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Displacement-based seismic design (DBSD) is an iterative process because the strength and stiffness of a structure are needed to
be adjusted in order to achieve a specific performance level, which is extremely inconvenient for designers in practice. Yield
point spectra-based seismic design is treated as an alternative design method in which yield displacement as a basic parameter
will not lead to an iterative process even though the lateral strength or stiffness of a structure changes during the whole design
process. Along this line, this study focuses on investigating the yield point spectra (YPS) for structures located at different soil
sites. YPS are computed for EPP systems under 601 earthquake ground motions. YPS for four soil sites are quantitatively
analyzed by considering the influence of the vibration period, ductility factor, damping ratio, postyield stiffness ratio, and
P-delta effect. *e results indicate that compared with the effects of the damping ratio, the effects of the postyield stiffness ratio
and P-delta effect on YPS are more profound. Finally, a prediction equation is proposed accounting for four soil sites and six
ductility factors.

1. Introduction

In force-based seismic design, the deformation and energy
dissipation capacity of structures are insufficient when
subjected to large earthquake excitations, which is confirmed
by postearthquake field reconnaissance [1, 2]. *us, struc-
tures need to satisfy multiple performance objectives when
subjected to different intensities of earthquake ground
motions; that is, there is a need for performance-based
seismic design (PBSD) that aims to mitigate the impact of
earthquake disasters in terms of structural damage, eco-
nomic losses, and casualties [3]. One widely used form of
PBSD is displacement-based seismic design (DBSD) in
which the displacement is adopted as the performance
objective [4, 5].

In the early 1960s, Muto et al. [6] considered the dis-
placement index in earthquake resistance design. In their
investigation, they thought that the maximum inelastic

displacement and maximum elastic displacement are very
close for the same initial condition, and the engineers can
design structures based on that assumption. On the contrary,
Veletsos and Newmark [7] computed the structural strength
demand by considering the combination of displacement
and ductility demand. After that, Moehle [8, 9] simplified the
multiple-degrees-of-freedom (MDOF) structures to equiv-
alent single-degree-of-freedom (SDOF) systems and esti-
mated the maximum displacement of MDOF structures
based on the results of the displacement response spectra.
Until the 1990s, DBSD [10–13] was proposed instead of
force-based seismic design.

In the process of DBSD, the vibration period is treated as
a basic parameter, and thus, designers need firstly to estimate
the structural vibration period based on the type and size of
the structure.*en, the strength and stiffness of the structure
are needed to be adjusted until a specific performance level is
reached. However, the above process will obviously cause the
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final vibration period to be different from the former one
and also cause changes to the structural seismic demand.
Hence, DBSD is an iterative process that is extremely in-
convenient for designers in practice [14, 15].

Along this line, Aschheim and Black [16] propose an
alternative design method, yield point spectra (YPS), which
treats yield displacement as a basic parameter. YPS char-
acterize the relationships between the yield strength co-
efficient and yield displacement for structures under
earthquake excitations. *e authors investigated the seismic
response of a moment-resistant frame and found that the
yield displacements remained constant when the lateral
strength or stiffness changed. *e latter indicates that the
selection of yield displacement as a basic parameter will not
lead to an iterative process even though the lateral strength
or stiffness of a structure changes during the whole design
process. In YPS-based seismic design, the designers can first
determine the area, allowing for seismic design, through
YPS, for a specific performance level. *en, yield dis-
placement can be estimated based on the geometric size and
type of the structure. Finally, the strength of the structure
can be determined in the corresponding area through YPS.
Besides, YPS can be used for seismic assessment and re-
habilitation because they can conveniently estimate the
structural maximum displacement under earthquake
excitations.

YPS were applied to design different types of structures
such as structural components [17], reinforced concrete
(RC) wall buildings [18, 19], coupled walls [20], and mo-
ment-frame structures [21]. For example, a 4-story moment-
frame structure was designed based on yield point design
spectra [21], and the results showed that the structure sat-
isfied the performance limits of the system ductility and
interstory drift. Tsiavos and Stojadinović [19] proposed a
procedure for the seismic evaluation of existing structures by
using the relation between the yield strength and dis-
placement of the corresponding SDOF system, and the
results were verified by comparing them with the experi-
mental results of a 3-story RC shear wall structure. Besides,
YPS can also be used to design structures having P-delta
effect issues [22]. *e authors illustrated the seismic design
of a single bridge column with explicit consideration of
P-delta effects and pointed out that the YPS’s design results
satisfy the performance limits of the system ductility and
drift with no iterations, while five iterations were needed to
obtain an acceptable design for the structural first-order
demand by inelastic response spectra. On the contrary,
Bozorgnia et al. [23] attempted to extend yield displacement
and inelastic displacement spectra into probabilistic seismic
hazard analysis (PSHA) by proposing a ground motion
prediction equation (GMPE) for the yield strength co-
efficient and maximum inelastic displacement considering
the source, path, and site parameters. Besides, the yield
strength coefficient is also a core parameter in other seismic
designs, e.g., [24, 25].

In the current YPS-based seismic design, YPS are de-
termined by considering R-μ-T or R-C1-T relationships that
are defined in current seismic codes [26–28]. However, no
specific yield strength coefficient-yield displacement, Cy-Δy,

relationship can be found in the literature and seismic codes
except the ones [17, 22] that only consider one selected
ground motion, i.e., the 1940 El Centro earthquake record.
Furthermore, the characteristics of YPS are not clear. *us,
there is a need to analyze the characteristics of YPS and
formulate a Cy-Δy relationship.

Along these lines, the objective of this study is to un-
derstand the characteristics of YPS based on parametric
analysis and to propose the Cy-Δy relationship based on
statistical results. A total of 601 earthquake ground motions
are selected from major global earthquakes. YPS are studied
by considering the influence of the damping ratio, postyield
stiffness ratio, and P-delta effect. Finally, a prediction
equation that can be used in YPS-based seismic design is
provided.

2. Definition of Energy Response Parameters

In general, there is a need to define the yield point of an
SDOF system before plotting YPS. For example, the yield
point is defined by the yield displacement, Δy, and the yield
force, Fy, as shown in Figure 1.*e ratio of the yield force, Fy,
to the weight of the structure, W, is the yield strength co-
efficient, Cy. *e analytical expression for Cy is provided as
follows:

Cy �
Fy

W
�

Fy

mg
�
4π2Δy

T2g
, (1)

where m is the mass of the structure, g is the gravity ac-
celeration, and T is the vibration period.

*e yield strength coefficient, Cy, was calculated for an
SDOF system with a specific ductility, defined herein as the
ductility factor, μ, on the basis of the following equation:

μ �
Δm

Δy

, (2)

where Δm is the maximum inelastic displacement demand
of the structure when subjected to earthquake ground
motions.

Unlike other spectra that present the values of response
indices versus vibration period, YPS plot the values of Cy
versus Δy for constant-ductility SDOF systems considering a
wide range of vibration periods. Herein, 120 SDOF systems
are modeled with vibration periods, T, ranging from 0.05 to
6.00 s with a period increment of 0.05 s, while five ductility
factors, i.e., μ� 2, 3, 4, 5, and 6, were chosen deliberately to
consider various levels of inelasticity that the structural
systems are anticipated to experience during the earthquake-
induced strong ground motions. *ree damping ratios, i.e.,
ξ � 0.02, 0.05, and 0.10, and five postyield stiffness ratios, i.e.,
α� − 0.10, − 0.05, 0.00, 0.05, and 0.10, are, respectively,
adopted. In addition, the elastic-perfectly plastic (EPP)
model was chosen herein.

In this study, the influence of the P-delta effect on YPS is
also considered. Figure 2 shows the force-displacement
relationship considering P-delta effects. In this system, the
lateral stiffness can be written as follows [29]:
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k � k0(1 − θ),

θ �
P

k0h
,

(3)

where k is the lateral stiffness, k0 is the lateral stiffness of
systems without P-delta effects, θ is the stability coefficient,
and P is the gravity force. Note that F,MP, FP, Fe, and Δe are
the lateral force, moment of systems without P-delta effects,
lateral force of systems without P-delta effects, maximum
elastic force, and maximum elastic displacement, re-
spectively. *e P-delta effect on YPS is considered through
changing the values of θ, say 0.05 and 0.10. *e yield dis-
placement for SDOF systems with P-delta effects can be
calculated as follows:

Δy �
My

k0h
, (4)

where My is the yield moment.
*e procedures for computation of the YPS can be di-

vided into four steps: (1) determination of a ground motion
and structural parameters, i.e., vibration period, mass,
damping ratio, etc.; (2) iterative calculations until a specified
ductility factor is achieved; (3) calculation of Cy and Δy; and
(4) repetition of the above procedures for different ground
motions or structural parameters. Figure 3 illustrates the
flowchart for the computation of YPS.

3. Ground Motions

*is study selects 601 strong ground motions from 16 major
global earthquakes, as shown in Table 1. *e selected ground
motions can be divided into four groups based on shear wave
velocity VS30, and the details can be found in Table 2. Note
that all the ground motions were downloaded from the PEER
ground motion database [31] and the China Earthquake
Networks Center [32]. *e criteria for selecting ground
motions can be summed up as follows: (1) *e recording
stations contain sufficient information (i.e., geological-geo-
technical). (2)*emoment magnitude is higher than or equal
to 6.0. (3) For soil sites B, C, and D, the ground motions were
recorded on the accelerographic stations, the free stations, and
the first-floor low-rise buildings. (4) For soil site E, the ground
motions were recorded on the free stations because the soil-
structure interaction (SSI) effects cannot be ignored for the
low-rise buildings located in the soft soil site.

4. Yield Point Spectra

4.1. Mean YPS. In this section, in order to normalize the
YPS, ground motions were scaled to 0.1 g. A total amount of
432,720 YPS indices are computed for 601 earthquake
ground motions, 120 vibration periods, and 6 levels of
ductility factors. Note that Δy (μ�1) is the maximum elastic
displacement.

h

Δ

P

F

(a)

PΔ MP = FPh

(b)

Δy Δe Δ

F

Fe

Fy

Fy (1 – θ)

(c)

Figure 2: Force-displacement relationships considering P-delta effects.

F

Fy = CyW

Δy Δm Δ

Figure 1: Force-deformation law of an EPP model.
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Figure 4 shows the mean YPS for four different site
classes. It can be observed from Figure 4 that, for a given
ductility factor, Δy increases with the increase of vibration
periods, while Cy increases initially and then decreases when
vibration periods increase.*e yield displacement Δy is close
to 0 when vibration periods are close to 0 as the stiffness of a
structure (T close to 0) tends towards infinity.

On the contrary, Δy multiplied by μ is close to the
maximum elastic displacement, Δy (μ�1), because of the
equal displacement rule. Over the whole period range, YPS
are highly dependent on vibration periods. For a given vi-
bration period, Cy and Δy decrease with the increase of the
ductility factor, while no obvious changes in YPS’s shape can
be observed. For different site classes, the tendency of YPS is
maintained consistently; for example, the varying rules of Cy
and Δy with the increase of vibration periods and ductility
factor are the same. However, for some specific character-
istics, i.e., the location of the maximum point, YPS for firm
soil sites (e.g., sites B, C, and D) are obviously different from
those for soft soil sites (e.g., site E). For example, the
maximum point of YPS for firm soil sites corresponds to a
vibration period of 0.3 s, while that for a soft soil site cor-
responds to a vibration period of 0.7 s. It is because ground

motions recorded at firm soil sites are characterized by
broadband high-frequency content features, while those
recorded at soft soil sites are characterized by narrowband
low-frequency content features [33]. *is is also corrobo-
rated by many past investigations [34–36] that spectral
amplifications are much higher for softer soil sites, partic-
ularly in the medium- to long-period range. Similar findings
were observed by additional studies [37, 38].

In order to study the effects of soil type on YPS more
clearly, Figure 5 presents YPS for four soil sites with two
ductility factors. It can be observed from Figure 5 that, for a
given vibration period and ductility factor, Cy and Δy in-
crease when the soil tends to soften. *e tendency will
become weaker with an increasing ductility factor, but it still
has a difference in YPS among different soil sites. *us, YPS
for different soil sites need to receive special attention.

4.2.DispersionofYPS. In statistical studies, mean spectra are
very important because they can reflect the average tendency
of the sample, while it is equally important to know the
scatter of the sample, e.g., dispersion. In this study, the
dispersion is qualified by the coefficient of variation (COV).
It should be noted that, for a given vibration period, the ratio
of Cy to Δy is constant for structures under different ground
motions (see equation (1)) even though the values of Cy and
Δy are not the same. *is means that the COVs of Cy and Δy
are the same even though the mean and standard deviation
values of Cy and Δy are different. *us, the dispersion of YPS
is investigated by analyzing the dispersion of Cy.

Figure 6 shows the COVs of Cy for four soil sites con-
sidering various combinations of T and μ. Previous in-
vestigations [39, 40] pointed out that relatively large COVs
would be produced in the long-period range when using the
acceleration parameter to normalize response spectra, while,
as expected, the COVs increase with the increase of vibration
periods. For example, for a given ductility factor μ� 3, the
COVs increase from 30% at T� 0.5 s to 60% at T� 4.5 s, as
shown in Figure 6(a). At the same time, the ductility factor
has a minor effect on the COVs of Cy, and increasing the
ductility factor will lead to a slight increase of COVs except
for μ� 1. For a vibration period larger than 2.0 s, the COVs
can reach 50%, meaning that the randomness of the
earthquake groundmotion may have a greater impact on the
COVs of Cy for long-period structures. Over the whole
period range, COVs are within 80%.

4.3. Effects of Damping Ratio. Structures under earthquake
excitation begin to vibrate and tend to cease vibration be-
cause of the effect of damping. *e damping effect on the
structural response cannot be ignored and received a lot of
attention [41, 42]. *us, it is very important to study the
effects of damping on YPS through three damping ratios
(i.e., ξ � 0.02, 0.05, and 0.10) selected herein. Figure 7
presents YPS for soil site B considering three damping ra-
tios and two ductility factors. It can be seen that Cy and Δy
decrease with the increase of damping ratios. *e latter is
because the energy, dissipated by damping, increases with an
increasing damping ratio, which will cause a reduction of the

Input ground motion and hysteretic model properties

Specify m, T, ζ, α, θ, and μi

Calculate k0, c, and ωn

Calculate Fc and Δc = Fc/k0

Time-history analysis of the specified system, calculate
Δm, and then calculate the μ with equation μ = Δm/Δy

|μ – μi| ≤ 0.01μi
No

Yes

Calculate Cy and Δy

Proceed to
another T or μi 

Fy = Fe – ΔF and Δy = Fy/k0

Figure 3: Flowchart for computation of YPS.
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energy dissipated by yielding or inelastic deformation [43].
*ese phenomena can also be found in other inelastic in-
dices such as the strength reduction factor [44] and hys-
teretic energy [45]. *e difference in YPS caused by the
damping ratio will reduce for weaker structures, i.e.,
structures with μ� 5.

In order to quantify the effects of damping ratios on YPS,
the ratio of Δy with ξ � 0.02 and 0.10 normalized by Δy with
ξ � 0.05 versus T is plotted for soil site B, as shown in
Figure 8. It can be observed from Figure 8 that the effects of
damping ratios are more profound for Δy (i.e., μ� 1). *is is
because the total energy of the elastic systems consists of
elastic energy and damping energy, and thus, the elastic
displacement is sensitive to the change of damping ratios. At
the same time, the total energy of an inelastic system consists
of inelastic energy, elastic energy, and damping energy, and
thus, damping has a moderate effect on the yield dis-
placement Δy of inelastic systems. In the short-period range
(0–0.5 s), as shown in Figure 8(a), the normalized Δy in-
creases with the increase of vibration periods, while it
slightly changes with the increase of vibration periods in the
medium- to long-period range. Over the whole period range,
the effects of damping ratios on the Δy are within 40% for
elastic systems, while they are within 20% for inelastic
systems.

4.4. Effects of Postyield Stiffness. *is section selects four
postyield stiffness ratios to investigate the effect of post-
yield stiffness on YPS, including two positive postyield

stiffness ratios, 0.05 and 0.10, and two negative postyield
stiffness ratios, − 0.05 and − 0.10. Figure 9 illustrates YPS for
soil site B considering five postyield stiffness ratios and two
ductility factors. It can be observed from Figure 9 that Cy
and Δy increase with the decrease of postyield stiffness
ratios, which is more pronounced for weaker structures
(μ� 5).

To quantitatively study the effects of postyield stiffness
ratios on YPS, Δy for selected postyield stiffness ratios, − 0.05,
− 0.10, 0.05, and 0.10, and soil site B is normalized by Δy
(α� 0), as shown in Figure 10. *e difference of the nor-
malized Δy caused by postyield stiffness ratios is more
pronounced for weaker structures (i.e., with μ> 4). For α< 0,
the normalized Δy increases with the increase of vibration
periods in the short-period range, while it fluctuates with the
change of vibration periods in the medium- to long-period
range. For α> 0, the normalized Δy decreases with the in-
crease of vibration periods in the short-period range, while it
remains almost constant with the change of vibration pe-
riods in the medium- to long-period range. *e normalized
Δy is within [80%, 100%] for α> 0, while it is within [100%,
200%] for α< 0. Structures with negative postyield stiffness
ratios subjected to earthquake excitation may produce a Δy
twice as big as Δy at α� 0. At the same time, Δy at α> 0 may
be equal to 80% of Δy at α� 0 when subjected to the same
earthquake excitation.*is means that compared with a zero
postyield stiffness ratio, a positive postyield stiffness ratio is
beneficial to structural inelastic responses, while the negative
postyield stiffness ratio is harmful to structural inelastic
responses.

4.5. Effects of the P-Delta Effect. Past studies reported that
P-delta effects can exert a significant effect on structural
inelastic responses, especially for multistory moment-re-
sistant frames [46–48].*us, it is necessary to investigate the
P-delta effects on YPS. Figure 11 presents YPS for soil site B
considering three values of θ (i.e., 0.00, 0.05, and 0.10) and
two ductility factors. As can be seen from Figure 11, Cy and
Δy will be greater when the θ increases for weaker structures

Table 1: Selected ground motions in this study.

Earthquake name Time Moment magnitude, Mw Number of ground motions
Cape Mendocino 1992 7.1 10
Chi-Chi 1999 7.6 91
Coalinga 1983 6.5 14
Duzce 1999 7.3 33
Imperial Valley 1979 6.9 35
Kern County 1952 7.7 10
Kobe 1995 7.2 11
Kocaeli 1999 7.8 39
Landers 1992 7.4 63
Loma Prieta 1989 7.1 58
Morgan Hill 1984 6.1 34
Northridge 1986 6.7 63
Palm Springs 1986 6.0 22
San Fernando 1971 6.6 25
Wenchuan 2008 8.0 88
Lijiang 1996 7.0 5

Table 2: Site classifications defined in NEHRP [30].

Soil type Shear wave velocity, VS30 (m/s) Number of ground
motions

B 760–1500 192
C 360–760 173
D 180–360 173
E <180 73
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(i.e., with μ� 5), while the θ has a negligible effect on YPS for
stronger structures (i.e., with μ� 2). To quantitatively in-
vestigate the P-delta effect on the Δy, the Δy with two values
of θ (i.e., 0.05 and 0.10) is normalized by Δy without P-delta
effects for soil site B by considering six ductility factors, as
shown in Figure 12. It can be observed from Figure 12 that

the normalized Δy increases with an increasing ductility
factor while the value of normalized Δy is slightly larger than
1. *e latter means that the P-delta effect can be ignored for
elastic systems. In the short-period range, the normalized Δy
increases with the increase of vibration periods, and it
fluctuates with the change of vibration periods in the
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Figure 5: Effects of the soil site on YPS considering two ductility factors: (a) μ� 2; (b) μ� 5.
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Figure 4: YPS for six-SDOF systems on four different site classes: (a) site B; (b) site C; (c) site D; (d) site E.
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medium- to long-period range. *e difference of Δy caused
by the ductility factor remains constant with varying vi-
bration periods. Over the whole period range, the nor-
malized Δy is within [100%, 160%], and it becomes
significantly larger for θ� 0.10, reaching 220%.

5. Prediction Equation

*e prediction equation of YPS is useful to help engineers to
adopt YPS-based seismic design in performance-based
earthquake engineering (PBEE), and thus, a prediction
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Figure 6: COV versus considering various combinations of μ and T on four different site classes: (a) site B; (b) site C; (c) site D; (d) site E.
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Figure 7: Effects of damping ratios on YPS for soil site B considering two ductility factors: (a) μ� 2; (b) μ� 5.
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Figure 10: Continued.
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equation is given based on the statistical results in this
section. *e analytical expression is provided as follows:

Cy �

aΔy + b, Δy ≤Δ1,

Cy,Δ1 +
Δy − Δ1
Δ2 − Δ1

Cy,Δ2 − Cy,Δ1 , Δ1 <Δy <Δ2,

c exp dΔy  + e, Δy ≥Δ2,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

where Cy is the yield strength coefficient and Δy is the yield
displacement. In this study, equation (5) was calculated by
using the nonlinear least-squares regression analysis that can
be implemented by many computational methods, such as

Gauss–Newton and steepest descent algorithms. *ough the
two algorithms have been shown to be very effective in
dealing with nonlinear least-squares problems, they have
several serious drawbacks (e.g., divergence problems and
slow progressive convergence problems). To avoid the
problems, the Levenberg–Marquardt algorithm [49, 50] was
designed, which is a combination of the Gauss–Newton and
steepest descent algorithms. It is an iterative technique for
obtaining the minimum value of the sum of square errors, as
follows:

E �
1
2

 k ek( 
2

�
1
2
‖e‖

2
, (6)

where E is the sum of square errors, ek is the error for the kth
exemplar or pattern, and e is the vector for the element ek.
Hence, parameters Δ1, Δ2, a, b, c, d, and e in equation (5)
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Figure 10: Normalized Δy for four postyield stiffness ratios and soil site B considering various combinations of T and μ: (a) α� − 0.10;
(b) α� − 0.05; (c) α� 0.05; (d) α� 0.10.
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Figure 11: Effects of θ on YPS for soil site B considering two ductility factors: (a) μ� 2; (b) μ� 5.
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were evaluated by the Levenberg–Marquardt algorithm until
the minimal error was achieved between analytical and
predicted values. *e above parameters are listed in Table 3
for various soil sites and ductility factors.

Note that the above equation of YPS is only suitable for
earthquake ground motions with a peak ground acceleration
(PGA) of 0.1 g, and thus, it is necessary to extend the
equation so that it can be suitable for earthquake ground
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Figure 12: Normalized Δy for four postyield stiffness ratios and soil site B considering various combinations of Tand μ: (a) θ� 0.05; (b) θ� 0.10.

Table 3: Parameters in equation (5).

Site class μ a b c d e Δ1 Δ2

B

1 0.588 0.141 0.551 − 0.287 0.021 0.233 0.532
2 0.328 0.116 0.131 − 0.632 0.009 0.133 0.278
3 0.222 0.109 0.104 − 0.965 0.006 0.105 0.216
4 0.140 0.105 0.091 − 1.267 0.004 0.090 0.183
5 0.037 0.102 0.082 − 1.569 0.004 0.082 0.163
6 − 0.023 0.100 0.076 − 1.856 0.003 0.075 0.148

C

1 0.174 0.130 0.267 − 0.074 0.013 0.210 0.531
2 0.098 0.100 0.146 − 0.179 0.008 0.127 0.293
3 0.050 0.093 0.116 − 0.284 0.006 0.104 0.233
4 0.020 0.089 0.101 − 0.376 0.004 0.092 0.202
5 − 0.005 0.086 0.092 − 0.466 0.004 0.084 0.182
6 − 0.024 0.084 0.085 − 0.548 0.003 0.079 0.167

D

1 0.191 0.133 0.229 − 0.069 0.027 0.193 0.470
2 0.099 0.101 0.129 − 0.155 0.010 0.113 0.256
3 0.049 0.094 0.103 − 0.241 0.006 0.093 0.201
4 0.017 0.089 0.090 − 0.313 0.004 0.082 0.174
5 − 0.011 0.086 0.081 − 0.370 0.003 0.075 0.156
6 − 0.033 0.084 0.075 − 0.435 0.002 0.070 0.143

E

1 0.103 0.112 0.333 − 0.024 − 0.033 0.478 3.025
2 0.050 0.096 0.171 − 0.062 − 0.013 0.277 1.553
3 0.023 0.092 0.129 − 0.097 − 0.008 0.230 1.130
4 0.006 0.090 0.111 − 0.141 − 0.005 0.206 0.942
5 − 0.007 0.088 0.099 − 0.184 − 0.004 0.190 0.832
6 − 0.017 0.087 0.091 − 0.223 − 0.004 0.179 0.738

All sites

1 0.178 0.137 0.263 − 0.082 0.009 0.225 0.532
2 0.096 0.103 0.142 − 0.193 0.004 0.130 0.286
3 0.047 0.095 0.112 − 0.304 0.003 0.105 0.223
4 0.014 0.090 0.097 − 0.407 0.003 0.092 0.191
5 − 0.012 0.087 0.088 − 0.511 0.002 0.083 0.171
6 − 0.033 0.084 0.082 − 0.605 0.001 0.078 0.156
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motions with any arbitrary value of PGA. *e equation is
given as follows:

Cy �
PGA
0.1

· f
0.1
PGA
Δy , (7)

where PGA is the peak ground acceleration (g) and f(·)
represents equation (5).

In order to demonstrate the fitting precision of the
proposed equation, the results obtained using equation (5)
and the statistical analysis are plotted in Figure 13. It can be
seen that the predicted results agree well with the analytical
results, meaning that the predicted equation can provide
results with a high degree of precision.

6. Conclusions

*is study systematically investigated YPS. A total of 601
ground motions from global earthquakes were selected and
divided into four groups based on NEHRP. A prediction
equation was proposed based on the statistical results in
which the effects of damping ratios and P-delta effects were
considered. *e main conclusions can be drawn as follows:

(1) YPS are highly dependent on vibration periods. For
example, the yield displacement, Δy, increases with

the increase of vibration periods. *e same tendency
can be observed for the yield strength coefficient, Cy,
in the short-period range, while the reverse phe-
nomenon is presented in the medium- to long-pe-
riod range. YPS are also affected by the ductility
factor and decrease with the increase of the ductility
factor. Besides, the soil site also has a significant
effect on YPS, especially for soft soils.

(2) *e dispersion of Cy/Δy is studied by calculating the
COV. *e COV depends on vibration periods and
increases with the increase of vibration periods. Over
the whole period range, the COV is less than 80%.
*e difference in the COV caused by the ductility
factor is not obvious.

(3) *e damping ratio has a moderate effect on YPS. For
inelastic systems, Δy increases between 10% and 18%
when decreasing damping ratios from 0.05 to 0.02,
while Δy decreases between 10% and 20% when
increasing damping ratios from 0.05 to 0.10. How-
ever, for elastic systems, Δy increases or decreases
may be amplified 1.5 times those for inelastic
systems.

(4) YPS increase with the decrease of the postyield
stiffness, and this decrease is more pronounced for
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Figure 13: Comparisons of the results predicted by equation (5) and the analytical results considering four soil sites: (a) site B; (b) site
C; (c) site D; (d) site E.
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weaker structures (i.e., with μ� 5). Δy decreases
between 10% and 20% for structures that have
positive postyield stiffness ratios, while Δy increases
between 10% and 200% for structures that have
negative postyield stiffness ratios. *us, the positive
postyield stiffness ratio is beneficial for structural
dynamic responses.

(5) YPS increase with the increase of the stability co-
efficient, θ, especially for weaker structures. *e
structures with inelastic deformations are sensitive to
P-delta effects because the P-delta effects have a
slight influence on elastic structures.*eΔy increases
caused by P-delta effects are between 10% and 120%.

(6) A prediction equation for YPS was proposed in-
cluding six parameters that were determined by soil
site classes and ductility factors. *e equation can be
used to predict YPS with high precision because the
results predicted by the equation agree well with
analytical results.

Note that this study focused on YPS for an EPP model in
which the stiffness degradation and strength deterioration
are not considered. *us, the effect of hysteretic models on
YPS deserves further study.
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[33] J. Ruiz-Garćıa and H. Guerrero, “Estimation of residual

displacement ratios for simple structures built on soft-soil
sites,” Soil Dynamics and Earthquake Engineering, vol. 100,
pp. 555–558, 2017.

[34] E. Kalkan and P. Gu¨lkan, “Site-dependent spectra derived
from ground motion records in Turkey,” Earthquake Spectra,
vol. 20, no. 4, pp. 1111–1138, 2004.

[35] R. D. Borcherdt, “Estimates of site-dependent response
spectra for design (methodology and justification),” Earth-
quake Spectra, vol. 10, no. 4, pp. 617–653, 1994.

[36] D. M. Boore, J. P. Stewart, E. Seyhan, and G. M. Atkinson,
“NGA-west2 equations for predicting PGA, PGV, and 5%
damped PSA for shallow crustal earthquakes,” Earthquake
Spectra, vol. 30, no. 3, pp. 1057–1085, 2014.

[37] E. Miranda and J. Ruiz-Garcia, “Influence of stiffness deg-
radation on strength demands of structures built on soft soil
sites,” Engineering Structures, vol. 24, no. 10, pp. 1271–1281,
2002.

[38] P. Panyakapo, “Evaluation of site-dependent constant-dam-
age design spectra for reinforced concrete structures,”
Earthquake Engineering and Structural Dynamics, vol. 33,
no. 12, pp. 1211–1231, 2004.

[39] J. M. Nau andW. J. Hall, An Evaluation of Scaling Methods for
Earthquake Response Spectra, University of Illinois Engi-
neering Experiment Station, Champaign, IL, USA, 1992.

[40] E. Miranda, “Evaluation of site-dependent inelastic seismic
design spectra,” Journal of Structural Engineering, vol. 119,
no. 5, pp. 1319–1338, 1993.
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