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Abstract 

A simple yet effective constitutive model-referred to as the “Fixed Strut Angle Model” (FSAM)-is presented in this 
paper for simulating the nonlinear axial/shear behavior of reinforced concrete membrane (panel) elements subjected 
to generalized and reversed cyclic loading conditions. In the formulation of the FSAM, normal stresses in cracked 
concrete are calculated along fixed crack (strut) directions. Shear stresses developing along crack surfaces, which are 
calculated using a simple friction-based constitutive relationship, are superimposed with the concrete stresses along 
the struts, for obtaining the total stress field in concrete. Model predictions were compared with panel tests results 
available in the literature, at various global and local response levels. The model was demonstrated to reasonably 
capture the overall response characteristics of reinforced concrete panels, including hysteretic shear stress vs. strain 
behavior, shear stress capacity, hysteretic shear stiffness attributes, ductility, pinching behavior, governing failure 
mode, principal strain and stress directions, and local deformations.
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1  Introduction
With adaptation of performance-based seismic design 
and assessment methodologies for reinforced concrete 
(RC) structures, analytical modeling of the behavior 
of RC members under generalized loading conditions 
induced by earthquake actions has recently gained sub-
stantial importance among engineers and researchers. A 
reliable prediction of the nonlinear earthquake response 
of structural systems inherently requires the use of ana-
lytical models that can accurately capture the hysteretic 
behavior of individual structural members, as well as 
their interaction within a structural system.

In seismic design of RC buildings, use of struc-
tural walls is effective for resisting earthquake actions. 
To counteract earthquake demands in the nonlinear 
response range, slender walls are designed and detailed 
to yield in flexure, and to undergo inelastic flexural defor-
mations without loss of lateral load capacity. Therefore, 
a modeling methodology that appropriately accounts for 

nonlinear flexural behavior becomes sufficient for design 
and evaluation purposes. However, shear-controlled 
squat walls (with aspect ratios typically less than 1.5) are 
also common in low-rise construction and at lower lev-
els of tall buildings (for example, parking-level walls or 
basement walls), as well as in perimeter walls with per-
forations due to window and door openings. For low 
aspect-ratio walls or wall segments, behavior is often 
dominated by nonlinear shear responses, and the mod-
eling parameters selected for shear stiffness and strength 
can have a significant impact on the predicted distribu-
tion of member forces and on building lateral drift. As 
well, obtaining reliable predictions for local deforma-
tions (e.g., amplified compressive strains at wall bound-
ary regions associated with plane sections not remaining 
plane due to shear deformations) and capturing of non-
linear shear and shear-flexure interaction responses (as 
well as a realistic value for the effective shear stiffness) 
in also slender and medium-rise walls are still topics of 
utmost interest. For performance-based design and eval-
uation of RC systems with structural walls, there is still a 
need for simple yet robust modeling approaches that cap-
ture coupled axial, shear, and flexural responses of walls 
with various aspect ratios and response characteristics.
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Simulation of the nonlinear response of walls can be 
accomplished by using finite element (microscopic) or 
phenomenological (macroscopic) modeling approaches. 
For use in finite element models, various constitu-
tive model formulations for monotonic (e.g., Modified 
Compression Field Theory (Vecchio and Collins 1986), 
Rotating-Angle Softened Truss Model (Pang and Hsu 
1995), Fixed-Angle Softened Truss Model (Pang and 
Hsu 1996), Disturbed Stress Field Model (Vecchio 2000), 
Softened Membrane Model (Hsu and Zhu 2002)) and 
cyclic (e.g., Ohmori et al. 1989; Stevens et al. 1991; Vec-
chio 1999; Palermo and Vecchio 2003; Mansour and Hsu 
2005; Gérin and Adebar 2009) loading have been pro-
posed for simulating the nonlinear response of RC pan-
els. However, most of these models are not implemented 
in commonly-used open-source computational platforms 
for analysis of structural walls or wall systems. Although 
not open-source, finite element analysis software incor-
porating hysteretic formulations of the Modified Com-
pression Field Theory (Vecchio and Collins 1986) and the 
Disturbed Stress Field Model (Vecchio 2000) is available 
online (http://vecto​ranal​ysisg​roup.com). The Cyclic Sof-
tened Membrane Model (Mansour and Hsu 2005) has 
been implemented in the open-source platform Open-
Sees (http://opens​ees.berke​ley.edu); however, studies 
on simulating the nonlinear response of structural walls 
using the Cyclic Softened Membrane Model are limited. 
It is believed that there is still a need for development, 
experimental validation, and open-source implemen-
tation of simple yet sufficiently accurate constitutive 
models to be used for nonlinear response analysis of 
structural walls or structural systems incorporating walls.

Therefore, an original constitutive model formulation 
has been developed by the authors for simulating the hys-
teretic response of RC panel (membrane) elements under 
generalized in-plane loading conditions. The model for-
mulation is based on interpretation and simplification of 
previous modeling approaches. The constitutive model 
was implemented (Kolozvari et  al. 2015a, 2018c) in the 
open-source computational platform OpenSees (http://
opens​ees.berke​ley.edu) as a plane-stress constitutive rela-
tionship for reinforced concrete panel elements. As well, 
the FSAM has already been used as a constitutive model 
element in both macroscopic (fiber-based) (Kolozvari 
et  al. 2015b, c, 2018a, 2019b) and finite element (Gullu 
et al. 2018, 2019; Gullu and Orakcal 2019) model formu-
lations developed for RC walls, and has been shown to 
provide accurate response predictions for walls with vari-
ous aspect ratios and response characteristics. This paper 
provides a detailed description of the mechanical consti-
tution of the FSAM, and provides results of detailed cor-
relation studies conducted between FSAM predictions 
and RC panel test results obtained from two different 

experimental programs reported in the literature, for 
experimental validation of its fundamental working prin-
ciples at the stress–strain level.

2 � Model Background and Description
During the past three decades, significant efforts on 
understanding and simulating the inelastic shear behav-
ior of RC members have focused on developing consti-
tutive models capable of predicting the in-plane behavior 
of RC panel elements subjected to membrane actions. 
The pioneering modeling approaches, known as the first 
rotating-angle approaches (Vecchio and Collins 1986; 
Pang and Hsu 1995), were developed for monotonic load-
ing conditions, and they simulated RC panel response 
using uniaxial constitutive relationships for concrete 
in tension and compression applied along the princi-
pal strain directions of the panel, together with uniaxial 
constitutive laws for reinforcing steel bars applied along 
rebar directions, with perfect bond assumed between 
concrete and reinforcing steel. This modeling approach 
treated cracked concrete as a new material and incor-
porated the smeared-crack approach, which considers 
average stresses and strains in concrete throughout the 
panel element, for satisfying the equilibrium conditions. 
Although the simplicity of the rotating-angle approach 
lies in the assumption that the principal stress direction 
in concrete coincides with the principal strain direction, 
interpretation of the rotating-angle modeling approach 
on how damage progresses in a RC panel element might 
be ambiguous, since once a crack develops at a particu-
lar location on a RC panel or wall, the crack direction 
remains the same and the crack progressively opens, 
closes, and re-opens with successive load cycles. Other 
modeling approaches for RC panels have also been pro-
posed, based on either a fixed crack angle that follows the 
principal direction of the applied stresses (Pang and Hsu 
1996; Hsu and Zhu 2002; Mansour and Hsu 2005), or an 
angle “lag” that deviates the principal strain and stress 
directions (Vecchio 2000; Stevens et al. 1991). The fixed-
crack-angle approach used in the original Fixed-Angle 
Softened Truss Model (Pang and Hsu 1996) or its sub-
sequent versions (Hsu and Zhu 2002; Mansour and Hsu 
2005) is different from the approach used in this study in 
the sense that it assumes that the fixed crack directions 
coincide with the principal directions of the “applied” 
stress field on the panel element (necessitating pro-
portional loading conditions applied on the RC panel), 
whereas the present model formulation does not require 
proportional loading.

Various cyclic constitutive panel models (Ohmori et al. 
1989; Stevens et  al. 1991; Vecchio 1999; Palermo and 
Vecchio 2003; Mansour and Hsu 2005; Gérin and Adebar 
2009), incorporating rotating- or fixed-angle approaches, 
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have also been developed based on results of cyclic test 
programs conducted on RC panel specimens (Ohmori 
et al. 1989; Stevens 1987; Mansour 2001). Test observa-
tions reported in the literature indicate that after forma-
tion of cracks in a RC panel, the direction of the principal 
stresses in concrete does not change significantly with 
loading, whereas the principal strain direction in the 
panel may undergo significant variation (Stevens et  al. 
1991). The principal stress directions in concrete being 
insensitive to loading implies that after formation of 
cracks, the principal stress directions in concrete follow 
approximately the fixed crack directions. This observa-
tion contradicts the assumption that the principal strain 
and concrete principal stress directions coincide, and also 
implies that shear stresses along the crack have marginal 
influence on the concrete principal stress directions. To 
consider this phenomenon in various formulations of 
the Disturbed Stress Field Model (Vecchio 2000; Ste-
vens et  al. 1991), which uses a rotating-crack assump-
tion, an “angle lag” is empirically defined for the purpose 
of deviating the principal strain and stress directions in 
concrete. On the other hand, the Cyclic Softened Mem-
brane Model (Mansour and Hsu 2005), although follows 
a fixed-crack-angle formulation, retains the assumption 
that the principal strain and stress directions in concrete 
coincide under cyclic loading.

A more simplistic approach is used in this study. The 
constitutive model described herein, which is named 
the “Fixed-Strut-Angle Model” (FSAM), incorporates a 
rotating-angle approach only until the first crack forms 
on the RC panel, the direction of which coincides with 
the direction of the principal strains applied on the panel 
element direction at the instant of cracking. Upon for-
mation of the crack, the “baseline” formulation of the 
model (which neglects the shear stress along the crack 
surface) converts into a fixed-angle approach that inher-
ently fixes the angle of the crack as the principal stress 
direction in concrete, meaning that stresses in concrete 
consist of normal stresses calculated parallel and perpen-
dicular to the crack direction. As assumed by most other 
RC panel models available in the literature, identical 
strain fields are assumed to act on concrete and reinforc-
ing steel components of a RC panel, based on the perfect 
bond assumption between concrete and reinforcing steel 
bars. It is also assumed that reinforcing bars develop zero 
shear stresses perpendicular to their longitudinal direc-
tion, which implies no dowel action on reinforcement. As 
well, behavioral features of concrete associated with the 
Poisson’s ratio are neglected in the model formulation, 
for simplicity. While only uniaxial stresses develop in the 
longitudinal direction of reinforcing bars, the behavior 
of concrete is characterized by stress–strain relation-
ships applied along biaxial directions, the orientation of 

which are fixed after cracking. On top of this baseline 
formulation of the FSAM, where the shear stress transfer 
mechanism across cracks is neglected, a simple and fric-
tion-based constitutive relationship is adopted, and the 
shear aggregate interlock stresses developing along crack 
surfaces are superimposed with the concrete stresses 
developing along the crack directions. This superposition 
creates a marginal deviation between the crack directions 
and the new principal stress directions in concrete, and 
provides a reasonably accurate prediction of the over-
all behavior of the panel element, as shown later in this 
paper. Working principles of the FSAM are described in 
the following sections.

2.1 � Uncracked Panel Response
The stress vs. strain behavior of uncracked concrete 
is simulated using a rotating-strut (rotating-crack) 
approach [similarly to the “Modified Compression Field 
Theory” (Vecchio and Collins 1986) and the “Rotating-
Angle Softened Truss Model” (Pang and Hsu 1995)]. 
The strain field applied on concrete is transformed into 
principal strain directions and a uniaxial stress–strain 
relationship for concrete is applied along the principal 
strain directions, for obtaining the principal stresses in 
concrete. The principal strain directions imposed on 
the panel element are therefore assumed to coincide the 
with principal stress directions in concrete. A mono-
tonic stress–strain relationship is adopted for concrete 
in the uncracked state, since the monotonic and hyster-
etic stress–strain behavior of concrete in a panel element 
subjected hysteretic loading can be assumed to not differ 
significantly prior to first cracking. This assumption was 
also made to overcome the difficulties to track and store 
history variables in the hysteretic stress–strain relation-
ship for concrete, along rotating stress and strain direc-
tions in a panel.

For a given (applied) strain field (εx, εy, γxy), the princi-
pal strains (ε1, ε2) and the principal strain direction (θ) for 
the uncracked panel (Fig. 1a) are calculated. The principal 
stresses in concrete are then obtained using the principal 
strain values and the monotonic envelope of the constitu-
tive material model for concrete. Uniaxial stresses in the 
reinforcing steel bars (σsx, σsy) developing under normal 
strains are determined based on the monotonic envelope 
of the uniaxial constitutive material model for reinforcing 
steel in each of the two orthogonal (x and y) directions 
of reinforcement, and are smeared over the panel based 
on the reinforcement ratios (ρsx, ρsy). The equilibrium of 
the panel model after including concrete and steel com-
ponents (σx, σy, τxy), in Cartesian coordinates, becomes:

(1)σx =
σc1 + σc2

2
+

σc1 − σc2

2
· cos2θ + ρsx · σsx
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2.2 � Panel Response after Formation of First Crack
At the instant when the principal tensile strain in con-
crete first exceeds the concrete cracking strain (εt), the 
first crack develops, and the principal strain direction 
corresponding to first cracking is assigned as the first 
“fixed strut” (first crack) direction in the panel (θcrA). 
After the first crack forms, while principal strain direc-
tions continue to rotate based on the strain field applied, 
the directions of the principal stresses in concrete are 
assumed to be fixed, as parallel and perpendicular to the 

(2)σy =
σc1 + σc2

2
−

σc1 − σc2

2
· cos2θ + ρsy · σsy

(3)τxy =
σc1 − σc2

2
· sin2θ

first fixed strut direction. This implies that the first crack 
(or strut) direction coincides with the principal stress 
directions in concrete, under the condition that zero 
shear stress develops along the crack.

The concrete uniaxial strains (εx′, εy′) in the direction of 
the first crack become (Fig. 1b):

Since the first strut direction is fixed (θcrA), a uni-
axial and hysteretic stress–strain relation for con-
crete (Fig.  1b) can be applied in directions parallel 
and perpendicular to the first strut (in order to obtain 
σcx’ and σcy’), and history variables in the constitutive 

(4)

εx′ =
εx + εy

2
+

εx − εy

2
· cos2θcrA +

γxy

2
· sin2θcrA

(5)

εy′ =
εx + εy

2
−

εx − εy

2
· cos2θcrA −

γxy

2
· sin2θcrA

Fig. 1  Concrete behavior in FSAM: a uncracked, b after formation of first crack, c after formation of second crack.
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stress–strain model for concrete can easily be tracked 
and stored along the two fixed directions. It should be 
mentioned that although the stress–strain relationship 
used for concrete is fundamentally uniaxial in nature, 
it also incorporates biaxial softening effects including 
compression softening and hysteretic biaxial damage. 
The equilibrium equations in x–y coordinates including 
the reinforcing steel component therefore become:

The analysis continues following a single fixed-strut 
mechanism until the second crack forms, at which stage 
the second strut is activated in the panel model. Dur-
ing the first strut stage, the model tracks the concrete 
stress vs. strain behavior along the first strut direction, 
and when the normal strain along the first strut first 
exceeds the “cyclic” cracking strain (εc0 + εt in Fig. 2a—
also depends on the plastic strain upon reversal from 
a compressive stress), the second crack develops. Not 
considering the shear (aggregate interlock) stress devel-
oping on the crack surface allows the simplification that 
the second crack will form in perpendicular direction 
to the first crack, according to a principal-stress-based 
cracking criterion, Although various other cracking cri-
teria may be utilized for definition of the second crack 
direction (e.g., relating the formation or direction of 

(6)

σx =
σcx′ + σcy′

2
+

σcx′ − σcy′

2
· cos2θcrA + ρsx · σsx

(7)

σy =
σcx′ + σcy′

2
−

σcx′ − σcy′

2
· cos2θcrA + ρsy · σsy

(8)τxy =
σcx′ − σcy′

2
· sin2θcrA

the second crack with principal strains), this approach 
was selected for its simplicity.

2.3 � Panel Response After Formation of Second Crack
At the instant of the second crack formation, the sec-
ond “fixed strut” will develop in parallel direction to 
the second crack (in perpendicular direction to the first 
strut). During further loading, the concrete stress field 
comprises two independent struts, working under inter-
changing compression and tension (Fig. 1c), based on the 
applied strain field. While the principal direction of the 
applied strain field continues to rotate during subsequent 
loading, the principal stress directions in concrete are 
assumed to be fixed along the two strut directions, again 
when zero shear stresses (zero shear aggregate interlock) 
are assumed to develop along the two crack surfaces. 
Since both strut directions are fixed, the hysteretic uni-
axial stress vs. strain relationship adopted for concrete 
can be applied along the first and second strut directions. 
Using the uniaxial constitutive material model for con-
crete, the unsoftened principal stresses in concrete are 
first calculated, leading to the softened principal stresses 
(σcx’ and σcy’) after applying the softening due to history 
damage of concrete in compression and actual tensile 
strain in the orthogonal direction of each compression 
strut. For calculation of concrete stresses along the struts, 
the applied strain field should be transformed into nor-
mal strains parallel to the first and the second strut direc-
tions, instead of principal strain directions.

2.4 � Shear Stress Transfer Across Cracks
As described above, the baseline formulation of the 
FSAM considers that when shear stresses transferred 
across cracks are neglected (i.e., when the crack surfaces 
are assumed frictionless), the concrete principal stress 

Fig. 2  Material constitutive models: a concrete (Chang and Mander 1994), b reinforcing steel (Menegotto and Pinto 1973).
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directions and crack directions coincide. However, this 
baseline formulation allows the flexibility to separately 
implement a constitutive relationship in the FSAM for 
representing shear stress transfer across cracks (e.g., a 
shear stress vs. shear strain relationship along a crack), 
since the model formulation allows calculating shear 
strains along the cracks. In RC members, sliding along 
cracks is known to develop shear aggregate interlock 
action, resulting in shear stress along crack surfaces. The 
zero-aggregate-interlock assumption incorporated in the 
baseline formulation of the FSAM may result in overes-
timation of sliding deformations along cracks, depend-
ing on the loading conditions (stress state) applied on the 
panel element.

Therefore, on top of the baseline formulation of the 
FSAM described above, a simple friction-based con-
stitutive relationship for shear aggregate interlock is 
implemented, which relates the maximum shear stress 
developing along a crack surface to the compressive 
stress in concrete in perpendicular direction to the crack 
through a friction coefficient (Fig. 3). The adopted inter-
lock model starts with linear loading/unloading behav-
ior that relates the sliding shear (shear slip) strain along 
a crack to the shear stress developing on the crack sur-
face, using a simple linear elastic relationship. However, 
the shear stress is reduced to zero when the normal stress 
in concrete in perpendicular direction to the crack is 
tensile (crack open); and is bounded by the product of a 
friction coefficient (η) and the normal stress in concrete 
perpendicular to the crack (σ⊥c), when the concrete nor-
mal stress is compressive (crack closed). The slope of the 
linear elastic region of the shear stress vs. sliding strain 
relationship can be taken as a large value, where a value 
of G = 0.4Ec was adopted in the present formulation of 
FSAM. Previous experimental and analytical studies on 
sliding shear behavior along concrete cracks [e.g., Tas-
sios and Vintzeleou 1987] have shown that in the hys-
teretic shear stress vs. crack slip behavior, the slope of 
the transition from shear stresses in one direction to the 

other (upon reversal of slip deformation) can be ideal-
ized as infinitely large, irrespective of the magnitude of 
the compressive stress perpendicular to the crack sur-
face. However, in the mathematical formulation of the 
FSAM, a finite slope is necessary to define the transition, 
for numerical stability of the model. It was observed in 
the model results that as long as a sufficiently large stiff-
ness (such as Ec or G = 0.4Ec) is defined for the transition 
region, the hysteretic shear stress vs. slip behavior along 
the crack surface almost never falls on that transition, 
which makes the FSAM results insensitive to the mag-
nitude of that slope. What controls the model response 
is the shear stress magnitude along the plastic region of 
the shear friction behavior, which is related to the varying 
compressive stress in concrete perpendicular to the crack 
surface, through the friction coefficient. Based on com-
parison of model predictions with test results obtained 
from the two experimental programs considered in this 
paper, an optimal friction coefficient value of η = 0.1 was 
selected for the tests by Stevens (1987), and η = 0.2 for the 
tests by Mansour (2001), as discussed in the relevant sec-
tions of this paper. Under constant compressive stress in 
concrete perpendicular to the crack, this model yields an 
elasto–plastic shear aggregate interlock behavior under 
cyclic loading, similar to the cyclic stress–strain behavior 
of reinforcing steel with no strain hardening. It must be 
mentioned that although much more refined constitutive 
models for shear aggregate interlock (that also consid-
ers crack width, crack spacing, the so-called “clamping” 
effect of reinforcing bars, etc.), or other empirical rela-
tionships representing shear stress transfer across cracks 
can be implemented in the formulation of the FSAM, this 
friction-based model was selected for its simplicity, and 
also because it is more suitable for smooth crack sur-
faces (Tassios and Vintzēleou 1987). Uniformly-oriented 
cracks with relatively smooth surfaces were assumed to 
develop in the panel specimens investigated, since they 
were subjected to uniform stress distributions. The pre-
sent FSAM formulation also assumes that no shear stress 
is resisted by the reinforcing steel bars in their transverse 
direction, implying no dowel action on the reinforce-
ment. However, the model also provides the flexibility to 
implement dowel action into its formulation.

2.5 � Material Constitutive Models
2.5.1 � Concrete
The hysteretic uniaxial constitutive model by Chang 
and Mander (1994) was implemented in the formula-
tion of the FSAM for representing the stress vs. strain 
behavior of concrete. The Chang and Mander (1994) 
model is a refined non-dimensional model that can 
reproduce the generalized hysteretic behavior of ordi-
nary or high-strength, confined or unconfined concrete 

Fig. 3  Constitutive model for shear aggregate interlock along crack 
surfaces.
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under continuous reversed cyclic compression and ten-
sion. The model formulation reflects important behavio-
ral characteristics such as the hysteretic transition from 
compression to tension and vice versa, the progressive 
degradation of stiffness of the unloading and reloading 
curves for increasing values of strain, and the effects of 
and gradual crack closure and tension stiffening on the 
behavior.

In the Chang and Mander (1994) model, the monotonic 
curve forms the envelope for the hysteretic stress–strain 
relationship. Concrete in tension is modeled with a cyclic 
behavior similar to that in compression. The model enve-
lopes for compression and tension can be calibrated for 
the slope of the stress vs. strain relationship at the ori-
gin, and the shape of both the pre-peak and post-peak 
branches of the stress–strain behavior. The shape of the 
envelopes can be feasibly altered while keeping the val-
ues of the peak stress and the strain at peak stress con-
stant. In order to define the compression and tension 
envelopes, Chang and Mander (1994) model uses the 
Tsai’s equation (1988), which is based on the equation by 
Popovics (1973), an equation that has proven to be very 
useful in describing the monotonic compressive stress–
strain curve for concrete. In order to define the cyclic 
properties of concrete in compression, statistical regres-
sion analyses were performed by Chang and Mander 
(1994) on an extensive experimental database. Based on 
the regression analyses, empirical relations were devel-
oped for key hysteretic parameters such as those for 
secant stiffness and plastic stiffness upon unloading from 
the envelope, and stress and strain offsets upon return to 
the compression envelope (Fig. 2a). Further details of the 
model can be found in the report by Chang and Mander 
(1994).

2.5.2 � Reinforcing Steel
The uniaxial constitutive stress–strain relationship 
implemented in the FSAM for reinforcing steel is the 
well-known nonlinear hysteretic model of Menegotto 
and Pinto (1973), extended by Filippou et  al. (1983) for 
incorporating isotropic strain hardening effects, as a rela-
tively simple yet effective model that can accurately simu-
late the hysteretic stress–strain behavior of reinforcing 
steel bars.

In the Menegotto and Pinto model, the stress–strain 
(σ–ε) relationship is in the form of curved transitions 
(Fig. 2b), each from a straight-line asymptote with slope 
E0 (modulus of elasticity) to another straight-line asymp-
tote with slope E1 = b·E0 (yield modulus) where the 
parameter b is the strain hardening ratio. The curvature 
of the transition curve between the two asymptotes is 
governed by a cyclic curvature parameter (R), which per-
mits the Bauschinger’s effect to be represented. It must 

be emphasized that more robust stress–strain models for 
reinforcing steel, which also incorporate more sophisti-
cated behavioral characteristics relevant to the seismic 
behavior and performance of reinforced concrete struc-
tures, including local or global inelastic bar buckling [e.g., 
(Massone and Moroder 2009; Massone and López 2014)], 
low-cycle fatigue degradation, and corrosion effects 
[e.g., (Tripathi et al. 2018; Kashani et al. 2015)], can eas-
ily be implemented in the FSAM formulation. The simple 
stress–strain model adopted in this study does not incor-
porate such features, since the panel test programs used 
for validating the working principles of the FSAM did 
not present any of these particular failure or degradation 
mechanisms.

2.5.3 � Compression Softening in Concrete
An important consideration in modeling the behav-
ior of a RC panel element under membrane actions is 
incorporating the compression softening effect. The sof-
tening effect for the behavior of concrete under biaxial 
stress state has been experimentally observed by many 
researchers, [e.g., Vecchio and Collins (1986)], and has 
been represented by analytical models mainly in the form 
of reduction (softening) in the compressive stresses in 
concrete along the principal compression direction of RC 
panels, due to presence of tensile strains in the perpen-
dicular principal direction. Some compression softening 
models have also included softening in the compressive 
strain [e.g., Belarbi and Hsu (1995); Vecchio and Col-
lins (1993)], reducing the strain at the peak compressive 
stress for concrete. Although all of these compression 
softening models were formulated for the case of mono-
tonic loading, many of them were implemented into 
cyclic analysis methods (Belarbi and Hsu 1995; Vecchio 
and Collins 1993).

In this study, the so-called “Model B” by Vecchio and 
Collins (1993), which considers only a reduction in the 
peak compressive stress, was implemented in the FSAM, 
due to its suitability for implementation into a hysteretic 
panel model formulation. In this approach, only the com-
pressive stresses in concrete along the principal compres-
sion direction are reduced by the βm coefficient, whereas 
the strain at the peak compressive stress on the mono-
tonic stress vs. strain envelope of concrete is assumed not 
to be influenced by the tensile strain in the perpendicular 
direction. The softening coefficient βm is defined as:

where ε1 is the tensile strain in the principal tensile stress 
direction and ε0 is the strain corresponding to peak stress 
of concrete in compression.

(9)βm =
1

1+ 0.27 ·
(

ε1
ε0

− 0.37

)
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2.5.4 � Tension Stiffening Effect on Concrete and Steel
The contribution of cracked concrete to the tensile resist-
ance of RC members is known as the effect of tension 
stiffening. The concrete between the cracks, which is 
still bonded to the reinforcing steel bars, contributes to 
the tensile resistance of the member. The tension stiffen-
ing phenomenon plays a significant role in reducing the 
post-cracking deformations of reinforced concrete struc-
tures, and has been proven by researchers (Pang and Hsu 
1995; Stevens 1987; Belarbi and Hsu 1994; Bentz 2005; 
Mansour et al. 2002) to influence considerably the post-
cracking stiffness, yield capacity and shear behavior of 
reinforced concrete members.

In formulation of the FSAM, two alternative tension 
stiffening models available in the literature were incorpo-
rated. The first tension stiffening model used is the model 
by Belarbi and Hsu (1994) [used for comparison of model 
results with tests by Mansour (2001)]. As investigated in 
detail by Belarbi and Hsu (1994), modeling of the tension 
stiffening phenomenon must consider two effects simul-
taneously. First, an average (smeared) tensile stress–
strain curve must be considered for cracked concrete; 
and second, the stress–strain curve of bare mild steel 
bars must be replaced by an average (smeared) stress–
strain curve for steel bars stiffened by concrete between 
cracks. In the Belarbi and Hsu (1994) model, the tensile 
stress–strain (σc, εc) behavior of concrete is considered 
as linear up to cracking (fcr, εcr) and, a descending curve 
is defined for the post-cracked stress–strain region as 
σc = fcr

(

εcr
/

εc
)0.4 . Belarbi and Hsu also identified how 

the average stress–strain relationship of reinforcing steel 
bars surrounded by concrete is different than the stress–
strain relationship of bare steel bars. The most impor-
tant difference was found to be the lowering of the yield 
stress, as yielding of a reinforced concrete element occurs 
when the steel stress at the cracked section reaches the 
yield strength of the bare bar. At the same time, the aver-
age steel stress smeared along the length of the element 
reaches a level lower than that of the yield stress of the 
bare bar. Based on experimental data from the RC panels, 
the effective (reduced) yield stress for embedded rein-
forcing bars is expressed, in terms of the elastic modulus 
ratio n (Es/Ec), the reinforcement ratio ρ, concrete crack-
ing stress fcr, and bare bar yield stress fy, as:

The second tension stiffening model incorporated in 
the FSAM is the model by Stevens (1987) (used for com-
parison of model results with tests by Stevens (1987)). In 
the Stevens (1987) model, average tensile stress–strain 
behavior of concrete is also considered as linear up to 

(10)fy eff = fy ·

[

1− 1.314 ·
n0.434

ρ1.084
·
(

fcr

fy

)1.517
]

.

cracking, after which an exponential curve is defined as 
fc = fcr ·

[

(1− α) · e−�t ·(εc−εcr ) + α
]

 , with a so-called 
homogeneity ratio called ( α = 75 · ρ

/

db , �t = 270
/√

α ). 
The effective yield stress of reinforcing steel bars is 
defined by Stevens to be dependent on bar diameter (db) 
and concrete cracking stress (fcr) as:

The reason that two different constitutive models for 
tension stiffening were used in the FSAM formulation for 
comparison of model results with test results is that the 
tension stiffening model is not a unique attribute of the 
FSAM. The researchers (Mansour 2001; Stevens 1987) 
who conducted the panel tests considered in this study 
for experimental validation of the FSAM have stated 
that the two tension stiffening models (Belarbi and Hsu 
1994; Stevens 1987) best represent the experimentally-
observed behavior of their test specimens. Therefore, 
the FSAM was experimentally-validated for the two 
respective test programs, with the two respective tension 
stiffening models in its formulation, for a more consist-
ent evaluation of its performance. As discussed in detail 
by Bentz (2005), the difference between these two ten-
sion stiffening models can be attributed to differences 
in the reinforcement configuration of the panel speci-
mens tested by Stevens (1987) and Mansour (2001) with 
regards to the bond characteristics of the reinforcing steel 
bars, which are influenced by bar diameter and spacing.

2.5.5 � Biaxial Damage on Concrete
An important consideration in modeling the behavior of 
a RC panel element under membrane actions is incorpo-
rating the cyclic damage effects on concrete subjected to 
biaxial loading. This cyclic damage on concrete is rep-
resented via a damage coefficient. Unlike compression 
softening and tension stiffening parameters, the damage 
coefficient is a cyclic-strain-history-dependent param-
eter, and is not considered in analysis of concrete under 
monotonic loading.

The damage coefficient is a parameter that considers 
the effect of the history of compressive strains, which 
are in perpendicular direction to a specific compressive 
stress direction considered (e.g., along a compression 
strut) for concrete. The damage coefficient is therefore 
defined for biaxial loading, and does not apply for uni-
axial concrete stress–strain behavior. The damage coef-
ficient, similar to the compression softening coefficient, 
is applied as a multiplier to the concrete compressive 
stress, softening the stress–strain behavior of concrete in 
compression.

Similarly to the approach used for incorporating ten-
sion stiffening in the FSAM, two alternative empirical 
models available in literature for the damage coefficient 

(11)fy eff = fy − 75
/

db · fcr
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were implemented in the formulation of the FSAM for 
the experimental validation studies presented in this 
paper; one by Stevens (1987) (used for comparison of 
model results with tests by Stevens (1987)), and the other 
by Mansour et al. (2002) [used for comparison of model 
results with tests by Mansour (2001)]. The formulation 
proposed by Stevens (1987) uses the ratio of the differ-
ence between the maximum value of the compressive 
strain experienced ( ε⊥max ) and the current compres-
sive strain ( ε⊥ ) (if any) in the direction perpendicular to 
the compressive (strut) direction considered, to the peak 
compressive stress, (ε′c) in concrete, as:

On the other hand, the biaxial damage formulation 
proposed by Mansour et  al. (2002) uses the ratio of the 
maximum value of the compressive strain experienced 
in the direction perpendicular to the compressive (strut) 
direction considered, to the peak compressive stress, (ε′c) 
in concrete, as:

The final softening parameter used in this study con-
sidering both compression softening and biaxial damage 
parameters takes the form of β = βm · βdamage . It should 
be mentioned that using the two different biaxial damage 
coefficients in the formulation of the FSAM did not result 
in significant differences in model results obtained for all 
panel specimens investigated in this study.

2.6 � Overview of the Working Principles of the FSAM
As described in the previous sections, the FSAM is 
merely a two-dimensional (plane-stress) constitutive 
model that relates the resultant stress state on reinforced 
concrete to the applied strain field, where an equivalent 
uniaxial stress–strain relationship for concrete (consid-
ering biaxial softening and hysteretic damage effects) is 
applied along fixed strut (crack) directions, a friction-
based shear stress vs. sliding shear strain relationship 
is applied along crack surfaces, and a uniaxial stress–
strain relationship is applied along reinforcement direc-
tions. Uniaxial stresses developing in concrete along 
two strut directions are superimposed with the shear 
stresses developing along crack surfaces and the uniaxial 
stresses developing in the reinforcing steel bars (smeared 
over concrete based on reinforcement ratios), in order 
to obtain the resultant stress field at a point. Instances 
of crack formation and crack directions are automati-
cally calculated by the FSAM, based on the history of the 
applied strain field. The first crack is assumed to develop 
at the instant when the principal tensile strain first 

(12)βdamage = 1

/(

1+ 0.5 · (ε⊥max − ε⊥)
/

ε
′
c

)

(13)βdamage = (1− 0.4 · ε⊥max

/

ε
′
c)

exceeds the cracking strain of concrete, in perpendicular 
direction to that principal tensile strain. Upon load rever-
sal, the second crack is assumed to develop in perpendic-
ular direction to the first, at the instant when the tensile 
strain parallel to the first crack exceeds the concrete 
cracking strain. The FSAM does not require dimensions, 
definition of crack angles, definition of strut widths, or 
any other parameter that is not related to material stress 
vs. strain behavior (except a friction coefficient for the 
crack surfaces), and it can be implemented in any model 
formulation as a two-dimensional constitutive relation-
ship representing the smeared stress vs. strain behavior 
of RC.

3 � Comparison of Model Results with Experimental 
Data

With the mechanical principles and material constitu-
tive relationships described in the previous section, the 
formulation of the FSAM was implemented in Matlab, 
together with a displacement-controlled iterative nonlin-
ear analysis solution strategy (Clarke and Hancock 1990), 
in order to obtain the analysis results used for the experi-
mental validation studies presented in this section.

Very few cyclic panel tests are available in the literature 
(Ohmori et al. 1989; Stevens 1987; Mansour 2001). Two 
different test programs were considered within the scope 
of this study. The first of these two test programs was 
conducted by Stevens (1987) using the “Shell Element 
Tester” facility at the University of Toronto and the other 
by Mansour (2001) using the “Universal Element Tester” 
facility at the University of Houston. Findings of these 
experimental programs have been used for development 
of the hysteretic panel model formulations proposed by 
Stevens et  al. (1991) and Mansour and Hsu (2005). A 
more limited suite of comparisons between FSAM results 
and data obtained from these experiments were pre-
sented in the conference paper by Orakcal et  al. (2012). 
Details of these experimental programs and results of 
comprehensive correlation studies conducted between 
model predictions and test measurements are presented 
in the following two sections.

For all panel specimens investigated, the constitu-
tive material parameters used in the FSAM formulation 
were assigned values that match the as-tested proper-
ties of the materials used in the construction of the panel 
specimens, whenever material test results relevant to a 
specific parameter were reported. Whenever not, the 
material parameters were defined based on well-estab-
lished empirical relationships provided in the literature. 
Thereby, a consistent methodology was used in select-
ing the material parameters for all panel specimens, as 
opposed to adjusting the material parameters (excluding 
the shear aggregate interlock friction coefficient; refer 
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to Sect.  2.4) for optimizing the accuracy of the model 
in predicting the test results for an individual specimen. 
Accordingly, compressive strength of concrete in the 
FSAM was defined based on compression test results on 
samples of concrete used in the construction of the panel 
specimens. Empirical relationships by Chang and Man-
der (1994) and Saatcioglu and Razvi (1992) were used 
for generating the ascending and descending (post-peak) 
regions of the concrete compressive stress–stain enve-
lope, respectively. The yield strength and strain harden-
ing ratio parameters of the Menegotto and Pinto (1973) 
model were assigned values that represent the stress–
strain curve obtained from tests on reinforcing steel bars 
used in the construction of the specimens. For all panels, 
the parameters controlling the cyclic stiffness degrada-
tion characteristics of the model (Fig. 2b) were defined as 
R0 = 20, a1 = 18.5, and a2 = 0.15, as proposed originally by 
Menegotto and Pinto (1973). The behavioral parameters 
of the FSAM related to tension stiffening and concrete 
biaxial damage were defined as reported by the research-
ers who have conducted the tests, to best represent the 
experimentally-observed tension stiffening and biaxial 
damage characteristics of the test specimens, as also dis-
cussed in Sects. 2.5.4 and 2.5.5 of this paper.

3.1 � Tests by Stevens (1987)
All of the panel tests by Stevens (1987) were conducted 
under stress control. Test panels were square, with 
1625 × 1625 mm dimensions and 285 mm thickness. The 
test equipment was configured for loading principal (nor-
mal) stresses on the panel specimens. All panel reinforce-
ment was arranged orthogonally in x and y directions, 
with reinforcement ratios ρx and ρy. Material properties, 
reinforcement ratios, and loading characteristics of the 
test program are listed in Table 1.

In this experimental program, there were two dif-
ferent parameters investigated; the loading type and 

reinforcement ratio. While specimens SE8 and SE10 
were used to examine the effect of loading type on panel 
response (pure shear stress applied on SE8 and SE9; 
shear stress with proportionally-applied normal stresses 
σx = σy = –|τxy/3| applied on SE10), specimens SE8 and 
SE9 were utilized to investigate the effect of reinforce-
ment ratio on the response (ρx = 0.03, ρy = 0.01 for SE8 
and SE10; ρx = ρy = 0.03 for SE9).

3.1.1 � Global Response
In this section, the overall shear stress τxy vs. shear strain 
γxy behavior of the test specimens are compared with 
predictions of the FSAM.

Specimen SE8 The overall shear stress vs. shear strain 
behavior of Specimen SE8 is captured reasonably well 
by the FSAM (Fig.  4a). The shear stress capacity of the 
specimen, geometry of the loading and unloading curves, 
cracking shear stress level, and stiffness characteristics 
of the response are well-predicted. The FSAM overes-
timates the shear stress capacity of the specimen (aver-
age of the shear stress capacities in positive and negative 
loading directions) by only 2% of the test result. The 
experimentally-observed pinching behavior is clearly 
reflected in the model results. As a measure of hysteretic 
energy dissipation capacity, the cumulative area under 
the shear stress vs. strain loops predicted by the model 
corresponds to 76% of that of the measured response. 
Since Specimen SE8 had 1% reinforcement ratio in the y 
direction and 3% in the x direction, while the reinforce-
ment in y direction yielded, the reinforcement in x direc-
tion remained linear elastic. Yielding of reinforcement in 
y direction not only limited the capacity, but also gener-
ated a ductile and highly-pinched shear stress vs. strain 
behavior for the specimen. The pronounced pinching 
behavior stems from yielding of reinforcing steel dur-
ing the response of the specimen, leading to significant 

Table 1  Panel test parameters, Stevens (1987).

Panel specimen: SE8 SE9 SE10
Loading type: σx = 0

σy = 0

τxy : ReversedCyclic

σx = 0

σy = 0

τxy : ReversedCyclic

σx = −

∣

∣

τxy

/

3
∣

∣

σy = −

∣

∣

τxy

/

3
∣

∣

τxy : ReversedCyclic

ρx 0.03 0.03 0.03

ρy 0.01 0.03 0.01

fy,x [MPa] 492 422 422

fy,y [MPa] 479 422 479

f ’c [MPa] 37 44 34

εco 0.0026 0.0026 0.0023

fct [MPa] 2.0 2.2 2.0

εt 0.0001 0.0001 0.00013
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widening of the cracks. Upon load reversal, the reinforc-
ing steel that has yielded in tension counter-yields in 
compression, before the crack closes. During crack clo-
sure (during change in the sign of the shear strain applied 
on the specimen), the panel shear stress vs. strain behav-
ior of the panel rapidly builds up stiffness, which results 
in the pinching behavior observed in both test results and 
model predictions.

Specimen SE9 General behavior of Specimen SE9 
is captured by the model with reasonable accuracy 
(Fig. 4b). Although the shear stress capacity appears to 

be slightly overestimated by the model (by 11% of the 
test measurement); pinching characteristics, cracking 
stresses, and cyclic stiffness properties of the behavior 
are all well-predicted (Fig. 4b). The widths of the load-
ing and unloading loops in the stress–strain behavior 
are predicted to be only slightly narrower than the test 
results, with the cumulative area under the loops esti-
mated at 88% of the experimentally-measured response. 
The main reason of this discrepancy may be attrib-
uted with variation in the cyclic behavior of concrete, 
which governs the overall response of this specimen. 

a

Test Result Model Result

Test Result Model Result

b

Test Result Model Result

c

Fig. 4  Measured vs. predicted shear stress vs. shear strain responses: a Specimen SE8, b Specimen SE9, c Specimen SE10.
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As a measure of ductility, the shear strain capacity of 
the specimen (at which degradation in shear stress 
initiates), is well-estimated by the model, at approxi-
mately 95% of the test result. Since the specimen has 
3% reinforcement in both directions, in the model for 
this specimen, the concrete compression struts are 
able to reach their maximum “softened and damaged” 
compressive stress capacity, prior to yielding of steel. 
However, since the tests were stress-controlled, none of 
these tests were continued until the failure mode of the 
specimens was clearly indentified.

Specimen SE10 Specimen SE10 was the one of the most 
important specimens of this test program, with its une-
qual reinforcement ratio in x and y directions, and with 
applied σx and σy compressive stresses which are both 
proportional to applied shear stress. Specimen SE10 is a 
replication of specimen SE8, with 1% reinforcement ratio 
in y direction and 3% reinforcement in x direction; the 
only difference being the compressive normal stresses (σx 
and σy) applied during testing. The shear stress capacity 
of this specimen is overestimated by only 5% of the test 
result (Fig. 4c). Other behavioral features of the response 
including cracking stress, stiffness of the loading and 
unloading curves, and pinching characteristics are pre-
dicted accurately. The model slightly overestimates the 
cumulative area under the shear stress vs. strain loops by 
14% of the test result, and moderately underestimates the 
shear strain capacity of the specimen (at initiation of deg-
radation in shear stress), at 80% of the test measurement 
in the negative loading direction.

Sensitivity to friction coefficient All model results pre-
sented in this paper for the specimens tested by Stevens 
(1987) are obtained using an optimal aggregate interlock 
friction coefficient value of η = 0.1. Modification of the 
interlock coefficient to a value of η = 0.2 [as used for the 
specimens by Mansour (2001)], results in approximately 
30% increase in the shear stress capacity of Specimen 
SE8. For Specimen SE9, which is symmetrically-rein-
forced and subjected to a pure shear stress state, model 
results are not sensitive to the value of the friction coef-
ficient, since shear strains do not develop along the 
cracks. In the case of Specimen SE10, although it is non-
symmetrically reinforced (similarly to SE8), the normal 
stresses applied on the specimen reduce the impact of the 
friction coefficient on the model response, yielding only 
1% increase in the predicted shear stress capacity when 
the friction coefficient is increased from 0.1 to 0.2.

3.1.2 � Local Responses
In this section, local response features including normal 
strains in x direction (Fig.  5), normal strains in y direc-
tion (Fig. 5), principal strain directions (Fig. 6), and con-
crete principal stress directions (Fig. 7) measured for all 

specimens by Stevens (1987) are compared with model 
results.  

Specimen SE8 When the normal strains in x direc-
tion of Specimen SE8 are compared, it is observed that 
the strain history is predicted accurately by the model 
(Fig.  5a). Model predictions for the normal strains in y 
direction are also accurate. An increasing trend in strains 
in the y direction that starts at approximately the 900th 
step (corresponding to the first yield of reinforcement in 
y direction) can be clearly identified in both model and 
test results (Fig. 5b). When the principal strain directions 
are compared for Specimen SE8, as illustrated in Fig. 6a, 
the model accurately captures the measured principal 
strain direction history of the specimen, which changes 
noticeably throughout loading. Only a slight underesti-
mation at the beginning of the analysis (for small shear 
strain values) is observed in the model results.

When the principal stress direction in concrete vs. 
panel shear stress behaviors are compared for Speci-
men SE8, it is observed that the model predictions for 
the principal stress direction in concrete do not signifi-
cantly deviate from the two crack directions. As can be 
observed in Fig.  7a, the concrete principal stress direc-
tion in the model results undergoes marginal variation 
with the magnitude of the shear stress applied on the 
panel, due shear aggregate interlock stresses developing 
along crack surfaces, which deviate the principal stress 
directions from the two fixed crack directions. However, 
the variation is not significant, because the compressive 
stresses developing along the struts dominate over the 
shear stresses developing along the crack surfaces. There 
exists larger variation in the test measurements, probably 
due to a more complicated shear stress transfer mecha-
nism across cracks; although these deviations are typi-
cally associated with unloading and reloading branches 
of the behavior, and the upper and lower bounds for the 
principal stress directions do not vary significantly with 
the magnitude of the shear stress (Fig.  7a). Thus, the 
model reasonably captures the experimental behavior 
with a friction-based model for shear aggregate interlock, 
maintaining its simplicity. It must be mentioned that the 
test result given in the figure is the envelope of the test 
measurements for the specimen, as the original graphic 
(Stevens 1987) was too congested for digitizing purposes.

The test results presented in Figs.  6a, 7a clearly dem-
onstrate that for this specimen, although the principal 
strain direction noticeably changes with loading (under 
increasing strains), the direction of principal stresses in 
concrete do not deviate significantly from the two crack 
directions. This behavior is clearly captured in the model 
results, since the model does not follow the assumption 
that principal strain and concrete principal stress direc-
tions coincide.
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Specimen SE9 When the normal strains in the x direc-
tion are compared for Specimen SE9, it is observed that 
the general ascending trend is captured by the model 
(Fig. 5b). The general ascending trend in normal strains 
in y direction is again captured, with increasing discrep-
ancies at later stages of loading (Fig.  5b). At this point, 
it should be clarified that the normal strains predicted 
by the model in x and y directions are approximately 

identical. Considering that the specimen had equal 
reinforcement ratios in both directions and pure shear 
loading is applied, the model predictions are mechani-
cally consistent. Therefore, differences between normal 
strains measured in the x and y directions during the 
test may be attributed to imperfections in the test condi-
tions. When the principal strain directions are compared 
for this specimen, as depicted in Fig. 6b, test results are 

a

b

c

Model
Test

Model
Test

Model
Test

Model
Test

Model
Test

Model
Test

Fig. 5  Measured vs. predicted normal strains in x and y directions: a Specimen SE8, b Specimen SE9, c Specimen SE10.
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well-predicted by the model. Model predictions for the 
principal strain directions are 45° and 135°, since the 
pure shear stress state applied on the symmetrically-rein-
forced specimen creates a pure shear strain state, which 
is also observed in the test measurements. Furthermore, 
under the pure shear stress state applied on the panel 
specimen, because of identical reinforcing steel ratios and 
yield strengths along the two reinforcement directions, 
concrete is also subjected to a pure shear stress state. 

Therefore, the principal stress directions in concrete and 
the fixed crack directions coincide at 45° and 135° angles 
during the entire loading history, which is also in agree-
ment with the test results, as shown in Fig. 7b.

Specimen SE10 For specimen SE10, when the normal 
strains in x direction are compared, it is observed that the 

Model
Test

Model
Test

Model
Test

a

b

c

Fig. 6  Measured vs. predicted principal strain directions: a Specimen 
SE8, b Specimen SE9, c Specimen SE10.

Model
Test

Model
Test

Model
Test

a

b

c

Fig. 7  Measured vs. predicted principal stress direction in concrete 
vs. panel shear stress: a Specimen SE8, b Specimen SE9, c Specimen 
SE10.
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general response is reasonably captured (Fig. 5c). When 
the normal strains in y direction are compared, it is seen 
that the general trend is captured for most of the loading 
history, with increasing discrepancies at later stages of 
loading (Fig. 5c), probably due to degradation in the over-
all shear stress vs. strain behavior predicted by the model. 
When the principal strain directions are compared, as 
shown in Fig.  6c, the test measurements are predicted 
accurately by the model. The measured and predicted 
principal stress directions in concrete (vs. shear stress on 
the panel) are compared in Fig. 7c. Similarly to Specimen 
SE8, variation in the principal stress directions predicted 
by the model are not significant, because of larger con-
crete compressive stresses developing along the struts 
compared to smaller shear friction stresses developing 
along the crack surfaces. There is slightly more variation 
in the experimentally-measured principal stress direc-
tions; however, as shown in Fig. 7c, such variation is typi-
cally limited to the unloading and reloading branches of 
the response, at regions of small shear stress. At regions 
of high shear stress, the measured principal stress direc-
tions do not vary significantly, and are in good agree-
ment with model predictions, validating the modeling 
approach used.

3.2 � Tests by Mansour (2001)
There are two important characteristics of the experi-
mental program by Mansour (2001). First, these tests 
(12 full-size reversed cyclic panel tests) were performed 
under strain control, which revealed the sudden stiffness 
drop as an effect of first cracking on panel response, as 
well as degradation in shear stress during later stages 
of loading due to the behavior of concrete in compres-
sion. Second, the test program was aimed to investigate 
the effect of reinforcement ratio to the overall behav-
ior (i.e., ρx = ρy = 0.0077 for CA2; ρx = ρy = 0.017 for 

CA3; ρx = ρy = 0.027 for CA4), asymmetry of reinforce-
ment ratio in the orthogonal directions (i.e., ρx = 0.017, 
ρy = 0.0077 for CB3; ρx = 0.027, ρy = 0.0067 for CB4) 
and different loading conditions (i.e., pure shear stress 
on CA2, normal and shear stresses on CD4, and normal 
stresses on CE4).

The orientation of reinforcement was a test variable in 
this experimental program in order to generate the differ-
ent loading conditions. Thus, a selection of 7 specimens 
(CA2, CA3, CA4, CB3, CB4, CD4, and CE4), among the 
total of 12, that capture the various test variables were 
considered within the scope of this study. All of these 
panel specimens had 1397 × 1397  mm dimensions and 
178 mm thickness. The testing was configured for appli-
cation of principal (normal) strains to the test specimens 
at different angles, resulting in pure shear stress (CA and 
CB series—reinforcement at 45° relative to external load-
ing), in pure normal stresses (CE series—reinforcement 
parallel to external loading) and combined normal and 
shear stresses (CD series—X reinforcement at 68.2° rela-
tive to one of the external loading directions). Material 
properties, steel reinforcing ratios, and loading charac-
teristics of the test specimens are described in Table 2.

3.2.1 � Global Response
In this section, the overall shear stress τxy vs. shear strain 
γxy behavior of the selected test specimens are compared 
with model results.

Specimen CA2 Specimen CA2 has the smallest rein-
forcement ratio in both directions, with a value of 0.77%. 
When test results are compared with model predictions, 
the model is observed to slightly underestimate the shear 
stress capacity of the specimen, at 88% of the measured 
value. Other features of the response including the shapes 
of the unloading and reloading curves, stiffness charac-
teristics, cracking stress values, and pinching behavior 

Table 2  Panel test parameters, Mansour (2001).

RC reversed cyclic.

Panel specimen: CA2 CA3 CA4 CB3 CB4 CD4 CE4
Loading type: σx = 0

σy = 0

τxy : RC

σx = 0

σy = 0

τxy : RC

σx = 0

σy = 0

τxy : RC

σx = 0

σy = 0

τxy : RC

σx = 0

σy = 0

τxy : RC

σx = 1.05τxy

σy = −1.05τxy

τxy : RC

σx = RC
σy = −σx

τxy = 0

ρx 0.0077 0.017 0.027 0.017 0.027 0.02 0.019

ρy 0.0077 0.017 0.027 0.0077 0.0067 0.02 0.019

fy,x [MPa] 424 425 453 425 453 453 453

fy,y [MPa] 424 425 453 424 424 453 453

f ’c [MPa] 45 44.5 45 48 47 43 47

εco 0.0025 0.0024 0.0028 0.0026 0.0024 0.0024 0.0022

fct [MPa] 2.1 2.1 2.1 2.2 2.2 2.1 2.2

εt 0.00008 0.00008 0.00008 0.00008 0.00008 0.00008 0.00008
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(to some extent) are captured with reasonable accuracy 
(Fig. 8a). The hysteretic energy dissipation capacity of the 
specimen, defined as the cumulative area under the shear 
stress vs. strain loops, is underestimated by the model at 
68% of the test measurement, due to the narrower loops 
in the model prediction. Since the specimen has relatively 
low amount of reinforcement in both directions, the 
behavior is dominated by yielding of reinforcing steel in 
both test results and model predictions.

Specimen CA3 Specimen CA3 has a reinforcement 
ratio of 1.7% in both directions. The analytical model 
accurately predicts the overall shear stress vs. shear strain 
behavior of this specimen in terms of its stiffness, crack-
ing stress, and pinching attributes (Fig.  8b). The shear 
stress capacity of the specimen is underestimated by only 
5% of the test result. The difference between model and 
test results is mostly associated with the shape of the 
envelope of the response, which was found to be influ-
enced both by the shape of the concrete stress–strain 

a

Test Result Model Result

b

Test Result Model Result

c

Test Result Model Result

Fig. 8  Measured vs. predicted shear stress vs. shear strain responses a Specimen CA2, b Specimen CA3, c Specimen CA4.
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behavior in compression and the effective yield strength 
of reinforcing steel. The cumulative area under the shear 
stress vs. strain loops estimated by the model corre-
sponds to 82% of the test result, and the model predicts 
the shear strain capacity of the specimen (at initiation of 
shear stress degradation) at 88% of the measured value.

Specimen CA4 Specimen CA4 had the largest rein-
forcement ratio, with the value of 2.7% in both direc-
tions. The model well-predicts the overall shear stress vs. 
shear strain behavior of this specimen well, with slight 
discrepancies in cyclic stiffness characteristics. Features 
including the pinching effect, cracking stress, and shear 
stress capacity are all captured accurately (Fig.  8c). The 
shear stress capacity of the specimen is captured with 
100% accuracy, and its shear strain capacity (at initiation 
of shear stress degradation) is overestimated by only 7% 
of the test measurement. The model also well-predicts 
the cumulative area under the measured shear stress vs. 
strain loops for the specimen, at 96% of the test result. 
The shape of the envelope of the predicted response was 
found to be significantly influenced by the shape of the 
concrete stress–strain behavior in compression.

Specimen CB3 CB-series specimens were subjected 
to the same loading conditions as the CA series (pure 
shear). Specimen CB3 incorporated asymmetric rein-
forcement, and the overall response predicted by the 
model appears to be governed by yielding of reinforce-
ment in y direction, with the lower reinforcement ratio 
(Fig. 9a). The hysteretic shape of the analytical response 
is considerably different than that of the experimentally-
measured, as the test result shows a shape that seems 
to be influenced in-part by the concrete stress–strain 
behavior in compression. The model does not capture the 
degradation in shear stress at high shear strains, and pre-
dicts the cumulative area under the shear stress vs. strain 
loops at only 60% of the test measurement. Nevertheless, 
the shear stress capacity of the specimen is well-captured 
by the model, at 96% of the measured capacity.

Specimen CB4 Specimen CB4 was similar to CB3, but 
with a larger reinforcement ratio in the x direction, which 
made the shape of the experimentally-measured response 
even more influenced by the concrete stress–strain 
behavior in compression (Fig. 9b). Similar discrepancies 
between model and test results to those observed for 
specimen CB3 are observed for this specimen. Although 
the model well-predicts the shear stress capacity of the 
specimen, at 99% of the measured capacity, it does not 
capture the degradation in shear stress at high shear 
strains, and the cumulative area under the shear stress vs. 
strain loops predicted by the model corresponds to 64% 
of the test result.

Specimen CD4 CD-series specimens were subjected 
to the most complex loading configuration, with normal 

and shear stresses applied simultaneously. The model 
slightly underestimates the shear stress capacity of speci-
men CD4 by only 10% of the measured; however, similar 
discrepancies (to those observed for specimens CB3 and 
CB4) related to the hysteretic shape of the behavior are 
observed, although to a lesser degree (Fig. 9c). Differently 
for this specimen, the model captures degradation in 
shear stress (in the positive loading direction) associated 
with crushing of concrete, albeit at a much larger shear 
strain compared to the test result. The cumulative area 
under the shear stress vs. strain loops is again underesti-
mated by the model, at 61% of measured response.

The experimentally-observed failure (strength degrada-
tion) mode of specimens CB3, CB4, and CD4 (Fig. 9a–c) 
was crushing of concrete along compression struts, after 
yielding of reinforcement. Therefore, the most probable 
reason why the FSAM did not capture the degradation 
associated with concrete crushing (Fig.  9a, b), or pre-
dicted initiation of degradation a higher shear strain than 
measured (Fig. 9c), is the relatively simple “compression 
softening” model implemented in its formulation to rep-
resent softening in the compressive stress–strain behav-
ior of concrete along the principal compression direction, 
due to presence of large tensile strains in the perpendic-
ular direction. As described in Sect.  2.5.3 of this paper, 
the so-called “Model B” by Vecchio and Collins (1993), 
which considers reduction only in the concrete com-
pressive stresses, was adopted in the FSAM formulation, 
since it is more suitable for a hysteretic panel model for-
mulation. It is believed that implementation of a more 
robust compression softening model, which also con-
siders reduction in the strain at peak compressive stress 
on the monotonic stress vs. strain envelope of concrete 
(strain softening behavior), such as “Model A” by Vecchio 
and Collins (1993), may improve the ductility predictions 
of the FSAM for these particular specimens. However, 
Model A is not suitable for hysteretic implementation, 
unless ad-hoc manipulations are made to convert its 
monotonic nature into a hysteretic one.

Specimen CE4 CE-series specimens were subjected to 
loading (normal stresses) parallel to the reinforcement 
directions. The model for specimen CE4 model recov-
ers most features observed in the experimental response 
(stiffness, strength, hysteretic response), which is gov-
erned by the uniaxial stress vs. strain behavior of the 
reinforcing steel bars (Fig. 9d). The shear stress capacity 
and the cumulative area under the stress vs. strain loops 
predicted by the model for this specimen correspond to 
100% and 99% of the experimentally-measured values, 
respectively, which validates the reliability of the uniaxial 
stress–strain model implemented in the FSAM for rein-
forcing steel.
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Fig. 9  Measured vs. predicted shear stress vs. shear strain responses a Specimen CB3, b Specimen CB4, c Specimen CD4, d Specimen CE4.
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Sensitivity to friction coefficient All model results pre-
sented for the test specimens by Mansour (2001) are 
generated using an optimal aggregate interlock fric-
tion coefficient value of η = 0.2. Similarly to the tests by 
Stevens (1987), modification of the friction coefficient 
noticeably changes the analytical response obtained for 
some of these specimens. For specimen CA2, CA3, CA4, 
and CE4, model results are not sensitive to the friction 
coefficient, due to the loading conditions imposed on 
these specimens and symmetry of the reinforcement. 
Differences in model results are observed for Specimens 
CB3, CB4, and CD4. Reduction of the coefficient to a 
value of η = 0.1 [as used for the specimens by Stevens 
(1987)], results in approximately 20% and 25% decrease 
in the shear stress capacity of Specimens CB3 and CB4, 
respectively Interestingly for Specimen CD4, which was 
subjected to the complex loading condition, reducing the 
friction coefficient to a value of 0.1 does not significantly 
change the predicted shear stress capacity of the speci-
men, but decreases the shear strain at which shear stress 
degradation initiates by approximately 20%.

Similarly to the discrepancy in tension stiffening 
behavior observed in these two experimental programs 
(Bentz 2005), the necessity of using different inter-
lock friction coefficients to obtain the best correlation 
between model and test results for the two programs 
can be attributed to different shear aggregate inter-
lock characteristics of the specimens, such as the mean 
aggregate size used in the concrete mix. Recent stud-
ies on implementation of the FSAM into finite element 
formulations for modeling of RC walls (Gullu and 
Orakcal 2019; Gullu et al. 2019) have shown that using 
a coefficient of η = 0.5 consistently provided accurate 
response predictions for numerous RC wall specimens 
that were tested as part of multiple experimental pro-
grams, where the dimensions of the wall specimens 
were significantly larger than the panel specimens 
analyzed in the present study. This variation is most 
likely due to the different characteristics of concrete 
(particularly the mean aggregate size) used in the con-
struction of these larger wall specimens, as well as 
more non-uniform internal stress distributions and 
crack orientations developing on the walls. For mod-
eling of real-life walls, adopting a larger value (e.g., 
η = 0.5) for the friction coefficient therefore seems 
more reasonable.

3.2.2 � Local Responses
In this section, normal strains measured in x and 
directions of representative test specimens are com-
pared with model predictions. Since the reinforcement 
ratios were same in both directions for the CA-series 

specimens, it is expected that the normal strains in x 
and y directions should be approximately equal, when 
the specimens are subjected a state of pure shear stress. 
The model results consistently show this type of behav-
ior, similarly to the test results for the CA specimens, 
although some differences are observed during the last 
cycles (Fig. 10a, b). When the model and test results are 
compared, the strain predictions in both x and y direc-
tions are reasonable for both specimens CA2 and CA3, 
but the residual (plastic) strains at the end of the test 
estimated by the model are consistently lower than the 
test results.

Specimens CB4 and CD4 incorporated asymmetry 
either in reinforcement ratios or loading conditions, 
resulting in asymmetry in the normal strains observed 
in x and y directions (Fig.  10c, d). A similar situation 
is observed for the strain histories predicted by the 
model. In general, the progression of residual strain, as 
well as the maximum strain values attained during each 
cycle or incursions into negative (compressive) values, 
are well captured.

4 � Overview of FSAM Implementation in Structural 
Models

Since the FSAM is intended to simulate the smeared 
stress vs. average strain behavior of reinforced concrete 
under generalized plane stress loading, it is suitable for 
implementation in model formulations for simulating 
the in-plane nonlinear behavior of reinforced concrete 
walls, in which the constitutive model elements are mem-
brane elements. The FSAM can also be used to construct 
a shell element formulation, using a layered membrane 
assembly.

Research has been conducted on implementation of 
the FSAM into a “macro-fiber” model formulation [SFI-
MVLEM, Shear Flexure Interaction Multiple Vertical 
Line Element Model (Kolozvari et al. 2015b, c, 2018a, c, 
2019b)] for simulating the coupled axial-shear-flexural 
responses of reinforced concrete walls or columns, where 
the uniaxial line elements in a fiber model formulation 
were replaced with membrane elements, the plane-stress 
vs. strain behavior of which were described with FSAM. 
Accordingly, axial and shear stress vs. strain responses 
of each fiber were coupled, which further allowed cap-
turing of the experimentally-observed coupling of axial-
shear-flexural responses in reinforced concrete walls or 
columns, through a fiber model formulation. Detailed 
information on implementation of the FSAM in the com-
putational platform OpenSees [http://opens​ees.berke​
ley.edu] as a plane-stress material model (nDMaterial 
FSAM) used within the macro-fiber model formula-
tion SFI-MVLEM, is provided by Kolozvari et al. (2015a, 
2018c). Results of earthquake response history analyses 

http://opensees.berkeley.edu
http://opensees.berkeley.edu
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Fig. 10  Measured vs. predicted normal strains in x and y directions: a Specimen CA2, b Specimen CA3, c Specimen CB4, d Specimen CD4.
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on wall-frame assemblies and coupled wall systems 
(Kolozvari et al. 2018d; Kolozvari and Wallace 2016), in 
which the FSAM was used within the SFI-MVLEM for-
mulation adopted for the walls, have also shown that the 
FSAM is capable of providing computationally-stable and 
accurate response predictions for coupled walls or wall-
frame systems subjected to dynamic loading.

Recent studies (e.g., Gullu and Orakcal 2019; Gullu 
et  al. 2018, 2019; Kolozvari et  al. 2018b, 2019a) have 
focused on adopting the FSAM in finite element model 
formulations for walls, using four-node quadrilateral 
membrane or shell elements, the in-plane stress vs. strain 
behavior of which are described by the FSAM. Consid-
ering contemporary needs towards improving seismic 
design and performance-based assessment procedures, 
a reliable analysis model should be able to capture, with 
a reasonable level of accuracy, important response char-
acteristics of walls with various behavioral characteris-
tics (e.g., flexure-controlled, shear controlled, various 
levels of shear–flexure interaction, sliding shear, etc.), 
at both global (load vs. displacement) and local (e.g., 
strain) response levels, under generalized loading condi-
tions. Towards this goal, current state-of-the-art rapidly 
progresses towards nonlinear finite element modeling 
of walls. Finite element modeling inherently considers 
numerous important aspects of wall behavior pertaining 
to performance-based seismic design, including charac-
terization of nonlinear shear behavior, consideration of 
coupled shear and flexural responses, plane sections not 
remaining plane due to shear deformations, definition of 
a cracked shear stiffness, and coupling of fluctuating axial 
load with wall shear capacity. All of these aspects are real-
life issues that are presently being discussed among the 
research and engineering community, towards improve-
ment of design applications and performance-based 
assessment procedures for wall buildings. Finite element 
modeling methodologies to be used for such practical 
purposes must incorporate constitutive model formula-
tions that depend on well-defined parameters related to 
physical behavior, so that the model can be understood 
and calibrated by the engineer using it. This has been the 
primary motivation behind development of the FSAM. 
As described in this paper, the formulation of the FSAM 
is based on clear assumptions (crack directions are fixed, 
cracks are perpendicular, concrete along struts follows a 
uniaxial stress–strain relationship, shear stress transfer 
across cracks is friction-based), with as few ad-hoc model 
parameters (e.g., friction coefficient) as possible. Other 
than its inherent assumptions, mechanical principles of 
the FSAM are based purely on physical material behavior, 
which can be updated as more information on material 
stress–strain behavior becomes available.

5 � Summary and Conclusions
An original constitutive model formulation (named as 
the Fixed Strut Angle Model—FSAM) was developed for 
simulating the hysteretic axial/shear behavior of rein-
forced concrete (RC) panel (membrane) elements. The 
formulation of the FSAM follows a fixed-crack-angle 
modeling approach, and its working principles are based 
on interpretation and simplification of previous modeling 
methodologies presented in the literature. In this paper, 
the model formulation was described in detail and results 
of correlation studies were presented, for a comprehen-
sive experimental validation of the FSAM against panel 
tests results available in the literature. A significant and 
unique aspect of this study is that the FSAM was exten-
sively validated at various response levels (shear stress 
vs. strain behavior, normal strains, principal strain direc-
tions, and concrete principal stress directions) using 
experimental data obtained from two different panel test 
programs. Based on the analytical results presented in 
this study, the following conclusions on the characteris-
tics of the FSAM can be reached:

•	 The FSAM has proven to be a relatively simple con-
stitutive model that is capable of simulating the cou-
pled axial/shear stress–strain behavior of reinforced 
concrete panel elements. Despite its simple formula-
tion and well-defined assumptions, results of the cor-
relation studies conducted in this paper indicate that 
the FSAM consistently provides reasonably accurate 
response predictions for RC panels with various rein-
forcement configurations, subjected to various load-
ing conditions (stress states). The model was shown 
to generally capture the overall behavioral attributes 
of most of the RC panel specimens investigated, 
including the overall shear stress vs. shear strain 
behavior, cracking shear stress, shear stiffness, cyclic 
stiffness degradation, ductility, pinching behavior, 
and failure mode (crushing of concrete vs. yielding of 
reinforcement).

•	 Comparison of the overall shear stress vs. shear 
strain responses reveal the FSAM provides shear 
stress capacity predictions with an error margin 
of approximately ± 10% of the test results, when a 
shear aggregate interlock friction coefficient of 0.1 
was used for all specimens tested by Stevens (1987) 
and 0.2 for all specimens tested by Mansour (2001). 
The friction coefficient remains as the only ad-hoc 
parameter of the model, and is believed to be sensi-
tive to parameters of test specimens associated with 
the shear aggregate interlock characteristics of the 
crack surfaces, such as the mean aggregate size used 
in the concrete mix.
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•	 Averaged over all panel specimens investigated in 
this paper, the shear stress capacity prediction of the 
FSAM corresponds to 98% of the experimentally-
measured capacity of the specimens, whereas the 
hysteretic strain energy dissipation capacity predic-
tion of the FSAM (defined as the cumulative area 
under the hysteretic shear stress vs. strain loops) cor-
responds to 81% of the measured. The FSAM was not 
able to accurately capture the ductility characteris-
tics of the measured shear stress vs. strain responses 
(characterized by the shear strain at initiation of deg-
radation in shear stress) for only three (CB3, CB4, 
CD4) of the ten panel specimens considered, possibly 
due to simplifications in behavioral modeling of com-
pression softening effects on concrete.

•	 The FSAM was also shown to be capable of pro-
viding accurate predictions of local deformations 
for the specimens investigated, including normal 
strains in two orthogonal directions, the direction 
of principal strains developing in the panel element, 
and the direction of principal stresses developing in 
concrete. The experimental observation that even 
when the principal strain directions rotate dur-
ing loading, the direction of principal stresses in 
concrete do not deviate significantly from the two 
crack directions, is captured by the FSAM.

•	 The flexible formulation of the FSAM allows revi-
sions including implementation of different con-
stitutive material models and various shear stress 
transfer mechanisms across cracks, as well as 
incorporation of different compression softening, 
tension stiffening, and biaxial damage parameters. 
However, the state-of-the-art constitutive material 
models used in this study for concrete and reinforc-
ing steel have been shown to be satisfactory in sim-
ulating the material behavior and failure modes of 
the RC panels investigated.

With the features and potential improvements 
described in this paper, the FSAM is believed to pro-
vide a good balance between simplicity and accuracy in 
simulating nonlinear RC behavior under plane-stress 
loading conditions. Formulation of the FSAM has been 
implemented in the open-source computational plat-
form OpenSees (http://opens​ees.berke​ley.edu) as an 
efficient and flexible constitutive model that can be 
used for response prediction RC walls with various 
behavioral characteristics (flexure-controlled, shear 
controlled, or shear–flexure interaction responses), 
under seismic actions. Current studies focus on seis-
mic response simulation of RC walls and wall systems 
using either macroscopic or finite element modeling 

approaches, in which the FSAM is used to describe the 
constitutive behavior of the model elements.
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