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There has been growing interest in seismic hazards in permafrost regions as development in those regions has 12 
increased. Because major infrastructure, such as natural gas pipelines, has been constructed in permafrost regions, it 13 
is necessary to evaluate the seismic safety of such a network system. As frozen soil's dynamic properties differ from 14 
those of its unfrozen state, the characteristics of seismic waves propagated through frozen soil layers in permafrost 15 
differ from those propagated through unfrozen soil. Thus, the dynamic properties and composition of frozen soil layers 16 
located between bedrock and the ground surface need to be realistically considered in evaluating the seismic hazards 17 
of permafrost regions. The frozen soil layer’s composition greatly depends on soil temperatures which vary seasonally 18 
and are gradually increasing due to global warming, therefore it is necessary to consider soil temperature variation. In 19 
this study, comprehensive parametric site response analysis was carried out based on measured data regarding seasonal 20 
and annual temperature variation to investigate seismic hazards. The soil temperature variation between summer and 21 
winter and temperature increases due to global warming were the main considerations. The analysis results clearly 22 
show that the soil temperature variation significantly impacts seismic hazards in the permafrost region, leading to 23 
different site response characteristics than those in the non-permafrost region. 24 
 25 
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1. INTRODUCTION 30 
 31 
Permafrost, a ground that remains at or below 0℃ for two or more consecutive years, underlies 24% of the land in the 32 
Northern Hemisphere (Chadburn et al. 2017). Most permafrost is located in northern polar regions which have low 33 
population density, but some essential civil infrastructure. For example, the Trans-Alaska Pipeline System (Oswell 34 
2011) and the Golmud-Lhasa pipeline (He et al. 2010) are located in Alaska and the Qinghai-Tibet plateau, 35 
respectively, and both regions have significant permafrost. Those regions are also seismically active to such an extent 36 
that the safety of the pipelines traversing the permafrost must be ensured.  37 
 38 
Also, climate change due to global warming has accelerated the development of northern regions. In Canada’s north, 39 
mining, oil, and gas development have expanded rapidly and are likely to continue to do so (Prowse et al. 2009). 40 
Considering that the permafrost extends across 50% of Canada’s land area (Throop et al. 2012), the development of 41 
northern regions increases the construction of buildings and infrastructure on permafrost, thereby increasing the need 42 
to ensure the seismic safety of pipelines. 43 
 44 
To evaluate the seismic safety of a structure, the site on which the structure is to be built must first be evaluated for 45 
its seismic response. The site response highly depends on the dynamic properties of soil layers below the structure, 46 
such as shear wave velocity, shear modulus, and damping ratio. The characteristics of seismic waves propagated 47 
through the soil layers vary depending on the soil layers’ dynamic properties. In general, the dynamic properties of 48 
frozen soil differ greatly from those of its unfrozen state. The shear wave velocity of frozen soil is typically in the 49 
range of 900 to 1500 m/s (LeBlanc et al. 2004), much greater than that of unfrozen soil. Correspondingly, the shear 50 
modulus of frozen soil is also greater than that of unfrozen soil. The damping ratio of frozen soil decreases with a 51 
decrease in the temperature (Yu et al. 2018), except at low-amplitude shear strain (Al-Hunaidi et al. 1996). Therefore, 52 
it is necessary to consider the different dynamic properties of frozen soil to evaluate the site response in the permafrost 53 
region accurately. 54 
 55 
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Several studies have been conducted to evaluate site response in permafrost regions (Qi et al. 2006; Wang et al. 2009, 1 
Yang et al. 2010; Xu et al. 2011; Park et al. 2014; Yu et al. 2018). In these studies, parametric analysis was conducted 2 
for various compositions of frozen soil layers, i.e., the soil layer’s vertical location and thickness through one-3 
dimensional (1-D) equivalent linear analysis (Idriss et al. 1968, Seed et al. 1970). In the studies, the influence of a 4 
frozen soil layer’s composition on the site response was investigated in terms of peak ground acceleration (PGA), 5 
predominant period, or response spectrum. Qi et al. (2006) showed that the increase of the frozen soil layer's thickness 6 
at the ground surface reduces the ground motion to some extent, thereby decreasing PGA. The predominant period 7 
also decreases as the frozen layer’s thickness increases. Similarly, Wang et al. (2009) showed that the predominant 8 
period, PGA, spectral displacement, and velocity decrease as the thickness of a frozen soil layer at the ground surface 9 
increases. Xu et al. (2011) showed that the presence of a frozen soil layer near the ground surface can significantly 10 
impact site response, especially in the short period range below 1.0 sec. They found that a frozen soil layer acts as a 11 
low-pass filter that filters out high-frequency components in the site response. Accordingly, spectral acceleration (SA) 12 
decreases as the thickness and shear wave velocity of a frozen soil layer near the ground surface increases. Conversely, 13 
Yang et al. (2010) showed that bedrock motions can be amplified if a frozen soil layer is located between the upper 14 
unfrozen soil layer at the ground surface, i.e., active layer which denotes a top layer of soil that thaws during the 15 
summer and freezes again during the winter, and the lower unfrozen soil layer above bedrock. Similarly, Park et al. 16 
(2014) showed that the increase of the active layer’s thickness increases PGA and SA. In summary, the previous 17 
studies revealed that the presence of a frozen soil layer can largely affect the site responses in comparison with those 18 
of non-permafrost regions without the presence of a frozen soil layer. However, the impact highly depends on the 19 
composition of soil layers with frozen soil. 20 
 21 
Figure 1 illustrates a typical soil temperature profile in a permafrost region (Biskaborn et al. 2019). Note that the soil 22 
temperature varies seasonally above a certain depth (marked as Z* in Figure 1). The thickness of an active layer also 23 
varies corresponding to the seasonal variation, such that it reaches its greatest thickness in summer. Many factors such 24 
as air temperature, snow cover, geological topography, and location (Osterkamp et al. 1990, Osterkamp 2005) 25 
influence the seasonal soil temperature variation. 26 

 27 

 28 
Figure 1. The typical soil temperature profile in a permafrost region (Biskaborn et al. 2019)  29 

 30 
An extensive survey on the seasonal soil temperature variation and soil temperature increase due to global warming 31 
was conducted for the permafrost region in Alaska (Osterkamp 1990, 2003, 2005, Romanovsky et al. 2003). The 32 
survey reported that the seasonal temperature variation between summer and winter at the ground surface (Tmax−Tmin 33 
in Figure 1) was more than 50℃ in some regions (Osterkamp 2003), leading to considerable soil temperature variation 34 
up to the depth Z*. Considering that the dynamic properties of frozen soil can greatly vary depending on its 35 
temperature below 0℃ (Yu et al. 2018), the large soil temperature variation indicates that there is a corresponding 36 
large variation in the dynamic properties of frozen soil.  37 
 38 
However, the seasonal variation of the soil temperature and the corresponding variation in soil dynamic properties 39 
were not realistically considered in the previous studies on site responses in permafrost regions. In the parametric 40 
analyses conducted in the previous studies, site response analysis was repeatedly carried out by adjusting the 41 
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composition and shear wave velocity of a frozen soil layer, but the adjustment was not based on an actual soil 1 
temperature profile in a given permafrost region. Thus, it was generally assumed in the studies that the dynamic 2 
properties of a frozen soil layer were constant over its whole thickness, which implies that the soil temperature within 3 
the frozen soil layer was assumed to be constant. Though Yu et al. (2018) considered the soil temperature profile and 4 
the corresponding variation of frozen soil’s dynamic properties along its depth, the considered soil temperature 5 
variation was small (less than 1.5℃ over the whole thickness of the soil profile), such that the influence of the soil 6 
temperature variation on site response was not fully investigated.  7 
 8 
The survey on soil temperature in the permafrost region of Alaska also provided clear evidence of global warming in 9 
that the annual mean soil temperature at ground surface has been gradually increasing for the last century (Osterkamp 10 
et al. 1990), by more than 4℃ in some areas. The same phenomenon has been commonly observed in other permafrost 11 
regions around the world (Biskaborn et al. 2019). The temperature increases at ground surface due to global warming 12 
leads to the increase of soil temperature along depth (Lachenbruch et al. 1986) and increases the active layer’s 13 
thickness. As the active layer’s thickness can greatly affect site responses (Park et al. 2014), it is necessary to evaluate 14 
the influence of global warming on site responses in permafrost regions.  15 
 16 
In summary, although seasonal temperature variations and temperature increases due to global warming in permafrost 17 
regions were observed, those influences on site responses have not been addressed in previous studies. In this study, 18 
therefore, site responses in permafrost regions are numerically evaluated considering various parameters regarding the 19 
soil temperature variation in a permafrost zone. To this end, first, based on past research on soil temperature variation, 20 
a representative soil temperature profile is defined with parameters that define the temperature profile along the depth 21 
of soil. With the representative soil temperature profile, several soil profiles are constructed by considering various 22 
combinations of the shape parameters and variation of dynamic properties of frozen soil depending on the soil 23 
temperature. Finally, 1-D equivalent linear site response analyses are carried out for the constructed soil profiles such 24 
that the influence of the variation of soil temperature on site response is investigated. Details of the parametric analysis 25 
and the discussion on its results are presented in the following sections.  26 
 27 
2. ANALYSIS PROGRAM 28 
 29 
Details of the parametric analysis conducted in this study are presented in this section. First, a representative soil 30 
temperature profile in a permafrost region and parameters determining its shape are defined. Next, a procedure for 31 
constructing a soil profile based on the representative soil temperature profile is explained. Finally, analysis cases and 32 
input bedrock motions considered in the parametric analysis are summarized. 33 
 34 
2.1 Representative soil temperature profile in a permafrost region  35 
 36 
Figure 2 shows the representative soil temperature profile in a permafrost region, based on the soil temperature profile 37 
shown in Figure 1, except that temperature variation along depth is linear (solid lines in Figure 2). Its shape along 38 
depth is determined by 6 parameters: (1) depth at which seasonal soil temperature variation becomes negligible ( *Z ), 39 
(2) seasonal temperature variation between summer and winter at the ground surface ( 0T ), (3) annual mean 40 

temperature at *Z  ( 15T ), (4) rate of temperature increase below *Z , (5) temperature increase at ground surface due to 41 

global warming ( 0,gwT ), (6) soil temperature increase at *Z  due to global warming ( 15,gwT ).  42 
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 1 
Figure 2 Representative soil temperature profile and analysis parameters for parametric analysis 2 

 3 
Some of the six shape parameters are further assumed to be constant or dependent on the others. Biskaborn (2019) 4 
reported that, based on a survey with 154 boreholes in permafrost regions around the world, the mean of *Z  is −14.1 5 
m. Thus, *Z  is assumed to be −15 m. Below *Z , the rate of temperature increase, i.e. the geothermal gradient, is 6 
assumed to be 0.05 ℃/m. Marshall (1986) reported that the increase of soil temperature due to global warming 7 
becomes the maximum at ground surface and decreases exponentially along depth. Thus, it is assumed that the soil 8 

temperature increases along depth follow an exponential curve and the soil temperature increase at *Z  ( 15,gwT ) is 50% 9 

of the temperature increase at ground surface ( 0,gwT ). Accordingly, the shape of the temperature profile becomes a 10 

non-straight line when 0,gwT  is non-zero (dotted lines in Figure 2). Due to lack of related research, it is assumed that 11 

the temperature increase due to global warming at ground surface is the same for both summer and winter. 12 

Consequently, three independent shape parameters, 0T , 15T , and 0,gwT , determine the shape of the representative 13 

soil temperature profiles, such that the parametric analysis can be carried out for various combinations of the three 14 
parameters.  15 
 16 
2.2 Construction of soil profile in a permafrost region  17 
 18 
With the representative soil temperature profile for a given combination of the shape parameters, a soil profile in a 19 
permafrost region (hereafter denoted as ‘frozen’ soil profile) was constructed based on a reference ‘unfrozen’ soil 20 
profile. The unfrozen soil profile is one in which the soil temperature is assumed to be higher than 0 ℃ such that no 21 
frozen soil layers exist, thus representing a soil profile in a non-permafrost region. Figure 3 illustrates a procedure for 22 
constructing the frozen soil profile from the unfrozen soil profile.  23 
 24 
In the parametric analysis, site response of the constructed frozen soil profile is evaluated through 1-D equivalent 25 
linear analysis (Idriss et al. 1968, Seed et al. 1970). For the equivalent linear analysis, shear modulus G and damping 26 
ratio D of all soil layers in the soil profile need to be defined. Typically, for the shear modulus, normalized shear 27 
modulus G/Gmax is used, where Gmax denotes maximum shear modulus. For constructing the frozen soil profile, 28 
therefore, G/Gmax and D of each soil layer in the profile need to be determined by considering the temperature variation 29 
along depth corresponding to a given soil temperature profile. 30 
  31 
To this end, first, the unfrozen soil profile is divided into many sub-layers for considering continuous temperature 32 
variation along depth. Because the soil temperature varies more significantly above *Z , the unfrozen soil profile is 33 
divided into 15 layers from ground surface to *Z , and the rest of the soil layers are divided into 20 layers. Following 34 
this procedure, soil temperature for each sub-layer can be determined from the soil temperature profile as shown in 35 
Figure 3. Then, for the sub-layers in which the soil temperature is higher than 0 ℃, its G/Gmax and D are determined 36 
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to be the same as that of the soil layer at the same depth in the unfrozen soil profile. For the sub-layers in which the 1 
temperature is less than 0 ℃, its G/Gmax and D are determined based on Yu et al. (2018). 2 

 3 

 4 
Figure 3 Construction of frozen soil profile with a given soil temperature profile from reference soil profile  5 

 6 
Yu et al. (2018) proposed a method for determining G/Gmax and D of frozen soil from that of unfrozen soil. In the 7 
study, assuming that G/Gmax and D of unfrozen soil follows the Hardin-Denevich model (Hardin et al. 1972), three 8 

correction factors  G T ,  D T , and  T  are proposed such that G/Gmax and D for its frozen state at temperature 9 

T ℃ can be determined as follows: 10 
 11 
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where, n denotes model cofficient,   denotes shear strain, r  denotes reference shear strain,  maxG T  and  maxD T  14 

denote maximum shear modulus and maximum damping ratio of frozen soil at temperature T ℃, respectively, and 15 

 ,G T  and  ,D T  denote shear modulus and damping ratio of frozen soil at temperature T ℃ subject to effective 16 

shear strain  , respectively. The three correction factors can be defined as follows: 17 
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 20 
Figure 4(a) to 4(c) show the three correction factors depending on the soil temperature below 0 ℃. Note that the 21 
correction factors greatly vary around 0 ℃ and gradually converge as the temperature decreases, indicating that a 22 
slight temperature variation of frozen soil can greatly affect its dynamic properties if the soil temperature is around 0 23 
℃.  24 
 25 
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 1 
 2 

Figure 4 Correction factors depending on the soil temperature: a)  G T , b)  T , c)  D T (Yu et al. 2018) 3 

 4 
Figure 5 compares G/Gmax and D of silt and sand depending on the soil temperature, obtained by applying the 5 
corrections factors shown in Equation (2) to that of the unfrozen silt and sand. The G/Gmax and D of unfrozen silt in 6 
Figure 5(a) and 5(b) and sand in Figure 5(c) and 5(d) are determined based on the (Qi et al. 2006) for silt and (Seed et 7 
al. 1986) for sand. As the original data on G/Gmax and D in the literature do not exactly follow the Hardin-Drnevich 8 
model, the black dotted curves in Figure 5 expressing the G/Gmax and D of unfrozen soil were obtained through 9 
nonlinear regression for the original data in the literature. Figure 5 shows that G/Gmax and Dmax decrease as the soil 10 
temperature decreases. Note that, as shown in Figure 4(a), G itself increases as soil temperature decreases.  11 
 12 

 13 
Figure 5 Variation of the shear modulus and damping ratio depending on the soil temperature: for silt (a-b), 14 

for sand (c-d)  15 
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 1 
The reference unfrozen soil profile used for the parametric analysis was defined based on the soil profile considered 2 
in Yang et al. (2010). The original soil profile in Yang et al. (2010) was constructed based on a geotechnical report at 3 
Goldstream Creek Bridge site (Latitude 64.9119 N and Longitude 147.8318 W) in Fairbanks, Alaska. In the soil profile, 4 
a gravel layer is located above the bedrock. However, as the correction factors provided by Yu et al. (2018) are not 5 
available for gravel, the gravel layer is switched to a sand layer in the reference soil profile. The unit weight of 20 6 
kN/m3 was assumed for both silt and sand. Figure 6 shows the unfrozen soil profile with its shear wave velocity along 7 
its depth. 8 
 9 

 10 
Figure 6 Reference unfrozen soil profile considered in the parametric analysis 11 

 12 
In the parametric analysis, the representative soil profiles of the permafrost region are determined for various 13 
combinations of shape parameters. For each representative soil profile, the corresponding dynamic soil profile is 14 
constructed by the procedure shown in Figure 3. Then, site response analyses are conducted for the constructed soil 15 
profiles. In this study, DEEPSOIL v7.0 (Hashash et al. 2010) is used for the site response analysis.  16 
 17 
2.3 Input bedrock motions  18 
 19 
For each frozen soil profile, site response analyses are conducted for 20 input bedrock motions listed in Table 1. The 20 
input motions are selected from PEER ground motion database (https://ngawest2.berkeley.edu/) such that their 5% 21 
damped arithmetic average response spectrum becomes close to the design acceleration spectrum shown in Figure 7. 22 
It is assumed in the design acceleration spectrum that the unfrozen soil profile’s location is near the Goldstream Creek 23 
Bridge site (Latitude 64.9119 N and Longitude 147.8318 W).  24 
 25 
The design spectrum is defined based on ASCE 7-16 (2016). In ASCE 7-16, two parameters, Ss and S1, need to be 26 
defined to obtain the design acceleration spectrum. These values are determined depending on site class and location. 27 
For obtaining the input motions at bedrock, not at ground surface, the site class was assumed to be ‘B’ which denotes 28 
‘rock’. Correspondingly, the values of Ss and S1 are defined as 1.0 and 0.35, respectively. Figure 7(a) and 7(b) compare 29 
the design response spectrum and the response spectra of the 20 input motions selected from the PEER database. 30 

 31 

Table 1. List of input motions used in the analysis 32 

No. Name Magnitude Station 
Rupture 

distance (km) 
Vs30 

(m/s) 
Scale factor 

1 Parkfield 6.19 
Cholame - Shandon 

Array #12 
17.64 408.93 3.696 

2 San Fernando 6.61 
Santa Felita Dam 

(Outlet) 
24.87 389 1.813 

Profile Shear wave velocitySoil type

Silt

Sand

Bedrock

200 m/s

250 m/s

300 m/s

350 m/s

400 m/s

1100 m/s

10 m

20 m

30 m

40 m

66 m
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3 
Imperial 

Valley-06 
6.53 Cerro Prieto 15.19 471.53 1.465 

4 Loma Prieta 6.93 
Coyote Lake Dam - 
Southwest Abutment 

20.34 561.43 1.529 

5 Manjil_ Iran 7.37 Abbar 12.55 723.95 0.521 

6 Chi-Chi-0 6.3 TCU075 26.31 573.02 3.877 

7 Chi-Chi-06 6.3 TCU076 25.85 614.98 2.754 

8 

Chuetsu-oki 6.8 

Joetsu Ogataku 17.93 414.23 0.882 

9 Kawaguchi 29.25 640.14 1.911 

10 Ojiya City 23.44 430.16 1.022 

11 NIG021 29.8 418.5 1.449 

12 NIG024 25.33 375.22 1.385 

13 NIG028 23.05 430.71 2.024 

14 NIGH01 23.36 480.4 1.933 

15 NIGH11 27.31 375 1.497 

16 

Iwate_ Japan 6.9 

IWT015 21.02 567.45 1.612 

17 MYG004 20.18 479.37 0.413 

18 Tamati Ono 28.91 561.59 1.026 

19 Semine Kurihara City 28.9 362.57 1.409 

20 Darfield 7 
Heathcote Valley 
Primary School 

24.47 422 0.579 

 1 
 2 

 3 
Figure 7 Acceleration response spectrum of the 20 input motions and design spectrum: a) y-axis in log scale, 4 

b) y-axis in log scale 5 
 6 
 7 
 8 
 9 
 10 
 11 
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2.4 Analysis cases   1 
 2 
The parametric analyses are conducted for 13 cases in which the three shape parameters for the representative soil 3 
temperature profile are chosen such that the influence of various scenarios of soil temperature variation on site 4 
response in the permafrost region can be investigated. Table 2 presents all analysis cases.  5 
 6 
In the case U, site response analyses are conducted for the unfrozen soil profile. Thus, the results of the case U 7 
represent site response in non-permafrost regions. For the other cases, the first characters ‘S’ and ‘W’ in its tag denote 8 

the seasons summer and winter, respectively, such that soil temperature at ground surface becomes 15T +0.5 0T  and 9 

15T −0.5 0T , respectively. The following two numbers in the tag denote the value of seasonal temperature variation at 10 

surface ( 0T ) and the temperature at the depth of Z* ( 15T ). In the cases with subscript ‘c’ in the first character such as 11 

Sc40−10 and Wc40−10, the temperature of the frozen soil layer is assumed to be fixed as −20 ℃. Thus, the dynamic 12 
properties of the frozen soil layer become the same within its whole thickness. In the cases with the subscript ‘g’ in 13 
the first character such as Sg40−10 and Wg40−10, the temperature increases due to global warming are considered 14 

such that the shape parameter 0,gwT is not zero but 3 ℃. Figure 8 compares soil temperature, shear wave velocity, 15 

and the composition of frozen soil of the cases in Table 2. 16 
 17 

Table 2. List of analysis cases considered in the parametric analysis  18 

No. Tag Season 0T (℃) 
15T (℃) 

0 , gwT (℃) Description 

1 U - - - - The reference unfrozen soil profile is used 

2 S40−10 Summer 

40 

−10 

0 

Frozen soil profile  
with seasonal temperature variation at ground 

surface and mean temperature at −15 m 3 W40−10 Winter 

4 S40−1 Summer 
−1 

Smaller mean temperature compared to the case 
S40−10 and W40−10 5 S40−1 Winter 

6 S20−10 Summer 
20 −5 

Seasonal temperature variation at ground surface 
and temperature at -15 m are in the middle of the 

case S40−10, W40−10, S40−1, and W40−1 7 S20−10 Winter 

8 Sc40−10 Summer 

40 

−10 

0 
Same composition of frozen soil layer as the case 

S40−10 and W40−10, but its temperature is fixed to 
−20 ℃   9 Wc40−10 Winter 

10 Sg40−10 Summer 

3 

 Cases S40−10 and W40−10 with temperature 
increase due to global warming  11 Wg40−10 Winter 

12 Sg40−1 Summer 
−1 

Cases S40−1 and W40−1 with temperature increase 
due to global warming 13 Wg40−1 Winter 

 19 
 20 
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 1 
Figure 8 Soil temperature, shear wave velocity, and composition of frozen and unfrozen soil along depth for 2 
each analysis case: (a) S40−10 vs W40−10 , (b) S40−1 vs W40−1, (c) S20−5 vs W20−5, (d) Sc40−10 vs Wc40−10, 3 

(e) Sg40−10 vs Wg40−10, (f) Sg40−1 vs Wg40−1 4 
 5 
3. RESULTS AND DISCUSSION  6 
 7 
In this section, results of site response analysis for all cases listed in Table 2 are presented. Based on the results, the 8 
influence of seasonal temperature variations and temperature increases due to global warming on site response in 9 
permafrost regions are discussed in terms of spectral acceleration, amplification factor, transfer function, and peak 10 
ground acceleration. Here, the transfer function denotes the response at ground surface in frequency domain divided 11 
by that of the bedrock motion, and the amplification denotes the acceleration response spectrum at the ground surface 12 
divided by that of the bedrock motion. The spectral accelerations, amplification factors, and transfer functions 13 
presented hereafter are the mean of results from the 20 input motions. 14 
 15 
3.1 Site response depending on seasonal ground temperature variation    16 
 17 
Figures 9 to 11 compare site responses in summer and winter depending on the seasonal temperature variation at 18 

ground surface ( 0T ) and the soil temperature at −15 m ( 15T ). The influence of global warming is not considered, i.e., 19 

0,gwT = 15,gwT = 0. In the figures, site responses for the case U and the input bedrock motions are also presented for 20 

comparison.  21 
 22 

In Figure 9, site responses for the cases S40−10 and W40−10 ( 0T = 40 ℃ and 15T = −10 ℃) are compared. Note the 23 

significant difference in spectral acceleration between summer and winter at short period range less than 0.8 sec, 24 
showing that the spectral acceleration in summer is significantly greater than that in winter. In Figure 9(b) and 9(c), 25 
the amplification factor and transfer function in summer are greater than in winter for the entire range of the given 26 
period. Similarly, Figure 9(d) shows that peak ground accelerations are also greater in summer.  27 
 28 
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As shown in Figure 8(a) for the cases S40−10 and W40−10, shear wave velocity from ground surface to the depth 1 
where soil temperature becomes 0 ℃ in summer (about −9 m) differs significantly between summer and winter, as 2 
soil temperature in the range is higher than 0 ℃ in summer, such that the active layer is developed. As Park et al. 3 
(2014) pointed out, the presence of the active layer in which shear wave velocity is considerably smaller than that of 4 
the frozen soil layer leads to a large impedance contrast between the active layer and the frozen soil below, thereby 5 
amplifying a seismic wave propagating through the interface.  6 
 7 
In comparison with the site responses for the Case U, spectral acceleration is greater in summer in a short period range 8 
of less than 0.8 sec, while it is smaller in winter in the period range, except for a narrow band between 0.4 to 0.8 sec. 9 
The same tendency can be observed in the amplification factor and the transfer function. Due to the presence of a 10 
frozen soil layer with a higher shear modulus than that of unfrozen soil, the predominant period decreases for both 11 
seasons. In addition, amplification and transfer functions show a sharp increase around the period of 0.2 sec in summer, 12 

which is around the fundamental period (Ts) of 0.18 sec of the active layer (Ts=4ⅹH/Vs=4ⅹ(9)/200=0.18), leading 13 

to a large increase in spectral acceleration at the period. Peak ground acceleration in summer is greater than that of the 14 
unfrozen soil profile for most of the input motions, but in winter it is the opposite.  15 
 16 

 17 

 18 
Figure 9 Site responses for the case S40−10  and W40−10: a) spectral acceleration, b) amplification factor, c) 19 

transfer function, and d) peak ground acceleration 20 
  21 

In Figure 10, site responses for the cases S40−1 and W40−1 ( 0T = 40 ℃ and 15T = −1 ℃), where the soil temperature 22 

at −15 m ( 15T ) is higher than the previous two cases, are compared. In Figure 10(a), the large seasonal difference in 23 

spectral acceleration is also observed but is smaller compared to the previous two cases. In summer, the active layer 24 
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becomes thicker than the previous case S40−10 due to higher 15T , but the spectral acceleration in summer becomes 1 

smaller in a short period range of less than 0.8 sec. This is mainly because the impedance contrast between the active 2 
layer and the frozen soil layer below decreases as the soil temperature of the frozen soil layer increases corresponding 3 

to the higher 15T . Figure 8(b) shows that the difference in shear wave velocity between the active layer and the frozen 4 

layer below is smaller than in Figure 8(a). The increase of soil temperature also leads to higher damping ratio, which 5 
also contributes to the smaller spectral acceleration.  6 
 7 
As the lower part of the soil profile becomes unfrozen as shown in Figure 8(b), the presence of the frozen soil layer 8 
does not have as much impact on site responses as the previous cases, such that the predominant period shown in 9 
Figure 10(c) becomes close to that of the unfrozen soil profile. Accordingly, spectral acceleration, amplification factor 10 
(Figure 10(b)) and peak ground acceleration (Figure 10(d)) in summer are similar to that of the unfrozen soil profile. 11 
In winter, the site response and peak ground acceleration are smaller than that of the unfrozen soil profile for the entire 12 
range of period. This indicates that the frozen soil layer at the ground surface with the unfrozen soil layer below does 13 
not amplify seismic waves propagating through the frozen layer as much as its unfrozen state. This difference in the 14 
amplification results from its higher shear velocity, leading to smaller site responses as reported in Qi et al. (2006) 15 
and Wang et al. (2009) 16 
 17 

 18 

 19 
Figure 10 Site responses for the case S40−1  and W40−1: a) spectral acceleration, b) amplification factor, c) 20 

transfer function, and d) peak ground acceleration 21 
  22 

 23 
 24 
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Figure 11 compares site responses for the cases S20−5 and W20−5 ( 0T = 20 ℃ and 15T = −5 ℃), where the seasonal 1 

temperature variation at ground surface ( 0T ) and the soil temperature at −15m ( 15T ) are in the middle of the two 2 

previous cases. As in the previous cases, Figure 11(a) shows that the large seasonal difference in spectral acceleration 3 
is also observed in the short period range of less than 0.8 sec but is smaller compared to the cases S40−10 and W40−10.  4 
 5 
Note that in Figure 8(c) the active layer’s thickness is almost the same as that of the previous case S40−10 shown in 6 

Figure 9(a), but spectral acceleration in summer is smaller than the case S40−10. This is due to the higher 15T , which 7 

leads to a higher soil temperature in the frozen soil layer and corresponding smaller shear wave velocity, thereby 8 
decreasing the impedance contrast between the active layer and the frozen soil layer below. Damping ratio also 9 
increases due to the temperature increase, leading to the smaller spectral acceleration.  10 
 11 
As the thickness of the frozen soil layer is greater than that in the cases S40−1 and W40-1, Figure 11(c) shows that 12 
the predominant period is closer to the cases S40−10 and W40−10, but the sharp increase in the amplification factor 13 
and transfer function around the period of 0.2 sec is not as obvious as in the case S40−10 (see Figure 11(b) and 11(d)). 14 
Accordingly, despite the presence of the active layer, the spectral acceleration and peak ground acceleration in summer 15 
are not much greater than that in the unfrozen soil profile. In winter, the spectral acceleration and peak ground 16 
acceleration are smaller than that of the case U for the entire period range except for the narrow band around 0.8 sec. 17 
 18 

 19 

 20 
Figure 11 Site responses for case S20−5  and W20−5: a) spectral acceleration, b) amplification factor, c) 21 

transfer function, and d) peak ground acceleration 22 
 23 
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3.2 The influence of temperature variation within the frozen soil layer  1 
 2 

Figure 12 compares site responses for the cases Sc40−10 and Wc40−10 ( 0T = 40 ℃ and 15T = −10 ℃) with that of the 3 

cases S40−10 and W40−10. In the cases Sc40−10 and Wc40−10, the location and thickness of frozen soil layers are the 4 
same as in the cases S40−10 and W40−10, except that the temperature variation within the frozen soil layer is not 5 
considered, but instead fixed to −20 ℃. Thus, the results of the cases Sc40−10 and Wc40−10 represent site responses 6 
where the soil temperature along depth is not realistically considered, as in the previous studies on site response 7 
analysis in permafrost regions (Qi et al. 2006; Wang et al. 2009, Yang et al. 2010; Xu et al. 2011; Park et al. 2014). 8 

The influence of global warming is not considered, i.e., 0,gwT = 15,gwT = 0. 9 

 10 
In comparison with the cases S40−10 and W40−10 shown in Figure 9, Figure 12(a) shows that spectral accelerations 11 
are significantly greater in the range of period less than 0.6 sec for both seasons, indicating that the realistic 12 
consideration of soil temperature variation within a frozen soil layer is necessary. The amplification factor and transfer 13 
function shown in Figure 12(b) and 12(c) are also evidence of the large increase, and peak ground acceleration shown 14 
in Figure 12(d) is also greater for both seasons. Figure 8(d) shows that in summer the fixation of soil temperature 15 
results in higher shear wave velocity of the frozen soil layer and corresponding higher impedance contrasts between 16 
the active layer and the frozen soil layer. Furthermore, the fixation of soil temperature leads to smaller damping, 17 
leading to the increase of the site responses for both seasons. The increase of shear wave velocity results in a smaller 18 
predominant period for both seasons.  19 
  20 

 21 

 22 
Figure 12 Site responses for the cases S40−10, W40−10, Sc40−10, and Wc40−10: a) spectral acceleration, b) 23 

amplification factor, c) transfer function, and d) peak ground acceleration 24 
  25 



15 

 1 
3.3 The influence of global warming on site response  2 
 3 
Figures 13 and 14 compare site responses depending on the temperature increase due to global warming. It was 4 
reported based on simulation results using global climate models in which the annual mean temperature increase due 5 
to global warming was expected to be in the range of 3.2 to 6.6 over the Arctic region (60-90oN) by between 2026 and 6 

2060 (Kaplan et al. 2006). Based on this, the temperature increase at ground surface is assumed to be 3 ℃, i.e., 0,gwT7 

= 3 ℃ and 15,gwT = 1.5 ℃. In Figure 13, site responses for the cases Sg40−10 and Wg40−10 are compared with the 8 

cases S40−10 and W40−10. Shear wave velocity for the case and in Figure 8(e) are not much different from that of 9 
the case and in Figure 8(a). In summer, the active layer becomes slightly thicker as a result of the temperature increase, 10 
but spectral acceleration differs little, as shown in Figure 13(a). In winter, as the soil temperature is already far below 11 
0 ℃, the small increase in soil temperature has little effect on the dynamic properties of frozen soil, leading to only 12 
small changes in the site responses. Similarly, the amplification factor, predominant period and peak ground 13 
acceleration shown in Figure 13(b) to 13(d) are also not much affected by the temperature increase due to global 14 
warming. 15 
 16 

 17 
 18 

 19 

 20 
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Figure 13 Site responses for the case S40−10, W40−10, Sg40−10, and Wg40−10: a) spectral acceleration, b) 1 
amplification factor, c) transfer function, and d) peak ground acceleration 2 

  3 
 4 
In Figure 14, site responses for the cases Sg40−1 and Wg40−1 are compared with the cases S40−1 and W40−1. At 5 
−15 m, the expected temperature increase due to global warming (1.5 ℃) is greater than the soil temperature at −15 m 6 
(

15T = −1 ℃) such that soil temperature becomes higher than 0 ℃ for the entire depth in summer. Thus, the site 7 

responses for the case Sg40−1 shown in Figure 14(a) to 14(d) become the same as that for the case S40−1. In winter, 8 
the thickness of the frozen soil layer decreases due to the temperature increase, leading to the increase of spectral 9 
acceleration in the range of a short period of less than 0.8 sec. Similarly, peak ground acceleration is also greater than 10 
the case as shown in Figure 14(d), such that the PGA of Case Wg40−1 is on average 12% (up to 44%) larger than Case 11 
W40−1.  12 
 13 

 14 
 15 

 16 

 17 
Figure 14 Site responses for the case S40−1, W40−1, Sg40−1, and Wg40−1: a) spectral acceleration, b) 18 

amplification factor, c) transfer function, and d) peak ground acceleration 19 
  20 

 21 



17 

4. CONCLUSIONS  1 
 2 
As the development of northern permafrost regions has been accelerated, there has been growing interest in securing 3 
the safety of structures and infrastructure in seismic regions. Soil temperature in permafrost regions varies seasonally 4 
and is gradually increasing due to global warming, and despite its influence on seismic hazards in permafrost regions 5 
and the essential information it provides for securing infrastructure under earthquake loadings it has not received much 6 
attention in the past. In this study, parametric site response analyses are conducted in order to investigate the influence 7 
of seasonal temperature variations and temperature increases due to global warming on site responses in permafrost 8 
regions. The main findings and conclusions drawn from the analysis results can be summarized as follows: 9 
 10 
1) Seasonal temperature variation can significantly affect site responses in permafrost regions, such that site 11 

responses in summer can be much greater than in winter. This is mainly due to the presence of an active layer at 12 
ground surface in summer, which leads to a large impedance contrast between the active layer and the frozen soil 13 
layer below. 14 

2) As in previous studies, the presence of a frozen soil layer in the soil profile can greatly impact site responses in 15 
comparison with those in non-permafrost regions, especially for the range of a short period of less than 0.8 sec. 16 
Particularly in summer, depending on the soil temperature profile, the frozen soil layer leads to greater site 17 
responses compared to the site responses in non-permafrost regions. Furthermore, due to its greater shear modulus 18 
of frozen soil compared to its unfrozen state, the presence of a frozen soil layer leads to a smaller predominant 19 
period in comparison with that in non-permafrost regions. 20 

3) The influence of the frozen soil layer highly depends on its location in a soil profile. A frozen soil layer at ground 21 
surface does not amplifies a bedrock motion as much as its unfrozen state, while the frozen soil layer below the 22 
upper active layer at ground surface greatly amplifies a bedrock motion, resulting from impedance contrast 23 
between the frozen and unfrozen soil layer. This indicates the necessity of considering a realistic soil temperature 24 
profile in permafrost regions, which is a key factor in determining the location and thickness of a frozen soil layer 25 
in the ground. 26 

4) The amplification of a bedrock motion due to the presence of the active layer is not simply in proportion with its 27 
thickness; instead, it is in proportion with the degree of impedance contrast between the active layer and the frozen 28 
soil layer below.   29 

5) Ignoring the temperature variation within a frozen soil layer can lead to the overestimation of site response in 30 
permafrost regions. For more accurate evaluation of site responses, it is necessary to properly consider the 31 
variation of dynamic properties, such as shear modulus and damping ratio, corresponding to the temperature 32 
variation within the frozen soil layer. 33 

6) Overall, the influence of global warming is not as great as that of seasonal temperature variation, but global 34 
warming can amplify site responses by decreasing the thickness of a frozen soil layer at ground surface in winter.  35 

 36 

In conclusion, the results of the extensive parametric analysis clearly show that the seasonal temperature variation and 37 
temperature increase due to global warming need to be considered for more accurate and realistic evaluations of 38 
seismic hazards in permafrost regions. The influence of a frozen soil layer in the ground on site responses is clear, 39 
indicating that the current practice of determining design spectrum based on seismic design codes and guidelines needs 40 
to be improved, particularly if the influence is not rigorously considered in the codes and guidelines. Based on this 41 
study, it can be concluded that the improvement should be based on the consideration of a realistic soil temperature 42 
profile in permafrost regions including the seasonal or annual soil temperature variation and the corresponding 43 
variations in the dynamic properties of frozen soil.  44 
 45 
Another key factor which can affect the seismic response in permafrost region is potential liquefication due to the 46 
presence of saturated soils resulting from the melting of frozen soils. The presence of the saturated soils may strongly 47 
affect the soil amplification by increased levels of non-linearity in the presence of pore-pressure build-up, which 48 
eventually triggers liquefaction. Due to the lack of relevant previous studies on the topic, the liquefication is not 49 
considered in this study. Further studies need to be encouraged on this subject for a more accurate evaluation of 50 
seismic response in permafrost regions. 51 
 52 
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