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The properties of soil play an important role in every
aspect of geotechnical engineering field. There are
variety of methods or tests developed for the
determination of soil properties that includes the
field and laboratory tests. The most popular field test
such as standard penetration test (SPT) is carried out
to obtain N-value of a soil layer at different depths.
The N-value provides an indication of the relative
density of the subsurface soil. It is used in empirical
geotechnical correlation to estimate several
geotechnical properties such as angle of internal
friction, maximum shear modulus, shear wave
velocity and shear strength parameters of the soils.
Mumbai city is highly populated with multi-storey
buildings. In the past, deep soil investigations were
rarely conducted in the city area leading to
insufficient number and distribution of subsurface
investigations in the city area. Keeping this in mind,
the present study is carried out to model and map the
variation of N-value with depth by using geostatistical
analyst tools of ArcGIS. The N-value obtained from
maximum 1272 boreholes that are spread over an
area of approximately 390sq.kms of Mumbai city and
its suburbs are used to map the spatial variation of Nvalue at various depths method of geostatistical
interpolation with the exponential semivariogram
model in ArcGIS 10.3. The performance of the
adopted kriging interpolation model is validated using
cross validation technique. The developed maps
enabled the estimation of SPT value at points in the
subsurface where field measurements are not
available.
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Introduction
The properties of soil play an important role in every aspect of geotechnical engineering field. There are
variety of methods or tests developed for the determination of soil properties that includes the field and
laboratory tests. To determine the real values of these properties undisturbed samples are to be collected.
However, in reality, it is difficult to obtain 100 % undisturbed samples due to handling, transportation, release
of overburden pressure and poor laboratory conditions and hence field tests like standard penetration tests
(SPT), cone penetration tests (CPT), shear wave velocity (Vs) test and Becker penetration test (BPT) are
performed to determine the soil characteristics (Phule and Choudhury, 2015). SPT provides a good
opportunity to obtain or predict some properties such as shear strength parameters (c & ϕ), relative density of
the subsurface soil. The big advantage of this test and the main reason for its widespread use is that it is
simple and inexpensive. Though the shear strength parameters inferred from the tests are approximate, it
may give a useful guide in ground conditions where it may not be possible to obtain borehole samples of
adequate quality like clay containing sand or gravel. Thus the SPT saves money by reducing laboratory testing.
Though predicting SPT value without actually conducting the SPT is difficult, because the soil property changes
from place to place and also varies with depth, it still can be a useful mean to obtain preliminary soil
information before carrying out any soil investigation. Surface prediction is a key problem in geotechnical
studies and kriging is a common technique for achieving this. ArcGIS software provides an efficient way of
kriging through their Geostatistical analyst tool. In the present study, this tool is used to model and map the
variation of corrected SPT value with depth. The resulting soil SPT maps projects patterns or trends of
different soils of Mumbai city that can be can be helpful to the geotechnical engineers and researchers to
carry out detailed soil investigations and analyze the approximate soil properties from the geotechnical
correlations of SPT.

Study Area
In the present study, Mumbai city, one of the metropolitan city in India, is considered as the study area as
shown in Fig. 1a. Mumbai city is the commercial as well as financial hub of India that covers an area of
437.71sq.km representing 0.14 percent of the state of Maharashtra (MEERP, 2007). The city has a population
of 20 million as per 2011 census. The Soil cover in the city region is sandy while in the suburbs; it is largely
alluvial and loamy. The pre-monsoon depth to ground water table ranges from 2.5 m to 6.5m below ground
level while the post-monsoon water table depths ranges from 1.8m to 7m. Depth to bedrock in most of the
areas in Mumbai city is shallowupto10 - 15m in the area and the field as well as soil laboratory test results
revealed that the soils in the area are dominantly clays of high plasticity down to 7 - 8m of depth with
overlying fill of 1 to 1.5m.

Data Collection
In this study, the results of SPT are taken from the compiled reports obtained from various consultancies. The
borehole data base is represented in three groups, namely, Southern Mumbai, Western Mumbai and Central
Mumbai. The soil data was arranged to a depth of 25m below the ground surface level. The distribution of
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number of locations and the number of boreholes from central, west and south of Mumbai city area at depth
of 3m and 4.5m considered for the study are given in Table 1. The distribution of the subsurface investigation
locations for Mumbai city is also shown in Fig.1. The depth of boreholes range from 7 – 25m and the N-value
are in the range of 2 – 10 at many places indicating soft deposits of clay while at some places it is up to 50
showing dense soil deposits.

Mumbai

Maharashtra

Fig: 1 – (a) Map of Maharashtra with inset of Location map of Mumbai city (after Phule and Choudhury, 2016) showing
distribution of boreholes used for the study

Boreholes
Locations

Table 1 Distribution of Boreholes in the Study Area of Mumbai City
At 3m depth
At 4.5m depth
At 6m depth
Mumbai Mumbai Mumbai Mumbai Mumbai Mumbai Mumbai Mumbai Mumbai
Central Western
South
Central Western
South
Central Western
South
130
867
275
62
523
223
145
247
126
9
15
30
9
14
29
6
13
25

Methodology
After the database is explored, spatial data analysis is carried out to understand the interpolation model to be
constructed. Next, an empirical variogram is computed and an appropriate theoretical variogram model is
selected and fit to the empirical variogram for analysis and preparation of prediction maps of N-value by using
the kriging technique available in the geostatistical analyst tool of ArcGIS 10.3.
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Though, most of the interpolation methods provided by GIS softwares do not require the data to be normally
distributed, it is good to have the knowledge of the distribution of the data to get optimal prediction maps. All
kriging methods rely on the assumption of stationarity. This assumption requires, in part, that all data values
come from distributions that have the same variability. Data transformations can be used to satisfy this
assumption of equal variability. To explore the distribution of the data which is important for statistical
analysis of the data, the histogram and normal QQ plot as well as the basic statistical analysis of the N values
for depth of 3m is carried out by using ESDA tool of ArcGIS 10.3 and is given in Fig. 2 a and b. This can help to
get a general idea about the properties of the soils in the Mumbai region at that depth. Fig. 3a shows that the
distribution of SPT value is similar to a normal distribution at least in the middle part. It is understood that the
histogram of the N-value at 3m are concentrated from 7 to 15.
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Fig: 2-(a) Histogram and (b) Normal QQ plot for SPT value at depth of 4.5m for the Mumbai region
Considering the distribution of SPT value at a depth of 3m, the mean SPT value is 9.741, with a standard
deviation of 2.730 and the skewness number is -0.188 which indicates that the data is skewed left with most of
the values concentrated on right of the mean. Next, very low kurtosis number of 0.448 indicates that the data
distribution is flatter than the normal with a little wider peak.
From the statistical analysis of SPT value at 3m depth, it is seen that the absolute skewness is less than twice
its standard error of 0.428 and the absolute kurtosis of is less than twice its standard error, i.e. 0.858.Thus, we
can say that the data is likely to be relatively normally distributed. A normal quantile plot is a more sensitive
tool for checking if the shape is close to a normal model. If the observations follow approximately a normal
distribution, the resulting plot should be roughly a straight line with a positive slope.
Fig. 3b, shows the normal quantile plot of SPT value at 3m depth respectively and it is observed that the
distribution is symmetric with a little fat tails. SPT value seems to follow a normal distribution reasonably well,
except in the extreme tails.
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Next, Chi-square goodness of fit test is carried out to test the hypothesis that data comes from a normal
hypothesis. The chi-square test statistic computed for N-value less than 15 is 10.48, which is slightly less than
the critical value of 11.07 for 5% significance level. Thus, we can say that the normal distribution is acceptable
at 5% level of significance.

Computing an Empirical Variogram
Experimental variograms are used to present the spatial variation of the regionalized random variable where
predefined mathematical models are fitted for use in mapping (Huijbregts, 1975; Olea, 1991; Rota, 2007). The
Fig. 3 shows the experimental semivariogram for SPT value at 3m depth.
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Fig: 3-Semivariogram for SPT value at 3m depth

Fitting and selecting a theoretical variogram model to the empirical variogram
After the experimental variogram is built up, analysis was carried out for the convergence of fit of
mathematical models to data in hand. Basic components of a variogram are shown in Fig. 4.

Fig: 4- Basic components of a Semivariogram (Bohling, 2005)
The identifiers of a variogram can be counted as the nugget, sill and the range parameters. Although the
nugget is simply the ordinate value of the intersection of the variogram and the y-axis, it is generally referred
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as a particular model (Rota 2007). For modeling the remaining section, there are a number of models including
exponential, spherical, Gaussian, linear, whole effect, etc.
In the present study, variogram analysis is done using ArcGIS 10.3. Fig.5 a and b shows distinct variograms
after detrending the SPT value data at 3m depth with appropriate theoretical mathematical models fitted to
the experimental variograms.

(a)

(b)

Fig: 5- Semivariogram for N-value at 3m depth using Ordinary kriging (a) using spherical model (b) using
exponential model

Cross Validation
In order to validate a model, geostatistical analysis is carried out. The scatter of measured N-value and the
predicted N-value at 3m depth is illustrated in Fig. 6a and b for data with spherical and exponential models.

(a)

(b)

Fig: 6- Measured and Predicted N-value at 3m depth by using Ordinary kriging with (a) spherical model and
(b) exponential model
Fig. 7a and b gives the standardized error plot for the spherical and exponential model. The standardized error
is obtained by subtracting the measured values from the predicted values and dividing it by the estimated
kriging standard errors. For both the models, it is seen that the slope is far less than 1, the reason being the
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property of kriging that tends to under predict large values and over predict small values. The prediction error
statistics for different semivariogram models is tabulated in Table 2.
The mean prediction errors computed from the spherical and exponential model are near zero, with
exponential model giving the lowest value of 0.03, which indicates that the prediction errors are unbiased
(centered on the true values). However, this value depends on the scale of the data; to standardize these, the
standardized mean prediction errors are calculated by dividing the prediction errors by their prediction
standard errors. It is observed that the mean standardized error for the exponential model is 3.11 and it is less
as compared to the spherical model. Next step is to assess the variability of the predictions from the true
values as it is important to get the correct variability.

(a)

(b)

Fig: 7- Standardized error graph for N-value at 3m depth using Ordinary kriging (a) using spherical model (c)
using exponential model

Kriging
Ordinary
Ordinary

Table 2 Statistical Results of Theoretical Variogram Models.
Prediction Errors
Theoretical
Standardized root
variogram
Mean
Root mean
Standardized
mean square
model
error
square error
mean error
error
Spherical
0.05
3.16
0.017
0.9998
Exponential
0.03
3.11
0.009
1.000003

Average
standard
error
2.897
2.912

It can be seen from the table of prediction error statistics that the average standard error for the exponential
model is close to its root mean square prediction error having a difference of 0.198 as compared to the
spherical model which has a difference of 0.263, indicating that the exponential model correctly assesses the
variability in prediction. Also, it can be seen that the root mean squared standardized errors is close to 1 which
again clarifies that the detrended exponential model is a better fit variogram model. Thus, the exponential
model is preferred in accordance with the comparison of geostatistical analysis of the models carried out and
the spatial behavior of the N-value for Mumbai city can be best represented by this model.
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Generation of Contour Maps for the Predicted SPT value
After the variogram analysis, ordinary kriging method is applied and SPT prediction maps for different depths
of soils of Mumbai city are prepared in ArcGIS 10.3. Fig.8a and b shows the prediction map of SPT value at 3m
below ground level. Variation of the SPT value at 3m depth and 4.5 m depth is high as there is a big amount of
data at this depth and the frequently predicted N-value ranged between 7 and 12. Also, based on the area
computed by using ‘Calculate Geometry’ Tool of ArcGIS 10.3, it is observed that an area of 253.84 sq.km of
Mumbai city has soils having SPT value in the range of 7 to 10 at depth below 3m from ground while a small
area of 0.79 sq.km has SPT value even below 4. Similarly, a maximum area of 196.33sq.km has SPT value of 7
to 10 while and area of 10sq.km have SPT value less than 7.

Fig: 8 – N-value Prediction map for soils of Mumbai city at depth of (a) 3m and (b) 4.5m

Conclusion
The N-value in Mumbai city center are mapped using the ordinary kriging approach and the exponential
variogram model. SPT-N values were obtained from maximum 1272 boreholes spread over 54 locations of
Mumbai city to model the spatial variation of N- values in an area of approximately 390sq.kms. The variations
of SPT-N value were modeled at various depths using the knowledge of semi-variograms and the kriging
theory which enabled the estimation of N-value at points in the subsurface where field measurements are not
available.
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The results revealed that the estimation ability of the exponential model is acceptable, which is validated by a
number of parameters and comparisons of the actual and estimated SPT value data. The prediction maps
generated can be used in microzonation studies, site response analyses, calculation of bearing capacity of
subsoils in the region and producing a number of parameters which are empirically related to corrected SPT
number as well. The predicted N-value for Mumbai city obtained from this study can be used to estimate
several geotechnical parameters for the area considered for the study based on their correlations with SPT
value, like angle of internal friction, maximum shear modulus, and shear wave velocity. Prediction contour
maps were prepared for a better visualization of this variation. It is considered that the results obtained for
the study area of Mumbai city can be useful for pre-evaluation of the subsurface strength at this depth in the
area.
These maps can be used by the geotechnical engineers to get the preliminary information of the soil available
at different depths and to plan the soil investigations for a given area.
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