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Abstract. Recent years, direct displacement-based design (DDBD) procedure is proposed for the design of un-bonded post-
tensioned (UPT) concrete wall systems. In the DDBD procedure, the determination of the equivalent viscous damping (EVD)
ratio is critical since it would influence the strength demand of the UPT wall systems. Nevertheless, the influence of EVD ratio
determination of the UPT wall systems were not thoroughly evaluated. This study was aimed to investigate the influence of
different EVD ratio determinations on the DDBD procedure of UPT wall systems. Case study structures with four, twelve and
twenty storeys have been designed with DDBD procedure considering different EVD ratio determinations. Nonlinear time
history analysis was performed to validate the design results of those UPT wall systems. And the simulation results showed that
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the global responses of the case study structures were influenced by the EVD ratio determination.
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1. Introduction

In the 1990s, un-bonded post-tensioned (UPT) wall
system is proposed as a precast concrete structural system
to resist seismic action while suffering minimal damage
(Kumara et al. 1999). Many cyclic loading tests (Erkmen
and Schultz 2009, Gu et al. 2019, Holden et al. 2003, Perez
et al. 2007, Restrepo and Rahman 2007, Van der Meer ef al.
2013) of the UPT wall system evidenced that the seismic
response of the UPT wall system is desirable. Compared
with conventional precast concrete wall structures, the UPT
wall structure has quick function recovery ability after
earthquake action because of the rocking mechanism at the
wall base (Nagae et al. 2014). As plotted in Fig. 1, the UPT
wall consists of UPT tendons, precast concrete panels and
energy dissipating devices. The UPT bars can provide
restoring forces at the wall base after the wall panels start
rocking. Energy dissipating devices, including internal
reinforcing bars (Smith ef al. 2011) and external steel fuses
(Liu et al. 2018, Bedrifiana ef al. 2021), are arranged at the
wall base to enhance the energy dissipation ability of the
UPT walls. Previous results of cyclic loading tests showed
that the hysteresis response of UPT wall system is
characterized as a flag-shaped response (Erkmen and
Schultz 2009, Gu et al. 2019, Holden et al. 2003, Restrepo
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and Rahman 2007).

Performance-based design of a structure is developed in
recent years since it enables engineers to design structures
performance based on its ultimate limit state, and
performance-based warning methods are also developed to
monitor the structure response in its lifetime (Huang et al.
2020, Zheng et al. 2021). The direct displacement-based
design (DDBD) procedure proposed by Priestley (Priestley
2002) is one of the performance-based design methods by
first determining the structures displacement profile at the
design limit state. And a multi-degree-of-freedom (MDOF)
structural system could be equivalent to a single-degree-of-
freedom (SDOF) system by the design displacement profile
and the equivalent viscous damping (EVD) ratio. The
strength demand of the structural system is then obtained by
the target displacement of the equivalent SDOF system and
the reduced design displacement spectrum considering the
EVD ratio. When applying the DDBD procedure to the
UPT wall system, displacement profile and EVD ratio of
that structural system should be first determined. The
displacement profile of the UPT wall systems at design
limit state was proposed for the DDBD procedure (Pennucci
et al. 2009). Rahman and Sritharan (2006) have compared
the DDBD procedure and force-based design (FBD)
procedure for the UPT wall systems, and this study showed
that the strength demand of DDBD procedures were
reduced compared with that of FBD procedures, so the
DDBD procedure was a more economical design procedure
for the UPT wall system than the FBD procedure. Previous
researches have stated the EVD ratio is a critical parameter
in the DDBD procedure, and different EVD ratio
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Fig. 1 Schematic configuration and flag-shaped hysteretic response of the UPT wall system

determination equations of hysteretic models representing a
wide range of structural systems were proposed (Priestley et
al. 2007, Blandon and Priestley 2005). Since the hysteresis
response of the UPT wall system was idealized to a flag-
shaped hysteresis behavior, the EVD ratio determination of
the UPT wall system can be derived from the existing EVD
determination equation of bilinear hysteretic systems. In
addition, researchers also have proposed different EVD
ratio determination equations for the UPT wall systems
(Pennucci et al. 2009, Priestley et al. 2007, Pampanin et al.
2010), while the influences of various EVD ratio
determinations on the DDBD procedure of the UPT wall
systems have not been investigated.

This study aimed to evaluate the influences of the EVD
ratio determination equations for the UPT wall system with
hysteretic energy dissipating devices installed at the wall
base. The reinforcing bars were considered in this study as
the hysteretic energy dissipating devices. The DDBD
procedure with different EVD ratio determinations were
carried out for the UPT wall structures with varied storey
numbers. The finite element models of UPT wall systems
were established in OpenSees (Mazzoni et al. 2006) to
evaluate the design results. And the nonlinear time history
analysis was performed for the UPT wall systems with
varied storey numbers.

2. The EVD ratio determination of the UPT wall
systems

The EVD ratio of a SDOF system with nonlinear
hysteretic behaviour could be determined by Jacobsen’s
approach (Jacobsen 1930 and 1960). The EVD ratio can be
obtained via equating the energy dissipated by a viscous
damper with the energy dissipated from the nonlinear
hysteretic behaviour of the SDOF system. The EVD ratio of
a SDOF system with nonlinear hysteretic behaviour could
be expressed as Eq. (1), where &, corresponding to the
inherent damping, &5, corresponding to the EVD ratio of

the hysteretic behaviour.

‘Seq =8 + Ehyst (1)

The hysteretic responses of the UPT wall systems were
characterized as the flag-shaped response. The energy
dissipating devices installed at the wall base would enhance
the damping level of the UPT wall system. The 4 is the ratio
of the restoring moment provided by the PT tendons and
energy dissipated moment provided by the energy
dissipating devices. 1.25 is recommended for the A of the
UPT wall system considering material overstrength
(Pampanin et al. 2001). The EVD ratio of the SDOF system
with the flag-shaped response could be derived from the
EVD ratio of the SDOF systems with the bilinear elasto-
plastic hysteretic response considering energy dissipating
moment contribution. The EVD ratio of the SDOF system
with the flag-shaped response could be expressed in Eqs.
(2) and (3) by introducing 4 to the EVD ratio equation of
the SDOF system with the bilinear elasto-plastic hysteresis
(Rosenblueth and Herrera 1964), where u is the ductility of
the UPT wall system, r is the post yielding stiffness
coefficient. And the Eq. (2) is a specific situation of the Eq.
(3) with r=0.

2 (u-1)
n(A+1) u

2 (w-DHa-n
T(A+1) pu(l+ru—r)

Eeq =% + Ehyst =% + 2

Eeq =% + Ehyst =% + 3

Previous research has verified that the bilinear elasto-
plastic hysteretic response is not conservative for the SDOF
system with high ductility demand (Miranda and Ruiz-
Garcia 2002). An optimal equation of the EVD ratio of the
SDOF system with the bilinear elasto-plastic hysteretic
response is proposed by Blandon and Priestley (Blandon
and Priestley 2005). Therefore, the EVD ratio equation of
the UPT wall systems based on the optimal EVD ratio
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equation of the SDOF system with the bilinear elasto-plastic
hysteretic response is presented in Eq. (4). Effective period
effect is considered in this optimal EVD ratio equation.

FWf(Tesr)
A+ 1N

1 1 1 4
a (1 - ﬁ - 017"/1) (1 + (Tgff+C)d> (1+(0.5+c)d) .
A+ D (%)

Eeq = EO + Ehyst = EO +

=%+

In the Eq. (4), Tex is the effective period and N is a
normalizing factor. The calibration factors a, b, c, d for the
UPT wall systems could be determined as 160, 0.5, 0.85, 4.

Researchers also have proposed modified EVD ratio
equations to better define the EVD ratio for the UPT wall
systems. The EVD ratio equation of the UPT wall systems
could also be determined as Eq. (5) (Pampanin et al. 2010)

RE u— 1
Eeq =% + Ehyst =& + “_—1(”—”) Q)
where R: is 0.444 for RC wall/bridge.
Priestley (2003) proposed that the precast walls or
frames with unbonded prestressing could be determined
using Eq. (6).

25

oq = 8o + byt = B0 + 2 (1= =) (%) (6)

Fig. 2 compares the EVD ratio equations regarding
Enyst part of the UPT wall systems as listed above. A = 1.25
is adopted for the EVD ratio equations. All of the predicted
EVD ratios would increase with the system’s ductility
increasing as presented in Fig. 2. It could be seen that the
EVD ratios are varied from different EVD ratio equations.
The EVD ratio equation (2) predicted the largest damping
level. If considering the post-yielding stiffness of the UPT
wall system, the damping levels would decrease as shown
in the Eq. (3). The EVD ratio calculated results of the EVD
ratio Egs. (5) and (6) are similar, and the EVD ratios were
apparently reduced compared with the calculated results of
the EVD ratio Egs. (2) and (3). The EVD ratio Eq. (4) gave
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Fig. 2 Comparisons of different EVD ratio equations
(&nyst part) of the UPT wall system

the smallest EVD ratio estimation and the EVD ratio would
reduce as effective period and post-yielding stiffness rise.
This study investigated the influences of EVD ratio
determined by the Egs. (2), (4) and (5) on the DDBD
procedure. And the EVD ratio Egs. (2), (5) and (4) were
referred to as EVD ratio determining method 1 (EVD1), 2
(EVD2) and 3 (EVD3), respectively. In this study, the
inherent damping ratio of the UPT wall system was set to
be 0.02 since UPT wall system was one kind of the precast
concrete structural systems.

3. The DDBD procedure of the UPT wall system
with different EVD ratio equations

The DDBD procedure of the UPT wall proposed by
Pennucci (Pennucci et al. 2009) was adopted. The flow
chart of the DDBD procedure is presented in Fig. 3.

Each step of the DDBD procedure for the UPT wall
systems was presented below:

1. The yielding displacement profile of the UPT wall
systems should be first determined in order to develop the
SDOF system. Eq. (7) showed the yielding displacement at
each level. The yielding displacement profile of the UPT
wall systems is composed of flexural elastic deformation
and wall base rotation determined by the yielding of the
energy dissipating devices.

_ o[y H HP
ViT 5 Hi _E'i'm] +9y_baseHi (7)

A

The curvature ¢, at the wall base is calculated by the
base moment demand. The initial value of ¢, is set to be 0
since the base moment demand was not known. H; is the
height of the iw storey, H,, is the total height of the UPT
wall system.

2. The design displacement profile of the UPT wall
system is calculated by Eq. (8). A plastic rotation
contribution is added to the yielding displacement profile,
and this contribution could be calculated by the design limit
drift 6. and maximum drift along the wall height 8, .
at yielding displacement profile. The UPT wall could be
regarded as a cantilever wall, so the maximum drift is the
total roof drift in the yielding displacement profile.

Agi= Ay,i + (9c - ey_max)Hi (8)

3. Since the yielding and design displacement profile of
the UPT wall system are determined, the MDOF system of
the UPT wall could be equivalent to an equivalent SDOF
system using the Egs. (9)-(11)

A =2111miAd,i2 ©)
¢ 2imidg;
Tm;A;

me - 21 A; d,i (10)
Tm;Ag;H

He=21n l.d,L.l (11)
Zl mlAd,l
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Fig. 3 Flow chart of the DDBD procedure for the UPT
wall systems

where m; is the seismic mass of the iy storey, 44, m,
and H, are the design displacement, effective mass and
effective height of the equivalent SDOF system.

And the ductility demand of the equivalent SDOF
system could be determined by Eq. (12).

Ag
= Lo (12)

4. The EVD ratio could be determined by the selected
equations as discussed in Section 2.

5. The EVD ratio of the equivalent SDOF system could
be adopted to obtain a damping-dependent scaling factor
as presented in Eq. (13) (European Standard EN 2005). A
lower boundary value is set for # and the # should not
exceed 1. The reduced design displacement spectrum is
calculated by Eq. (14). The effective period Tpfr of the
equivalent SDOF system could be determined by the
reduced design displacement spectrum and the design

displacement A; value.

0.07
1 /0.02+$ > 0.55 (13)

A(T, &) =n-A(T,5%) (14)

6. The base shear at design displacement is determined
by Eq. (15).

2m \?
Fd = (T_> meAd (15)

7. If the wall deformation drift is convergence, section
design of the UPT wall systems should be performed.

4. Case study structures and the DDBD procedure
results

The case study structures are four-storey (4DOF),
twelve-storey (12DOF), twenty-storey (20DOF) precast
concrete wall structures. The typical plan and elevation
layouts of the case study building with twelve-storey are
shown in Fig. 4. The UPT wall systems were arranged
along the longitudinal direction as lateral resisting systems.
The frames in the longitudinal direction were gravity frames
carrying vertical loads. The gravity load and geometric
information for the case study structures are presented in
Table 1. Each storey height and weight are the same for the
case study structures with varied storey numbers. The
design limit drift under design earthquake level is 2%, the
design earthquake level is corresponding to the rare
earthquake intensity. The ratio A of the restoring moment
and the energy dissipated moment is 1.25. In this study, the
design spectrum is based on the Chinese Code (PRC
National Standard 2010b) considering rare earthquake
intensity, the maximum horizontal earthquake influence
coefficient omax of 1.2 is adopted. The seismic site design is
Group 2 and Site Class II, with characteristic period T,
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Fig. 5 Cross sections layouts of the UPT wall bases

Table 1 Geometry and gravity load of case study structures

n 4 12 20
Wall length (mm) 4000 7000 9000
Wall thickness (mm) 320 380 500
Inter-storey height (m) 4000 4000 4000
Wall axial load ratio* (%) 3.55 6.01 6.34
Mass at each level per wall (ton) 125 125 125

*The wall axial load ratio calculation was corresponded to EVD1

equaling to 0.4 s.

The arrangements of reinforcing bars and PT steels at
UPT wall base cross sections are shown in Fig. 5, the PT
steels were arranged at the centerline of the wall section,
and the reinforcing bars were incorporated at the outside of
the PT steels. The d,, is the distance between the outmost
PT steel to the nearest wall edge. The d,, is the distance
between the centroid of the outmost reinforcing bar

Table 2 DDBD results of case study structures

group to the nearest wall edge. The interval between PT
steels and the interval between centroids of reinforcing bars
are both 200 mm. [, is the length of the confined concrete
region, which is always larger than the neutral axis depth c.

The design results of each case study structures are
summarized in Table 2. For different storeys of the case
study structures, three types of EVD ratio equations were
adopted in the DDBD procedure, respectively. Therefore,
there are total nine design results considering different
storeys and different EVD ratio equations. Each design
result is named as ‘“number of DOF — EVD ratio
determining method”. Table 2 shows that the ductility of the
UPT wall systems decreased with the number of the
structures total storey increasing since the flexural
deformation of the wall panels increased. The strength
demand of structures with EVDI is the smallest compared
with those of the structures with EVD2 and EVD3. The
design strength of the UPT wall was always the smallest by
adopting EVD1 and the largest by adopting EVD3.

Based on the design results of the DDBD procedure, the

A, A4 Eeq Tetr Base shear ~ Base moment

(mm)  (mm) " (%) ) (kN) (kN-m)
4DOF-EVDI1 11.9 237 19.77 28.88 2.54 2407 28940
4DOF-EVD2 14.2 236.1 16.62 9.52 2.09 3546 42655
4DOF-EVD3 17 235 13.85 59 1.8 4737 57028
12DOF-EVD1 64.9 642 9.89 27.45 4.64 5445 182651
12DOF-EVD2 79.6 634.5 7.97 8.99 3.63 8734 293586
12DOF-EVD3 81.7 633 7.76 5.37 32 11105 373400
20DOF-EVD1 119.7 1048.1 8.75 27.07 6 8706 479326
20DOF-EVD2 148.4 1031.3 6.95 8.85 4.95 12516 691049
20DOF-EVD3 190.7 1011.5 53 5 4.22 16742 927667
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Table 3 Section design of the UPT wall bases
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4DOF 12DOF 20DOF
EVD1l EVD2 EVD3 EVDl1 EVD2 EVD3 EVDl EVD2 EVD3
Concrete compressive strength f;(MPa) 35 45 50 40 60 80 80 88 90
Confined concrete compressive strength f;, (MPa)  45.9 63 77 48 93.6 144 104.8 176 198
lee/ly 0.25 0.286 0.311
c/ly 0.11 0.13 0.15 0.18 0.14 0.11 0.23 0.16 0.17
fotil Totk 0.41 0.53 0.58 0.44 0.42 0.5 0.35 0.46 0.62
dpe (mm) 2000 3100 3900
Nyt 3 6 9 2 7 9 3 7 10
Lynrp (mm) 400 600 800
@, (mm) 25 30 36 37 44 49 40 44 54
dyp (mm) 1500 2700 3500

wall base section designs are presented in Table 3. The
material properties of PT steels and reinforcing bars were
corresponding to the Chinese Code (PRC National Standard
2010a). 1x7 $17.8 strand was used as PT steels in the UPT
wall with 1860 MPa tensile yielding stress fp,. The ratio
of the PT steels initial stress and the tensile yielding stress
was fpti/fpek- The number of strands in each PT steel
location was represented by n,,. The yielding stress of
reinforcing bars was 400 MPa. The unbounded length
Lynyp and diameter @,,, of the reinforcing bars were also
listed in Table 3. It should be noticed that the concrete
strength determined by the EVD3 was large, and the values
of the concrete strength were only for design and analysis
purposes.

5. Evaluation of the EVD ratio determination
influence on the DDBD procedure

In this study, numerical finite element models were
established to validate the design results. Since the UPT
wall systems were arranged along longitudinal direction as
lateral resisting systems and the gravity frames along
longitudinal direction were designed to carry the vertical
loads, a single UPT wall model was adopted for nonlinear
time history analysis. The single UPT wall was modelled by
the fiber hinge element model. The fiber hinge element
model was validated with system-level test building results
(Gu et al. 2022). The schematic layout of the UPT wall
finite element models is shown in Fig. 6. A nonlinear fiber
beam-column element was used to represent the nonlinear
rocking mechanism at the wall base, and the critical height
H,; in this study was set to be #,. The concrete02 material
was adopted for unconfined and confined concrete fibers.
PT steels and reinforcing bars were modelled by truss
elements with Steel02 materials. The fundamental periods
of the models were dominated by the total storey numbers
while not sensitive to the variant of the concrete strength,
diameters of the reinforcing bars and initial force of the PT
steels in the wall base section. The fundamental periods of
the models designed with EVD3 were 0.55 sec, 1.68 sec
and 2.39 sec corresponding to the 4DOF, 12DOF and

00000

Truss element
3

1

Elastic beam-column element

®
¢

Fiber beam-column element | | 4

Truss element

Fig. 6 Schematic layout of the UPT wall model

20DOF structures. The fundamental periods of the models
with EVD1 and EVD2 were similar to those of the models
with EVD3 under the same total storey numbers.

5 ground motions from PEER database (Ancheta ef al.
2014) and 2 artificial waves were selected as the ground
motion set. The information of the selected ground motion
is listed in Table 4. According to the Chinese Code (PRC
National Standard 2010b), the PGAs of the seismic records
were all scaled to 510 cm/s. Fig. 7 shows the spectral
responses of the ground motion set and the design spectrum,
and the average spectrum of the ground motion set are
matched with the design spectrum.

The global responses of the case study structures were
investigated. Fig. 8 presents the average peak inter-storey
drifts of each case study structure. The peak inter-storey

Table 4 GM information
Ground motion Year Station Magnitude
San Fernando 1971 Maricopa Array #2 6.61
Hector Mine 1999 Snow Creek 7.13
Chi-Chi, Taiwan-04 1999 CHY114 6.2
Chi-Chi, Taiwan-04 1999 HWAO051 6.2
Niigata, Japan 2004 CHBO014 6.63
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Fig. 8 Peak inter-storey drifts for case study structures

drifts under each seismic record were represented by grey
solid lines in subplots. Since the DDBD procedure aimed to
control the storey drift, the average peak inter-storey drift
could be selected to verify the design procedure. The
average peak inter-storey drifts of all the case study

structures were all below the design limit drift, and the
inter-storey drift at roof level was closest to the design limit
drift. The peak inter-storey drift results of case study
structures with EVD1 best matched with the design inter-
storey drifts considering three different total storey
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numbers. The difference between peak inter-storey drifts of
the nonlinear time histories and the design inter-storey drifts
were more significant for the case study structures with
EVD2 and EVD3. The peak inter-storey drift at roof level
and the corresponding relative errors (REs) regarding the

average 10
— — design

0 5000 10000 15000 0

40000

design limit drift of each case study structure are presented
in Fig. 9. The REs of peak inter-storey drift at roof level
would decrease as the storeys of the structures considering
EVD2 and EVD3 rises. Comparison of the REs of the inter-
storey drift at roof level for case study structures showed
that the case study structures with EVDI predicted the
inter-storey drift aligned to the design limit drift at roof
level considering all the total storey numbers.

Fig. 10 presents the peak moments along the wall height
of each case study structure. The average peak base
moments of all the case study structures were comparable to
the designed base moments. This observation indicated the
established numerical model was correct for the DDBD
results. However, higher mode effects were found for
twelve-storey and twenty-storey case study buildings. The
moment profiles of twelve-storey and twenty-storey case
study structures have displayed that the moment responses
at upper storeys were larger than the design values. The
maximum difference between the simulated moment and
the design moment occurred at the mid-height of the
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structures. Fig. 11 illustrates the ratio of the maximum
difference between the simulated moment and the design
moment and the base moment in each case study structure.
And the moment magnification was most significant for
case study structures designed with EVDI1. The moment
responses have indicated the capacity design of upper wall
panels should consider higher mode effect. Wiebe and
Christopoulos (2009) have discussed the mitigation of the

higher mode effect by using multiple rocking sections of
UPT walls.

6. Conclusions

In this study, the influences of the EVD ratio
determination on the DDBD procedure of the UPT wall
systems were investigated. The DDBD procedures with
three different EVD ratio determinations were carried out
for UPT wall systems with different total storey numbers.
The planar models of UPT walls were established in
OpenSees to evaluate the design results of the DDBD
procedures. And the nonlinear time history analysis was
performed to obtain the dynamic responses of the case
study structures with varied total storey numbers. The
conclusions drawn from the analysis were listed below:

(1) From the design results of DDBD procedures
considering different EVD ratio determinations, the strength
demand of the design procedure would increase with more
conservative EVD ratio estimation.
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(2) From the nonlinear time history analysis, the average
inter-storey drifts of all the case study structures were all
below the design limit drift. Comparison of the peak inter-
storey drift of the case study structures designed by
different EVD ratio determinations showed the peak inter-
storey drifts of the case study structures with EVDI best
matched to the design limit drift.

(3) From the nonlinear time history analysis, the average
peak base moments of all the case study structures were
comparable to the designed base moments. Nevertheless,
higher mode effects were found for twelve-storey and
twenty-storey case study structures. The moment responses
have indicated the capacity design of upper wall panels
should consider higher mode effect.

(4) The design results of the DDBD procedure with
three different EVD ratio determinations for four-storey
UPT wall systems were all acceptable. However, the
structures designed with EVD1 would have significant
moment magnification as the total storey numbers
increased. The EVDI1 predicted the highest damping ratio,
so the design displacement of the equivalent SDOF system
of twenty-storey structures would exceed the design
displacement spectra. The EVD3 predicted the lowest
damping ratio, which would be smaller than 5% in twenty-
storey UPT wall systems, so the strength demand of the
UPT wall systems with the EVD3 was difficult to achieve.
Hence, the EVD2 was more suitable for the twelve-storey
and twenty-storey UPT wall systems based on the intensity,
site and the ground motion set selected in this study. More
case studies considering different intensities, sites and
ground motion sets should be performed to further
investigate the appropriate EVD ratio determination of the
DDBD procedure considering the UPT wall systems.
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