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Abstract Evaluation of ultimate bearing capacity is a tedious process, as the deter-
mination of shear strength parameters within the underlying soil structure is a diffi-
cult task. The purpose of current research work was to arrive at an alternative way
for calculating ultimate bearing capacity by thoroughly considering soil properties
like density, specific gravity and grain size distribution. Soil samples were collected
from different construction sites of South Goa at 1.5 m depth from the ground level.
Numerous tests like core cutter, moisture content, specific gravity, direct shear, sieve
analysis and pipette analysis were conducted to determine the soil properties. Using
the results of direct shear test (c andF values), ultimate bearing capacitieswere calcu-
lated as per Terzaghi, Hansen, Meyerhof, Vesic and code IS: 6403-1981 methods for
square footing of 2 m × 2 m. The softwares like SoFA and OptumG2 were also used
to calculate ultimate bearing capacities. Various correlation equations were arrived
between different soil properties and ultimate bearing capacity usingmultiple regres-
sion technique. The softwares used to arrive at a regression equation were IBMSPSS
Statistics 24 and Minitab. Prediction accuracies were evaluated using coefficient of
determination, root mean square error and mean error between the measured and the
predicted values.

Keywords Ultimate bearing capacity · Shear strength · Multiple regressions ·
OptumG2 software · Minitab

1 Introduction

Bearing capacity is the strength of the soil, which absorbs the superstructure effort,
without undergoing shear failure or excessive settling. While designing the founda-
tionwe consider twomain factors, namely the ultimate bearing capacity (UBC) of the
soil beneath the foundation and the amount of settlement that is allowed with taking
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into consideration that the settlement does not affect the efficiency of soil. The ulti-
mate bearing capacity means the load under the foundation can carry without failing
in shear and the settlement consists of approximation of the settlement which is
caused by superstructure load [1]. The bearing capacity of foundations depends on
some of the mechanical properties of the soil, such as density, shearing strength and
deformation characteristics. It also depends on the original stresses and the water
conditions inside the ground. The size, shape, depth and roughness are some visible
features of the foundation on which bearing capacity depends [2]. Judging of the ulti-
mate bearing capacity is a tough process as it is hard to evaluate the shear strength
parameters within the underlying soil structure. To determine the ultimate bearing
capacity of soil for shallow foundation, Terzaghi’s [3], Meyerhof’s [2], Hansen’s
[4], Vesic’s [5], IS 6403: 1981 [6] methods and also softwares such as SoFA [7] and
OptumG2 [8] were used. A comparison was made between the values found from
methods given by various investigators, SoFA and OptumG2. Manual methods for
the estimation of ultimate bearing capacity are based on shear strength parameters.
A nonlinear regression is used to model the relationship between bearing capacity
and fines contents of soil using square footing [9]. An attempt was made to provide
an easier, faster and economical method to determine the ultimate bearing capacity
of soil by generating an equation by regression analysis using IBM SPSS Statistics
24 [10] and Minitab [11] softwares. A relationship was derived between ultimate
bearing capacity and soil properties such as density, specific gravity and grain size
distribution. Based on the coefficient of determination (R2), the derived equation
was validated. The nearer the R2 is to 1, the accurate is the relationship between the
dependent and independent variables [12].

2 Methodology

The present workwas carried out for shallow foundation considering a square footing
of size 2 m × 2 m and depth of foundation as 1.5 m.

2.1 Soil Sampling

The soil samples used in the study were collected from different talukas of Goa. The
samples were collected using core cutter method from the base of the foundation
which were approximately at 1.5 m depth. The location of some of the sites from
where the soil samples were collected is as shown in Table 1.
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Table 1 Location of sites

Soil sample Location Latitude Longitude

Site 1 Housing Board, Gogol, Curtorim, Margao 15°16′47.0′′ N 73°59′35.4′′ E
Site 2 Behind Korgaonkar Petrol Pump, Fatorda,

Margao
15°17′29.5′′ N 73°58′37.3′′ E

Site 3 Panjifond, Margao 15°16′31.3′′ N 73°57′46.4′′ E
Site 4 Borda, Margao 15°16′47.9′′ N 73°58′28.4′′ E
Site 5 Near GEC campus, Donshiwadi, priol, Ponda 15°25′11.0′′ N 73°58′59.5′′ E
Site 6 Ponda Tisk, Ponda 15°23′37.7′′ N 74°00′07.9′′ E
Site 7 Mhalshewada, Margao-Belgaum By pass

Road, Ponda
15°24′16.4′′ N 74°01′51.8′′ E

Site 8 Near Margao-Quepem Road, Paroda, Quepem 15°13′19.5′′ N 74°03′29.7′′ E
Site 9 Pontemol, kakoda, Quepem 15°15′05.4′′N 74°07′28.0′′E
Site 10 Margao-Chandor-Curchorem Road, Xelvona,

Quepem
15°15′52.5′’N 74°05′02.8′’E

Site 11 Near Sanguem-Calem Road (MDR35),
Sanguem

15°14′07.4′′ N 74°08′58.2′′ E

Site 12 Kharkhate Ghati, Cotarli, Sanguem 15°13′44.5′′ N 74°07′60.0′′ E
Site 13 Near Tilamol-Rivona-Colomb Road, Rivona,

Sanguem
15°09′32.3′′ N 74°06′57.1′′ E

2.2 Laboratory Analysis

The different tests on soil samples were conducted in laboratory-like core cutter test
to find density and moisture content; direct shear test to find cohesion (c) and angle
of friction (F); specific gravity test, wet sieve analysis to find percentage of gravel
and sand; and pipette analysis to find percentage of silt and clay.

2.3 Data Analysis

The data obtained from the above test results were used to find ultimate bearing
capacity of soil at different sites. Using the values of ultimate bearing capacity,
regression analysis was done using IBM SPSS Statistics 24 Regression analysis and
Minitab software.
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3 Results and Discussion

Testswere carried out on the soil samples to determine different properties of soil. The
tests like density of soil according to IS:2720 (1975: Part 29) [13], moisture content
according to IS:2720 (1973: Part 2) [14], specific gravity according to IS:2720 (1981:
Part 3: Sect. 3) [15], shear strength (cohesion and angle of internal friction) according
to IS:2720 (1986: Part 13) [16], wet sieve analysis (% gravel and % sand) and pipette
analysis (% clay and% silt) according to IS:2720 (1985: Part 4) [17] were conducted.
The test results of different soil samples for the above properties are as shown in Table
2.

The inputs required to find the ultimate bearing capacity of soil are cohesion, unit
weight of soil, depth of foundation, width of footing and angle of internal friction.
A square footing of size 2 m × 2 m was considered. The ultimate bearing capacity
for each soil sample was determined using Terzaghi’s analysis, Hansen’s analysis,
Vesic’s analysis and IS 6403: 1981 code and also using softwares such as SoFA and
OptumG2. The values of ultimate bearing capacity are shown in Table 3.

In statistical modelling, regression analysis is a set of statistical processes for esti-
mating the relationships among variables. It includes many techniques for modelling
and analysing several variables, when the focus is on the relationship between a
dependent variable and one or more independent variables (or predictors). More
specifically, regression analysis helps one understand how the typical value of the
dependent variables changes when any one of the independent variables is varied,
while the other independent variables are held fixed. Multiple linear regression anal-
ysis was carried out between the values of ultimate bearing capacity and the soil
properties (such as density, specific gravity and grain size distribution) to form an
equation using IBM SPSS Statistics 24 Regression analysis and Minitab software.
After the comparisonwasmade betweenmanualmethods and softwares, it was found
that IS 6403: 1981 code values and OptumG2 softwares values of ultimate bearing
capacity are similar. Hence IS 6403: 1981 code values of ultimate bearing capacity
were used for regression analysis. The independent variables used in regression were
density (kN/m3), specific gravity, gravel (%), sand (%), silt (%), clay (%) and water
content (%). Using different combination of variables, regression analysis was done
and the combination which gives greater value of coefficient of determination was
considered as perfect combination which relates variables well. Using combination
of dependent variable as ultimate bearing capacity and independent variables as
specific gravity, density, gravel (%), sand (%) and silt (%) an equation was obtained
which gives greater value of coefficient of determination from all other combination
which were used for regression analysis in IBM SPSS Statistics 24 Regression anal-
ysis software. To check whether there was any multiple relation between the vari-
ables selected the simple correlations, variance increase factors (VIFs), tolerance
value and the condition index (CI) were examined. The values of VIF are shown
in Table 4.

When the simple correlations are examined, if variance increase factors (VIF)
is equal to or greater than 10, then there are multiple relations between variables
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[12] and from Table 4, it can be seen that VIF values for all are greater than 10.
In addition to these, if tolerance values are greater than 0.10, no multiple relations
between variables are decided [12]. It can be seen from Table 4 that all tolerance
values are less than 0.10. The absolute value β (beta) in Table 4 indicates the order
of importance of the independent variables. The variable with the highest β value is
relatively the most important variable. The CI values are shown in Table 5.

In cases where the CI value is greater than 30, it is regarded that there are multiple
relations between variables [12]. Yet, as it is clear from Table 5, the CI values calcu-
lated are greater than 30. Thus, it can be concluded that there were multiple relations
between the variables. The summary of the model according to ANOVA statistics is
shown in Table 6.

In consequence of the standard regression analysis, the model’s degree of
predicting dependent variable, that is, correlation coefficient was found to be R =
0.993. The model’s degree of explaining the variance in the dependent variable,
that is, coefficient of determination was found to be R2 = 0.986. Hence, the model
predicts the dependent variable very well. Based on the regression analysis result,
the regression equation was obtained as shown in Eq. 1:

UBC = 260.176X1 + 5.690X2 − 6.092X3 − 6.450X4 − 6.944X5 (1)

whereUBC=ultimate bearing capacity,X1 = specific gravity,X2 =density (kN/m3),
X3 = sand (%), X4 = gravel (%), X5 = silt (%).

Values used for regression analysis (observed UBC, that is, values obtained from
IS 6403: 1981 code) and values obtained fromEq. 1 of regression analysis (predicated
UBC) are tabulated in Table 7 and graph of observed UBC versus predicated UBC
is shown in Fig. 1.

To verify the results obtained using IBM SPSS Statistics 24 software, Minitab
was used. The test results which were used as input for regression analysis in IBM
SPSS Statistics 24 software were used in Minitab software. The result of regression
analysis obtained using Minitab software is shown in Table 8.

When the correlations were examined with Minitab software, from Table 8, it can
be seen that VIF values for all terms are greater than 10 (Gulden et al. 2013). The
result of regression analysis obtained using Minitab software is shown in Table 9.

From Table 9, the coefficient of determination was found to be R2 = 98.56%. The
regression equation was obtained as it is shown in Eq. 2:

UBC
(
kN/m2

) = 5.69Density
(
kN/m3

) + 260.2 SpecificGravity

− 6.45Gravel (%) − 6.09 Sand (%) − 6.94 silt (%) (2)

The regression equations obtained from IBM SPSS Statistics 24 software and
Minitab software are the same.
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Table 6 Model summary

Model R R square Adjusted R square Std. Error of the estimate

1 0.993 0.986 0.975 23.11

Table 7 Observed and
predicated values of ultimate
bearing capacity

S. No Observed
UBC (kN/m2)

Predicted
UBC (kN/m2)

Error

1 99.96 108.28 −8.32

2 174.90 168.22 6.68

3 148.52 114.67 33.86

4 217.05 188.74 28.31

5 244.11 224.24 19.87

6 130.55 159.64 −29.09

7 80.47 105.12 −24.65

8 116.27 108.89 7.38

9 136.72 152.37 −15.65

10 90.18 94.53 −4.35

11 163.37 160.26 3.11

12 93.09 76.64 16.45

13 193.75 199.38 −5.63

Fig. 1 Graph of observed
UBC versus predicated UBC
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Table 8 Multiple relations coefficients

Term Coefficients SE coefficients T-value P-value VIF

Density (kN/m3) 5.69 7.20 0.79 0.456 336.48

Specific gravity 260.2 59.3 4.39 0.003 566.79

Gravel (%) −6.45 2.41 −2.67 0.032 159.37

Sand (%) −6.09 2.15 −2.83 0.025 114.14

Silt (%) −6.94 1.99 −3.49 0.010 180.45
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Table 9 Model summary Std. error of the
estimate

R-square R-square
adjusted

R-square
predicated

23.1117 98.56% 97.53% 95.63%

4 Conclusion

The ultimate bearing capacity of selected soil samples were determined using
Terzaghi, Hansen, Meyerhof, Vesic and IS: 6403-1981 code methods and were
compared with OptumG2 and SoFA softwares. The IS 6403:1981 code compara-
tively matched the software results. The relationship between the soil properties and
ultimate bearing capacity of square footing was determined. The regression analysis
was performed using values of ultimate bearing capacity obtained using IS 6403:
1981 code and soil properties (specific gravity, density, gravel (%), sand (%) and
silt (%)). Regression analysis was done using IBM SPSS Statistics 24 software and
was verified using Minitab software. The variance increase factor (VIF) values for
all the variables were greater than 10, and also the tolerance values were less than
0.10. The condition index (CI) values obtained were greater than 30. The values of
variance increase factor (VIF), tolerance and condition index (CI) state that there
are multiple relations between dependent variables and independent variables. The
correlation coefficient was found to be R = 0.993 and the coefficient of determina-
tion was found to be R2 = 0.986. Hence, the model predicts the dependent variable
very well. The results obtained from Minitab software and the regression analysis
are similar. The relationship between density, specific gravity, grain size distribution
and ultimate bearing capacity is valid for locations in the vicinity of the collected
soil samples, and for more accuracy data analysis has to be done on more number of
soil samples.
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