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ABSTRACT

MODELING OF REINFORCED CONCRETE MEMBRANE

BEHAVIOR CONSIDERING SHEAR STRESS TRANSFER

ACROSS CRACKS

In this study, a previously-developed reinforced concrete panel (membrane)

model formulation is improved by incorporating simple yet effective constitutive rela-

tionships that simulate shear transfer mechanisms across cracks. First, a friction-based

shear aggregate interlock mechanism with cyclic degradation parameters is incorpo-

rated. Second improvement is the implementation of an origin-oriented dowel action

model on reinforcing bars with cyclic degradation parameters. These mechanical en-

hancements are aimed to achieve better simulation of test results with consideration of

physical phenomenon’s (e.g. friction along cracks, dowel action, degradation) that are

neglected (in full or partially) in the formulations of other panel models available in the

literature. Improved model is further validated against test results from two different

experimental programs. Sensitivity of the improved model to the coefficient of friction

is evaluated through computational analyses carried out on five different panel speci-

mens that are identified as sensitive to the applied shear transfer mechanisms due to

their design or loading characteristics (e.g. asymmetric or inclined reinforcement, com-

plicated loading conditions). Thereafter, using optimal friction coefficients obtained

by the parametric sensitivity analysis results, global and local response predictions of

the model for ten different panel specimens (including specimens used for sensitivity

analyses) are compared with test results from two different experimental programs for

validation of the improved model. Finally, it was observed that the improved panel

model provides good correlation with test results as majority of the results are indeed

satisfactory.
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ÖZET

BETONARME MEMBRAN ELEMANLARIN ÇATLAKLAR

ARASI KAYMA GERİLME AKTARIMININ DİKKATE

ALINARAK MODELLENMESİ

Bu çalışmada, betonarme davranışını temsil etmek için daha önceden geliştirilmiş

olan bir panel (membran) modeli, çatlak boyunca oluşan kaymaya karşı çalışan di-

renç mekanizmaları ile iyileştirilmiş ve yeni modelin deneysel doğrulama çalışmaları

yürütülmüştür. İlk olarak modele agrega kenetlenmesi yoluyla çatlak yüzeyinde açığa

çıkan sürtünme temelli kayma gerilme aktarım mekanizması ve ilgili döngüsel degradas-

yon parametreleri eklenmiştir. İkinci geliştirme ise merkez-odaklı dübel hareket modeli

ve ilgili döngüsel degradasyon parametreleri modele eklenmiştir. Bu mekanik geliştirm-

elerin amacı, literatürdeki diğer membran modellerinin formülasyonlarında tamamen

veya kısmen ihmal edilen bazı olası fiziksel olayların (örneğin, çatlaklar arası sürtünme,

dübel hareketleri ve döngüsel davranış sebebiyle beklenen davranış degradasyonu) da

hesaba katılarak modellenmesi ve test sonuçlarına daha yakın sonuçlar elde edilmesidir.

Geliştirilen model daha sonra iki farklı deneysel program ile kıyaslanarak doğrulanmıştır.

Geliştirilen bu modelin sürtünme katsayısına olan hassasiyeti sayısal analizler aracılığı-

yla, bu katsayıya tasarım veya yükleme koşulları sebebiyle (örneğin, asimetrik veya

açılı donatıya sahip ve/veya karmaşık yükleme koşulları altında) hassas olduğu tespit

edilen beş farklı membran eleman üzerinde değerlendirilmiştir. Daha sonra, hassasiyet

analizleri sonucu elde edilen optimum sürtünme katsayılarını geliştirilen modelde kul-

lanarak elde edilen küresel ve bölgesel model sonuçları aynı on farklı panel/membranın

deney sonuçlarıyla kıyaslanmış ve geliştirilen modelin sonuçları böylece doğrulanmıştır.

Sonuç olarak, geliştirilen panel modelin sonuçlarının çoğunlukla tatmin edici olduğu ve

deney sonuçlarıyla iyi bir korelasyon gösterdiği gözlemlenmiştir.
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1. INTRODUCTION

1.1. General

As the analysis and design of structural members subjected to earthquake ground

motion are carried out under consideration of performance-based design approaches,

nonlinear modeling of behavioral characteristics of structural members subjected to

cyclic loading a more remarkable topic among researchers. Existing computer soft-

ware’s for structural engineers are used for simulation of the time-dependent behavior

of structural systems (e.g. bridges, buildings, dams etc.) subjected to earthquake

ground motion. However, studies show that analytical models available in the litera-

ture are not capable of simulating nonlinear hysteretic responses of 2D elements (e.g.,

walls).

In many countries (including Turkey, which is located in a seismically active

region), using reinforced concrete (RC) structural walls were not as common as RC

frames, which may be attributed to unawareness of the engineers about the advantages

of using structural walls or dual systems despite their significant contributions to seis-

mic resistance of reinforced concrete structural systems. When structural systems are

designed and detailed using performance-based design approaches, they are found to be

capable of providing deformation capacities or ductility demands against moderate or

severe earthquake ground motions while conserving the lateral stiffness and lateral load

capacities. However, most of the existing structures in Turkey (e.g. ones built before

the Izmit earthquake in 1999) were not built using sufficient number of RC structural

walls (Bal et al., 2008).

Although they were not used widely, structural walls used in construction of

thethat were built for constructing these older buildings in the past have experienced

shear failure instead of flexural failure when subjected to earthquake ground motion-

motions since they were not designed in accordance with thetheir performance-based

needs (e.g. ductility demands or deformation capacities).
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With increasing awareness of advantages of using RC structural walls, recent

studies have focused on the behavioral characteristics of RC structural walls. Well-

detailed and designed slender walls are more susceptible to fail under flexure, meaning

that response of these walls is governed by flexure. For analysis and design of these

walls, a simple analytical model considering nonlinear flexural behavior is necessary.

On the other hand, squat walls (or walls representing shear -controlled responses),

which are considered to have aspect ratios (effective height divided by width) smaller

than 1.5, more probably undergo shear failure, which results in sudden degradation

in strength and stiffness of the walls. This non-ductile behavior of squat walls makes

their global and local responses more susceptible to parameters associated with shear

strength and stiffness.

Simple analysis methods available in literature (e.g., moment-curvature analysis)

or more detailed ones (e.g., fiber-based analysis) can reasonably capture the lateral load

vs. deformation response characteristics of slender walls; however, they are not capable

of simulating the coupled effect of axial-flexural-shear responses. Recent experimental

observations revealed that uncoupling of axial, shear and flexural responses leads to

inadequacy in predicting the experimental results. Hence, an analytical model that

can capture the coupling of effects of axial, shear and flexural responses is required.

Based on the identified weaknesses of the existing modeling approaches used for

RC structural walls addressed in the previous paragraphs, need for analytical models

that can provide accurate response predictions is obvious and more studies focusing

on such shortcomings are inevitable. It is significant to emphasize that modeling of

RC structural walls with reasonable accuracy is possible with introduction of a robust

membrane model that can capture nonlinear behavior of RC membrane elements under

generalized, in-plane, reversed-cyclic loading conditions. A novel constitutive model

named Fixed-Strut-Angle Model (FSAM) was proposed by Ulugtekin in 2010 for the

same purposes. Notwithstanding its promising results, the developed model still needs

further improvements, especially in shear transfer mechanisms along cracks. Within

the scope of this study, FSAM is further improved via incorporating cyclic constitutive

relationships for shear aggregate interlock and dowel action mechanisms with their
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cyclic degradation parameters for simulating the impacts of such behavioral features

in predicting the response of reinforced concrete (RC) panel elements. The validity of

the improved model is also shown by comparing the model predictions with test results

obtained from literature.

1.2. Background

The pioneers of the membrane models available in literature are Modified Com-

pression Field Theory (MCFT) proposed by Vecchio and Collins (1986), modified after

the Diagonal Compression Field Theory (Mitchell and Collins 1974) to take into ac-

count the tensile stresses in concrete between cracks while also employing experimen-

tally verified average stress strain relationships for the cracked concrete, and Rotating

Angle Softened Truss Model (Pang and Hsu 1995), as a follow up to earlies studies by

Mau and Hsu (1986), Mau and Hsu (1987) and Hsu (1988).

Both milestone models followed the rotating-angle approach, applicable in mono-

tonic loading conditions, and were capable of modeling reinforced concrete panel (mem-

brane) element behavior. One of the several inherent assumptions of these models was

the perfect bond between materials (i.e. concrete and rebars) where (i) for concrete

in tension and compression uniaxial constitutive formulations were applied along the

principal strain directions, and (ii) for steel, constitutive relationships in similar nature

(i.e. uniaxial) were implemented along the rebar axis. Vecchio and Collins (1986), also

showed that cracked concrete subjected to high tensile strains in the direction normal

to the compression was actually “softer and weaker” than concrete properties observed

in a standard cylinder test and therefore cracked concrete was treated as a new mate-

rial having unique stress-strain behavioral characteristics in membrane models. Based

on these findings, various relationships were suggested that could help to transform

average strains to average stress in virtue of the incorporated smeared (average) stress-

strain approach. Both the perfect bond assumption and the smeared crack approach

were used in most of the subsequent studies and models as they were reasonable and

practical.
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Although these models are pioneers of membrane modeling and they were practi-

cal, since they had monotonic stress-strain relationships for concrete and steel materials

they were not applicable in modeling of membrane models subjected to cyclic loading.

Furthermore, underlying assumption of whether principal stresses and strains were co-

inciding or not created complexities during the physical interpretation of membrane

behaviors. In real behavior of reinforced concrete membrane elements, when a crack

is formed, the direction of the crack remains same (more or less), revealing that using

rotating angle modeling approach after formation of cracks leads to behavioral varia-

tions between practice and theory. Therefore, instead of using rotating angle modeling

approaches, some researchers proposed a modeling approach that assumes a fixed-crack

angle after formation of cracks (Pang and Hsu 1995, Hsu and Zhu 2002, Mansour and

Hsu 2005). Common assumption in rotating angle models of coinciding principal stress

directions and principal strain directions in concrete was changed to that of principal

stress directions in concrete were fixed to crack directions in reinforced concrete mem-

brane elements. Taking this assumption into consideration, some models in literature

assumed an “angle lag” approach (e.g. Vecchio 2000, Stevens 1991) where principal

stresses were not in the same directions with principal strains.

In addition to the monotonic constitutive panel models, other constitutive panel

models with similar approaches (e.g. rotating and fixed-crack angle) but that can be

applicable under cyclic loading conditions (e.g. Ohmoriet al. 1989, Stevens accessed

at October 1991, Vecchio 1999, Palermo and Vecchio 2003, Mansour and Hsu 2005,

Gerin and Adebar 2009) have been proposed by other researchers. These models were

based on one or more of three cyclic experimental studies carried out by Ohmori et

al. (1989), Mansour and Hsu (2005) and Stevens (1987). Although researchers have

made attempts on proposing a more developed analytical model, nearly none of these

models were implemented in open-source computational structural analysis platforms

(e.g. OpenSees, McKenna et al. 2000) and even if they are, studies on the ones

available are not extensive enough for allowing public usage (e.g. by designers or other

professionals).

Researchers who developed membrane models also interpreted the shear trans-
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fer mechanisms along crack directions differently. In some models shear stress transfer

across cracks would be transmitted only by frictional force, whereas in some other mod-

els shear resisting mechanism was accomplished by adding clamping force to frictional

force. Slightly different than the former, Modified Compression Field Theory by Vec-

chio and Collins (1986) considered frictional resistance by incorporating an empirical

equation along crack interface. However, most of the models available in literature did

not incorporate an all-inclusive shear transfer mechanism (composed of shear aggre-

gate interlock along crack surface and dowel action on reinforcing bars) across cracks.

Since membrane models did not consider these mechanisms or physical phenomenon’s,

validity of these model against simulation of the interaction between axial, flexural and

shear deformations are not proven.

Unless the surface is perfectly smooth between cracks, a shear aggregate interlock

(when looking at it in microscopic level) phenomenon can be observed along the crack

surface. In addition to the observed aggregate interlock mechanisms, resisting effects

of steel reinforcements intersecting the crack surface results in dowel action on the

reinforcing steel. Before dowel action was studied in literature, researchers have been

investigating only the effects of the aggregate interlock mechanism. Dowel action was

investigated by researchers; He and Kwan (2001), Vintzeleou and Tassios (1987 and

1990), Maekawa and Qureshi (1996). Dowel model proposed by He and Kwan (2001)

differentiate from others as it was compatible with the common inherent assumption

of other models, which was the smeared crack approach. Observations focusing on the

phenomenon were made by researchers like Mattock and Hawkins (1972), Walraven

(1981), Hsu et al., (1987), Martin-Perez and Pantazopulou (1999), Theodossius et al.,

(1987) and Palieraki and Vintzileou (2009) where outcomes of the studies made by the

latter two showed that cyclic loading caused degradation in shear responses, meaning

that a cyclic degradation parameter on shear transfer mechanisms applied across cracks

may also need to be considered in future modeling attempts.
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1.3. Research Significance

RC structural walls are used in design of structural systems due to their signifi-

cant contribution to the seismic- resistance of the overall structure. Although modeling

of relatively slender RC structural walls can be achieved by using the existing mod-

eling approaches in literature due to their flexure dominant responses, modeling of

medium-rise walls (aspect ratios between 1.5 and 2.0) having coupled effect of shear-

flexural interaction in their responses and squat walls (aspect ratios less than 1.0) with

nonlinear shear responses is still not well-simulated by the analytical models available

in literature. To propose a simple and reasonably accurate membrane model which

can be used in modeling approaches that consider the interaction (coupling) of axial,

flexural and shear responses, and capable of capturing the hysteretic responses with in-

corporation of a reliable shear transfer mechanism along cracks is therefore found to be

necessary for predicting the nonlinear shear behavior and/or shear flexural interaction

responses of RC walls.

1.3.1. Objectives

Based on the shortcomings identified in literature and following the studies con-

ducted by Ulugtekin (2010) and Orakcal et al., (2012) for developing the “Fixed Strut

Angle Model” (FSAM), the objective of this study is to improve the FSAM via mod-

ifying the previously implemented friction based elasto-plastic shear aggregate inter-

lock model by adding a cyclic degradation parameter and by implementing an origin-

oriented dowel action model that also considers cyclic degradation parameter. The

improved model is validated against test results provided by Stevens (1987) and Man-

sour and Hsu (2005) on RC panel specimens. Additionally, sensitivity of the improved

FSAM against model parameters (i.e. coefficient of friction defined in the elasto-plastic

shear aggregate interlock model) that dominates the shear transfer across cracks.

1.3.2. Scope

Scope of this study includes the following:
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• A brief review of constitutive panel models and shear transfer mechanisms avail-

able in the literature and outlining their general characteristics as well as their

irregularities and weaknesses,

• Improving the originally proposed FSAM formulation by implementing constitu-

tive models for simulating the shear transfer mechanisms along cracks,

• Sensitivity analysis for the improved model against variations in the model pa-

rameters (i.e. friction coefficient),

• Comparison of improved model results with the test results on RC panel speci-

mens provided by Stevens (1987) and Mansour and Hsu (2005).

1.3.3. Thesis Outline

In the first chapter (Chapter 1), the available literature is briefly reviewed, and

objectives and scope of the study are detailed following the brief introduction to the

topic. Chapter 2 briefly summarizes the working principles of the FSAM and followed

by explaining the hysteretic constitutive material models that are available in the model

formulation for reinforcing steel and concrete together with the empirical formulations

used for consideration of the behavioral features (i.e. tension stiffening, compression

softening, biaxial damage behavior). Chapter 3 introduces the improvements made

on the analytical model within the scope of this study. Results of sensitivity analyses

carried out using the improved model shown in Chapter 4 and optimal friction coeffi-

cients for each of the test results are proposed in accordance with the comparison of

model results against experimental results provided by Stevens (1987) and Mansour

and Hsu (2005). Last chapter (Chapter 5) concludes the study by discussing the results

of the analytical model with consideration of the suggested improvements and provides

recommendations for future studies.
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2. MODEL DESCRIPTION

Although having common assumptions with models available in literature (e.g.

perfect bond between concrete and rebar, no dowel action on reinforcement) the Fixed

Strut Angle Model (FSAM) proposed by Ulugtekin (2010) stands out from other models

with its simplistic features and working mechanism. As an example, unlike other

models considering the fixed-crack angle approach (e.g., Pang and Hsu 1995, Hsu and

Zhu 2002, Mansour and Hsu 2005), the proposed Fixed Strut Angle Model does not

require proportional loading as it does not assume that fixed crack directions coincide

with the applied stress direction after formation of the first crack. Working mechanism

of FSAM is explained in further detail in the following sub-sections of this chapter.

Another advantage of the FSAM is that its baseline formulation is flexible, mean-

ing that various behavioral models can be implemented and modified (e.g. model for

shear stress transfer across cracks). Considering the flexibility of the model, improve-

ments were made on top of FSAM’s baseline formulation, to consider actual physical

phenomenon’s relating to shear stress transfer mechanism across cracks. These im-

provements are also summarized in Chapter 3.

2.1. Working Principals of the Panel Model

Until the first crack is formed in the concrete (i.e. during the uncracked state)

the model assumes a rotating-strut approach for representing the stress-strain behavior

of the uncracked panel element. Similar approach can also be observed in some of the

earlier modelling efforts summarized in Section 1.2. (e.g. Modified Compression Field

Theory by Vecchio and Collins 1986 and the Rotating-Angle Softened Truss Model by

Pang and Hsu 1995). Using a displacement-based formulation, for which a strain field

is applied first (εx, εy, τxy) the principal strain directions (θp) of the uncracked panel

and corresponding principal strains (ε1, ε2) can be obtained as illustrated in Figure

2.1a. Following the calculation of the principal strains, unsoftened principal stresses in

concrete are obtained via the monotonic envelope of the constitutive material model
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(see following sections for further details on material models). Such principal stress

directions are assumed to coincide and rotate together with the principal strain di-

rections during the uncracked stage. The stress-strain relationships used to obtain

principal stresses in concrete are uniaxial, however, FSAM formulation includes soft-

ening parameters to incorporate compression softening or biaxial damage. Meaning,

the obtained concrete stresses are trimmed via applicable compression softening pa-

rameters to obtain σc1 and σc2 (softened principal stresses).

After following the steps described above, uniaxial stress values (σsx, σsy) for

reinforcing steel bars are calculated using the normal strains applied in the oriented

direction of reinforcing steel bars. To obtain reinforcing steel stress values, the mono-

tonic envelope of the constitutive steel model is used in both orthogonal directions,

along x and y axes, which should coincide with reinforcement directions either by ge-

ometrical arrangements of the panel or naturally. Superposition of the concrete and

reinforcing steel stress values along x and y directions is conducted by the following

transformation equations:

σx =
σc1 + σc2

2
+
σc1 − σc2

2
· cos2θ + ρsx · σsx (2.1)

σy =
σc1 + σc2

2
− σc1 − σc2

2
· cos2θ + ρsy · σsy (2.2)

τxy =
σc1 − σc2

2
· sin2θ (2.3)

Once the principal tensile strain in concrete is equal to or larger than the mono-

tonic cracking strain of concrete (εt in Figure 2.2) a crack is formed (first crack) in

perpendicular direction to the principal tensile strain. At the instance of the formation

of the first crack direction (θcrA), the “first fixed strut” direction of the membrane is

also formed (Figure 2.1b). Although the principal strain directions corresponding to
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applied strain field may rotate, the principal stress directions are fixed (along and per-

pendicular to the first fixed strut directions). This assumption implies zero aggregate

interlock across the crack interface since the strut directions are always coinciding with

principal stress directions in concrete. Uniaxial strains (ε′x, ε
′
y) of concrete along the

first crack direction are derived as follows, here θcrA represents the “first fixed strut”

direction of the panel:

εx′ =
εx + εy

2
+
εx − εy

2
· cos2θcrA +

γxy
2
· sin2θcrA (2.4)

εy′ =
εx + εy

2
− εx − εy

2
· cos2θcrA −

γxy
2
· sin2θcrA (2.5)

After obtaining the uniaxial strains in the fixed strut directions and considering

that the principal stress directions are fixed along these directions as well as the em-

ployment of a uniaxial hysteretic stress-strain relationship for concrete, principal stress

values are easily recorded in the directions parallel and perpendicular to the first fixed

strut direction. Similar to the uncracked response calculations, compression softening,

and biaxial damage parameters are considered to soften the concrete stresses based on

the experimentally-observed behavioral features for concrete specimens tested under

biaxial loading. Finally, uniaxial stresses for reinforcing steel bars are again calculated

with the same approach used for uncracked concrete. Following the application of

softening effects in concrete and calculation of steel stresses, stress values of the panel

element in the x− y coordinate system are derived as follows:

σx =
σcx′ + σcy′

2
+
σcx′ − σcy′

2
· cos2θcrA + ρsx · σsx (2.6)

σy =
σcx′ + σcy′

2
− σcx′ − σcy′

2
· cos2θcrA + ρsy · σsy (2.7)
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τxy =
σcx′ − σcy′

2
· sin2θcrA (2.8)

At the point where the tensile strain in the first fixed strut direction goes beyond

the cracking strain of the concrete (εc0 + εtin Figure 2.2), the second crack is formed in

perpendicular direction to the original (first) crack, due to the zero aggregate interlock

assumption (Figure 2.1c). With continuous loading in subsequent steps, the two “fixed

struts” (first and second) work in tension or compression interchangeably, related to

the direction of the principal strains resulting from the applied strain fields on the

panel element. Uniaxial strains of concrete along the first and second crack directions

are again derived similarly. Steps described above for the first crack are similarly

applied for the membrane model having two cracks formed. Compression softening and

biaxial damage parameters are again considered in this step. Similar to the previous

step, stress values for reinforcing steel bars are calculated and superimposed with the

softened concrete stress to obtain panel element stress values. All three stages of panel

responses are summarized in Figure 2.1 below.

Figure 2.1. Concrete behavior in the Fixed Strut Angle Model: (a) uncracked, (b)

after formation of first crack, (c) after formation of second crack.
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2.2. Material Constitutive Models

State-of-the-art hysteretic material models and behavioral constitutive relation-

ships that are existent in the original formulation of the FSAM by Ulugtekin (2010)

are summarized herein. Some of these relationships also simulate physical observa-

tions such as biaxial damage on concrete, tension stiffening or compression softening

in concrete.

2.2.1. Constitutive Material Model for Concrete

The uniaxial nonlinear hysteretic model (Figure 2.2) first developed by Chang

and Mander (1994) was implemented in the FSAM formulation as it considers critical

behavioral characteristics of concrete such as hysteretic behavior under cyclic compres-

sion or tension, impacts of gradual crack closures or tension stiffening and progressive

stiffness degradation with the incremented strains under loading. Model proposed by

Chang and Mander is an enhanced, generalized, and non-dimensional model which

makes it feasible to simulate the hysteretic behavior of concrete with different features

(e.g. confined, unconfined and standard/higher strength concretes both in tension and

compression).

In the Chang and Mander model (1994), envelope for the stress strain relationship

is defined by a monotonic curve and the concrete under tension is described similar to

the cyclic behavior in compression. Slope of stress-strain behaviour at the origin as

well as the shape before and after peak stress are all controlled by the model envelopes

for tension and compression. Model needs to be carefully calibrated as shape of the

envelopes can be modified while keeping the peak stresses and corresponding strains

fixed. Chang and Mander (1994) used the widely accepted formulations derived by

Tsai (1988) for defining the compression and tension envelopes.

For derivation of the cyclic parameters of concrete under compression, Chang and

Mander (1994) carried out a set of statistical regression analyses on a large dataset. The

analyses carried out using the large dataset, including experimental results available in
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the literature (e.g. Sinha et al. (1964), Karsan and Jirsa (1969), Spooner and Dougill

(1975), Okamoto et al. (1976) and Tanigawa and Uchida (1979)), allowed Chang and

Mander (1994) to derive a set of empirical relationships for main hysteretic parameters

(e.g. stress and strain offsets at compression envelope, secant and plastic stiffness

during unloading).

Figure 2.2. Constitutive Material Model for Concrete (Chang and Mander 1994).

2.2.2. Constitutive Material Model for Steel Reinforcement

The uniaxial stress strain relationship for reinforcing steel bars developed by

Menegotto and Pinto (1973) and extended by Filippou et al., (1983) to incorporate

isotropic strain hardening was implemented in the FSAM for being a practical yet

accurate constitutive material model. As shown in Figure 2.3, the stress strain rela-

tionship proposed by Menegotto and Pinto (1973) is not linear during the cyclic loading

as reversal points are connected by curved lines. These curved lines are bounded by

two straight line asymptotes, one being a straight line with a slope of Eo (modulus

of elasticity) and the other being a straight line with a slope of E1 (yield modulus).

Strain hardening ratio (b) is also represented as follows:

b =
E1

Eo
(2.9)
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As these two asymptotes are connected using curves rather than linear lines, a

shape parameter for defining the curvature is also defined. The curvature parameter (R)

calculated by the following equation is also employed for reflecting the Bauschinger’s

effect.

R = R0 −
a1.ξ

a2 + ξ
(2.10)

Figure 2.3. Constitutive Material Model for Reinforcing Steel (Menegetto and Pinto

1973).

2.2.3. Compression Softening of Concrete

Based on experimental observations of researchers, like Vecchio and Collins (1986),

a reduction factor for the compressive stresses in concrete across the principal com-

pression directions of reinforced concrete panel elements was introduced for modeling

purposes. This compression softening phenomenon resulted from the tensile strains

which occur along perpendicular principal directions. Other researchers (e.g., Vecchio

and Collins 1993 and Belarbi and Hsu 1995) also reduced the strain value correspond-

ing to the peak compressive stress. Despite the fact that most of these constitutive

models were employed for monotonic loading conditions, they were also used in various

cyclic analysis methods (e.g. Vecchio and Collins 1993 or Belarbi and Hsu 1995).
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Although more complex models were proposed by researchers such as Vecchio

and Collins (1993) (“Model A”) or Belarbi and Hsu (1995), a simpler yet reasonably

accurate model, “Model B” (Vecchio and Collins, 1993), was implemented to FSAM’s

formulation. “Model B” is simpler because it only reduces the peak compressive stress

(Figure 2.4), whereas “Model A” by Vecchio and Collins (1993) or mode by Belarbi

and Hsu (1995) modifies both the peak compressive stress and the corresponding strain

values.

Figure 2.4. Compression Softening Effect based on Model B (Ulugtekin 2010).

2.2.4. Tension Stiffening Effect on Concrete and Steel

With cracking of concrete, a physical phenomenon called the tension stiffening

may be observed, usually caused by the concrete that still surrounds the reinforcing

bars which increases the tensile resistance of the cracked element. As implied by its

definition, tension stiffening is effective in the post-cracking behavior of concrete as well

as on yield capacity, shear characteristics and post-cracking stiffness, as demonstrated

by researchers; Vecchio and Collins (1988), Stevens (1987), Collins and Mitchell (1991),

Belarbi and Hsu (1994), Pang and Hsu (1995), Hsu and Zhang (1996), Mansour et al.,

(2002), Hsu and Zhu (2002).

As can be seen in the upcoming sections of this thesis, two set of experimental

programs were used for testing the model results. In order to validate the FSAM,

two alternative tension stiffening models were implemented. Tension stiffening model
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proposed by Stevens (1987) used for capturing the responses of the specimens used

in the researcher’s study whereas tension stiffening model proposed by Belarbi and

Hsu (1994) employed for simulating the responses of the specimens tested by Man-

sour and Hsu (2005). Model proposed by Stevens (1987) assumes the average tensile

stress-strain behavior of concrete as linear until cracking, and after cracking evolving

into an exponential curve. In the model proposed by Belarbi and Hsu (1994) (Figure

2.5), similar to Stevens (1987), the average tensile stress-strain behavior of concrete is

assumed to be linear until cracking, however, a descending curve is assumed.

Model proposed by Belarbi and Hsu also differentiates the average stress strain

relationships of bare bars from bars surrounded by concrete (Figure 2.6). Main differ-

ences can be summarized as: (i) reducing the yield stress after steel stress (cracking

section) surpasses yield strength of the bare bar and (ii) lowering the average shear

stress distributed along the element compared to the yield stresses of the bare bars.

RC panel experiments and data collected from those experiments demonstrate that the

diminished yield stresses (effective yield stress) of bars surrounded by concrete can be

linked empirically to the cross-sectional area of longitudinal reinforcement, concrete

cracking stress to steel yield stress ratio and steel elastic modulus to concrete elastic

modulus ratio.

Figure 2.5. Average stress-strain relationship by Belarbi and Hsu (1994) for concrete

in tension.
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Figure 2.6. Average stress-strain relationship by Belarbi and Hsu (1994) for

reinforcing bars embedded in concrete.

The reason that two different constitutive models for tension stiffening were used

in the formulation for comparison of model results with test results is that the tension

stiffening model is not a unique attribute of the. The researchers (Mansour (2001)

and Stevens 1987) who conducted the panel tests considered in this study (for experi-

mental validation of the) have stated that the two tension stiffening models (Hsu 1994

and Stevens 1987) best represent the experimentally observed of their test specimens.

Therefore, the was experimentally validated for the two respective test programs, with

the two respective tension stiffening models in its formulation, for a more consistent

evaluation of its performance.

2.2.5. Biaxial Damage on Concrete

Impacts of cyclic damage on concrete subjected to biaxial loading is also taken

into account in the FSAM formulation, which also improves the model formulation by

considering another critical behavioral phenomenon. Similar to compression stiffen-

ing parameter, cyclic damage on concrete subjected to biaxial loading is applied by a

damage coefficient. However, since this coefficient is a cyclic-strain-history-dependent

parameter, it is not used in the analysis of reinforced concrete membrane elements sub-
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jected to monotonic loading. This coefficient is only valid for biaxial loading situations

as it is a parameter that considers the impacts of recorded or historical compressive

strains perpendicular to compressive stress directions along compression struts.

Similar to the approach used for incorporating tension stiffening in the FSAM,

two alternative empirical models available in literature for the damage coefficient 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 com-

parison of model results with tests by Mansour, 2001). 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. Details of these biaxial damage parameters are presented in

the study by Ulugtekin (2010).

2.3. Nonlinear Analysis Solution Procedure

The FSAM formulation which is improved in this study to consider shear stress

transfer across cracks was implemented in Matlab (2012) with a nonlinear displacement-

controlled solution strategy for conducting analysis of reinforced concrete panel el-

ements. An interpretation of the “arch-length” method with a displacement based

iterative procedure (Clarke and Hancock 1990, Simons and Powell 1982) was followed.

Briefly, the solution approach can be explained in two main parts, first one is the

“incrementation stage” and the second one is the “equilibrium stage”. Incrementation

stage is used for loading the system while the equilibrium stage is used for satisfying

the equilibrium conditions between internal and external forces related to the imposed

conditions. The solution strategy employed is presented in Figure 2.7 and Figure 2.8.
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Figure 2.7. Representation of the Nonlinear Analysis Solution Strategy for a Single

Degree of Freedom System (Clarke and Hancock, 1990).

Figure 2.8. Iterative Strategy and Residual Displacements (Clarke and Hancock,

1990).
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3. MODEL IMPROVEMENT THROUGH

IMPLEMENTATION OF SHEAR RESISTING

MECHANISMS ACROSS CRACKS

Improvements made on the constitutive panel model aims to better simulate the

behavior of RC panel elements subjected to generalized, in-plane, reversed-cyclic load-

ing by incorporating behavioral models that account the originally neglected shear

stresses along the crack surfaces. Such improvements are made by way of introduc-

ing certain behavioral responses, which are friction based shear aggregate interlock

(τagr), dowel action on reinforcing steel bars (τD) and the degradation of these shear

resistance mechanisms due to cyclic loading conditions (i.e. cyclic degradation). After

superimposing the resultant stresses (which occur due to shear transfer mechanisms in-

corporated) with the concrete stresses developing along the crack directions, as shown

in Equation 3.1, model is expected to yield more accurate results and demonstrate the

impacts of accounting such behavioral features.

τtotal = τagr + τD (3.1)

One of the main assumptions made in the FSAM formulation was the align-

ment of principal stress directions in concrete with the crack directions, implying that

shear stresses along cracks were zero, and contribution of shear aggregate interlock was

neglected. Shear aggregate interlock response is dependent on crack width and the

amount of slip deformation across crack surfaces and it occurs due to sliding across

crack surfaces. Additionally, dowel action on reinforcing steel bars also have an im-

pact on the overall behavior and response predictions of the model. Degradation of

these resultant shear stress contributions caused by cyclic behavior or loading condi-

tions should also be considered. Results of the studies conducted by Ulugtekin (2010)

demonstrates that neglecting shear aggregate interlock had an impact on shear stress

capacity predictions of the FSAM. Although results were still in an acceptable range,
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model underestimated shear capacity between 10%-20% (Ulugtekin 2010) for each of

the specimens investigated. As interpreted from the results of sensitivity analyses,

which are further explained in Section 4.3., it is also observed that the zero-aggregate

interlock assumption in FSAM formulation leads to exaggerated shear strains along

cracks for panel specimens with asymmetrical or inclined reinforcements.

3.1. Shear Aggregate Interlock Model

Under the impact of external loading conditions or due to existence of reinforcing

bars intersecting the cracks, normal stresses acting on the crack interfaces results in

shear transfer via friction. As shown in Figure 3.1, when the crack interface subjected

to shear displacement (s), deformations along the surface leads to frictional stress.

These deformations result in increase of the crack openings (w), which is restricted by

the reinforcing bars having response with a tensile force (σs.As). Due to the equilibrium

equations, tensile force is balanced by a counter-reacting force (i.e. compressive force

or Ac.σc) on the concrete close to the rebar. Normal compressive stress applied per-

pendicular to crack surface and influence of the transverse reinforcement to the shear

aggregate interlock mechanism is demonstrated in Figure 3.1. Researchers realized

the need for a shear transfer mechanism that can capture this physical phenomenon

and they have carried out extensive and various studies on this subject. One of these

studies was carried out by Tassios et al., (1987) in the National Technical University of

Athens, where numerous experiments were carried out under monotonic or cyclic shear

displacements for different types of crack interfaces (i.e. smooth vs. rough) in plain

concrete to investigate their responses. Vintzeleou and Tassios (1987) also indicated

that impact of cyclic loading on dowel response can be considered by adopting the

relationships proposed for monotonic loading.
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Figure 3.1. Qualitative Description of Friction Resistance, tau fr, besides Dowel

Resistance, D (Tassios et al., 1987).

Tassios et al., (1987) suggested that normal compressive stresses applying along

the crack surfaces and the contribution of the transverse reinforcement to the shear

resistance along cracks significantly differentiate depending on the types of crack sur-

faces. As smooth surfaces are less inuous or wavy, only smaller granules are existent

along the crack surface, hence dilatancies perpendicular to crack direction, if any, are

not substantial. In other words, regardless of the intensity of the applied displacement,

contribution of transverse reinforcements to shear resistance as described above does

not work on these types of surfaces. However, as aggregates that are sticking out of the

crack surfaces lead to interlock in rough surfaces, higher lateral dilatancies are observed

in crack surfaces with rough interfaces under shear displacements. As it is explained in

the previous paragraph, this would result in tensile forces along the rebars and depend-

ing on the degree of the resultant stress, contribution of transverse reinforcement to

frictional resistance could be a significant portion of the total resistance in these types

of surfaces. Moreover, a rough interface subjected to an external compression force

inherently provides higher shear resistance as more particles or aggregates interlocks

together with the additional compression.

In the paper by Tassios et al., (1987), impact of different types of surfaces to the

shear aggregate interlock mechanism were explained. Main observations were related
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to modes of deterioration and failure mechanisms of specimens according to smooth

and rough surfaces. Several parameters were scrutinized under the research program

including interface types (rough: natural, smooth, sand-blasted: obtained by sand

blasting of rough surfaces), concrete compressive strength and loading history. Test

results and observations stated by Tassios et al., (1987) are discussed within the scope

of this thesis. Cyclic test results provided by Tassios et al., (1987) for different interface

types are summarized below:

(i) Smooth surfaces: Except for the test having normal stress value of 2.0 MPa, test

results decreased by 30% in the second loading direction (Figure 3.2a) whereas

the same response was observed in both loading directions when normal stress

was kept at 2.0 Mpa. Cyclic degradation was not considerable (Figure 3.2a)

compared to degradation in response for other surface types, implying that the

smooth interface remained smooth during the entire loading history. In addition,

no pinching effect was observed, and hysteresis loops were quite large. Observed

crack openings were very small (< 0.2mm) although width of these cracks were

increasing throughout the loading steps (Figure 3.2b), explained by the left-over

particles (that were torn from the surface but still remained along crack surface)

that blocks the interface.

Figure 3.2. (a) Typical Hysteresis Loops for Smooth Interfaces Subjected to Full Slip

Reversals; (b) Typical Dilatancy vs. Shear Displacement Diagram for Cyclically

Loaded Smooth Interfaces (Tassios et al., 1987).

(ii) Rough surfaces (including sand blasted surfaces): Unlike the smooth surfaces,

response in the second loading direction was observed to be significantly lower

than of first loading direction, leading to asymmetry in the hysteresis loops (Fig-
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ure 3.3a). In following cycles, decreases in response becomes relatively marginal.

Crack dilatancy vs. slip deformation results for rough surface is presented in

Figure 3.3b. As shown in Figure 3.3a, following the loading reversals shear stiff-

ness decreases significantly and considerable pinching effect is observed in the

hysteresis loops. Residual slip deformation after unloading is almost same since

maximum shear slip for each loading cycle after unloading and the surface is not

rough anymore. In contrary to smooth surfaces, the cyclic degradation was signif-

icant as the aggregates that interlock the crack surface smoothen or deteriorate,

especially in first cycles where the deterioration of rough surfaces are consider-

able compared to subsequent cycles. As a result of severe cyclic degradation, the

lateral dilatancies and the crack width decreased as well (Figure 3.3b). It was

also revealed that cyclic degradation was a function of (a) normal stress applied

perpendicular to the crack surfaces and (b) maximum shear displacement applied

to the specimens.

Figure 3.3. (a) Typical Hysteresis Loops for Rough Interfaces Subjected to Full Slip

Reversals; (b) Typical Dilatancy vs. Shear Displacement Diagram for Cyclically

Loaded Rough Interfaces (Tassios et al., 1987).
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Figure 3.4. Rough Interfaces: Decrease of Maximum Friction Coefficient Due to

Cycling as Function of Normal Stress and for Several Normalized Displacement

Ratios (sn/su) (Tassios et al., 1987).

Based on the test results summarized above, empirical models that are applicable

for both surface types under monotonic and cyclic loading conditions were proposed

by Tassios et al., (1987). Degradation parameters for rough (Figure 3.4) and smooth

interfaces (Figure 3.5) are presented herein. For rough interface degradation parameter

in shear stress capacity is calculated by the following equation: where τ(fr, 1) is not

fixed and could be any shear stress (friction) observed under σc.

τfr,n = τfr,1

1−

0.002 (n− 1)

(
σc
fcc

)−1 (
sn
su

)1/3
 (3.2)
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Figure 3.5. Maximum Friction Coefficient for Rough Interfaces as Function of Normal

Stress Normalized to Concrete Compressive Strength (Tassias et al., 1987).

Cyclic degradation parameters for shear stress in smooth interface is given by:

τfr,n = τfr,1

(
1

7

√
n− 1

)
; ifsn > su (3.3)

where

τfr,1 = 0.40σc (3.4)

Figure 3.6. Formalistic Models for Shear Transfer Against Smooth Interfaces

Subjected to Cyclic Actions: (a) For Low Normal Stresses; (b) for High Normal

Stresses Acting on Interface (s in mm and σc in MPa) (Tassios et al., 1987).
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Based on the study by Tassios et al., (1987), original FSAM formulation was

first extended by Orakcal et al., (2012) by incorporating a simple friction-based aggre-

gate interlock constitutive model (Figure 3.6). As can be seen in Figure 3.6, adopted

friction-based aggregate interlock model proposed by Orakcal et al., (2012) relates the

sliding shear strain (γ′xy
′) to the resultant shear stress (τ ′xy

′) by an elasto-plastic model,

similar to test results provided by by Tassios et al., (1987) for smooth interfaces. How-

ever, cyclic degradation parameters were not employed in the study by Orakcal et al.,

(2012). Model for friction-based shear aggregate interlock demonstrating elasto-plastic

behavior under constant compressive stress (σ⊥c=constant) as shown in Figure 3.6 is

similar to reinforcing steel model. As shown in Equation 3.4, the initial slope of the

elasto-plastic strain vs. stress curve was equal 0.4 times the elastic shear modulus of

concrete (E(c) ).

GC = 0.4.Ec (3.5)

It is important to mention that when the concrete normal stress perpendicular to

the crack direction is tensile, in other words if the crack is open as shown, the resultant

shear stress becomes zero. However, when the normal stress turns into compression

(crack is closed), the shear stress becomes a value calculated as shown in Equation 3.5

below, which is related to the friction coefficient(η).

τx′y′ = η.σ⊥c (3.6)

The friction coefficient may vary for each of the specimens based on their phys-

ical properties (e.g. reinforcement alignments and ratios) or test setup (e.g. loading

conditions). Sensitivity studies for the improved model to the friction coefficient is con-

ducted with further details in the next chapter (Chapter 4). Specimens were calibrated

with their optimum friction coefficients, which are derived in Section 4.3. According

to calibrated friction coefficients for each of the specimen model predictions were com-

pared against test results in the following sections of the same chapter (Chapter 4,
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Section 4.4 and Section 4.5).

Figure 3.7. (a) Strains and stresses along a crack, (b) Friction-based constitutive

model for contribution of concrete stress to aggregate interlock (Gullu and Orakcal,

2017).

3.2. Dowel Action Model on Reinforcing Bars

Second improvement was the incorporation of dowel actions for both horizontal

and vertical rebars via implementation of a simple origin-oriented relationship in the

form of a monotonic envelope of the dowel stress vs. strain as proposed by He and Kwan

(2001). Reason for implementing an origin-oriented model with the monotonic envelope

by He and Kwan (2001) lies in its simplicity. The proposed modeling approach in the

study by He and Kwan (2001) allows easy integration to another analytical models as

it was derived on a smeared crack approach making it compatible with most membrane

models available in the literature.

As illustrated in Figure 3.7a, distortion of reinforcing bars leads to transverse

shear forces and contra-flexural bending moment, as concrete blocks slide in reverse

directions. He and Kwan (2001) formulates the dowel deformation and the dowel force

as follows:

∆dow = l.γxy (3.7)
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Vd = Kd.∆dow (3.8)

where Kd is the secant stiffness for dowel model of the reinforcing bar. Effective dowel

length l in the equation above is calculated as:

l =
π

λ
(3.9)

where

λ = 4

√
kcdb

4EsIs
(3.10)

In equations above, Es represents the modulus of elasticity for steel, Is represents

the moment of inertia of the bar, λ represents relative stiffnes of the foundation and

kc is the foundation modulus of the surrounding concrete.

In the paper by He and Kwan (2001) every reinforcing bar was assumed as a

separate beam by implementing the “beam on elastic foundation” theory proposed by

Hetenyi (1958). The theory proposed by Hetenyi (1958) suggested that the foundation

could be treated as a bed of Winkler springs (Figure 3.7b), meaning that at any selected

point along the foundation, the reacting forces are proportional to the deflection.

Figure 3.8. (a) Analysis of dowel action using “beam on elastic foundation” theory

(He and Kwan 2001).
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If half the bar from the cross section where contra-flexion was observed is con-

sidered, it is reasonable to treat the bar as a semi-infinite beam with force (Vd) acting

on one end. Solving the beam analytically for a beam on an elastic foundation, the

following value is obtained:

Vd = EsIsλ
3∆dow (3.11)

Before reaching the capacity of the dowel model, dowel force-displacement relation-

ship is considered to be linear elastic whereas this relationship turns into plastic upon

reaching capacity. Once the capacity is reached, the surrounding concrete crushes lo-

cally and/or the reinforcing bars start yielding. Tests carried out by Dulacska (1972)

resulted with the following relationship for estimating the dowel force capacity:

Vd = 1.27d2
b

√
|f ′c| |fy| (3.12)

In addition, using the “smeared” stress approach, dowel stress is smeared across the

crack surface, and represented as follows:

τ dxy =
ρs
AS

.Vd (3.13)

where ρs and AS represent the reinforcement ratio in crack direction and the sectional

area of reinforcement, respectively. In cases where the reinforcing bars are not along

the principal axes, following equation are used to obtain the tensile and shear stresses

across the cracks.

[
σd1
τ d12

]
= [Td]

t

 ρx
Asx

Kdxlx 0

0 ρy
Asy

Kdyly

 [Td]

[
ε1

γ12

]
(3.14)

where

[Td] =

 cos θ sin θ cos2θ

cos θ sin θ −sin2θ

 (3.15)
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The presented dowel action model is similar to the model proposed by Vintzeleou

and Tassios (1987) and was also used in the improved FSAM to estimate the dowel

force reaching (Figure 3.8a). The results of the tests carried out by Dei Poli et al.,

(1992), Dulacska (1972) and Vintzeleou and Tassios (1987) suggests that the relation-

ship between the dowel force and displacement could be interpreted as linear elastic

before reaching capacity.

Figure 3.9. (a) Dowel action model (b) Illustration of dowel action.

Cyclic degradation parameters for aggregate interlock effects may increase the

contribution of dowel action within the global shear transfer mechanism, also effecting

the response of the panels. Absence of dowel action model in the FSAM formulation

may have a significant impact on the global and local results. As shown in Figure

3.9a, parameters like bar diameter, material strengths, reinforcement ratio and effective

dowel length were used to define the empirical dowel strength and stiffness values.

Based on the detailed studies available in the literature, hysteretic rules were also

defined as origin-oriented, for simplicity in hysteretic dowel action model formulation.

3.3. Cyclic Degradation Parameters

Final improvement to the FSAM was conducted by introducing cyclic degrada-

tion parameters for the shear aggregate interlock and dowel action models. Cyclic

degradation parameters incorporated in the FSAM originated from cyclic constitu-

tive degradation relationships developed by Vassilopoulou and Tassios (2003), which is

based on the studies by Tassios and Vintzileou (1986) for dowel action and Tassios and

Vintze-leou (1987) for shear aggregate interlock. Cyclic degradation parameters were
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linked to the number of cycles employed throughout the entire loading history (Figure

3.10). This original model was further extended by Thermou et al., (2014), including

the introduction of an arbitrary number for cycles which shifted the dependency of the

model from actual number of cycles to cumulative and maximum slip.

neq =
1

4

( ∑s

|smax|
+ 1

)
(3.16)

Figure 3.10. Response to symmetric cyclic loading: (a) friction and (b) dowel

(Thermou et al., 2014).

Implementing the number of cycles in the cyclic degradation equations in Fig-

ure 3.10, cyclic degradation parameters were finally adopted in this study for shear

aggregate interlock and dowel action models as shown in equations below. The pa-

rameters in the equations below are as follows: Σ∆ representing total slip deformation,

smax representing the maximum slip deformation, ∆max representing the degradation

parameter (as introduced in Greek Code of Interventions (KAN.EPE) 2013) and ∆u

equals to 2mm.

τc r a c k, d e g = 1− 0.05α

√
Σ ∆ / |∆m a x|+ 1

4

(
f ′c
σc⊥

)1/2( |∆ m a x|
∆ u

)1/3

(3.17)
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Vd o w, d e g = 1− α1

7

√
Σ ∆ / ∆ m a x + 1

4
(3.18)

Since cyclic degradation parameters are defined based on the stress vs. strain

relationship, in the formulation of the FSAM, shear strains are modified to shear de-

formations across the crack interface. Shear strains (γcrack) developed along crack

surface are multiplied with the calculated nominal crack spacing (s), as defined in the

papers by Vecchio and Collins (1986) and Vecchio (2000), to obtain slip deformations

at the crack interface. Slip deformation along the crack interface and related nominal

crack spacing is calculated by the following equations:

∆ c r a c k = γc r a c k s (3.19)

s =
1

sin θ
sx

+ cos θ
sy

(3.20)

where θ is the crack angle, and sx and sy are defined as the distance between horizontal

reinforcing bars and vertical reinforcing bars, respectively.

Figure 3.11 and Figure 3.12 show the constitutive cyclic relationships finally

adopted in this study for shear aggregate interlock and dowel action mechanisms. In

Figure 3.11, the origin-oriented hysteretic dowel action on reinforcements and cyclic

degradation parameters reducing the shear stresses are presented. Friction-based shear

aggregate interlock model with cyclic degradation parameters are illustrated in Figure

3.12.

The improved FSAM formulation, with the new constitutive models for shear

aggregate interlock and dowel action mechanisms, was used to conduct the following

parametric sensitivity studies, as well as for global and local comparisons between

model predictions and test results on RC panel specimens. Validation of the improved

model with test results is discussed in the following chapter.
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Figure 3.11. Implemented origin-oriented model for dowel action with cyclic

degradation.

Figure 3.12. Implemented friction-based model for shear aggregate interlock with

cyclic degradation.
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4. COMPARISON OF MODIFIED MODEL RESULTS

AND PARAMETRIC SENSITIVITY ANALYSES WITH

EXPERIMENTAL PROGRAMS

Validation of the model against test results is presented in this chapter. Panel test

specimens used for model validation are first described, thereon parametric sensitivity

analyses conducted for the specimens sensitive to the coefficient of friction in the shear

aggregate interlock model. and their results are discussed. Global and local response

predictions of the model with the individual values of coefficient of friction for each of

the panel specimens are also presented going forward.

4.1. Properties of panel elements tested by Stevens (1987)

All of the panel tests by Stevens (1987) were conducted under stress control. Test

panels were square, with 1625x1625 mm dimensions and 285 mm thickness (Figure 4.1).

The test equipment was configured for loading principal (normal) stresses on the panel

specimens. All panel reinforcements were arranged orthogonally in x and y directions,

with reinforcement ratios being ρz and ρy. Material properties, reinforcement ratios,

and loading characteristics of the test program are listed in Table 4.1. In this exper-

imental program, there were two different 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 reinforcement

ratio on the response (ρz = 0.03, ρy = 0.01 for SE8 and SE10; ρz = ρy= 0.03 for SE9).
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Table 4.1. Parameters of the panel elements tested by Stevens (1987).

Panel Specimen SE8 SE9 SE10

σx=0 σx=0 σx = −|τxy/3|

Loading Type σY =0 σY =0 σy = −|τxy/3|

τxy : Reversed Cyclic τxy : Reversed Cyclic τxy : Reversed Cyclic

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-Feb 2.0

εt 0.0001 0.0001 0.00013

Figure 4.1. Specimen dimensions (mm) and application of stresses et al., 1991).

4.2. Properties of panel elements tested by Mansour and Hsu (2005)

There are two important characteristics of the experimental program by Mansour

(2005). First, these tests (12 full-size reversed cyclic panel tests) were performed under
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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 compression. Second, the test program was aimed

to investigate the effect of reinforcement ratio to the overall behavior (i.e., ρz =ρy =

0.0077 for CA2; ρz =ρy = 0.017 for CA3; ρz =ρy = 0.027 for CA4), asymmetry of

reinforcement ratio in the orthogonal directions (i.e., ρz = 0.017,ρy = 0.0077 for CB3;

ρz = 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 different 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 1397x1397 mm dimensions and 178 mm thickness. The testing

was configured for application 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 loading), in pure normal stresses (CE series - reinforcement

parallel to external loading) and combined normal and shear stresses (CD series -

X reinforcement at 68.2◦ relative to one of the external loading directions). Material

properties, steel reinforcing ratios, and loading characteristics of the test specimens are

described in Table 4.2 Figure 4.2 to Figure 4.4 illustrate dimensions and orientation

of reinforcing bars for each panel series and Table 4.3 summarizes the reinforcement

angles relative to the applied stress for each panel series tested by Mansour and Hsu

(2005).



38

Table 4.2. Parameters of the panel elements tested by Mansour and Hsu (2005).

Panel Specimen CA2 CA3 CA4 CB3 CB4 CD4 CE4

σx=0 σx=0 σx=0 σx=0 σx=0 σx=1.05 τxy σx=RC

Loading Type σy=0 σy=0 σy=0 σy=0 σy=0 σy=1.05 τxy σy= −σx
τxy : RC τxy : RC τxy : RC τxy : RC τxy : RC τxy : RC 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] 2.2 2.2 2.2 2.2 2.2 2.2 2.2

εt 0.00008 0.00008 0.00008 0.00008 0.00008 0.00008 0.00008

As presented in Table 4.2 above, loading conditions varied depending on the angle

which applied the principal strains on the panel elements.

Table 4.3. Reinforcement alignment angles relative to the applied principal stress for

different panel series tested by Mansour and Hsu (2005).

Panel Series: CA-series & CB-series CD-series CE-series

Reinforcement Angle
α2 = 45o α2 = 68.2o α2 = 90o

(α2) vs. Applied Stress

Figure 4.2. Steel bar orientation in panels of CA-series and CB-series (α2 = 45o)

(Mansour and Hsu 2005).



39

Figure 4.3. Steel bar orientation in panels of CD-series (α2 = 90o) (Mansour and Hsu

2005).

Figure 4.4. Steel bar orientation in panels of CE-series (α2 = 68.2o) (Mansour and

Hsu 2005).

4.3. Parametric Sensitivity Analyses on Selected Specimens

In this study, a set of comprehensive parametric sensitivity analysis were carried

out on selected specimens (SE8 and SE10 from Stevens, 1987; CB3, CB4 and CD4

from Mansour and Hsu, 2005). These specimens were selected from 15 different panel

tests (12 from Mansour and Hsu, 2005; and 3 from Stevens, 1987) since these five

(5) specimens were susceptible to the friction coefficient defined in the model, which

was identified as the only variable impacting model results. Since panel series were
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constructed in consideration of different parameters (e.g., different reinforcement con-

figurations and loading conditions), it is reasonable to study the sensitivity of these

panel specimens to the friction coefficient that was defined in the model.

Ranges of friction coefficients that can capture the overall behavior of each se-

lected specimen were defined. Analyses were conducted using these pre-defined set of

friction coefficients, ranging from 0 to 0.25, with increasing increments of 0.05. Model

predictions with these friction coefficients in the range of 0:0.05:0.25 are presented in

Figure 4.5 to Figure 4.9. All model estimations were compared with test results pro-

vided by Stevens (1987) or Mansour and Hsu (2005). A summary of the parametric

sensitivity studies carried out and optimum friction coefficients identified for each of

the specimen are available in Table 4.4. As presented in Table 4.4, it was seen that

only five specimens (SE8, SE10, CB3, CB4 and CD4) were sensitive to the coefficient

of friction defined in the model. In that sense, these five specimens were tested for

different friction coefficients and the results are discussed in the following sections.

Table 4.4. Parametric Sensitivity Matrix summarizing sensitivity programme and

optimal results.

S1/FC2 SE8 SE9 SE10 CA2 CA3 CA4 CB3 CB4 CD4 CE4

Series Stevens (1987) Mansour and Hsu (2005)

0.00 -3 03 - 0 0 0 - - + 0

0.05 + 0 - 0 0 0 - - - 0

0.10 - + - 0 0 0 - - - 0

0.15 - 0 + 0 0 0 - + - 0

0.20 - 0 - + + + + - - +

0.25 - 0 - 0 0 0 - - - 0

4.3.1. Sensitivity Studies for Specimens Tested by Stevens (1987)

Parametric sensitivity results provided by the improved FSAM conducted for

specimen SE8 (Stevens 1987) using a pre-defined set of friction coefficients (in the
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range of 0:0.05:0.25) are presented in Figure 4.5 . As a result of the analyses carried out

using different friction coefficients, it was observed that the optimal friction coefficient

for specimen SE8 is equal to 0.05. Model predictions at global and local response

levels using this friction coefficient (η=0.05) are presented in Section 4.4. At first

glance, it seems that using a zero-friction coefficient (η=0.00) yields better results for

the shear stress capacity in the positive load direction; however, wwhen the model

results are carefully investigated, it is seen that Figure 4.5a shows that using zero-

friction coefficient underestimates the negative shear capacity and fails to capture the

cyclic behavior pattern of the experimental results whereas a friction coefficient of 0.05

better captures the cyclic behavior pattern with minor capacity overestimations in

higher cycles.

Figure 4.6 presents the parametric sensitivity results for specimen SE10 (Stevens

1987) using the same set of friction coefficients with specimen SE8 (in the range of

0:0.05:0.25). Comparisons of model and test results presented in Figure 4.6 reveals

that friction coefficients in the range of 0 to 0.05 do not yield optimal results. Selecting

the optimal friction coefficient for this specimen is not as straightforward as other

specimens investigated. Although selecting higher friction coefficients (e.g. coefficients

larger than 0.20 or 0.25) seems to capture the shear stress capacity, degradation in

the last cycle was not well-simulated using these parameters. Therefore, 0.15 was

selected as the optimal friction coefficient despite the minor underestimation of the

shear capacity compared to Figure 4.6e and Figure 4.6f.

Specimen SE9, which is symmetrically reinforced and subjected to a pure shear

stress state, model results are not sensitive to the value of the friction coefficient,

since shear strains do not develop along the cracks. In the case of Specimen SE10,

although it is non-symmetrically reinforced (similar to SE8), the normal stresses applied

on the specimen reduce the impact of the friction coefficient on the model response,

1S: Specimen.
2FC : Friction Coefficient (η).
3(-) sign means an analysis was made with the corresponding coefficient but results were not

optimum.
4(0) means friction coefficient doesn’t impact the model results.
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best fit for the shear stress-strain response is obtained when the friction coefficient is

defined as 0.15 and for specimen SE8 it is 0.05. Average of the all optimal aggregate

interlock friction coefficient values for the specimens tested by Stevens (1987) is equal

to 0.10. Same friction coefficient was also used in the study conducted by Orakcal

et al., (2012), where in the underlying model of that study dowel action and cyclic

degradation parameters were neglected. It was observed that average of the optimal

friction coefficient for these three specimens did not change significantly, implying that

accounting dowel action with cyclic degradation parameters balanced each other to

some extent and resulting in the same friction coefficient of 0.10 for this panel series.

4.3.2. Sensitivity Studies for Specimens Tested by Mansour et al., (2005)

Parametric sensitivity studies for the coefficient of friction (in the range of 0:0.05:0.25)

for specimens CB3, CB4 and CD4 presented in Figure 4.7 to Figure 4.9, respectively.

As shown in Figure 4.7, using a friction coefficient smaller than 0.20 resulted in an

underestimation of the shear capacity. Although this discrepancy decreased when a

friction coefficient close to 0.20 was used, whereas model predictions did not change

significantly when a friction coefficient larger than 0.20 was used. Based on these

observations, the optimal friction coefficient was selected as 0.20 for specimen CB3.

Sensitivity analyses carried out using relatively high (0.20 and 0.25) and low (zero

to 0.05) friction coefficients indicate that moderate (relatively) coefficients provides

better simulation for specimen CB4. Using higher coefficients result in overestimation

of the shear capacity in all cycles, whereas using lower coefficients fail to capture the

shear capacity by underestimating it in initial cycles and overestimating it in later

cycles, as well as the degradation in higher strain levels are not simulated by low

friction coefficients. Although friction coefficients used in the parametric studies do

not dominate model predictions, friction coefficient of 0.15 was selected as the optimal

friction coefficient as it allows the model to capture the shear stress degradation of this

specimen. Figure 4.9 demonstrates that as the friction coefficient increases, shear stress

degradation in model predictions for higher cycles disappear, except that in the first

two cycles, the shear stress capacities do not change significantly. Model results suggest
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that using a friction coefficient of 0.00, which represents zero aggregate interlock due

to the frictional resistance, yields the best results in capturing the overall response

of specimen CD4. Since model incorporates other shear transfer mechanisms across

cracks (i.e. dowel action as suggested by He and Kwan (2001) with cyclic degradation

parameters applied as explained in the Chapter 3), having zero friction coefficient is

reasonable as the dowel action with the cyclic degradation parameters still capture

the overall behavior without consideration of elasto-plastic friction (as proposed by

Orakcal, 2012). Therefore, for this specimen a friction coefficient of 0.00 was selected

and the global and local response predictions of the model are presented in Section 4.4.

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 sym-

metry of the reinforcement. Differences in model results are observed for Specimens

CB3, CB4, and CD4. All model results presented for the test specimens by Mansour

(2005) are generated using a friction coefficient in the range of 0.15 to 0.20 (except

CD4). Similar to the tests by Stevens (1987), modification of the friction coefficient

noticeably changes the analytical response obtained for some of these specimens. A

friction coefficient of 0.20 was also used in the study by Orakcal et al., (2012), however

in this study dowel action and clamping effects as well as the cyclic degradation pa-

rameters were neglected. Similar to the specimens tested by Stevens (1987), optimal

friction coefficients for specimens tested by Mansour (2005) did not alter significantly

due to the implementation of dowel action with cyclic degradation parameters.

In conclusion, sensitivity studies provided optimal friction coefficients for each

specimen susceptible to the friction coefficient as presented in Table 4.5. Based on

the results and observations, an optimal range of friction coefficient was identified

for each panel series separately: 0.10 for SE-series and 0.15-0.20 for C-series (except

CD4). Similar to the discrepancy in tension stiffening behavior observed in these two

experimental programs (Bentz, 2005), the necessity of using different interlock friction

coefficients to obtain the best correlation between model and test results for the two

programs can be attributed to different shear aggregate interlock characteristics of the

specimens, such as maximum aggregate size of concrete and spacing of reinforcing steel
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bars.

Table 4.5. Optimal friction coefficients for each specimen susceptible to the friction

coefficient.

SE8 SE10 CB3 CB4 CD4

η 0.05 0.15 0.20 0.15 0.00

Figure 4.5. SE8 : Shear stress (MPA) vs. Shear Strain (y-x) graphs for different

friction coefficients compared with test data presented in the order of (a) η=0.00, (b)

η=0.05, (c) η=0.10, (d) η=0.15, (e) η=0.20, (f) η=0.25.
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Figure 4.6. SE10 : Shear stress (MPA) vs. Shear Strain (y-x) graphs for different

friction coefficients compared with original test data presented in the order of (a)

η=0.00, (b) η=0.05, (c) η=0.10, (d) η=0.15, (e) η=0.20, (f) η=0.25.
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Figure 4.7. CB3: Shear stress (MPA) vs. Shear Strain (y-x) graphs for different

friction coefficients compared with original test data presented in the order of (a)

η=0.00, (b) η=0.05, (c) η=0.10, (d) η=0.15, (e) η=0.20, (f) η=0.25.



47

Figure 4.8. CB4: Shear stress (MPA) vs. Shear Strain (y-x) graphs for different

friction coefficients compared with original test data presented in the order of (a)

η=0.00, (b) η=0.05, (c) η=0.10, (d) η=0.15, (e) η=0.20, (f) η=0.25.
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Figure 4.9. CD4: Shear stress (MPA) vs. Shear Strain (y-x) graphs for different

friction coefficients compared with original test data presented in the order of (a)

η=0.00, (b) η=0.05, (c) η=0.10, (d) η=0.15, (e) η=0.20, (f) η=0.25.

4.4. Model Predictions vs. Panel Test Results by Stevens (1987)

In this section, global and local response predictions of the model for specimens

SE8, SE9 and SE10 are presented using their optimum friction coefficients.
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4.4.1. Global Response of SE8

As shown in Figure 4.10, overall shear stress vs. shear strain response of specimen

SE8 is estimated by the improved model accurately. Since this specimen had asymmet-

rical reinforcement along x and y directions, the model was calibrated to determine an

optimal friction coefficient as explained in Section 4.3.1. It is observed that the red line

drawn by the model follows the path of the test data both during loading and unload-

ing curves, resulting in nearly overlapping results between model and test results. The

shear stress capacity was also captured in an acceptable range although it is slightly

overestimated (less than 10% difference compared to test data). Model prediction is

also in line with the stiffness characteristics of the specimen. Moreover, pinching effect

(which is generally associated with shear behavior) and cracking shear stress level are

also well captured by the model. Since Specimen SE8 had 1% reinforcement ratio in

the y direction and 3% in the x direction (see Table 4.1), while the reinforcement in y

direction yielded, the reinforcement in x direction remained linear elastic. Yielding of

reinforcement in y direction not only limited the capacity, but also generated a ductile

behavior for the specimen.

Figure 4.10. SE8: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.05.

For visualizing the results of the improved model compared to the results of the

original FSAM, a comparison graph is presented below. In the below figure, it is clearly
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observed that the model developed under the scope of this study provides improved

results compared to the original FSAM.

Figure 4.11. SE8: Comparison of Shear Stress vs. Strain graphs of Test Data vs.

Model and original FSAM using a friction coefficient of 0.05.

General behavior of Specimen SE9 is captured by the model with reasonable

accuracy (Figure 4.12). It is important to note that, unlike other specimens in test

specimens provided by Stevens (1987), specimen SE9 was not susceptible to the friction

coefficient defined in the model due to its symmetrical reinforcement configuration and

loading condition (which was pure shear). Therefore, the average of friction coefficients

used for specimens SE8 (0.05) and SE10 (0.15) was defined as the friction coefficient

(0.10) of this specimen during the analysis. 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 (Figure 4.12).The widths of the loading 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 estimated at 88% of the experimentally-measured

response. The main reason of this discrepancy may be attributed to variation in the

cyclic behavior of concrete, which governs the overall response of this specimen. 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 approximately 95% of the test
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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 identified.

Figure 4.12. SE9: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.10.

4.4.2. Global Response of SE10

Physically identical to SE8 (e.g., asymmetrical reinforcement ratios in both direc-

tions and thickness etc.), specimen SE10 had another controlling variable different from

SE8, which was the applied compressive normal stresses (σx and σy) during testing.

This specimen was unique due to its reinforcement configuration and loading condition.

Due to its asymmetrical reinforcement configuration, the FSAM was calibrated with

the optimal friction coefficient of 0.15 similar to SE8. Although shear stress capacity

is slightly underestimated, it is observed that overall behavior (e.g. cracking stress,

stiffness of the loading and unloading curves and pinching features) is well-predicted.
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Figure 4.13. SE10: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.15.

4.4.3. Local Responses of SE8

Local response predictions of the improved model for specimen SE8, including

normal strains in x and y directions, principal strain directions and principal stress

directions are compared with test results in this section. As illustrated in Figure 4.14

and Figure 4.15, normal strain history in both directions (x and y) are accurately

predicted by the model within an acceptable margin. Response predictions at critical

data points (e.g. sudden changes in recorded normal strain values) were also accurately

simulated by the model. Additionally, as shown in Figure 4.15, despite the existence of

fluctuations during loading, experimentally observed principal strain history for speci-

men SE8 is also reasonably presented. When the principal stress direction in concrete

versus panel shear stress behaviors are compared for Specimen SE8 (Figure 4.17), it

is observed that the model predictions for the principal stress direction in concrete

do not noticeably deviate from the two crack directions. Discrepancies between the

model predictions and test results may be attributed to the simplicity of the imple-

mented shear transfer mechanisms across cracks although it shows more complicated

behavior during the experiment as well as the reversals during loading/unloading of

the specimen. As mentioned above, predicted principal strain directions rotate with

the measured ones whereas predicted principal stress directions do not deviate with the
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measured ones. As expected, due to underlying assumption (fixed crack angles after

formation of cracks) and mechanism of FSAM (Ulugtekin 2010), the predictions of the

model successfully captured this behavior.

Figure 4.14. SE8: Comparison of Strains in X-direction of Test Data and Model using

a friction coefficient of 0.05.

Figure 4.15. SE8: Comparison of Strains in Y-direction of Test Data and Model using

a friction coefficient of 0.05.
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Figure 4.16. SE8: Comparison of Principal Strain Directions of Test Data and Model

using a friction coefficient of 0.05.

Figure 4.17. SE8: Comparison of Principal Stress Directions of Test Data and Model

using a friction coefficient of 0.05.

4.5. Local Responses of SE9

For specimen SE9, normal strain history in x-direction is well-predicted (Figure

4.18) whereas at later stages of loading the predicted normal strains in y-direction

deviates from the measured strain history (Figure 4.19). As presented in Section 4.1,

this specimen had symmetrical reinforcement and was subjected to pure shear stress

condition. Considering the identical reinforcement configuration in both orthogonal

directions for this specimen and observing that the predicted strain history in both
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orthogonal directions are nearly identical (red lines in Figure 4.18 and Figure 4.19),

deviations between test results and model predictions can be explained by the imper-

fections during the experiments. When the principal strain directions are compared

for this specimen, as depicted in Figure 4.20, test results are well-predicted by the

model. Model predictions for the principal strain directions are 45o and 135o, since

the pure shear stress state applied on the symmetrically reinforced specimen creates

a pure shear strain state, which is also observed in the test measurements. Also due

to the pure shear stress state applied on the symmetrically reinforced specimen, the

principal stress directions in concrete predicted by the model are naturally 45o and

135o during the entire loading history, which is also in agreement with the test results,

as shown in Figure 4.21.

Figure 4.18. SE9: Comparison of Strains in X-direction of Test Data and Model using

a friction coefficient of 0.10.

Figure 4.19. SE9: Comparison of Strains in Y-direction of Test Data and Model using

a friction coefficient of 0.10.
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Figure 4.20. SE9: Comparison of Principal Strain Directions of Test Data and Model

using a friction coefficient of 0.10.

Figure 4.21. SE9: Comparison of Principal Stress Directions of Test Data and Model

using a friction coefficient of 0.10.

4.5.1. Local Responses of SE10

For specimen SE10, it is observed that the normal strain history in y-direction

is well-predicted (Figure 4.23) by the improved FSAM whereas normal strain history

predictions in x-direction is relatively high compared to the measured strains. Nonethe-

less, the overall trend is accurately captured in x-direction (Figure 4.22). When the

principal strain directions are compared, as shown in Figure 4.23, the test measure-
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ments are predicted accurately by the model. The measured and predicted principal

stress directions in concrete (vs. shear stress on the panel) are compared in Figure 4.25.

Similarly to Specimen SE8, although there is experimentally-observed variation in the

direction of the principal concrete stresses with shear stress, as shown in Figure 4.25,

such variation is typically within the unloading and reloading branches of the response,

the upper and lower bounds of the measured principal stress directions do not vary

significantly with the magnitude of the shear stress, and are in good agreement with

model predictions, validating the modeling approach used.

Figure 4.22. SE10: Comparison of Strains in X-direction of Test Data and Model

using a friction coefficient of 0.15.

Figure 4.23. SE10: Comparison of Strains in Y-direction of Test Data and Model

using a friction coefficient of 0.15.
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Figure 4.24. SE10: Comparison of Principal Strain Directions of Test Data and

Model using a friction coefficient of 0.15.

Figure 4.25. SE10: Comparison of Principal Stress Directions of Test Data and

Model using a friction coefficient of 0.15.

4.6. Model Predictions vs. Panel Test Results by Mansour and Hsu (2005)

In this section, comparison of global and local response predictions with test

results for specimens CA2, CA3, CA4, CB3, CB4, CD4 and CE4 are presented using

their optimum friction coefficients.
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4.6.1. Global Response of CA2

As presented in Figure 4.26, model is capable of predicting the shear stress capac-

ity of this specimen with only minor overestimations in the last cycles. Other features

of the response including the shapes of the unloading and reloading curves, stiffness

characteristics, cracking stress values, and pinching behavior (to some extent) are cap-

tured with reasonable accuracy. As illustrated in Table 4.2, the specimen CA2 has

the lowest reinforcement ratio in both directions with a value of 0.0077. 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.

Figure 4.26. CA2: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.20.

For visualizing the results of the improved model compared to the results of the

original FSAM, a comparison graph is presented below. In the below figure, it is clearly

observed that the model developed under the scope of this study provides improved

results compared to the original FSAM.
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Figure 4.27. CA2: Comparison of Shear Stress vs. Strain graphs of Test Data versus

Model and original FSAM using a friction coefficient of 0.20.

4.6.2. Global Response of CA3

The analytical model accurately predicts the overall shear stress vs. shear strain

behavior of this specimen in terms of its stiffness, cracking stress, and pinching at-

tributes (Figure 4.28). Initiation of the degradation in shear stress capacity and rate

of degradation in shear stress capacity of the specimen are also well simulated by the

model. The slight difference between model and test results is mostly associated with

the shape of the envelope of the response, which was found to be influenced both by

the shape of the concrete stress-strain behavior in compression and the effective yield

strength of reinforcing steel. It should also be noted that this specimen had symmet-

rical reinforcement ratios in the x and y directions (see Table 4.2 above for details).
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Figure 4.28. CA3: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.20.

4.6.3. Global Response of CA4

Specimen CA4 had the largest reinforcement ratio, with the value of 2.7% in both

directions. The model well-predicts the overall shear stress vs. shear strain behavior

of this specimen well, only with slight discrepancies in cyclic stiffness characteristics

and rate of degradation in the last loading stages. Features including the pinching

effect, cracking stress, and shear stress capacity are all captured accurately (Figure

4.29). The shear stress capacity of the specimen is captured with 100% accuracy,

and similar to specimen CA3, model prediction for initiation of degradation in shear

stress capacity is in good correlation with test results. 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.
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Figure 4.29. CA4: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.20.

4.6.4. Global Response of CB3

As explained and illustrated in Section 4.3, unlike CA-series, specimen CB3 is

sensitive to the friction coefficient due to its reinforcement configuration (e.g., different

reinforcement ratios in x and y directions). Therefore, for specimen CB3, 0.20 was

defined as the optimal friction coefficient rather than using an arbitrary number. A

similar approach was taken with the other specimens that were not sensitive to the

friction coefficient. Compared to the predicted shape of the envelope of the response,

shear stress capacity was predicted with less error (having high accuracy in initial cycles

with some overestimation in later cycles). Specimen CB3 incorporated asymmetric

reinforcement, and the overall response predicted by the model appears to be governed

by yielding of reinforcement in y direction, having a lower reinforcement ratio (Figure

4.30) compared to its orthogonal direction. 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 is capable of capturing the degradation in

shear stress at high shear strains in positive loading direction.
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Figure 4.30. CB3: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.20.

4.6.5. Global Response of 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 (Figure 4.31). Shear

stress capacity is captured at the initial cycles but at higher strains model overesti-

mates test results, which may be attributed to the stress-strain envelope of concrete.

Nonetheless, some degradation in shear stress capacity is observed in model prediction

at the latest cycle in positive loading direction. As CB series are similar in terms of

their construction properties, specimen CB4 was also found to be sensitive to the fric-

tion coefficient defined in the model similar to specimen CB3. As explained in Section

4.3, an optimal friction coefficient of 0.15 was applied during the analysis of specimen

CB4.
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Figure 4.31. CB4: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.15.

4.6.6. Global Response of CD4

The model is capable of capturing the shear stress capacity and other behavioral

features with reasonable accuracy (Figure 4.32). Model provides perfect matches for

this specimen throughout the entire loading history including initiation of degradation

in shear stress capacity and rate of degradation in shear stress. As explained in Section

4.3, construction parameters or loading conditions may impact the specimen’s sensitiv-

ity to the shear friction coefficient. Specimen CD4 was subjected to a loading condition

unlike any other specimen covered in Mansour and Hsu’s experimental program, with

applied normal and shear stresses on the specimen concurrently. For this specimen

optimal friction coefficient was defined as zero (0), meaning that zero aggregate inter-

lock is considered in model predictions. However, dowel action model implemented in

the FSAM formulation with cyclic degradation parameter was employed in the model

predictions for specimen CD4. Finally, a careful examination of Figure 4.32 implies

that the response of concrete may have governed the behavior of this specimen.
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Figure 4.32. CD4: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.00.

4.6.7. Global Response of CE4

CE-series specimens were subjected to loading (normal stresses) parallel to the

reinforcement directions. The model for specimen CE4 model recovers most features

observed in the experimental response (stiffness, strength, hysteretic response), which is

governed by the uniaxial stress vs. strain behavior of the reinforcing steel bars (Figure

4.33). The shear stress capacity predicted by the model for this specimen correspond

to 100% of the experimentally-measured value, which validates the reliability of the

uniaxial stress-strain model implemented in the FSAM for reinforcing steel.
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Figure 4.33. CE4: Comparison of Shear Stress vs. Strain graphs of Test Data and

Model using a friction coefficient of 0.20.

4.6.8. Local Responses of CA Series Specimens

In this section, normal strains measured in x and y directions of representative

test specimens are compared 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 to a state of pure shear stress. The model results consistently show this type

of behavior, similar to the test results for the CA specimens, although some differences

are observed during the last cycles (Figure 4.34 to Figure 4.37). When the model

and test results are compared, the strain predictions in both x and y directions 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.
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Figure 4.34. CA2: Comparison of Strains in X-direction of Test Data and Model

using a friction coefficient of 0.20.

Figure 4.35. CA2: Comparison of Strains in Y-direction of Test Data and Model

using a friction coefficient of 0.20.
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Figure 4.36. CA3: Comparison of Strains in X-direction of Test Data and Model

using a friction coefficient of 0.20.

Figure 4.37. CA3: Comparison of Strains in Y-direction of Test Data and Model

using a friction coefficient of 0.20.

4.6.9. Local Responses of CB and CD Series Specimens

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 (Figure 4.38 to Figure 4.41). 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.
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Figure 4.38. CB4: Comparison of Strains in X-direction of Test Data and Model

using a friction coefficient of 0.15.

Figure 4.39. CB4: Comparison of Strains in Y-direction of Test Data and Model

using a friction coefficient of 0.15.
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Figure 4.40. CD4: Comparison of Strains in X-direction of Test Data and Model

using a friction coefficient of 0.00.

Figure 4.41. CD4: Comparison of Strains in Y-direction of Test Data and Model

using a friction coefficient of 0.00.
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5. CONCLUSIONS

5.1. Overview

This study focused on improving the formulation of previously-developed rein-

forced concrete panel model, named as the Fixed-Strut-Angle Model (Ulugtekin, 2010),

by incorporating an elasto-plastic shear aggregate interlock constitutive model along

crack surfaces, which also considers cyclic degradation in interlock stresses, as well as

by implementing an origin-oriented constitutive model for representing dowel action

on the reinforcing steel bars, also with consideration of cyclic degradation behavior, in

order to better represent the nonlinear hysteretic constitutive (stress vs. strain) behav-

ior of reinforced concrete panel (membrane) elements under plane stress state. Before

presenting optimal response predictions of the model, sensitivity analyses were con-

ducted for determination of the coefficient of frictions for specimens that were sensitive

to friction across cracks. Following the sensitivity analyses performed on five differ-

ent panel specimens which were identified to be sensitive to the friction coefficient,

ten panel specimens with the identified optimal friction coefficients were modeled and

analyzed using Matlab (2012). Global and local response predictions of the model

were compared with reinforced concrete panel test results provided by Stevens (1987)

and Mansour and Hsu (2005), for experimental validation of improved FSAM. Several

conclusions were derived based on the outcomes of this study and their interpretation.

5.2. Conclusions

Based on the analytical results presented in this study, the following conclusions

on the characteristics of the FSAM can be reached:

• The improved FSAM has proven to be a relatively simple constitutive model

that is capable of simulating the coupled axial/shear stress-strain behavior of re-

inforced concrete panel elements. Despite its simple formulation and well-defined

assumptions, results of the correlation studies conducted in this study indicate
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that the FSAM consistently provides reasonably accurate response predictions for

RC panels with various reinforcement configurations, subjected to various loading

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 stiff-

ness, cyclic stiffness degradation, ductility, pinching behavior, and failure mode

(crushing of concrete vs. yielding of reinforcement).

• Compared to the original FSAM formulation (Ulugtekin, 2010), which neglected

the shear transfer mechanisms across cracks, the improved model estimated shear

stress capacities and degradation in shear stress vs. strain behavior for most of the

panel specimens with improved accuracy, although the friction coefficient for shear

stresses along crack surfaces had to be optimized to reach the best correlations

between model predictions and test results for each individual specimen.

• Analysing the panel specimens with the improved model indicated that some

specimens were sensitive to the friction coefficient value used in the analyses,

whereas some of them were not influenced by this parameter. It was observed

that specimens with asymmetric reinforcement configuration between x and y

directions and inclined reinforcement configurations, as well as the specimens

subjected to complicated loading conditions are sensitive to the friction coefficient

value selected, since these specimens are prone to more pronounced levels of shear

stress transfer across cracks. Based on the analysis results, an optimal range of

friction coefficient was identified for each panel test series separately: 0.10 for the

SE-series specimens and 0.15-0.20 for most of the C-series specimens.

• Overall, the model was shown to be reliable in simulating the experimentally-

measured global (shear stress vs. strain) responses of the panel specimens in-

vestigated, as well as predicting the local responses of specimens, although the

accuracy of the local response predictions are subject to improvement.

• It was also observed that the improved model did not capture the shear stress ca-

pacities and/or degrading behavior in later cycles for certain panel specimens hav-

ing higher order of asymmetries in their orthogonal reinforcement ratios, meaning

the model is less suitable for similar panels (i.e. panels with high order of asym-

metrical reinforcements).
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5.3. Recommendations for Future Research

Considering the outcomes of this study following research topics are recom-

mended.

• With the improved formulation presented in this study, the FSAM is recom-

mended as a relatively simple yet reliable constitutive model that can be used in

finite element model formulations for reinforced concrete walls.

• More refined hysteretic constitutive relationships for representing shear transfer

mechanisms across cracks can be implemented in the FSAM formulation for im-

proved accuracy in simulation of both global and local response characteristics of

reinforced concrete panels.
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