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ABSTRACT

In multi-storey structural wall buildings, the structural walls are required to resist additional shear force due
to their interactions with the floors and gravity-resisting system, which is not fully catered for in current
seismic design provisions and assessment guidelines. This paper scrutinizes the mechanics of the interaction
between structural reinforced concrete (RC) structural walls, floors and gravity frames in multi-storey RC
structural wall buildings during elastic and nonlinear response phases. It also investigates the implications of
this interaction on design of multi-story RC wall buildings. Generic expressions are derived to predict the
drift and rotation profiles of multi-storey RC wall buildings. Then, a simple hand calculation method is
developed to estimate the system (moment) overstrength of multi-storey RC wall buildings due to system
(wall-floor-frames) interaction. The proposed method is applied to a prototype building with different slab
dimensions and stiffness, and verified by comparing with the system overstrength factor obtained using finite
element analysis. The simplified method estimates, and the nonlinear finite element analyses results agree,
that a system overstrength factor of 1.7 can be used to account for the 3D interaction between the structural

walls, floors and gravity frames in design and assessment of typical ductile RC wall buildings.

INTRODUCTION

Reinforced concrete (RC) structural walls are commonly used
in conjunction with various floor systems to resist earthquake
actions. While precast pre-stressed flooring systems made of
double tee, rib and in-fill, and hollow core (until very recently)
units are more commonly used than other flooring systems in
New Zealand, two-way concrete flat slabs (in-situ or post-
tensioned) are more common in many seismically active
countries. Even in New Zealand, many existing pre-1970s
buildings were constructed with this type of flooring system.

In typical building seismic design practice, the contribution of
floor systems (such as two-way flat slabs) to the overall
stiffness or strength of the building is often neglected because
the main focus in seismic design is the performance of lateral-
load-resisting systems. While the floor systems tie the lateral
load resisting components together and provide diaphragm
actions, they also act as a source of inertial and gravity loads.
In regular structural wall buildings too, the seismic design
demands on the structural walls are estimated considering the
walls as decoupled components without properly accounting for
the floors and gravity resisting components of the building. One
of the main reasons for this is because the three-dimensional
(3D) interaction between floor systems, structural walls and
gravity systems has not yet been quantified in a simple enough
manner for everyday design application.

The need to revisit design provisions for RC structural walls
following evidences of unexpected performances of RC wall
buildings in recent earthquakes [1,2] has been emphasized by
multiple researchers [3-5]. This has led to more research [on RC
walls with an aim to better understand and improve the seismic
performance of RC walls [6-10]. These efforts have resulted in
evidence-backed recommendations on improved design
procedures for RC walls [11-14]. Nevertheless, these

recommendations address issues related to seismic performance
of isolated RC walls. The design implications of the complex
3D system interaction between structural walls and gravity
columns through floor slabs has not attracted much attention in
recent years.

In the past, several researchers attempted to experimentally and
numerically investigate seismic performance of RC structural
wall building systems to better understand the 3D interaction
between structural walls, floor slabs and gravity frames. By
performing shake table tests on multi-storey wall-frame
buildings, significant contribution of the flooring system (two-
way slabs) to the ultimate lateral strength of the tested buildings
has been confirmed by multiple researchers [15-17]. These
researchers found that axial growth and rocking at the base of
structural walls (due to neutral axis movement) activate a three-
dimensional outrigging action in the surrounding RC gravity
frames. They concluded that this 3D effect introduces extra
overstrength to the system (also known as kinematic
overstrength), which highly depends on the level of drift that
can be achieved at the ultimate limit state.

Panagiotou et al. [18] conducted an experimental investigation
comprising a shake table test of a slice of a multi-storey RC wall
building including floor slabs and gravity columns. They noted
that the base moment resistance of the tested system at DBE
(design basis earthquake) level shaking comprised three major
components: (i) 55% from the web wall moment capacity; (ii)
32% due to coupling of the web through the slotted slabs; and
(iii) 10% due to axial forces in the perpendicular gravity
columns.

Furthermore, Henry et al. [19] demonstrated that lateral load
response of buildings consisting of rocking walls can
dramatically alter when the wall-to-floor interaction is
accounted for, as they measured up to 50% increase in the
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lateral strength of the tested specimen at design level of lateral
drift.

Gavridou et al. [20] modelled and analysed a full-scale four-
storey un-bonded post-tensioned (UPT) concrete wall building
that was tested under shake table excitation. They pointed out
that displacement incompatibilities existed between the UPT
beams, the floor system and the structural walls. Their
analytical study demonstrated that the total moment resistance
of the building in the direction of the concrete walls at the
instant of peak strength during its response to a Kobe-
earthquake ground motion was attributed to the following
sources: 50% from the moment capacity of the UPT walls, 35%
from the frame action of the UPT beams, 5% from the column
base moments and the remaining 10% from the interior one-bay
frame. Later, Watkins et al. [21] analysed the same test building
using a more rigorous 3D model and reaffirmed that dynamic
loading and wall-to-floor interaction significantly increase the
over-strength actions compared to the overstrength developed
when considering the wall system in isolation.

A precise estimation of the system overstrength factor in multi-
storey buildings is difficult since many factors contribute to it.
Many researchers have endeavoured to recognize the main
contributors to overstrength in different structural systems
[22,23]. It has been found that inherent randomness and
uncertainties in major parameters such as actual strength of
materials, confinement effects, contribution of non-structural
elements, and participation of secondary structural elements
(such as RC floor slabs) lead to large variations in the
estimation of overstrength [24]. To acknowledge such
unavoidable variations, a conservative overstrength factor (Rs)
of 2.0 has been suggested for medium and low period RC
buildings based on the results of studies on twelve RC buildings
[25] designed and detailed in accordance with Eurocode 8 [26].
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Figure 1: Factors affecting overstrength of a building system
(FEMA-450 [27]).

According to FEMA-450 [27], basic components of structural
overstrength (Qo) consist of material overstrength (Qwm), system
overstrength (Qs) and design overstrength (Qp). These
components of overstrength are presented schematically in
Figure 1. This study focuses on understanding and quantifying
the effect of structural wall-slab-column interaction on the
system overstrength (Qs) factor in typical multi-storey
structural wall buildings. Note that system overstrength (Qs) is
the ratio of the ultimate lateral force the structure is capable of
resisting, Fn in Figure 1, to the actual force at which the first
significant yield occurs, F2 in Figure 1. It is dependent on the
extent of redundancy contained in the structure as well as any
probable contribution of secondary components in resisting the
lateral force. Redistribution of internal actions after ductile
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yielding in critical zones is another key contributor to this
overstrength.

The fundamental objective of capacity design is to restrict the
inelastic mechanism in well-detailed ductile regions via a
strength hierarchy. In case of structural RC wall buildings, the
design intent is to resist seismic actions and dissipate seismic
energy through the formation of plastic hinges at the base of
shear walls while the floor diaphragms vertically supported by
a combination of structural walls and gravity columns remain
elastic (or in specific cases a certain degree of cracking is
allowed without yielding). It is to be noted here that in capacity
design the effects of overstrength are not always beneficial. For
example, the flexural overstrength of members leads to
increased shear forces when plastic hinges form, which may
result in non-ductile failure. Therefore, any possible source of
overstrength in a building should be taken into consideration in
capacity design. While amendments to several aspects of
current NZ design and detailing provisions for structural RC
walls have recently been recommended [11], the requirement to
account for the aforementioned system interaction was not
included in these recommendations.

To meet the capacity design requirements for RC structural
walls as per NZ concrete design standards (NZS 3101:2006
[28]), the design shear force (V'wan) at any level above the
plastic hinge shall not be taken less than the corresponding
shear force found from the equivalent static analysis multiplied
by a section overstrength factor (¢o) and a dynamic shear
magnification factor (wv) such that:

Vwall = (Dv(pov*E (1)

In the above equation, wv is a function of the period of the
structural wall and o is the sectional overstrength of the plastic
hinge zone at the wall base under flexural actions. While the
sources and consequences of the overstrength factor are
scrutinised in detail in this paper, the effect of dynamic
amplification is not considered to enable quantifying the
isolated effect of 3D spatial interaction on the system response.

In this paper, the mechanism of 3D (spatial) interaction between
floor systems, structural RC walls and gravity frames leading to
the ability of structural wall building systems to resist additional
demand (i.e. overstrength) is discussed first. Then, a simplified
method to account for the system overstrength factor is
proposed. Finally, to verify the proposed method and to
quantify the effect of floor characteristics on the system
response of multi-storey RC structural wall buildings, the
system overstrength of five different typical buildings with
varying floor (i.e. bay) length and floor stiffness are estimated
by employing the proposed simplified method and finite
element analyses.

The main research questions addressed in this paper are:

(1) Which variables/parameters play a significant role in 3D
interaction between the floors, structural walls and gravity
frames?

(2) How much do the out-of-plane flexural stiffness of two-way
floor slabs and bay (i.e. floor) length affect the lateral
strength of multi-storey RC wall buildings?

(3) Can a mechanics-based simplified procedure be developed
to reasonably estimate the system overstrength of multi-
storey RC wall buildings without having to conduct a
complex 3D nonlinear finite element analysis?

(4) What system overstrength factor shall be used in design to
account for the wall-floor-frame interaction in typical
ductile multi-storey RC structural wall buildings?

(5) Can generic equations be developed to predict the
interstorey drift ratios along the height of multi-storey RC
structural wall buildings?
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In order to answer the abovementioned research questions, the
following assumptions and simplifications are made in this
research:

e Nonlinearity is limited to the base plastic hinge of RC
structural walls. Although wall-floor-frame interactions can
alter the strength hierarchy and lead to different failure
modes, all other failure mechanisms (such as wall-floor or
columns-floor connections) are suppressed across the
analysis to allow the wall to develop full overstrength.

e The effective floor stiffness (cracked) is isotropic and
uniform throughout the floor. Note that while this
assumption is well justified for two way concrete flat slabs
(with or without prestressing), but it will slightly
overestimate the floor contribution in precast floors made
of single/double tee, hollow-core, rib and raft systems as
such floors have weaker cross section profile in the
transverse direction.

e To isolate the effect of floor systems, flexural behavior of
gravity columns is neglected in the analysis.

e The inevitable random variation of material strengths is
assumed to affect all cases (isolated walls as well as wall-
floor-frame system) equally. Hence, it is not considered in
deriving the system overstrength factor.

THREE DIMENSIONAL SPATIAL INTERACTION
MECHANISM

This section explains the mechanism related to wall-frame-slab
interaction in the post-yielding (nonlinear) phase. A typical
regular multi-storey structural wall building is designed for this
purpose. This is because simple regular systems are deemed
necessary to demystify the complex 3D issues addressed in this
investigation. The simple and regular building configuration
would also facilitate identifying and quantifying key variables
that contribute most to the system response (and the
overstrength factor) through extensive parametric analysis.
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Figure 2: Building plan and the wall base section.

Floor plan of the building, the wall section details and the
design information are illustrated in Figure 2 and Table 1. The
building is eight-story high with 3.20 m story height and has a
footprint dimension of 30 m by 18 m. The gravity system of the
building consists of 200 mm thick RC slabs and circular (500
mm diameter) RC columns. The building is designed based on

the design provisions defined in the NZ concrete structures
standard [28] and the NZ loading standard [29]. The prototype
building is assumed to be located in Wellington on Soil type C.
The seismic mass of each floor is calculated as 4542.3 kN
(Table 1). The natural period of the building is estimated by
Eigenvalue analysis using stiffness values for all elements
(columns, walls, and slabs) as recommended in NZS 3101:2006
[28].

Table 1: Building design information.

Rectangular 6000 x 400 Near fault 1
wall section mm factor
. Seismic
Typt:g?l ;:OOI’ 3.20m weight on 45k4N2 3
g each floor
30, 4307, 300 R
fo fy fin MPa Soil type C
Gravity
columns 500 mm Z factor 0.4
diameter
Slabthickness ~ 200mm | Returmperiod -, ,
factor
Gravity load
on each wall 0.08fcAq SJL%‘;;E,:aI 5
(base) y

* Grade 430 bars are not currently available in New Zealand,
but were in common use in the past.

The deformation patterns of the building in the linear and
nonlinear phases are demonstrated in Figure 3. These figures
illustrate only the system behaviour in Y direction indicated in
the building floor plan. The imposed lateral loads are based on
the assumption that the wall acts as an isolated cantilever in
pure bending with insignificant shear deformation. Note that the
presence of floor slabs can arguably alter the wall’s deformation
profile, but the numerical analyses (presented later) showed that
while the floor slabs slightly increase the initial (cracked)
stiffness of the whole system their effect of on the wall
deformation profile is localised and insignificant. The analysis
also showed that while the deformation pattern remains
predominantly in flexural mode, the presence of the floor slabs
mainly changes the amount of moment demand on the RC
structural walls at a given drift level.

Figure 4(a) shows a schematic deformation of a representative
flooring system due to rocking (sectional rotation) of the
structural wall in the other direction (i.e. X) [30]. Similarly,
Figure 4(b) indicates how the deformation incompatibility
between the wall (due to flexural deformation) and floor slab
might force the surrounding elements to deform. Previous
studies also showed that this mechanism can activate flexural
and/or torsional actions within the floor systems [31]. The
connections between the floor slabs and the structural walls
significantly differ in construction practice due to variability in
the flooring types. However, in this study typical rigid
connections are assumed in both directions. This assumption
implies that the floor slabs are provided with enough strength
to continue resisting internal actions when the walls are pushed
to develop their full moment capacity. Therefore, it should be
acknowledged that if the floor slabs fail to carry the loads
induced by the system interaction (such as out-of-plane
actions), such buildings will perform differently and this
assumption will lead to overestimation of the additional
demand on walls. Nevertheless, equivalent flexural stiffness of
the floor slabs used in the study accounts for the effect of
cracking, which ensures that the forces induced by the floor
deformation are realistic.
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in the compression side moves down (taking the slab
downwards with it). The tensile edge elongation and
compression edge shortening of the structural wall increase
further in the post-elastic response phase; thereby activating the
out-of-plane stiffness of the floor slabs (or other
roofing/flooring systems). This interaction induces significant
additional axial forces in the gravity columns connected to the
floor slabs, which can develop extra moment capacity in the
system. Moreover, the axial forces induced in the gravity
columns are more pronounced when the wall starts yielding and
enters the post-elastic range. In a ductile structure, the floor
system (or flat floor slabs in this case study) will almost always
be required to remain elastic, so that they can sustain their
function of transferring seismic forces to the main lateral load
resisting elements, and tying the building together. Therefore,
diaphragms (floor slabs) should in principle have the strength
to sustain the maximum forces that may be induced in them for
a chosen yielding mechanism within the rest of the structure. As
no elements (other than the structural walls) in the building are
designed to resist shear, any additional shear force generated
due to this interaction is required to be resisted by the structural
walls themselves. The implication is that, shear force demand
on the structural wall in different stories will be increased and
this can impact the hierarchy of the failure mechanism in ductile

RC walls.
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Figure 3: Elastic deformation due to elastic curvature (a);
Plastic deformation due to plastic hinge rotation (b).
[Note: The rotations have been amplified for clarity and are
not intended to be to scale]

For a given applied force pattern over the building height, the
two edges of the structural walls move vertically; due to the
movement of neutral axis in monotonic loading and elongation
(axial growth) of the wall in cyclic loading [32]. Although axial
elongation in cyclic loading could force all longitudinal
reinforcing bars in RC members (beams/columns/walls) to
permanently stretch [33,34]; thereby resulting in both edges of
a wall to move upwards, monotonic loading of a wall causes
tension in only one edge while the other remains in
compression. The edge of the wall in the tension side moves up
(forcing the connected slab to displace upwards) and the edge

Figure 4: a) Floor deformation due to deformation
incompatibility and slab to wall connection [30];
b) Deformation incompatibility of wall and surrounding
slabs in a typical floor system [31].
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DISTRIBUTION OF CURVATURE OVER THE
HEIGHT

When the wall base section curvature equals the effective
yielding curvature (equivalent to yielding of all reinforcement
in the boundary element of the wall base section), the
distribution of curvature over the height of the structural wall
can be expressed as a function of the yielding curvature (see
Figure 5). Although the distribution of lateral forces over the
building height could be approximated using equivalent static
analysis provisions, a linear lateral load pattern with zero
intensity at the base is assumed over the building height in this
study. For simplicity, the triangular lateral force profile and the
cantilever deformation pattern of walls shown in Figure 5
ignore the inevitable minor changes caused by the wall’s
interaction with the floors (more prevalent in the wall’s post-
yielding response phase). Note that a linear function for lateral
forces results in a quadratic shear profile, cubic moment (or
curvature) profile, fourth order rotation profile and a fifth order
displacement profile. Hence, a fifth-degree polynomial shape
function is used to represent the elastic deformation profile
across the height of a prismatic rectangular cantilever wall.

Y(Z=h)=aZ5+bZ*+cZ®+dZ? +eZ +f )

Equation (2) can be used to correlate the roof displacement and
floor rotations with the base curvature, which will facilitate
derivation of a generic deformation profile for structural wall
buildings. In this equation, Z = hi represents the height of floor
i from the base of the building and Y is the lateral displacement.
As mentioned earlier, the fifth order displacement profile leads
to a linear increase of force intensity (i.e. triangular) across the
height, and a smaller order polynomial functions are not
admissible as they lead to unrealistic distribution of lateral
forces or shear forces across the height of the wall. The six
coefficients in this equation can be obtained by satisfying the
geometric and force boundary conditions under the continuous
linear load pattern.

The obvious boundary conditions are:

Y(0) =Y'(0) =0, EI.Y"(H) =0, ELY" (H) =0,
ELY""(0) =0, Y(H) = Avoor

These boundary conditions imply that the displacement,
rotation and lateral force intensity are zero at the base; and the
moment and shear force are zero at the roof level, where the
lateral displacement (Aroof) is known. Solving the constants
using these boundary conditions, the deformation profile can be
derived as a function of the roof displacement as:

Y(Z)=%Zs—m£—’;;’fz3+zﬁ—:jfzz (3a)
V@ =TT R R @)
V) = T - T+ (30
V(0) = Bpqee = il === Broor= o bpese  (30)

Substituting for Areof in Equation (3c), we obtain the generic
equation for the curvature distribution as a function of the base
curvature:

” _ _ M(Z) — Ppase 3 3¢base
Y'"(Z2) = ¢(2) _T(Z)_WZ o0 Lt bpgge 4
Therefore, the curvature variation over the wall height can be
estimated by employing Equation (4) when the curvature at the
wall base reaches the effective yield curvature. Similarly, the
wall rotation at each storey level can be estimated as:

3

Y'(2) = 0(z) =megt —Doweg2 i 7 )
Equation (5) provides a generic method to estimate elastic inter-
storey drifts in different floors of multi-storey wall buildings,
which addresses the final research objective identified earlier.
This enables rapid estimation of design demands on drift-
sensitive non-structural components in RC wall buildings and
so that designers can choose low-damage non-structural
systems that can accommodate the required level of drift and
ensure continued functionality at serviceability limit state. Even
at ultimate limit state, the drift profile can be added by adding
plastic rotation which is constant across the height.
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Figure 5: Height wise distribution of a) lateral force; b) curvature; c) flexural deformation and rotation; d) storey axial force;
and e) storey shear force.

It is important to highlight that in reality, the lateral load
distribution across the height of multi-storey buildings is not
continuous; rather the forces are discretely applied at the floor
levels. Hence, Equation (3d) may introduce some error when
used to find a relation between the base curvature and roof

displacement in a cantilever structural wall. For a given
building height and base shear, different distributions of lateral
forces can be applied over the building height depending on the
distribution of mass in different floors. Figure 6 displays five
different distributions of lateral forces over the building height



for a given base shear used to quantify the error incurred by
assuming the lateral force profile to be continuous. To also
investigate the effect of lateral force distribution pattern, the
total base shear is distributed over the height of the building in
two different ways. The first is a linear distribution according
to New Zealand seismic action standard NZS 1170.5:2004 [29]
(without the 8% lumped force at the roof level) and the second
is proportional to the square of the height of a given floor from
the base. These force distributions can be expressed
respectively as:

hi

Fi = 2;1=1 hiV (6)
hZ
Fe=srmV 0

where hi is the height of floor i from the base. In the above
equations, mass of all floors are assumed to be equal. The
interrelation between the base curvature and roof displacement
along with the corresponding correction factor for both force
distributions are presented hereafter.
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Figure 6: Different distributions of forces over the height.

As the fifth degree polynomial lateral displacement profile
chosen earlier corresponds to a triangular (linear) continuous
lateral force pattern, the interrelationship between the base
curvature and the roof displacement derived using the assumed
displacement profile would obviously be different from the one
that corresponds to nonlinear distribution of discrete lateral
forces. Nevertheless, the difference due to the linear and
nonlinear profiles is likely to be small as the nonlinear force
distribution profile does not deviate from a linear profile by a
great extent. On the other hand, the error brought by the
assumption of continuity depends on the number of floors in the
building and can be significant for low-rise buildings with
fewer stories. In this study, errors in the derived relationship
due to both of these two sources are corrected via applying a
correction factor.

Table 2 lists the actual relation between the base curvature and
the roof displacement as well as the estimation error compared
to a discrete load distribution. It is apparent that the error
involved in employing Equation (3d) is reduced as the number
of floors (n) increases. Hence, the correction factor to adjust
Equation (3d) is defined as a function of number of stories (n).
A regression analysis is performed to find the best fit curve.
Figure 7 illustrates that the correction factor (1) starts with the
value of 0.8258 for a single-storey wall and it asymptotically
approaches 1 as the number of stories increases. Thus, a
modified form of Equation (3d) is proposed in Equation (8) by
multiplying the original expression by the correction factor (A)
to account for the effects of nonlinearity and discreteness of the
lateral force distribution.

Given the fact that most multi-storey shear wall buildings
commonly have 5 or more storeys, the application of Equation
(3d) will induce a maximum of 10% error. Hence, using
Equation (3d) to estimate deformation profile of multi-storey
wall buildings is justifiable for practical purposes; but
Equations (8), (9) and (10) will provide a means to compensate
for the error if/when needed.
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11H?
A'roofz 1_0¢base X A (8)
A=1- % linear force distribution 9)
0.175 . . .
A=1- prye parabolic force distribution (10)

It is interesting to note that the proposed simplified method is
independent of the force applied to the system and relies on the
base section effective yield curvature.

Table 2: Inter-relation between the base curvature and roof
displacement (continuous load versus discrete load).

Case A Eq.(3d) Error Correction
(Linear) roof (%) factor (A)

a(n=1)  0.333pase.H?
b(n=2)  0.308pese.H?
c(n=3)  0.299¢pase.H?
d(n=8)  0.285(pase.H?
e(N=16)  0.280¢pase.H?

0.275Ppase.H?  21% 0.8250
0.275Ppase.H?  12% 0.8919
0.275Ppsse.H>  8.7% 0.9199
0.275Ppsse.H?  3.7% 0.9646
0.275Ppase.H?  1.9% 0.9813

Case A Eq.(3d) Error Correction
(Parabolic) roof (%) factor (A)

a(n=1) 0.3330mse.H?  0.275¢useH?  21%  0.8250
b(n=2) 03190 H?  0.2750mse.H2  16.2%  0.8609
c(n=3) 0.3120mse.H?  0.275¢uae.H?  13.4%  0.8822
d(n=8) 0.2990mseH?  0.2750mse.H2  8.7%  0.9200
e(n=16)  0.293¢meH?  0.2750me.H2  7.1%  0.9336
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Figure 7: Correction factor for different distribution of
forces over the height.

ESTIMATION OF EFFECTIVE YIELD CURVATURE
AND NEUTRAL AXIS DEPTH

Another important variable is the neutral axis location at each
storey level because the base neutral axis depth determines the
centre of rotation once the RC wall rotates as a rigid block in
the plastic phase. Due to inelastic behaviour of concrete in
compression and its negligible strength in tension, the section
neutral axis has to be positioned to satisfy the equilibrium
between the axial load, the concrete compression force, and the
compressive and tensile forces carried by the reinforcing bars.
However, from the distribution of bending moment (which also
resembles the curvature distribution until yielding), it can be
confided that when the wall base section reaches the effective
yield curvature, the section curvatures at upper storey levels are
less than the effective yield curvature.
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An extensive parametric section-analysis is conducted on
various wall sections to investigate the variation of effective
yield curvature (and equivalent neutral axis depth) in their
moment-curvature responses. Moreover, this parametric study
also investigates the variation of neutral axis depth when the
sections reach their ultimate flexural strength. The effective
yield curvature is determined using a standard moment-
curvature analysis satisfying strain compatibility (using a linear
strain profile across the section in line with the plane section
remains plane assumption), material stress-strain relationships,
and section equilibrium. Although the effective yield curvature
of a section can change slightly due to the effects of tension
stiffening and bond-slip, this study neglects them for brevity.

L w

a) Section parameters

Parameters Definition
Lw Wall length
4m.6m,8m,10m
tur Wall thickness
400 mm
b Boundary length
0.1Lw . 0.2Lw
p Boundary reinforcement
ratio
0.005-0.01-0.02-0.03
Pw Web reinforcement ratio
0.0025
N/(Agto) Axial force ratio
0.025-0.05-0.075-0.1
fe Concrete compressive
E. stress
€ Concrete young’s
modulus
Concrete peak strain
30 MPa
Ec=5000£:=27386 MPa
0.003
fy Rebar yield strength
E; Rebar young’s modulus
430 MPa
200000 MPa
cover Distance to center of first
rebar
50 mm

b) Section analysis variables

Figure 8: Moment-curvature analysis and variables
definition.

General features of the wall sections and the ranges of section
variables included in the parametric analysis are shown in
Figure 8. The longitudinal reinforcing bars in the boundary zone
are spaced at 200 mm centres, and in the web they are assumed
to be uniformly distributed to give the desired web
reinforcement ratio (i.e. 2.5%). The stress-strain curve of
concrete in compression is assumed based on the model
proposed by Mander et al. [35], and an elasto-plastic stress-
strain relationship is employed for reinforcing bars.

As shown in Figure 9, the effective yield curvature, ¢yefr, is
obtained by extrapolating the first-yield curvature, ¢y to a point
where the moment reaches the ultimate strength, My, assuming
elasto-plastic response; i.e.

My
yerr = M, Xy (11)

where My is the moment resistance when the most extreme
longitudinal rebar located in the boundary zone reaches gy (this
condition holds true when the axial loads applied on the wall
sections are relatively low) and the ultimate (nominal) flexural
strength, Mn, is defined as the section moment capacity
corresponding to the concrete strain of 0.003 at the extreme
compression fibre.

Moment
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>
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Figure 9: Definition of effective curvature in the section
analysis.

Although multiple analyses were performed to estimate the
effective yield curvature of rectangular wall cross sections for a
given axial load and section geometry, only a few selected cases
are presented here for brevity. Typical results of the parametric
section analyses are shown in Figure 10 and Figure 11 for a
rectangular wall section with a constant longitudinal web
reinforcement ratio, concrete compressive strength and steel
reinforcement yield strength. Each chart plots the effective
yield curvature as a function of the axial load for different
longitudinal boundary reinforcement ratios for a specified wall
length (4 min Figure 10 and 6 m in Figure 11) and a constant
boundary zone length to wall length ratio (0.1 and 0.2). For
known values of axial load, wall length, longitudinal boundary
reinforcement ratio and longitudinal web reinforcement ratio,
the effective yield curvature coefficient can be interpolated
between the plotted curves. It is worth noting here that the
bilinear idealization method based on Equation (11) introduces
some error; especially in sections with low percentage of
boundary reinforcement and low axial load ratios. For example,
while the first yield curvature should decrease as the axial load
ratio decreases, Figure 10 and Figure 11 show an opposite trend
for axial load ratios less than 0.025 for most cases with 0.5 and
1 percent boundary reinforcement ratios.

However, it is desirable to develop a simplified formulation for
rapid estimation of effective vyield curvature without
undertaking moment curvature analysis. Hence, the results of
moment curvature analyses are herein compared with two
simple expressions (Equations 12 and 13) proposed in the
literature [36,37] that are commonly used for estimation of
effective yield curvature. While both of these equations are
independent of the applied axial force, the formulation in
Equation (13) takes the effect of boundary reinforcement into
account.

€
byerr =7 % 2 (12)
p0.07

It is evident from Figure 10 and Figure 11 that Equation (12)
consistently overpredicts the effective yield curvature in the
presented cases. However, while Equation (13) also appears to
slightly overestimate the effective yield curvature, within the
typical range of axial forces (0.025-0.075fcAg) and boundary
length (0.2Lw), its predictions match better (closer than



Equation 12) with the results of moment curvature analysis.
Hence, it is reasonable to use Equation (13) for rapid estimation
of effective yield curvature.
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Figure 10: Variation of effective yield curvature with
different parameters (Lw=4 m and b=0.1-0.2Lw).
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Figure 11: Variation of effective yield curvature with
different parameters (Lw=6 m and b=0.1-0.2Lw).

145

Figure 12(a) shows the effective yield curvature versus axial
load ratio for several wall sections analysed herein. Comparing
the moment-curvature responses of different cases reveals that
the effective yield curvature is significantly sensitive to the wall
length for a given concrete and rebar strength. This is in line
with findings of previous studies [36,37]. It is also observed that
rectangular walls with different boundary zone lengths exhibit
not too dissimilar results for the range of values covered in this
study.

Figure 12(b) plots the neutral axis depth normalized with
respect to the wall length when the section reaches its ultimate
strength (i.e. corresponding to concrete crushing). It is evident
that the normalized neutral axis depth (i.e. cu/Lw) varies
between 0.05 to 0.2 depending on the amount of boundary zone
reinforcement and the wall length. However, it is insensitive to
the wall length. As the variation of neutral axis depth with
respect to the wall length is minor, it cannot be distinguished in
Figure 12(b).
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Figure 12: a) Effect of wall length on effective yield
curvature b) Variation of neutral axis depth with different
parameters at maximum flexural strength.

ESTIMATION OF VERTICAL DISPLACEMENTS OF
WALL EDGES

Figure 13 demonstrates the procedure adopted herein to
estimate the wall edge vertical displacements in the elastic and
plastic states. When the curvature at the wall base equals the
effective yield curvature, the deformed shape of the wall is
shown in Figure 13(a). In this configuration, the vertical
displacements at the left (tension) and right (compression)
edges of the wall at each storey level are estimated by following
the steps listed below,
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e Calculate the effective yield curvature ¢yefr at the base
section using Equation (11) or Equation (13).

e Calculate the elastic rotation at different storey levels by
substituting ¢oase = dyerr in Equation (5).

e Calculate the vertical elastic displacements of the two wall
edges at different storey levels as:

Ly
Auel(T)= Auel(C)= (7) X 01 at storey 1 (14)

Ly .
Avei(T)= Avei(C)= (7) X O¢; at storey I (15)
where Lw is the wall length, and 6ei, Avei), and Awic) are
respectively the elastic rotation, the upward displacement of the
tension edge, and the downward displacement of the
compression edge at storey level i.
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Figure 13: Elastic and plastic deformation of a wall.

Note that in deriving these equations the NA depth in the elastic
phase is assumed at mid-length of the wall. In reality, during
elastic response the NA is located closer to the centre than at
ultimate stage but its exact location in the compression half
changes with wall characteristics. Consequently, this
assumption will slightly underestimate the upward movement
of the wall’s tensile edge (and the resulting out-of-plane shear
displacement of the floor connected to it) and overestimate, by
an equal amount, the downward movement of the wall’s
compression edge (and the shear displacement of the connected
floor). For walls with equal floor spans beyond the two edges,
this means there will be no change to the wall moment. This
logic is validated by the derivations and case study presented
later. For walls with different floor spans beyond the two edges,
the error induced will be insignificant as the wall’s elastic
deformation accounts for only a small proportion of the total
floor displacement. Hence, for simplicity this assumption is
justified as it does not compromise the final results.

It is important to highlight that storey rotations (and
consequently the wall edges displacements) during the elastic
response shown in Figure 13(a) are controlled by the

cumulative summation of curvatures below the given storey
level, while the plastic displacements of the wall edges at a
specified height from the base (or at a given storey level) is
solely controlled by the base plastic hinge rotation.

In the procedure followed herein, the wall edge vertical plastic
displacements at a storey level (denoted as Avpi) are estimated
based on the value of the base plastic rotation (8p), the neutral
axis depth at the ultimate section response (cub) and the height
of the storey (hi). The challenge is to find the plastic rotation at
the wall base. The appropriate value of the base plastic rotation
highly depends on the assumed/selected plastic hinge length
and the ultimate curvature of the wall section. In this study, the
experimentally validated plastic hinge length (equal to one-
third of the wall length) recommended by Thomsen and
Wallace [38] is adopted. They demonstrated that plastic hinge
length between 0.33Lw and 0.5Lw was found to produce a very
good agreement with the measured strain profiles, and for
rectangular walls better agreement was obtained with 0.33Lw.
The plastic hinge length of 0.33Lw adopted here has also been
validated against experimental data from building tests [18].

Plastic rotation of a wall at the base section and corresponding
deformation of the wall are shown in Figure 13(b). Due to the
plastic rotation of the wall, the vertical displacements of the two
wall edges are estimated using the following steps:

e Calculate the effective yield curvature o¢yefr at the base
section using Equation (11) or Equation (13).

e Estimate the ultimate curvature ¢u from the moment-
curvature section analysis.

Alternatively, Equation (16) proposed in literature [37] can
be used to estimate the ultimate curvature without
conducting a moment curvature analysis.

_ P bE M/ys0.29
¢uLw - 0-8CL(£su)(1 - 24 P_D)(l -15 Zpsh)(:) (16)

where CL is a coefficient that takes into account the effect
of loading regime with the proposed values of 0.75 and 1.0
in case of cyclic and monotonic loadings, respectively, &g,
is the ultimate strain capacity of the reinforcing steel (strain
at rupture), Po is the nominal axial load capacity at zero
eccentricity, P is the applied axial load, f, is the yield
strength of longitudinal reinforcement in the boundary
region, f. is the specified compressive strength of concrete,
psn is the ratio of web horizontal reinforcement to vertical
Cross section, M/V is the applied moment to applied shear

force ratio, and Lw is the wall length.

e Use plastic hinge length Ip = 0.33Lw to estimate the plastic
hinge rotation 0p = Ip (¢u - dyefr)

e Determine the neutral axis depth (Cu) at the maximum
flexural strength from moment-curvature analysis or by
using the charts in Figure 12(b).

e Calculate the wall edge vertical displacements at different
storey levels due to plastic rotation as:

AUpO(T)z (LW - Cub) X Gp rAva(C)Z Cub X Bp at the
base @17

AVpi(T)z AVpO(T) - hi X (1 - COSGp) at Storey i (18)

Avpiccy= Bupo(cy T hi X (1 —cosB,) atstoreyi (19)

where hi is the height of the storey i from the base, and Awim)
and Awic) are respectively the upward and downward plastic
displacements of the tension and compression edges at the
storey level i.

The total upward or downward displacement of a wall edge is
equal to the sum of the elastic and plastic displacements
calculated above.



FLOOR SLABS CONTRIBUTION

To quantify the contribution of floor slabs to the lateral response
of multi-storey structural wall buildings, two-way floor slabs in
each floor are modelled as a grid of orthogonal equivalent
elastic beams intersecting at the edges of walls present in that
floor plan. In such buildings, slabs are subjected to out-of-plane
actions due to upward/downward movements of their
boundaries connected to the structural walls. Hence, the floor
slabs bend not only like beams in orthogonal directions, but
they are also subjected to torsional warping, which can be non-
trivial in irregular floor plans. However, torsional stiffness of
the slabs is ignored here to derive a simple hand calculation
method.

Figure 14 shows a representative floor plan with structural walls
as lateral load resisting elements. Here, two walls resist the
lateral forces in each direction, but mechanisms and system
behaviour related to only one wall along the Y-axis are
discussed here for brevity; the process explained herein can be
readily followed to deduce the behaviour of the remaining three
walls. Altogether for this floor, there will be beams along four
gridlines each in the X and Y directions, which intersect at the
edges of the walls. Each wall will interact with all beams
spanning through the two edges of the wall in either directions.
For example, the shaded cruciform area in the figure indicates
the portion of the slab interacting with the Y-direction wall in
gridline B. The hatched portion indicates the slab strip acting as
the Y-direction beam restrained vertically at the far ends by
gravity columns and connected to the wall in the central region.
This beam will be forced to move up/down and rotate together
with the wall edge when the wall deforms in-plane. On the other
hand, the two solid strips orthogonal to the wall axis represent
the X-direction beams which are supported at the far ends by
the gravity columns on either side of the wall. When the wall
deforms in-plane, these beams will be forced to move vertically
together with the wall edges.
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Figure 14: Equivalent slab lengths and widths in X and Y
directions in a typical floor plan.

The equivalent slab widths represented by the X and Y direction
beams are equal to the bay length in the orthogonal direction.
For example, the beam spanning along the wall axis has length
Ly (i.e. bay span in Y-direction) and represents slab width equal
to Lx (bay length in X-direction); and vice versa. As the purpose
of representing strips of floor slabs as equivalent beams in this
study is to find the best estimate of shear force transferred as
axial forces to the gravity columns via out-of-plane bending
deformation of the slabs, the equivalent width is assumed to be
the width of the tributary area; i.e. equal to the bay length
(covering half of the bay on each side). This makes it easy to
replace them with an equivalent beam type element. However,
it is obvious that the deformation of slabs out of their horizontal
plane also induces some additional axial forces in the corner
columns. In this study, the contribution of axial force in the
corner columns (which will be small in comparison to the six
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columns that are included in the shaded area) is neglected. As
will be revealed later, results of the hand calculation method
confirm that this is a reasonable assumption.

As the flexural stiffness of the gravity columns supporting the
beams at the end is negligible compared to the flexural stiffness
of the slabs, the wall-floor-column sub-assemblage can be
reasonably represented by a beam with a pin at the far end from
the wall. The wall ends of the equivalent beams follow the
deformation of the wall edge they are connected to. Hence, the
enforced boundary conditions stem from the vertical
displacement of the wall edges as well as the sectional rotation
of the wall at each floor level. Thus, these vertical and rotational
deformations are prescribed as boundary conditions for the
equivalent beams at their connections to the wall.

MAXIMUM MOMENT CAPACITY OF THE SYSTEM

Any in-plane deformation of shear walls will force the floor
slabs to deform and trigger vertical reactions at their end
supports, which will induce axial forces in the walls and gravity
columns. The additional moment capacity induced in the
building due to these column axial forces at the ultimate limit
state can be estimated using the formulation derived below.

First, the wall edges’ vertical displacements at each storey level
need to be calculated at the effective yield and ultimate limit
states. For this, wall rotations along the wall height at these two
limit states are required.

The rotation profile at yielding limit state can be calculated
using Equation (5) by substituting ¢yetr for ¢nase and replacing z
with the variable hi. Thus, the rotation of each storey at the
effective yielding base curvature can be obtained using
Equation (20).

Oyi(z = h) = (LLnt =202 g b)) (20)
Similarly, the maximum plastic rotation of the wall can be
obtained by assuming equal plastic curvature (i.e. difference
between the ultimate and yielding curvatures) distributed across
the plastic hinge length at the base of the wall. This yields
Equation (18), which is employed here to estimate the plastic
hinge rotation.

gp = (d)u - ¢yeff) X lp (21)

At the ultimate limit state, the total rotation of the wall section
at each storey is the summation of the elastic rotation at that
storey given by Equation (20) and the plastic rotation at the wall
base given by Equation (21). Note that using the plastic rotation
capacity (rather than plastic rotation demand at the design level
of drift) ensures that the wall behaves in the intended ductile
mode all the way until its ultimate limit state. Thus derived
system overstrength factor may be slightly conservative at
design demand, but this will reassure that the system
performance will not be catastrophic even at shakings
exceeding the design level. Similarly, the vertical movements
of the wall edges can also be obtained by summing the vertical
movements due to elastic and plastic rotations (as explained in
the previous section while discussing Figure 12).

Oci = Avei(cy + dopi(c) (22)

In Equation (22), & and &.i are the vertical displacements of
respectively the tension (upward) and compression (downward)
edges at storey level i due to the total sectional rotation of the
wall at the ultimate limit state. To calculate these ultimate state
vertical displacements of the wall edges in each floor due to an
arbitrary lateral force, Equation (20) and Equation (22) should
be used along with the derivation of elastic and plastic vertical
displacements presented in the previous section (see Figure 13
and Equations (18) and (19)). This results in the following

8ti = Aveicry + Avpicr)
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equations for wall edges vertical displacements in tension and
compression sides.

S = (Gatht =B + by i) X (3) +

(L, — cub) X 0, — h;i(1—cos6,) (23)

e = (bt =2+ oy h) % (59) +

(cup) X 9 + (1 —cosbp) (24)

These vertical displacements along with the total sectional
rotation (& = 6 + &) are enforced as the boundary conditions
to the equivalent beams representing the adjacent floor slabs.
Figure 15 illustrates the application of these boundary
conditions on the equivalent beams in Y and X directions. The
far support of the beams at the gravity columns are treated as
pins, which imply that any minor elastic axial displacement due
to the axial force induced in the gravity columns is overlooked.
Also, assuming the out-of-plane displacements are small in
comparison to the floor dimensions (i.e. small-displacement
theory), any minor membrane force induced in the floor slab
and consequent shear force induced in the columns due to the
transverse deformation (and catenary action) of the floor are
ignored.
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Figure 15: Equivalent beams in X and Y directions and
boundary conditions enforced due to deformation
compatibility.

For the beam in Y-direction, the vertical reactions at the two
supports are of opposite nature; the upward reaction in the left
support (inducing tension in the column) is denoted as Vty and
the downward reaction in the right support (inducing
compression in the column) is denoted as Viy. These reactions,
which are equal to the column axial forces, can be calculated
as:

_ 3EleppX8y | 3EleprxOy

Viiy = (25)
Y L L3
_ 3EleppX8¢i | 3EleppX0y
Vciy - 13 + 12 (26)
y y

where, 8t and 8ci are defined in Equation (22), 64 is the total
rotation calculated as 8yi+0p, E is the elastic modulus of concrete
and lert is the moment of inertia of the effective section of the

beam including the effect of cracking. Acceptable values of
effective section inertia as a fraction of gross section inertia are
recommended in concrete codes for floor slabs and/or beams,
which can be used in this calculation.

In contrast, for the two beams spanning along X-direction, the
reactions at both supports are of the same nature. As can be seen
in Figure 15, the X-beam spanning across the tension edge will
develop upward reaction at both supports (inducing axial
tension on the columns) and the beam spanning across the
compression edge will develop downward support reactions
(inducing axial compression on the columns). Note that the
twisting (i.e. transverse bending) of the X-direction beams
induced by the in-plane deformation of the wall is not accounted
for in this derivation. The reactions at the two supports will be
equal if the spans in the two sides of the wall are equal (which
is true for the case considered here). These reactions can be
calculated as:

3Elppx8g

and Vg, = 5 27

Note that the effective section inertia of the X-direction beams
can be fairly assumed to be equal to Y-direction beams in two-
way flat slabs, but this is not true when profiled precast flooring
units are used. For example, the effective section inertia of
double tee or hollow core in the transverse direction will be
significantly less than that in the longitudinal direction because
only the thin flanges participate in resisting floor bending in the
transverse direction. In such cases, effective section properties
shall be calculated separately for the two directions.

Figure 16 illustrates the deformed shape of a structural wall
cross section in a typical floor of a multi-storey structural wall
building and a schematic spatial representation of the induced
actions in the surrounding gravity columns. The axial forces
induced in the gravity columns generate an extra moment in
each storey, which is surplus to the sectional moment capacity
of the structural walls. This additional moment capacity due to
system interaction can be estimated in each storey by
multiplying the axial forces in the columns by their distance
from the centre of the wall section.

Figure 16: Induced axial forces in gravity columns/walls due
to structural wall sectional deformation compatibility.

The steps followed herein to estimate the additional axial forces
induced in gravity columns due to their interactions with the
wall deformation via floor slabs in each storey, and to quantify
their contribution to the storey level moment and shear demands
are outlined below.

e Calculate the effective widths of the slabs in X and Y
directions; i.e. Lx and Ly respectively.



e Calculate the shear forces induced in the equivalent beam
elements at storey i in the X direction; i.e. Viix and Vcix using
Equation (27).

e Calculate the shear forces induced in the equivalent beam
element at storey i in the Y direction; i.e. Viy and Vciy using
Equations (25) and (26).

e Add the shear forces from all higher floors to obtain the
additional column axial forces due to wall-floor-column
interaction.

thy = Z?:j Vtiy C]y Z i=j cty (28)
thx = Z?:j Viix C]x = Zz =j Veix (29)

e Calculate the additional system moment induced in the
storey due to the wall-floor-gravity frame interaction by
adding the moments (about the centre of the wall) of the
additional axial forces induced in all columns in that storey.

Mipe; = (Ntiy + Nciy) (Ly + LZ ) + 2(Ngix + thx)( ) (30)

Note that if the bay lengths are not equal, the lever arms of
the tensile and compressive forces could be different and
the storey moment calculation takes a different form.
Moreover, when the whole floor including multiple walls in
a symmetric floor plan is considered, the moments of the
column axial forces could be taken about geometric centre
of the floor (rather than the centre of a particular wall).

e Calculate the additional storey shear demand introduced to
the structural walls due to axial forces induced in the
columns.

Minti

Vinei = == (31)

The proposed procedure enables accounting for the differences
in the boundary conditions (i.e. different wall rotations and
movements of the wall edges) at different storey levels. The
actions induced in the tension and compression sides of the
structural walls are estimated separately. Applying Equation
(30) to the bottom storey and substituting for the column axial
forces from Equations (25)-(29), the moment resisted by the
system interaction at the base can be written as below.

3512ff5n 3Eleffel

Mint pase = 1( )(L +Lw/2)+
3El rrSe; SEIe 6a 3El.f£6;
s () (3 )x2+2 1( oL 2 Ly +
L /2) + Ty () (%) x 2 (32)

This additional moment or resistance of the system calculated
at the ultimate limit state together with the moment capacity of
the wall gives the moment overstrength of shear wall building
system, which can be normalized with respect to the nominal
flexural strength of the wall base section to evaluate the system
overstrength factor.

_Q Mwall nominaltMwall— hardenmg"’Mmt base

Myail-nominal

Mwall—hardening Mint,base

=1+

Mwall—nominal Mwall—nominal

= 1.15 4 —Jintbase (33)
My, qli-nominal

The hardening component of the overstrength is required only
in the hand calculation method. In finite element analysis, the
effect of hardening can be automatically accounted for in the
predicted nominal capacity by employing material laws
including strain hardening of rebar and confinement effect of
concrete. For consistent comparison, only the strain-hardening
component of the material overstrength (assumed as 1.15) is
used in deriving the hand calculation method for flexural
strength of rectangular walls. This is in line with the post-
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yielding moment capacity suggested by section analysis using
material models accounting for the strain hardening of
reinforcing bars and confinement of concrete. This procedure
implies a consistent comparison between the system
overstrength obtained from the finite element analysis and from
the simplified method.

The system overstrength (including the additional moment
capacity due to the interaction between the walls and the gravity
columns through the floor slab) could be critical when capacity
design principle is to be applied to avoid shear failure of the
structural walls. Hence, this study applies the above-explained
procedure to typical configurations of structural wall buildings
to obtain areliable value of the system overstrength for capacity
design of multi-storey RC structural wall buildings.

SCRUTINIZING THE HAND CALCULATION
APPROACH

The proposed simplified hand calculation method using the
derived formulations is applied to a building prototype with slab
length equal to 6 m in both directions and an effective flexural
stiffness equal to 25% of gross section stiffness (i.e. Elert =
0.25Elg). Sectional properties of the wall are the same as those
considered in the previous section; i.e. as presented in Figure 2.
To distinguish this case from the status quo approach of no
wall-floor interaction, it is identified as Case 2.

Estimation of the Wall Edges Vertical Displacements and
Sectional Rotation

For the designed wall section in the prototype building, the
effective yield curvature, the yield moment and the effective
flexural stiffness are obtained from section analysis as (¢yb =
Oyeft = 0.6646/km, Mnp = 37905kKN.m, lefr = 1.901m?, lefi/lg =
0.265) respectively. Using these values, the curvatures and the
elastic rotations of the wall in each story level are calculated by
employing the proposed method. The calculated values are
listed in Table 3.

As can be observed in the table, the vertical displacements of
the wall edges increase with the height of the floor from the
base. For example, the total vertical displacement in the tension
side is equal to 116.9 mm at roof level and 108.3 mm in the first
storey. Nevertheless, this difference is small and it would be
acceptable to ignore the second order effects in calculating the
wall edge displacement profile across the wall height. Similarly,
it is also evident from the values in Table 3 that the wall edge
displacements (particularly the tension edge) increase
drastically in the nonlinear stage. For example, the elastic and
plastic vertical displacements of the tension edge at the roof
level are equal to 19.14 mm and 97.73 mm respectively. Hence,
it is critical to assess the effect of system interaction at the
ultimate limit state in design or assessment of structural wall
buildings.

Calculation of Induced Actions

In this section, based on the estimated values of the vertical
displacements of the wall edges in tension and compression
sides as well as the sectional rotation (Table 3), the additional
design actions induced in different storeys are calculated using
the proposed method. Table 3 presents the values of the axial
forces induced in the columns and their corresponding moments
at each storey level. As can be seen in this table, the extra base
moment capacity induced in the bottom floor due to system
interaction is equal to 16981.35 kNm, which is about 45% of
the nominal yielding moment capacity of the wall section (i.e.
37905 kNm). Combining with the 15% overstrength due to
strain hardening, this results in a system overstrength equal to
1.6 for this building configuration.
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Table 3: Elastic and plastic vertical displacements of wall edges for Case 2.

Storey level 0 (Base) 1 2 3 4 5 6 7 8 (Roof)
Curvature(¢i) (1/km) 0.6646 0.6651 0.6674  0.6816  0.7054  0.7448  0.8037  0.8859  0.9954
Oyi (rad) 0 0.0019  0.0035 0.0046 0.0054 0.0060  0.0063 0.0064 0.0064
Avei(T) (mm) 0 5.78 10.40 13.88 16.35 17.92 18.77 19.10 19.14
Avei(C) (mm) 0 5.78 10.40 13.88 16.35 17.92 18.77 19.10 19.14
Op(rad) 0.0207 - - - - - - - -
Awpi (T) (mm)(upward) 10320 10252 101.84  101.15 10050  99.78  99.10 98.42 97.73
Awi(C) (mm)(downward) - 2153 2221 2289 2357 2426  24.94 25.63 26.31
&t = Avei(T) + Avpi(T) 103.2 108.30 112.24 115.03 116.85 117.70 117.87 117.52 116.87
(mm)(upward)
ci= Avei(C) + Awi(C) . 2731 3261 3679 3092 4218 4371 4473 4545
(mm)(downward)
0t = Oyi + 0p (rad) 0.0207  0.0226  0.0242 0.0253 0.0261 0.0266 0.0269 0.0270 0.0270
Table 4: Extra moment due to the induced actions in gravity columns in each storey for Case 2.
Oti Ny Neiy Niix Neix Msys.i (System moment)
Storey level (rad) (kN) (kN) (kN) (kN) (kN.m) Qsi

8 0.0270 -116.33 86.57 -48.70 18.94 2232.0

7 0.0270 -232.89 172.80 -97.66 37.57 4462.61

6 0.0269 -349.33 258.34 -146.77 55.78 6684.30

5 0.0266 -464.99 342.53 -195.82 73.36 8882.73

4 0.0261 -578.97 424.48 -244.49 89.99 11037.93

3 0.0253 -690.16 503.05 -292.42 105.32 13125.32

2 0.0241 -797.27 576.98 -339.18 118.90 15116.71

1(Total) 0.0226 -898.90 644.86 -384.31 130.28 16981.35 1.60

From the above example, it is obvious that the system
interaction between the walls, floor slabs and gravity frames can
significantly increase the moment capacity of multi-storey
structural wall buildings. Such flexural overstrength can alter
the strength hierarchy of different failure modes and render the
building to fail in an undesirable and brittle mode. Needless to
mention, this additional flexural overstrength due to system
interaction must be properly accounted for in designing RC wall
buildings.

Effect of Floor Characteristics

To better understand the three-dimensional spatial effects of
slabs on the system behaviour of multi-storey shear wall
buildings and to recommend reliable system overstrength
factors for design, five variants of the prototype building are
analysed hereafter. As is apparent from the derivations in the
previous sections, the parameters governing the induced extra
moment are the wall edge displacements and the flexural
stiffness of the equivalent beams representing the slab spanning
in the two directions. The wall edge displacements are
controlled by the lateral forces and the wall characteristics, so
they do not depend on the building configuration. Nevertheless,
the flexural stiffness of the equivalent beams are controlled by
the effective section stiffness of the floor slabs and the beam
span (i.e. bay length) in the two directions. Hence, these two
key parameters (slab stiffness and the bay lengths) are altered
in these five cases to assess their effects on the system
overstrength.

The flexural stiffness and geometrical dimensions of the floor
slab used in these five cases are listed in Table 5. Typical floor

plan and geometry of the prototype building have already been
defined in the previous section (see Figure 2 and Table 1). In all
five cases, the structural wall properties remain the same while
the bay length in the two directions and/or the flexural stiffness
of the floor slab are varied. With zero floor stiffness, Case 1
represents an uncoupled system where the effect of the system
interaction is fully overlooked. To trigger the interaction
between the wall and gravity columns through the floor slabs,
non-zero floor stiffness are assigned in other 4 cases. Floor
stiffness equal to 25% of the gross section stiffness is assigned
in Cases 2-4 and Case 5 is assigned floor slabs with 50% of the
gross stiffness. Note that this range of stiffness is chosen to
include the effective section inertia used in design, which is
typically 0.3-0.4 of the gross moment of inertia (lg) for beams
and ~0.25lq for slabs. Case 2 is the same as that analysed in the
previous section (see Tables 3 and 4). Cases 3 and 4 are selected
to represent the effect of change in (bay) length of slabs in X
and Y directions, respectively. Similarly, Cases 1, 2 and 5 will
provide the effect of the flexural out-of-plane stiffness of the
slabs.

Table 5: Variables for different case studies.

Case  Floor slab flexural stiffness Lx(m) Ly(m)
1 0 6 6
2 0.25Elq 6 6
3 0.25Elq 6 8
4 0.25Elq 8 6
5 0.50Elq 6 6




Finite Element Modelling

To scrutinize the application of the proposed hand calculation
method, the system overstrength factors for these five cases are
calculated by following the simplified procedure developed in
the previous section. Moreover, finite element analyses are also
conducted to generate the pushover response of these five cases,
which help in verifying the reliability of the proposed hand
calculation method. Three-dimensional nonlinear finite element
models are developed for the prototype building using
SAP2000 [39], and floor stiffness and lengths are assigned as
listed in Table 5 to obtain their pushover capacity curves. The
seismic masses at all floors are assigned as distributed mass on
walls. A rigid diaphragm action is enforced by slaving the
translational degrees of freedom at each floor level. The
foundation of the building is assumed as rigid, and P-delta
effects are taken into account.

Several micro and macro modelling techniques are available to
model and analyse RC walls [40,41]. Novel quadrilateral
elements with superior computational efficiency and accuracy
have also been proposed in literature [42-44]. Although
nonlinear response and different failure modes of isolated walls
can be convincingly predicted using existing techniques [45],
many challenging issues still remain in modelling nonlinear
behaviour of shear walls in multi-storey buildings [46]. In this
study, nonlinear shell elements that have been validated in
predicting in-plane behaviour of RC structural walls [47] are
used to model the rectangular walls. Confined and unconfined
concretes are modelled differently using stress-strain
relationships (shown in Figure 17b) proposed by Mander et al.
[35], and the tensile strength of concrete is neglected. The
stress-strain relationship used for the steel reinforcement is
shown in Figure 17(a). Shear behaviour is modelled using the
automated inelastic shear layer in SAP2000 [39] for nonlinear
shell elements.
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Figure 17: Material stress-strain backbone curves;
a) Reinforcement b) Concrete.
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Slabs are modelled using elastic shell elements with effective
flexural stiffness values as per the Case being considered, and
the shear stiffness of the slabs is taken as half of the gross shear
stiffness; i.e. GA = 0.5GAg, where the shear modulus (G) is
calculated using a Poisson's ratio v = 0.2. All slabs are assigned
a specified concrete strength of fc = 30 MPa.

The gravity columns are modelled as elastic beam elements
with very low flexural stiffness. Elastic properties of the
columns are evaluated using the cross-section dimensions, and
the following stiffness modification factors are used for the
columns in flexure and shear; Elets = 0.01Elq (flexural), GA =
1.0GAq (shear). Figure 18(a) shows the first elastic mode shape
of the whole structure with a period equal to 0.80 sec. As an
example of the predicted response, Figure 18(b) depicts the von
Muises stress of concrete layers for Case 1 at the last loading step
before the peak strength of system starts decreasing.
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Figure 18: a) First elastic mode of finite element model;
b) The von Mises stress of concrete layer at the peak strength
(for Case 1).
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Analysis Method and Results

In this study, pushover analyses are conducted by primarily
applying lateral forces proportional to the shape of the first
mode to the selected prototype building. Although the logical
distribution of lateral load pattern in pushover analysis should
ideally be updated regularly due to gradual reduction of the
system stiffness during the analysis (due to cracking, yielding
and force redistribution), the initially assigned load pattern is
retained for the whole analysis in this study as per FEMA-450
[27] guidelines. All analyses are performed with a gravity load
of P=1.0D+0.25L. The analytically predicted pushover curves
are then idealized according to FEMA-695 [48] approach
where/if needed.

The results of displacement controlled pushover analysis for all
cases are compared in Table 6, and pushover curves of three
cases with the same dimension but different slab stiffness are
plotted in Figure 19. To find the effective period of the building,
the estimated capacity curve can be idealized to obtain an
equivalent single degree of freedom system. Detailed
description of converting the multiple degrees of freedom
capacity curve to the equivalent single degree of freedom
capacity curve can be found in ATC-40 [49]. Itis evident from
Table 6 that Cases 2 to 5 develop considerable overstrength due
to contribution of floor slabs in the system response.

Table 6: Results of pushover analysis.

Case Base flexural yielding” Maximum base Q"
(M, 6y) moment” (M, 6.)
1 (33.70,0.00123) (42.61,0.0191) 1.26
2 (37.35,0.00123) (64.36,0.0191) 1.72
3 (37.04,0.00123) (62.95,0.0192) 1.70
4 (36.93,0.00122) (62.24,0.0192) 1.68
5 (40.45,0.00122) (82.54,0.0186) 2.04

*Units: MN.m and rad, excluding the p-delta effect
** normalized with respect to Moy
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Figure 19: Results of pushover analysis for three cases
(including p-delta effect).

Comparing the pushover curves in Figure 19 demonstrates that
the slab out-of-plane stiffness starts contributing significantly
to the overall strength of the system when the structural walls
gradually enter the inelastic range after reinforcement yielding
in the wall boundary elements. The significant yield point is
defined here as the instant when reinforcement in the boundary
element yield in tension or when the element representing the
boundary zone in the numerical model yields. In other words,
the stress of boundary zone reinforcing bars, smeared into the
mesh of the boundary elements, is tracked in each step of the
analysis and once all reinforcing bars inside the boundary mesh
yield, the base yield moment (Mvy) and the yield rotation are

recorded. The base rotation is determined by dividing the sum
of the vertical displacements of the two wall edges (measured
within the bottommost 0.33Lw) by the wall length.

From the five cases investigated, two (Case 1 and Case 2) are
selected here for detail comparison of responses at yielding and
at specific drift levels. At the base rotation of 0.0191 rad, the
ratio of the base moment in Case 2 (64.36 MN.m) to that in Case
1 (42.61 MN.m) is equal to 1.51. The contribution of system
interaction on the base moment resistance at yielding point is
approximately 11% larger in Case 2 than in Case 1 with no
interaction. Case 1 reaches the maximum system overstrength
equal to 1.26 at the base rotation of 0.0191 rad. However, the
maximum overstrength in Case 2 is found to be 1.72 at the same
base rotation. While the overstrength of Case 1 is attributed
mainly to strain hardening and confinement of concrete in the
critical section, Case 2 benefits much more from the
contribution of wall-slab-column interaction in resisting the
lateral forces.

The remaining cases were also analysed to verify the reliability
of the simplified hand calculation method. The numerical
analyses results also address the importance of bay length as
well as the flexural stiffness of slabs on the system overstrength
factor. The calculated and analytically predicted values of
system overstrength and the associated error for all five cases
are presented in Table 7. In order to compare the results of hand
calculation method with the finite element method, the
maximum base moment capacity obtained by the finite element
analysis is normalized to the nominal flexural strength of walls.

Table 7: Comparison between the proposed hand calculation
method and finite element analysis results.

Case Q" Finite element Q" simple Error
1 1.12 1.15 2.6%
2 1.70 1.60 6.25%
3 1.66 1.46 13.7%
4 1.64 1.55 5.81%
5 2.18 2.05 6.34%

*Normalized with respect to My

Table 7 demonstrates that in the five case studies examined
here, the overall error in estimation of moment overstrength is
on average 7 percent. In the cases investigated herein, the
system overstrength due to interaction between the walls, slabs
and gravity columns vary between 1.70 and 2.18. It is also
evident that doubling the out-of-plane stiffness of slabs increase
the system overstrength by 28%. Changing the bay length from
6 m to 8 m in either directions is found to reduce the system
overstrength by only about 3%. It seems that the value of Qs
mostly depends on the flexural stiffness of slabs to a large
extent and bay length to a smaller extent.

The following three assumptions may slightly alter the
predicted overstrength values. First, the simplified method
overlooks the presence of corner columns and the boundary
conditions imposed by them to the slabs. Second, the effective
width of the slabs is assumed to be equal to the bay length in
calculating the out-of-plane stiffness of the equivalent beams
representing the floor slab. Third, any variation in the axial
force on the structural wall itself due to the wall floor
interaction is neglected in the hand calculation method. These
assumptions are made for simplicity/brevity and the sensitivity
of the predicted overstrength values to these assumptions
require further investigation. Moreover, experimental results on
RC wall building systems are currently scarce [18], and future
studies should aim to conduct more system level experimental
tests to validate (and fine-tune if needed) the proposed method.



CONCLUSIONS

The effect of wall-slab-gravity system interaction on the overall
behaviour of RC structural wall buildings is explored in this
paper. Through a simplified analytical and numerical
investigation, it is confirmed that the out-of-plane stiffness of
floor slabs can induce significant additional axial forces in
gravity columns and this interaction can increase the system
moment capacity and the corresponding overstrength of multi-
storey structural wall buildings. In capacity design philosophy,
this overstrength may affect the strength hierarchy of different
failure modes of the structural walls mainly due to additional
shear force demand induced in different storeys of the structural
walls. This system interaction effect requires additional
allowance in base shear demand calculation and shear force
envelope proposed for the structural walls.

Based on theoretical elastic and plastic analyses enforcing
compatibility and equilibrium between the interacting
components (structural walls, floor slabs and gravity columns),
generalised equations to express the lateral displacement and
rotation profiles as a function of the yielding curvature of the
wall base section. Equations are also developed to relate the
roof displacement of multi-storey wall buildings to the base
curvature in the elastic stage and to the plastic rotation in the
nonlinear range. These relationships enable estimation of
engineering demand parameters (such as inter-storey drift) of
wall buildings without conducting complex numerical
modelling and analysis.

Moreover, a generalized and simple method is proposed which
can enable hand calculation of the additional axial forces
induced in gravity columns of structural wall buildings and
estimation of the resulting system overstrength without using a
rigorous finite element analysis.

While to achieve robust values for the system overstrength,
structural wall buildings with a wide range of arrangements of
structural walls and floor slabs should be investigated, based on
the limited number of cases investigated herein a system over
strength factor of 1.7 appears reasonable as an interim guidance
to account for system interaction effects in ductile multi-storey
RC structural wall buildings typical of NZ design.
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