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Abstract Before taking up the ground improvement of a

site, assessment of liquefaction potential of a region is very

important. This also helps in seismic microzonation of the

area. It can be rationally performed if the data of site (using

either field tests or laboratory tests) are available. The aim

of the present study is to evaluate liquefaction potential of

Roorkee (India) region. For this purpose the liquefaction

resistance of the soil, within the radius of 30 km of

Roorkee, was evaluated using two different approaches.

First is the field approach based on standard penetration

test (SPT) N-Value and second is the laboratory approach

employing mean grain size distribution (D50). Investigation

was carried out at five different locations by conducting

SPT tests and collecting soil samples at regular interval.

The cyclic shear stress due to earthquake loading was

examined using simplified method as well as using ground

response analysis. The factor of safety against liquefaction

was evaluated at different depths for all the sites using both

field and laboratory data. It was found that the factor of

safety against the liquefaction using field approach is

marginally greater than that using the laboratory approach

for all the sites. Also the factor of safety using ground

response analysis is significantly smaller than that using

simplified method. Thus it was concluded that use of

simplified method may not be adequate.

Keywords Liquefaction potential � Field tests �
Laboratory tests � Mean grain size � Standard penetration

value (N) � CSR � CRR � Factor of safety

Introduction

One of the most important aspects of ground improvement

techniques is the assessment of the need of improvement.

During recent major earthquakes, it was observed that the

major damage to foundations and structures, was due to

liquefaction [1]. Therefore, it is utmost important to

determine liquefaction potential of a region before con-

sidering any ground improvement.

The phenomenon of liquefaction drawn attention of

many researchers after 1964 Alaskan and 1964 Niigata

earthquakes. Significant damage to many structures due to

liquefaction was observed during earthquakes in last two

decades e.g. Kobe, Japan (1995); Chi–Chi, Taiwan (1999);

Bhuj, India (2001); and Fukushima, Japan (2011). Many

structures traverse over the water bodies, where the soil

conditions are loose and saturated. These sites are vulner-

able to liquefaction. In 2001 Bhuj earthquake, a large area

of the state of Gujarat, India was affected due to

liquefaction.

After strong earthquakes, soil liquefaction often had

been observed, as one type of ground failure. In many

countries, the evaluation of liquefaction potential is con-

sidered in seismic code and microzonation. Liquefaction is

a very complex phenomenon and has been studied exten-

sively by hundreds of researchers around the world, how-

ever, the roadmap is not clear yet. Many researchers

reported evaluation of liquefaction potential. Based on

grain size, Seed and Idriss [2] proposed the method to

determine equivalent uniform average shear stress due to

an earthquake. Seed [3] developed a method to estimate

liquefaction potential for sand under level ground condi-

tions using standard penetration test (SPT) data. This

method was based on field data for the sites, which either

had or not experienced liquefaction due to earthquake
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loading. Seed et al. [4] presented empirical methods for

evaluating liquefaction of sands and silty sands by SPT-N

value.

For many countries, field data for sites which were known

to have a susceptibility to liquefaction during earthquakes

were used to establish a criterion for evaluating liquefaction

potential of sands in an earthquake of magnitude 7.5. The

result of this study was then extended to earthquakes of

other magnitudes. A simple procedure for considering the

influence of silt content was proposed [4]. The standard

penetration test is a widely used method for the evaluation of

soil liquefaction potential. Seed et al. [5] developed SPT

based method to estimate the liquefaction potential for

sands. The field data were reinterpreted and plotted in terms

of (N1)60. i.e. the N value determined by SPT tests in which

the driving energy in drill rod is 60 % of the theoretical free

fall energy and normalized overburden pressure of 1 ton/ft2

(100 kPa). Liquefaction curves for sands with different

(N1)60 value and different fine contents were proposed [5].

Some researchers [6, 7] developed the SPT based

methods for liquefaction analysis. The effect of fines

content as well as the effect of nature of fines was pre-

sented [6]. Sometime the difference between the results of

field and laboratory approaches could be quite large, due to

the fact that the specimens tested in the laboratory do not

reflect the influence of field factors [8]. Many researchers

[9–13] extended previous studies on the use of SPT data for

evaluation of liquefaction resistance. Few studies for liq-

uefaction susceptibility of the Solani sand were conducted

[14, 15]. The sand is collected from Solani Riverbed near

Roorkee. The effects of fines and reinforcement on Solani

sand were also presented [16, 17].

Evaluation of liquefaction potential is an important issue

for planned development of a city and this helps in the

microzonation of the city. Roorkee city is about 200 kmNorth

of Delhi and situated in Uttarakhand state of India. Due to

industrialization, the city is growing at a very fast rate and it is

necessary to identify the seismic hazardous areas. The city lies

in seismic zone IV [18] and thus has high seismic risk. Further

the soil strata at many places in Roorkee region is Alluviam,

therefore, may liquefy during strong earthquake excitation.

The liquefaction potential of the Roorkee region is not

reported in the literature. The aim of the study is to fulfill this

gap by conducting field and laboratory tests.

In the present research work, studies have been carried

out for evaluating the liquefaction potential of soil. For this

purpose, soil samples from different places of Roorkee

region are collected. Field data from five representative

boreholes were collected using SPT to know the N values

and soil profile for geotechnical investigation. At the end, a

comparison of results with similar past studies has been

carried out. The results presented in this paper will be

helpful for practicing engineers and researchers to identify

the areas which have high potential of liquefaction and in

turn require ground improvement.

Study Area

The SPT tests were conducted at five different sites in the

Roorkee region (within a radius of 30 km). The locations

of sites are as follows:

(1) DEQ Campus: open ground of Dept. of Earthquake

Engineering, IIT Roorkee.

(2) Solani Riverbed: on the bed of the Solani river

(about 50 m from Solani Via aqueduct).

(3) Bhagwanpur: the site is located in the playground of

a Govt. Inter College.

(4) Bahadrabad: the site is between Roorkee and Harid-

war on NH-58 and drilling was conducted in the

ground of Arya Inter College, Bahadrabad.

(5) Haridwar City: the site is in the playground of Bhalla

College near the bus stand in city.

From all these five locations, the soil samples were

collected through SPT and data collected from field and

laboratory tests are analyzed for liquefaction potential.

Kirar and Maheshwari [19] evaluated dynamic properties

of these soil samples using cyclic triaxial tests.

Details of test sites used in the present study are given in

Table 1. Since, the water table rises during the rainy

(monsoon) season, therefore for the analysis, the water

table is assumed at the ground surface for all the sites.

Methodology

The methodology of analysis includes following three

steps;

(i) Evaluating shear stresses due to earthquake (sav)
either by simplified procedure [2] or using ground

response analysis [20].

(ii) Evaluating shear stresses causing liquefaction i.e.

liquefaction resistance of soil either using simpli-

fied procedure based on laboratory tests [2] or

based on field tests [5].

(iii) Using information collected in above two steps,

factor of safety with depth is computed.

These steps and relevant formulation is described in

detail in following subsections.

Shear Stress due to Earthquake Loading (sav)

The average shear stress due to earthquake loading (sav) is
computed based on the following two methods.
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(a) Simplified method [2]:

sav ¼ 0:65
amax

g

� �
� rvo � rd ð1Þ

Cyclic stress ratio (CSR) is defined as

CSR ¼ sav
r0vo

� �
¼ 0:65

amax

g

� �
rvo
r0vo

� �
rd ð2Þ

where amax is the peak horizontal acceleration at the

ground surface, g is the acceleration due to gravity, rvo and
r0vo are total stress and effective stress, respectively and

rd = stress reduction coefficient, amax depends on the

earthquake magnitude and epicentral distance from the

rupture zone, for seismic zone IV, amax = 0.24 g is con-

sidered [18].

Stress reduction coefficient, describes the flexibility of

soil profile. Seed and Idriss [2] presented widely used curve

between rd and depth. A new relationship for stress

reduction (Eq. 3) is reported by Youd et al. [10] and has

been used in the present study

rd ¼
ð1:000� 0:4113z0:5 þ 0:04052zþ 0:001753z1:5Þ

ð1:000� 0:4177z0:5 þ 0:05729z� 0:006205z1:5 þ 0:001210z2Þ
ð3Þ

where z is the depth beneath ground surface in meters.

(b) Ground response analysis (GRA): This has been

performed using the program EERA [21] which is based on

one dimensional layered soil model. The shear wave

velocity is an important parameter for the program EERA.

The shear wave velocity values with depth at all the five

sites were determined from the seismic geophysical field

tests: Multi-channel spectral Analysis of Surface Waves

(MASW).

The transient excitation (acceleration time history) was

used as an input loading to the program EERA. The

N79�030E Component of 2005 Chamoli Earthquake

recorded at Chamoli station was used. The acceleration

time history [22] of this earthquake is shown in Fig. 1a

which indicates PGA equal to 0.06 g. The Fig. 1(b) shows

the Fourier spectrum of this earthquake indicating pre-

dominant frequencies of 1.5 and 3.0 Hz. The duration of

the actual time history is 44.61 s; however, after 30 s, the

value of acceleration is negligible, therefore only 30 s

duration is considered for analysis. Since the actual PGA

for this time history is too low (i.e. 0.06 g) and Roorkee

being in seismic zone IV; this acceleration time history is

proportionately increased for PGA = 0.2 g and used in the

analysis. The maximum shear stresses (smax) at different

depths were computed using the program EERA. The

average shear stress (sav) is computed as (0.65*smax). The

CSR is found as the ratio (0.65*smax/r0vo).

Shear Stress Required to Cause Liquefaction (sliq)

Stress causing liquefaction is computed based on two

approaches; (a) using laboratory approach i.e. simplified

procedure [2] and (b) using field approach based on N

values [5].

Shear Stress Based on Laboratory Tests (slab)

Evaluation of the cyclic shear stresses causing liquefaction

of soil in a given number of stress cycles by means of

laboratory program is performed. Seed and Idriss [2] con-

ducted the series of cyclic triaxial tests and the results of

number of such investigations on soils with different grain

size, represented by the mean grain size, D50 and at a

relative density of 50 % are reported. The results of these

tests are expressed in the terms of the stress ratio causing

liquefaction in 10 cycles for 7.0 Magnitude and in 30

cycles for 8.0 Magnitude Earthquakes. The effect of

earthquakes of different magnitudes could be related in

terms of different equivalent number of significant cycles

of motion which depend on the duration of ground shaking.

Representative numbers of stress cycles are 10, 20 and 30

for earthquake magnitude of 7, 7.5 and 8 respectively [2].

For Roorkee region, the magnitude of expected earthquake

is assumed as 7.0. Therefore, stress ratio has been com-

puted for 10 cycles, as presented in Fig. 2.

The stress ratio causing liquefaction in the field for a

given soil at a given relative density Dr can be estimated

from following equation [2].

Table 1 Details of sites where SPT tests were conducted

S. no. Site name Longitude Latitude Borelog depth (m) Depth of water table (m) No. of SPT samples

Actual Assumed

1 Solani Riverbed E77�53.965
0

N29�52.907
0

3.5 2.0 Ground 4

2 DEQ Campus E77�54.075
0

N29�51.262
0

9.0 4.5 Ground 7

3 Bhagwanpur E77�48.820
0

N29�56.203
0

8.0 2.5 Ground 7

4 Bahadrabad E78�02.307
0

N29�55.087
0

9.0 6.0 Ground 8

5 Haridwar City E78�09.019
0

N29�59.420
0

6.0 NA Ground 5
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CRR ¼ slab
r0vo

� �
lDr

¼ rdc
2ra

� �
l50

cr
Dr

50
ð4Þ

where CRR stands for cyclic resistance ratio. Shear stress

causing liquefaction (slab) is:

slab ¼
slab
r0vo

� �
lDr

r0vo ¼ CRR � r0vo ð5Þ

where slab
r0vo

� �
lDr

= stress ratio causing liquefaction under

field conditions; rdc
2ra

� �
l50

= stress ratio causing liquefac-

tion in triaxial tests at Dr = 50 % (Fig. 2); rdc = the cyclic

deviator stress; ra = the initial ambient pressure under

which the sample was consolidated; r0vo = effective over-

burden pressure; Dr = relative density in percentage;

cr = correction factors, values depends on Dr of soil [2];

cr = 0.57 for Dr = 0–50 %; cr = 0.60 for Dr = 50–60 %;

cr = 0.68 for Dr = 60–80 %.
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Fig. 1 a N79�030E Component

of 2005 Chamoli Earthquake

Recorded at Chamoli Station

b The Fourier spectrum of 2005

Chamoli Earthquake

Fig. 2 Stress ratio causing liquefaction of sands in 10 cycles (After

Seed and Idriss, 1971)
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Shear Stress Based on Field Tests (sf)

Here SPT-N value obtained from the field tests was used

for the estimation of CRR. For this, the measured N value

was corrected for overburden pressure by using the fol-

lowing relation

N1ð Þ60¼ N � CN

Em

0:60Eff

� �
ð6aÞ

where

CN ¼ 0:77 log
2000

r0vo

� �
ð6bÞ

where (N1)60 is the corrected SPT blow count normalized to

60 % energy, N is the measured SPT blow count in field,

Em is the actual hammer energy, Eff is the theoretical

hammer energy, CN an overburden correction factor [23]

and r0vo is effective overburden pressure at the depth of

penetration in kPa. Value of CN decreases with overburden

pressure and hence with the depth. Value of CN lies

between 0.4 and 1.7 [10].

CRR depends on the value of (N1)60 and fine content of the

soil. Seedet al. [5], presented the curves indicatingvariation of

CRR with (N1)60 for 5, 15 and 35 % fines. Youd et al. [10]

recommended some adjustment to these curves and presented

modified curves. Some empirical relations approximating

these curveswere alsopresented and the samehas beenused in

the present study. The value of CRR for a 7.5 magnitude

earthquake can be computed using following equation.

CRR7:5

¼ 1

34� ðN1Þ60cs
þ ðN1Þ60cs

135
þ 50

½10ðN1Þ60cs þ 45�2
� 1

200

 !

ð7Þ

where

ðN1Þ60cs ¼ aþ bðN1Þ60 ð8Þ

where (N1)60cs denotes the N values with fines correction.

The values of constants a and b depends on the fine con-

tents (FC), and given by

a ¼ 0:0; b ¼ 1:0 If FC� 5% ð9aÞ

a ¼ exp 1:76� 190

FC2

� �� �
; b ¼ 0:99þ FC1:5

1000

� �

If 5%\FC\35%

ð9bÞ

a ¼ 5:0; b ¼ 1:2 If FC� 35% ð9cÞ

For an earthquake with magnitude other than 7.5,

CRR7.5 is multiplied by a magnitude scaling factor (MSF).

Finally shear stress causing liquefaction (sf) can be found

using

CRR ¼ CRR7:5 �MSF ð10aÞ

sf ¼ CRR � r0vo ð10bÞ

The value of MSF for the considered earthquake of

magnitude 7.0 is taken as 1.08 [24] in the computation.

Estimation of Factor of Safety

The final step is to compute the factor of safety against

liquefaction (FS) i.e. the ratio of shear stress causing liq-

uefaction (sliq = slab = sf) to shear stress due to earth-

quake (sav). The factor of safety can also be computed as

ratio of CRR and CSR as follows

FS ¼ slab
sav

� �
¼ sf

sav

� �
¼ CRR

CSR

� �
ð11Þ

If value of FS is less than one, it is assumed that there

are chances of liquefaction. However, if it is significantly

greater than one there may not be a threat of liquefaction.

Field and Laboratory Tests

At all five sites, SPT were conducted according to IS 2131

[25] to collect the samples from different depths. Further,

to know the shear wave velocity profile, MASW tests were

conducted at each site. The samples collected were tested

in the laboratory for index properties according to IS 2720

[26].

Field Data

(a) SPT: the samples were collected from all five sites

for evaluation of liquefaction potential. The SPT

data were normalized to (N1)60, using Eqs. 6(a) and

6(b). The values of factor of safety were computed

below the ground water table. Details of SPT N val-

ues and others index properties with depth are given

in Tables 2 and 3 for all five sites.

(b) Seismic geophysical test: namely MASW test was

also conducted at all the five sites. Figure 3 shows

the 2-D shear wave velocity profile of Bahadrabad

site and Haridwar site obtained from MASW tests. It

can be observed from Fig. 3 that the shear wave

velocity is in the range of 280–420 m/s for

Bahadrabad site and in the range of 280–360 m/s

for Haridwar site, from ground surface to a depth of

60 m. This indicates medium sand at both the sites.

Figure 4 shows 1-D shear wave velocity profile of all

the five sites. This is based on the average value of

shear wave velocity at a particular depth and shown

only up to the depth of bore-hole for each site. It can

be observed that the shear wave velocity for Solani
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Riverbed and Bhagwanpur Site are well below

170 m/s for all depths, indicating loose soil deposit

at these sites whereas the shear wave velocity

profiles at all other three sites indicate medium soil.

Laboratory Data

All the samples were examined to know their index prop-

erties according to IS: 2720 [26], including sieve analysis,

i.e. grain size distribution (GSD), coefficient of uniformity

(Cu), coefficient of curvature (Cc) and soil classification.

Other properties like specific gravity, maximum and min-

imum void Ratio, relative density, Atterberg’s limits, etc.

for all samples are also evaluated. Figure 5 shows GSD

curves for all the sites which indicate that the particles are

finer than 600 micron at all five sites.

At the Solani riverbed, only four samples were collected

up to 3.5 m depth due to high water pressure. It can be

observed from GSD shown in Fig. 5a that the more than

95 % of the particle size lies in the range of fine sand and

less than 2 % are passing through 75 micron sieve for all

Table 2 Index properties of the clay samples collected from SPTs sites

Site name Depth (m) Water content (%) LL (%) PL (%) PI (%) Soil type Specific gravity N (N1)60 Remarks

DEQ Campus 3.0 21.00 33 13 20 CL 2.43 7 10.16 NL

4.5 22.00 28 14 14 CL 2.41 11 14.40 NL

6.0 22.00 37 17 20 CL 2.38 5 6.05 NL

Bhagwanpur 4.5 26.77 74 33 41 CL 2.67 8 11.01 NL

6.0 25.49 44 23 21 CL 2.68 5 6.27 NL

Bahadrabad 4.5 21.25 53 23 20 CL 2.69 11 14.80 NL

9.0 33.90 55 33 22 CL 2.70 8 8.76 NL

NL no liquefaction

Table 3 Index properties of the sand samples collected from SPTs sites

Site name Depth (m) SP G FC (%) D50 � b (kN/m
3) Dr (%) N CN (N1)60

Solani Riverbed 0.75 SP 2.64 3.0 0.18 15.85 34 7 1.70 11.90

1.5 SP 2.65 3.0 0.16 15.60 28 4 1.70 6.80

2.25 SP 2.63 2.6 0.17 16.29 52 12 1.68 20.16

3.5 SP 2.66 3.0 0.16 16.63 55 12 1.52 18.24

DEQ Campus 0.75 SP 2.63 3.6 0.18 17.66 25 5 1.70 8.50

1.5 SP 2.65 3.2 0.16 18.64 38 8 1.70 13.58

7.5 SP 2.64 3.8 0.13 19.13 50 11 1.13 12.46

9 SP 2.65 2.8 0.16 19.52 46 11 1.07 11.74

Bhagwanpur 0.75 SP 2.65 6.4 0.18 15.80 26 2 1.70 3.40

1.5 SP 2.64 6.0 0.16 16.63 39 5 1.70 8.50

2.25 SP 2.65 2.2 0.20 16.10 44 8 1.67 13.35

3.5 SP 2.63 3.6 0.12 17.33 57 10 1.50 14.99

8.0 SP 2.64 5.8 0.18 17.76 60 12 1.16 13.94

Bhahadrabad 0.75 SP 2.66 30.0 0.11 16.57 36 8 1.70 13.60

1.5 SP 2.67 27.0 0.12 16.71 44 9 1.70 15.30

2.25 SP 2.67 18.8 0.15 16.85 52 10 1.64 16.40

3.00 SP 2.68 29.0 0.12 17.15 63 13 1.54 20.00

6.50 SP 2.64 20.6 0.13 16.37 51 8 1.17 9.39

7.50 SP 2.65 26.6 0.22 16.53 54 8 1.14 9.13

Haridwar 0.75 SP 2.66 26.4 0.18 15.94 38 7 1.70 11.90

1.5 SP 2.70 35.6 0.12 16.45 46 8 1.70 13.60

3.00 SP 2.68 20.8 0.16 17.18 60 13 1.55 20.09

4.50 SP 2.67 32.2 0.10 16.44 50 10 1.41 14.14

6.00 SP 2.68 26.2 0.17 16.68 55 12 1.32 15.80
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depths. Thus the soil was classified as poorly graded sand

i.e. SP. Similar, observations were made at other sites and

properties are listed in Tables 2 and 3. For DEQ Campus,

the samples were collected from depths 0.75, 1.5, 3.0, 4.5,

6.0, 7.5 and 9.0 m. GSD curves for samples collected from

depth 0.75, 1.5, 7.5 and 9.0 m are given in Fig. 5b indi-

cating fine sand. For the samples collected from depths 3.0,

4.5 and 6.0 m, soil classification is done based on their

plasticity index (PI).

For Bhagawanpur, seven samples were collected up to

8.0 m depth. At depths 4.5 and 6.0 m, soil classification is

based on PI and soil is classified as CL. For other depths,

GSD are shown in Fig. 5c.

For Bhadrabad, up to 9.0 m depth, 8 SPT samples were

collected different depths. It can be observed from Fig. 5d,

that at the most of the depth, fine content are more than

20 %. At 4.5 and 9.0 m depth, soil samples classified as CL

is based on plasticity chart.

Figure 5e shows the particle size distribution of the

Haridwar city of 5 SPT samples up to 6.0 m depth which

indicate that the fine contents are different at different

depths. High fine contents are 35.60 and 32.20 % at depths

1.5 and 4.5 m respectively.

Results and Discussions

The average shear stresses (sav) in soil at different depths

were computed using the simplified method (Eq. 1) as well

as using the ground response analysis for all the sites. For

the simplified method amax equal to 0.24 g and for GRA,

PGA equal to 0.2 g were considered. Figure 6 shows the

plot of the average shear stress values against the depth

Fig. 3 Two-Dimensional shear wave velocity profile using MASW test at Sites
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Fig. 4 One-Dimensional shear wave velocity profile of Roorkee
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computed using both these methods for all the five sites. It

can be observed that the GRA gives greater values of shear

stresses at all the depths as compared to the simplified

method. Also, the difference in the shear stress values

obtained using these two methods is more or less the same

at all the depths; however, the percentage increase in GRA

values (with respect to values of simplified method) is

relatively greater at shallow depths. The same trend of

result is observed for all the five sites.

The trend of results shown in Fig. 6 can be attributed to

the fact that the shear wave velocity is a key parameter in

ground response analysis while in simplified method, the

total stress plays a major role (Eq. 1). Further, the differ-

ence between shear stress using these two methods is

supmaCQEDdebreviRinaloS(a)
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Fig. 5 Grain size distribution curves of SPT sites
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higher in Fig. 6a–c due to lower values of shear wave

velocities (Fig. 4) for these sites, However this difference

for Bahadrabad and Haridwar sites are smaller due to high

values of shear wave velocities (Fig. 6d, e).

Shear stress causing liquefaction was evaluated using

two methods i.e. laboratory and field approach discussed in

‘‘Shear Stress Required to Cause Liquefaction sliq’’ sec-

tion. Figure 7 shows the variation of shear stress causing

liquefaction with the depth, evaluated by these two meth-

ods. It can be observed that the shear stress causing liq-

uefaction obtained using field approach (sf) is consistently
greater by some margin than that obtained from lab

approach (slab) for all the cases. For example, in case of

DEQ Campus site (Fig. 7b); shear stress causing lique-

faction by field approach is slightly higher than that using

the lab approach. The similar trend has been observed at

Solani riverbed and other sites as shown in Fig. 7a–e. In

Fig. 7b, c, d, the zone of clay layers have been indicated

using dotted lines based on the data presented in Table 2.

Figures 8, 9, 10, 11 and 12 show the factor of safety

(FS) with the depth against liquefaction for all five sites.

For all the sites, the FS using lab approach and using field

approach are compared along the depth for two cases

(a) using simplified method (b) using GRA.

While evaluating FS, for some depths, first liquefaction is

ruled out using Chinese criteria either due to presence of clay
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earthquake loading using

simplified method and using

ground response analysis
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layers and/or due to water content less than 90 % of liquid

limit (Table 2). For example, forDEQCampus from3 to 6 m

depth (Fig. 9); Bhagwanpur from 4.5 to 6.0 m depth

(Fig. 10); Bahadrabad at 4.5 and 9.0 m depths (Fig. 11), the

possibility of liquefaction is ruled out. In Figs. 9, 10 and 11,

the dotted line is used to show this range of no liquefaction

(NL), drawn on the basis of average depths of SPT layers.

In Figs. 8, 9, 10, 11, 12, it can be observed that the FS

using field approach is higher than that using the lab

approach for both the cases i.e. (a) using simplified method

(b) using GRA. This can be attributed to the fact the shear

stress required to cause liquefaction using field approach is

greater than that using the lab approach (i.e. sf[ slab) as
indicated in Fig. 7.

Value of FS using GRA is significantly smaller than that

using simplified method. At most of the depths, the value

of FS using GRA is almost half than that using simplified

method. This holds for both the lab and field approach.

This outcome is attributed to the difference in shear stress

due to earthquake loading (sav) using two methods (Fig. 6).
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Thus it can be concluded that for the evaluation of lique-

faction potential of sites, it is very important to perform

ground response analysis and simplified method may not be

adequate (as it may indicate no threat of liquefaction which

may actually not be true).

The similar conclusion was reported by Prakash and

Guo [8] for Kushiro, Japan region. These researchers

studied 24 sites with 92 profiles of sandy deposits where

earthquakes have occurred. In the present study, both sandy

and clayey types of soils are considered. Prakash and Guo

[8] has also reported sf is consistently marginally greater

than slab at shallow depths and difference increases at

higher depths. The same trend of results was reported in the

present study for Roorkee region.

Further, the FS of safety at all the depths using GRA are

less than unity at all the sites which indicate potential of

liquefaction considering PGA = 0.2 g. For, Bahadrabad

and Haridwar sites FS is relatively greater though still less

than unity (FS\ 1) using both the methods. Thus there is a

clear threat of liquefaction at almost all the sites for the

depths explored. These sites require ground improvement.

Comparison with Past Studies

A number of researchers evaluated liquefaction potentials

of different regions, however comparison of laboratory and

field results were rarely performed. Rao and Satyam [27]
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evaluated liquefaction potential of Delhi region using SPT

test based data for seismic microzonation. Delhi region

being in seismic Zone-IV has high seismic risk. Hazarika

and Boominathan [28] reported liquefaction induced

ground failures due to 2001 Bhuj earthquake of magnitude

MW = 7.7. The performance-based liquefaction potential

analysis was carried out [29] to estimate the earthquake

induced liquefaction for Bangalore city, through a proba-

bilistic approach based on SPT data. The entire range of

peak ground acceleration (PGA) and earthquake magni-

tudes were used in the evaluation of liquefaction return

period. Neupane and Suzuki [30], has performed lique-

faction potential of Kathmandu Valley using SPT N-values

and investigated the effects of fine on liquefaction poten-

tial. Dixit et al. [31] has evaluated the susceptibility of soil

liquefaction for Mumbai city using simplified empirical

procedure based on SPT test data. The liquefaction is

evaluated for Mumbai city in terms of the factors of safety

against liquefaction along the depths of soil profiles for

different earthquakes with 2 % probability of exceedance

in 50 years. Liquefaction potential index is computed by

integrating the factors of safety along the depth and contour

maps of liquefaction potential index of Mumbai city were

presented.

Sesov et al. [32] evaluated the liquefaction potential by

in situ tests and laboratory experiments in complex geo-

logical conditions. For in situ tests, SPT and CPT are used

and for laboratory tests Cyclic Triaxial is employed. Tat-

suoka et al. [33] used SPT data for evaluating liquefaction

potential in Japan. Tokimatsu and Yoshimi [34] presented

empirical correlation of soil liquefaction based on SPT

N-value and fines content. In all these studies liquefaction

potential is evaluated while in the present study this has

been performed using both laboratory and field data.

Summary and Conclusions

The liquefaction potential of Roorkee region has been

analyzed using field and laboratory tests. The factor of

safety (FS) against liquefaction is determined using results

of field and lab tests using two approaches i.e. (a) simpli-

fied method and (b) ground response analysis. It was

observed that there are significant differences in the results

from different approach. Following conclusions can be

drawn based on the analyses performed:

1. The average shear stress (sav) induced due to earth-

quake loading using GRA method is significantly

greater than that using simplified method at all depths.

2. The shear stresses causing liquefaction (sliq) using field
tests are marginally greater than that using laboratory

tests.

3. The FS for all the sites using field tests are marginally

greater than that using laboratory tests.

4. The FS for all the sites using GRA method is almost

half of that using simplified method at most of the

depths. Thus indicating that the analysis performed

using simplified method may not be adequate.

5. The analyses indicate that there is clear threat of

liquefaction at all the sites in the considered depth

assuming water table at the ground. Thus the sites

require ground improvement.

This study presents the liquefaction potential of Roorkee

region which is not reported in the literature. Based on the

outcome of the analyses, it is recommended that ground

response analyses shall be carried out for all important

projects as the simplified method may not be adequate.

Though this outcome is based on limited data presented

here and may require further investigation. The present

study has direct practical application for the design of

structures and foundations in the Roorkee region.
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