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Sand and clay behave differently under earthquake 
loading. Majority of liquefaction related studies con-
centrated on relatively clean sands. It was considered 
that clean sandy soils only liquefy and cohesive soils 
are resistant to cyclic loading as these soils 
have high shear strength. However, earthquakes of
Haicheng(1975),Tangshan(1976),Northridge(1994),
Kocaeli(1999) and Chi-Chi(1999) evolved with a 
new study of failure of cohesive soils. The 
studies suggested that clay behaves quite 
differently. In contrast to liquefaction, cyclic mobili-
ty occurs when the static shear stress is less than the 
shear strength of the liquefied soil (Kramer, 1996).

Based on the cyclic behavior of clays, 
Boulanger & Idriss (2004) provided the first method 
to evaluate cyclic failure potential of soils that 
behave like clays. A new criterion was presented by 
the authors for fi-ne-grained soils that exhibit clay-
like behavior dur-ing the undrained cyclic 
loading imposed by the earthquakes. The authors 
proposed plasticity index (PI) greater than 7 for 
cyclic mobility analysis of clay-like soils. 

In this paper, all the five different borehole 
loca-tions of Matsyapuri site considered for the 
study, consist of soft clays in the second stratum 
having PI in the range of 21 to 58% and having SPT 
blow

count (N-value) in the range of 1 to 5. Therefore, it 
is worthwhile to investigate the cyclic softening po-
tential of these clay deposits in terms of factor of 
safety (FoS) and identify the nature of threat of cy-
clic mobility of these clay deposits. The depth of 
clay layer subjected to moderate to critical cyclic 
mobility are identified for the five locations for dif-
ferent earthquake magnitudes (Mw) and maximum 
ground acceleration (amax).

2 STUDY AREA 

The study area consists of five boreholes at five dif-
ferent locations in the plot no. 64-65-66 at Mat-
syapuri in Cochin. The plot is nearly trapezoidal in 
plan and covers an area of 4.80 acres. A canal, RCC 
bridge and National Highway 47A runs on the south 
side of the plot, a tank farm of Ruchi lies to the to 
the north and east and the west side of the plot is 
surrounded by vacant land.  The depth of boreholes 
ranges from 20m to 40m. The upper zone fill mate-
rial comprises of clayey sand with gravel upto 4m 
and is in loose to medium dense state with field N-
value ranging from 10 to 12 whereas in the lower 
reaches it comprises of cobble and boulder size rock 
and is well compacted. 
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ABSTRACT: This paper discusses the cyclic softening potential evaluation of clayey soils at five borehole lo-
cations at the site at Matsyapuri on Willingdon Island, in the city of Kochi, in the state of Kerala, India. The 
site consists loose to medium dense clayey sand overfills followed by of clayey soils at all five locations hav-
ing thickness ranging from 5 to 9m. Clay behaves differently under monotonic and cyclic loading. The 
pore pressures produced during an earthquake reduces the effective stress of the clay thereby reducing 
the un-drained shear strength similar to unloading. However, after the earthquake, the pore pressure 
dissipates and the soil strength increases due to consolidation. This phenomenon of temporary strength loss in 
soft soils dur-ing an earthquake is termed as ‘cyclic softening’. This paper provides a brief review of the 
developing new procedures for evaluating cyclic softening of clayey soils in terms of factor of safety (FoS). 
Established corre-lations based on in-situ testing such as Standard penetration test (SPT) and laboratory 
testing are adopted to estimate the undrained shear strength of the clays and to estimate the cyclic resistance 
ratio. It is observed that the clay deposits at all the five sites are prone to moderate cyclic softening for 
earthquake magnitude (Mw) of 6.5 and 7.5 at peak ground acceleration (amax) of 0.3g. For practical purposes, 
these FoS value can be considered by the geotechnical engineers for design purpose. 
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Highly cohesive soil is found below the fill at all 
five borehole locations. The soil material is grey and 
comprises of high plasticity clay mixed with little 
sand.  This stratum is of very soft to soft consistency 
having most N-value between zero and 4. Thickness 
of this very soft cohesive layer ranges from 5.0 to 
12.7m. Average thickness of this clay is 6.70 m. A 
typical soil profile depicting the soft clay layer is 
shown in Figure 1. In this paper, cyclic mobility 
analysis is carried out for this clay layer. 

Figure 1. Typical soil profile at the sites of Matsyapuri

Next, a dominantly sandy soil layer is encountered 
below this clay in all boreholes and is met between 
8.25 and 12.70 m. Most of the N-value are between 
15 and 30 with few values lower than 10.  Next, be-
low this sand layer, cohesive soil lies at all borehole 
locations between 12.7 and 40m. However, the soils 

is of stiff to very stiff consistency with N-value vary 
from 20 to 35. 

3 METHODOLOGY 

From specified design earthquake this procedure 
compares the cyclic resistance ratio (CRR), which is 
defined as the capacity of the soil to resist cyclic 
mobility, and cyclic stress ratio (CSR), which is de-
fined as the seismic demand on the soil due to earth-
quake, at a given depth in terms of factor of safety 
(FoS) as Equation1,

CRR
FoS=

CSR
(1) 

This procedure is used for the classification of 
cyclic softening potential of clay deposits at various 
depths for all the five sites at Matsyapuri. The ac-
ceptable values of FoS given by various researchers 
or codes vary from 1.1 to 1.5. In the present study, 
therefore an average 1.3 is kept as the margin. The 
clays having FoS less than 1.3 are considered to be 
subjected to ground failure due to cyclic softening 
whereas FoS greater than 1.3 are considered to be 
safe. 

3.1 Evaluation of cyclic stress ratio (CSR) 

Seed & Idriss (1971) developed a procedure for the 

estimation of cyclic stress ratio (CSR) which was 

followed by Idriss & Boulanger (2008) given as 

Equation 2,  

max v
d,

v

a σ
CSR=0.65. . .r

g σ
  
  

   
(2) 

amax = peak horizontal ground acceleration gener-
ated by the earthquake, g = acceleration of gravity, 
σv = initial vertical total stress, σ’v = initial vertical 
effective stress, and rd = stress reduction factor.    

Seed & Idriss (1971) introduced the ratio of cy-
clic stresses for a flexible soil column to the cyclic 
stresses for a rigid column which described as stress 
reduction coefficient (rd).The average curve repre-
sents all earthquake magnitude and all profiles.  The 
rd versus depth curve defined by Seed & Idriss
(1971) and refined by Youd & Idriss (1997) with 
added mean value lines is shown in Figure 2. 
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Figure 2. rd versus depth curve (after Youd & Idriss, 1997) 

3.2 Evaluation of cyclic resistance ratio (CRR) 

 

CRR depends on the behavior of soils under dif-

ferent cyclic loading. Figure 3 shows the behavior of 

sandy and clay soil in terms of their cyclic strength 

at uniform stress cycles.  

 
Figure 3. Variation of CRR for clay and sand (after Boulanger 

& Idriss, 2004) 

 
The clay line observed in Figure 3 shows that the 

cyclic strength of clay is less sensitive. The cyclic 
strength of soil can be evaluated through direct la-
boratory test, Su – CRR empirical relationship, and 
through empirical estimate based on stress history 
profile. The CRR7.5 is then given as Equation 3 with 
a multiplying factor of 0.80 as suggested by Tsai et 
al. (2014) for OCR of 1 and cyclic shear strain of 
0.03%, 

u
7.5

S
CRR =0.80.

σ'v

 
 
 

 (3) 

where Su = undrained shear strength. 

Though, laboratory results provide high accuracy 

in the estimation, the CRR can be estimated using Su 

estimated from previously established correlations in 

absence of laboratory results.  

Terzaghi & Peck (1967), Sanglerat (1972), Stroud 
(1974), Hara et al.(1974), Sowers (1979), Nixon 
(1982), Ajayi & Balogun (1988), Decourt (1990), 
Sivrikaya & Togrol (2002), Hettiarachchi & Brown 
(2009), Sirvikaya (2009)  proposed correlation for 
the estimation of Su. These correlations are based on 
N-value, moisture content (w), and Atterberg’s limit 
like liquid limit (LL) and PI of the soil deposits ob-
tained from the laboratory. 

3.3 Magnitude Scaling Factor (MSF) 

The MSF has been used to adjust the CRR7.5 to a 

site specific magnitude it provides an approximate 

representation of the effects of shaking duration of 

equivalent number stress cycle. In this paper, the 

MSF is calculated using Equation 4 and 5 based on 

the MSF relationship developed for clay by Idriss & 

Boulanger (2007) as shown in Figure 4. 

 
Figure 4. MSF relationships for clay (after Boulanger & 

Idriss, 2007) 

w-M
MSF=1.12.exp +0.828

4

 
 
 

 or          (4) 

MSF 1.13                  (5) 

4 RESULTS AND DISCUSSIONS 

In this research, five boreholes from the site at Mat-
syapuri in Kerala are analyzed. Mainly, soil layers 
with clay as main constituent were considered for 
the cyclic mobility analysis. PI of these soil layers 
was found to be in the range 21 to 35.  

The Su of clays is commonly determined from an 

unconfined compression test as Equation 6, 

u
u

q
S =

2
                    (6) 

where qu = unconfined compressive strength ob-

tained from UCS test.  

In this paper, the Su was estimated by using all the 

correlation proposed by various researchers and it 

was found that among all the correlations, the results 

obtained from the correlation proposed by Sivrikaya 

(2009) were found to be in good agreement with the 
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Su obtained from the unconfined compression test 

(UCS) obtained from the lab results. The correlation 

proposed by the author is given in Equation 7, 

Su = 3.33.N-value - 0.75.w + 0.20.LL + 1.67.PI    (7) 

The average Su obtained from the correlation of 

Sivrikaya (2009) was found to be 12.27 kPa whereas 

the Su obtained from the laboratory UCS test was 

15.50 kPa.  

Thus, the Su results from the correlation of Sivri-

kaya (2009) were considered to be most reliable as 

the correlation was based on the actual soil proper-

ties like N-value, w, LL, and PI.  

Next, the FoS was computed at various depths 

where the N value was available for the clayey layers 

for different combinations of Mw of 6.5 and 7.5 with 

amax of 0.16g and 0.3g as shown in Table 1. 
It is observed from the Table 1 that clays of BH1, 

BH2, BH4 have varying FoS values for different 
combinations of Mw and amax. The FoS decreases 
with increase in Mw and amax and vice-versa. It is al-
so observed that FoS varies with depths for each 
borehole. Clays at higher depths have low FoS val-
ues while clays at low depths have higher FoS val-
ues. Therefore, the FoS results for the clayey layers 
were analyzed for each Borehole and are shown in 
Figure 5-9.

Table 1.  Factor of safety estimations against cyclic mobility 

BH Depth N

Factor of safety (FoS)

Mw = 6.5 Mw =7.5

amax (g)

0.16 0.30 0.16 0.30

BH1 5.5 1 0.609 0.325 0.657 0.350

BH1 7.5 2 0.656 0.350 0.707 0.377

BH1 9.5 2 0.490 0.261 0.528 0.281

BH1 11.5 4 0.800 0.427 0.862 0.460

BH2 4 0 0.088 0.047 0.094 0.050

BH2 6 2 1.001 0.534 1.079 0.576

BH2 8 4 1.309 0.698 1.411 0.752

BH2 9 13 3.592 1.916 3.871 2.064

BH2 10 11 2.664 1.421 2.871 1.531

BH3 3.5 7 7.267 3.876 7.832 4.177

BH3 5.5 1 0.513 0.274 0.553 0.295

BH3 7.5 0 0.050 0.027 0.054 0.029

BH3 9.5 7 1.792 0.956 1.931 1.030

BH4 6 2 0.934 0.498 1.006 0.537

BH3 8 3 0.948 0.506 1.022 0.545

BH5 3.5 2 2.325 1.240 2.505 1.336

BH3 5.5 2 1.173 0.625 1.264 0.674

BH3 7.5 4 1.454 0.775 1.567 0.835
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Figure 5. Factor of  Safety (FoS) versus depth for borehole1
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Figure 6. Factor of Safety (FoS) verses depth for borehole 2
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From the above Figure 5-9 it is observed that the 
clay deposits have different FoS at different depths 
in each borehole. This indicates that the clayey de-
posits are not truly horizontal. Figure 4 shows that 
the FoS for clays in BH1 are less than even 1 for all 
the depths. Figure 5 for BH2 shows that clays at 
depths 4m to 6m have FoS less than one while clays 
at depths beyond 6m have FoS higher than 1.3 indi-
cating that the BH2 consist of soft clays upto a depth 
of 6m and are prone to cyclic mobility. Figure 6 
shows that the BH3 consist of dense clays in the up-
per depths, i.e from 1.5m to 4m, after which it con-
sist of soft clays having FoS less than one. Figure 7 
shows the behavior of clay deposits in BH4. The soft 
clays in BH4 are prone to cyclic softening at depth 
of 6m to 8m.  Figure 8 shows that the clays between 
4m to 8m depth have FoS less than 1.3 for all Mw

and amax combinations whereas at depth of 4m and 
8m, the clays have FoS greater than 1.3 for lower 
Mw’s and less than 1.3 for higher Mw’s. Thus, the 
present study shows the importance and need to car-
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Figure 9. Factor of Safety (FoS) versus depth for borehole 5

Part ΙΙ 179:1

ry out site specific estimation of cyclic mobility of 
clayey soils.  

5 CONCLUSIONS 

It was observed from the analysis of clay deposits at the 
site of Matsyapuri that under existing ground water and 
soil conditions, clays at the depth of 3.75m to 12.5m 
from ground surface maybe moderately to critically sub-
jected to cyclic mobility during high earthquakes Mw of 
6.5 and 7.5. Hence, it would be suggested that the ge-
otechnical engineers, planners should consider the aspect 
of cyclic mobility of clayey soils, for the construction of 
any structure at the given site.
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