonal
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HSC-C60

NSC-S2-55

NSC-S1-C30

NSC-52-45

HSC-C30

Fig. 7. Specimen failure due to significant cover spalling (Specimens NSC-S1-C60, NSC-S2-C60, HSC-C60, NSC-S1-C45, NSC-S2-C55, HSC-C45 and NSC-S2-45) and

crushing of strut accompanied with spalling of concrete (NSC-S1-C30, HSC-C30).

strut coupled with concrete cover spalling. The spalling of the cover was
limited to the edge of the member and initiated after the cracking tor-
sion. STM predicted the peak capacity with greater accuracy whereas
CFT and SMMT slightly overestimated the ultimate capacity.

For Set1 and Set2 beams with relatively thick cover, STM and SMMT
couldn’t able to provide an adequate prediction. The specimens were
having a clear cover of 31 and 46 mm and failed due to concrete cover
spalling. The spalling of the concrete cover occurs around the cracking
torsion. Contrary to the experiment, SMMT predicted an enhanced post-
crack capacity in which the peak capacity is controlled by concrete
crushing of the strut. Similarly, STM predicted a highly overestimated
strength with the specimen failing by the crushing of diagonal strut.
Generally, both SMMT and STM highly overestimated the peak capacity
of the specimens.

Comparing the experiments with CFT, the peak capacities are
adequately captured. However, the model highly overestimated the
twisting behavior (predicting large twist at peak). In the experiment, the
peak capacity of the members with thick cover was observed near the
cracking torsion which is a fraction of the models’ prediction.

The last set of specimens (Set 3) were cast from concrete with rela-
tively higher compressive strength. All the models slightly over-
estimated the peak capacity of the specimens with the small cover. For
the specimens with large cover, the failure behavior is erroneously
predicted by SMMT and STM and additionally, the peak capacity of the

members is highly overestimated. Similar to the previous sets, CFT
erroneously predicted the peak capacity to have coincided with a large
angle of twist.

Observing the above comparisons, while the models (STM and
SMMT) could provide an excellent prediction for specimens with smaller
cover, the models were not able to provide adequate prediction to
specimens with relatively large cover. Both models ignore failure due to
spalling of cover and inherently assume failure to be controlled by
concrete strut crushing or rebar rupture regardless of the thickness of the
cover concrete. Nevertheless, for specimens with large concrete cover,
the peak capacity of members may be controlled by the spalling of cover
concrete.

Opposite to the above models, CFT considers concrete cover spalling
and provides a safe estimate. However, the prediction of the twist
behavior and failure mode is not satisfying. Moreover, the model uses a
spalled section for the analysis of torsional members. While it is true that
cover spalls during torsional actions, initiation of spalling of concrete
cover is not addressed in the model. For members with small cover,
cover spalling may initiate after the cracking torsion near or after the
peak capacity of the member. While for members with large cover,
spalling of concrete cover commence near the cracking torsion. Thus,
using a spalled section throughout the analysis cannot be physically
explained.
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Fig. 8. Comparison between the experiments and the prediction by SMMT, STM, CFT.

4. Mechanics of spalling of concrete cover

Failure is linked with concrete crushing or rebar rupture in RC
members subjected to flexure. In addition to these modes of failure, a
torsional member might prematurely fail due to concrete cover spalling.
Although rigorous studies resulted in a better understanding of the
mechanics of torsional strength and failures associated with strut
crushing and rebar rupture, the mechanics of concrete cover spalling
does not have a unified consensus. The lack of consensus on the effect of

concrete cover can be observed by comparing the torsional resistance
prediction of different models and codes [16,17,35,36,38,39] (See
Fig. 9). For the given section, the only variable was the cover concrete.
The disparity in the torsional resistance by the models and codes gets
more pronounced with the increase of cover. The comparison (see Fig. 8
and Fig. 9) between experiment, codes, graphical methods, and
advanced torsional models clearly show an absence of consensus on the
role of cover concrete for RC members under torsional actions. The
disparity indicates and validates the need for a thorough examination of
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Fig. 9. Torsional resistance prediction of different models and codes [16,17,35,36,38,39].

the impact of concrete cover.

Regarding the experimental investigations, there are very limited
studies on the effect of concrete cover [7]. The limited studies which
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Fig. 10. Spalling of concrete cover models (a) Mitchell and Collins [5] (b) Fisher et al. [42] (c) Rahal and Collins [30].
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a recent investigation of shell element by Bruun and Bentz [40].

Mitchell and Collins [5,26] proposed a CFT model for members
subjected to torsion and shear. In their investigation, they observed the
spalling of cover. Mitchel and Collins noted that ‘the compression in the
concrete tends to push-off the corner while the tension in the hoops holds it on.
As it will not be possible for the hoops to hold on the concrete cover without
generating large tensile stresses in the concrete, at higher loads this cover will
spall off.” (See Fig. 10a).

Similar to the assumption of the CFT model, Rahal and Collins [6,30]
assumed a mechanism of spalling of cover to be due to the tensile stress
developed by the change in the direction of compressive stress (See
Fig. 10c).

In general, both the studies by Mitchell and Collins [5] and Rahal and
Collins [41] attributed the spalling of concrete cover with the change in
direction of compressive stress trajectory. Although the assumption is
reasonable for members subjected to torsion, the theory could not fully
explain the spalling of concrete cover for members subjected to shear.
Fisher et al. [42] observed spalling of concrete cover on members sub-
jected to shear. Like torsional spalling, the authors associated the spal-
ling phenomenon with the change in direction of the diagonal
compression stresses as they approach the corner of the member (see
Fig. 10b). The described phenomenon cannot fully explain the obser-
vation since severe cover spalling is also observed at the mid-section of
the members. Contrary to the change in direction of the corner stress field,
the diagonal stresses around the mid-section are parallel to the surface.
Therefore, it is not anticipated they will cause the cover to spall.

Recently Bruun and Bentz [40] conducted the first pure torsion test
on shell elements. The shell element has a square dimension of 1626 mm
and a thickness of 285 mm. Two specimens were cast with and without
out of plane rebar and with similar in-plane reinforcement. The exper-
imental investigation showed both specimens exhibited spalling of
concrete cover.

The experiment showed a clear separation of the cover. Like the
spalling due to shear in beams, the assumption of spalling of cover
initiated from the edge element fails to explain the observed spalling on
the shell element. A closer investigation of the surface deformation re-
veals that the compression trajectory due to torsion is inward which is
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contrary to the assumption of Rahal [30]. Since the observed compres-
sion trajectories are opposite to the assumption of Rahal’s model, the
stress on the failure plane will be compression rather than tension.

Without Doubt, the studies by Mitchell and Collins [5] and Rahal and
Collins [30,41] greatly enhanced the knowledge on the torsion of RC
members. Yet, the assumed mechanics of spalling cannot fully explain
the physically observed behavior. The limitation of spalling theories can
be observed in the lack of generalizability. While the assumptions
appear adequate for linear torsional members (beams), the theories
cannot fully explain spalling due to shear and spalling of cover on shell
elements. In general, the torsion of RC members has been extensively
investigated for the past 60 years, so far, the mechanics of the spalling of
concrete cover is not fully understood.

5. Proposed spalling mechanism

When RC members are subjected to torsion a circulatory shear stress
will occur. After cracking, the member may be treated as composed of
equivalent wall (panel) elements (See Fig. 11).

A closer investigation of one of the wall panel elements is shown in
Fig. 12a. The wall panel element bounded by the rebar cage and the
outer surface is further isolated. The resulting element is subjected to in-
plane shear stress due to the acting torsional moment. The acting uni-
form shear stress will create an in-plane shear flow g. and torsion T, on
any plane which is perpendicular to the shear stress plane (see Fig. 12b).
For RC members with longitudinal and transverse rebar, due to the mere
presence of the rebar cage, the surface along the rebar grid will be
relatively weaker. And once the limit (resistance) is exceeded on the
weaker plane, the acting in-plane shear and torsion on the critical plane
will result in spalling of the concrete cover.

More conveniently, the effect of the acting in-plane shear and torsion
on the weaker plane can be observed by rotating the in-plane actions by
45 degrees. The resulting stress condition on the critical surface will be
equivalent bending in the orthogonal directions (see Fig. 12¢). It is also
interesting to note that the orientation of bending moments on the
critical surface is consistent with the physically observed spalling di-
rection. The acting spalling moment per unit width will be a function of

»

Torsion

(a)

E 5 : ‘

b

A

(b)

Fig. 11. (a) RC members under torsional action (b) equivalent wall panel element subjected to shear stress.



M.S. Ibrahim and E. Gebreyouhannes Engineering Structures 321 (2024) 118912

TC
Spalling surface

TC
rebar grid
(b)
T
qc\ (e qC
K¢

X

XC
a. / \
qc
(a) (©
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shear stress and thickness of cover and will have a magnitude given by
Egs. 1 and 2.

_JtCe t3>C¢
qc—{‘[td td<Cc} )
qn% td Z CC
T. = ¢ 2
qc (Cc - §d> t; < C¢

Where C¢: Clear cover.

ty: Thickness of shear flow zone.

Generally, the diagonal bending stress which resulted from the
torsional moment is responsible for spalling. The presented approach of
spalling is consistent and fully applicable for the spalling of cover on
beam in shear. The only modification will be the acting shear stress will
be due to shear force rather than circulatory shear stress due to torsion.

Cover spalling initiation is mainly dependent on the thickness of the
concrete cover, discontinuity created by rebar, and tensile strength of
the concrete. The initiation and evolution of concrete cover spalling are
a gradual process. The gradual evolution of the spalling process due to
the spalling diagonal moment can be observed by conducting a
nonlinear finite element analysis (NLFEA). Presented in Fig. 13 is a
detailed NLFEA of an isolated concrete element bounded by the surface
and the core concrete. The nonlinear analysis is conducted using a three-
dimensional finite element package VecTor 3 [43]. The isolated concrete
element is loaded with gradually increasing diagonal spalling moment in
the orthogonal directions, see Fig. 13a.

As it can be seen from the analysis, the spalling started at weak zones,
which usually are located on the plane where the rebars are located, and
gradually progresses to the remaining zone, see Fig. 13b and Fig. 13c.
The spalling due to diagonal moment assumption is also further exam-
ined with a recent flexure experiment on a U-shaped member (See
Fig. 14). The flexural moment is applied through two loading wings. The
U-shaped specimen was cast from lightweight concrete having a
compressive strength of 24 MPa and tensile strength of 1.7 MPa (See
Fig. 14). The specimen was reinforced with rebar in the flexural tensile
zone. The specimen was loaded to 60 % of its ultimate capacity and the
applied load was maintained for 10 days. In addition to flexural tensile
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cracks, due to the relatively smaller tensile strength, a splitting crack
which is similar to spalling was observed. During the days following the
initial splitting, a propagation of the spalled layer was observed (see
Fig. 14). Although there was no apparent weak plane owing to the rebar
cage, due to the absence of a strong aggregate interlock, a local weak
plane was present. Consequently, the observed spalled layer was
created. Furthermore, it should be noted that the member was essen-
tially subjected to similar boundary conditions with that of concrete
cover under the diagonal spalling moment.

5.1. Spalling strength (threshold)

The acting diagonal spalling moment acts on surfaces that are
perpendicular to the shear stress plane. Due to the mere presence of the
rebar grid, the surface just above the rebar grid will be a weaker plane.
Thus, the spalling of concrete cover will initiate once the spalling
resistance of the weak plane is exceeded by the corresponding acting
diagonal spalling moment.

The actual stress distribution during the spalling evolution is
complicated. The link between the tensile stress variation on the spalling
surface and the thickness of concrete cover was investigated by con-
ducting a nonlinear finite element analysis. The investigation showed
the gradual evolution of spalling and more interestingly the correlation
between the thickness of cover and effective width of the tensile stress
on the spalling surface. During the spalling evolution, the effective
width of the tensile stress zone was essentially equal to the cover
thickness. Taking a cover thickness of 20 and 40 mm, Fig. 15 shows the
correlation between the thickness of the cover and the tensile stress
zone. The gradual evolution of the resisting tensile stress for different
levels of delamination is also presented in the plot.

The spalling resistance of RC members is mainly dependent on the
tensile strength of the concrete, concrete cover thickness, and the rebar
grid. The spalling resistance can be derived by considering the equilib-
rium requirement at the initiation of spalling between the acting spalling
moment and resistance offered by the tensile strength of the concrete
(See Fig. 16a-c). Since the effective width of the tensile stress zone is
dependent on the concrete cover thickness, the effective width of three-
fourth of the cover thickness is used in the current formulation. The
reduced effective width is implemented to account for the tensile stress

Fig. 14. Splitting crack propagation.
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variation within the effective width and also incorporated to address the
slight positive contribution of the compressive stress zone. Incorporating
the effective width, the spalling resistance of the critical plane is derived
and given by Egs. 3 and 4.

3 +Ce (Z - %CC) Z > 1.5C,

Tspall = 1 3
gfctz2 Z <1.5C, 3
Where f,, = 0.31./f.
[ b S—24,
fn (sin 0 cosd )
Z = max ¢ Where 0 = 45° b
)
sin 0
= height — 2C. — 3¢, &)

In the spalling resistance formulae, the spalling capacity is a
maximum of the spalling resistance offered by the region between the
rebar cage and the section outside of the grid (see Fig. 17). For members
with smaller cover, the spalling strength is governed by the resistance
due to the section within the rebar cage (see Fig. 17a), whereas for large
cover, the spalling resistance is controlled by the strength of the outside
region (see Fig. 17b). In the formulation, the effect of the discontinuity
created by the rebar grid is accounted for by considering an apparent
length for spalling resistance ‘Z’. Furthermore, the concrete sections
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within half the rebar diameter distance are assumed to not contribute to
the spalling resistance due to the bond deterioration effect (see the red
zone in Fig. 17).

Generally, by observing the acting spalling moment and spalling
resistance equation derived in the above formulations, the proposed
spalling model inherently assumes members susceptibility to spalling of
cover concrete to be governed by, the thickness of the concrete cover,
tensile strength of concrete, presence of rebar cage and their location,
and size of the member.

5.2. Application of the spalled model

In RC members, contrary to the most common assumption of the
identical response of the side and top/bottom panels used in advanced
models [5,27,28] (See Fig. 18a), pure torsional experiments on members
with higher aspect ratio indicates varying response between the shorter
and longer sides [12]. Because of this non-uniform behavior of adjacent
panels, concrete cover spalling on the different faces will not commence
at the same instant. There is a gradual spalling initiation and evolution
on the short and long side mainly dictated by the applied shear stress,
rebar arrangement, and cover thickness. Thus, to mitigate the deficiency
of using a single membrane element torsional modeling, the SMMT is
further extended to model the varying behavior of the four panels of
rectangular RC members. For members with symmetrical longitudinal
reinforcement arrangement, the response of the opposite panels is
identical. As such, the pure torsional behavior of the members can be
described by considering two adjacent panels namely the side and top or
bottom panel.
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Fig. 17. Regions of spalling resistance for small and thick cover (a) small cover (b) Thick cover.

In the proposed approach, with some adjustments, the individual
panel elements are analyzed using the equilibrium, compatibility, and
material models of the softened membrane model for torsion. While
consistent and excellent predictions can be found from the single
membrane modeling approach, using uniformly smeared longitudinal
reinforcement gives erroneous predictions for members reinforced with
varying reinforcement along the side and adjacent panels. To mitigate
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the problem, for rectangular RC members, it is preferable to use the local
rebar ratio assignment. To avoid double-counting of edge re-
inforcements, since the corner bars are shared by two adjacent panels,
half the bar area will be used in the reinforcement ratio evaluation (see
Fig. 18b). This method of adjusting the average reinforcement ratios
with the slight modification can reasonably account for the effect of
local reinforcement distribution conditions especially for lightly
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reinforcement members with a larger aspect ratio. Accordingly, the
equations for longitudinal and transverse rebar ratios for each panel are
given by Egs. 5 and 6. It should also be noted that the above equation
(Eq. 5) converges to the average rebar ratio for members that are sym-
metrically reinforced whereas it gives varying rebar rations for panels
that are unsymmetrically reinforced.

Ay
b ; for panel 2
oldi
Pri = ()
Ay
i t‘ for panel 1
oldi
A
Poi = St for panel 1 and 2 (6)

The general framework of the modeling approach is presented in
Fig. 19. The presented modeling approach can be easily extended to
model unsymmetrical longitudinal reinforcements along the top and
bottom panel by considering all four panels. The current simplified
modeling with two panels (side and top) will hereafter be referred to as
2P_SMMT. Later in the section, when the modeling approach is inte-
grated with the proposed spalling model, it is referred to as
2P_Spalled SMMT.

The cover spalled model is incorporated into 2P_SMMT to demon-
strate its capability. The solution algorism for 2P_SMMT is presented in
Fig. 20. The analysis of RC members subjected to torsional action will be
done following two stages. Using 2P_SMMT, a sectional analysis will be
conducted incrementally, and spalling moment and spalling resistance
are checked. When the limit of spalling is exceeded, the section will
begin the gradual spalling process. Starting from this stage, one
approach to analyzing the member is to assume the section is fully
spalled and conduct the remaining analysis with the spalled dimensions.
However, as presented earlier, the main deficiency of this approach is
the spalling process is gradual. Thus, conducting the analysis using a
sudden created fully spalled section will result in a large discontinuity
(see Fig. 21).

An alternative approach and the preferred method in the current
study is to use a two-stage/phase analysis. After reaching the spalling
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limit, the member is reasonably assumed to go through gradual spalling,
and ultimately, the section will fully spall. Hence, the behavior of the
gradual spalling is going to be bounded between fully intact and fully
spalled analysis.

After the limit of spalling is exceeded, a sectional analysis should be
done using a fully spalled section. By using the original segment up to
the initiation stage of the spalling of the first analysis and the upper limit
of the second analysis (see Fig. 21), the torsional envelope can be
plotted. It should be noted that in the current modeling, gradual
delamination of cover is not directly incorporated and reasonably
assumed its behavior to be between the fully intact and the fully spalled
analysis. In the current state of knowledge on the spalling of concrete
cover, it is not possible to rationally incorporate a gradual spalling on
sectional analysis. Thus, further investigation directed on the gradual
spalling will be needed to adequately model the range between the
initiation and the full spalling of the cover. The two-phase analysis
method incorporating 2P_SMMT is presented in a compact solution
algorism (see Fig. 22). For RC members with a small cover, the acting
spalling moment will be less than the spalling resistance. Consequently,
the proposed method will converge to 2P_SMMT. Whereas for members
with large cover, the pre-spalling analysis will be identical to the base
model. After initiation of the spalling (which is determined by the cur-
rent spalled theory), the behavior of the member will be assessed using a
fully spalled sectional analysis.

The capability of the Two-phase modeling is presented by comparing
the prediction of the approach with the recently conducted thick con-
crete cover tests. Furthermore, the model (2P_Spalled SMMT) is also
checked against two additional specimens of Nagataki et al. [14].

The comparison between the proposed approach and experiment by
Nagataki et al. [14] and the current set of experiments is presented in
Fig. 23 and Fig. 24. For the specimens with relatively small cover,
similar to the experiment, the model correctly predicted the spalling of
cover occurring after the cracking torsion. Furthermore, the prediction
showed the section failed due to the crushing of the strut coupled with
cover spalling.

The remaining specimens were cast with a relatively thick concrete
cover. The experimental results indicated the specimens prematurely
failed due to the spalling of concrete cover which initiated near the
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Fig. 19. General Framework of 2P_Spalled_SMMT.

cracking torsion. The proposed approach rightly predicted the members’
brittle failure mode due to spalling and the initiation stage. The post-
spalling prediction of the model is also consistent with observed brit-
tle post-crack behavior. Similar to the recently tested specimen, the
proposed model adequately predicted the pre and post-spalling behavior
of Nagataki et al. [14] specimens. Considering the complex failure mode
due to the spalling of cover coupled with the very scattered nature of the
tensile strength of concrete, the prediction of the proposed approach
showed a consistent prediction.

6. Comparison of the ultimate capacity prediction of the models

The proposed approach is capable of predicting the total loading
history of RC members with a thick concrete cover. For members with
relatively large cover, failure is associated with the spalling of cover. RC
member’s failure due to spalling is complex as it is dependent on
numerous factors including concrete cover, the tensile strength of

17

concrete, and rebar layout. To compare the capability of the proposed
model, a comparison of the peak capacity predicted by SMMT, STM,
CFT, and the proposed approach against the experiment is presented in
Table 3 and Fig. 25.

Although both models give an excellent prediction for RC sections
with small cover, as it can be observed from the results, SMMT and STM
highly overestimated the ultimate capacity of the sections with rela-
tively large cover concrete. Their prediction shows unsafe estimates
having a large scatter. The reason for this erroneous prediction exists in
the underlying modeling considerations. In both modeling approaches, a
member’s failure due to spalling of concrete cover is not explicitly
considered. Moreover, in the models, the thickness of the concrete cover
is not used as an input. Practically speaking, the models gave a false
equivalence between the behavior RC members having similar cross-
sectional sizes but with different concrete cover thickness.

Regarding CFT, due to the inherited conservative approach of full
section spalling coupled with the model’s ignorance of tensile strength
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of the concrete, the theory gave a very good ultimate strength predic-
tion. Even though the estimate gives a closer prediction, the existing
gaps in the model including the absence of compression softening of
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diagonally cracked concrete and assumption of spalling for small con-
crete cover thickness are not consistent with experimentally observed

behavior.
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Fig. 24. Comparison between Spalled-SMMT and thick cover specimens [7].

Compared with the above models, the proposed approach which
utilized the new spalling theory gave the best prediction with relatively
smaller COV. The proposed method gave an average experiment to a
prediction ratio of 1.04 with a COV value of less than 10 %. Although the
prediction by the proposed approach gives a consistent prediction, the
method should be further scrutinized using additional experiments with
larger cover and varying parameters.
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7. Conclusions

Research on torsional behavior of RC members has been conducted
for the past 100 years and intensified in the last 50 years. These in-
vestigations improved our knowledge of the mechanics behind the tor-
sion of RC members, and many theoretical models were developed as a
result. The state-of-the-art models are verified on the domains of
experimental data missing-in specimens with thick concrete cover.
Nowadays, due to stringent code requirements for durability design, the
use of thick concrete cover is becoming common in practice. In this
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Table 3
Comparison among SMMT, STM, CFT, Spalled-SMMT with experiment.
Set Specimen Texp Tommr Tstm Terr Top_spalled_smmr Texp Texp Toy Tep
(kNm) (kNm) (kNm) (kNm) kNm) Tsmmr Tstm Terr Top_spalled_smMmT
1 NSC-S1-C30 19.71 23.73 19.92 22.42 18.29 0.83 0.99 0.88 1.08
NSC-S1-C45 12.51 23.66 19.02 13.86 10.56 0.53 0.66 0.90 1.18
NSC-S1-C60 10.15 22.46 18.87 7.89 10.47 0.45 0.54 1.29 0.97
2 NSC-S2-C45 14.66 23.34 19.49 14.79 13.95 0.63 0.75 0.99 1.05
NSC-S2-C55 10.95 22.8 19.10 10.43 10.49 0.48 0.57 1.05 1.04
NSC-52-C60 12.25 22.85 19.06 8.33 10.49 0.54 0.64 1.47 1.17
3 HSC-C30 19.86 26.9 25.05 25.91 19.26 0.74 0.79 0.77 1.03
HSC-C45 13.76 26.9 25.05 18.09 13.31 0.51 0.55 0.76 1.03
HSC-C60 10.65 26.9 25.05 11.12 12.61 0.4 0.43 0.96 0.84
Average 0.57 0.66 1.01 1.04
Maximum 0.83 0.99 1.47 1.18
Minimum 0.40 0.43 0.76 0.84
cov 24.80 25.48 23.37 9.68
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Fig. 25. Comparison among SMMT, STM, CFT, the proposed model with experiment (cover is the distance from the surface to the centroid of longitudinal rebar).

regard, the study thoroughly investigated the shortfalls in the current
advanced models for concrete with thick cover and the existing spalling
theories. The investigation was supported by a recently conducted
torsional experimental campaign on RC members with a thick concrete
cover. The following main conclusions are drawn.

1) The existing advanced models fail to predict the torsional behavior of
RC members with thick concrete cover. The models either highly
overestimate the ultimate capacity and give an unsafe prediction or
provide erroneous overall behavior of the member. This is due to the
different mechanics between RC beams with thin and thick covers.
The study provided a rational theory for the spalling of concrete
cover due to torsion and shear. The theory is a unified approach as it
can also explain cover spalling on shell elements.

The capability of the theory is further demonstrated by incorporating
the scheme into an existing sectional analysis model (Spalled-
SMMT). Using the unified rational theory and solution algorism, the
proposed model is examined with the recently conducted torsional
experiments and experiments from literature. The proposed

2

—

3

-
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approach showed consistent and reasonable modeling of RC mem-
bers subjected to torsion with a large concrete cover as well.

4) While the proposed approach can predict the initiation of the spal-
ling of concrete cover the gradual evolution of spalling is not
addressed. Future developments of this study will be focused on
mechanics of gradual delamination of concrete cover. Currently, a
comprehensive experimental campaign is underway to investigate
the complicated spalling phenomenon on RC members subjected to
torsion and associated action.
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