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Abstract.  Self-centering wall (SCW) is a resilient and sustainable structural system which incorporates unbonded posttensioning
(PT) tendons to provide self-centering (SC) capacity along with supplementary dissipators to dissipate seismic energy. Hysteretic
energy dissipators are usually placed at two sides of SCWs to facilitate ease of postearthquake examination and convenient
replacement. To achieve a good prediction for the skeleton curve of the wall, this paper firstly developed an analytical investigation
on lateral load responses of self-centering walls with distributed vertical dampers (VD-SCWs) using the concept of elastic theory. A
simplified method for the calculation of limit state points is developed and validated by experimental results and can be used in the
design of the system. Based on the analytical results, parametric analysis is conducted to investigate the influence of damper and
tendon parameters on the performance of VD-SCWSs. The results show that the proposed approach has a better prediction accuracy
with less computational effects than the Perez method. As compared with previous experimental results, the proposed method
achieves up to 60.1% additional accuracy at the effective linear limit (DLL) of SCWs. The base shear at point DLL is increased by
62.5% when the damper force is increased from OkN to 80kN. The wall stiffness after point ELL is reduced by 69.5% when the
tendon stiffness is reduced by 75.0%. The roof deformation at point LLP is reduced by 74.1% when the initial tendon stress is
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increased from 0.45f;, to 0.65f.
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1. Introduction

Traditional structural design allows occurrence of
flexural plastic hinges resulting from yielding of structural
members to dissipate seismic energy (Bai and Lin et al.
2015, Xue et al. 2017, 2018). Residual drift and permanent
deformation are subsequently formed in the buildings after
strong earthquakes. The requirements of economic
considerations in terms of repair costs have triggered many
researchers to develop sustainable structural systems with
self-centering (SC) characteristics. Posttensioning (PT)
techniques are therefore implemented into different
structures by different methods to develop a number of SC
systems, such as SC beam-column connections (Garlock et
al. 2005, Kim et al. 2008), SC braces (Zhou et al. 2015, Qiu
and Zhu et al. 2017), SC beams (Maurya and Eatherton
2016, Huang et al. 2017) and SC walls (Eatherton et al.
2014, Guo et al. 2014, 2017).

Self-centering walls (SCWs) are an extended evolution
of rocking concepts (Priestley and Tao, 1993), which can
rock about their foundation and recenter upon unloading.
Armouti (1993) experimentally investigated the hysteretic
performance of SCWs, demonstrating SCWs have excellent
self-centering capability. Kurama et al (1999) analyzed the
behavior of SCWs under cyclic lateral loads and developed
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a seismic design approach for SCWs. Kurama et al (2002)
continue to analyze the seismic responses of SCWs and
verify the design methodology to prevent shear slip along
horizontal joints in walls. The results showed that the
tendon area, initial force and tendon eccentricity had
significant influence on the SC capability. They also
indicated that the method for estimating wall drifts needed
to be improved. Perez et al. (2004a, 2004b, 2007, 2013)
derived a series of closed-form expressions on the behavior
of SCWs and then proposed a design method for SCWs
based on experimental and numerical investigation.
Moreover, Perez et al. (2004c) described the lateral load
behavior of SCWs with vertical joint connectors using a
trilinear load-displacement response curve and divided
skeleton curves of SCWs in four main limited states: (1)
decompression at the base of the wall (DEC), (2) effective
limit of the linear-elastic response of the wall (ELL), (3)
yielding of posttensioning steel (LLP) and (4) crushing of
confined concrete (CCC). Aaleti and Sritharan (2009)
analyzed a jointed wall system and proposed a simplified
method to estimate the behavior of this wall system, which
can capture the behavior of walls, as well as the natural axis
depth at wall base, elongation of unbonded posttensioning
(PT) tendons and connector deformation in vertical joints.
Hu et al (2013) studied the seismic behavior of SCWs
intended for use in seismic retrofit of reinforced concrete
(RC) frame structures. Abdalla et al. (2014) optimized the
seismic design process of SCWs using artificial natural
network (ANN) approach. The proposed ANN model could
predict the non-dimensioned optimum design parameters
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related to the area of PT tendons and the yield force of shear
connectors while avoiding a complicated iterative process.

SCWs usually displayed nonlinear elastic responses
with limited energy dissipation capacity whereas SCWs
incorporating supplementary dissipators exhibited stable
flag-shaped hysteretic behaviors. Kurama (2000) added
linear viscous fluid dampers as passive energy dissipation
system into SCWs. He proposed a design approach to
control the maximum roof drift of SCWs with viscous
dampers and verified the performance of wall systems
through nonlinear dynamic time-history analysis. Kurama
(2001) added supplementary friction dampers along the
vertical joint between two separate walls. Analysis results
found that friction dampers can significantly reduce the
maximum displacement of SCWs. Then he also proposed a
simplified seismic design approach to control the peak roof
drift below an allowable target displacement. Restrepo and
Rahman (2007) added mild steel bars between wall and
foundation. Experimental results showed that its hysteretic
curve is typical flag-shape, and mild steel bars can improve
the energy dissipation capacity of walls without influencing
the SC ability. Furthermore, Bayat e a/ (2011a, 2011b,
2014) has suggested supplementary dissipators such as
yielding dampers are capable of reducing earthquake-
induced structural responses under both far field and near
field records.

Despite the benefits of the new wall system, only
limited research has established theoretical methods to
predict the lateral load behavior of SCWs (Perez et al.
2004c¢). Furthermore, there are some limitations identified
with the previous method: (1) neglecting the effects of gap
opening between point DEC and point ELL on the lateral
load responses and therefore cannot achieve a good
prediction on point ELL; (2) adopting a complex iteration
process to calculate point LLP. The motivation of this paper
is to build upon the previous methods and bring forward
that the lateral load responses of SCWs with distributed
vertical dampers (VD-SCWs) can be calculated using the
concept of elastic theory. Closed-form solutions to analyze
the lateral load behavior of VD-SCWs are presented. The
prediction accuracy for point ELL is improved by including
the gap opening effect at the base upon uplifting of the
walls. A simplified solution is proposed for point LLP to
avoid iterative calculation in the previous methods. After
verifying the proposed equations of VD-SCWs by
experimental results, parametric analysis is conducted to
investigate the influence of PT tendons and damper
parameters on the lateral load responses of VD-SCWs.

2. Elastic solution of VD-SCWs

Cast-in-place concrete walls have been widely used as
the lateral-load resisting system in seismic regions, which
achieve a highly ductile capacity through large inelastic
deformations. This means the walls will retain permanent
damage and residual deformation after experiencing strong
earthquakes, resulting in higher economic loss and post-
earthquake repairs. VD-SCWs that incorporate unbonded
posttensioning tendons to provide a recentering capacity
along with distributed vertical dampers to dissipate seismic

energy are proposed to solve these issues. The purpose of
VD-SCWs is to provide high performance options for
projects where owners want reduced structural damages,
repair costs, and business downtime. One of the big benefits
of VD-SCWs is that the total strength can be “tuned” to the
demands of the traditional walls by adjusting initial
posttensioning force and damper activation force.
Therefore, VD-SCWs can be designed to achieve a goal of
reaching similar peak story drift while eliminating residual
drift compared to traditional walls. Although current
literatures lacks of a detailed comparison of costs between
VD-SCWs and traditional walls, the costs of VD-SCWs
will not significantly higher than regular construction
considering its advantage of reduced on-site construction.

Fig.1(a) shows the schematic of wall-frame structure,
constructed by linking a rocking wall with moment frames
at two sides of the wall. Unbonded PT tendons, which
provide a restoring force to the system, pass vertically
through the panels with one end anchored at the foundation
and the other at the top of the wall. Distributed VD are
installed along the vertical joints between the wall and
adjacent frame columns. The two main functions of VD are:
(1) connect the wall and column together and (2) dissipate
seismic energy primarily. The recentering responses of the
system are achieved when the pertinent moment resulting
from the pretension of tendons overcomes the moment from
dampers. Fig. 1(b) illustrates the kinematics of the system
when it is loaded to the right direction. SCWs are assumed
to remain essentially elastic at the beginning of uplifting at
the column bases. Once uplifting has occurred, the wall
rocks about the pivoting point at one edge of the base and
gap occurred along the horizontal joint at the other edge of
the wall, causing an elongation of the tendons. The energy
dissipation mechanism of VD act based on relative vertical
displacements of the wall and column interface upon
uplifting. Different types of dissipators can be used for
energy dissipation such as yielding dampers (Fig. 1(c)) or
friction dampers (Fig. 1(d)). The friction dampers are
comprised of two steel angles and one T-shaped section,
which are bolted to the column and the wall respectively
(Guo et al. 2014). After the applied load disappears, the PT
tendons provide additional force to recenter the system to
its initial position. Therefore, VD-SCWs have stable energy
dissipation levels while maintaining SC capability under
lateral loading.

The SC capacity of the wall is achieved by providing
sufficient pretension in the tendons, in addition to the wall
gravity, to compress the dampers to near zero strain when
the loading is removed. The SC ratio is thus defined as the
ratio of restoring moment provided by the initial PT force in
the tendons and gravity loads, to the resisting moment
provided by the yielding dampers. A SC ratio larger than 1
is usually designed to ensure the SC capacity of the wall.
However, with continued loading, the occurrence of
yielding in the tendons will lead to a loss of pretension and
subsequently cause the system to lose its SC capability,
which should be delayed as much as possible during the
rocking process of the wall. Therefore, PT tendons are
usually required to keep elastic in the design process of VD-
SCWs under design basis earthquakes, but may experience
plastic deformation after exceeding maximum considered
earthquakes.
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Fig. 2 Analytical model of VD-SCWs

2.1 Analytical model

Fig.2(a) shows the configuration and load patterns of
VD-SCWs. According to some experimental and analytical
results of SCWs (Perez 2004a), the following assumptions
are used to analyze the lateral load responses of VD-SCWs:
(1) The wall has sufficient out-of-plane bracing system to
prevent its out-plane buckling. (2) The foundation is strong
enough to support the wall during the whole loading
process. (3) The wall body keeps elastic in the whole
analysis process. (4) Horizontal slipping of the wall is
ignored. The shear friction capacity at the wall-to-
foundation connections is assumed greater than the
maximum wall base shear demands. A criterion developed
by Kurama et al. (2002) can be used to estimate this
demand. (5) The failure of vertical dampers and tendon
anchors are not considered. (6) The prestress loss in tendons
are neglected. (7) PT tendons are placed symmetrically in
the wall. Fig. 2(b) shows a plot of the simplified analytical
model.

As shown in Fig. 2(b), % is the height of wall, and / is
the width of wall. go represents the lateral load on the wall
and is assumed as inverted triangle pattern, considering the
distribution of seismic loading. Other kinds of load patterns
can be transformed to go by equivalent total base shear and
equivalent total moment. For example, the concentrated

load V' at the top of wall can be transformed equivalently
through Eq.(1)
N, _Vh

Qo =——

ho Ve (M

Two vertical sides of wall are considered as the main
boundary. The equivalent vertical load at both vertical sides
(/) generated by the dampers are calculated as Eq.(2)

ndhkd q de

g, = 2
C | Ry d>d
h y

The top side of wall is considered as the secondary
boundary and loads applied on it can be simplified as F,and
M. F, denotes the total forces in PT tendons. M is the total
moment generated by uneven tendon forces (M) and lateral
loading equivalization (M.,), as following

M:Mp+Meq (3)

where 7 is the number of dampers on each side of wall; d is
the wvertical displacement of dampers; d, is the yield
displacement of dampers; k; is the elastic stiffness of
dampers; Fy, is the yield force of dampers.
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2.2 Elastic solution

For facilitating the derivation of equations, loading
effects and boundary conditions in the theoretical model
(Fig. 2(b)) are divided into two cases. Case 1 shown in Fig.
2(c) considers the effect of lateral load (go) and secondary
boundary load at top of the wall (F,, M). Case 2 shown in
Fig.2(d) considers the effect of damper forces and the self-
weight of wall. The total responses of VD-SCWs can be
obtained by the summation of the two cases.

2.2.1 Case 1
The normal stress of the wall along x-direction in case 1
(ox1) 1s derived by the following equation

0*®
le =

Y yf () )

where @ is the stress function which is calculated by Eq.(5)
1.
® =291 (04, () (1) ®

where f{x), fi(x) and f>(x) are determined by compatible
equations (V*®=0) and boundary conditions (qo, F», and
M). Then the stress function can be solved and the
corresponding solutions are given as follows

-5F,hl? +q_a,x—60Mhx

on= 5hi? ©
g, (1—2x 2(1+x
o B(1=20"(1+X)y »
2hl
—q, (17 —4x*)(-60h* +1% — 20x* + 60y*
r o= qo( )( + + y) (8)

ot 8ohl®

where oy is the normal stress along y-direction in case 1;
Ty 18 the shear stress in y-direction of x-surface under load
pattern 1; a; is expressed as following

a, =-20h° +30yh? —3yl* + 20x*y —10y° 9)

2.2.2 Case 2

Case 2 considers the effects of gravity and the boundary
conditions of damper forces. The stress solution is derived
in the same way in the Case 1,

o, =0 (10)
12g.x(h-y
Gyz=%—pg(h—y) (11)
1 6x?
Ty =G| 5T (12)

where oy and g, are the normal stress along x-direction and
y-direction in case 2, respectively; 7y is the shear stress
along y-direction of x-surface; p is the density of the
concrete wall; g is the gravitational acceleration.

2.2.3 Elastic solution of the wall
With superposition of the results of above two cases, the
elastic stress solutions of VD-SCWs can be obtained as

O, =0, , 6y26y1+6y2 ) Txy:Txy1+Txy2 (13)

Then the deformation of VD-SCWs can be solved. To
simplify the calculation, the effect of poisson ratio is not
considered since most part of wall body keeps in elastic
state. The geometric equation are

TR O - O 5
Xax,yay,VXyaan (14)

where &; and ¢, are normal strain in x- and y- direction
respectively; u and v are x- and y- direction displacement of
wall respectively; yx, is the shear strain of wall.

By integrating the normal strain and considering the
compatible of shear strain, the displacement solution can be
solved as follows

1
u(x, Y)Zm(bl% +C0 +120hy2M) (15)

1
v(x, y):fm(dlq0 +e, +40hI’yF, +480hxyM + f,) (1)

where E. is elasticity modulus of the concrete, the other
parameters in the above equations are expressed as follows;

~101°x +1° (15x* —8y* )
b=y +2(—5x4 +20h*y —10h*y* + y“)}
¢, =—40hl(3h-y)y?
—60h?1%x +80h*x* +160h°xy —120h?xy?
d, = I ~101°x + 217 (x* + 6y? ) (17)
[+4(3x“ - 20x°y* +5y*) J
40hI°x — 480h’Ixy
: :[+20hl (8¢ +12xy2)J
f, = p(40gh’I’y — 20ghl®y?)

The horizontal displacement at the top mid-point of wall
under lateral loads, L. is obtained as

h? (60M + g, (11h* — 41%) — 40hlg, )

18
10E,I° (1)

L =u(XY)loyn=

Eq. (18) can be used to solve the displacement caused
by the elastic deformation of wall in Section 3, but the
related loads (qo, M, g:) should use different values of
different limit states.
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Table 1 Descriptions of four limit states

Limit states Description

o Lpec Decompression of the wall(DEC): decompression occurs at one edge of the wall base by the
VbEC overturning moment due to lateral loads;

® LerL Effective Linear Limit(ELL): apparent softening resulting from the progression of gap opening
VELL along the horizontal joint is observed in the load-displacement relationship;

e Lire Yielding of the tendons (LLP): the steel strain of the tendons exceeds its yield strain and some
ViLp prestress begins to be lost after lateral load is removed;

@ Lcce Crushing of confined concrete (CCC): crushing of the confined concrete occurs when the ultimate concrete
Veee compressive strain is reached;

y y y
Lateral load Lateral load Lateral load Lateral load
Progression Yielding of

First decompre gap-openin|

the tendon Concrete crushing

ELL DEC

LLP CcC

Fig. 3 Conceptual drawings showing different limit states

3. Limit state analysis

Based on the previous elastic analysis, this section
introduces the derivation of expressions for calculating the
base shear and roof displacement corresponding to points
DEC, ELL, LLP, and CCC. Four limit states of the wall are
identified in Table 1, and demonstrated graphically in Fig.3.
The lateral deformations of the wall are exaggerated for
purposes of demonstration. Fig.4 shows an illustration of
how the expected structural capacities are related to the
seismic demand levels after wall limit states are determined.
The structural capacities under different designed
displacement can be categorized into four groups based on
wall limit states. Close-form solutions in this sections are
used to facilitate the designers to calculate wall limit states
within the framework of current design procedure. Once all
the wall limit states are determined under the required
displacement, the structural capacities can be calibrated to
meet structural demands. Some information about current
design of SCWs is given here for completeness, but more
details can be found in Kurama et al. (1997, 2000, 2001).
The design approach of SCWs uses two performance levels:
immediate occupancy and collapse prevention. The
immediate occupancy level is reached at point LLP and the
collapse prevention level is reached at point CCC. The
design objectives are to not exceed the immediate
occupancy performance level under the design basis
earthquakes and the collapse prevention performance level
under the maximum considered earthquakes.

3.1 DEC State

The bottom of VD-SCWs keeps initially in full
compression because the PT forces in the tendons and the

A
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Fig. 4 Definition of wall limit states

wall self-weight act on the base of the wall. When the
lateral load is applied, the overturning moment causes the
decrease of compressive stress at one side of wall base.
DEC state is defined as the occasion when the compressive
stress of the edge point decreases to zero. According to
o, |X7 0= o shown in Fig. 2(b), the equation of force

equilibrium at this state can be given as

|3

4 h? —-12M_, +12q,hl
Oo, pec eq % x(_lajngh+% (19)

where g pec is the lateral load at point DEC.
By solving Eq. (19), gopec can be obtained. Then the
lateral displacement at point DEC can be calculated as

LDEC = Le,DEc (20)
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where L. pecis calculated by substituting o pec into Eq. (18)
3.2 ELL State

Softening in the stiffness of SCWs will occur when the
gap along the wall base at least propagates to centroidal axis
of the wall (Priestley 1993). Lateral loads equal to 2¢go.pec is
required for the gap at the base of the wall to reach the wall
centerline. The compression stress resultant at the base of
the wall can reach the extreme compression edge of the wall
when lateral load increase to 3¢gopec. Based on fiber-based
analytical models, Kurama (1997) found that the stiffness of
SCWs would decrease obviously when the lateral load
increase to 2.5 times of point DEC load. In this study, the
lateral load go L at point ELL is also taken equal to

qO,ELL = 2'5qo,DEc @21

A gap will initially open at one edge of the bottom
surface in the wall after point DEC and the bottom of the
wall gradually detaches from the ground base, as shown in
Fig. 5. So the deformation at this state should be
superposition of elastic deformation and the rotation caused
by gap opening effect. However, the effect of gap opening
on the lateral displacement of the wall is usually neglected
in the previous studies, causing a constant initial stiffness of
the wall until point ELL is reached.

A correction term for the roof displacement is proposed
to include the gap opening effect along the base at point
ELL, as shown in Fig. 5. It assumes that the top surface and
the bottom surface of the wall are in parallel. Therefore, the
rotation at the base due to the gap opening equal to the
elastic rotation 6. at the top surface.

The vertical difference between the two sides of the wall
is given as follows using Eq. (16),

Ah=v(xy)| h—V(ny)||

X=oy= X:E,y:h
_1n +3(80h4 — 64h?12 +3|4)q o 22)
E.I* 160E_ hl? PTE
Ah
0, =— (23)

where Ah = the vertical difference between the two sides of
the wall, as shown in Fig. 5.

Then the correction displacement Al at top of the wall
due to 6. is approximately given by,

12h? 3(8oh* —64h°I° +31*) gy
3 M + 3 O — 2
El 160E,| El

Al=gh= 6 24)

Eq. (21) and Eq. (3) determine the values of ¢o and M.
Meanwhile, the shear force ¢: of the dampers can be
calculated using the second formula in Eq. (2) according to
the yield of the dampers in design approach due to the
increase of the lateral displacement. The roof displacement
of the wall Lgy; is the superposition of the elastic
displacement and the correction displacement which is
given by

LELL = AIELL + Le,ELL (25)

where Alg; = correction displacement using Eq. (24) at
point ELL; L.z = elastic displacement using Eq. (18) at
point ELL;

3.3 LLP state

Fig. 6 shows the deformed shape of the wall at point
LLP. The internal force in PT tendons will increase with the
increasing overturning moment. Since PT tendons are
unbonded from the wall, strain compatibility between the
PT tendons and the surrounding wall does not exist. The
strain in PT tendons cannot be determined by the
surrounding wall deformation. Preze (2004) used an
iterative method to define the contact length at the wall
bottom, and calculated the natural axis which defined the
relationship between force and displacement at point LLP.
Aaleti and Sritharan (2009) proposed a simplified analysis
method estimating natural axis depth at 2% base rotation for
each wall in jointed wall system. Therefore, both the two
approaches have a certain deviation in estimating the
contact length of the wall. Meanwhile, the existing
experiment show that the contact length at base is
18%~23% of the entire length of the wall at point LLP
when the wall under appropriate initial force in PT tendons
(Perez et al. 2007, Thomas and Sritharan 2004, Sritharan
2007). This paper simplifies the calculation base on the
assumption that contact length / is almost 20% of the entire
wall length shown in experiment data. The roof
displacement of the wall is donated as L;.pat point LLP.

The PT tendons do not yield simultaneously in all the
panels due to their different arrangement location. The
group of tendons locating furthest from the compression
edge will yield first and point LLP is defined as the first
occurrence of yielding of tendons. Thus the variation of PT
force in the yielding group is expressed as the yield force
subtracting the initial pretension. The PT force in the other
group is also determined from similar triangles location in
the wall. Rigid-body rotation 6 at point LLP is the major
factor affecting the roof displacement of the wall and the
relation between the wall rotation and the total variation in
PT force can be given as follows,
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Table 2 Predicted results of the SCWs

. Vpec Lpec Lerr Lirp Lcce
Specimens (N) (mm) VEeLL(N) (mm) Vier(N) (mm) Veee(N) (mm)
TW1/2 222737.2 5.10 556843.0 33.61 704507.3 116.80 704507.3 264.05
TW3 222737.2 3.39 556843.0 22.36 704507.3 102.57 704507.3 267.79
y . . .
lateral resistance at point CCC can be considered as
Ay constant compared to point LLP. However, the calculation
T of roof displacement Lccc at point CCC is very complicated
due to large geometric nonlinearity and plastic deformation
of the wall. Following the previous methods proposed by
h Perez and EI-Sheikh, the rigid-body rotation at point CCC
| is given as follows considering the critical confined
) c. 5 concrete crushing height 7,
N 12 0 12 > X er =¢Ccchcr (31)
. ¢ — wgcu
(a)Schematic of the wall  (b)Close up of the wall bottom cee =g (32)
CCC

Fig.6 The correction of displacement at point LLP

AF, =AE 0 (112-1/5)h=YF..->F (6

where Fj;rp = internal force of the PT tendons at point LLP
(the left steel is yield and the other internal force of steel
can be linear interpolated base on the location from the
point C, as shown in Fig. 6(a)); 6, = rigid rotation of the
wall which is calculated by

10hAF,
(i —— 27
3AE I
The roof displacement of the wall is comprised of elastic
displacement,  correction  displacement and  rigid
displacement. The lateral load ggrrp is given by Eq. (28)
using the moment equivalence.
3(M +q,l)
Qo.ip = Tt (28)

where M is calculated from Eq.(3); M, is given by
M, ZZFi,LLPIi (29)

where [; = the lever-arm between the tendon resultant in i
group and the pivoting point.

Lip =6 uph+AlL s +L 15 (30)

where 6,;;p = rigid rotation at the base of the wall
calculated by Eq. (27); Alizp = correction displacement
using Eq. (24); L. p = elastic displacement using Eq. (18).

3.4 CCC state

Crushing of the confined concrete at the compression
edge occurs at point CCC, which is considered as the
ultimate state of SCWs because the wall cannot sustain
more lateral load with the decreasing stiffness at that time.
Beyond point LLP, the small increase in the force of PT
tendons compensates the decrease in the lever-arms
between the pivoting points and tendon resultants. Thus

where sccc = the length of the contact region, which is

adopted as 20% of the whole length of the wall; A =

critical confined concrete crushing height, which is

determined in Perez; ¢ = reduction factor, about 0.75-1.0.
the

Lccc = er,ccch + AIccc + Le,ccc (33)

where 6,.ccc = rigid-body rotation at the base of the wall
calculated by Eq. (32) at point CCC; Alcce = correction
displacement using Eq. (24) at point CCC; L., ccc = elastic
displacement using Eq. (18) at point CCC. The yielding of
PT tendons can be avoided before point CCC when 6;
satisfies the following equation,

9" > HCCC (34)

Then
3Ap Elecr(pgCu
> —_—

F
' 10hs,, 35)

4. Experiment validation

The accuracy of the proposed methods in the SCWs are
validated by the experimental results of three test specimens
(Perez et al. 2004a) including TW1, TW2 and TW3. The
lateral displacement generated by the actuator was applied
on the top side of the wall. TWI was tested under
monotonic load with constant gravity load, TW2 and TW3
were tested under cyclic load with constant gravity load.
The load history for TW2 and TW3 was three cycles each at
0.05%, 0.1%, 0.25%, 0.5%, 0.1%, 1%, 1.5%, 2%, 0.1%,
one cycle at 3%, and three additional half-cycles to the east
at 3%. CCC state was not reached for TW2 due to buckling
failure mode in the confined concrete region. More details
about the three tested walls can be found in the precious
study. (Perez et al. 2004a). Table 2 shows the calculated
results of the walls and the test skeleton curves are given by
the Fig. 7(a) to (c), where point SPL represents the spalling
of the concrete in the experiments. The lateral load from the
actuator is converted to inverted triangle shape using Eq. (1)
in the following analysis.



Xiaogang Huang, Zhen Zhou and Dongping Zhu

800

700
60 600
pd
4 =
S E 2500
S
200 1 400
={= Experiment
=Q = Proposed Method
=\/* Perez Method
0 v 1 1 1 1 1 300 1 1 1
0 50 100 150 200 250 30 0 40 60 80 100
L/mm L/mm
Comparison of lateral load response of TW1 based on predicted results and experiment.
800 T T T T T 700 T T T T
1 600
E -
3 R —3‘4500 r
. 400
== Experiment N
=0 = Proposed Method .
=/~ Perez Method N
0 w 1 1 1 1 1 300 L] 1 1 1 1
0 50 100 150 200 250 300 0 20 40 60 80 100
L/mm L/mm
Comparison of lateral load response of TW2 based on predicted results and experiment
800 T T T T T 700
600 -
pd -
g =
400 -
={I= Experiment
=0 = Correction Method
=/ Present Method ;
0 w 3 1 1 1 1 1 300 , 1 1 1 1
0 50 100 150 200 250 300 0 20 40 60 80 100
L/mm L/mm
Comparison of lateral load response of TW3 based on predicted results and experiment.
Fig.7 Comparison of lateral load response of the SCWs
100 . . . . . 100 - . . . . .
A LA
80} E 8OH\ e A
Leet A"
XX PR © s
=) ..t < K
560} £ 1 Se0f \Q . 1
= = \ .
o o
5 ={J~ Elastic Displacement L_ S
a 40 H -0~ Correction Displacement gh 1 a 40 ={J~ Elastic Displacement L_ 1
=\ Rigid-body Displacement o =0~ Correction Displacement 6h
20}, D — - - ] 20 - Rigid-body Displacement ¢h ]
N ue 1 ) Beec . M} cce
0 50 100 150 200 250 300 0 50 100 150 200 250 300
L/mm L/mm

(a) The displacement proportion of TW1/TW2 (b) The displacement proportion of TW3

Fig. 8 The displacement proportion during entire loading process



Analytical investigation on lateral load responses of self-centering walls with distributed vertical dampers 363

As shown in Fig. 7, the proposed methods achieve a
more accurate prediction of the skeleton curves in all the
three test specimen compared to the Perez method (Perez et
al, 2004a), particularly in the point ELL. The proposed
method achieves up to 60.1% additional accuracy at point
ELL of TW2. The lateral stiffness of the wall predicted by
the Perez method beyond point DEC is obviously larger
than that in the experiments. The main reason is that the
effect of gap opening on the lateral displacement of the wall
is neglected until point ELL is reached. Take the specimen
TW?2 as an example, the x-axis value of point ELL in the
proposed method is 4.5% smalller than the experimental
result whereas the value calculated by the Perez method is
63.9%. Moreover, the simplified method proposed in this
paper has a similar accuracy with the Perez method for
predicting point LLP and avoids iterative calculation
process. However, the point CCC in the specimen TW2 and
TW3, predicted by the two methods, obviously larger than
that of the experimental results. It is an understandable
deviation because the specimen TW2 and TW3 experienced
cyclic loading protocol. The cyclic accumulation of strength
deterioration in the wall under large cyclic displacement is
difficult to be considered in the theoretical equation at point
CCC.

Fig. 8 compares the percentages of elastic
displacement(Lg), correction displacement(6.4) and rigid
displacement(6,4) at different limit states. A close
inspection of three displacement portions provides further
evidence about how the different portions affect lateral
displacement of the wall during the loading process. The
wall is in elastic behavior before point DEC and the
percentage of elastic displacement Lz is 100%. However,
the percentage of correction displacement 6./ increases to
62% and the percentage of Ly decreases to 38% at point
ELL. The ratio of 6.4 to Ly is about 1.6 at point ELL,
indicating the correction displacement has a large
contribution on the roof displacement and should not be
ignored. The percentage of rigid-body displacement 6,4
increases to more than 60% and 70% at point LLP in Fig.
8 (a) and (b) respectively. Furthermore, the percentage of
67 will increase to more than 80% at point CCC and
become the dominant factor affecting the lateral
displacement of the wall.

5. Parametric analysis

A plot of skeleton curve can give insight into the design
objectives of SCWs such as initial stiffness, overstrength
factors and ductility factors. Different skeleton curve of the
walls can be gotten to meet different seismic performance
goals by adjusting the tendon and damper properties. Based
on previous theoretical anlaysis of VD-SCWs, four possible
dominant parameters including activation force of damper
Fga, damper stiffness kg, the initial stress of tendons f;, the
material of tendons are selected for the parametric analysis
to invesitigate their effects on the skeleton curve of the
wall. The specimen TW1 is studied as a benchmark model
of the parametric analysis. The properties of the benchmark
wall is listed in Table 3. In each parametric analysis, only
one parameter is changed and the rest parameters are kept
constant.

Table 3 Properties of the benchmark wall

Type Value
Wall Parameters parameters of TW1
Activation force of damper Fay 40kN
Number of dampers 5
Initial stiffness of damper ku 30kN/mm
Initial stress of PT tendons f; 0.55/pu

Material type of PT tendons steel strand

5.1 Influence by the parameters of dampers

5.1.1 Activation force of damper

The activation force of damper dominates the energy
dissipation capacity of VD-SCWs. Fig. 9 shows the
skeleton curves of the VD-SCWs with five different values
of the activation force of damper between 0 kN and 80 kN.
All the curves overlap before point DEC regardless of
damper force variations. With continued displacement, the
base shear at point ELL increases significantly with the
increase of damper force. The base shear at point DLL is
increased by 62.5% when the damper force is increased
from OkN to 80kN. This is because the dampers installed on
the sides of the wall are activated to provide energy
dissipation capacity for the structure (Perez 2004c, 2004d)
after the occurrence of DEC state. The other observation is
the displacement in all the limit state points keeps small
change, whereas obvious increase in the base shear is
observed with the increase of damper activation force. This
indicates that the increasing energy dissipation of dampers
can reduce the possibility of exceeding point LLP where the
loss of prestress occurs. Therefore, the energy-dissipation
capacity of VD-SCWs needed to be increased as much as
possible when the SC capacity is ensured.

5.1.2 Initial stiffness of damper

Different types of vertical dampers have different initial
stiffness. It depends on the design of geometric properties
of dampers. The influence of elastic stiffness on skeleton
curve of the wall is investigated for the elastic stiffness
values(ks) of 20kN/mm, 30kN/mm, 40kN/mm and 300
kN/mm. The energy disspation mechanism of dampers is
mainly based on the vertical relative displacement between
the wall and the column interface. With an increase in kg,
damper force will increase more quickly untill the
activation of dampers. However, recall from Eq. (18), the
damper force g¢: causes a small fraction of the lateral
displacement L. before point DEC. This can be seen in Fig.
10 that an increase in the dampers stiffness slightly affect
the skeleton curve of the wall.

5.2 Influence by the parameters of PT tendons

5.2.1 Initial stress

The yielding of PT tendons is not allowed prematurely
for avoiding the loss of prestress. Fig. 11 shows the skeleton
curve of VD-SCWs with five different values of initial
tendon stress. The increasing initial stress in PT tendons
leads to an increase in the SC ratio and the lateral resistance
in the point ELL. However, on the premise of maintaining a
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Table 4 Material properties of the PT tendons

Type Steel strand GFRP AFPR CFRP
Ultimate tension ) 46,1290 4801600 1200~2550 600~3700
strength/Mpa

Elasticity 180~200  36~65  40~125  120~580
modulus/Gpa

constant tendon area, the available elastic strain of PT
tendons between point ELL and LLP will decrease and the
increment of PT force decreases subsequently. The roof
deformation at point LLP is reduced by 74.1% when the
initial tendon stress is increased from 0.45fp, to 0.65f5. Eq.
(27) implies the rigid rotaton 6,, which represents the
resilient rocking capacity of the wall, will decrease due to
reduced AF,. This can be seen in Fig. 11 that point LLP
shfits to the left obviously with the increase of initial tendon
stress.

5.2.2 Material types

High-strength steel strands cannot accommodate enough
elongation in their elastic range due to its limited elongation
capacity and therefore alternative tendons made of
composite polymer materials are analyzed. Table 4 shows
the material properties range of different tendons. Fig. 12
shows the skeleton curves of the VD-SCWs with four types
of PT tendons (200Gpa for steel strands, 50Gpa for GFRP,
100Gpa for AFRP, 150Gpa for CFRP). The reduction in the

material

elastic stiffness of tendons will not affect the global
responses of VD-SCWs before point ELL but will cause a
decrease in the stiffness of the system after this point. The
wall stiffness after point ELL is reduced by 69.5% when the
tendon stiffness is reduced by 75.0%. Moreover, the
yielding and subsequent loss of pretension is avoided in the
stage between point ELL and point CCC after the composite
polymer materials are used, implying that the SC capacity
of the wall is maintained when the wall is subjected to large
drift loading.

6. Conclusion

The following conclusions can be drawn from the
analyses:

e The total lateral displacement in different limit states
of VD-SCWs is calculated as the summation of elastic
portion, correction portion and rigid-body rotation portion.
The proposed methods achieve an accurate prediction of the
skeleton curves in the three test specimen. The equation for
the point DEC of the wall is derived based on elastic theory
and can predict the movement in the different position of
the wall at this state. The calculation of point ELL considers
the gap opening effects along the wall base and therefore
have a better prediction compared to the Perez method. A
simplified closed-form solution is proposed for the point
LLP which avoids iterative process in the Perez method.
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Both methods cannot capture the point CCC of TW2 and
TW3 due to the cyclic deterioration in the test specimens.

e The effects of different damper parameters and
tendon parameters on the lateral load responses are
investigated using the proposed methods. To increase the
energy dissipation of the wall, the activation force in the
dampers should increase as much as possible when the SC
capacity is ensured. The variation of damper stiffness has
little effect on the lateral load response of the wall. The
increasing initial stress in PT tendons leads to an increase in
the SC ratio and the lateral resistance in the point ELL, but
causing that the wall is vulnerable to the tendon yielding as
the lateral loading increases. However, the high elastic
elongation rate of composite polymer can delay the
occurrence of the tendon yielding and therefore maintain
the SC capacity of the wall subjected to large drift loading.
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