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A B S T R A C T

The long initial and coda waves with small amplitude are often observed in an actual earthquake record. 
Truncating those wavebands that contribute little to structural responses is helpful to focus on the strong shaking 
phase and reduce computational cost. In the paper, 157 actual earthquake records and the acceleration time 
windows constrained by truncation thresholds of Arias intensity serve as input ground motions. A large number 
of elastoplastic dynamic analyses on a 295 m-high core-wall rockfill dam (CRFD) are conducted using the 
generalized plasticity model and seismic wave input method. Inspired by fragility equation, the probability 
curves for the accuracy loss of dam response less than different limits under different truncation thresholds are 
established, quantifying the destructiveness of the truncated seismic acceleration time windows. Results show 
that the probabilities are minimally affected by peak ground acceleration (PGA); the allowable tail truncation of 
earthquake records is much more than the leading due to the asymmetry of seismic waveforms and the cyclic 
hardening characteristic of rockfill materials; the truncation metric of 0.01–98 % Arias intensity is proved to be 
effective and robust in accelerating dynamic analyses of rockfill dams with an accuracy loss within 5 % and an 
average reduction in computational workload of approximately 50 %.

1. Introduction

In recent years, a large number of high rockfill dams have been built, 
under construction, and planned. With the increase of global crustal 
activity trends, seismic damage prediction of high rockfill dams and 
post-earthquake performance emergency assessment are of increasing 
interest [1–6]. The time-domain step-by-step integration method is 
commonly adopted in dynamic analyses of rockfill dams [7–9], which 
requires solving structural dynamic equilibrium equations at each time 
step. The longer the earthquake record, the greater the computational 
workload. Meanwhile, the number of elements, nodes and degrees of 
freedom in finite element model sharply increases with the increase of 
dam height. When the sample size is large, the computational cost be
comes too burdensome for regular workstations to handle.

During seismic wave propagation, the coda wave at an earthquake 
record tail suffers pronounced attenuation due to the late arrivals of the 
scattering and diffracted waves that travel along longer and indirect 

paths [10–12]. Furthermore, during data collection, in addition to 
recording signals excited by various target sources, seismographs also 
capture a multitude of noises from the instruments and the surrounding 
environment [11,13]. Earthquake data processing and cataloging (for 
example, initial arrival picking, etc.) inevitably are affected by these 
noises. Therefore, a gentle start and a long tail are always observed in an 
actual earthquake record. These wavebands usually have a weak ac
celeration amplitude and their contribution to structural damage may be 
negligible. However, they also need occupy a large amount of compu
tational time and resources in finite element numerical calculations. 
Removing these wavebands may be effective in reducing the workload 
of data storage, analysis, and simulation.

In the last decades, more than 30 metrics have been defined in 
literature to identify and extract the strong shaking phases of earthquake 
records from acceleration and energy viewpoints [14]. These definitions 
are mainly divided into three groups: bracket duration, uniform dura
tion, and significant duration [14]. The bracket duration is defined as 
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the time window between the first and last excursions of a specified 
earthquake acceleration threshold. The uniform duration is defined as 
the sum of the time intervals of all excursions of a specified acceleration 
threshold, and is not a continuous time window. The duration for an 
earthquake under different PGA levels does not remain constant when 
using these two definitions and may even be zero at a large threshold. 
The significant duration refers to the time window constrained by two 
fractions AI0 and AIf (unit: %) of Arias intensity [15–17]. Arias intensity 
is defined as the integral of the square of seismic acceleration over total 
duration, and its accumulation process describes the accumulation and 
attenuation of earthquake energy [14,18]. Therefore, the group is 
extensively used for different purposes [19,20], especially the signifi
cant durations of 5–95 % Arias intensity [12] and of 5–75 % Arias in
tensity [21]. However, these truncation thresholds seem to be 
determined purely based on visual inspection of earthquake records.

Recently, many scholars have proposed the earthquake record 
truncation methods incorporating structural characteristics in order to 
improve the computational efficiency of structural dynamic analyses. 
Repapis et al. (2020) [22] and Dimakopoulou et al. (2022) [23] applied 
a pulse duration constrained by the predominant velocity pulse of 
near-field directivity records to dynamic analyses of RC buildings. Jin 
et al. (2020) [24] proposed an acceleration response spectrum-based 
earthquake record truncation method for nonlinear dynamic analyses 
of arch dams. Reyes et al. (2021)[25] suggested the truncation thresh
olds of 10 % and 20 % peak roof displacement of an equivalent SDOF 
system to trim the leading and trailing weak signals of earthquake re
cords. Li et al. (2022) [7] identified the truncation points of earthquake 
records using the maximum displacement response of equivalent SDOF 
systems and applied the truncated records to maximum displacement 
response analyses of MDOF structures. He et al. (2024) [9] used neural 
networks to predict the truncation point as an alternative to time-history 
analyses on SDOF in Li et al. (2022). However, most of these studies 
focus on SDOF and RC frame structures and the operation of the record 
truncation methods proposed is somewhat complex. It is not applicable 
for high rockfill dams with large volume and complex behavior.

2. Aim of the study

This paper aims to identify the effective seismic time window for 
high rockfill dams by trimming the low-amplitude initial and coda 
waves of earthquake records. The significant duration definition is used 
as the truncation method for earthquake records. A total of 157 actual 
earthquake records from PEER NGA database and the seismic acceler
ation time windows extracted using different truncation thresholds of 
Arias intensity are used as input ground motions. A large number of 
nonlinear dynamic analyses on a 295m-high CRFD are conducted. In 
these analyses, the generalized plasticity model is used to simulate the 
cyclic hysteretic characteristics and cumulative residual deformation of 
rockfill materials. The seismic wave input method is used to simulate the 
dynamic interaction between dam and bedrock and the radiation 
damping of infinite canyon. Ground motion duration is used as intensity 
measure (IM), and the accuracy loss of crest settlement caused by record 
truncation is used as structural damage parameter (EDP). Based on the 
extension of fragility function, the probability curves of EDP less than 
different limits under different IM levels (equivalently, different trun
cation thresholds) are obtained using Monte Carlo Simulation and 
maximum likelihood method. Thus, the destructiveness of the seismic 
acceleration time windows extracted by different truncation thresholds 
can be quantified in terms of structural response. Finally, the optimal 
earthquake record truncation metric proposed is tested from dam hori
zontal displacements and response spectra.

3. Probabilistic seismic analysis method

Fragility analysis is an essential component of probabilistic seismic 
analysis and enables to predict the likelihood of structures reaching 

different damage states at various levels of ground motion intensity 
measure (IM). The fragility function is typically expressed as the ex
ceedance probability of structural damage state y at a specified ground 
motion intensity level im. The IM that causes the structure to reach y is 
often assumed to follow a lognormal distribution [26], as shown in Eq. 
(1). It requires that the EDP and IM be positively correlated. In previous 
probability analyses, peak ground acceleration PGA and seismic accel
eration response spectrum Sa are always used as IM[26–28]. 

PR(y|IM = im) = PEDP|IM(EDP > y|IM = im) = PIM|EDP(IM ≤ im|EDP = y)

= Φ
(

lnim − θ
σ

)

(1) 

And the conditional probability that the EDP is below the damage 
state y at the ground motion intensity level im is: 

PEDP|IM(EDP ≤ y|IM = im) = 1 − Φ
(

lnim − θ
σ

)

(2) 

in which Φ() represents the standard normal distribution function; θ and 
σ are the log-mean and log-standard deviation, respectively.

When EDP is negatively correlated with IM, the conditional proba
bility that the EDP is below the damage state y at the ground motion 
intensity level im should be expressed as: 

PEDP|IM(EDP ≤ y|IM = im) = PIM|EDP(IM ≤ im|EDP = y) = Φ
(

lnim − θ
σ

)

(3) 

The lognormal distribution parameters θ and σ can be determined 
through the multiple-stripe analysis (MSA) method and maximum 
likelihood method (MLE) [26]. The calculation starts by scaling a suite 
of earthquake records to multiple target IM levels. Then, using these 
scaled records as ground motion input, a series of structural nonlinear 
dynamic analyses are performed to obtain the EDP values. The resulting 
plot of EDPs at an IM level looks like a “stripe” and hence multiple stripes 
of data at these target IM levels can be obtained. The fractions of records 
that cause the structure reaching a given limit state at each stripe are 
counted and then the parameters θ and σ at the limit state can be ob
tained using the MLE method. Finally, the lognormal distribution can be 
fitted. In this paper, ground motion duration is used as the IM (see 
Section 4.3); the accuracy loss of structural response caused by earth
quake record truncation is used as the EDP (see Section 4.4).

4. Computational model

4.1. Finite element model

In this paper, a 295 m high CRFD is adopted as the benchmark. The 
crest width is 16 m, and the upstream and downstream slopes of the dam 
are 1:2.0 and 1:1.9, respectively. There are seven material zones in total, 
including cofferdam, rockfill I, II and III zones, transition, filter and core 
wall. The dam construction is completed in 49 layers. The reservoir is 
filled in 47 steps to the height of 285 m. The bedrock foundation trun
cated from the infinite canyon is 2414 m long and 531 m deep [29]. 
Given the large geometric span of different material zones, the finite 
element model including 18258 elements and 18506 nodes is estab
lished using the quadtree technique (see Ooi et al. (2015) [30] for de
tails), as shown in Fig. 1. This technique enables fast and high-quality 
automatic mesh discretization and adaptive mesh refinement [30]. 
Two element types, the isoparametric element and the scaled boundary 
finite element [31,32], are employed in the model. Referring to existing 
researches [3,6,33], the element sizes of bedrock and rockfill zones are 
set to be 12 m and 6 m, respectively, and the central core wall and filter 
are finely discretized with a mesh size of 3 m. The element size spanning 
in the transition zone is accomplished using polygonal elements gener
ated by the scaled boundary finite element method. The nonlinear 
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dynamic analyses of the dam are carried out based on the stress state 
provided by static analysis. In dynamic calculations, the added mass 
method [34] is employed to simulate the hydrodynamic pressure. The 
nonlinear finite element analysis program GEODYNA [35], developed 
by Earthquake Engineering Research Institute, Dalian University of 
Technology, is used.

4.2. Constitutive model and material parameters

Many researches [14,19] indicated that ground motion duration has 
a significant effect on structural elastoplastic response and cumulative 
hysteretic energy dissipation. Therefore, the generalized plasticity 
model modified by Zou et al. [37] is adopted here (see Appendix B). This 
model is fairly equipped to simulate nonlinear behaviors of geotechnical 
structures for the following reasons: (a) the plastic flow direction, 
loading direction and plastic modulus of rockfills are directly deter
mined instead of the plastic potential surface and yield surface; (b) the 
dilation and contraction, pressure dependence, cyclic cumulative re
sidual deformation and cyclic hysteresis behaviors of rockfills are taken 
into account; (c) the structural static and dynamic analyses are allowed 
to be completed using a suite of model parameters. This model has been 
successfully applied in many research studies and actual engineering 
[36,37]. The dam material parameters used in this paper are shown in 
Table 1. For simplification, the same parameters are used for all dam 
shell materials. The bedrock is simulated using the linear elastic model, 
with elastic modulus E = 20 GPa, density ρ = 2450 kg/m³ , and Pois
son’s ratio ν = 0.25.

4.3. Ground motion records and intensity measure (IM)

The NGA database [38] of Pacific Earthquake Engineering Research 
Center (PEER, https://peer.berkeley.edu/) has collected a vast array of 
earthquake records in active tectonic regimes. The database possesses 
the most comprehensive set of metadata, including time series, response 
spectra, peak ground acceleration (PGA), duration, etc. These 

earthquake records and metadata have been subjected to multiple 
quality checks, including the sufficient signal-to-noise ratio and the in
strument parameters (for example, anti-alias filter corner, etc.) and the 
baseline errors (e.g., excluding baseline errors with multiple jumps or 
time-related trends) [38]. Therefore, 157 earthquake records with PGA 
greater than 0.2 g, length ranging from 10 s to 160 s, and magnitude 
ranging from 5.0 to 7.9 are selected and used here from the database. 
Fig. 2(a) and (b) show the distributions of length and PGA of these re
cords, respectively. Appendix Table A.1 summarizes the records used in 
this study, mainly from 19 earthquake events such as CHI-CHI, Coalinga, 
Kobe, etc.

Ground motion duration is used as the IM. The seismic acceleration 
time windows constrained by different truncation thresholds of Arias 
intensity are used as input ground motions. The Arias intensity is 
denoted as AI, as shown in Eq. (4), and the significant duration is 
denoted as Da-b%AI, where a and b mark the beginning and end of the 
truncated time window, respectively. Based on previous studies [12,14, 
21], the value of a is taken as 0, 0.01, 0.1, 1, 3, 5, respectively; the value 
of b is taken as 80, 83, 85, 88, 90, 93, 95, 98, 100, respectively. As the 
truncation threshold varies, the length of the input ground motion is 
"scaled" to different IM levels. At a specified IM level, the PGA of input 
ground motions is adjusted to the same level and is amplified to 0.3 g, 
0.5 g, and 0.8 g, respectively. The amplification factors of 2–4 times for 
ground motion acceleration have been proven to be acceptable [39]. In 
dynamic calculations, the ground motions are input in the stream di
rection into the dam-bedrock system through seismic wave input 
method (see Section 5). 

AI =
π
2g

∫ T

0
(a(t))

2

dt (4) 

in which AI is the Arias intensity of an earthquake record; T is the length 
of the record; a(t) is the seismic acceleration time history; g is the ac
celeration due to gravity.

Fig. 1. Finite element model of the dam.

Table 1 
The generalized plasticity model parameters of dam materials.

symbol G0 K0 ms mv Mg Mf αf αg H0 ml β0 β1 Hu0 mu rd γDM γu

dam shell 1200 1400 0.5 0.5 1.77 0.99 0.45 0.50 900 0.40 24 0.045 3000 0.50 100 50 5
core wall 800 1000 0.3 0.3 1.25 1.21 0.01 0.01 430 0.15 35 0.001 800 0.15 100 60 1
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4.4. Structural damage parameter (EDP)

The crest settlement is the most representative and commonly used 
indicator to assess the damage of rockfill dams[40–45]. The relative 
difference ΔS between the crest settlements under an original earth
quake record and the seismic acceleration time window extracted using 
Da-b%AI is used here as the EDP, as Eq. (5). The value of ΔS represents the 
destructiveness loss before and after truncating the earthquake record 
and the computational accuracy loss of dam damage. A small value of ΔS 
indicates a minor loss of accuracy. Thus, six limits for ΔS are suggested, 
i.e., 5 %, 10 %, 15 %, 20 %, 25 %, and 30 %. 

ΔS =
|S0 − SIM|

S0
(5) 

where S0 is the crest settlement under an original earthquake record; SIM 
is the crest settlement under the seismic acceleration time window 
extracted using Da-b%AI.

5. Ground motion input

5.1. Seismic wave input method

Actually, the structure-foundation system is an energy-open system, 
and the interaction between structure and foundation induces a signif
icant impact on structural responses [28,46,47]. For simplification, 
ground motion input is generally implemented using uniform excitation 
method in traditional structural dynamic analyses [48]. In the method, 
the massless foundation input model [47,49] is used, in which the elastic 
massless foundation with fixed constrained boundaries is assumed. In 
calculation, the free-field acceleration time history is uniformly applied 
at the foundation [47]. This method neglects the spatial variation of 
ground motion input due to large size and span of structures (like dams, 
bridges), wave passage effect, site effect, and topographic effect, 
resulting in the distortion of numerical results [48,50].

To estimate structural dynamic responses accurately, seismic wave 
input method (i.e., non-uniform excitation method) is applied here. In 
the method, the interaction between structure and foundation and the 
radiation damping of infinite canyon are simulated by adding viscous- 
spring boundaries and equivalent loads on the truncated interfaces of 
foundation [46,47,51]. The viscous-spring boundary [52,53] is imple
mented by installing pairs of spring and viscous damper on the truncated 
interfaces of foundation. Normal and tangential spring-damper pairs are 
installed at each node of the truncated interfaces to simulate the elastic 
recovery mechanism of foundation and the radiation effects of far-field 
rock, as shown in Fig. 1. Simultaneously, ground motions are input as 
equivalent nodal forces exerted on the truncated boundaries. The 
equivalent nodal forces satisfy the displacement and stress conditions 
due to the free field on the truncated boundaries of foundation and can 

be obtained from Eq. (6). 

Fb = Ref
b +Cbu̇ef

b +Kbuef
b (6) 

where uef
b , u̇ef

b and Ref
b are the displacement vector, velocity vector and 

the corresponding force vector at the bedrock boundary nodes induced 
by the free field, respectively. Kb and Cb are the additional stiffness 
matrix and damping matrix of the viscous-spring boundary, 
respectively.

5.2. Example verification

Herein, the feasibility and reliability of the seismic wave input 
method are demonstrated by a symmetrical V-shaped canyon problem. 
The finite element model of the half-space truncated from an infinite 
canyon has a width of 6000 m and a depth of 2000 m, as shown in Fig. 3, 
and the mesh size is less than 1/10 of the wavelength of incident wave 
[54]. The V-shaped canyon, whose half-width w= 1000 m and depth 
d= 1000 m, is embedded in the half-space. The wave medium has a 
density ρ = 2670 kg/m3, shear wave velocity vs = 1000 m/s, and Pois
son’s ratio ν = 1/3. The unit-amplitude SH wave with circular frequency 
ω = πrad/s and displacement in the z-direction is incident from the 
bottom of the model and the incident angle α of 0◦ and 45◦ are 
considered, respectively.

The finite element results for the surface displacement amplitudes 
are compared with the analytical solutions of Gao et al. (2013) [50]. 
Fig. 4 plots the normalized displacement amplitudes along the hori
zontal ground surface and the canyon surface against the horizontal 
x-axis. The |uz|/|uf| represents the steady-state surface displacement 
amplitude |uz| of the half-space normalized by the free field amplitude | 
uf|. It can be seen that the numerical solutions match well with the 
analytical solutions.

Fig. 2. Actual earthquake records.

Fig. 3. Finite element model of V-shaped canyon.
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6. Analyses and discussions

6.1. Crest settlement

Swaisgood (2003) [55] conducted an extensive survey on seismic 
damage of rockfill dams worldwide, providing a rough distribution of 
crest settlement ratios (crest settlement/dam height) under different 
PGA levels. The survey serves as a valuable reference for numerical 
simulations of similar engineering. Fig. 5 presents the distributions of 
crest settlement ratios of the benchmark dam in this paper under 157 
original earthquake records for PGA = 0.3 g, 0.5 g, and 0.8 g. It can be 
seen that the simulated crest settlement ratios range from 0.03 % to 1 %, 
which is consistent with engineering experience.

Fig. 6 shows the crest settlement time histories calculated under two 
typical earthquake records (stations CHY006-N and LDM334). It can be 
seen that the evolution rules of the crest settlements are consistent with 
the growth and decay patterns of the seismic acceleration time histories. 
The central strong shaking phases induce a rapid growth of crest set
tlements, while the settlements tend to be horizontal at the beginning 
and end of the records. It is worth noting that the earthquake record at 
station CHY006-N is much longer than that at station LDM334, whereas 
the crest settlement calculated under CHY006-N is less than that under 
LDM334 for the same PGA level. It indicates that the evolution of 
structural damage can’t be quantified by single ground motion param
eter. Later, we will identify the seismic time window that contributes 
significantly to dam damage from the perspective of earthquake energy.

6.2. Probability analyses

This part seeks to identify an optimal truncation metric for initial and 
tail waves of earthquake records and then the truncated seismic time 
windows can be used to accelerate dynamic analyses of rockfill dams at a 
minor accuracy loss.

6.2.1. Discussion on the b value in Da-b%AI
In this section, the value of a is set to be 0, and the value of b is taken 

as 80, 83, 85, 88, 90, 93, 95, 98, 100, respectively. The seismic accel
eration time windows extracted by D0− b%AI are applied to the bench
mark dam to obtain crest settlements through nonlinear dynamic 
analyses. The accuracy loss of crest settlements, ΔS, is calculated using 
Eq. (5), and then the stripe plots of D0− b%AI-ΔS are obtained. 157 nu
merical calculations have been performed for each horizontal stripe of 
D0− b%AI-ΔS. As shown in Fig. 7, the resulting D0− b%AI-ΔS plots under 
PGA = 0.3 g, 0.5 g and 0.8 g are given in hollow dots with different 
colors, and the mean of ΔS at each stripe is presented in solid dots. The 
counted fractions of records that cause ΔS less than different limits at 
each stripe are plotted in hollow dots in Fig. 8. It can be seen that the 
variation of PGA induces little influence on the fractions although some 
difference in the distributions of ΔS.

Fig. 9 provides some statistics of truncation of 157 earthquake re
cords under D0− b%AI and duration of the extracted seismic time windows 
(PGA=0.3 g). Obviously, a small b value induces a large truncation for 
an earthquake record and further a high ΔS. Therefore, the Eq. (3) is 
used to fit the lognormal distribution and the corresponding parameters 
of θ and σ at each limit are estimated using MLE method, as shown in 
Table 2. Then, the probability curves for ΔS less than those limits are 
obtained, as shown in Fig. 8. The probabilities for the limits of 20 %, 
25 %, and 30 % are provided as references and not discussed in detail. 
From these curves, the probability for ΔS less than a specified limit in
creases as the value of b increases. It can be found that the value of b 
should be at least greater than 98 to yield an accuracy loss within 5 %. 
When the truncation threshold b= 98, the probability of ΔS less than 
5 % reaches 88.48 %, less than 10 % reaches 92.12 %, and less than 
15 % reaches 93.82 %, demonstrating the robustness of the truncation 
metric. From Fig. 9, the average truncation of earthquake records rea
ches about 45 % (the maximum reaches 90 %) under D0–98 %AI, and the 
average duration of the extracted seismic acceleration time windows is 
about 35 s. It indicates that trimming the coda waves of earthquake 
records using D0–98 %AI has little effect on the estimation of EDP but is 
effective in reducing computational effort.

6.2.2. Discussion on the value of a in Da-b%AI
Based on the above analysis, different values of a in Da-b%AI are 

discussed in this section while the value of b is set to be 98. The value of a 
is taken as 0, 0.01, 0.1, 1, 3, 5, respectively. Similarly, the stripe plots of 
Da-98 %AI-ΔS under PGA = 0.3 g, 0.5 g, and 0.8 g are obtained by 
applying the seismic acceleration time windows extracted by Da-98 %AI 
into dynamic analyses on the benchmark dam, as shown in Fig. 10. The 
counted fractions of records that cause ΔS less than different limits at 
each stripe are plotted in Fig. 11. Among them, the fractions for the 
limits of 20 %, 25 % and 30 % approach 100 % and are not given here. It 
can be seen that the fractions are also not sensitive to the variation of 
PGA.

Similarly, Fig. 12 provides some statistics of truncation of 157 
earthquake records under Da-98 %AI and duration of the extracted seismic 

Fig. 4. Distribution of normalized surface displacement amplitude for the half-space along the x-axis.

Fig. 5. Crest settlement ratio of the dam under 157 earthquake records.
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time windows (PGA=0.3 g). Obviously, a large a value induces a large 
ΔS (because the truncation for a record is large). Therefore, the Eq. (2) is 
used to fit the lognormal distribution and the corresponding parameters 
of θ and σ at each limit are estimated using MLE method, as shown in 
Table 3. The probability curves for ΔS less than those limits are shown in 
Fig. 11. From these curves, the probability for ΔS less than a specified 

limit decreases as the value of a increases. The value of a should be at 
least less than 0.04 to yield an accuracy loss within 5 %. When the 
truncation threshold a= 0.04, the probability of ΔS less than 5 % is 
90.37 %, less than 10 % is 99.97 %, and less than 15 % is 100 %. 
Apparently, the probability curves are overly idealized, resulting in a 
slight overestimation of the probability of ΔS less than different limits 
when a≤ 0.1 (b=98).

From Fig. 12, the average truncation of earthquake records is about 
54.60 % and 52.30 % (the maximum is 91.77 % and 90.89 %) under 
D0.1–98 %AI and D0.01–98 %AI, respectively, and the average duration of the 
extracted seismic acceleration time windows is about 25.58 s and 
26.97 s, respectively. Compared with the tail truncation of earthquake 
records, the leading truncation is relatively small and has little impact 
on improving computational efficiency of dynamic analyses. Therefore, 
conservatively, it is recommended not to trim the initial wave, and if 
necessary, the truncation threshold a be less than 0.01.

In summary, the dam response is more sensitive to the leading 
truncation (equivalently, the value of a) of an earthquake record than to 
the tail truncation (equivalently, the value of b). The main reasons can 
be explained from two aspects:1) the asymmetry of seismic waveforms 
in the time series; 2) the cyclic hardening characteristic of rockfill 

Fig. 6. Settlement time histories of dam crest.

Fig. 7. D0− b%AI-ΔS stripe plots.
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materials under cyclic loading—the deformation rate after experiencing 
a large prior stress history will be significantly smaller than the initial 
loading[56,57].

6.3. Impact of record truncation on horizontal displacement of dam

Based on the analysis above, the damage potential of the seismic 
acceleration time windows extracted by D0.01–98 %AI has been evaluated 
in this section from the perspective of dam horizontal displacement. 
Table 4 presents the probabilities that the accuracy loss of maximum 
horizontal displacements of the benchmark dam is less than different 

limits. It can be seen that the probability of the accuracy loss less than 
5 % is 89.17 %, less than 10 % is 92.99 %, and less than 15 % is 
94.90 %. It indicates that the seismic acceleration time windows 
extracted by D0.01–98 %AI effectively preserve the destructiveness of the 
original earthquake records.

6.4. Impact of record truncation on response spectra

To illustrate the extracted seismic acceleration time window, the 
truncation points of a= 0.01 and b= 98 are marked on the two earth
quake records in Fig. 6 with dashed vertical lines. Meanwhile, Fig. 13

Fig. 8. Probability curves for ΔS less than different limits under D0− b%AI (dot: counted fraction that ΔS is less than a given limit; black line: estimated lognormal 
distribution CDF).

Fig. 9. Some statistics on earthquake record truncation under D0− b%AI (PGA=0.3 g).

Table 2 
Parameters θ and σ in Eq. (3) for ΔS less than different limits under D0− b%AI.

Parameters ΔS≤ 5 % ΔS≤ 10 % ΔS≤ 15 % ΔS≤ 20 % ΔS≤ 25 % ΔS≤ 30 %

θ 4.519 4.479 4.411 4.360 4.325 4.287
σ 0.055 0.074 0.113 0.134 0.134 0.143
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compares the response spectra before and after truncating these two 
records by D0.01–98 %AI. For comparison, these figures also provide the 
results when a= 5 and b= 80. It can be seen that when a= 5 and b= 80, 
the excessive truncation of earthquake records leads to a noticeable loss 
of response spectrum ordinates at the period greater than 1 s, especially 
the velocity and displacement response spectra, while the response 
spectrum ordinates under D0.01–98 %AI remain consistent with the orig
inal within the period of 0–4 s. It indicates it is feasible to work with the 
seismic time window under D0.01–98 %AI in dynamic analyses of high 
rockfill dams.

7. Conclusions

This paper aims to improve the computational efficiency of dynamic 
analyses for high rockfill dams by trimming the initial and coda waves of 
actual earthquake records. The significant duration definition is used as 
the truncation method for earthquake records, and the truncated seismic 
acceleration time windows are used as ground motion input. Based on 
157 actual earthquake records, a large number of elastoplastic time- 

history analyses on a 295m-high CRFD are conducted using the gener
alized plasticity model and seismic wave input method. The damage 
potential of the seismic acceleration time windows extracted by 
different truncation thresholds is quantified by establishing probability 
curves of dam response accuracy loss less than different limits. The 
optimal truncation metric is evaluated from crest settlement, dam hor
izontal displacement, and response spectra. The following conclusions 
are drawn: 

(1) The increase in peak ground acceleration (PGA) of input ground 
motions has a minimal impact on the probability curves of dam 
response accuracy loss for different truncation metrics.

(2) Due to the asymmetry of seismic waveforms in time series and the 
cyclic hardening characteristic of rockfill materials, the tail of 
earthquake records is allowed to be truncated much more than 
the leading. The leading truncation threshold is suggested to be 
less than at least 0.01 % of Arias intensity.

Fig. 10. Da-98 %AI-ΔS stripe plots.

Fig. 11. Probability curves for ΔS less than different limits under Da-98 %AI (dot: counted fraction that ΔS is less than a given limit; black line: estimated lognormal 
distribution CDF).

Fig. 12. Some statistics on earthquake record truncation under Da-98 %AI (PGA=0.3 g).

Table 3 
Parameters θ and σ in Eq. (2) for ΔS less than different limits under Da-98 %AI.

Parameters ΔS≤ 5 % ΔS≤ 10 % ΔS≤ 15 %

θ 0.528 2.358 3.158
σ 2.876 1.617 1.369

Table 4 
Probabilities for maximum horizontal displacement of the dam less than 
different limits under D0.01–98 %AI.

Truncation metric ΔS≤ 5 % ΔS≤ 10 % ΔS≤ 15 %

D0.01− 98 %AI 89.17 % 92.99 % 94.90 %
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(3) The seismic time window constrained by 0.01–98 % Arias in
tensity is proved to be very effective and robust in accelerating 
nonlinear analyses of rockfill dams at an accuracy loss within 
5 %, and the average reduction in computational workload rea
ches about 50 %. It is worth noting that the leading truncation of 
earthquake records is extremely small compared with the tail 
truncation and contributes little to the reduction in computa
tional workload.

(4) It is essential to employ a quantitative approach to estimate the 
truncation points of earthquake records from a statistical 
perspective, as relying on visual inspection of the records may 
lead to inaccurate and misleading conclusions. Excessive trun
cation thresholds lead to the severe loss of time and frequency 
domains information of earthquake records, resulting in seismic 
signal distortion and damage potential loss.

The conclusions are highly applicable to the works with high time
liness and large sample capacity, such as post-earthquake rapid emer
gency assessment, incremental dynamic analysis, and machine learning.
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Appendix A

Table A.1 
Actual earthquake records used in present paper.

Earthquake Name Year Magnitude Record name

Chi-Chi_Taiwan 1999 7.62 CHY006-N, CHY006-V, CHY010-W, CHY014-N, CHY024-E, CHY028-V, CHY029-E, CHY074-E, CHY086-N, CHY088-N, CHY101-E, 
TCU034-E, TCU042-E, TCU042-N, TCU047-V, TCU049-E, TCU053-E, TCU055-E, TCU060-E, TCU065-V, TCU067-E, TCU067-N, 
TCU067-V, TCU068-E, TCU068-V, TCU071-E, TCU072-V, TCU075-E, TCU075-V, TCU076-E, TCU076-N, TCU076-V, TCU078-E, 
TCU078-N, TCU079-E, TCU082-E, TCU084-N, TCU084-V, TCU089-E, TCU089-N, TCU095-V, TCU122-E, TCU122-N, TCU122-V, 
TCU138-W

Coalinga− 01 1983 6.36 H-CAK270, H-Z14090, H-PV1090, H-PVB045
Dinar_Turkey 1995 6.40 DIN090, DIN180
ImperialValley− 02 1940 6.95 I-ELC180
ImperialValley− 06 1979 6.53 H-CHI012, H-DLT262, H-DLT352
Kobe_Japan 1995 6.90 ABN000, ABN090, AMA-UP, AMA000, KJM-UP, KAK000, KAK090, KBU-UP, KBU090, NIS-UP, NIS000, NIS090, TDO000, TAZ-UP, 

TAK-UP
Kocaeli_Turkey 1999 7.51 ATS000, ARE000, DZC-UP, DZC180, DZC270, GBZ000, IZT090, YPT-UP
Kozani_Greece− 01 1995 6.40 KOZ–L
Kozani_Greece− 04 1995 5.10 C-KRP-NS
LomaPrieta 1989 6.93 G01090, A01000, PAE055, PAE325, LEX000, LEX090
Manjil_Iran 1990 7.37 ABBAR–T, ABBAR–V, ABBAR–V_1
N.PalmSprings 1986 6.06 DSP000
NorthernCalif− 07 1975 5.20 D-CPM120
Northridge− 01 1994 6.69 GR2180, VRM-UP, STN020, STN110, SPV-UP, UCL-UP, UCL090, UCL360, UNI005, UNI095, LA0180, LA0180_1, LA0270, LDM-UP, 

LDM064, LDM334, NYA090, BRC090, H12180, H12180_1, L09090, MRP180, MTW000, CWC-UP, CWC180, CWC270, NWH-UP, 
WPI-UP, WPI316, STC090, STC180, SUN190, PAC175, PAC265, PKC090, PKC360, PAR-UP, SMV180, PTM090, RRS318, GRN270, 
STM-UP, STM360, SSU000, SSU090, KAT-UP, KAT090, RO3-UP, RO3000, RO3090, GLE-UP, SCE-UP, SCE281, SYL-UP, TPF270

NorthwestChina− 03 1997 6.10 JIA270
SanFernando 1971 6.61 PSL270, ORR291, PEL090
SuperstitionHills− 02 1987 6.54 B-ICC000, B-ICC090, B-WSM180, B-IVW360
Westmorland 1981 5.90 WSM090
Darfield_ New 
Zealand

2010 7.00 LPCCN80E, LPCCS10E

Appendix B

In generalized plasticity model, the relationship between incremental stress and strain is 

dσ = Depdε (B.1) 

in which the incremental strain is comprised of incremental elastic strain and plastic strain, as follows: 

dε = dεe
+ dεp (B.2) 

And the elasto-plastic stiffness tensor is expressed as: 

Dep = De −
DengnTDe

HL/U + nTDeng
(B.3) 

where De is the elastic stiffness tensor; n is the loading direction vector; H is the plastic modulus; ng is the plastic flow direction vector. And loading and 
unloading are denoted by the subscripts L and U, respectively.

The loading and unloading criteria are expressed as 

nTdσe
> 0 (Loading)

nTdσe
= 0 (Netural loading)

nTdσe
< 0 (Unloading)

(B.4) 

The elastic shear and bulk moduli are expressed as 

G = G0pa

(
p
pa

)ms

(B.5) 

K = K0pa

(
p
pa

)mv

(B.6) 

where G0, K0, ms, mv are model constants; pa is one atmospheric pressure; p is the mean effective stress.
The plastic flow direction vector is expressed as: 
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nT
g =

⎛

⎜
⎝

dg
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + d2
g

√ ,
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + d2
g

√

⎞

⎟
⎠ (B.7) 

in which dg = (1 + αg)(Mg − η); η = q/p is the stress ratio; Mg = 6 sin ϕ́ g/
(
3 − sin ϕ́ g sin 3θ

)
; ϕ́ g is the angle of internal friction at the critical state; θ 

is the stress Lode’s angle; αg is a model constant.
And the loading direction vector is expressed as 

nT =

⎛

⎜
⎝

df
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + d2
f

√ ,
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + d2
f

√

⎞

⎟
⎠ (B.8) 

in which df = (1 + αf)(Mf − η); αf and Mf are model constants.
The plastic moduli of loading/reloading and unloading are respectively expressed as 

HL = H0pa

(
p
pa

)ml
[

1 −
η

(
1 + 1

/
αf
)
Mf

]4[

1 −
η

Mg
+ β0β1exp( − β0ξ)

]

HDMHden (B.9) 

Hu = Hu0pa

(
p
pa

)mu( ηu

Mg

)− γu

Hden
⃒
⃒ηu

/
Mg

⃒
⃒ < 1 (B.10) 

where ξ =
∫ ⃒
⃒dεq

s
⃒
⃒ is the accumulative plastic shear strain; Hden=exp( − γdεv) is the densification coefficient; εv is the volumetric strain; 

HDM=e(1− η/ηmax)∗γDM is the stress history function; ηmax is the largest value of the stress ratio ever reached. β0, β1, H0, Hu0, γd, γu, γDM, ml, mu are model 
constants.
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