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 Himachal Pradesh state is located in seismically active western Himalayas (India) 
and its seven districts are in seismic zone V and other in zone IV as per the seismic 
code of India. Ninety% area of Hamirpur district, the studied area, lies in zone V. Peak 
ground acceleration (PGA) is one of the most important seismic response parameters 
in structural seismic design, largely influenced by the sub-soil and input seismic 
motion characteristics. In the present work, the primary objective is to identify the 
areas in the district that are prone to amplification of peak ground acceleration and can 
be delineated for infrastructural planning. Peak ground acceleration is one of the most 
important parameters used in seismic design of the structures. It is estimated using the 
computer programme ProShake, wherein the soil parameters from 181 borehole 
profiles up to 30 m depth and software in-built standard earthquake input motions of 
magnitude 6.9, 7.0, and 7.2 used as the input parameters. The output peak ground 
acceleration range from 0.24 g to 0.72 g at the ground surface and from 0.21 g to 0.54 
g at a depth of 10 m. There is an attenuation of peak ground acceleration at 30 m depth. 
The estimation of peak ground acceleration will play an important role in delineating 
the starta having higher peak ground acceleration amplification. This information can 
be effectively used for planning of important infrastructure projects like hospitals, 
educational institutions, and commercial establishments in an economical way in the 
studied area. 
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Borehole data 
Standard penetration test 
Shear wave velocity 
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1. Introduction 

The state of Himachal Pradesh is situated at 33° 
18' 00"-36° 00' 00" North (latitude) and 75° 36' 00” 
East (longitude) in the western Himalayas. The 
terrain of the state is hilly ranging from Shiwaliks 
in the south to tall snowclad Pirpanjals in the north. 
This area contains the Himalayan frontal thrust, 
main boundary thrust, Krol, Giri, Jutogh, and 
Nahan thrusts. There are several smaller faults such 
as the Kaurik fault, which caused the earthquake in 
1975. The state has experienced more than 250 
earthquakes of magnitude more than 4.0 and 62 
earthquakes of magnitude more than 5.0 on the 
Richter scale. Kangra earthquake of 4 April 1905 
was the biggest one with moment magnitude 7.8 
(Mw). The Himalayan orogeny is responsible for 
the earthquake activity in Himachal Pradesh. The 
state is the most at risk from the hazard of 
earthquakes due to its strategic location along the 

main Himalayan thrust. The rocky strata in the 
lower Himalayas are fragmented, and there is little 
soil cover. After every 5-7 kilometres, there is a 
considerable change in the soil/rock strata. The 
huge variations in the sub-soil profile in Himachal 
Pradesh have a substantial impact on the seismic 
response of the strata [1-2]. However, it is 
important to note that areas close to faults do not 
necessarily pose a greater risk than those farther 
away because earthquake damage depends on a 
variety of factors including sub-surface geology, 
earthquake magnitude and its location, the quality 
of the building stock, and structural features. Seven 
districts in Himachal Pradesh are under seismic 
zone V [3], and are at risk of strong earthquakes of 
intensity IX or greater: Kangra (98.60%), Mandi 
(97.40%), Hamirpur (90.90%), Chamba (53.20%), 
Kullu (53.10%), Una (37.00%), and Bilaspur 
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(25.30%) (www.hpsdma.nic.in). The remaining 
districts of Lahul and Spiti, Kinnaur, Shimla, 
Solan, and Sirmaur are under seismic zone IV and 
susceptible to moderate earthquakes with an 
intensity of VIII or less. The present work is 
focused on district Hamirpur that is having five 
administrative sub-divisions: Hamirpur, Barsar, 
Nadaun, Sujanpur, and Bhoranj.  

In addition to the structural features, earthquake 
source characteristics and local site conditions 
significantly influence how a structure behaves 
during an earthquake. The characteristics of 
earthquake waves change during their propagation 
through soil layers because of varying soil 
characteristics and the response of soil strata 
changes due to the induced excitations. When the 
seismic wave travels from high-density soil layer 
to low-density soil layer, its velocity decreases but 
its amplitude increases [4-6], as such the low-
density layer cannot be detected by experimental 
seismic methods and can be termed as a blind layer. 
The main characteristics of strong ground 
motion, i.e. amplitude, frequency content, and 
duration are strongly influenced by the local site 
conditions. The extent of their influence to largely 
depends upon the material properties of the 
subsurface strata. Therefore, identification of soft 
soil deposits prone to ground motion amplification 
plays an important role in seismic microzonation. 
The damage pattern observed during several past 
earthquakes like Mexico earthquakes (1985), San 
Francisco earthquake (1989), Los Angeles 
earthquake (1995), and Bhuj earthquake (2001) 
have shown that soft soils play an important role in 
ground motion amplification [7-11]. The main 
cause of the frequent occurrence of amplification 
phenomena on soft deposits is the trapping of 
seismological waves within the soft deposits [12-
15]. Due to this behaviour, seismic waves travel 
through tens of kilometres of rock and often less 
than hundred meter of soil [16]. Trivedi [17] 
estimated the soil amplification of PGA of 
Ahmedabad region ranging from 0.098 g to 0.198 
g. Shiuly et al. [18] studied the effect of soil on 
ground motion amplification of soft sedimentary 
deposits in Kolkata city and revealed that 
unexpected damage may occur even during 
moderate earthquake due to double resonance 
effect of high-rise buildings with 5-7 storeys. 
Kumar et al. [19] conducted seismic classification 
for Amaravati city (India) and observed that city 
falls under class D as per the National Earthquake 
Hazard Reduction Programme (NEHRP) 

provisions. Boruah et al. [20] in their study 
estimated site-specific amplification factors at 
Shillong city in the maximum range of 2.77 - 2.92 
and in minimum range of 2.01 - 2.16 with PGA 
values at surface ranging from 0.6 g to 0.94 g under 
probable earthquake of magnitude 8.1. Jena et al. 
[21] estimated PGA in Odisha (India) and prepared 
PGA maps showing variation of PGA from 0.0017-
0.12 g under earthquake of 5 Mw. They classified 
the state into four sections based upon the PGA 
range: 0.0017 -0.014 g, 0.014 -0.039 g, 0.039- -
0.092 g, and 0.092-0.18 g. Vallianatos et al. [22] 
developed earthquake early warning system 
(EEWS) for quick-acting seismic risk mitigation 
taking PGA as one of the seismic response 
parameters. For probabilistic seismic hazard 
assessment of Uttarakhand (India), Gupta et al. 
[23] presented spatial distribution of arias intensity 
and PGA values in seismic hazard maps. At the 
surface-level a variation of PGA from 0.21- -0.72 
g and 0.30 g to 1.09 g for 10% and 2% exceedance 
probability in 50 years was suggested. 

In the present study, PGA amplifications due to 
soil above engineering bed rock have been 
estimated for 181 borehole locations spread across 
the Hamirpur district using one dimensional 
seismic wave propagation computer programme 
ProShake. The main objective of the present study 
was to identify the areas in Hamirpur district that 
are prone to ground motion amplifications and 
mapping the studied area with PGA values. This 
study will help in identifying the starta having 
higher PGA amplifications and delineating them 
from the remaining area for planning, designing 
and construction of important structures. 

2. Geotechnical Data 
Hamirpur district is situated between the latitude 

of 31° 25′ 00′′ to 31° 52′ 00′′ North and the longitude 
of 76° 18′ 00′′ to 76° 44′ 00′′ East, and lies in seismic 
zone V. The terrain in the district ranges from 400 
to 1100 metres above mean sea level. It has an area 
of 1118 square kilometres covering five 
administrative sub-divisions and a population 
density of 407 people per square kilometre. The 
sub-soil profile was data collected from more than 
181 boreholes, shown in Figure 1, spread over the 
entire region of the district. Hamirpur sub-division 
contains 23 boreholes whereas Nadaun, Sujanpur, 
Bhoranj, and Barsar sub-divisions contain 34, 29, 
42, and 53 boreholes, respectively.  
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Figure 1. Location of boreholes in studied area. 

Standard penetration tests were performed in 
boreholes up to 30 m depth to determine the SPT-
N values. In-situ densities of soil layers 
encountered in the boreholes were determined in 
the laboratory from the field soil samples. Clay 
with unconsolidated boulders, clay with pebbles, 
clay, boulder conglomerate, clay with sandy 
matrix, clay mixed with pebbles, gravel and 
boulders, sand stone, clay with boulders, clay stone 
with boulders, boulders mixed with clay, boulders 
with sand, boulders, saturated silt, medium-grained 
saturated sandy silt, and conglomerate with sandy 
matrix were the soil types observed in the studied 
area. The density of the soil layers across all sub-
divisions is variable with depth, and it ranges from 

17.30 kN/m3 to 21.20 kN/m3. Typical soil profile 
of borehole No. 34 of Nadaun sub division is 
shown in Table 1 along with soil properties at 
different depths. It has five soil layers and sixth one 
corresponds to the hypothetical bedrock level. The 
corrected SPT-N values have been used for 
estimation of shear wave velocity using formula Vs 
= 105.8 N0.187 D0.179 applicable for all type of soils 
[24] and the values for a typical borehole are 
presented in Table 1. The sub-soil profiles are 
observed up to 30 m depth and hypothetical hard 
strata (the engineering bedrock) was considered at 
30 m depth in the study for estimation of ground 
seismic response.  
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Table 1. Typical bore-log profile. 
Borehole 
No. and 
location 

Depth 
(m) Soil strata SPT-N 

value 
Water table 
depth (m) 

Density 
(kN/m3) 

Shear wave velocity (m/s) 
Vs = 105.8 N0.187 D0.179 

Tamura and Yamazaki [24] 
34 Nadaun  subdivision (31° 44' 07" N 76° 21' 00" E) 

  Sand mixed boulders of sand stone 
and quartzite, cobbles with clay:     

Layer 1 
1.5 Soft 10 30.00 19.2 174.99 
3.0 Medium 20  19.5 225.52 
4.5 Medium 29  19.5 259.94 

  Average value 19.67  19.4 220.15 

Layer 2 

6.0 Medium to Hard 36  19.6 284.97 
7.5 Medium to Hard 42  19.6 305.26 
9.0 Medium to Hard 47  19.6 322.09 

10.5 Medium to Hard 60  19.6 346.57 
  Average value 46.25  19.6 314.72 
  Sand stone:     

Layer 3 
12.0 Hard 70  19.6 365.34 
13.5 Hard 78  19.6 380.75 

 Average value 74  19.6 373.04 

Layer 4 

15.0 Very hard 82  19.8 391.64 
16.5 Very hard 84  19.8 400.18 
18.0 Very hard 88  19.8 410.01 
19.5 Very hard 100  19.8 425.99 
21.0 Very hard 100  19.8 431.68 

  Average value 90.8  19.8 411.90 
  Sand stone, pebbles:     

Layer 5 
24.0 Very hard 100  19.5 442.12 
27.0 Very hard 100  19.5 451.54 
30.0 Very hard 100  19.5 460.14 

  Average value 100  19.5 451.27 
 

2.1 ProShake software 
ProShake software [25] was used to calculate 

one-dimensional seismic ground response of 
horizontally layered soil deposits in the studied 
area. It is a one dimensional, equivalent linear 
ground computer programme for response analysis 
developed by EduPro Civil Systems, Inc., 
Washington (U.S.A). It is an effective and simple 
software program having many features for data 
entry, analysis, viewing, and documenting results 
in a more efficient and effective manner. It has 
built-in modulus reduction & damping models, 
graphical displays of soil profile and input motion 
parameters, graphical displays of a wide range of 
output parameters, and animation of ground 
response.  It is organized into three main modules 

namely Input Manager, Solution Manager and 
Output Manager. The input manager arranges the 
input data into projects, which include numerous 
soil profiles and each project contains soil profile 
and ground motion data. Site response analyses are 
run in the solution manager; while the output 
manager presents data in a variety of helpful charts 
and export it to a variety of spreadsheet formats for 
use in other graphical programs or long-term 
storage. ProShake computes value of PGA at the 
center of each soil column in a borehole. The 
ProShake software has approximated the non-
linear hysteretic stress-strain behavior of the soil by 
comparable linear soil parameters. Typical 
variation of input parameters used for analysis in 
ProShake software shown in Figure 2.  
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(a) (b) (c) (d) 

Figure 2. Typical variation of input parameters in borehole 34 of Nadaun sub-division (a) shear wave velocity (b) 
density (c) SPT-N values (d) soil layers and water table level. 

2.2 Earthquake input motions 
For evaluation of ground motion amplification, 

appropriate natural acceleration time histories or 
synthetic acceleration time histories are required. 
For the present study, standard input acceleration–
time histories in vertical directions of three 
earthquakes motions were considered and their 

characteristics are reproduced in Table 2. As the 
studied area previously experienced an average 
seismic motion of magnitude 7.0, three earthquakes 
were taken into consideration for the site response 
studies with magnitudes ranging from 6.9 to 7.2. 
Acceleration time histories of the considered 
earthquake motions are shown in Figs. 3, 4, and 5. 

Table 2. Input motion parameters of the synthetic earthquakes [25]. 

Earthquake motion 
Peak 

velocity 
(m/s) 

Peak 
acceleration 

(g) 

Peak 
displacement 

(m) 

Response 
spectrum 

intensity (g2) 

Predominant 
period ( s) 

Spectral 
acceleration 
@ 1.0 s (g) 

RMS 
accelerati

on (g) 
El Centro (1940/05/18), Station = El 
Centro - Imp Vall Irr Dist. Component = 
180, (Magnitude Mw = 6.9) 

0.350 0.344 0.111 3.381 0.683 0.508 0.068 

Treasure Island-Santa Cruz MTNS (Loma 
Prieta) earthquake (Magnitude Mw = 7.0) 0.332 0.159 0.128 3.189 0.640 0.240 0.068 

Petrolia/Cape Mendocino earthquake 
(1992/04/25) 
Station = 1023, Component  = 270, 
(Magnitude Mw = 7.2) 

0.834 0.422 0.220 6.162 1.412 0.699 0.094 
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Figure 3. El Centro earthquake–input acceleration time history. 

 
Figure 4. Santa Cruz MTNS (Loma Prieta) earthquake-input acceleration time history. 

 
Figure 5. Petrolia earthquake–input acceleration time history. 
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3. Computation of PGA due to Soil Profiles 

The SPT-N values obtained from the borehole 
data are corrected for necessary overburden and 
dilatancy corrections. Shear wave velocity of each 
soil profile are calculated from the standard 
correlations available in literature. The correlation 
proposed by Tamura and Yamazaki [24] for all 
types of soils used in the present study. In addition, 
this correlation considers the effect of both SPT-N 
and depth (D) of the soil strata. The acceleration 
time history of standard earthquake motions of 
magnitudes varying from 6.9 to 7.2, which are 
chosen from multi in-built input motions provided 
in ProShake software, and used for estimation of 
PGA values by applying each motion at 
engineering bedrock level. The input peak ground 
acceleration of El Centro earthquake (6.9 Mw), 
Loma Prieta earthquake (7.0 Mw), and Petrolia 
earthquake (7.2 Mw) is 0.344 g, 0.159 g, and 0.422 
g, respectively. The standard earthquake motions 
are compatible with those in Himachal Pradesh, as 
it has experienced earthquakes of average 
magnitude 7.0 in past. Earthquake motions of 
magnitude below 6.5 are not so damaging, hence 
not considered in the present study. Similar types 
of successive soil layers in a borehole are grouped 
together and taken into account as one soil column 
of a specific thickness with its own unique 
geotechnical properties, such as shear wave 
velocity, density, and SPT-N value, and are used as 
input soil data in ProShake software for estimation 
of PGA. Software in-built compatible soil models 
are assigned to each soil column and seismic 
response of stratified soil deposits in each borehole 
under the aforementioned standard earthquake 
input motions generated for all the 181 nos. 
boreholes spread across the entire studied area. The 
software computes value of PGA at the center of 
each soil column in a borehole. The response of 
each layer with time is depicted in Figure 6. 

4. Results and Discussions 
SPT tests performed in all the 181 nos. boreholes 

spread across the entire studied area depicted that 
the sub-Himalayan district-Hamirpur, and 
Himachal Pradesh (India) consist of highly variable 
soil/rock strata at different depths and across the 
terrain. Density of the soil layers across all sub-
divisions is variable with depth and it ranges from 
17.30 kN/m3 to 21.20 kN/m3. Figure 5 shows 
typical borehole No. 34 of Nadaun sub-division 
showing variation of Vs, density, SPT-N and soil 
columns with depth. 

In the Bhoranj sub-division, SPT-N values vary 
from 8 to 100 with depth and average Vs from 359 
to 412 m/s. The soil layers observed were 
unconsolidated boulders, boulder conglomerate 
with sandy matrix, clay stone with gravel, boulder 
and clay, clay with pebbles, clay mixed with 
boulders, clay mixed with pebbles and boulders, 
clay with pebble conglomerate, boulder 
conglomerate, medium-grained saturated silt, dry 
clay, boulders with clay-sand, and clay with sandy 
matrix make up the soil strata in sub-division.  

In Barsar sub-division, SPT-N values vary from 
9 to 100 with depth and average Vs from 362 to 414 
m/s. The soil layers observed were soft clay mixed 
with pebbles, gravels and boulders, clay stone, 
shale with silt stone, sand stone, conglomerate with 
sandy matrix, sand stone pebbly, silt, clay, clay 
mixed with boulders, clay mixed with pebbles, 
cobbles and boulders, shale with clay stone.  

In Nadaun sub-division, SPT-N values range 
from 11 to 100 across all depths and Vs from 341 
to 412 m/s. The soil layers observed were quarzitic 
boulders with sand, boulders, quarzitic boulders 
mixed with clay, medium to fine grained saturated 
silt, clay, sand and pebble, quarzitic sand stone, 
sand stone, sand mixed with boulders, sand stone 
cobbles with clay, conglomerate, boulder 
conglomerate, clay mixed with boulders, and clay 
mixed with pebbles and boulders. 

In Sujanpur sub-division, SPT-N values range 
from 10 to 100 varies with depth and Vs of soil 
strata across all depths varies from 359 to 421 m/s. 
The soil strata observed were: boulders, 
conglomerate with sandy matrix, boulder with 
sand, boulder conglomerate, boulders mixed with 
clay, clay of dry nature, medium grained saturated 
silt, clay, sand stone, boulders and conglomerates, 
cemented conglomerate with sandy matrix, clay, 
pebbles and boulders.  

In Hamirpur, sub-division, SPT-N values range 
from 10 to 100 and Vs varies from 343 to 407 m/s. 
The soil strata observed were medium-grained 
saturated sandy silt, fine grained greyish saturated 
silt, clay, conglomerate of petro nature with sandy 
matrix, dry clay, sandy clay, conglomerate 
unconsolidated, conglomerate with sandy matrix, 
sand stone coarse grained, medium grained sand 
stone.  

The typical borehole's acceleration time history 
shows that peak acceleration ranged from 0.989 g 
to 0.909 g, with a predominant time-period 
between 0.25 s and 0.65 s, as compared to 0.422 g 
and 1.412 s peak acceleration and predominant 
time-periods of input motion (Petrolia earthquake, 
7.2 Mw), respectively (Figure 6).  
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Figure 6. Typical acceleration time history of typical borehole (No. 34) profile of Nadaun sub-division. 

Figure 7 (a) to (e) shows the variation of PGA 
with depth in typical boreholes profile of borehole 
No. 67, 45, 34, 10, and 101, respectively.  

Borehole No. 67 located in Barsar subdivision 
contains soft clay mixed with pebbles, gravel and 
boulders having variation of density from 18.40 to 
18.80 kN/m3. Figure 7 (a) represents variation of 
PGA with depth for borehole No. 67 of Barsar sub-
division. The first soil column is of 12 m thickness 
with 18, 18.50 kN/m3 and 249 m/s its average SPT-
N, density and Vs, respectively. Average SPT-N, 
density and Vs of second 12 m thick soil column 
are 43, 18.70 kN/m3 and 359.00 m/s, respectively. 
The third soil column is of 6 m thickness with 
average SPT-N, density and Vs as 68, 18.80 kN/m3, 
and 422 m/s, respectively.  

Typical borehole No. 45 located in Hamirpur 
sub-division contains medium-grained saturated 
silt and dry clay with densities ranging from 18.00 
to 18.50 kN/m3. Borehole No. 45 in Hamirpur sub-
division shown in Figure 7 (b) composed of three 
soil columns. Soil strata in first and second soil 
column consist of layers of greyish white medium-
grained saturated silt up to 24 m depth. 13.50 m 
thick first soil column has average SPT-N, density 
and Vs as 17, 18.21 kN/m3 and 251 m/s, 
respectively, where as in second soil column its 
values are 40, 18.4 and 356, and in third column are 
46, 18.50, and 393, respectively. 

In typical borehole No. 34 of Nadaun sub-
division, the densities of the material layers vary 
from 19.20 to 19.80 and 19.80 to 19.50 kN/m3 and 
contain sand mixed with boulders, sand stone, 
quartzite & cobbles with clay and  sand stone & 

pebbles. Borehole No. 34 of Nadaun sub-division 
is shown in Figure 7 (c). It has five soil columns. 
The first soil column has a thickness of 4.50 m, an 
average SPT-N value of 20, a field density of 19.40 
kN/m3, and average Vs of 220.0 m/s with soft to 
medium sand mixed boulders of sand stone & 
quartzite, cobbles with clay as its composition. The 
second soil column also composed of same 
material but it is medium to hard having 46, 19.60 
kN/m3 and 315 m/sec its average SPT-N value, 
field density and Vs, respectively. The third and 
fourth  soil columns are of same strata, i.e. sand 
stone with its nature hard to very hard; and average 
SPT-N, Vs and density ranging from 74 to 91, 
19.60 to 19.80 kN/m3 and 373 to 412 m/s, 
respectively. The fifth soil column consist of very 
hard sand stone and pebbles with its average SPT-
N, Vs and density as 100, 451 m/s and 19.50 
kN/m3, respectively. The last layer represents 
engineering bedrock level 

Typical borehole No.10 located in Sujanpur sub-
division contains boulders and loose boulders with 
densities ranging from 20.30 to 21.20 and 21.20 to 
20.05 kN/m3. PGA keeps on decreasing from 
ground surface up to 12.0 m depth in typical 
borehole (10 No.) of Sujanpur subdivision (shown 
in Figure 7(d) having same type of soil layers up to 
12 m depth with SPT-N, density and Vs  varies with 
depth  from 19 to 86, 20.05 to 21.20 kN/m3 and 214 
to 373 m/s, respectively. After 12 to 30 m with the 
change of material from boulder to loose boulders 
with sand, the density decreases from 21.20 to 
20.50 kN/m3; however N values, and Vs are 
increasing to 100 and 435.30 m/s, respectively. The 
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overall effect of these soil parameters is reflected 
in the said figure.     

Typical borehole No.101 located in Bhoranj 
subdivision contain clay with pebbles and 
conglomerates with densities ranging from 18.10 to 
18.50 kN/m3. Figure 7(e) represents variation of 
PGA in typical borehole (101 No.) The borehole 
consists of clay with pebbles conglomerate up to 30 

m depth. First soil column is of 10.50 m thickness 
with average Vs, SPT-N and density as 246 m/s, 19 
and 18.30 kN/m3, respectively. In second soil 
column (16.50 m thick), average Vs, density and 
SPT-N values are 368 m/s, 18.40 kN/m3 and 47, 
respectively; and in third column (3 m thick), the 
respective values are 420 m/s, 18.50 kN/m3, and 63. 

 

  
Figure 7 (a). Typical profile of borehole No. 67 

(Barsar). 
Figure 7 (b). Typical profile of borehole No. 45 

(Hamirpur). 

  
Figure 7 (c). Typical profile of borehole No. 34 

(Nadaun). 
Figure 7 (d). Typical profile of borehole No. 10 

(Sujanpur). 
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Figure 7 (e). Typical profile of borehole No. 101 (Bhoranj). 

The variation of ground motion amplitudes with 
depth examined using depth plots. The seismic 
response in terms of PGA has been reproduced for 
El Centro earthquake, Loma Prieta earthquake, and 
Petrolia earthquake in 2- and 3-dimensional 
contour maps corresponding to soil columns at a 
particular depth (at surface, 10 m, 30 m) are shown 
in Figures 8 to 13.  

Variations in curve observed in Figure 7 (a) to (e) 
shows that PGA values largely influenced by the 
composition of the respective soil layer. Hence, it 
can be observed from the results obtained using 
one-dimensional software ProShake 2.0 that the 
denser soil deposits could significantly reduce the 
site amplification. The earlier studies have noted 
similar results. [17, 26]. 

4.1 El Centro earthquake 
Figure 8 depicts that PGA values vary from 0.24 

g to 0.59 g at the surface; 0.21 g to 0.43 g at 10 m 
depth; and 0.17 g to 0.29 g at 30 m depth for the 
6.9-magnitude earthquake (El Centro) having 
predominant period and peak acceleration as 0.683 
s and 0.344 g, respectively. Figure 8(a) shows PGA 
maps at ground surface under El Centro 
earthquake, which reflects higher concentration of 
PGA values in the region 31.50° N, 76.43° E to 
31.65° N, 76.43° E and 31.58° N, 76.73° E to 31.68° 
N, 76.73 °E. PGA values in this region vary from 
0.45 g to 0.58 g, which shows amplification of 
PGA against input motion PGA of 0.344 g. PGA 
amplification can be seen in other regions also with 

variation of PGA from 0.34 g to 0.49 g and 
attenuation in range from 0.29 g to 0.32 g. In Figure 
8b), which shows PGA maps at 10 m depth under 
El Centro earthquake, pattern of PGA response is 
similar to that at surface. There is a higher 
concentration of PGA values in the region 31.53 
°N, 76.53° E to 31.65°N, 76.43°E and 31.55°N, 
76.70°E to 31.70°N, 76.68°E, and PGA values are 
in the range of 0.28 g to 0.43 g. Higher PGA values 
also vary in the region 31.68° N, 76.30° E to 31.75° 
N, 76.30° and 31.73°N, 76.48° E to 31.78° N, 76.48° 
E, ranging from 0.28 g to 0.43 g. In remaining 
areas, it varies from 0.25 g to 0.34 g. Figure 8(c) 
shows PGA maps at 30 m depth under El Centro 
earthquake. PGA ranges from 0.19 g to 0.24 g, 
which shows attenuation of seismic waves against 
0.344 g peak acceleration of input motion. The 
PGA response pattern is the same at 30 m as it is at 
10 m and at the surface, but there is attenuation of 
PGA against the input motion 0.344 g PGA. The 
soil strata is highly layered resulting deviations in 
the response of each bore profile at all depths. 

The 3D contours at the surface under the El 
Centro earthquake shown in Figure 9 depict areas 
represented by purple and blue colours that do not 
amplify the PGA and should be preferred for 
infrastructure construction, while other areas 
should be avoided. Similarly, the areas represented 
by PGA peaks in red, yellow, and green at 10 m 
depth (Figure 9) can be ignored for major 
construction, and at 30 m depth (Figure 9), there is 
attenuation of PGA. 
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(a) (b) 

 
(c) 

Figure 8. PGA contours for El Centro earthquake: (a) at surface, (b) 10 m depth, and (c) 30 m depth. 
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Figure 9.  3D PGA contours at surface, 10 m, and 30 m depth for El Centro earthquake. 

4.2 Loma Prieta earthquake 
PGA ranges from 0.13 g to 0.25 g at the surface, 

0.13 g to 0.22 g at 10 m, and 0.12 g to 0.16 g at 30 
m depth for the Loma Prieta earthquake, which had 
a magnitude of 7.0 with a peak acceleration of 
0.159g and predominant period of 0.640 s.  Figure 
10 illustrate the pattern of amplification. Figure 
10(a) exhibits that there is concentration of PGA in 
region 31.53° N, 76.45° E to 31.63° N, 76.45° E and 
31.58°N, 76.73° E to 31.68 °N, 76.73° E. PGA 
ranges from 0.14 g to 0.24 g in this region. In 
remaining areas, PGA varies from 0.17g to 0.21g 
sparsely. Figure 10(b) shows 
amplification/attenuation pattern of PGA at 10 m 
depth under Loma Prieta earthquake motion. 

Concentrations of PGA contours is more in region: 
31.53 °N, 76.48 °E to 31.68 °N, 76.48 °E and 
31.60°N, 76.73° E to 31.68°N, 76.73° E and it varies 
from 0.16 g to 0.21 g. In other areas, concentration 
of PGA is sparse and it varies from 0.14 g to 0.18 
g. There is attenuation of PGA at 30 m depth under 
Loma Prieta earthquake input motion as PGA 
contours are in range of 0.12 g to 0.156 g against 
the input peak acceleration of 0.159 g shown in 
Figure10(c). 

Under Loma Prieta earthquake, at ground surface 
the areas represented in purple and blue indicate no 
PGA amplification shown in Figure 11. Similar is 
the pattern of PGA amplification at 10m depth 
(Figure 11) and at 30 m depth (Figure 11), there is 
attenuation of PGA. 
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(a) (b) 

 
(c) 

Figure 10. PGA contours for Loma Prieta earthquake: (a) at surface, (b) 10 m depth, and (c) 30 m depth. 
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Figure 11. 3D PGA contours at surface, 10 m, and 30 m depth for Loma Prieta earthquake. 

4.3 Petrolia earthquake 

Similarly, the PGA varies from 0.24 g to 0.72 g 
at surface, 0.25 g to 0.54 g at 10 m and 0.19 g to 
0.36 g at 30 m depth for Petrolia earthquake input 
motion and shown in Figure 12. Magnitude, peak 
acceleration and predominant period of the Petrolia 
earthquake is 7.2, 0.422 g and 1.412 s, respectively. 

Figure12 (a) shows PGA amplification at ground 
surface level under Petrolia earthquake. The 
concentration of PGA in the area: 31.48° N, 76.45° 

E to 31.63° N, 76.45° E and 31.60°N, 76.73° E to 
31.70°N, 76.73° E, varies from 0.32 g to 0.72 g. In 
remaining regions, the concentration of PGA 
contours is sparse and PGA varies from 0.32 g to 
0.62 g. In some areas, there is also attenuation of 
the PGA. PGA amplification/attenuation at 10 m 

depth under Petrolia earthquake motion shown in 
Figure 12(b). The PGA contours are more 
concentrated in region: 31.53° N, 76.48° E to 31.65° 

N, 76.45° E and 31.60°N, 76.73° E to 31.70°N, 
76.73° E. PGA contours ranges from 0.26 g to 0.53 
g in this region. PGA concentration is also more in 
region: 31.68° N, 76.30° E to 31.78° N, 76.30° E and 
31.70°N, 76.48° E to 31.78°N, 76.48° E with PGA 
varion from 0.31g to 0.48 g. Figure 12(c) shows 
attenuation of PGA under Petrolia earthquake 
motion at 30 m depth.  

The color patterns at surface, 10m, and 30m 
depth (Figure 13) can be used for identification of 
areas with no or lesser amplifications for 
infrastructure development even by a common 
man. 
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(a) (b) 

 
(c) 

Figure 12. PGA contours for Petrolia earthquake: (a) at surface, (b) 10 m depth, and (c) 30 m depth. 

 



Sharma et al. Journal of Mining and Environment (JME), Vol. 14, No. 2, 2023 
 

522 

 
Figure 13. 3D PGA contours at surface, 10 m, and 30 m depth for Petrolia earthquake. 

For the planning and construction of important 
infrastructure, it is best to stay away from the 
locations mentioned above that consist of a 
concertation of PGA contours that exhibit motion 
amplification. Planning and building structures can 
be done in locations with sparse PGA contours and 
motion attenuation. There is amplification of PGA 
at 10 m depth and at surface, whereas there is its 
attenuation at 30 m depth, which is attributable to 
hard strata. Variation of strata from moderate hard 
to soft in range from 10 m depth to ground surface 

is responsible for amplification of the motion. The 
foundation of the most of the infrastructures goes 
maximum up to 10m depth, therefore, even a non-
professional can use the PGA maps and the derived 
information with latitude and longitude as 
mentioned above with the aid of smart smartphone 
application for selection of sites for planning and 
designing of important structures like hospitals, 
educational institutions and commercial 
establishments. 
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6. Conclusions 
In the present work, using ProShake 2.0 seismic 

wave propagation software, site amplifications in 
terms of PGA variations due to soil layers above 
engineering bedrock level for 181 locations has 
been estimated. The considered study area 
previously experienced an average seismic motion 
of magnitude 7.0. Three standard earthquake input 
motion of magnitude 6.9, 7.0, and 7.2 were taken 
into consideration for the site response studies. The 
conclusions drawn from the present study are given 
below: 

1) Unconsolidated boulders, boulder conglomerate 
with sandy matrix, clay stone with gravel, 
boulder and clay, clay with pebbles, clay mixed 
with boulders, clay mixed with pebbles and 
boulders, clay with pebble conglomerate, 
boulder conglomerate, dry clay, boulders with 
clay-sand, and clay with sandy matrix are the 
different soil types found in the Bhoranj sub-
division. Average Vs range from 359 to 412 m/s, 
while SPT-N values range from 8 to 100. 

2) The soil strata observed in Barsar sub division 
consist of soft clay mixed with pebbles, gravels 
and boulders, clay stone, shale with silt stone, 
sand stone, conglomerate with sandy matrix, 
sand stone pebbly, silt, clay, clay mixed with 
boulders, clay mixed with pebbles, cobbles and 
boulders, shale with clay stone. SPT-N values of 
the soil starta varies from 9 to 100 with depth and 
average Vs from 362 to 414 m/sec.  

3) The soil strata observed in Nadaun subdivision 
consist of Quarzitic boulders with sand, boulders, 
quarzitic boulders mixed with clay, medium- to 
fine-grained saturated silt, clay, sand, and 
pebbles, quarzitic sand stone, sand mixed with 
boulders, sand stone cobbles with clay, 
conglomerate, boulder conglomerate, clay mixed 
with boulders, and clay mixed with pebbles and 
boulders. SPT-N values of the soil starta ranges 
from 11 to 100, and Vs from 341 to 412 m/s. 

4) Soil strata observed in Sujanpur sub division 
consist of boulders, conglomerate with sandy 
matrix, boulder with sand, boulder conglomerate, 
boulders mixed with clay, dry clay, medium-
grained saturated silt, clay, sand stone, boulders 
and conglomerates, cemented conglomerate with 
sandy matrix, clay, pebbles and boulders. SPT-N 
values range from 10 to 100, while Vs of soil 
strata varies from 359 to 421 m/s. 

5) SPT-N values in the Hamirpur subdivision vary 
from 10 to 100, while Vs values range from 343 
to 407 m/sec. The soil strata that were seen were 
clay, conglomerate of petro-nature with sandy 
matrix, dry clay, sandy clay, conglomerate 
unconsolidated, conglomerate with sandy matrix, 

sand stone, coarse- and medium-grained sand 
stone, and fine-grained, greyish-saturated silt. 

6) From the different earthquake motions, PGA 
ranges observed for Petrolia earthquake are 
considered for Hamirpur district as they are 
higher when compared with El Centro and Loma 
Prieta earthquake motions. PGA ranges observed 
for Petrolia earthquake are 0.24 g to 0.72 g at 
ground surface, 0.21g to 0.54 g at 10 m depth and 
0.19 g to 0.36 g at 30 m depth. The range of PGA 
at ground surface and at 10 m depth may help in 
excluding the area having its higher 
concertation/amplification for planning and 
construction of important structures.  

7) Amplification of PGA at 10 m depth and at 
surface is attributable to moderate hard to soft 
strata, whereas there is its attenuation at 30 m 
depth due to hard strata. 

8) The predominant time- period for maximum 
PGA values is in range from 0.25 s to 0.65 s. 

The local site conditions play an important 
role in amplification or attenuation of seismic 
waves. Peak acceleration and predominant 
period of input seismic waves in turn also 
influence the PGA amplification. The 
estimation of PGA will play an important role 
in delineating the strata having higher PGA 
amplification.  
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  چکیده:

و  V زیخهند در منطقه لرزه ياآن طبق کد لرزه هیواقع شده است و هفت ناح زیدر مناطق زلزله خ زیخ(هند) از نظر لرزه ایمالیپرادش در غرب ه ماچالیه التیا
 نیاز مهمتر یکی) PGA( نیزم وجقرار دارد. شتاب ا V منطقه مورد مطالعه، در منطقه رپور،یدرصد مساحت منطقه حم 90قرار دارند.  IVمناطق در منطقه  ریسا

 یاست. در کار حاضر، هدف اصل يخاك و ورود ریز ياحرکت لرزه يهایژگیو ریأثتحت ت يادیسازه است که تا حد ز يالرزه یدر طراح ياپاسخ لرزه يپارامترها
از  یکی نیمشخص شوند. شتاب اوج زم یرساختیز يزیربرنامه يبرا توانندیهستند و م نیاوج شتاب زم تیدر منطقه است که مستعد تقو یمناطق ییشناسا
خاك  يکه در آن پارامترها شودیزده م نیتخم ProShake يوتریبا استفاده از برنامه کامپ نیها است. اسازه يالرزه یمورد استفاده در طراح يپارامترها نیمهمتر

. حداکثر شودیاستفاده م يورود يبه عنوان پارامترها 2/7و  0/7، 9/6 يورود يهان لرزهیزم یو حرکات استاندارد داخل يمتر 30گمانه تا عمق  لیپروف 181از 
کاهش  يمتر 30در عمق  نیمتر است. اوج شتاب زم 10گرم در عمق  54/0گرم تا  21/0و از  نیگرم در سطح زم 72/0گرم تا  24/0از  نیزم یشتاب خروج

 يزیبرنامه ر يبه طور موثر برا تواندیاطلاعات م نیبالاتر خواهد داشت. ا نیشتاب اوج زم تیاستارتا با تقو میدر ترس ینقش مهم نیاوج شتاب زم نی. تخمابدییم
 .ردیدر منطقه مورد مطالعه مورد استفاده قرار گ يبه صورت اقتصاد يو موسسات تجار یموسسات آموزش ها،مارستانیمهم مانند ب ییربنایز يهاپروژه

  .نیشتاب اوج زم ن،یمعادل زم یپاسخ خط لیتحل ،یگمانه، آزمون نفوذ استاندارد، سرعت موج برش يهاداده کلمات کلیدي:
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