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Abstract. Settlement is the predominant criterion which governs the de-
sign of footing on frictional and cohesive frictional soil. Hence bearing
pressure plays a key role in design of footing. To evaluate the bearing
pressure, Teng, Meyerhof and other researchers proposed empirical for-
mula and charts in terms of N values obtained from Standard Penetration
Test (SPT). In the present study, soil investigation data obtained from
four sites have been used to estimate the bearing pressure through empir-
ical formula and finite element analysis. Finite element model is vali-
dated through the case studies available in the literature. Bearing pressure
values for strip footing of width varying from 1.5 to 5.5 m were esti-
mated. Further, an attempt has been made to check the reliability of em-
pirical formula by comparing with values obtained through numerical
analysis. It is observed that if the SPT-N values are directly taken from
the field tests, the results from Meyerhof expression were found to be in
good agreement with the numerical model. Whereas, if only shear
strength parameters are obtained from site, SPT-N value calculated indi-
rectly using friction angle excludes the effect of cohesion. Hence, Mey-
erhof expression resulted in comparatively lower bearing pressure val-
ues.

Keywords: Shallow foundation, Bearing pressure, Finite element model, Em-
pirical formula.

1 Introduction

For the structures including buildings, earth fills, bridges, and concrete dams, it is
the earth which provides the overall support. Therefore, properties of the supporting
ground will largely affect the stability of the structures. The ground which supports the
structure is inevitably a soil that is weaker than any other construction materials such
as masonry, wood, steel or concrete. Foundations are the substructure that transmits the
structural load to the ground in such a manner that the supporting soil is not over-
stressed and does not undergo excessive settlement. Hence, it is necessary to understand
and learn the response of the soil under loads and the parameters that influence it. Al-
lowable bearing pressure of foundations is one of the primary concerns for geotechnical
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engineers. There are two main considerations to predict the allowable bearing pressures
of shallow foundations: (a) there must be adequate factor of safety against ultimate
shear failure and (b) the settlements should be within the acceptable limits. These are
extensively studied, both experimentally and theoretically over the past decades (Jaya-
mohan 2018).

For footing on granular soil, the allowable bearing pressure is generally governed by
the settlement criterion unless the soil is loose or the footing is narrow. For footings of
normal sizes the net safe bearing capacity is quite high for most natural sand deposits.
Footings on granular soils are proportioned commonly by the use of Standard Penetra-
tion Test (SPT) ‘N’ values. Most of the methods propose empirical equations or charts
to determine safe bearing pressure for a specified maximum total settlement in terms of
N values. Peck, Hanson and Thornburn (1974) have modified the original Terzaghi and
Peck (1948) recommendations and presented charts to obtain allowable bearing pres-
sure. Teng's (1962) equation is based on Terzaghi and Peck (1948) charts with an ad-
ditional factor introduced to account for the influence of depth of foundation. Meyerhof
(1974) neglected the water table correction factor in his expression, assuming that N
value obtained from the field below water table already considers its affect. Bowles
(1982) suggested an increase in the bearing pressure obtained from Meyerhof’s equa-
tion by 50%.

To evaluate the bearing capacity of shallow footing, laboratory model studies and
full-scale field experiments have been conducted in the past (Consoli et al. (1998), Na-
bil (1996), Dash et al. (2001) and Murat et al. (2012)). However, with the advent of
numerical methods, Finite Element Method has become the most important tool besides
experiment and theory in understanding the engineering problems. Similar to other field
of engineering, geotechnical engineering too benefited from numerical methods in pre-
dicting the soil behavior under the influence of various loading conditions. Many re-
searchers (Halder et al. (2018), Arab et al. (2017), Acharyya et al. (2018) and Javdanian
(2017)) carried out studies to analyse the behaviour footing using various numerical
tools.

In the present study, an attempt has been made to check the reliability of bearing
pressure values of shallow foundation obtained from various empirical formulas, by
comparing with values obtained through numerical analysis using PLAXIS 2D (Refer-
ence Manual 2021). Numerical models are validated by using the field load tests re-
ported by Consoli et al. (1998) and Nabil (1996). Soil investigation data obtained from
four different sites have been used to estimate the bearing pressure through empirical
formula and finite element analysis.

2 Validation of numerical model

Validation of numerical model is the process of establishing evidence which confirms
that the model can be used for user’s needs or specified requirements. For validation,
field or lab studies can be used. In the current study, the field load tests on circular
footing plates reported by Consoli et al. (1998) and Nabil (1996) are used to validate
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PLAXIS 2D numerical model. The load settlement curves obtained from tests, reported
in literature are compared with the results obtained from numerical models.

2.1 Consoli et al. (1998)

Load-settlement response obtained from field experiments carried out on circular steel
plates of diameter varying between 0.30 and 0.60 m are used to validate the numerical
models (PLAXIS 2D). Soil behavior is modeled by using Mohr Coulomb (MC) and
Hardening Soil (HS) models. The values of parameters used to model soil are listed in
Table 1. The obtained responses are compared with the load settlement behavior re-
ported in literature. The load settlement behavior of surface circular footing obtained
from field experiments and numerical modeling (PLAXIS 2D) is plotted in Figurel.

Table 1. List of parameters used in Numerical models (Consoli et al., 1998)

Parameters Mohr Coulomb Hardening Soil
(MC) model (HS) model
Young's modulus (Esorit (KN/m f 10000 10000
Tangent stiffness (Eoed™") (KN/m?) - 10000
Unloading/reloading stiffness
(Eu:ef )(kN/mz) - 30000
Cohesion (c") (kPa) 17 17
Friction angle (@°) (degree) 26 26
Poisson’s ratio (v’) 0.3 0.3
Load (kN)
0 50 100 150 200
0 1 J
Dia=0.6 m, MC model
0.02 = Dia=0.6 m, Consoli et al.
: Dia=0.6 m,HS model
€0.04 - Oy . .
= LA WA A Dia=0.45 m, MC model
§0.06 1 \ \ VoV x  Dia=0.45 m, Consoli et al.
z *\ YO\ ____Dia=0.45m, HS model
& 0.08 - \ | N Dia=0.3 m, MC model
. [} . \d
01 - T TR S N +  Dia=0.3m, Consoli et al.
Dia=0.3 m, HS model
0.12 -

Fig. 1. Load settlement behavior of circular footing obtained from Consoli et al. (1998) and nu-
merical models.

TH-15-033 3



Mahima S Rao and Sridhar G

From Figure 1, it can be observed that the numerical results are in good agreement with
the field values. For a given settlement, MC model gives higher value of load than the
field values whereas, HS model predicts the results which are lower than the field re-
sults.

2.2 Nabil (1996)

The load-settlement response of circular foundation on cemented very dense sand ob-
tained by plate load test at a site situated in Kaifan, Kuwait is compared with results
from numerical analysis using PLAXIS 2D. The effective strength parameters c' (31
kPa) and @' (36°) of soil were obtained from the literature. The tests are conducted at a
depth of 0.4 m below ground level using solid plates of diameter 0.6 m, 0.45 mand 0.3
m. The values of parameters used to model soil are listed in Table 2. Comparison of
load settlement curve from Nabil and Numerical model is shown in Figure 2.

Table 2. List of parameters used in Numerical models (Nabil, 1996)

Parameters Mohr Coulomb Hardening Soil
(MC) model (HS) model
Young's modulus (Esor? (KN/m f 55000 55000
Tangent stiffness (Eoed™") (KN/m?) - 55000
Unloading/reloading stiffness
(Eu:ef )(kN/m?) - 165000
Cohesion (c'") (kPa) 31 31
Friction angle (@°) (degree) 36 36
Poisson’s ratio (v’) 0.292 0.292
Unit weight (y) (kN/m®) 18.4 18.4
Load (kN)
600
O J
=  B=0.6 m (Nabil)
0.005 -

B=0.6 m (MC model)
£ 0.01 D=0.6 m (HS model)
S 4 B=0.45 m (Nabil)
=0.015
= B=0.45 m (MC model)
£ 0.02 b=0.45 m (HS model)
% 0.025 X B=0.3 m (Nabil)

__________ B=0.3 m (MC model)
0.03 B=0.3 m (HS model)
0.035 -

Fig. 2. Load settlement behavior of circular footing obtained from Nabil. (1996) and numerical
models.
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From the figure, it can be observed that, the results predicted by HS numerical model
matches well with the results reported in the paper whereas, results from MC model are
on higher side than the field results.

Based on the validation, it was found that Mohr Coulomb model gives 18.09 %
higher value of load than the field values for a given settlement as it does not consider
the effect of stress on stiffness. Whereas Hardening Soil model takes into account the
stress dependency of stiffness and hence predicted load 8.89 % lower than the field
values which was comparatively close. Thus in present study, HS model has been used
for the further modeling of soil.

3 Comparative study

3.1  Analytical modelling of bearing pressure

Based on the works of Terzaghi and Peck, Teng (1962) gave a relation for allowable
bearing capacity for a given value of permissible settlement as:

B+0.32
CpR,/'S.KN/m 2
2B ) D a /

Meyerhof (1974) proposed an empirical formula different from that of Teng’s as shown
below.

qnp = 14(N - 3)(

Gnp = 0.49NCpS, KN/m 2 For B<1.2m

B+0.3. 2
(—) ¢pS, KN/m 2 For B>1.2m

= 0.32N
p B

an

Bowles (1982), assuming Meyerhof’s expression to be on the conservative side pro-
posed a recommendation to increase the bearing pressure values obtained from Meyer-
hof’s equation by 50%.

In the current study, bearing pressure corresponding to 25 mm settlement (sa) for
strip of width (B) varying from 1.5 m to 5.5 m have been estimated using Teng, Mey-
erhof and Bowles recommendations.

3.2 Numerical modelling of bearing pressure

The strip footing is modelled in PLAXIS 2D as a plain strain model with 15 noded
triangular elements. Hardening Soil (HS) model has been used to model soil behaviour.
The input parameter Young’s modulus (Bsf®) has been back calculated from elastic
settlement equation 1;

Where, AH is settlement, qois pressure, B is width of footing, x is Poisson’s ratio, E is
Young’s modulus and Isis influence factor. The values of Young’s modulus thus
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obtained are checked for the range suggested by Bowles (1995). PLAXIS in-built rela-
tion between Es"™, Eoed™ and B (Eced™'= Es0"™ and Euf =3* Esi*" ) have been used.
Poisson’s ratio of soil model is taken as 0.3. Water table was assumed to be present at
the ground level. Footing is modelled using elastic plate of axial stiffness of 5*10% kN/m
and flexural rigidity of 8500 KNm?/m (Arab et al., 2017) kept at a depth of 1.5m below
ground level. The strip footing plate is subjected to a uniform line load.

Meshing is done by selecting coarseness factor of medium type. Calculation type in
initial phase is selected as Ko procedure. Plastic calculation has been done in phase-1
by activating footing plate and line load. Deformed mesh obtained from PLAXIS 2D is
shown in Figure 3. Bearing pressure corresponding to 25 mm settlement is obtained by
plotting curve between load and settlement.

200 0.00 200 4.00 6.00 8.00 10.00 12.00 14.00 16.00
pa o bt Do bbb Daas b b b Dot Do be s b i b g

o
.|||||

o
3

A Bt TP e s

=3
1

r=
lc.

T R R R P R R

» X

Fig. 3. Deformed mesh scaled up to 4 times (PLAXIS 2D)

3.3 Soil investigation data

In order to calculate bearing capacity and bearing pressure, it is necessary to determine
basic soil parameters such as cohesion, angle of internal friction, SPT N value, etc.
These parameters can be calculated by carrying out in-situ and laboratory tests. In this
study, the soil investigation data obtained from four different sites have been used as
input parameters for analytical and numerical modelling. From bore log data, SPT N
values have been determined. By performing direct shear test (1S-2720-13, 1986), co-
hesion and angle of internal friction have been calculated.
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Site-1:

Bore log data was collected from the site near Kottara, Mangalore, Karnataka. Over-
burden correction has been applied to the obtained SPT N value. The correlation be-
tween SPT N value and angle of internal friction (®) given by IS 6403:1981 has been
used to find corresponding @ value.

Obtained SPT N value is 18.83 and corresponding ® value = 33°.This ® value is used
to model the soil behavior in PLAXIS 2D. The corrected SPT N value is used in em-
pirical equations to find bearing pressure.

Site-2:

Laboratory tests are carried out on the soil sample obtained from a site near Hebri,
Udupi. The soil is classified as silt of high compressibility (1S-1498, 1970). Shear
strength parameters are used to find the bearing pressure through numerical model.
From @ value, SPT N value is calculated from chart provided in IS 6403:1981. Ob-
tained SPT N value (for ® =34°) is 22. This SPT N value is used in empirical formula
to find bearing pressure.

Site-3:

The laboratory tests are carried out on the soil samples obtained from the site near
Dharmasthala, Karnataka. The soil is classified as silty sand (1S-1498, 1970). From
known value of angle of internal friction, SPT N value is obtained by using chart pro-
vided in 1S 6403:1981. For ®=32°, SPT N value obtained is 10. Using these properties
of soil, bearing pressure are determined and compared.

Site-4:

Standard Penetration test data from a site near Padubidri has been collected along with
core cutter samples. Corrections for SPT N values obtained from the field are made.
Direct shear test has been conducted on undisturbed soil sample to determine angle of
internal friction and cohesion of soil. As both the shear strength parameters and SPT N
values are directly obtained from tests, actual value of these parameters are directly
used in analytical equations and empirical formula and also in the numerical analysis.
No correlations or charts are used in calculating parameters.

Bore log datas collected from site 1 and site 4 are shown in Figure 4 and Figure 5
respectively. The laboratory test results on the soil samples collected from site 2, site 3
and site 4 are shown in Table-3.

In the case of sites where SPT N values are not available (site 2 and site 3), where
SPT N values are determined on the basis of @ value, numerical analysis considering
cohesion as zero is also carried out to observe the effect of cohesion on determined SPT
N value and corresponding bearing pressure value.
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Depth (m) SPT 'N' Value
Clayey Sandy 15 N=16
Gravelly Silt
3 N=14
Gravelly
Sandy Silty
Clay 4.5 N=14
6 N=100
7.5 N=100
9 N=100
Weathered
Rock
10.5 N=100
12

EERREERI
135 I \-100

Fig. 4. Bore log data collected from site-1

Depth (m) SPT 'N' Value
0 N=4
15 N=26
3 N=36
Sand
4.5 N=38
6 N=50
7.5 N=3
Sandy B
clay 10 N=4

Fig. 5. Bore log data collected from site-4
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Table 3. Laboratory test results on the soil samples collected from site 2, 3 and 4

Site 2 3 4
.. ... Gravel 25 5 0
bGrf!'” e distri- ~gang 26 58 100

ution (%) Siltand Clay 29 37 0
In-situ  bulk
Unit weight _weight 18.72 17.34 15.16
(kN/m?3) In-situ  dry
weight 14.86 13.65 14.65
Specific gravity 2.61 2.61 2.61
Cohesion (kPa) 10 32 9
Shear strength Angle of internal 34 30 34

friction (degree)

4 Results and discussions

The variation of bearing pressure with width of the strip footing for sites 1, 2, 3 and 4

are depicted in Figure 6 to Figure 9.

From the plots, it can be seen that as per Teng’s correlation, bearing pressure de-
creases rapidly with increase in width of footing. It over predicts the bearing pressure
values for width less than 2.5 m and under estimates for width of footing greater than
2.5 m. This is due to the reason that in Teng’s expression, bearing pressure is inversely
proportional to 4B2. Bowles recommendation to increase bearing pressure obtained by
Meyerhof’s expression by 1.5 times is on higher side of numerical model results.

—=—Teng
250 A = Bowles
A Meyerhof

= 200 Numerical model
=3

(<5}

5 150 -
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2 100 -
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N
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o

N
o
o

Bearing pressure (kPa)
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= Bowles

4 Meyerhof
Numerical model
Numerical model (c=0)

Width (m)

Fig. 6. Variation of bearing pressure for site-1
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—=— Teng —a=— Teng
= Bowles « Bowles
Ao Meyerhof a  Meyerhof
100 - Numerical model Numerical model
90 | — — — Numerical model (c=0) 300_o__e___Meyerhof (using field SPT N value)
Numerical model (c=0)

< 80 - ‘©250
< o
T S200
[ -
5 60 - 5
§ 50 §150 i

40 -
£ 30 | 2100
m 20 T m 50 4

10 -

0
0 )
0 2 4 6 0 2 4 6
Width (m) Width (m)

Fig. 8. Variation of bearing pressure for site-3  Fig. 9. Variation of bearing pressure for site-4

Meyerhof’s expression for finding bearing pressure value predicts considerably well
with results from numerical model provided SPT N value used in the empirical formula
is obtained directly from the field (Figure 6 and Figure 9).

If only shear strength parameters are collected from field and SPT data are not avail-
able (site-2 and site-3), usually relation between SPT N value and angle of internal
friction (®) is used to obtain SPT N value. By doing this, the effect of cohesion is
completely neglected. Hence Meyerhof’s expressions are slightly on the lower side than
the numerical results (Figure 7 and 8). In numerical analysis when the value of cohesion
is neglected, the results obtained from numerical analysis compares well with the re-
sults calculated using Meyehof’s expression. Figure 9 reflects all the above observa-
tions as both shear strength parameters and SPT N values are obtained from the site. It
can also be observed that the effect of cohesion becomes insignificant with increase in
width of the footing.

5 Conclusions

¢ In this study, comparison of bearing pressure of strip footing obtained from empir-
ical formula and numerical analyses have been carried out. Field investigation data
obtained from four different sites have been used as input parameters for analytical
and numerical analysis.

¢ Numerical models were validated using field studies and it was found that Mohr
Coulomb model gave 18.09 % higher value of load than the field values for a given
settlement as it does not consider the effect of stress on stiffness. Whereas Harden-
ing Soil model takes into account the stress dependency of stiffness and hence pre-
dicted load 8.89 % lower than the field values which was comparatively close.

e It was observed that for strip footing, Meyerhof’s expression for finding bearing
pressure value predicts considerably well with results from numerical model
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provided SPT N value used in the empirical formula is obtained directly from the
field SPT tests.
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