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Abstract. This paper proposes a novel frame element on Winkler-Pasternak foundation for analysis of a non-ductile reinforced
concrete (RC) member resting on foundation. These structural members represent flexural-shear critical members, which are
commonly found in existing buildings designed and constructed with the old seismic design standards (inadequately detailed
transverse reinforcement). As a result, these structures always experience shear failure or flexure-shear failure under seismic
loading. To predict the characteristics of these non-ductile structures, efficient numerical models are required. Therefore, the
novel frame element on Winkler-Pasternak foundation with inclusion of the shear-flexure interaction effect is developed in this
study. The proposed model is derived within the framework of a displacement-based formulation and fiber section model under
Timoshenko beam theory. Uniaxial nonlinear material constitutive models are employed to represent the characteristics of non-
ductile RC frame and the underlying foundation. The shear-flexure interaction effect is expressed within the shear constitutive
model based on the UCSD shear-strength model as demonstrated in this paper. From several features of the presented model, the
proposed model is simple but able to capture several salient characteristics of the non-ductile RC frame resting on foundation,
such as failure behavior, soil-structure interaction, and shear-flexure interaction. This confirms through two numerical
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simulations.
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1. Introduction

Nowadays, reinforced concrete (RC) is widely
employed in construction due to its superior features, such
as low cost but high performance, high corrosion resistance,
and long service life (Damrongwiriyanupap et al. 2015, Tan
et al. 2016, Prachasaree et al. 2018, Mauludin and Oucif
2019, Phoo-Ngernkham et al. 2019, Chindaprasirt et al.
2022). As a result, this leads to the behavior studies of the
RC structures in several applications, such as slab with
CFRP strengthening in plates (Chaimahawan and
Shaingchin 2019), beam-column joint (Chaimahawan and
Pimanmas 2009, Jung et al. 2018), precast concrete wall
(Chaimahawan et al. 2018), column with FRP strengthening
(Prachasaree et al. 2015, Janwaen et al. 2020), etc. The
problem of soil-structure interaction is one of those
applications and has been of interest in the structural and
geotechnical engineering fields for several decades
(Limkatanyu et al. 2013a, Limkatanyu et al. 2014, Sanches
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et al. 2019, Bao and Liu 2020, Qian et al. 2021,
Limkatanyu et al. 2022). Due to the complicated
characteristics of soil/foundation, this problem has been
studied extensively in both theory and experiments
(Whitman and Luscher 1962, Onu 1996, Wankhade and
Ghugal 2016, Liu et al. 2021). However, to represent the
effects of soil-structure interactions on responses of
structures for design or investigation of those structures,
performance-based numerical models are required.
Therefore, this motivates the development of the RC frame
model on foundation in this study.

In general, the available numerical models to represent
the characteristics of soil-structure interactions within the
framework of structural models are divided into two groups,
namely: (a) continuous models (Boussinesq 1885, Teodoru
2009); and (b) subgrade models (Limkatanyu et al. 2012,
Limkatanyu et al. 2013a, Limkatanyu et al. 2014). Dutta
and Roy (2002) and Menglin et al. (2011) concluded
regarding the merits and disadvantages of these approaches
that although the continuous models (Boussinesq 1885,
Teodoru 2009) can represent comprehensive responses to
varied forces and deformations in the foundation support,
the solution of the partial differential equations in this
model approach is still a mathematical problem, and a lack
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of analytical solutions persists. On the other hand, the
subgrade models (Limkatanyu et al. 2012, Limkatanyu et
al. 2013a, Limkatanyu et al. 2014) are simplified models
applied within the structural models. The characteristics of
the soil/foundation are modeled with discrete springs
attaching along the span of the structure. Therefore, this
approach is attractive and can excellently compromise
between complexity and simplicity (Ayoub 2003,
Limkatanyu ef al. 2015).

Among the several subgrade models, the Winkler
foundation model (Winkler 1867) is the most commonly
used in structural engineering community (Limkatanyu et
al. 2012, Limkatanyu et al. 2013b, Limkatanyu et al. 2014,
Younesian et al. 2019) due to its simplicity. The Winkler
model (Winkler 1867) assumes that the behaviors of
soil/foundation are simulated with non-interconnected
transverse springs, while each spring is replaced by the
substrate modulus. As a result, this model is often referred
to as a “one-parameter” foundation model (Zhaohua and
Cook 1983). Furthermore, this leads unrealistic responses
(discontinuous responses) due to lack of interaction
between the Winkler-springs (Limkatanyu et al. 2012,
Limkatanyu et al. 2013b, Younesian et al. 2019). To
overcome the limitations of the Winkler model, a series of
so-called “two-parameter” foundation models (Filonenko-
Borodich 1940, Pasternak 1954, Hetényi 1971) have been
proposed. The concept of the two-parameter foundation
model is to have interactions between the Winkler-springs,
presented through different medium connectors, such as the
tensioned and massless membrane of Filonenko-Borodich
(1940), the shear layer of Pasternak (1954), thin plate of
Hetényi (1971), etc. In the last two decades, the Pasternak
foundation model has been extensively employed to study
both static and dynamic responses of structure systems on
foundation (Gulkan and Alemdar 1999, Limkatanyu et al.
2015, Bao and Liu 2020, Gan et al. 2020, Tonzani and
Elishakoff 2020, Sae-Long ef al. 2021a, Karimi ef al. 2022).
For example, Limkatanyu er al. (2015) presented the
nonlinear displacement-based beam model on Winkler-
Pasternak foundation based on the analytical solutions of
Gulkan and Alemdar (1999) for the static responses of beam
on foundation. Later, Sae-Long et al. (2021a) enriched the
performance of the beam model on Winkler-Pasternak
foundation as proposed by Limkatanyu et al. (2015) by
formulating the element based on the framework of
flexibility-based formulation. Bao and Liu (2020)
investigated both the Winkler model and Pasternak model to
predict the predominant natural frequency (PNF) for
structures partially embedded in soil when compared to
experiments based on the work of Prendergast et al. (2013).
Gan ef al. (2020) and Tonzani and Elishakoff (2020) used
the Pasternak foundation to study the flexure behaviors of a
thin plate on foundation and the free vibration frequencies
of a beam on foundation, respectively. Karimi et al. (2022)
investigated the nonlinear vibration and resonance
behaviors of a rectangular hyperelastic membrane
embedded within the foundation based on the concept of the
Winkler-Pasternak model. All mentioned works confirmed
the superiority of Pasternak foundation in representing the
structure on foundation when compared to the Winkler

foundation model (Winkler 1867).

Regarding analysis of a non-ductile RC structure
(insufficient details of the transverse reinforcements), it is
well-known that the non-ductile RC frame with a low span-
to-depth ratio will experience flexure-shear failure (Biskinis
et al. 2004) or shear failure (Basha and Kaushik 2019).
These types of failure are complicated, especially the
flexure-shear failure when the inelastic flexural deformation
influences the shear resisting force capacity as found in
several experiments (Ghee et al. 1989, Priestley et al. 1993,
Li 1994, Lynn 2001, Sezen 2002, Sezen and Moehle 2004).
This phenomenon leads to the degradation of the shear
force and shear stiffness (Sae-Long and Limkatanyu 2018,
Sae-Long et al. 2019, Sae-Long ef al. 2020, Limkatanyu et
al. 2022), resulting in so-called “shear-flexure interaction
effect”. Therefore, the analysis of non-ductile RC structures
needs to consider this effect within the analytical model for
the prediction of flexure-shear failure in the structure. In the
previous two decades, there were several approaches to
consider the interaction effects between shear and flexure
within the fiber models, as excellently discussed by Ceresa
et al. (2007). For example, Marini and Spacone (2006)
proposed the fiber frame element for the analysis of the RC
frame structures. The interaction between shear and flexure
in their model was presented through the shear constitutive
relation based on Eurocode 2 (Eurocode 1991) and on
enforcing the sectional equilibrium equation within the
framework of the force-based formulation. Feng and Xu
(2018a) developed the Timoshenko beam-column element
with the inclusion of flexure-shear interactions through the
multi-dimensional concrete damage model (Feng et al
2018b) while Lodhi and Sezen (2012) introduced the shear-
flexure interactions within shear constitutive relation based
on the modified compression field theory (MCFT) of
Vecchio and Collins (1986). Lopez et al. (2022) developed
the efficient shear-flexure interaction based on the Multiple-
Vertical-Line-Element-Model (MVLEM) of Orakcal et al.
(2004). The shear-flexure interaction phenomenon of their
model was represented by substituting the MVLEM’s
number of uniaxial elements with the two-dimensional RC
panel elements under the membrane actions. Although all
the fiber-models mentioned can capture the influences of
the interactions between shear and flexure, they lead to
complicated material models, high computational costs, and
hard computational procedures for the structure models. To
address the complications, Sae-Long ef al. (2019, 2020)
presented an alternative shear model considering the shear-
flexure interaction effects. Their shear model was modified
from the shear force — shear strain relation of Mergos and
Kappos (2008, 2012) and was established based on the so-
called “UCSD” shear-strength model (University of
California, San Diego) proposed by Priestley et al. (1993).
Their model is simple but accurate, which was confirmed in
several research works (Sae-Long et al. 2019, Sae-Long et
al. 2020, Sae-Long et al. 2021b, Limkatanyu et al. 2022).
Therefore, this paper employs the shear model of Sae-Long
et al. (2019, 2020) to represent the shear behaviors of the
RC frame and the influence of the shear-flexure interaction
effects on the responses in the proposed model.

To the best knowledge of the authors, the RC frame
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model on foundation with inclusion of the shear-flexure
interaction effects has been only proposed by Sae-Long et
al. (2021b). However, the frame model on foundation of
Sae-Long et al. (2021b) is derived based on Winkler-based
foundation model. Their model (Sae-Long et al. 2021b)
does not cover the two-parameter foundation. This
limitation motivates developing the fiber RC frame model
on foundation in this study. The proposed model extends the
fiber RC frame model on Winkler foundation with the
shear-flexure interaction effects as proposed by Sae-Long et
al. (2021b) to cover all the interactions between discrete
Winkler-springs  through the shear-layer (Pasternak
foundation model). Therefore, this is the first proposal of a
fiber RC frame model on Winkler-Pasternak foundation
with the inclusion of shear-flexure interaction effects. The
proposed model is established on the displacement-based
finite elements under the kinematic hypothesis of
Timoshenko beam theory. Uniaxial material models are
employed to represent the nonlinear natures of the RC
frame and the foundation.

The content of this study can be summarized as follows.
In the first section, the interaction between foundation and
structure is introduced through the Winkler-Pasternak
foundation model (Pasternak 1954, Limkatanyu et al. 2015,
Sae-Long et al. 2021a). Next, the governing differential
equations of the proposed model are presented. This
includes equilibrium equations, compatibility equations,
and constitutive relations. Then, the displacement-based
finite element formulation is proposed through the virtual
displacement principle to derive the element stiffness.
Subsequently, the shear constitutive relation is next
described. In this section, the content includes the UCSD
shear-strength model (Priestley ef al. 1993), the shear force
— shear strain relation (Sae-Long et al. 2019, Sae-Long et
al. 2020), and the shear-flexure interaction procedure (Sae-
Long et al 2019). Finally, two types of numerical
simulations are employed to verify the -capability,
efficiency, and accuracy of the proposed model. Both
simulations are implemented on the general-purpose finite
element platform FEAP (Taylor 2000). The first simulation
set investigates the convergence of the proposed element,
while the second simulation set indicates the importance of
the shear-flexure interaction effects to analysis of the non-
ductile RC member on foundation, and demonstrates the
effects of the shear-layer on the shear responses of the RC
frame on foundation when compared to the RC frame
model on Winkler foundation.

2. Foundation-structure interaction:  Winkler-

Pasternak foundation model

The concept of the Winkler-Pasternak foundation model is
employed to represent the interactions between foundation and
RC frame in this study. The Winkler-Pasternak foundation
model is one of the two-parameter foundations (Zhaohua and
Cook 1983), originally presented by Pasternak (1954). Under
the hypothesis of this foundation model, the characteristic of
the foundation is represented by discrete Winkler springs
attached with a shear layer. As a result, the drawback of the

continuity in the Winkler springs is recovered (Limkatanyu et
al. 2015). Following that hypothesis, the force-displacement
relation for the homogenous and isotropic material is

o°v(x

D(x):klv(x)+k2# (M
OX

where D(x) is the interactive foundation force; k; is the

stiffness of Winkler springs; £ is the Pasternak shear-layer

stiffness; and v(x) is the transverse displacement of the frame

element.

3. Govenrning differential equations
3.1 Equilibrium equations

The basic system of the RC frame on foundation under the
transverse load py(x) in Fig. 1(a) is used in this work. By
considering the free body diagram of an infinitesimal segment
dx of the basic system, there are two parts in the internal
equilibrium equations, such as the RC frame and the shear-
layer. Under the small deformation hypothesis, the axial,
bending, and transverse equilibrium equations of the RC frame
part in Fig. 1(b) are given as follows

dN (x)
Sl @)
dMTF
M) v, ()0 G)
dVTF(X)Jr p, (X)-D,(x)=0 4

where NrA(x) denotes the frame sectional axial force; Vrr(x)
denotes the frame sectional shear force; Mr(x) denotes the
frame sectional bending moment; p,(x) represents the
transverse distributed load; and Da(x) represents the foundation
interactive force.

Considering the infinitesimal segment dx of the shear-
layer part in Fig. 1(c), the transverse equilibrium of the shear
layer can be presented as

dv, (x)

o D(0)+D(x)=0 5)

where V(x) denotes the sectional shear force of the shear layer;
and D (x) is the interactive force of the Winkler springs at the
bottom of the shear layer as shown in Fig. 1(c).
Substituting Eq. (5) into Eq. (4), the transverse equilibrium
equation in Eq. (4) can be rewritten as
dVi (x)

dx

+py(x)—D1(x)+dV;—(X):0 (6)
X

The equilibrium Egs. (2), (3), and (6) represent the system
equilibrium of the non-ductile RC frame element on Winkler-
Pasternak foundation. From these equations, it is noteworthy
that there are five internal force unknows, while only three
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RC frame
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Fig. 1 (a) RC frame on foundation, (b) infinitesimal
segment dx of a RC frame element and (c) infinitesimal
segment dx of a shear layer

equilibrium equations are available. As a result, this system can
be described as an internally statically indeterminate system.

For the sake of simplification, these equations can be
grouped into matrix form as

L:D; (X)+L:Dg (X)—p(x) =0 (7
in which

Dr (X) ={Ng (X) My () VTF(X)}T

D, (x)={D,(x) V,(x)}" (8)

where D7(x) denotes the frame sectional force vector; DA(x)
denotes the foundation sectional force vector; p(x) denotes the
external load vector; and Ly and Lp are the differential

operators defined by
di 0 0
X ; 00 1
L,={0 — 0 |and L. =
! dx Floo —di ©
X
0 1 _d4

3.2 Compatibility equations

The sectional deformations can be presented in terms of the
sectional displacement through the compatibility relations. For

the sake of simplification, the sectional displacements are
contained in the displacement vector u(x) defined as

u(x)={u(x) o(x) v(x)}' (10)

where u(x) and v(x) denote the component displacements in
x and y-axis directions; and 4 (x) is the sectional rotation.

In the RC frame part, the frame sectional deformation
vector dr(x) is the conjugate work pair of the frame
sectional force vector Dz(x) and contains the frame
sectional deformations when defined as

dr () ={ee (X) & (X) e (X)) (11)

where e7#(x) denotes the frame sectional axial strain;

K (x) denotes the frame sectional bending curvature; and

TF
77e (X) denotes the frame sectional shear strain.

Based on the kinematic assumption of the Timoshenko
beam theory (Timoshenko and Gere 1961), the
compatibility relations between the frame sectional
deformations and the sectional displacements can be
expressed as follows (Onate 2013)

. (x):d“d—(xx) (12)
Kre (X)_ dZiX) (13)
o () =) - 20 (14)

From the compatibility relations in Egs. (12)-(14), the
frame sectional deformation vector dz(x) can be written in
terms of the displacement vector wu(x) through the
differential operator Lz as

d; (x)=L;u(x) (15)

Similarly, the conjugate work pair of the foundation
force vector D(x) is the foundation deformation vector
dr(x), which can be expressed as

de (x)={A,(x) 7. ()} (16)

Ag(x)

displacement; and y,(X) denotes the sectional shear-layer

where denotes the sectional foundation

deformation.

Based on the Winkler-Pasternak foundation model
(Limkatanyu et al. 2015), the compatibility relations
between the foundation deformations and the displacement
fields can be expressed as

A (x)=v(x) (17)
7 (x)=- 20 (18)

From the compatibility relations in Eqs. (17) and (18),
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Fig. 2 Force-deformation relations of each material model
(Sae-Long et al. 2021b)

the foundation sectional deformation vector ds(x) can be
written in term of the displacement vector u(x) through the
differential operator Lr as

de (x)=Lgu(x) (19)

It is interesting to point out that there is a contragradient
nature between the equilibrium and the compatibility. This
can be observed from the equilibrium Eq. (7) and the
compatibility Egs. (15) and (19) in that these equations are
related through the differential operators Ly and L.

3.3 Constitutive relations

To describe the nonlinear nature of the force-
deformation relations, this study uses uniaxial constitutive
laws to represent the characteristics of each used material in
the problem of RC frame resting on foundation. It includes
the concrete model of Kent and Park (1971), the steel model
of Menegotto and Pinto (1973), the shear model of Sae-
Long et al. (2019, 2020), and the Winkler-Pasternak
foundation model of Limkatanyu et al. (2015). The force-
deformation relations for each material model are illustrated
in Fig. 2.
where o. and &. are, respectively, the concrete stress and

strain; f/ is the concrete strength; &0 and e, are,

respectively, the peak and ultimate concrete strain; f,
represents the yield stress of the reinforcing steel bar; Ve,
V,,and V,, are, respectively, the shear force corresponding

to the concrete cracking, the first-plastic hinge formation,
and its ultimate value; y, Yy Vst and y, are, respectively,

the shear strain associated to the concrete cracking, the first-
plastic hinge formation, the transverse reinforcement
yielding, and its ultimate value; and Dys and A denote the

foundation yielding force and displacement, respectively.

In the formulation, the nonlinear relations between force
and deformation of the RC frame and foundation can be
simplified into vector form as follows

D; (x)="¥[d; (x)] and D, (x)=E[d. (X)]  (20)

y

|

:H:H:H;EHE/
1

q" fiber

Fiber-Section
=» =»

Discretization

W : steel fiber
O : confined concrete fiber
O : unconfined concrete fiber

Fig. 3 Fiber-section model (Spacone and Limkatanyu
2000)

The force-deformation relations in Eq. (20) can be
written in an incremental form by linearization as

D; (x)=D7 (x)+k7 (x)Ad; (x)

D, (x)= D2 (x)+ Kk (x)Ad, (x) 2D

where DI (x) and k% (x) are, respectively, the initial frame
sectional force vector and stiffness matrix; D% (x) and

k(,J: (x) are, respectively, the initial foundation sectional

force vector and stiffness matrix; and superscript 0 on a
symbol denotes the initial point of a vector or a matrix for
iterative steps.

Based on the fiber-section model (Spacone and
Limkatanyu 2000), the element cross-section is refined
through the clustering of the cross-section into discrete
fibers (layers) as shown in Fig. 3. Following this approach
together with the Timoshenko beam theory, the axial and
flexural actions automatically interact. Therefore, the
sectional axial force and bending moment of the RC frame
are obtained by summation of the normal stress and the
geometric properties at each fiber. It can be written as

nfib nfib

Nie (X) =2 00 A and My (X)==> v, oA, (22)
q=1 q=1

where y,, A, and o, are, respectively, the distance from

the reference axis x, the area, and the normal stress of the
g™ fiber in the section; g denotes a generic fiber; and nfib is
the amount of fibers in the section.

From the discretization of the sectional forces in Eq. (22),
the frame sectional force vector D; (x) in Eq. (8) can be

rewritten as

DT(X):{%Z%'% _%}yq"qp\: VTF(X)} (23)

It is important to note that the sectional axial force and
bending moment contained in the sectional force vector
D; (x) depend on the normal stress distribution along the
depth of the cross-section based on the fiber-section model

(Spacone and Limkatanyu 2000). Conversely, the sectional
shear mechanism does not depend on the variation of the force
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along the depth of the cross-section. In the other words, the
sectional shear mechanism can be represented by only one-
fiber discretization.

The sectional stiffness vectors of the RC frame kq(x) and
foundation kr(x) can be expressed based on the fiber-section
model (Spacone and Limkatanyu 2000) and the Winkler-
Pasternak foundation model (Limkatanyu et al. 2015) as

nfib nfib
qZ:;, Eq Aq _qZ:; Yq Eq A?l 0

nfib nfib

_quEqu ququAq 0 ;
0 0 GAS(X)

24)

L 0 k(x)

where GA(x) denotes the sectional shear stiffness; and
E, denotes the modulus of the g™ fiber in the cross-

section. It can be observed from Eq. (24) that the axial
and flexural mechanisms do not relate to the shear
mechanism directly. However, the shear and flexure
interact through the UCSD shear-strength model
(Priestley et al. 1993) within the shear constitutive
model, which will be discussed in section 5.

The equilibrium Eq. (7), the compatibility relations
(15) and (19), and the force-deformation Eq. (20) are
the core of the governing differential equations for the
RC frame problem on Winkler-Pasternak foundation.

4. The displacement-based finite element

formulation (Integral state)
4.1 Formulation

In the displacement-based finite element formulation, the
element nodal displacements U are selected as the primary
variables, which are employed to approximate the sectional
displacement u(x) through the displacement shape functions
Nr(x). Next, the frame sectional deformations dr(x) and the
foundation sectional deformation d#(x) can be evaluated from
the sectional displacements u(x) based on the compatibility
relations in Egs. (15) and (19). On enforcing the compatibility
relations, Egs. (15) and (19) are satisfied point-by-point along
the length of the proposed element. Conversely, the
equilibrium Eq. (7) is satisfied in the integral form through the
virtual displacement principle.

The equilibrium Eq. (7) can be written in the weighted
residual form as follows

{5u (x)[ LD,

where Su (x) is a statically admissible virtual section

displacement vector.

Substituting the force-deformation relations of Eq. (21)
into Eq. (25) and then enforcing the compatibility relations
(15) and (19), Eq. (25) becomes

L% (D3 (x)+K3 (X) Ly Au(x))+
L Lt (D2 (x)+Kk2 (x)LeAu(x))-p(x)

Applying integration by parts to move the order of the
differential equations from the sectional force vectors D(x)

and DAx) into the virtual sectional displacement su (X),
Eq. (26) becomes

.[(LTcSu (x))T K® (X)(LTAu(x))dx
()" K2 (x)(LeAu(x))dx

+[(Leou
L
=5UTP+[au (x
L

dx=0 (26)

)p(x)dx 27)
(x))T DY (x)dx

D} (x)dx

~[(L 6u

L

IL5U x
L

where SU'P is the external virtual work done by the
applied nodal forces P on the virtual nodal displacements
U . This value is obtained from the integration by parts.

To evaluate the displacement fields wu(x) in the
displacement-based finite element formulation, the
displacement shape function matrix N7(x) is employed to
predict the displacement fields u(x) based on the element
nodal displacements U as in

u(x)=N; (x)U (28)

Substituting the displacement fields u(x) of Eq. (28)
into Eq. (27) and considering the arbitrariness of U, Eq.
(27) becomes

.[BT (x)" K2 (x)B; (x)dx

AU
+.|.N )" K2 (X)Ng (x)dx
(29)
=P+jN (x)" p(x)dx— .[B )" D? (x)dx
—jN X) dx

where Br(x) and Nx(x) are, respectively, the deformation-
displacement matrices associated with the RC frame and
with the underlying foundation.

The element stiffness equation can be derived from Eq.
(29) as

(KY+K})AU =(P+P, )Py —Py (30)

K2 (0B,

element stiffness matrix; Ki = J' N,
L

(x)dx is the RC frame

(k2 ()

the foundation element stiffness matrix;

P? =B, (x)' D3 (x)ax and P = [N, (x) DL () are,
L L

where K = j B, (
L

Ng (x)dx is

respectively, the RC frame and foundation element resisting
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force vectors; and P, :INT (x) p(x)dx is the equivalent
load vector due to the external load vector p(x).

It is noteworthy that the element stiffness equation (30)
represents the core of the stiffness method (displacement-
based formulation) for the proposed RC frame element on
Winkler-Pasternak foundation as illustrated in Fig. 4. The
term on the right-hand-side in Eq. (30) shows the residual
force vector corresponding to the integral state of the
element equilibrium. This value will vanish when the
equilibrium configuration is reached during an incremental
iterative solution procedure.

The selection of the displacement shape functions N(x)
in Eq. (28) should be done with care due to the so-called
“shear locking phenomenon” (Mukherjee and Prathap 2001,
Beirao da Veiga et al. 2012, Senjanovic et al. 2013, Sae-
Long et al. 2019). This problematic event leads to
unrealistic predictions of the displacement responses in case
of a slender frame, as suggested by Onate (2013). To
overcome this problem, this work employs the so-called
“linked displacement shape functions” suggested by Sae-
Long et al. (2019) to assess the displacement fields u(x).
The linked displacement shape functions are derived based
on the assumption that the sectional transverse displacement
v(x) must be of one higher degree than the sectional rotation
field 6(x). As a result, the sectional transverse displacement
V(x) can be presented in terms of both the nodal transverse
displacements (U, and Us) and the nodal rotations (U; and
U, ) by enforcing the condition of slender beams ( ;- =0).

More details to derive the linked displacement shape
functions are given in the research work of Sae-Long ef al.
(2019).

The linked displacement shape functions can be written
as

u(x):(l—%jul+%U4 3D

(——ju + 2y, (32)
=( Lhe
L
+£§— X jU3 +[—§+X—2)U6
2 2L 2 2L

where U;, U,, U,, U,, U,
displacements corresponding to the element nodal forces P,
P>, P3, P4, Ps, and Pe. The six element nodal displacements
are grouped into the element nodal displacement vector U .
Based on Egs. (31)-(33), Sae-Long ef al. (2019) introduced
the displacement shape functions N#{(x) as follows

(33)

,and Ug are the element nodal
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Fig. 4 Proposed frame element on Winkler-Pasternak
foundation

The deformation-displacement matrices Br(x) and N#(x)
in Eq. (29) can be defined from the displacement shape
functions Nz(x) in Eq. (34) as

—i 0 O 1 0 0
L L
1 1
B:(x)=L:N;(x)=| 0 0 -= 0 0 =
L L
1 1 1 1
T2 % (33)
2 2
010 5750 0 T ptar
N (X)=LN; (X)=
1 1 X 1
0 = -=+2 0 -= =2
L 2 L L L

5. Shear constitutive relation
5.1 UCSD shear-strength model

In order to incorporate the influence of the inelastic flexural
mechanism within the shear strength model, a suitable model is
required. Among several shear-strength models (Priestley ef al.
1993, Li 1994, Lynn 2001, Sezen 2002, Sezen and Moechle
2004), the shear model proposed by Priestley et al. (1993) is
very attractive due to its capability to detect the influence of
ductility in the structure. This model was established at the
University of California, San Diego and is always called
“UCSD Shear-Strength Model”. Because of its attractive
feature, this study employs the UCSD shear-strength model to
develop the shear constitutive relation for the analysis of non-
ductile RC frame on foundation with inclusion of the shear-
flexure interaction effects. The UCSD shear strength V, as

proposed Priestley ef al. (1993) is composed of three resisting
contributions shown in Eq. (36), namely the concrete
mechanism, the truss mechanism, and the arch mechanism.

V, =k, (0.8A))+

where k, is a parameter associated with the influence of

cot300 + N tan g (36)

sectional curvature ductility z, on the shear strength as

illustrated in Fig. 5; A is gross cross sectional area; f,,, S, and
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(Mergos and Kappos 2008)

A, are, respectively, the yield strength, spacing, and area of
transverse reinforcement; N is the compressive load; f§ is the

angle between the column axis and the line connecting the
centers of the flexural compression zones at the top and the
bottom of the column ends; and D' is the distance measured
parallel to the applied shear between centers of the longitudinal
reinforcement. It needs to be pointed out that the resisting
contribution of arch mechanism in Eq. (36) does not decrease
with ductility (Priestley et al. 1993).

5.2 Shear force — shear strain relation

In this study, the shear force — shear strain relation starts
from the undamaged primary curve as shown in Fig. 6(a).
Then, this curve is perturbed to the damaged envelope curve in
Fig. 6(b) when the shear-flexure interaction effect is activated.
The undamaged primary curve in Fig. 6(a) was originally
proposed by Mergos and Kappos (2012) and later modified by
Sae-Long ef al. (2019, 2020). This diagram represents the four
behavioral intervals of the non-ductile RC structures, namely
before concrete crack (along path O-A), after concrete crack
(along path A-B), after flexural yielding (along path B-C), after
transverse reinforcement yielding (along path C-D), and shear
failure (at point D). Each part in the diagram was described by
Sae-Long et al. (2019, 2020) and they can be briefly
summarized as follows.

The first path O-A presents the elastic behaviors of the RC
frame structure. This path connects the origin O to the onset of
concrete cracking at point A, with the undamaged shear
stiffness (GA)o. The values of the shear force V. and shear
strain y, corresponding to the onset of concrete cracking at

point A are given by Sezen and Moehle (2004) and can be
expressed as follows

f N \Y;
V., = ! 1+— 0.80A and =4

0

where (GA)y = 0.80 GA, denotes the undamaged shear
stiffness; G denotes the shear modulus of concrete; L, /h
denotes the shear span ratio; and f, denotes the nominal

tensile strength of concrete.
The second path A-B represents the characteristic of the
concrete post-cracking. This path connects the concrete

V
-
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A
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Fig. 6 (a) Undamaged primary curve and (b) Damaged
envelope curve (Sae-Long ef al. 2019)

cracking at point A to the flexural yielding point B at which
the plastic hinge forms for the first time within the RC
frame member. These points are connected with the shear
stiffness (GA):. The values of shear force V), and shear strain
7y corresponding to the onset of the flexural yielding at

point B, at which the axial strain in longitudinal
reinforcement becomes larger than its yield strain for the
first time, are defined through the fiber-section model
(Spacone and Limkatanyu 2000).

The third path B-C illustrates the behavior of the RC
member after the inelastic flexural deformation. This path
connects the flexural yielding at point B and the onset of
transverse reinforcement yielding at point C, at which the
shear strain reaches shear strain for onset of transverse

reinforcement yielding 7, , with the shear stiffness (GA), .

The final path C-D presents the pre-shear-failure
behavior of the non-ductile RC members. The transverse
reinforcement yielding at point C links to the shear failure
at point D, at which the shear strain reaches the onset of
shear failure y, .

It can be observed from the primary curve in Fig. 6(a) that
the shear strain at the onset of the transverse reinforcement
yielding y, in the third path and the shear strain reaches shear

strain at the onset of shear failure y, in the final path

correspond to the shear strength at ultimate value V,, as
defined by the UCSD shear-strength model in Eq. (36). In the
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initial state, the initial value of V, is set to the ultimate shear
strength V. Then, this value is reduced by the influence of

the inelastic flexural deformation, resulting in the variation of
shear strength V. This leads to the transformation from the

undamaged primary curve in Fig. 6(a) into the damaged
envelope curve in Fig. 6(b). The values of shear strain y,, and

y, were suggested by Mergos and Kappos (2012) as follows

}/S[ = Kﬂ}/[I’USS (3 8)

Vo=hhhye 27y (39

where ¥, A, 4, 4,, and 4, are the modified factors
(Mergos and Kappos 2012); y,,. denotes the shear strain at

the onset of the transverse reinforcement yielding as derived
based on the truss analogy approach (Park and Paulay 1975).
These modified factors and the shear strain y,, can be

expressed as

K =1—1.07( N j;
¢ for the shear strain y, (40)
A=537-1.59 min(Z.S,%j

. N |
A =1-25 mm[OA,WJ,

4

2 .
A = min(G.ZS,%J; for the shear strain y, (41)

Cc

f
A, =0.31+17.8 min ( ? fy,” ,0.08]
S

Vcr A’ fW [

E
e = + . sinfo+—p, | (42
s (GA), sE,bp,sin* ecotw E,” J 42)

C

where p, denotes the volumetric ratio of transverse

reinforcement; E, and E. are, respectively, the elastic

modulus of steel and of concrete; b is the width of cross
section; and @ is the angle between frame reference axis and
the line of diagonal struts. The optimal angle @ in this study
follows the research work of Mergos and Kappos (2012) as
about 45°. This value is accepted based on experimental and
analytical results.

It needs to be noted that the shear strain y, and y, as
introduced by Mergos and Kappos (2012) in Egs. (38) and (39)
were obtained from the modified equation to compromise
between experiments and theory through regression analysis.

5.3 Shear-flexure interaction

From the previous subsection 5.2, the reduced shear
strength V, caused by the influence of the inelastic flexural

deformation makes the shear stiffness in the path B-C in Fig.
6(b) change. This incident leads to the degradation of both the

shear strength and shear stiffness and is named “shear-flexure
interaction” effect. This interaction effect has been recognized
by several researches (Ghee er al. 1989, Priestley et al. 1993,
Li 1994, Lynn 2001, Sezen 2002, Biskinis et al. 2004, Sezen
and Moechle 2004), pointing out the influence of inelastic
flexural deformation on the shear capacity. To take this effect
into account in the proposed model, this study follows the
procedure of modified shear-flexure interaction of Sae-Long et
al. (2019, 2020) to capture the degradation of both shear
strength and shear stiffness. This procedure was enhanced and
modified from the procedure of the shear-flexure interaction
proposed by Mergos and Kappos (2012) and was confirmed
for capability, efficiency, and accuracy among shear-flexure
critical columns and shear critical column (Sae-Long et al.
2019).

Based on the displacement-based finite element
formulation, the shear force increment AV and the sectional
shear stiffness (GA)q are the unknowns and can be evaluated
from the shear strain increment Ay . To approximate both

these values, Sae-Long et al. (2019) established the so-called
“reference” shear stiffness referring to the undamaged state and

the analytical state. The reference shear stiffness (GAref ):( is

k+l_ K
“ (Vf’)'—kv (43)
i Ay

(GA )

where (V)™ =V, +(GA), ( 7=y ) denotes the non-

reduced shear strength corresponding to the shear strain
k+1

7=y +Ayf; and i and k are, respectively, the element
iterative step and the load increment.

Considering the geometric relation of shear force to shear
strain, it can be defined as

k

AVS AVFH(AV)

Ay = — (44)
(GA«),  (GAu),

1 k
i

where (AVCdeg )k denotes the degradation of the shear strength

I
due to increase in flexural deformation. This parameter can be

determined from the following equation

st

kK \/k
(AV) = (GA, ) A —[W)—;}Ay (45)

The shear stiffness (GAeff )k is obtained from Eq. (44) by

solving in terms of the reference shear stiffness (GAref )Ik as
follows:

k AV,
G&f‘f . ST E— GA’ f

(GA ), AV +(ave ) (GA)

ik (46)

It needs to be noted that the shear stiffness (G&ff ):( and

the increment of the shear force AV, in Eq. (46) are unknown
and mutually dependent. To evaluate both, a subscript index
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Fig. 7 Flow chart of iterative shear-flexure interaction
procedure (Sae-Long ef al. 2019)

Ca k
“] 7 is given to both parameters (G,%ﬁ )i and AV,* as counter

of iterative steps within the procedure for shear-flexure

interactions. Both values are obtained by requiring that the
. . kK)o, .

residual function (I)((GAeff )i j) is less than a specific

tolerance ¢

o - This function is established by numerical

solution with the Newton-Raphson method (Chapra and
Canale 2002). The residual function (1)((GAeff ):(J) and its
derivative can be expressed as

k k
i, i

(A ) (%)

o((GAx ), )= (0Ad ), A7 - A (o ) )
dofea)) (s
dlend), (oA (oA,

(GA\aﬁ ):<J (Avcdeg ):( (48)

((6m ) (oA,

The procedures to evaluate the shear stiffness (GAeff )k and

the increment of the shear force AV,* are summarized in Fig.

7. This procedure is called “modified shear-flexure interaction
process” and is discussed in more detail in the works of Sae-
Long et al. (2019, 2020).

6. Numerical simulations

In this paper, two numerical simulations are employed
to assess the capability, efficiency, and accuracy of the
proposed RC frame element on the Winkler-Pasternak
foundation model for the analysis of non-ductile RC frame
resting on foundation. The first simulations are convergence
studies, which simulate both global and local responses of
the proposed model. The second simulation assesses the
importance of considering shear-flexural interactions in an
analysis of the non-ductile RC frame on foundation and the
effects of the shear layer on the shear responses. Both
simulations use the so-called “flexure-shear critical
columns” (Biskinis et al. 2004), which failed in shear
following flexural yielding, to present the behaviors of the
non-ductile RC frame. Furthermore, the columns in both
simulations were verified for accuracy of the shear model of
Sae-Long et al. (2019, 2020) by matching experimental and
analytical results. Therefore, both columns can be employed
to represent the behaviors of the non-ductile RC frame
resting on foundation.

6.1 Simulation I: Convergence studies

The first simulation presents convergence study of the
responses of the proposed frame model on Winkler-
Pasternak foundation at both the global and local levels. A
simply supported RC frame on the foundation system
shown in Fig. 8 is employed to investigate the convergence
behaviors and to confirm the accuracy and efficiency of the
proposed model. The frame-foundation system is subjected
to a midspan displacement under displacement-control and
a constant compressive load at its tips of 667 kN. The
properties of the RC frame come from column 2CLD12,
which represented a flexural-shear critical column (Mergos
and Kappos 2008). The material properties of this column
are given by Sezen (2002), such as concrete strength f, of

21 MPaq, vyield stress of longitudinal reinforcement f,, of
434 MPa, and yield stress of transverse reinforcement f,

of 476 MPa. The geometric properties of this column are
illustrated in Fig. 8. Furthermore, this study uses the
properties of the Winkler-Pasternak foundation model as
proposed in the work of Sapountzakis and Kampitsis (2013)
to represent the behaviors of the foundation medium. The
Winkler spring model is assumed to be elastic-perfectly
plastic with an initial stiffness k; of 20 MPa and yielding

foundation force Dys of 60 kN/m while the shear layer is
assumed to be elastic with stiffness k, of 5,000 kN. To

present all analytical responses in this paper, each proposed
element uses the seven Gauss-Lobatto integration points
and the discretized frame cross-section with forty fibers
(layers). This amount is sufficient to demonstrate the
analytical responses for the displacement-based finite
element formulation and has been proven in several
research works (Sae-Long et al. 2019, Sae-Long et al.
2021b). From Fig. 8, the frame-foundation system can be
reduced to only a half by use of symmetry.

Fig. 9(a) demonstrates the convergence study of the
midspan force — midspan deflection at the global level.
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Fig. 8 Simulation I: Convergence studies
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Fig. 9 (a) Global response and (b) Local response

Different meshes of the proposed elements are employed in
this diagram. From this diagnostic diagram, a “benchmark”
result is obtained from the response of 16 of the proposed
elements, while 8 proposed elements are enough to match
the benchmark response. Furthermore, this diagram shows
that there are three occurrences in this simulation, namely
the Winkler-spring yielding at the midspan deflection of 3.1
mm, the first plastic hinge formation in the RC frame at the
midspan deflection of 5.6 mm, and the detection of shear
failure at the midspan deflection of 10.0 mm.

Fig. 9(b) illustrates the shear force — shear strain relation
at the midspan with a deflection of 10.0 mm. This diagram
shows that the local responses (shear force — shear strain

relation) require a more refined mesh than the global
responses in Fig. 9(a). Thus, the benchmark case at the local
level is doubled from 16 to 32 proposed elements, while
only 16 proposed elements are enough to converge to the
benchmark response. In these responses, the first plastic-
hinge formation is found at the shear strain of about
7, =9.2x10" and is detected at only the location with the

midspan deflection due to the restrain and load conditions.
The shear envelope curve starts to deviate from the
undamaged primary curve to the damaged envelope curve
when the value of the current sectional curvature exceeds 3.
This characteristic occurs due to the shear-flexural
interaction effect as governed by the UCSD shear-strength
model (Priestley et al. 1993) within the shear constitutive
model. It can be observed that the shear strain increases
rapidly when the shear-flexural interaction is activated.
Finally, the shear failure occurs when the shear strain
reaches its ultimate value of about y, =12x10"%. This value

corresponds well with to the experimental observations as
predicted by Mergos and Kappos (2012).

It needs to be noted in the diagnostic responses in Fig. 9
that the prediction of the shear failure and the plastic-hinge
formation is require sufficiently refined meshes. This is
clear in Fig. 9(b) showing that 2, 4, and 8 of the proposed
elements can closely present the maximum shear force.
However, these elements cannot capture the shear failure
due to the lack of accuracy to predict the curvature ductility
demand within the plastic hinge region. It doesn’t surprise
that 16 elements of the proposed model can capture the
failure point and the plastic-hinge formation in the state of
an inelastic flexure deformation due to a sufficiently refined
mesh to predict the sectional curvature ductility demand.

6.2 Simulation II: Effect of shear-flexure interaction
and influence of foundation on RC frame responses

The second simulation demonstrates the shear-flexure
interactions and soil-structure interaction effects on the
responses of non-ductile RC frame on foundation. A simply
supported RC frame on Winkler-Pasternak foundation as
illustrated in Fig. 10 is the typical system to study in this
simulation. The properties of the RC frame imitate the
flexure-shear critical column, namely 2CMH18 as reported
by Lynn (2001). The geometry and material properties of
this column are presented in Fig. 10 and can be expressed
as: concrete compressive strength f 25.5 MPa, yield stress

of longitudinal reinforcement f, 331 MPa, and yield stress

of transverse reinforcement f;,, 400 MPa. The properties of
the Winkler-Pasternak foundation follow those used in
simulation I, in that the Winkler spring is defined to be
elastic-perfectly plastic while the shear layer is assumed to
be elastic. To compare the effects of shear-flexure
interactions and soil-structure interactions on both global
and local frame responses, there are five different
diagnostic models, namely: (a) proposed frame-foundation
model; (b) classical Timoshenko frame model on Winkler-
Pasternak foundation, (c) shear-flexure interaction frame
model on Winkler foundation (Sae-Long et al. 2021b), (d)
classical frame model on Winkler foundation, and (e) the
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Fig. 10 Simulation II: RC frame on foundation
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Fig. 11 Global response of simulation II
classical Timoshenko frame model. The so-called

“classical” in the analytical models denotes the numerical
model that doesn’t consider the effect of the shear-flexure
interaction within the models. Furthermore, this study uses
16 elements with 7 Gauss-Lobatto integration points per
element and the discretized frame cross-section with forty
fibers (layers) for all responses of each analytical model.
This amount of elements is sufficient for the prediction of
inelastic responses, as proven in simulation I and several
research works (Sae-Long et al. 2019, Sae-Long et al
2021b).

Fig. 11 presents the global response (force-displacement
at the midspan) as analyzed from the five different
numerical models. This plot reveals that the soil-structure
interaction effect makes the element become stiffer and
stronger. This stiffening phenomenon is in good agreement
with both experiments and theories in the literature
(Zhaohua and Cook 1983, Gulkan and Alemdar 1999, Dutta
and Roy 2002, Ayoub 2003, Menglin et al. 2011,
Limkatanyu et al. 2012, Limkatanyu et al. 2013,
Limkatanyu et al. 2014, Limkatanyu et al. 2015, Wankhade
and Ghugal 2016, Sanches et al. 2019, Bao and Liu 2020,
Tonzani and Elishakoff 2020, Liu et al. 2021, Qian et al.
2021, Sae-Long et al. 2021a, Limkatanyu et al. 2022). The
influence of the additional shear layer within the series of
the Winkler-Pasternak foundation models is more
pronounced than the Winkler-based model and the classical
model without the soil-structure interaction. From this
diagram, there are three events in this simulation, namely
the yielding of the Winkler spring (Point A and A’), the first
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Fig. 12 (a) Local responses inside the plastic hinge region
at the midspan (x=L/2) and (b) Local responses outside
the plastic hinge region at the support (x=0)

plastic-hinge formation within the RC frame models (Point
B, B’, and B*), and the shear failure (Point C and C’). The
position of the transverse displacement at point A and A’ as
obtained from the models on foundation is similar with the
midspan deflection 6 of 3.1 mm, while the initial stiffness
of the frame models on Winkler-Pasternak foundation is
larger than the initial stiffness of the frame models on
Winkler foundation by about 1.07 fold. Next, the deflection
at the plastic-hinge formation within the frame element is
clearly influenced by the soil-structure interaction. The
frame models on Winkler-Pasternak foundation predict the
formation of the first plastic hinge at the deflection 6 of
4.7 mm, while these values obtained from the frame models
on Winkler foundation and the frame model without
foundation are about 4.8 mm and 5.1 mm, respectively.
Moreover, the yielding force corresponding to the first
plastic-hinge formation is about 1.06 and 1.25 fold that of
the frame models on Winkler foundation and the frame
model without foundation, respectively. Finally, it is
interesting to observe in this diagram that the series of the
classical frame model cannot capture the shear failure at
point C and C’ due to the lack of the inclusion of the shear-
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flexure interaction effect within these models while the
proposed model and the Winkler-based frame model
considering the shear-flexure interaction effect (Sae-Long et
al. 2021b) can detect this failure behavior at the midspan
deflection 6 of 9.5 mm (point C) and 9.6 mm (point C’),
respectively. This confirms the superiority of the proposed
model when compared to a series of classical models.

Figs. 12(a) and 12(b) present the shear force — shear
strain relation (local responses) inside (x=L/2) and outside
(x=0) the plastic hinge region, respectively. This diagram is
obtained from the five different diagnostic models. From
the analysis of the shear response inside the plastic-hinge
region as shown in Fig. 12(a), it is interesting to observe
that the series of classical models cannot predict the failure
behavior of this system, while the proposed model and the
frame model with inclusion of shear-flexure interaction
effect are able to capture the shear failure. The failure is
detected when the shear strain in both models reaches the
shear strain at the onset of shear failure y, = 4.6x107° based

on the shear constitutive model. This value corresponds to
the midspan deflections at point C and C’ in Fig. 11,
respectively. Furthermore, the effect of the shear layer in the
Winkler-Pasternak foundation on local response makes
shear stiffness increase, similarly as observed in the global
response in Fig. 11. On the other hand, in local responses
outside the plastic hinge region in Fig 12(b), the shear force
— shear strain relations obtained from the five numerical
models are almost identical. This is due to the fact that the
plastic hinge formation is not activated in this region.

Fig. 13 superimposes the shear force — curvature
ductility relations inside the plastic hinge region (x=L/2)
obtained from the five numerical frame models. The dashed
line in this diagram represents the shear capacity envelope
established based on the UCSD shear-strength model
(Priestley et al. 1993) in Eq. (36). From assessing this
diagram, it can be seen that the classical models on

foundation lack the consideration of shear-flexure
interaction resulting in a fiasco in predicting the shear
failure. Although the shear force in these models meets the
shear capacity, the failure doesn’t occur in these models.
Conversely, the proposed model and the shear-flexure-
interaction frame model on Winkler foundation (Sae-Long
et al. 2021b) can detect the shear failure when the shear
force reaches the shear capacity. The maximum shear force
as predicted by the proposed model is larger than the
maximum shear force of the frame model on Winkler
foundation (Sae-Long et al. 2021b) by about 8.51%, while
the curvature ductility is lesser by about 2.7% due to the
system-stiffness enhancement from the shear layer.
Furthermore, this diagram indicates that the inclusion of
shear-flexure interaction effects is important for the analysis
of non-ductile RC frame model on foundation. This
simulation demonstrated that this frame system would not
have failed in shear when the shear-flexure interaction had
not been activated.

7. Conclusions

This paper proposes a novel frame element on Winkler-
Pasternak foundation with the inclusion of shear-flexure
interaction effects for the analysis of non-ductile reinforced
concrete (RC) frame on foundation. The proposed element
is derived in a displacement-based formulation under the
kinematic assumptions of Timoshenko beam theory. The
uniaxial material models for concrete, steel bar, shear, and
foundation are employed to represent the nonlinear natural
characteristics of each material. The shear constitutive
model considers the shear-flexure interaction effect, which
is defined through the UCSD shear-strength model. This
effect is activated when the inelastic flexural deformation
influences the shear capacity in the concrete. As a result, the
shear resisting force and shear stiffness are reduced. This
was confirmed in two sets of numerical simulations. The
convergence studies in the first set of simulations confirmed
capability, efficiency, and accuracy of the proposed model,
while the second simulation showed the necessity of
considering shear-flexure interaction effects in the analysis
of non-ductile RC frame on foundation. Furthermore, the
shear layer within the Winkler-Pasternak model makes the
shear responses stiffer and stronger when compared to the
Winkler-based frame model, as discussed in diagnosing the
second simulation set. Finally, it can be concluded that the
proposed model can capture several characteristics of the
RC frame on foundation, such as the soil-structure
interactions, the degradation of shear capacity due to the
shear-flexure interaction effects, and the shear failure
characteristics.

In the next steps to develop the new frame model on
foundation, the authors will extend the model to cover the
three-parameter foundation model and to cover the bond-
interface slip effect. Lastly, the authors hope this paper will
be applicable to practical engineering works and will be
useful for other interested researchers.
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