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A B S T R A C T

In the context of soil–structure interaction analysis, the deconvolution process for computing effective
earthquake loads within rock profiles holds significant importance. This study explores the implications of
this process on structures founded on rock with linear response and high shear wave velocity. The structures
are subjected to both real ground motions and intensifying artificial accelerations (IAA). By employing detailed
nonlinear finite element simulations on a concrete dam with a massed foundation, two distinct scenarios are
explored. In the first scenario, all selected motions are deconvolved to the specified depth, and the resultant
equivalent nodal forces are used. The second scenario involves treating the input excitations as outcrop
motions, with corresponding effective earthquake loads directly applied to the depth.

The outcomes underscore that neglecting the deconvolution process for real ground motions leads to an
overestimation of structural responses. The magnitude of this discrepancy remains uncertain and is influenced
by ground motion aleatory variability and damping ratio. Concurrently, this paper introduces a practical
framework that circumvents the deconvolution process for IAAs, while upholding an acceptable level of
accuracy. The deconvolved IAAs offer simplicity of use and expedite the risk assessment process for complex
geostructures.
1. Introduction

Risk analysis stands as an essential step in ensuring the safe opera-
tion of structures and infrastructures (FEMA-956, 2013; FEMA, 2015).
A plethora of techniques exists to achieve this objective, spanning from
simplified methodologies to more advanced approaches. Particularly
for critical infrastructure like bridges, dams, and nuclear structures,
the application of the time history-time integration (THTI) procedure
is often recommended (Saouma and Hariri-Ardebili, 2021). Within this
framework, the governing equations of motion are directly solved in
the time domain employing either implicit or explicit time-integration
schemes. As a result, this procedure is adaptable to both linear and
nonlinear finite element models. The distinctive advantage of THTI
lies in its ability to offer a realistic portrayal of structural response,
accounting for modeling assumptions and applied loads. For structures
extensively instrumented and subjected to comprehensive data collec-
tion throughout their life-cycle, the formulation of a detailed numerical
model helps diminish epistemic uncertainties (Andreini et al., 2017;
Sevieri, 2019). However, the precision of outcomes remains contingent
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on the applied load, with seismic response of structures intimately
tied to ground motion records and their intensity, thereby introducing
aleatory uncertainty (Der-Kiureghian and Ditlevsen, 2009).

In this context, a suite of probabilistic seismic analysis techniques,
as recommended by sources such as FEMA (FEMA, 2012), comes to
the fore. The performance-based earthquake engineering (PBEE) frame-
work (Cornell and Krawinkler, 2000) furnishes a structured approach
to evaluating the performance of structural systems in the face of
diverse uncertainties. Although initially conceived for buildings, the
application domain of PBEE has now expanded to encompass var-
ious types of infrastructures including bridges (Muntasir Billah and
Shahria Alam, 2015; Mackie et al., 2015), dams (Hariri-Ardebili, 2015),
and nuclear structures (Huang et al., 2011). Within the PBEE frame-
work, incremental dynamic analysis (IDA) (Vamvatsikos and Cornell,
2002), cloud analysis (CLA), and multiple-stripe analysis (MSA) are
recommended for their capability to account for record-to-record (RTR)
variability. However, these methods necessitate a substantial number of
simulations, typically ranging from 100 to 500. While such simulations
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are tenable for framed structures, their application to infrastructures
such as dams becomes unfeasible due to computational costs.

Consequently, the quest for analysis techniques that alleviate com-
putational burden while remaining grounded in the THTI procedure
becomes evident. It is important to note that simplified techniques like
SPO2IDA (Vamvatsikos and Cornell, 2006) are unsuitable for infras-
tructures such as dams. In contrast, the endurance time analysis (ETA)
technique (Estekanchi et al., 2007) operates within the THTI frame-
work, employing a distinct intensifying artificial acceleration (IAA) as
input in lieu of real ground motion records. An IAA facilitates the
assessment of structural behavior across the linear elastic to nonlinear
range within a single simulation. It can also capture the collapse capac-
ity of the structure and yield the capacity curve in terms of intensity
measure (IM) and engineering demand parameter (EDP) (Furgani et al.,
2019). Although ETA yields structural response at various seismic
intensity levels (SILs), it falls short in capturing RTR variability (Hariri-
Ardebili and Sattar, 2021). The underpinnings of the ETA technique can
be found in Estekanchi et al. (2020).

Conducting an ETA is straightforward and does not necessitate
specialized skills beyond the classical THTI procedure. Nevertheless,
two key distinctions emerge between ETA and the THTI (deterministic
analysis) methods:

(1) In the THTI analysis of an engineering structure, a specific
ground motion record at a predetermined SIL is employed as input.
In contrast, ETA deploys artificially generated inputs, i.e., IAAs, which
are optimized to mimic important attributes of real ground motions.
A detailed discussion on IAAs’ generation is provided in Section 2.1.
It is essential to understand that despite an IAA bearing a signal
resemblance to ground motions, it should not be classified as a ground
motion, whether real, synthetic, or artificial. Therefore, terms like
‘‘accelerogram’’ should not be used to describe an IAA. An IAA should
be regarded solely as an excitation or, as described by Hariri-Ardebili
and Saouma (2017), a ‘‘stressor’’ for numerical simulations and exper-
imental tests, where applicable.

(2) In any THTI procedure, the structural analysis result is collected
at the end of the simulation. While IAA does possess an acceleration
signal or time history, the ‘‘time’’ in this context is not real time as
observed by a clock. In ETA, ‘‘time’’ corresponds to seismic intensity. In
that sense, ETA diverges significantly from traditional THTI procedure.
In ETA, the simulation can be halted at any chosen time 𝑡∗ (aligned
with IM∗), and the maximum response experienced by the structure
thus far can be taken as output, denoted as EDP∗. As 𝑡∗ is optional,
this technique yields a vector of ⟨𝐈𝐌∗,𝐄𝐃𝐏∗

⟩ pairs, eventually leading
o a capacity curve.

In general, research on ETA can be categorized into three pri-
ary strands: (1) generation of IAAs via diverse optimization tech-
iques (Mashayekhi et al., 2018; Zhang et al., 2021), (2) expansion of
AAs for specific applications such as probabilistic simulation (Zhuang
t al., 2022), fragility analysis (Pang and Wang, 2021), and uncertainty
uantification (Segura et al., 2022), and (3) utilization of IAAs for
eismic analysis across various engineering structures including build-
ngs, tanks, bridges, and dams (Estekanchi et al., 2020). The present
aper aligns with the second category, wherein IAAs are integrated
ith the deconvolution process for seismic wave propagation within

oil–structure interaction (SSI) systems.2

2 In this paper, the term soil–structure interaction (SSI) is used in a broad
ense to describe the interaction between a super-structure and the underlying
eological material, which may include soil, rock, man-made foundations, or
combination thereof. It is important to note, especially in the context of

oncrete dams – the primary focus of our study – that the geological foundation
s typically not soil-based. Concrete dams are predominantly built on rock
oundations. Therefore, in such cases, we use more specific terms like dam–
ock interaction (DRI) or dam–foundation interaction (DFI) to more precisely
epict the interactions pertinent to our research.
2

Deconvolution of surface ground motions constitutes an inverse
problem wherein the objective is to determine the input motion at
the base of a rock profile. This input motion should be such that its
application at depth yields convolved surface ground motion akin to
the target surface ground motion. Deconvolution stands as an essential
procedure to uphold the accuracy of structural results when consid-
ering SSI in numerical simulations (Mejia and Dawson, 2006). In the
context of previous papers related to ETA, the deconvolution process
remains unexplored, not only for IAAs but also for real ground motions.
A majority of these papers either omitted the modeling of founda-
tions, and consequently SSI effects, altogether, while a few assumed
a massless foundation devoid of any wave propagation (Hariri-Ardebili
et al., 2016). In light of this context, the present paper introduces the
concept of Deconvolved Intensifying Artificial Accelerations (DIAA),
adapting the process of deconvolution to a new application. A system-
atic procedure is devised, rendering SSI problems detached from the
deconvolution process for practical purposes. This innovative approach
indeed further expedites the THTI procedure for complex structural
systems.

The remaining sections of this paper focus on the following themes:
Section 2.1 discusses the theory and concept of IAAs; Section 2.2
expounds upon the mathematical process of wave deconvolution; Sec-
tion 3 presents a case study, its finite element model, details of the
solution algorithm, and analysis scenarios; Section 4 discusses results
for both real ground motions and IAAs independently, while Sec-
tion 5 introduces supplementary sensitivity analyses pertaining to the
simulation assumptions.

2. Underpinning theories

2.1. Intensifying artificial acceleration

As previously noted, a main challenge within the ETA method
involves the generation of intensifying artificial accelerations (IAAs).
These IAAs serve to emulate the progressive dynamic response of the
structural system. The simulated acceleration profiles are designed to
subject the structure to a spectrum of excitations, initiating from a low-
level that triggers a response within the elastic range, progressing to a
medium-level that induces some degree of nonlinearity, and culminat-
ing in a high-level excitation leading to structural failure. Notably, this
sequence of responses is encapsulated within a single transient analysis.

The process of generating IAAs fundamentally manifests as a non-
linear optimization challenge, with an evolving set of optimization
objectives. In its basic form, the optimization objectives exclusively
encompass acceleration response spectra. However, the optimization of
IAAs can also encompass displacement response spectra, dissipated hys-
teretic energy, nonlinear displacement, and even the count of effective
cycles. A general overview elucidating distinct facets of IAAs and their
variances can be referenced in Estekanchi et al. (2020) and Saouma and
Hariri-Ardebili (2021). Typically, unconstrained nonlinear optimization
serves as the cornerstone for IAA simulation. This approach iteratively
aligns the dynamic attributes of IAAs with their intended target values
to construct the IAAs.

The IAA comprises a purposefully devised acceleration time series
characterized by two distinct attributes. Firstly, the envelope of the
acceleration time history escalates linearly with time (see Fig. 1(a)).
Secondly, the response spectra of the IAA, for any time interval 𝑡 ∈
[0, 𝑡∗], demonstrate a linear increase over time, showcased in Fig. 1(b).
This figure illustrates a representative IAA along with its response
spectra at three distinct time instances (0–5 s, 0–10 s, and 0–15 s).
Notably, the response spectrum for the interval 𝑡 ∈ [0, 10] s is nearly
wice that of the interval 𝑡 ∈ [0, 5] s, while the spectrum for the
nterval 𝑡 ∈ [0, 15] s is approximately three times larger than that
f 𝑡 ∈ [0, 5] s. It is noteworthy that the response spectra can be
xtrapolated indefinitely for any chosen time interval 𝑡 ∈ [0, 𝑡∗], forming
comprehensive response spectrum surface instead of a mere curve.
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(a) Acceleration time-series (b) Response spectra curves (c) Response spectrum surface

Fig. 1. A sample intensifying artificial acceleration, and some of its intensity measures.
This notion is aptly illustrated in Fig. 1(c), showcasing the response
spectrum surface for time 𝑡 ∈ [0, 20] s and period 𝑇 ∈ [0, 2.5]. The
contour plot depicts the time-, frequency-dependent (and also damping-
dependent, 𝜉) acceleration response spectra, i.e., 𝑆𝑎(𝑇 , 𝑡, 𝜉). The key
steps in generating an IAA include:

Step (1). Generate a stationary random acceleration function, 𝑍(𝑡)
(recommended parameters: 𝛿𝑡 = 0.01 s, 𝑁𝑝𝑛𝑡 = 211 points, and unit
(i.e., 1 g) acceleration). It should be noted that the number of data
points is optional and, in theory, can be infinite. However, in the major-
ity of cases, 210 might be sufficient to induce collapse in the structure.

Step (2). Generate the frequency domain function, 𝑍 (𝑖𝜔) =  (𝑍(𝑡)),
where 𝜔 is frequency, and  indicates the Fourier transformation.

Step (3). Filter the motion using a generic shape function (Clough
and Penzien, 1993):

𝐴 (𝑖𝜔) =
1 + 2𝑖𝜉1𝛺1

1 −𝛺2
1 + 2𝑖𝜉1𝛺1

(

𝛺2
)2

1 −𝛺2
2 + 2𝑖𝜉2𝛺2

𝑍 (𝑖𝜔) (1)

where the first and second terms are low-pass and high-pass filter
functions; 𝛺1 = 𝜔

𝜔1
and 𝛺2 = 𝜔

𝜔2
; 𝜔1, 𝜉1 and 𝜔2, 𝜉2 are frequency

and damping coefficients for the low-pass and high-pass filter function,
respectively.

Step (4). Iteratively modify the frequency content of the filtered
acceleration functions, 𝐴 (𝑖𝜔), to improve the compatibility of the re-
sponse spectrum with target one.

𝐴𝑛𝑒𝑤 (𝑖𝜔) = 𝐴𝑜𝑙𝑑 (𝑖𝜔)
𝑆trg
𝑎 (𝜔)

𝑆gen
𝑎 (𝜔)

(2)

where 𝐴𝑛𝑒𝑤 (𝑖𝜔) is the modified frequency content being replaced with
the previous content in each modification cycle. 𝑆trg

𝑎 (𝜔) is the target
spectrum (code-based spectrum or from a probabilistic seismic hazard
analysis); and 𝑆gen

𝑎 (𝜔) is the generated response spectrum.
Step (5). Implement an intensifying envelop into the acceleration

time-series using a generic profile function

𝑙(𝑡) = 𝑡𝑚∕𝑡𝑡𝑟𝑔 (3)

where 𝑚 is the degree of nonlinearity, and 𝑡𝑡𝑟𝑔 presents the optional tar-
get time. It is recommended to use 𝑚 = 1 (linear envelope) and 𝑡𝑡𝑟𝑔 = 10
s for optimal results. A value of 𝑚 > 1 results in an IAA with a concave
upward profile, while 𝑚 < 1 leads to a concave downward profile.

Step (6). Further optimize the intensifying acceleration time series
to implement the desired characteristics. This requires the definition of
an objective function and creates different generations of IAA. Accord-
ing to Estekanchi et al. (2020) and Saouma and Hariri-Ardebili (2021),
the following three generations are studied in this paper:

Step (6-a). The 2nd generation IAA in which the acceleration and
displacement response spectra are included in the simulation process.

𝑚𝑖𝑛
𝑢̈

𝐹 (𝑢̈) = ∫

𝑇𝑚𝑎𝑥

𝑇𝑗=0
∫

𝑡𝑚𝑎𝑥

𝑡𝑖=0

{

[

𝑆𝑎(𝑇𝑗 , 𝑡𝑖) − 𝑆𝑎𝐶 (𝑇𝑗 , 𝑡𝑖)
]2

+𝜒0
[

𝑆𝑢(𝑇𝑗 , 𝑡𝑖) − 𝑆𝑢𝐶 (𝑇𝑗 , 𝑡𝑖)
]2
}

𝑑𝑡 𝑑𝑇 (4)
3

where ü is the IAA being sought, and 𝜒0 is a weight parameter, and the
subscript 𝐶 refers to the ‘‘target’’ spectra at time 𝑡, and period 𝑇 . 𝑆𝑢 and
𝑆𝑎 are displacement and acceleration response spectra, respectively.

Step (6-b). The 3rd generation IAA in which the compatibility
of nonlinear responses is also included in the objective function by
defining strength factor 𝑅:

𝑚𝑖𝑛
𝑢̈
𝐹 (𝑢̈) = ∫

=𝑇𝑚𝑎𝑥

𝑇𝑘=0
∫

𝑅𝑚𝑎𝑥

𝑅𝑗=0
∫

𝑡𝑚𝑎𝑥

𝑡𝑖=0

[

𝑆𝑢(𝑇𝑘, 𝑅𝑗 , 𝑡𝑖) − 𝑆𝑢𝑇 (𝑇𝑘, 𝑅𝑗 , 𝑡𝑖)
]2 𝑑𝑡 𝑑𝑅𝑑𝑇

(5)

where 𝑆𝑢(𝑇 , 𝑡, 𝑅) = max (|𝑢(𝜏)|), and 𝑆𝑢𝑇 (𝑇 , 𝑡, 𝑅) =
𝑡

𝑡𝑡𝑟𝑔
× 𝑆𝑢𝑇 (𝑇 ,𝑅) ×

𝑇 2

4𝜋2
for 𝜏 ∈ [0, 𝑡].

Step (6-c). The 5th generation IAA in which the nonlinear dis-
placement spectra and hysteretic energy are also incorporated in the
optimization function (Mashayekhi et al., 2018):

𝑚𝑖𝑛
𝑢̈
𝐹 (𝑢̈) = ∫

𝑇𝑚𝑎𝑥

𝑇𝑗=0
∫

𝑡𝑚𝑎𝑥

𝑡𝑖=0

[

𝑆𝑎(𝑇𝑗 , 𝑡𝑖) − 𝑆𝑎𝐶 (𝑇𝑗 , 𝑡𝑖)
]2 𝑑𝑡 𝑑𝑇 (6)

+ ∫

𝜇𝑚𝑎𝑥

𝜇𝑘=1
∫

𝑇𝑚𝑎𝑥

𝑇𝑗=0
∫

𝑡𝑚𝑎𝑥

𝑡𝑖=0

{

𝜒𝑢𝑚

[

𝑢𝑚(𝜇𝑘, 𝑇𝑗 , 𝑡𝑖) − 𝑢𝑚𝐶 (𝜇𝑘, 𝑇𝑗 , 𝑡𝑖)
]

+𝜒𝐸𝐻

[

𝐸𝐻 (𝜇𝑘, 𝑇𝑗 , 𝑡𝑖) − 𝐸𝐻𝐶 (𝜇𝑘, 𝑇𝑗 , 𝑡𝑖)
]

}

𝑑𝑡 𝑑𝑇 𝑑𝜇

where 𝐸𝐻 is hysteretic energy, 𝑢𝑚 is nonlinear response displacement,
𝜇𝑘 is ductility ratio, and 𝜒𝑢𝑚 and 𝜒𝐸𝐻

refer to two optimization correfi-
cients. Moreover, the parameters 𝑡𝑚𝑎𝑥, 𝑇𝑚𝑎𝑥, and 𝜇𝑚𝑎𝑥 are defined based
on the required IAA and its domain of application.

2.2. Foundation-structure interaction

Concrete gravity dams are built on rock foundations.3 To manifest a
pragmatic numerical model for the analysis of this coupled system, it is
imperative to directly incorporate the domains of the dam, foundation,
and reservoir, as visually depicted in Fig. 2. Including the effect of SSI
is advantageous, as neglecting it typically leads to higher displacement
and/or stress responses.

The most straightforward and widely employed approach to mod-
eling a rock foundation within finite element methods involves the
utilization of a massless rock foundation system. The primary moti-
vations for embracing this approach include: (1) mitigation of seis-
mic wave reflection at fixed boundaries, circumventing the need for
implementing absorbing boundary conditions; (2) elimination of the

3 In the context of concrete dams, which is the focus of our research,
‘‘foundation’’ or ‘‘rock foundation’’ are terms used interchangeably to refer to
the underlying geological material beneath the dam (i.e., the rock strata). This
terminology is consistent throughout this study, including the finite element
simulations. In other words, the foundation refers to a truncated computational
domain beneath the dam in the finite element model, utilized to incorporate
the flexibility of the rock domain in the dam analysis.
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𝑢

𝑢

𝜑

𝜑

Fig. 2. View of a geostructure including the fault rupture, earthquake wave
propagation, and modeling of near-/far-field domains for the foundation-structure
interaction.

necessity for deconvolution analysis; and (3) direct applicability of
free-field motion at the rock foundation’s base (Clough et al., 1985).
However, linear (Chopra, 2012) and nonlinear (Poul and Zerva, 2018b)
investigations concerning concrete gravity dams have illustrated that
this assumption can yield overly conservative outcomes. The extent
of overestimation of demand is contingent on factors such as input
motion characteristics, structural properties, and the degree of nonlin-
earity (Poul and Zerva, 2018b). Additionally, the depth of the massless
rock foundation can also influence dam response, with greater depths
correlating to heightened damage within the dam structure (Poul and
Zerva, 2018b).

In SSI analysis, an accurate representation of the rock foundation
becomes important. The foundation’s mass must be integrated into
the numerical model, accompanied by the application of suitable ab-
sorbing boundary conditions at the remote boundaries of the rock
foundation model to absorb waves reflected from the dam and rock
foundation. Diverse options are available for wave absorption, en-
compassing viscous-type boundary conditions (dashpots) (Lysmer and
Kuhlemeyer, 1969), infinite elements (Hariri-Ardebili and Mirzabo-
zorg, 2013), elastic approaches (Basu, 2009; Basu and Chopra, 2004),
and visco-elastic methods (Poul and Zerva, 2018c) such as perfectly
matched layers (PML). Notably, viscous dampers stand out due to
their high efficiency, ease of integration into finite element codes,
and accurate outcomes for normally incident waves. The imposition
of seismic forces is necessary at both the base and lateral boundaries.
Introducing the effective earthquake loads at lateral boundaries can
be accomplished within the numerical simulation using concepts like
free-field boundary conditions (Saouma et al., 2011) or the notion of
effective earthquake load (Løkke and Chopra, 2018). Not incorporating
the effective earthquake load at lateral boundaries can distort responses
in regions proximate to these boundaries. However, extended models
might tolerate ignoring the effective earthquake load at lateral bound-
aries. Additionally, the input motion must be deconvolved down to
the depth of the rock foundation, the rock interface, and absorbing
layers. The seismic motions at the depth of a rock foundation system
can be evaluated via frequency-domain methods (Schnabel, 1972) or
time-domain approaches (Ju, 2013; Reimer, 1973; Poul and Zerva,
2018a,b).

The employed damping formulation in this study adheres to the
Rayleigh damping model, denoted as 𝐂 = 𝛼𝐌 + 𝛽𝐊. This formulation
introduces mass and stiffness-dependent coefficients, represented by
𝛼 and 𝛽 respectively. These coefficients are computed through the
utilization of two distinct frequencies, 𝜔1 and 𝜔2, along with their
corresponding target damping ratio. The weighted-least square method
is used to estimate the 𝛼 and 𝛽 values which is partially effective in
site response analyses and SSI problems with a wide range of frequency
4

responses.

𝛼 =

∑𝑛
𝑗=1

𝜅𝑗
2
∑𝑛

𝑗=1 𝜅𝑗𝜔𝑗𝜉𝑗 −
∑𝑛

𝑗=1
𝜅𝑗𝜔2

𝑗
2

∑𝑛
𝑗=1

𝜅𝑗 𝜉𝑗
𝜔𝑗

(

∑𝑛
𝑗=1

𝜅𝑗
2

)2
−
∑𝑛

𝑗=1
𝜅𝑗𝜔2

𝑗
2

∑𝑛
𝑗=1

𝜅𝑗
2𝜔2

𝑗

𝛽 =

𝑛
2
∑𝑛

𝑗=1
𝜅𝑗 𝜉𝑗
𝜔𝑗

−
∑𝑛

𝑗=1
𝜅𝑗
2𝜔2

𝑗

∑𝑛
𝑗=1 𝜅𝑗𝜔𝑗𝜉𝑗

(

∑𝑛
𝑗=1

𝜅𝑗
2

)2
−
∑𝑛

𝑗=1
𝜅𝑗𝜔2

𝑗
2

∑𝑛
𝑗=1

𝜅𝑗
2𝜔2

𝑗

(7)

where 𝜔𝑗 indicates the angular frequency, 𝜅𝑗 are weight functions, and
𝑥𝑖𝑗 are damping ratios.

2.3. Deconvolution of seismic motions for SSI analysis

The deconvolution technique introduced in Poul and Zerva (2018a,b)
was adopted in this study to deduce the input excitation at the depth
of the rock foundation, employing infinite-element absorbing bound-
ary conditions. This procedure proves reliable for foundation models
equipped with viscous-type boundary conditions, including infinite
elements, and PML by performing a few iterations. The subsequent ex-
planation outlines the procedure briefly for both PML and viscous-type
boundary conditions.

Step (1). Establish a finite element model of the rock profile and
apply appropriate boundary conditions. A variety of choices are avail-
able to absorb outgoing waves, encompassing viscous absorbing dash-
pots/elements, elastic, and viscoelastic PML. The PML boundary condi-
tions at the boundary surfaces encompass the finite foundation domain
to absorb the outgoing waves at these boundaries.

Step (2). Apply the horizontal and vertical time histories of nodal
forces, induced by incident waves, at the base of the rock profile,
i.e., the shared nodes of the interior and PML domains. Subsequently,
conduct a dynamic time-domain analysis. The time histories of these
nodal forces are defined as:

𝐹 𝑖𝑛𝑝𝑢𝑡
𝑆 (𝑡) = 2 𝜌 𝑏 𝑡 𝐶𝑒𝑞

𝑆 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝑡)

𝐹 𝑖𝑛𝑝𝑢𝑡
𝑃 (𝑡) = 2 𝜌 𝑏 𝑡 𝐶𝑒𝑞

𝑃 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝑡) (8)

where 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝑡) and 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝑡) are the velocity time histories of the incident
waves at depth for the S- and P-waves, respectively. 𝐶𝑒𝑞

𝑆 and 𝐶𝑒𝑞
𝑃 are

the equivalent S- and P-wave velocities in the layer, at which the time
histories of the nodal forces are applied. In the first iteration, assume
that: 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝑡) = 0.5𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑆 (𝑡) and 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝑡) = 0.5𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑃 (𝑡), where 𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑆 (𝑡)
and 𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑃 (𝑡) are the velocity time histories of the target motions at the
free surface. Finally, 𝑏 and 𝑡 represent the length and thickness of the
elements, and 𝜌 is the material mass density.

The velocity of the incident waves at depth can be expressed in
terms of their frequency amplitude and phase, 𝜑, by means of the fast
Fourier transform (FFT):

𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝜔) = 0.5 𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑆 (𝜔) = |

|

|

𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝜔)||
|

exp
[

𝑖𝜑𝑖𝑛𝑝𝑢𝑡
𝑆 (𝜔)

]

𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝜔) = 0.5 𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑃 (𝜔) = |

|

|

𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝜔)||
|

exp
[

𝑖𝜑𝑖𝑛𝑝𝑢𝑡
𝑃 (𝜔)

]

(9)

Similarly, the response accelerations at the free surface become:

̈𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑆 (𝜔) = |

|

|

𝑢̈𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑆 (𝜔)||
|

exp
[

𝑖𝜑𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
𝑆 (𝜔)

]

̈𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑃 (𝜔) = |

|

|

𝑢̈𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑃 (𝜔)||
|

exp
[

𝑖𝜑𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
𝑃 (𝜔)

]

(10)

Step (3). Determine the effective phase shifts and amplitude modi-
fication factors for both shear and compressional waves. The effective
phase shifts are defined as the difference in phase between the surface
ground acceleration and the phase of the input motion. Specifically,

̄ 𝑠ℎ𝑖𝑓 𝑡𝑆 (𝜔) = 𝜑𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
𝑆 (𝜔) − 𝜑𝑖𝑛𝑝𝑢𝑡

𝑆 (𝜔)

̄ 𝑠ℎ𝑖𝑓 𝑡𝑃 (𝜔) = 𝜑𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
𝑃 (𝜔) − 𝜑𝑖𝑛𝑝𝑢𝑡

𝑃 (𝜔) (11)
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𝑢

Fig. 3. Comparison of different scenarios studied in this paper including the deconvolution process with real ground motions and IAAs.
The distinction in the deconvolution process between PML and
viscous-type boundary conditions lies in the formulation of effective
phase shifts and amplitude modification factors. In the context of
a foundation featuring PML boundary conditions, these factors are
defined as the ratio of the target surface ground acceleration to the
corresponding response surface ground acceleration. Conversely, for a
foundation characterized by infinite or viscous-type boundaries, these
factors are expressed as the ratio of the target surface ground velocity
to the response surface ground velocity.

Step (4). Generate the new input motions at the base of the system
according to the following expressions:

̇ 𝑖𝑛𝑝𝑢𝑡(𝑛𝑒𝑤)
𝑆 (𝜔) = 𝛽𝑆 (𝜔)

|

|

|

𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝜔)||
|

exp
[

𝑖
(

𝜑𝑡𝑎𝑟𝑔𝑒𝑡
𝑆 (𝜔) − 𝜑̄𝑠ℎ𝑖𝑓 𝑡

𝑆 (𝜔)
)]

𝑢̇𝑖𝑛𝑝𝑢𝑡(𝑛𝑒𝑤)
𝑃 (𝜔) = 𝛽𝑃 (𝜔)

|

|

|

𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝜔)||
|

exp
[

𝑖
(

𝜑𝑡𝑎𝑟𝑔𝑒𝑡
𝑃 (𝜔) − 𝜑̄𝑠ℎ𝑖𝑓 𝑡

𝑃 (𝜔)
)]

(12)

The amplitude modification factors for the PML boundary condition
are defined as:

𝛽𝑆 (𝜔) =
|

|

|

𝑢̈𝑡𝑎𝑟𝑔𝑒𝑡𝑆 (𝜔)||
|

∕ ||
|

𝑢̈𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑆 (𝜔)||
|

𝛽𝑃 (𝜔) =
|

|

|

𝑢̈𝑡𝑎𝑟𝑔𝑒𝑡𝑃 (𝜔)||
|

∕ ||
|

𝑢̈𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑃 (𝜔)||
|

(13)

Step (5). Perform an inverse FFT (IFFT) to obtain the new time-
dependent input motion from Eqs. (12) and (13).

Step (6). Compute the new equivalent nodal force time histories
utilizing Eq. (8). Apply these revised histories at the bottom of the
rock profile and subsequently assess the ground motions at the free
surface. A comparison between these outcomes and the target motions
is essential for verification.

Step (7). If deemed necessary, perform iterations until results of
satisfactory quality are achieved. Generally, the initial or second iter-
ation yields acceptable results. However, in scenarios where absorbing
boundaries are employed, introducing minor nonlinearities within the
system, additional iterations can significantly enhance precision.

One might observe that in the absence of the deconvolution process,
the input motions are formulated following Eq. (9). This involves the
assumption of employing half of the target motion as the input motion,
precisely 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑆 (𝑡) = 0.5𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑆 (𝑡) and 𝑢̇𝑖𝑛𝑝𝑢𝑡𝑃 (𝑡) = 0.5𝑢̇𝑡𝑎𝑟𝑔𝑒𝑡𝑃 (𝑡). This prescribed
motion represents the incident motion and can be directly applied at
the base of the rock foundation, using Eq. (8).

3. Case study and analysis scenarios

This section explains various scenarios utilized for analyses and
comparisons, encompassing real ground motions and multiple IAAs.
5

Furthermore, the detailed exposition of the case study problem is
provided.

3.1. Analysis scenarios

As previously discussed, the main objective of this paper is to
assess the viability of applying Deconvolved IAAs (DIAAs) to problems
involving SSI. Additionally, considering that IAAs deviate from real
ground motions, we aim to scrutinize the hypothesis surrounding the
potential omission of the deconvolution process for SSI analyses of
structures on rock foundations employing IAA. Subsequently, we seek
to understand how one can retrieve model outcomes while omitting the
deconvolution process.

To accomplish this objective, six distinct scenarios are defined and
depicted in Fig. 3. Scenarios marked with the index ‘‘I’’ incorporate
the deconvolution process. This implies that the initial motion is first
subjected to deconvolution and subsequently applied at the bottom of
foundation. Conversely, scenarios marked with the index ‘‘II’’ bypass
the deconvolution process, directly employing the original excitation
(whether it is a real ground motion or an IAA) at the bottom of
the massed foundation model. It is important for the reader to note
that in scenario II, only half of the original excitation is used at the
foundation bottom as incident motion, as detailed in the last paragraph
of Section 2.3. The scenarios labeled with the index ‘‘A’’ employ real
ground motions, while those labeled ‘‘B’’ and ‘‘C’’ involve IAAs. In
scenario ‘‘C’’, the superstructure is excluded to facilitate a more precise
exploration of upward seismic wave propagation.

The primary objective of scenario ‘‘C’’ is to precisely analyze the
deconvolution process within the context of IAAs and evaluate the time-
acceleration relationship. However, in scenarios ‘‘A’’ and ‘‘B’’, the em-
phasis lies in illuminating the fundamental differences between a real
ground motion and an IAA, especially concerning the deconvolution
process.

3.2. Case study

As a case study, this paper adopts the renowned Koyna Dam prob-
lem, widely employed as a benchmark in numerous studies. This choice
provides a valuable opportunity to validate the damage profile obtained
from the IAA method. Basic information about the Koyna Dam and
its historical context can be found in Chopra and Chakrabarti (1972).
The 2D finite element model of the dam–foundation–reservoir coupled
system was prepared using ABAQUS, as depicted in Fig. 4. The rock
is represented as a massed foundation, assuming the entire domain is
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Fig. 4. Finite element model of the coupled system including the index points, structure-foundation joint model, and nonlinear constitutive model of concrete under uniaxial
loading.
homogeneous, isotropic, and linear viscoelastic. The far-end boundaries
of the foundation are modeled with solid infinite elements to absorb
the outgoing waves. Following Poul and Zerva (2018b), the foundation
depth is modeled twice the structure height.

Four-node plane-stress elements (CPS4) are used to model the con-
crete dam, while the plane-strain assumption is used for foundation
rock (CPE4), and its far-end boundary using the infinite elements
(CINPE4). The reservoir is idealized as a linear compressible inviscid
fluid using the four-node bilinear acoustic elements (AC2D4). Sandler’s
non-reflecting condition is applied at the reservoir far-end boundary,
while zero-pressure is used for water free surface. The implicit time
integration method is used for all transient analyses. The surface-
based fluid–structure interaction is used to model the interaction at the
dam–reservoir interface, as well as the foundation–reservoir interface.

This study incorporates nonlinearities stemming from both contin-
uum and discrete damage models into the finite element model. The
concrete damage plasticity model (Lee and Fenves, 1998) is employed
to simulate material-level damage in the concrete. The model com-
bines concepts of isotropic damaged elasticity with isotropic tensile
and compressive plasticity (Lubliner et al., 1989). This approach ac-
counts for both tensile cracking and compressive crushing, achieved
by degrading the initial elastic stiffness of the concrete material. A
scalar degradation damage variable, denoted as 𝑑, varies between 0.0
(indicating no damage) and 1.0 (indicating full damage). Furthermore,
the dam–foundation interface joint is modeled using surface-based
contact pairs, assuming a rigid contact relationship for the normal
direction interaction. The rigid contact model transfers contact pressure
between the structure and foundation, with surfaces separating if the
contact pressure reduces to zero. Additionally, Coulomb’s friction law,
incorporating allowable slip, simulates interaction in the tangential
direction.

4. Results

This section presents the outcomes of nonlinear transient analyses
conducted on the coupled system using both IAA and a representa-
tive real ground motion record. It is essential to reiterate that this
paper’s focus is not on comparing the results of IAA and real ground
motions. Instead, the emphasis is solely on the application of various
IAA generations with and without the deconvolution process. It is worth
noting that the deconvolution process’s sensitivity to damping ratios
will be discussed in Section 5. For all simulations involving IAA and
real ground motions, a constant damping ratio of 3.5% is employed.
6

4.1. Real ground motion record

Prior to discussing the results of artificial acceleration functions,
it is important to validate the procedure using classical real ground
motion records. This section employs two real ground motions, not
only to elucidate the deconvolution’s impact but also to underscore
the aleatory differences existing between them (Sevieri et al., 2020).
Specifically, Whittier Narrows-01 (Record 1) and Kobe Japan (Record
2) are selected from the PEER website (PEER, 2017) and are normal-
ized to have the same acceleration spectrum intensity as the Koyna
dam earthquake. These ground motion records are subsequently sub-
jected to the deconvolution process based on the current numerical
model.

To evaluate scenario ‘‘A’’ in Fig. 3, a total of four numerical sim-
ulations are conducted — two simulations with the deconvolution
effect and two without it. The results, detailed in Fig. 5, are presented
individually for the chosen ground motion records, focusing on crest
displacement, base joint sliding, and the concrete damage profile.

Analysis of the relative crest displacement time histories (Figs. 5(a)
and 5(d)) reveals an apparent phase shift in the results. Specifically,
the finite element model with deconvolved motion exhibits a slight
leftward time shift compared to the case without the deconvolution pro-
cess. This shift originates from the wave travel between the foundation
base and the surface. Such a shift is not important by itself as far as it
does not cause any change in the structural analysis results. However,
both the crest displacement and base sliding (Figs. 5(b) and 5(e))
illustrate the changes in the response magnitude. Clearly, excluding
the deconvolution process causes a higher structural response, while
the differences depend on the ground motion record, and its inherent
characteristics. For instance, in the case of Record 1, the difference in
base sliding is merely 5%; however, for Record 2, this difference esca-
lates to 20%. A similar trend holds true when examining the concrete
damage profile (Figs. 5(c) and 5(f)). Ignoring the deconvolution process
may lead to increased end-of-simulation damage. It is worth noting that
these differences are influenced by the specific ground motion records
and are further compounded by aleatory uncertainty linked to damage
progression. Therefore, it is recommended to include the deconvolution
process for all SSI analyses that use real ground motions as an input.

The subsequent section investigates the structural response anatomy
using IAAs, replacing real ground motions. The objective in Section 4.2
is to investigate whether conclusions drawn from IAAs align with those

reported for real ground motions in this section.
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(a) Record 1; displacement (b) Record 1; sliding (c) Record 1; damage profile

(d) Records 2; displacement (e) Record 2; sliding (f) Record 2; damage profile

Fig. 5. Comparison of structural responses from scenario ‘‘A’’ with two real ground motions.
4.2. Anatomy of responses in IAA

Up until now, we have discussed the characteristics and gener-
ation of IAAs in Section 2.1. Now, a question arises: ‘‘How should
we interpret the results obtained from a transient analysis using an
IAA?’’ Answering this question is intuitive when the structural system
is subjected to a real ground motion record — simply the maximum
absolute response of the system for the entire ground motion duration.
In that case, the ground motion duration is not explicitly important.
However, with IAAs, ‘‘time’’ correlates with seismic intensity, and the
response of the structural system is distinctly time-dependent. Within
IAAs, there is a need to establish a relationship between the time or IM
parameter and the engineering demand parameter (EDP) response. This
relationship is commonly referred to as the capacity function (Hariri-
Ardebili and Saouma, 2017), a concept widely employed in literature,
particularly in the context of cyclic pushover analysis (Krawinkler,
1992). Developing a capacity function for an IAA involves the following
steps:

• Apply the IAA to the structural system and conduct a transient
simulation. Record the time–history of the EDP (e.g., displacement).
For nonlinear systems, the simulation may be terminated at a certain
time, 𝑡fail, corresponding to theoretical structural failure. Such failure
could result from numerical instability or crossing a physical failure
threshold (e.g., exceeding a specified drift limit).

• Compute the maximum absolute EDP value within any time interval
[0, 𝜏] using 𝛺(𝐸𝐷𝑃 (𝑡)) = max(|𝐸𝐷𝑃 (𝜏)|); 𝜏 ∈ [0, 𝑡]. The outcome of
this step is a step-wise increasing function in the time-EDP coordinate
system.

• Leveraging the relationship between time and acceleration, the time-
EDP curve is transformed into the EDP-IM curve, essentially yielding
the capacity curve. Should the time parameter encompass multiple IM
parameters, this can lead to the development of a capacity surface or
higher-order capacity functions.

Fig. 6 presents a comparison between the acceleration time-series
and response spectra related to an IAA (a sample from the 2nd gen-
eration of IAAs as discussed in Section 2.1) with and without the de-
convolution process. Additionally, Fig. 6(b) illustrates the acceleration
7

time-series and their envelopes for scenario ‘‘C’’ (foundation only).
This showcases the propagation of the IAA within the foundation in
the absence of the super-structure. Upon comparing the time-series, it
becomes evident that the wave with deconvolution exhibits a leftward
phase shift. This observation mirrors what we previously reported for
real ground motion as well.

However, the envelope curves can also be interpreted differently:
at any given time 𝑡𝑒, the acceleration envelope associated with the
deconvolved case boasts a larger value (i.e., an up-scaled envelope)
in comparison to the case without deconvolution. A similar pattern
emerges when examining the response spectra curves in Fig. 6(c). The
response spectra curves derived from deconvolved motion at three
distinct sample times, 𝑡𝑒 = 5, 10, and 20 s, are compared with the corre-
sponding spectra from the non-deconvolved motion. Moving forward,
Fig. 6(a) contrasts the recorded acceleration at the ground surface
for the dam–foundation models (scenario B). Once more, the same
observation as in the foundation-only scenario (scenario C) holds true.
Generally, the model featuring deconvolution results in larger acceler-
ation values; however, the trend may change at higher times due to the
interference of the superstructure (in this case, the dam) in the dynamic
response of the system.

We have observed that the sample Deconvolved IAA (DIAA) leads
to higher dynamic intensity at the ground surface, whether the super-
structure is present or absent. Expanding this observation, Fig. 7 encom-
passes all nine IAA time-series. These IAAs are denoted as GxSy, where
G ( = 2, 3, 5) represents the generation, and S ( = 1, 2, 3) represents the
series. This figure reaffirms that both the peak acceleration (i.e., ZPA:
zero-period acceleration) and the response spectra (displayed only at
time 10 s, as shown in Fig. 7(b)) for models with deconvolution are
greater compared to cases without deconvolution.

By maintaining uniform horizontal and vertical axes across all sub-
plots in Fig. 7(a), it becomes possible to quantitatively measure the
differences between the two curves using various distance metrics.
Three such metrics are presented in Eq. (14):

⎧

⎪

⎨

⎪

𝑑𝑒𝑢𝑐 (𝑇 , 𝑆) =
√

∑𝑛
𝑖=1

(

𝑡𝑖 − 𝑠𝑖
)2 , Euclidean Distance

𝑑𝑚𝑎ℎ (𝑇 , 𝑆) =
∑𝑛

𝑖=1
|

|

𝑡𝑖 − 𝑠𝑖|| , Manhattan Distance
𝑑 (𝑇 , 𝑆) = 𝑚𝑎𝑥 |𝑡 − 𝑠 | , Maximum Distance

(14)
⎩

𝑚𝑎𝑥 0<𝑖≤𝑛 | 𝑖 𝑖|
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(a) Scenario B; acceleration (b) Scenario C; acceleration (c) Scenario C; spectra

Fig. 6. Anatomy of recorded acceleration with (Scenario ‘‘B’’) and without (Scenario ‘‘C’’) the presence of the structure, and including/ignoring the deconvolution process. The
results are for G2S2 for sample.
(a) Envelope of acceleration time-series (b) Acceleration response spectra at 𝑡𝑡𝑟𝑔 = 10 s

Fig. 7. Comparison of free surface recorded acceleration response with and without deconvolution process; Scenario C.
where 𝑇 and 𝑆 are two time-series of length 𝑛, and 𝑡𝑖 and 𝑠𝑖 are the 𝑖th
values of 𝑇 and 𝑆, respectively.

Table 1 quantifies the distances between the two 𝑡-ZPA curves in
Fig. 7(a) using the three metrics outlined in Eq. (14). It is important
to note that the outcomes of various distance metrics should not be
directly compared with one another, as they yield different results. For
nearly all three metrics, the ZPA curves of the 5th generation IAAs
exhibit smaller differences compared to the 3rd generation IAAs, and
both are less distinct than those of the 2nd generation. This emphasizes
the significance of the deconvolution process, particularly for 2nd
generation IAAs when contrasted with the 5th generation. Furthermore,
an essential contrast among the three studied IAA generations is the
lower intensity of the 5th generation in comparison to the 2nd and
3rd generations. To sum up, the intensity of the 5th generation IAAs
amounts to 2/3 or less of the others.

4.3. Generalized capacity function for IAAs

In accordance with the discussion in Section 4.2, the deconvolution
process results in higher surface seismic intensity, thus leading to a
greater structural response at any given time in IAAs. However, the
concept of the ‘‘time’’ parameter in IAAs differs from that of real
ground motion records detailed in Section 4.1. In IAAs, time is directly
8

Table 1
Summary of distance metrics between two ZPA-𝑡 curves with and without deconvolution
process.

IAA 𝑑𝑒𝑢𝑐 𝑑𝑚𝑎ℎ 𝑑𝑚𝑎𝑥
G2S1 15.9 1259 0.32
G2S2 18.0 1399 0.47
G2S3 13.8 1041 0.31

G3S1 11.8 916 0.37
G3S2 11.5 929 0.41
G3S3 12.0 962 0.42

G5S1 7.0 583 0.21
G5S2 7.2 599 0.18
G5S3 6.3 549 0.19

correlated with the IM parameter. Consequently, any time-EDP rela-
tionship can be readily converted into an IM-EDP relationship. This
conversion process, elucidated in Section 4.2, results in the establish-
ment of a capacity function (Hariri-Ardebili and Saouma, 2017). In
this section, capacity functions are generated for all IAA records, both
with and without the deconvolution process. These capacity functions
are derived based on various EDPs (e.g., displacement, sliding, and
energy dissipation) and IMs (such as ZPA and spectral acceleration).
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(a) Displacement-ZPA relationship (b) Displacement-𝑆𝑎(𝑇1) relationship

Fig. 8. Comparison of capacity functions for displacement response using two IM parameters with and without deconvolution process; Scenario B.
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he primary goal here is to explore the feasibility of neglecting the
econvolution process in the context of IAAs. This hypothesis is evalu-
ted by comparing the diverse capacity functions obtained from IAA
imulations, both with and without the deconvolution process, and
ssessing their degree of similarity. The similarity between two scalars
and 𝑠 is quantified as 𝑠𝑖𝑚(𝑡, 𝑠) = 1 − |𝑡−𝑠|

|𝑡|+|𝑠| , and for two time-series 𝑇

and 𝑆 of length 𝑛, their similarity can be evaluated using the following
metrics (Cassisi et al., 2012):

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑡𝑠𝑖𝑚 (𝑇 , 𝑆) = 1
𝑛
∑𝑛

𝑖=1 𝑠𝑖𝑚(𝑡𝑖, 𝑠𝑖) mean similarity

𝑟𝑡𝑠𝑖𝑚 (𝑇 , 𝑆) =
√

1
𝑛
∑𝑛

𝑖=1 𝑠𝑖𝑚(𝑡𝑖, 𝑠𝑖)2 root mean square similarity

𝑝𝑠𝑖𝑚 (𝑇 , 𝑆) = 1
𝑛
∑𝑛

𝑖=1

(

1 − |𝑡𝑖−𝑠𝑖|
2max(|𝑡𝑖|,|𝑠𝑖|)

)

peak similarity

(15)

Fig. 8 presents a comparison of individual capacity functions from
ll nine IAAs, utilizing two IM parameters: ZPA and 𝑆𝑎(𝑇1), both with
nd without the deconvolution process. Once the time parameter is
ransformed into an IM, the phase shift (or delay) is inherently compen-
ated for. As a result, upon examining the individual plots, it is evident
hat the two curves exhibit fluctuations around each other. Several key
bservations can be made from this plot: (1) The similarity of the 5th
eneration IAA is greater than that of the 3rd generation, and both are
uperior to the 2nd generation. (2) The degree of similarity between the
urves improves with the utilization of a more efficient IM parameter,
uch as 𝑆𝑎(𝑇1) instead of ZPA. (3) Irrespective of IAA generation
nd series, the curve similarity is greater at lower seismic intensity
evels.

To establish a unified quantitative metric for assessing the similarity
f capacity curves with and without the deconvolution process, the
esults from multiple IAAs are averaged across the entire IM range.
ig. 9 presents a comparison involving three distinct IM parameters,
ll based on displacement EDP. While ZPA and 𝑆𝑎(𝑇1) have been
iscussed previously, a new efficient IM parameter is introduced as
ell: 𝑆[𝛼,𝛽]

𝑎 (𝑇1), which represents the mean spectral acceleration within
he period range [𝛼𝑇1, 𝛽𝑇1] with 𝛼 = 0.2 and 𝛽 = 2. This novel IM
arameter takes into account the influence of vibration periods beyond
he first mode, which is especially crucial in nonlinear simulations
9

s

Table 2
Summary of similarity metrics between two EDP-IM capacity curves with and without
deconvolution process.

EDP - IM 𝑡𝑠𝑖𝑚 𝑟𝑡𝑠𝑖𝑚 𝑝𝑠𝑖𝑚
𝛥 - ZPA 0.95 0.91 0.96
𝛥 - 𝑆𝑎(𝑇1) 0.96 0.93 0.97
𝛥 - 𝑆 [𝛼−𝛽]

𝑎 (𝑇1) 0.96 0.92 0.96

𝛿ℎ𝑒𝑒𝑙𝑜𝑝𝑒𝑛𝑖𝑛𝑔 - 𝑆𝑎(𝑇1) 0.76 0.70 0.85
𝛿𝑡𝑜𝑒𝑜𝑝𝑒𝑛𝑖𝑛𝑔 - 𝑆𝑎(𝑇1) 0.90 0.82 0.91
DDE - 𝑆𝑎(𝑇1) 0.63 0.56 0.77
PDE - 𝑆𝑎(𝑇1) 0.63 0.55 0.76
𝛿𝑠𝑙𝑖𝑑𝑖𝑛𝑔 - 𝑆𝑎(𝑇1) 0.90 0.81 0.91
𝑢̈𝑐𝑟𝑒𝑠𝑡 - 𝑆𝑎(𝑇1) 0.84 0.81 0.91

where structural damage can shift the fundamental period towards
larger values.

The initial section of Table 2 presents a summary of the similar-
ity metrics corresponding to Fig. 9. Generally, a very high degree
of similarity is observed between the two (mean) curves. While the
spectral-based IMs slightly outperform ZPA, no significant difference
is discernible between 𝑆𝑎(𝑇1) and 𝑆[𝛼,𝛽]

𝑎 (𝑇1). As a result, it is advisable
o employ 𝑆𝑎(𝑇1) as the optimal IM parameter for the development
f capacity curves through IAA. Fig. 9 effectively underscores the
easibility of bypassing the deconvolution process in IAAs. Nonetheless,
t remains imperative to construct the capacity function in terms of an
ptimal IM parameter, rather than relying on ‘‘time’’.

It is pertinent to extend the evaluation beyond displacement, en-
ompassing other EDPs as well. Fig. 10 showcases the capacity func-
ions across six distinct EDPs, with 𝑆𝑎(𝑇1) employed as the optimal IM
arameter for all cases. The considered EDPs encompass joint openings
t both the toe and heel (as they can open or close independently),
ase joint sliding (serving as an indicator for global failure), damage
issipated energy (DDE), plastic dissipated energy (PDE), and crest
cceleration (reflecting amplified acceleration at the top point).

Conversion of all these EDPs is achieved through the 𝛺 operator,
s discussed in Section 4.2. While some EDPs possess a cyclic nature,
uch as displacement and acceleration, others are cumulative, like joint

liding and energy dissipation. Joint opening features a unique property
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Fig. 9. Comparison of mean capacity functions in terms of displacement response and three IM parameters with and without deconvolution process; Scenario B.
(a) Joint opening at toe (b) Joint opening at heel (c) Base joint sliding

(d) Damage dissipated energy (e) Plastic dissipated energy (f) Crest acceleration

Fig. 10. Comparison of mean capacity functions for various EDPs vs. 𝑆𝑎(𝑇1) with and without deconvolution process; Scenario B.
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s its value remains at zero unless the penalty threshold is surpassed,
rompting the joint to open temporarily. All the capacity functions in
ig. 10, as well as the displacement-based function in Fig. 9(b), indicate
linear trend up to a 𝑆𝑎(𝑇1) value of 1.5 g. Beyond this seismic intensity

and up to 3.0 g), the system demonstrates severe nonlinear behavior.
otably, the dissipated energy terms exhibit a distinct jump at the

eismic intensity of 𝑆𝑎(𝑇1) = 2.5 g.
The second part of Table 2 shows similarity metrics pertaining

o various EDPs. With the exception of displacement, which already
oasts the highest similarity, joint sliding and joint opening come next
n line. The least similarity is observed for DDE and PDE. However,
ven a visual comparison of the dissipated energy terms reveals a
atisfactory level of accuracy for a majority of seismic intensity levels.
t is important to note that the comparison of capacity curves has been
xtended to significantly high seismic intensity levels, reaching up to
𝑎(𝑇1) of 3.0 g. In practice, the dam may fail (based on any failure
riteria) at much lower intensities. For this specific dam, a realistic
𝑎(𝑇1) is 0.5 g (Poul and Zerva, 2019), as discussed in Section 4.1.

Finally, an exploration of damage profiles can shed light on their
omparison in cases with and without the deconvolution process. In
ig. A.13 (located in Appendix), the damage profile of concrete is
ompared at select time points for G2S2, serving as a representative
AA. This figure also indicates the extent of base joint sliding (inside
10

f

oxes), which should be analyzed in conjunction with the damage
rofile. Across different time points, joint sliding for the deconvolution
odel surpasses that of the other case. The crack profile also appears

lightly more pronounced in the deconvolution model; nevertheless, for
ractical purposes, these profiles can be regarded as equivalent. This
bservation instills confidence in analysts to potentially omit the de-
onvolution process, given its minimal impact on the crack profile. Both
odels, with and without deconvolution, offer reasonable estimations

f the crack profile for this specific dam.

. Discussion

The applicability and implications of the deconvolution process
iscussed in the previous sections offer valuable insights in the seismic
nalysis. However, several nuances require further consideration to
omprehensively understand the role and effects of deconvolution in
eismic assessments.

As established earlier, the deconvolution process can be tailored to a
ange of target damping ratios. Choosing an appropriate damping ratio
or a rock foundation is important, given its influence on the nodal force
ime histories at the base of the foundation. To determine an optimal
amping ratio, sensitivity analyses can be conducted to minimize dif-
erences between response spectra of the target and calculated motions.
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(a) Measured damping; adapted from Løkke and Chopra
(2019)

(b) Probability distribution

Fig. 11. Range of damping measured from 32 concrete dams using forced vibration tests, including the Kernel distribution for lower and upper bounds of all measurements.
(a) Free-field acceleration; No deconvolution (b) Crest displacement; No deconvolution (c) Joint sliding; No deconvolution

(d) Nodal force at the foundation base; With
deconvolution

(e) Crest displacement; With deconvolution (f) Joint sliding; With deconvolution

Fig. 12. Illustrating the sensitivity of IAA (G2S2) to variations in damping ratio.
It will be shown herein that this can be skipped when deconvolution is
included.

In the analyses presented in Section 4, a damping ratio of 3.5% of
critical damping was consistently utilized. This choice was informed by
the findings extracted from the study of 32 concrete dams, depicted in
Fig. 11(a). The figure shows the lower and upper bounds of measured
damping values across diverse concrete dams through force vibration
testing. Complementing this visualization, Fig. 11(b) further illustrates
the distribution of lower and upper bound values, employing the Kernel
probability density function (PDF) approach. To assess the influence
of damping values on the outcomes, damping ratios of 1% and 5% –
representing the 10th and 90th percentiles of the measured values –
were also evaluated.

Fig. 12 evaluates the sensitivity of the simulations to variations in
the damping value, with G2S2 serving as the chosen IAA for illustration.
Employing the same methodology as before, finite element models are
generated both with and without the deconvolution process. In cases
without the deconvolution process, higher damping values lead to a
reduction in the magnitude of the free-field acceleration, as evidenced
in Fig. 12(a). Consequently, this reduction results in decreased recorded
structural responses, which is evident in the displacement and joint
sliding behaviors depicted in Figs. 12(b) and 12(c) respectively. For
11
simulations involving the deconvolution process, attention is directed
towards the nodal forces applied at the base of the foundation model, as
shown in Fig. 12(d). The deconvolution process aims to match the time
histories convolved surface ground motions to the target one. When a
higher damping ratio is selected for the rock foundation, it is required
to apply a stronger input motion at depth. That is why Fig. 12(d) shows
that the derived input motion at depth for 5% damping is stronger
than the one with 1% damping. Figs. 12(e) and 12(f) compare the
crest displacement and joint sliding, respectively. It can be seen that
when the deconvolution process is performed, a similar dam response is
expected for different selected damping ratios for the rock foundation.

6. Conclusions and future work

This paper discussed the application of artificially generated acceler-
ation functions in seismic risk analysis for infrastructures and geostruc-
tures. While the method does not employ a conventional transient
analysis approach, it uses a time–history time-integration approach to
estimate seismic responses in structural systems, thereby facilitating
risk assessment processes. Validation and verification against classical
incremental dynamic analysis were explored in separate paper (Hariri-

Ardebili et al., 2024) and is beyond the coverage of this study. The
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Fig. A.13. Illustration of the sample crack profile for the G2S2 IAA at various
intensities, depicted at different time points. The maximum base sliding is quantified
in millimeters and highlighted inside the box.

paper specifically aimed to assess the applicability of IAAs to systems
involving SSI analysis.

In the context of SSI analysis, a deconvolution process is often used
to calculate effective earthquake loads at a certain depth within the soil
or rock profile. The paper investigated the importance of the deconvo-
lution process in seismic analysis of geostructures by considering two
scenarios: (1) using deconvolved motions with equivalent nodal forces
and (2) using input motions as outcrop motions with corresponding
earthquake loads directly applied to depth. These scenarios were ap-
plied to both real ground motions and IAAs for generalization purposes.
The study employed a concrete dam–foundation–reservoir system as
a case study involving complex SSI analysis. Key conclusions are as
follows:

• The general trends in structural responses (e.g., displacement, dam-
age) under deconvolved and original ground motions are similar.
However, there is a noticeable phase shift in the responses. Ignoring
the deconvolution process in real ground motions leads to overesti-
mation of structural response, the extent of which is uncertain due
to ground motion variability and damping ratio. The paper did not
conduct probabilistic simulations to establish a definitive relationship
between responses with and without deconvolution. As such, prac-
titioners face two options: (1) simulate without deconvolution and
accept overestimated results, which could impact risk assessment, or
(2) perform simulations with deconvolution for more accurate results,
albeit requiring extra effort and expertise.

• Comparing time-domain structural responses from IAA simulations
with and without deconvolution yielded a similar conclusion as for
real ground motions: no deconvolution leads to higher structural
response at any given time. However, in IAA, the ‘‘time’’ parameter is
an indicator of seismic intensity rather than actual time. To address
this, the paper introduced a procedure to convert finite element
simulation outcomes from time-EDP coordinates to IM-EDP coordi-
nates. Applying this procedure to both deconvolved and original IAAs
demonstrated good agreement between resulting curves. Differences
were quantified using similarity metrics and assessed for various
EDPs, such as displacement, joint opening/sliding, and energy dis-
sipation. Results suggest that deconvolution can be bypassed in IAAs
while maintaining acceptable accuracy, provided the time parameter
is converted to an optimal IM parameter. The optimal IM was found
to be 𝑆 (𝑇 ), consistent with previous findings.
12

𝑎 1
Once again, it is important to emphasize that this paper does not
advocate for the elimination of the deconvolution process in IAA.
Instead, the paper suggests that the IM-EDP relationship – which is
the ultimate objective – can still be accurately obtained even if the
deconvolution process is omitted in IAAs.

The paper primarily explored the impact of the deconvolution pro-
cess on the response of structures built on rock foundations with linear
response, and high shear wave velocity. Future studies should explore
the effect of foundation rigidity, foundation material nonlinearity, and
foundation domain heterogeneity in IAA analysis with deconvolution.
Moreover, the impact of vertical ground motion component and the
accuracy of the proposed method in models with different boundary
conditions need investigation. The framework proposed in the study is
applicable to various structures and infrastructures, such as buildings,
bridges, high-rise towers, nuclear containment buildings, and offshore
jacket-piles.
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