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ABSTRACT 

In general, seismic response analyses are performed using a minimum number of seismic records as input motions in order to 
achieve a statistically strong estimation. Unfortunately, the available information recorded from the current seismic networks is 
still scarce regarding events with considerable magnitude. In this context, the Random Vibration Theory (RVT) arises as an 
alternative tool for performing site response analyses without the need of seismic records, since it only requires adequate 
probabilistic seismic hazard assessment. 
In this study, RVT was applied to three shear-wave velocity profiles in Lima city with distinct geomorphological origin. These 
profiles are characteristic for gravelly, sandy and fine deposits so the influence of each soil type in their corresponding transfer 
function was taken into account. In that sense, the three RVT-based normalized response spectra show good agreement with 
the design spectra specified in the Peruvian code, despite some amplification in the short (below 0.10 s) and long (above 0.80 s) 
period ranges related to noise or far-field effects. Furthermore, RVT-based response spectra for La Punta and Villa El Salvador 
districts show good agreement with the time-series based analyses from a previous study. 
In addition, spectral acceleration values surpass those specified in the Peruvian code for a range beyond the corner period. This 
could suggest that the soil profile characterization based on the time-averaged shear wave velocity from the upper 30 m might 
be insufficient to evaluate the overall seismic behavior of a soil deposit. Therefore, additional parameters that account for the 
deeper soil substructure might be required. 
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RESUMEN 

En general, los análisis de respuesta sísmica se realizan utilizando un número mínimo de registros sísmicos como movimientos 
de entrada para lograr una estimación estadísticamente sólida. Desafortunadamente, la información disponible registrada a 
partir de las redes sísmicas actuales es aún escasa respecto a eventos de magnitud considerable. En este contexto, la Teoría de 
Vibraciones Aleatorias (RVT) surge como una herramienta alternativa para realizar análisis de respuesta de sitio sin necesidad de 
registros sísmicos, ya que solo requiere de una adecuada evaluación probabilística de la amenaza sísmica. 

En este estudio, la RVT se aplicó a tres perfiles de velocidad de ondas de corte en la ciudad de Lima con distinto origen 
geomorfológico. Estos perfiles son característicos para depósitos gravosos, arenosos y finos por lo que se tuvo en cuenta la 
influencia de cada tipo de suelo en su correspondiente función de transferencia. En ese sentido, los tres espectros de respuesta 
normalizados basados en RVT muestran una buena concordancia con los espectros de diseño especificados en el código peruano, 
a pesar de cierta amplificación en los rangos de período corto (inferior a 0,10 s) y largo (superior a 0,80 s) relacionados con el 
ruido o con el tiempo. -efectos de campo. Además, los espectros de respuesta basados en RVT para los distritos de La Punta y 
Villa El Salvador muestran una buena concordancia con los análisis basados en series temporales de un estudio anterior. 

Además, los valores de aceleración espectral superan los especificados en el código peruano para un rango más allá del período 
de esquina. Esto podría sugerir que la caracterización del perfil del suelo basada en la velocidad de la onda de corte promediada 
en el tiempo desde los 30 m superiores podría ser insuficiente para evaluar el comportamiento sísmico general de un depósito 
de suelo. Por lo tanto, podrían ser necesarios parámetros adicionales que tengan en cuenta la subestructura del suelo más 
profundo. 

Palabras clave: Análisis de respuesta del sitio, Análisis probabilístico de peligrosidad sísmica, Perfiles de velocidad de onda cortante, 
teoría de la vibración aleatoria, lima 
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1. INTRODUCTION 

Seismic response analysis is one of the most 
common problems in earthquake geotechnical 
engineering and it is especially important for sites 
with high seismic activity, such as countries located in 
the so-called Pacific Fire Ring, as is the case of Peru. 
In general, site response analyses are performed 
considering a propagation of a predefined input 
motion from the engineering bedrock through the 
overlying soil, in order to obtain a surface intensity 
index. This procedure allows the prediction of ground 
surface motions characteristics for a predefined level 
of seismic hazard expected in the site of study. 

Typically, the required input motion is obtained 
from processing a set of selected accelerograms to 
match the Uniform Hazard Spectrum (UHS) defined 
from a seismic hazard analysis performed for the site 
under study. This method, hereinafter referred to as 
time-series, requires to have a minimum number of 
records to achieve a statistically strong estimation. 
Unfortunately, CISMID seismic network (REDACIS), 
as well as others deployed in Lima city, have so far 
generated scarce seismic information related to 
events with considerable values of moment 
magnitude. 

In this context, the Random Vibration Theory 
(RVT) arises as an alternative method for seismic 
response analyses that can be performed by only 
requiring the UHS from Probabilistic Seismic Hazard 
Analysis (PSHA) and a strong motion duration. 

RVT was originally applied in seismology by Hanks 
and McGuire[1] to predict peak ground motion 
parameters based on the earthquake magnitude and 
site-to-source distance, and further developed by 
Boore[2] and Boore & Joyner[3]. Schneider et al.[4] 
applied RVT to site response analysis to simulate site-
specific acceleration response spectra by defining the 
input motion based on a seismological source theory 
to be later convolved. Thus, Fourier amplitude (FAS) 
and response spectra could be estimated by means of 
RVT. Later studies, e.g. Silva et al.[5] and Rathje & 
Ozbey[6], validated RVT procedure for seismic 
response analysis, although it requires seismological 
parameters to be carefully chosen in order to be 
consistent with the site-specific seismic hazard at 
rock level. 

To overcome the need of adjusting multiple 
seismological parameters, Rathje & Ozbey[6] 
developed the Inverse Random Vibration Theory 
(IRVT) to convert an acceleration response spectrum 
into a frequency domain FAS, which is a simpler form 
to define the input motion for the seismic analysis 
using RVT. The application of RVT has dramatically 
increased in time. For example, the nuclear industry 
has been switching to the RVT-based approach to 

perform the seismic response analysis as an 
alternative to the time-series method over the last 
years. 

The first approach to RVT application in 
earthquake engineering in Peru was carried out by 
Chavez[7]. in which the response spectra from a 
batch of recorded seismic events were obtained. In 
addition, theoretical response spectra, based on the 
RVT and the omega square (ω2) seismological 
model[8][9], were computed. Chavez[7] also 
performed a sensitivity analysis of the seismological 
parameters from the single corner frequency model 
to maximize the fit between the recorded and the 
theoretical response minimizing the standard 
deviation obtained through the Bayesian linear 
regression. 

In this context, the objective of this research is to 
perform site response analysis using the RVT 
methodology, incorporated in the software 
Strata[10], on three representative and well 
differentiated soil profiles in Lima. Reliability of RVT is 
performed by the comparison of the spectral shape 
of the results with the pseudo-acceleration spectra 
from signals recorded in stations nearby the studied 
sites, for moderate to strong seismic events, and 
those from previous site response studies. 
Furthermore, sensitivity analyses, with respect to the 
duration of the seismic record and the shear-wave 
velocity (Vs) of the engineering bedrock, are also 
evaluated. 

 

2. METHODOLOGY 
 

2.1. Probabilistic seismic hazard analysis 

Uniform Hazard Spectrum (UHS) and seismic 
disaggregation were obtained from the study of 
seismogenic regions, recurrence laws, attenuation 
laws and their ponderation proposed by Roncal[11]. 
Seismic response analysis included a sensitivity 
evaluation to consider the influence when varying the 
stiffness of the engineering bedrock for two cases: 
soil type A (Vs>1500 m/s) and type B (Vs>760 m/s), 
according to ASCE 7-16[12]. Consequently, PSHA and 
seismic disaggregation were performed for each of 
these cases for a 10% probability of exceedance of a 
seismic event of 500 years return period. In Figure 1, 
UHS obtained from the PSHA are presented. As 
expected, the acceleration spectrum was slightly 
higher for the type B soil in a narrow period range so 
it can be considered that there was no significant 
difference in the seismic scenario identified as critical 
from the seismic disaggregation. 
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Fig.  1 Uniform Hazard Spectrum for soil type A and soil type B. 

The urban area of Lima city is mainly composed of 
one to five story buildings that are typically 
characterized by fundamental periods that range 
from 0.05 s to 0.50 s. For this range of interest, the 
seismic scenario with the highest contribution to the 
seismic hazard is represented by an interface scenario 
of 50 km closest rupture distance (Rrup), 90 km 
hypocentral distance (Rhypo) and 7.9 seismic 
moment magnitude (Mw). 

 

2.2. Ground motion duration 

Ground motion duration is an important input for 
the RVT-based seismic response analysis. For this 
research a sensitivity analysis was performed 
considering two approaches. First, duration was 
defined based on the ground motion model given by 
Campbell[13], which includes source and path 
duration. On the other hand, a second procedure was 
considered, based on the attenuation law developed 
by Boroschek et al.[14]. 

 

2.2.1. Ground motion duration model 

Ground motion duration includes two terms: 
source (T0) and path (Tr) durations, as  

Source duration (𝑇0) is the inverse of the corner 
frequency (𝑓0). If the seismic source is assumed to 
come from a point source, the Brune model[8] can be 
used to calculate the corner frequency as follows 

where  𝛽0 is the shear wave velocity of the crust in 
km/s, ∆σ is the stress drop in bars and M0 is the 

seismic moment in dinas.cm. Chavez[7], based on a 
sensitivity analysis and comparison of recorded and 
calculated response spectra, concluded that the 
seismological parameters that best fit the Peruvian 
seismic environment are β0 = 3.9 km/s and Δσ= 185 
bars. 

The seismic moment correlates with the seismic 
moment magnitude (Mw) under equation (3). As 
stated by Rathje et al. [19], the single corner 
frequency model has produced accurate results. 

 

Path duration depends on the hypocentral 
distance (𝑅ℎ𝑦𝑝𝑜) and can be estimated from 

where 𝑅ℎ𝑦𝑝𝑜 is defined in km. 

The duration for the seismic scenario that 
provides the highest contribution to the seismic 
hazard in the range of periods of interest (Mw=7.9 and 
Rhypo= 90 km) is 15 s. 

 

2.2.2. Ground motion duration attenuation law 

Boroschek et al.[14] developed an attenuation 
law for strong ground motion duration based on a 
dataset of seismic records in Chile. This duration is 
defined as the time lapse in which energy, within the 
range of 5% and 95% based on the Arias intensity, is 
released. The formal function depends on the seismic 
scenario pair (closest rupture distance and moment 
magnitude), as presented as follows 

where 𝐹𝑠𝑜𝑖𝑙 , 𝐹𝑖𝑛𝑡𝑒𝑟  and 𝐹𝑖𝑛𝑡𝑟𝑎 are binary variables that 
are defined based on the site conditions and seismic 
scenario. The coefficients are summarized in Table I. 

For the study site, the evaluation was performed 
for the engineering bedrock and the seismic scenario 
pair (Mw and Rhypo) of the interface event that 
provides the highest contribution to seismic hazard 
level. Based on this approach, the duration for the 
strong motion resulted as 24 s. 

 

TABLE I 
Formal function coefficients for the strong motion duration 

attenuation law (Borosheck et al. 2019) 

C1 C2 C3 C4 C5 C6 

-1.052 0.173 0.454 0.031 1.081 0.908 
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2.3. Random vibration theory 

RVT uses the Parseval theorem and Extreme 
Values Statistics (EVS) to predict the maximum 
acceleration in the time domain from the Fourier 
Amplitude Spectrum (FAS) and duration of the 
considered motion. The following is a summarized 
discussion about RVT. Further details can be found in 
[15] and [16]. 

Parseval's theorem states that the power of a 
seismic signal is conserved in frequency and time 
domain. Hence, total power can be computed in 
either domain. The root mean square acceleration 
(𝑎𝑟𝑚𝑠) is equal to the total power in the time history 
divided by the ground motion duration (Td) and can 
be computed from the square of the FAS (|A(f)|) as 
presented in 

 

RVT defines the peak factor (pf) as the ratio 
between 𝑎𝑟𝑚𝑠  and the peak acceleration, expressed 
as follows 

 

𝑝𝑓 is calculated based on EVS as a function of the 
statistical moments of the FAS and the duration of 
the motion. Ocean wave amplitudes were studied by 
Cartwright and Longuet-Higgins[17] considering the 
probability distribution of maxima amplitudes to 
develop expressions for 𝑝𝑓 in terms of the signal 
characteristics. Later, Boore[18] derived an integral 
expression for the expected value of the peak factor 
in terms of the number of extrema (𝑁𝑒), the number 
of zero crossing (𝑁𝑧) and the bandwidth (ξ=𝑁𝑧/𝑁𝑒), 
which is expressed as 

 
2.4. Inverse random vibration theory (IRVT) 

IRVT converts an acceleration spectrum to a 
Fourier Amplitude Spectrum (FAS) in the frequency 
domain. This process is not as straightforward as RVT. 
In order to achieve this inverse process, there are two 
limitations: the spectral accelerations are influenced 
by a range of frequencies and the peak factor cannot 
be calculated from the very beginning since it 
requires a Fourier Amplitude Spectrum. 

In RVT, the peak spectral acceleration (𝑆𝑎) is 
related to the rms spectral acceleration (𝑆𝑎𝑟𝑚𝑠

) by 

the peak factor. 

 

To determine the 𝑆𝑎𝑟𝑚𝑠
 for a SDOF system, 

Parseval’s theorem is used  

 

where |𝐻𝑓𝑛(𝑓)| is the transfer function of a SDOF 

oscillator with natural frequency (𝑓𝑛) and critical 
damping ratio ξ. 

A first limitation is observed in (9). Spectral 
acceleration is affected by a range of frequencies in 
the FAS; thus, the estimation is not straightforward. 
However, some properties of the SDOF transfer 
function can be used to overcome this limitation. 
Typical transfer function of a SDOF has a narrow band 
for lightly damped systems and goes near to a value 
of 1 for low frequencies. In addition, large 
amplification exists near the natural frequency and 
tends to zero for higher frequencies. Using these 
properties, an approximation to the integral in (9) can 
be presented  

 

The transfer function integral is constant for a 
given natural frequency and damping ratio, allowing 
to simplify (10) as follows 

 

The second limitation is solved by assuming the 
peak factor to estimate the initial Fourier Amplitude 
Spectrum. Typically, the iterative process is initiated 
by assuming a 𝑝𝑓 of 2.5. Further discussion regarding 
the methodology is included in [16] and [19]. 

RVT and IRVT procedures are included in the 
Strata software, developed by Rathje and Kottke[10], 
and were utilized in this study. 

 

2.5. Seismic response analysis 

One-dimensional wave propagation can be 
computed in the frequency domain using transfer 
functions for multi-layered soil deposits or in the time 
domain using multiple-degree-of-freedom (MDOF) 
dynamic response analysis. Due to the nature of the 
RVT-based analysis, convolution must be performed 
in the frequency domain, as no phase content is 
defined through this method. For the convolution, 
the equivalent linear analysis (EQL) is performed to 
account for the nonlinear behavior of the soil. This 
formulation is extensively discussed in [20]. 
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Seismic response analysis is performed specifying 
an input motion at the base of the soil deposit 
defined as the calculated FAS of the acceleration 
spectrum for the engineering bedrock using the IRVT. 
Then, the input motion is propagated through the soil 
profile using the EQL formulation as implemented, 
for example, in Deepsoil[21] software.  Finally, FAS at 
surface obtained from the EQL analysis is converted 
into acceleration spectrum using RVT. The 
aforementioned is presented in the workflow in 
Figure 2. 

 

 
Fig.2 Workflow of the RVT-based seismic response analysis 

 

 
Fig. 3 Sites evaluated using the RVT-based seismic 

response analysis 

 

 

 

TABLE II 
Location of the evaluated sites 

Site Reference Latitude (°) Longitude (°) 

San Miguel 
“La Sagrada 

Familia” Park 
-12.084 -77.086 

Villa El 
Salvador 

School 6066 -12.213 -76.939 

La Punta 
Direction of 
Hydrograph 

-12.064 -77.155 

3. Site characterization 

Location of the evaluated sites is summarized in 
Table II and Figure 3. 

The characterization of each profile was based on 
available information and complementary field 
surveys performed as part of this research. 

 

3.1. Collected data 

Collected data comprises previous studies, 
explorations (direct and indirect tests) and laboratory 
tests. In-situ explorations gathered data such as soil 
pits, boreholes and geophysical tests (active and 
passive source). 

La Punta profile was adapted from the 
characterization of the DHN profile developed by 
Soto[22] which was based on two drill holes located 
near the study site[23] and the dynamic small strain 
properties from MASW tests[22] for the surficial 
layers and a microtremor array[24] for the deeper 
part. 

Similarly, Villa El Salvador profile was also 
adapted from the characterization of the profile 
developed by Soto[22]. The profile was 
geotechnically interpreted mainly from a drillhole[25] 
and a microtremor array[24]. To complete the 
dispersion curve obtained in Calderon[24], 
complementary microtremor array measurements 
were conducted within the framework of this study 
which are further discussed in the field survey 
section. 

San Miguel profile was characterized based on 
two boreholes located near the study site and a test 
pit[23], and the small-strain dynamic properties were 
inferred from a MASW[23]  for surficial layers. The 
small-strain dynamic properties for the deeper part 
were interpreted from microtremor arrays carried 
out as part of this research and of Sencico 
project[26]. This survey is also further discussed in 
the following section. 

 

3.2. Field surveys 

Field surveys included microtremors array tests 
performed in San Miguel and Villa El Salvador. Two 
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types of sensors were used: the moving-coil 
velocimeter CR 4.5-1A and the servo velocimeter CV-
374 AV2, manufactured by Anet Co., Ltd. and Tokyo 
Sokushin Co., Ltd., respectively. Microtremor arrays 
in San Miguel included linear and circular shapes 
which allowed us to interpret the dispersion curve of 
surface waves up to a period of 0.50 s. Larger 
microtremor arrays[26] were performed to complete 
the dispersion curve up to a period value of 0.70 s.  

Circular microtremor arrays in Villa El Salvador 
adequately completed the dispersion curve obtained 
by Calderon et al.[24] within the range of 0.50 and 1.0 
s. Good overlapping was observed between the 
measured and the reference dispersion curve 
assuring the reliability in the estimated shear-wave 
velocity values for deeper layers. Information 
regarding size and sampling frequencies for the 
conducted arrays are summarized in Table III. Figure 
4 presents the sensor distribution for San Miguel and 
the location of a vertex sensor for Villa El Salvador. 

 
TABLE III 

Information about the conducted microtremor array 
measurements 

Site Sensor 
Array 
type 

Spacing/radius 
(m) 

Sampling 
frequency 

(Hz) 

San 
Miguel 

CV-374 AV2 Circular 

5 1000 

10 1000 

45 200 

CR 4.5-1A 

Linear 
0.5 2000 

2 2000 

Circular 

5 1000 

10 1000 

20 500 

45 500 

Villa El 
Salvador 

CV-374 AV2 Circular 

100 200 

200 200 

400 200 

 

 
 

 
Fig. 4 Field survey photographs. a) San Miguel 20 m array 

configuration. b) Villa El Salvador vertex sensor for the 200 
m-array 

3.3. Sites profiles 

Information about the estimated profiles in San 
Miguel, Villa El Salvador and La Punta is summarized 
in Table IV, Table V and Table VI, respectively. Figure 
5 shows the shear wave velocity profiles and the 
horizontal-to-vertical spectral ratio from 
microtremors (mHVSR) for each site. It is important 
to highlight that the peaks in the long period range 
are evident for each profile, as these are 
representative of the dynamic behavior of the deep 
soil profiles that are potentially not captured by the 
soil classification system based on the Vs30 only. 
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Fig. 5 Evaluated sites inverted profiles inSan Miguel[26], La 
Punta[24]and Villa El Salvador[24] 
 
 

TABLE IV 
San Miguel geotechnical profile 

Nro Layer 
Thickness 

(m) 
Density 
(kN/m3) 

Average 
shear 
wave 

velocity 
(m/s) 

Input 
motion 
applied 
in layer 

1 Clay 2.3 18.0 
289  

2 Gravel 24.5 22.0 
585  

3 Gravel 56.2 22.0 
746  

4 Gravel 47.4 22.0 
929 x 

5 Gravel 78.8 22.0 
1089  

6 Gravel - 22.0 
1532 x 

 
TABLE V 

Villa El Salvador geotechnical profile 

Nro Layer 
Thickness 

(m) 
Density 
(kN/m3) 

Average 
shear 
wave 

velocity 
(m/s) 

Input 
motion 
applied 
in layer 

1 Sand 3.0 18.7 150 
 

2 Sand 3.0 18.7 320 
 

3 Sand 83.2 20.0 530 
 

4 Sand 112.5 20.0 870 
x 

5 Sand - 20.0 1535 
x 

 
TABLE VI 

La Punta geotechnical profile 

Nro Layer 
Thickness 

(m) 
Density 
(kN/m3) 

Average 
shear 
wave 

velocity 
(m/s) 

Input 
motion 
applied 
in layer 

1 Clay 1.1 18.7 189 
 

2 Gravel 19.8 22.0 336 
 

3 Clay 5.9 19.5 416 
 

4 Sand 9.6 19.5 431 
 

5 Gravel 6.0 20.5 602 
 

6 Clay 17.9 20.5 602 
 

7 Gravel - 22 1414 
x 

 

Seismic analyses were carried out considering the 
dynamic properties degradation curves proposed by 
Menq[27] for gravelly and sandy soils, whereas Zhang 

model[28] was used for clayey soils. Based on 

laboratory tests and technical literature available, 
index properties were selected for sandy (Cu = 2.2, 
D50=0.17 mm[25]), gravelly (Cu=10[22][29], D50 = 
30mm[22][29] [30]) and clayey soils (PI = 10[22][25]). 
Figure 6 presents the shear modulus degradation and 
damping curves defined for analyses. 

 

Fig. 6. Shear modulus degradation and damping curves 
evaluated in the seismic response analysis 

4. RESULTS 

For each site, acceleration spectra from the RVT-
based seismic response analysis were compared with 
the design spectra from the Peruvian seismic design 
standard[31]. In the case of Villa El Salvador and La 
Punta, additional comparison was made considering 
the acceleration spectra from a previously developed 
study based on time series analysis[22]. It is noted 
that the UHS used in this research has larger 
amplitudes than the considered in Soto[22]; thus, the 
comparison is mainly focused on the spectral shape, 



96 
 

DOI: https://doi.org/10.21754/tecnia.v32i2.1420                               TECNIA Vol.32 N°2 July-December 2022 

as the amplifications in this research are expected to 
be higher. Furthermore, seismic events with distinct 

epicentral distances and recorded in stations located 
nearby the evaluated sites were also used for 
comparing shapes of the RVT-based normalized 
spectra. The decision was made since the analyzed 
earthquakes produced responses significantly lower 
than an event for 500 years return period with 10% 
probability of exceedance. 

Table VII summarizes the profile classification of 
each site according to the Peruvian standard[31], 
details regarding the stations near the evaluated sites 
and the recorded seismic events. 

San Miguel RVT-based spectrum performed for 
engineering bedrock type B fits adequately under the 
design spectrum. Conversely, the spectrum for type 
A shows a slight difference around 0.80 s (Figure 7.a). 
This difference might be due to the influence of the 
deeper soil substructure in the amplification around 
the fundamental period, which is not taken into 
account when considering type B bedrock. However, 
this difference correlates well with the behavior 
found in seismic records for intermediate- and far-
field earthquakes, such as the Ml 5.8 Mala (22/06/21) 
and Mw 8.0 Lagunas (26/05/2019) events (Figure 7.b). 
The maximum strain values are observed in the range 
of depths between 60 m and 80 m (Figure 7.c), where 
the first noticeable impedance ratio, from 746 m/s to 
929 m/s, is found in the San Miguel profile (Figure 5). 

In the case of Villa El Salvador, the RVT-based 
response spectra fits adequately under the design 
spectrum and shows good agreement with the 
results from the time-series analysis[22], though 
some discrepancy is found for the intermediate 
period range from 0.50 s and 1.0 s when considering 
an engineering bedrock type A (Figure 8.a). 

 

 

Fig. 7 RVT-based seismic response analysis for San Miguel. 
a) Response spectra compared with design spectrum. b) 

TABLE VII 
Seismic records evaluated for the comparison and validation of RVT-based seismic response analysis 

Site 
Profile classification 

[31] 

Station ID 
(Network) 

Latitude 
(°) 

Longitud
e (°) 

Event 
Date 

Epicenter Magnitude 
Epicentral 
distance 

(km) 

Depth 
(km) 

San Miguel 
S1 (Vs30=550 m/s) 

(500 < Vs30 < 1500 m/s) 
PUCP 

(PUCP) 
-77.08 -12.07 

22/06/2021 Mala Ml  5.8 79 32 

25/08/2021 Callao Ml 5.1 55 32 

26/05/2019 Lagunas Mw8.0 723 135 

Villa El 
Salvador 

S2 (Vs30=460 m/s) 
(180 < Vs30 < 500 m/s) 

UNTELS 
(CIP) 

-12.213 -76.932 22/06/2021 Mala Ml 5.8 61.7 32 

VSV 
(CISMID) 

-12.213 -76.938 25/11/2013 Mala Ml 5.8 78.2 59 

VSAL (IGP) -12.2 -76.9 26/05/2019 Lagunas Mw 8.0 738 135 

La Punta 
S2 (Vs30=390 m/s) 

(180 < Vs30 < 500 m/s) 

DHN 
(CISMID) 

-12.066 -77.156 

22/06/2021 Mala Ml 5.8 82 32 

25/08/2021 Callao Ml 5.1 50 41 

26/05/2019 Lagunas Mw 8.0 724 135 

15/08/2007 Pisco Mw 7.9 182 40 

D855 (CIP) -12.071 -77.164 22/06/2021 Mala Ml 5.8 82.5 32 

DSMI 
(CISMID) 

-12.0608 -77.1449 22/06/2021 Mala Ml 5.8 82 32 
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Normalized response spectra compared with those from 
seismic records. c) Maximum shear strain distribution 

The normalized spectrum for the RVT-based 
analysis shows better agreement with the spectra of 
the Ml 5.8 Mala (25/11/13) earthquake in the range of 
periods above 0.15 s, when compared with the results 
from Mw 8.0 Lagunas (26/06/19) and Ml 5.1 Callao 
(25/08/21) events. This appears to be reasonable as 
the hypocentral distance of the event is close to the 
scenario evaluated from the seismic disaggregation 
for this study, although the magnitude is significantly 
smaller. Conversely, spectra for the three events 
show high amplification values in the low period 
range which seems to be independent of the 
epicentral distance and magnitude. Therefore, it is 
suspected that these apparent high amplifications 
are due to the normalization of the noise with respect 
to the low acceleration level recorded in the seismic 
stations (Figure 8.b). The maximum values of strain 
are evidenced in the upper 10 m of the profile. Good 
agreement is observed between the shear strain 
profile of the RVT-based analysis and the time-series 
analysis developed in [22] (Figure 8.c). The 
differences observed between 70 m and 90 m were 
due the modification of the soil profile to better 
adjust the Vs profile from Calderon[24]. 

Finally, La Punta RVT-based analysis performed 
for the engineering bedrock type B also shows good 
agreement with the results obtained by Soto[22]. On 
the other hand, it is observed that amplification 
factors for the computed spectra exceed those from 
the design spectra in a period range from 0.60 s to 
0.80 s, i.e. around the corner period defined in the 
Peruvian seismic code (Figure 9.a). 

The normalized spectrum for the RVT-based 
analysis shows better agreement with those for 
seismic events in the period range between 0.10 s and 
0.80 s (Figure 9.b). A sharp peak is observed around 
0.25 s for the Ml 5.8 Mala event (22/06/2021) recorded 
in D855 (CIP) and DSMI (CISMID) stations located 
about 1.2 km from the study site. This agrees well with 
the shape of the normalized spectrum from the RVT-
based analysis. Even though a high variability in the 
soil profile of the study area is observed, our 
response spectra based in RVT can be considered as 
an envelope of the overall behavior. On the other 
hand, records for the Mw 8.0 Lagunas earthquake 
show amplification around 1.40 s, which might be 
related to the low frequency content caused by this 
far-field event. On the other hand, all seismic events 
show high amplification for periods shorter than 0.10 
s. This characteristic seems to be independent of the 
hypocentral distance and magnitude and can be also 
associated, as in the previous cases, with the 
normalization of the noise with respect to the low 

acceleration level recorded. Finally, the maximum 
strains are evidenced in the upper 20 m of the profile. 
Lower strain values were obtained when compared 
with those from a time-series analysis[22], which 
might be associated with the implementation of 
different types of dynamic curves for each study. 

As previously observed from the analyses, the 
influence of the deeper soil substructure is not 
captured by the design spectra from the Peruvian 
seismic design standard. Thus, it might be adequate 
for the soil classification criteria to include additional 
indexes, such as the fundamental period of vibration. 
Currently, some efforts have been made on this 
matter, as can be consulted in Verdugo & Peters[32] 
and Ruz & Liam[33]. 

 

 

Fig. 8 RVT-based seismic response analysis for Villa El 
Salvador. a) Response spectra compared with design 

spectrum and time-history analysis[22]. b) Comparison of 
normalized response spectra and those from seismic 

records. c) Maximum shear strain distribution 
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Fig. 9 RVT-based seismic response analysis for La Punta. a) 
Response spectra compared with design spectrum and 
time-history analysis[22]. b) Comparison of normalized 

response spectra and those from seismic records. c) 
Maximum shear strain distribution 

 

CONCLUSIONS 

Random Vibration Theory (RVT)- and time series-
based analyses show good agreement in terms of 
response spectra and maximum shear strain profile 
shapes. In addition, RVT-based response spectral 
shapes show consistency with the response spectra 
from seismic records, despite the differences in the 
short (below 0.10 s) and long (above 0.80 s) period 
range that could be related to urban noise and far-
field effects, respectively. In general, RVT-based 
seismic response analysis using the Inverse Random 
Vibration Theory (IRVT) to define the input motion do 
not show significant sensitivity of the seismic 
response spectrum with respect to the duration of 
the motion for the evaluated sites.  

Villa El Salvador and La Punta had available 
records from nearby stations. In the case of Villa El 
Salvador, good agreement between results from 
accelerograms recorded in two different stations was 
observed, indicating a consistently homogeneous soil 
deposit. Conversely, seismic records in La Punta 
displayed different peaks in the acceleration spectra 
from the stations that recorded the same event, 
which indicates a variable soil deposit. San Miguel had 
available records from a station located 3.3 km away 
from the study site. The evaluated records showed 
good agreement with the analysis response 
spectrum, indicating a homogeneous soil deposit. 
From the obtained results, it is recommended to 
consider additional parameters to take into 
consideration the influence of the deeper part of soil 
profiles in seismic characterization, since indexes, 
such as vs30, captures the impact of the surficial 
profile only. 

Finally, within the framework of this research, 
RVT showed to be a viable alternative to perform 
seismic response analysis as it only requires the 
implementation of Probabilistic Seismic Hazard 
Analysis. Results are promising for the evaluated 
profiles and complementary estimations for profiles 
with distinct geomorphological characteristics are 
expected to be evaluated in the future. 

 
ACKNOWLEDGMENT 

The acknowledgements to the Vice Rectorate for 
Research of the National University of Engineering, 
for the financial aid provided under the code of “FIC-
F-1-2018” and to the Planning Department team of 
CISMID for the assistance provided, without them 
this research would not have been possible. As well, 
thanks to the Pontifical Catholic University of Peru for 
the seismic records provided for this research. 

 
REFERENCES 
 
[1] Hanks, T., and McGuire, R. The character of 
high-frequency strong ground motion. Bull. 
Seism. Soc. Am., pp. 2071 – 2095, 1981. 
[2] Boore, D. Stochastic simulation of high-
frequency ground motion based on 
seismological models of the radiated spectra. 
Bul. Seism. Soc. Am., pp. 1865-1894, 1983. 
[3] Boore, D., and Joyner, W.  A note on the use 
of random vibration theory to predict peak 
amplitudes of transient signals. Bull. Seism. Soc. 
Am., pp. 2035-2039, 1984. 
[4] Schneider, J., Silva, W., Chiou, S., and Stepp, 
J. Estimation of ground motion at close distance 
using the band-limited-white-noise model. Proc. 



99 
 

DOI: https://doi.org/10.21754/tecnia.v32i2.1420                               TECNIA Vol.32 N°2 July-December 2022 

Fourth Int. Conf. on Seismic Zonation, Stanford, 
CA, pp. 187-194, 1991. 
[5] Silva, W., Abrahamson, N., Toro, G., and 
Constantino, C. Description and validation of the 
stochastic ground motion model, Final Report. 
Brookhaven National Library. Associated 
Universities, New York, 1997. 
[6] Rathje, E., and Ozbey, M. Site-Specific 
Validation of Random Vibration Theory-Based 
Seismic Site Response Analysis. J. Geotech. and 
Geoenviron. Eng., pp. 911-922, 2006. 
[7] Chavez, J. Leyes de Atenuación para 
Aceleraciones Espectrales en el Perú. Lima, Perú: 
Facultad de Ingeniería Civil - Universidad 
Nacional de Ingeniería, 2006. 
[8] Brune, J. Tectonic Stress and the Spectra of 
Seismic Shear Wave from Earthquake. Journal of 
Geophysical Research, pp. 4997-5009, 1970. 
[9] Brune, J. Correction. Journal of Geophysics 
Research, 5002, 1971. 
[10] Kottke, A., Rathje, E., and Wang, X. Technical 
Manual for Strata. Geotechnical Engineering 
Center. Department of Civil, Architectural, and 
Environmental Engineering. University of Texas, 
2013. 
[11] Roncal, M. Determinación del peligro sísmico 
en el territorio Nacional y elaboración de 
aplicativo web. Lima, Perú: Facultad de 
Ingeniería Civil - Universidad Nacional de 
Ingeniería, 2017. 
[12] ASCE. Minimum Design Loads for Buildings 
and Other Structures. ASCE/SEI 7-16, ASCE 
Structural Engineering Institute, Reston, VA, 
2016. 
[13] Campbell, K. Prediction of strong ground 
motion using the hybrid empirical method and 
its use in the development of ground-motion 
(attenuation) relationships in Eastern North. 
Bull. Seism. Soc. Am., pp. 1012-1033, 2003. 
[14] Boroschek, R., Céspedes, S., and Ruiz, R. 
Modelos de movimiento fuerte para duración e 
intensidad de Arias para registros de 
movimiento fuerte en Chile. XII Congreso 
Chileno de Sismología e Ingeniería Sísmica 
ACHISINA. Valdivia, Chile, 2019. 
[15] Rathje, E., and Kottke, A. Procedures for 
Random Vibration Theory based seismic site 
response analyses, 2008. 
[16] Ozbey, M., and Rathje, E. Site-specific 
Comparison of Random Vibration Theory-based 
and Traditional Seismic Site Response Analysis. 
Austin, Texas: The University of Texas, 2006. 
[17] Cartwright, E., and Longuet-Higgins, M. The 
Statistical Distribution of the Maxima of a 
Random Function. Proc. R. Soc. Lond. A, pp. 212-
232, 1956. 

[18] Boore, D. Simulation of Ground Motion 
Using Stochastic Method. Pure and Applied 
Geophysics, pp. 635-676, 2003. 
[19] Rathje, E., Kottke, A., and Ozbey, M. Using 
Inverse Random Vibration Theory to develop 
input Fourier Amplitude Spectra for use in site 
response. 16th International Conference on Soil 
Mechanics and Geotechnical Engineering: TC4 
Earthquake Geotechnical Engineering Satellite 
Conference, Osaka, Japan, pp. 160-166, 2005. 
[20] Kramer, S. Geotechnical Earthquake 
Engineering, New Jersey: Prentice Hall, pp. 254 – 
274, 1996. 
[21] Hashash, Y., Musgrove, M., Harmon, J., Ilhan, 
O., Xing, G., Numanoglu, O., Park, D. DEEPSOIL 7, 
Used Manual. Board of Trustees of University of 
Illinois at Urbana-Champaign, 2020. 
[22] Soto, J. Evaluación de espectro de respuesta 
mediante el análisis de respuesta de sitio. Lima, 
Perú: Facultad de Ingeniería Civil - Universidad 
Nacional de Ingeniería, 2016. 
[23] CISMID. Estudio de Microzonificación 
Sísmica y Vulnerabilidad en la ciudad de Lima. 
Lima, Perú, 2011. 
[24] Calderon, D., Lazares, F., Aguilar, Z., 
Sekiguchi, T., and Nakai, S. Estimation of deep 
soil profiles in Lima Peru. Journal of Civil 
Engineering and Architecture, pp. 618-627, 2011. 
[25] MRA Corporativo. Servicio de Perforaciones 
Diamantinas y Ensayos Geotécnicos en los 
Distritos de Villa El Salvador, Cercado de Lima y 
Región del Callao. Lima, 2012. 
[26] SENCICO. Mapa de amplificación sísmica de 
Lima Metropolitana con base en correlaciones 
de datos multidisciplinarios. Manuscript in 
preparation, 2021. 
[27] Menq, F. Dynamic Properties of Sandy and 
Gravelly Soils. Austin, Texas: The University of 
Texas at Austin, 2003. 
[28] Zhang, J., Andrus, R., and Juang, C. 
Normalized shear modulus and material 
damping ratio relationships. J. Geotech. 
Geoenviron. Eng., pp. 453-464, 2005. 
[29] Carrillo, A. Estabilidad y resistencia del 
conglomerado de Lima Metropolitana. Revista el 
Ingeniero Civil, 1979. 
[30] Shuan, L. Investigación de la Matriz en las 
gravas del Perú modelo Grava de Ventanilla. 
Lima, Perú: Facultad de Ingeniería Civil - 
Universidad Nacional de Ingeniería, 2011. 
[31] MVCS. Decreto Supremo que modifica la 
norma técnica E.030 "Diseño sismorresistente" 
del reglamento nacional de edificaciones. Lima, 
Perú, 2016. 
[32] Verdugo, R., and Peters, G. Seismic soil 
classification and elastic response spectra. 16th 



100 
 

DOI: https://doi.org/10.21754/tecnia.v32i2.1420                               TECNIA Vol.32 N°2 July-December 2022 

World Conference on Earthquake Engineering, 
2017. 
[33] Ruz, F., & Liam, W. New Chilean seismic code 
and the use of Nakamura period for assessing 
damage potential. 7th International Conference 
on Earthquake Geotechnical, Rome, Italy, pp. 
4760-4767, 2019. 
 
 

 
 
 
 
 
 
 
 

 

 

Los artículos publicados por TECNIA pueden 
ser compartidos a través de la licencia 
Creative Commons: CC BY 4.0. Permisos lejos 
de este alcance pueden ser consultados a 
través del correo revistas@uni.edu.pe 

mailto:revistas@uni.edu.pe

