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Abstract This work presents a comparative study on the
bearing capacity of strip, square, circular footings and raft
foundations in sand, estimated from the standard penetra-
tion resistance, N, and the angle of shearing resistance, ¢.
The net safe bearing capacity estimated directly from
N using Teng’s equation is compared with that obtained
from ¢ as per 1S:6403. Likewise, the net safe settlement
pressure determined from IS:8009 (Part 1), based on N, is
compared with that attained from the semi-empirical
approach of Schmertmann et al. A parametric study
quantifies the effects of the standard penetration resistance
and the size and depth of foundation on the net safe bearing
capacity and the net safe settlement pressure of strip,
square, circular footings and raft foundations in sand.
Interactive charts are prepared in terms of the standard
penetration resistance to highlight the appropriate method
for the benefit of civil engineers.
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Introduction

Over the past two to three decades, in situ tests have gained
preference over laboratory tests for delineation of site
stratigraphy and estimation of geotechnical design param-
eters. This has occurred for several reasons. Firstly, in situ
tests can be performed relatively faster than costly labo-
ratory tests. Secondly, the quality of disturbed or undis-
turbed (UD) soil samples, extracted from the field and
brought to the laboratory for testing, depends on the tools
employed in their retrieval and the expertise of the people
chosen for logging the samples. Among the various in situ
tests, the Standard Penetration Test (SPT) is widely used in
India and in many countries around the world for site
exploration and ground characterization. The SPT is a
relatively crude test, whose essence is to drive a standard
split-spoon sampler, 45 cm into the soil, by the blows of a
63.5 kg hammer falling from a height of 75 cm [1]. The
45-cm penetration is divided into three separate advances
of 15 cm each. The standard penetration resistance, N, is
obtained by adding the number of blows required for the
penetration of the sampler through the final 30 cm into the
soil, after discarding the blow count for the initial 15 cm
seating drive. The greater the N value, the stronger and
stiffer the soil is expected to be. Most soil investigation
agencies in India prefer to carry out SPT in sandy soils
instead of extracting UD samples for laboratory testing.
The most important shear strength parameter that con-
trols the bearing capacity of shallow foundations in sand is
the angle of shearing resistance, ¢, which can be estimated
either directly from laboratory direct shear and drained
triaxial compression test results [2-5], or indirectly from
correlation with N [6]. Correlations of the net safe bearing
capacity, g,,, and the net safe settlement pressure, gjqp,
with N are widely used in the design of shallow
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foundations in sand [7-9]. Indian standard code IS:6403 [6]
specifies a chart between N and ¢ for different categories
of soil compactness (Fig. 1), and recommends the calcu-
lation of g, using the value of ¢ obtained from the chart.
However, there exists some confusion among geotechnical
engineers and consultants on whether to estimate g,
directly from N [7] or indirectly from ¢ [6] for shallow
foundations in sand. Also, no investigation has been
reported so far in the literature to address this issue.

This work attempts to fill the above gap in the literature
through an analytical parametric study performed to com-
pare ¢, estimated directly from N using the empirical
equations proposed by the researcher [7], against that
computed from ¢ (obtained based on N) as per IS:6403 [6],
for strip, square, circular footings and raft foundations in
sand. Similarly, g, determined from 1S:8009 (Part 1) [8],
based on N, is compared with that obtained from the well-
known semi-empirical approach of [9]. The reason for
selecting the methods of IS:6403 [6], and 1S:8009 (Part 1)
besides several others reported in the literature, is because
these methods are commonly used by geotechnical engi-
neers in India for estimation of g,, and g,,,, of shallow
foundations in sand [7-9]. In this study, the size, shape and
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Fig. 1 Standard penetration resistance, N, against the angle of
shearing resistance, ¢. (Modified from [6])
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depth of foundation are varied for N values ranging from
10 (loose sand) to 40 (dense sand). Interactive charts are
prepared in terms of N to highlight the appropriate method
for estimation of g,, and g, of shallow foundations in
sand for the benefit of civil engineers. The lesser of the
values of g,,; and g, is defined as the net allowable
bearing capacity, g,,, which is eventually used in shallow
foundation design.

Expressions for Net Safe Bearing Capacity and Net
Safe Settlement Pressure

Table 1 summarizes the expressions adopted in this study
for estimation of net ultimate bearing capacity, g,,, net safe
bearing capacity, ¢,,, and net safe settlement pressure,
Gnssp» Of 1solated footings (strip, square and circular foot-
ings) and raft foundations in sand from N and ¢. It should
be noted that the equations proposed by Teng [7] and
IS:8009 Part 1 [8] are empirical equations, whereas the
equation proposed by Schmertmann et al. [9] is semi-em-
pirical in nature. Referring to Table 1, the expressions for
the water table correction factors, R,,; and R,,,, are given
by

Ry = 0.5 <1 +ZW1> <1.0 (1)
Dy
Rys = 0.5(1 +%‘2) <10 2)

where z,,; and z,, are the depths (m) of the groundwater
table measured from the ground surface and the foundation
base, respectively.

In the equation of IS:6403 [6], W' is a water table cor-
rection factor, whose value lies between 0.5 and 1.0.
W' = 0.5 if the groundwater table is located at, or above,
the foundation base; whereas W = 1.0 if the groundwater
table is located at, or below, a depth of (D¢ + B) measured
from the ground surface. W' can be linearly interpolated
between 0.5 and 1.0 if the groundwater table lies in-be-
tween the aforesaid depths. The shape factors, s, s, and s,
the depth factors, d., d, and d,, and the inclination factors,
ic, iy and i, are listed in 1S:6403 [6]. It should be noted that
the depth factors, d,, d, and d,, and the inclination factor,
i,, are functions of the angle of shearing resistance, ¢. The
bearing capacity factors, N, N, and N,, also depend on ¢
as follows [11]

N, = tan’ (45° + %) exp(mtan ¢) (3)
N.= (N;—1)cot¢ (4)
N, =2(Ny+ 1)tan ¢ (5)
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Table 1 Expressions for net ultimate bearing capacity, g,,, net safe bearing capacity, g,,, and net safe settlement pressure, g,, adopted in this
study

References Type of Equation Remarks
foundation
Teng [7] a. Isolated Gue = £ [CIN?BR,2 + C>(100 + N?)DyR,y1 ] 1. C, =3 and C, = 5 for strip footing
footing qns = 0.22N’BR,,; + 0.67(100 + N*)DR,,, 2.C; =2 and C, = 6 for square and circular
b. Raft footings
foundation

3. If the value of Dyexceeds the value of B, then it
is recommended that Dy be restricted to B
Gnu = CNesedeic + G(Ng — 1)s,dyiq + 0.5yBN,s,d,i,W' 1. GSF = general shear failure (¢ > 36°)
(for GSF) 2. LSF = local shear failure (¢ < 29°)

raft foundation q"uf: %gN(’),scdcic +q(Ng = 1)s4dyiy + 0.59BN s,d, i, W' 3, Gns = @udFS, where FS = factor of safety
(for LSF

1S:6403 [6] a. Isolated
footing and

1S:8009 a. Isolated Gnssp = 1.385(N — 3) (%) Zszsa 1. Allowable settlement, s, is equal to 50 mm for
Part 1 [8] footing Gnssp = 0.391(N — 3)R,,05, isolated. foo.ting and 75 mm for raft
b. Raft foundation in sand [10]
foundation 2. Both the g,,,, equations are independent of Dy

1. Time factor, T = 1 + 0.2 log;((#/0.1), where
t = time period for settlement analysis (years)

Schmertmann a. Isolated
et al. [9] footing and
raft foundation

S, ~
p = ——t—+ 0.5
Anssp T Z,Zf:B 1{7' A q

Isolated footing includes strip, square and circular footings; B = width/diameter of footing and least lateral dimension of raft foundation m,
Dy = depth of foundation below ground surface (m); R,,;, R,», W’ = water table correction factors, ¢ = cohesive intercept kPa, ¢ = initial
effective overburden pressure at foundation base, kPa, y = moist unit weight of soil kN/m*; N, N,, N, = bearing capacity factors = f(¢) [11];
Se» 84 and s, = shape factors [6]; d., d, and d, = depth factors [6]; i, i, and i, = inclination factors [6]; N/, N,/ and N,/ = modified bearing
capacity factors for local shear failure = f(¢,,) [11]; ¢,, = mobilized angle of shearing resistance = Tanfl[(2/3)tanq§]; I,; = strain influence
factor for each sublayer, i; Az; = thickness of each sublayer, m and E,; = representative Young’s modulus of each sublayer, kPa

Fig. 2 a Strain influence factor I GL. Issp GL. . E
diagrams for square/circular TR ’_m}—q > L
footing (L/B = 1) and strip 0 01 02 0;5 e (IXIXXIT! tid Df
footing (L/B > 10) (modified ' B T66N
from [9]), and b E; 0.5B F=—mmmme =X\ :
against depth profile assumed in ]
this study 2 ] S — 7\ Sand (N’ qc)
LB=1 Influence depth
28 for strip footing
L/B>10
4B ' No influence |
4 on settlement v
Zr z
(a) (b)

between 29° and 36°

The modified bearing capacity factors, N/, N,/ and N,/,
for LSF mode can be obtained by replacing ¢ with the
mobilized angle of shearing resistance, ¢,,. The mobilized
angle of shearing resistance is expressed as [6]

¢,, = Tan™" (g tan qﬁ) (6)

Bearing capacity factors for intermediate values of ¢

can be obtained by linear
interpolation between LSF and GSF modes. It should be
noted that for clean, uncemented sands, ¢ = 0 and
therefore the first term in the equations of 1S:6403 [6]
vanishes. With this in mind and normalizing the GSF
equation of IS:6403 [6] with yB, the normalized net
ultimate bearing capacity, ¢,,*, of shallow foundations in
sand for GSF mode is
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D
g, = Sqdgig(Ny — 1) (Ff) + 0.5N,s,d,i, W' (7)

Equation (7) can be extended for LSF mode by
replacing N, and N, with N,/ and N,/, respectively, as
discussed before. Furthermore, the values of d,, d,, and i,
for LSF mode can be obtained by replacing ¢ with ¢,, in
the general expressions of d,, d,, and i, [6].

The researchers have [9] postulated that the settlement
of shallow foundations in sand is mostly due to deforma-
tions or strains occurring within an influence depth mea-
sured from the foundation base (Fig. 2a). This depth, z is
taken as 2B for square and circular footings, and 4B for
footings with length, L, equal to 10B or greater (strip
footings). The depth of influence for rectangular footings
and raft foundations with 1 < L/B < 10 can be obtained by
linear interpolation. Referring to Fig. 2a, the strain influ-
ence factor, I,, for square and circular footings (L/B = 1)
increases linearly from a minimum of 0.1 at the foundation
base (z; = 0) to a maximum of 0.5 at z; = 0.5B, and then
drops to zero at a depth equal to 2B below the foundation
base. On the other hand, for strip footings with L/B > 10, I,
increases linearly from a minimum of 0.2 at the foundation
base (zr = 0) to a maximum of 0.5 at zz= B, and then
drops to zero at a depth equal to 4B below the foundation
base. The foundation soil is divided into several sublayers
based on either the standard penetration resistance, N,
profile (obtained from SPT) or the cone penetration resis-
tance, g., profile (obtained from Cone Penetration Test
(CPT)). The modulus of elasticity, Ej;, of each sublayer, i,
can be estimated from the corresponding N or g, value of
that sublayer. The net safe settlement pressure, ¢g,,qy,, of the
shallow foundation is then calculated by summing up the
influences of all the sublayers.

Parametric Study

Interactive charts are developed for g,,; and gy, in terms
of N, for strip, square, circular footings and raft foundations
embedded in loose to dense sand. Table 2 summarizes the
values of N, B and Dy adopted in this study. The angles of
shearing resistance corresponding to the N values adopted
in this study are obtained from Fig. 1, and are tabulated in
Table 3 along with the modes of failure of foundation soil.
It should be noted that the N values reported in Tables 2
and 3 are the corrected N values, which are obtained after
applying the overburden and dilatancy corrections to the
recorded SPT data [1].

The following are the considerations made in the para-
metric study:

@ Springer

Table 2 Range of values considered in parametric study

Parameter Values

Standard penetration 10, 15, 20, 25, 30, 35, 40

resistance, N

Width/diameter of isolated
footing, B

1.0, 1.5, 2.0 m for strip footing

1.5, 2.0, 2.5, 3.0 m for square and
circular footings

40m x 8.0m, 5.0 m x 10.0 m,
6.0m x 12.0 m

1.5,20,25,30m

Dimensions of raft
foundation, B x L

Depth of foundation, Dy

Table 3 Angles of shearing resistance corresponding to different
N values

Standard penetration Angle of shearing Mode of

resistance, N resistance, ¢ (°)* failure

10 30 Local shear
failure®

15 32 Transition

20 33 Transition

25 35 Transition

30 36 General shear
failure

35 37 General shear
failure

40 39 General shear

failure

# Obtained from Fig. 1

> For N = 10, sand is considered to exist in a relatively loose state,
and therefore local shear failure is likely to occur

1. The groundwater table is located at a depth greater
than the width of the foundation, measured below the
foundation base. Thus, the water table correction
factors, R,,;, R, and W', are equal to 1.

2. The load transferred to the foundation is vertical and
uniformly distributed. Thus, the inclination factors, i,
i, and i, are equal to 1.

3. The modulus of elasticity, E;, of sand is equal to zero
at the ground surface (z = 0) and increases linearly
with depth, z, with a value equal to 766N [12] at the
foundation base (z = Dy (Fig. 2b).

4. The thickness, Az;, of each sublayer of sand below the
foundation base is equal to 1 m.

5. The moist unit weight, 9, of sand is equal to 18 KN/m°.

6. The factor of safety (FS) against risk of shear failure in
foundation soil is equal to 3.

7. The permissible settlement, s,, of an isolated footing
and a raft foundation in sand are 50 and 75 mm,
respectively [10].
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8. The time period, ¢, for settlement analysis is equal to
50 years.

Results and Discussion

Net Safe Bearing Capacity of Strip, Square
and Circular Footings

Figures 3, 4 and 5 show the variations of the net safe
bearing capacity, g,,, of strip, square and circular footings,
respectively, with the standard penetration resistance, N,
estimated from 1S:6403 and Teng’s equation for
B = 1.0-3.0 m and Dy = 1.5-3.0 m. It is observed that g,
increases non-linearly with N, because as N increases, the
relative density, Dg, and the angle of shearing resistance, ¢
, of sand also increase. Furthermore, g, increases with
B because wider footings mobilize larger and deeper slip
mechanisms, which imply larger effective stresses and
thus, greater shear resistance. The net safe bearing capacity
of strip and square footings (Figs. 3, 4) estimated from
Teng’s equation based on N, compares well with that
predicted from 1S:6403 based on ¢, for D/B < 1. How-
ever, for D/B > 1, Teng’s equation gives conservative
estimates of g,, due to the restriction of the value of Dy to
that of B when Dy exceeds B. In the case of circular foot-
ings (Fig. 5), ¢,s calculated from IS:6403 is in good
agreement with that computed from Teng’s equation for
DJB < 1and N < 25. However, for N values ranging from
25 to 40, IS:6403 gives conservative estimates of g,
perhaps due to the 25% reduction in shape factor, s,, from
0.8 (for square footing) to 0.6 (for circular footing),
whereas in Teng’s equation, the size and surcharge coef-
ficients, C; and C,, respectively, are the same for both
square and circular footings (Table 1).

Net Safe Bearing Capacity of Raft Foundation

Figure 6 presents the variations of the net safe bearing
capacity, g, of raft foundations with the standard pene-
tration resistance, N, estimated from IS:6403 and Teng’s
equation for B x L=4.0m x 8.0 m, 5.0 m x 10.0 m
and 6.0 m x 12.0 m, and Dy = 1.5-3.0 m. It is observed
that Teng’s equation overestimates the net safe bearing
capacity of the raft when compared to that of IS:6403. This
is because the equation of 1S:6403 explicitly accounts for
the shape of the raft through the aspect ratio, B/L, whereas
Teng’s equation does not. The net safe bearing capacity of
the raft estimated from Teng’s equation is 1.8-2.4 times
greater than that computed from IS:6403. Hence, the
equation of IS:6403 is more appropriate for estimation of
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Fig. 3 g, against N for strip footing—effect of Dyfor: a B = 1.0 m,
bB=15mandcB=20m

the net safe bearing capacity of the rafts under study, as it is
relatively conservative.

Net Safe Settlement Pressure of Strip, Square
and Circular Footings

Figures 7 and 8 depict the variations of the net safe set-

tlement pressure, ¢g,,, of strip and square/circular foot-
ings, respectively, with the standard penetration resistance,
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40

«Fig. 4 g,, against N for square footing—effect of D, for:
aB=15mbB=20m,¢cB=25m,andd B=30m

N, estimated from IS:8009 (Part 1) and Schmertmann
et al.’s equation for B = 1.0-3.0 m and Dy = 1.5-3.0 m.
The compressibility of sand decreases with increase in
N value and thus, the footing can sustain greater bearing
stresses for the same magnitude of settlement. Referring to
Figs. 7 and 8, it is observed that g, estimated from
IS:8009 (Part 1) is independent of D However, g,
predicted from the semi-empirical approach of Schmert-
mann et al., decreases with increase in Dy due to the
reduction in E at any given depth below the base of the
footing. The reduction in Ej is attributed to the consider-
ation of a linear E; versus depth profile with a fixed E;
value of 766N at the base of the footing, regardless of
where the footing is embedded (Fig. 2b). In other words,
for E, to be always equal to 766N at the base of the footing,
the slope of the E; versus depth profile becomes steeper as
Dy increases.

The difference between the net safe settlement pres-
sures, estimated from the equations of Schmertmann et al.
and IS:8009 (Part 1), is minimum for relatively wide/large
diameter footings located at relatively deeper depths in
dense sand, but is maximum for relatively narrow/small
diameter footings located at relatively shallower depths in
loose to medium dense sand. Due to the absence of a depth
factor [13], IS:8009 (Part 1) gives very conservative esti-
mates of g, for strip and square/circular footings in sand
when compared to the approach of Schmertmann et al. If a
depth factor of magnitude greater than 1 is incorporated
into the equation of IS:8009 (Part 1), then the corre-
sponding net safe settlement pressure of the footing would
be closer to that predicted from the approach of Schmert-
mann et al.

Net Safe Settlement Pressure of Raft Foundation

Figure 9 illustrates the variations of the net safe settlement
Pressure, ¢y, of raft foundations with the standard pen-
etration resistance, N, estimated from 1S:8009 (Part 1) and
Schmertmann et al.’s equation for B x L = 4.0 m X
80m, 50mx100m and 60m x 120 m, and
Dy=15-30m. It is observed that IS:8009 (Part 1)
underestimates the net safe settlement pressure of the raft
by as much as 44% of that computed from Schmertmann
et al.’s approach. Comparing Figs. 6 and 9, it is clearly
visible that the net safe bearing capacity of a raft founda-
tion in sand (based on stability criterion) is about 2-3 times
greater than the net safe settlement pressure (based on
serviceability criterion). This is attributed to the significant
contribution from the third term of the bearing capacity
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equation (0.5yBN,s,d,i,W') owing to the relatively large
width of the raft. Therefore, the equation of 1S:8009 (Part

1) is to

be used for estimation of the net allowable bearing
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capacity of a raft foundation in sand, as it yields relatively
conservative values. However, it would be reasonable to
revise the equation of 1S:8009 (Part 1) and improve its
accuracy based on results obtained from plate load tests in
sands of different relative densities.

Non-dimensional Charts

The equations proposed by Teng [7], IS:8009 (Part 1) [8]
and Schmertmann et al. [9] are either empirical or semi-
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empirical in nature, and are therefore difficult to normalize.
However, the equation of IS:6403 [6] is an extension of
Terzaghi’s bearing capacity theory [14], which is devel-
oped considering the vertical force equilibrium of a rigid/
elastic soil wedge beneath the footing, and can therefore be
normalized with the parameter yB (Eq. 7). Non-dimen-
sional charts for strip, square, circular footings and raft
foundations in sand are developed in terms of normalized
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Fig. 10 Non-dimensional charts for g,,* against N—effect of D/
B for: a strip footing, b square footing, and ¢ circular footing

net ultimate bearing capacity, g,,*, standard penetration

resistance, N, normalized depth of foundation, D,/B, and
aspect ratio, B/L, of foundation for the benefit of civil
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engineers (Figs. 10, 11). The D/B ratio is varied from 0
(surface footing) to 2 while the aspect ratio, B/L, is varied
from O (strip footing) to 1 (square and circular footings).

Figure 10 can be used to estimate g¢,,* of strip
(Fig. 10a), square (Fig. 10b) and circular (Fig. 10c) foot-
ings in sand for any value of ), any value of N between 10
and 40, and any D/B ratio between 0 and 2. It should be
noted that the standard penetration resistance, N, must be
determined at vertical intervals of 75 cm between the level
of the foundation base and a depth equal to 1.5-2 times the
width of the foundation [6]. These discrete N values should
then be averaged and corrected to obtain a single repre-
sentative N value for the entire sand layer. The N values
plotted along the horizontal axes in Figs. 10 and 11 are
representative of the entire sand layer. The net ultimate
bearing capacity, g,,, of the shallow foundation can be
determined by multiplying g,,* with yB. Thereafter, the net
safe bearing capacity, ¢,,, can be determined by dividing
q.. With a suitable factor of safety.

Figure 11 shows the effect of shape of foundation on the
normalized net ultimate bearing capacity, g,,*, for D/
B = 0.5. Among the four types of shallow foundations
investigated in this study, i.e., strip footing (B/L = 0), raft
foundation (B/L = 0.5), and square and circular footings
(B/L = 1), it is observed that g, * is maximum for a strip
footing and is minimum for a circular footing. This is
mainly due to the way the shape factor, s,, is expressed. s,
is equal to 1.0 for a strip footing, 1-0.4(B/L) for a rectan-
gular footing or raft, 0.8 for a square footing and 0.6 for a
circular footing [6]. Therefore, the larger the value of s,
the greater the bearing capacity of shallow foundation in
sand is expected to be. The influence of the shape of
foundation on the magnitude of g,,* is more pronounced
for shallow foundations in dense sand when compared to
those in loose sand.
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Conclusions

Based on the results obtained from the comparative ana-
lytical study on bearing capacity of shallow foundations in
sand from N and ¢, the following conclusions are drawn:

1. The net safe bearing capacity of strip and square
footings, for D/B < 1.0 and N = 1040, and circular
footings, for D/B < 1.0 and N = 10-25, in sand, can
be estimated directly from N using Teng’s equation,
without having to do so from ¢ as per 1S:6403.

2. Teng’s equation and the equation of 1S:8009 (Part 1),
both based on N, can be used to estimate the net safe
bearing capacity and the net safe settlement pressure,
respectively, of strip and square footings in sand
corresponding to a given D/B ratio.

3. For determination of net safe settlement pressure of
circular footings in sand, the equation specified by
1S:8009 (Part 1) is a conservative option over that of
Schmertmann et al.’s approach.

4. The equation of IS:6403 based on ¢, and the equation
of IS:8009 (Part 1) based on N, are suggested for
estimation of net safe bearing capacity and net safe
settlement pressure, respectively, of the rafts under
study.

5. It would be reasonable to revise the equation of
1S:8009 (Part 1) for estimation of net safe settlement
pressure of isolated footings and raft foundations in
sand by performing plate load tests in sands with
different relative densities.

6. The framework adopted in this study can be extended
to evaluate various methods for estimation of: (a) bear-
ing capacity of shallow foundations from cone pene-
tration resistance, g., and (b) limit shaft resistance and
ultimate base resistance of pile foundations in sand and
clay.
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