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This research work provides a bearing capacity equation for a circular footing
placed on dense sand overlying loose sand and subjected to vertical and inclined
loading, utilizing the limit equilibrium followed by the projected area approach. For
the parametric study, the variables include upper dense sand layer thickness ratio (0.5
to 2.00), friction angle of upper dense sand (41° to 45°) and lower loose sand layer
(31° to 35°), and applied load inclination (0° to 30°). The highest and lowest
increases in bearing capacity are reported for friction angle combinations of 45°-35°
and 41°-31° for various thickness ratios, respectively. For load inclinations of 0°,
10°, 20°, and 30°, bearing capacity is reduced by 43.51%, 72.17%, 85.64%, and
22.62%, 48.56%, 62.17% for friction angles of upper dense and lower loose sand
layer combinations of 45° and 35° and at a thickness ratio of 0.5 and 2.0.
Considering finite element results, the average deviation of the bearing capacity
derived from the suggested equation at surface footing is 7%, 5%, 22%, and 23% for
0°, 10°, 20°, and 30° load inclinations, respectively. The proposed bearing capacity
equation yield results that are compared with the available literature, with average
deviations of 62%, 50%, 36%, and 36% for load inclination values of 0°, 10°, 20°,
and 30°, respectively.

1. Introduction

Mining Engineering

The superstructure's load is transferred to the
soil beneath it via the footing. A footing's depth-
to-width ratio defines whether it is shallow or
deep. The load must be transferred beneath the
footing in such a way that settling and shear
failure are avoided. The behaviour of footings in
layered soils is extremely complex and has been a
source of concern for decades. Several researchers
investigated the behaviour of footings in
homogenous soft soils, and several design
approaches were created to determine the eventual
bearing capacity. The researchers have
documented a number of studies in the literature
[1-4].

The majority of bearing capacity calculations
found in the literature assumes homogeneous soil
deposits beneath the footing base. However, in
actuality, soil mass is heterogeneous and
anisotropic. The problem of determining the
ultimate bearing capacity can be solved by
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utilising the analytical and experimental methods.
In the analytical method, the plasticity theory and
finite elements can be utilised, but in the
experimental method, many types of models and
prototypes can be explored.

Evaluate the bearing capacity of footings
subjected to vertical or inclined loads on single
layer or layered soils [5] [6] [7].Under vertical
load, the researchers examined the bearing
capacity of strip and circular footings on layered
soil (dense sand over loose sand) [8-10].

The vertical load bearing capacity of the strip
footing, the circle footing, and the
square/rectangular footing on the layered soil
(dense sand over soft clay, stiff clay over soft
clay, stiff over soft clay, stiff over loose sand) was
evaluated [1] [11-15].

The limit equilibrium method was used to
determine the bearing capacity of the strip and
circular footings under vertical and inclined loads.
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Using the punched shear coefficient for vertical
and inclined loading, an equation was proposed
for the ultimate bearing capacity of strip and
circular footings on layered soil (dense sand over
loose sand). However, the findings of were
overestimates the bearing capacity at greater
depths [1][2] [16] [17].

Estimate the bearing capacity of strip, circular,
and square or rectangular footings on layered soil
under vertical loading using the projected area
method [11]. In order to predict the ultimate
bearing capacity for strip, circular, and
square/rectangular footings on layered soil (dense
sand over soft clay) using punching shear
coefficients, load dispersion angles, and soil
properties under vertical loading, it was found that
a proposed equation overestimated the bearing
capacity in comparison to previous studies [18]
[14]19].

Recent finite element modelling has been
utilised to evaluate the bearing capacity of strip,
circular, square, and rectangular footings over
layered soil (dense sand over loose sand, dense
sand over soft clay, soft clay over dense sand, and
soft clay over stiff clay) [13] [8] [20-22].

This work focuses on the fact that no equation
of ultimate bearing capacity for circular footings
subjected to vertical and inclined loads has been
published, particularly for layered soils (dense
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sand over loose sand). Consequently, utilising the
punching shear mechanism and limit equilibrium
approach, the current work derived an equation
for the bearing capacity of circular footings on
dense sand overlying loose sand under vertical
and inclined loading. Using finite element
analysis, the load distribution mechanism in the
upper dense sand layer was chosen to obtain an
accurate estimate of bearing capacity. The bearing
capacity of the circular footing over layered sand
was computed for different friction angles of the
upper dense and lower loose sand layers, load
inclination, and different upper dense sand layer
thicknesses at the surface footing. The results
obtained were compared to those in the scientific
literature.

2. Methodology

As shown in Figure 1., the bearing capacity of a
circular foundation is analysed. The footing has a
radius of r; (or a diameter of D), and H is the
distance from the base of the footing to the
interface between dense and loose sand. The
various soil properties for dense sand and loose
sand are Y1, ¢1, and Y, ¢» respectively. The
assumption was that the load from the footing
would spread through the upper dense sand to the
lower loose sand.

quor gyueos oy (for inclined condition)

Dense Sand

b .
dz \ H
r
. 4
-- Load spread mechanism ---~
¥
F
Loose Sand (Y. ¢d2) Hi

Figure 1. Assumed failure surface for circular footing under vertical and inclined loading.
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The footing is placed on the soil surface and the
embedded depth of the footing is considered as ‘u’
in the equation. It was assumed that the passive
pressure (Pp) acted on the failure surface at an
angle of normal to the failure surface. It was
assumed that the failure occurred at the interface
between the upper dense and lower loose sand
layers. Figure 1.shows a plan view of the assumed
punched shear failure mechanism, followed by the
projected area approach under vertical and
inclined loading (qu) for the circular footing with
load dispersion angles of oz and a3 across and a4
and os along the diameter of the footing. The
following are the assumptions made for
mathematical derivation.

1. It is considered that the upper dense sand layer
of the footing provides a rigid and rough base.

a1

o+do

()
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2. It is assumed that the sand layers meet the
ground at a horizontal interface.

3. The water table effect on the circular footing
ultimate bearing capacity was ignored in the
study. The water table was predicted to be
located far below the layer of loose sand below
it.

4. With a friction angle of ¢ for the upper dense
sand layer and ¢ for the lower loose sand layer,
both should have been completely drained.

5. It is assumed that over the failure surface, the
shear strength of both the top dense sand and the
lower loose sand is fully mobilised.

6. According to [2], passive pressure is assumed to
be constant around the entire modelled region.

7. In the middle of the circular footing, a load (qu)
is acting at an angle of load inclination (o).

o+do

(b)

Figure 2. Under vertical and inclined loading, the diagram shows the stress distribution along and across the
diameter.

In addition, a frustum of thickness dz is
considered in the analysis, as illustrated in Figure
2, at a distance z from the centre of the circular
footing. Figure 2. depicts the numerous forces that
were taken into account during the analysis of this
frustum. Total passive earth pressure (Pp) acts on
the punching surface create by the circular footing
in dense sand, and this pressure is dP,, at an angle
4 to the horizontal as it acts on the curving surface
of the frustum of thickness dz. The concept of
passive pressure being inclined originates from
the fact that it effectively resists the load that is
being applied to the soil by the foundation. The
vertical force exerted on the top and bottom of a
dz-thick frustum is denoted by ¢ and otdo,
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respectively. The frustum with a thickness of dz
exerts a downward force due to its own self-
weight.

According to the limit equilibrium concept, the
total upward-pointing force is assumed to be zero.

>F=0
o(mr?) - (o +do) x n(r +dn)? -
2 2 (D
Brf + drf +3nrdn) 0

3 =

dP,, + y,mdz

where, y; is the unit weight of dense sand in the
thickness dz frustum
dP, in vertical direction is dP,,sind
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dP,, = dP, (Sin §)

dP,, = K1y (u 4 %) [g (2r, + dr))dz Sec a, —o(2nrydry) — donr? — dBy, + 1{ yndz =0 (2)
+ z (2ry + dry)dz Sec a3

4 Putting the value of dP,.sind in Equation (2),

+ 5 (2r +dry)dz Sec a4] Sin & solving and neglecting the smaller quantities

Kpyiudr dz secoy sind/4, Kyyizdr dz secon sind/4,

Expanding Equation (1) and neglecting the K,yiudr dz* secay sind/8, Kyyrudr; dz seca, sind/4,

smaller quantities such as —ondr®, —dondr,?, — Kyy1zdr; dz secos sind/4, Kyyiudr; dz* secas sind/8,

do2nridri, yindz dri%/3, yindzr; dri. As do, dry, dz Kpyiudr, dz secos sind/2, Kyyizdr; dz secos sind/2,

were small quantities, the product or square of Kyyiudry dz* secas sind/4. As dri, dz were small

these quantities was very small as a result of quantities, the product or square of these

Equation (2). quantities was very small as a result of Equation
()~ (o +do)(mi + mdr? + 2mr,dr) — dP,, 3.

+ (31 yymdz + yymdz dr? + 3ry dryy,mdz) 0
3 =

2K,y mr; 2K,y mr: 2K,y v
—o(Q2nr,dr)) — domri — [%udz Sec a, + Ludz Sec ag + Luaiz Sec a4] Siné —
2K 2K 2K )
g T, T
[%zdz Sec a, + i LELLLE S Y as + %zdz Sec a4] Siné + yyarfdz =0
Dividing Equation (3) by nr;?, results in Equation (4).
—20dr, K,y:u K,y,u K,yiu
L do - [ﬂszec a, + o dz Sec a; + o dz Sec a4] Sin &
n 2n r 2r,
“4)
K,y.z K,)y.z K,y.z
—[ ol dz Sec a, + ol dz Sec a; + o1 dz Sec a, ]Sin 6+ y,dz=0
n n 2r,
Neglecting the smaller quantities from Equation Ky, 2
(4), -20dr1/r; and rewriting the Equation (5) since 0= " Sind[Seca + Sec as + Sec a]
1 is greater than dri, the term dri/r; is very less ! (6)
and the product of dri/r; and -2¢ is also very less _Konuz Is s + Secailyidz+
compared to the other terms in Equation (5), so it 2, CoReCmT SeC@ T secduindaT e

can be ignored. where c is integration constant and value of ¢ is

K ) . o
Cdo_ N7 s [Seca, + Seca, + Sec a,] deterqnned by applying the boundary condition in
2 Equation (6)
Kyyu ) 5) 1. Atoc = qu z =0, rn=D/2, putting the
- Z—dz Siné [Seca, + Sec az + Sec ay) values in Equation (6)
n
+y,dz=0 C = quor qu.cosa

where, qu or qu.cosay is the ultimate load
bearing capacity of the circular footing in the
layered sand.

Indefinite integrating of Equation (5)

2. At o= q or qp. coso;, z = H, 1, =
D/2+H(tana,+tanar+2tanas), putting the values
in Equation (6) result in Equation (7).
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1

= 2 [
Q= qp + Ky H* Siné [D Cosa,

1

1

1 1 ]

+ 2HSino:2+ D Cos a; + ZHSino:3+ D Cos a, + 2H Sin a,

™)
1

+ K,y,uHl Sin § [D Cos o

+ 2HSino:2+ D Cos az + ZHSino:3+ D Cos a, + 2H Sin a,

]_ 1H

where, qv or gp.coso is the bearing capacity of
the lower loose sand layer. qy.cosa; and gp.cosa; is
the vertical component of the bearing capacity qu
and qp respectively in the derivation. The bearing
capacity of the lower loose sand layer is
calculated by using the IS code- 6403 (1981).

a=vi(u+ H)N‘I2S‘I2d‘I2i‘I2
®)

+ 0.5y,DN,,S,,d,,i,,

where, vy and v, is the unit weight of the upper
and lower sand layer, u embedded depth of the
footing (if applied), Ng2, Ny2, Sq2, Sy2, dg2, dy2 and
ig2, 1y2 were bearing capacity factors, shape, depth
and inclination factors. As per (23), the values of
Ng2, Ny2 are given in the code remaining factors
values are as follow:

Sq, = 1.2
S, = 0.6
Dy
dg, = dy, = 1+0.17- [N,
aq
. — 1 _ _ 2
lg, = (1 =5¢7)
, a1
l],2 = (1 - E)z

for circular footing

Further simplification and rearranging Equation
(7) result in Equation (9).

1

1

2
©

Gu = qp + Kpy:H Sin 6 [

D Cos a, + 2HSina2+ D Cos az + ZHSina3+ D Cos ay, + 2H Sin a,

ICED Y

The ultimate bearing capacity (qu) calculated
according to Equation (9) is only valid up to the
bearing capacity of the upper sand layer, after
which the bearing capacity remains constant and
is mostly dependent on the upper dense sand
layer. The bearing capacity of a circular footing
on layered sand under an inclined load depends on
the thickness of the dense sand layer (H), the unit
weight and friction angle of the upper dense (Y,
¢1) and lower loose (Y2, ¢2) sand layers, the
diameter of the footing (D), and the load
inclination (o) relative to the wvertical. It is
important to note that the angles o, a3, o4, and as
connected to the load distribution system also
depend on the aforementioned parameters. In the

present work, in order to obtain a realistic
estimate of bearing capacity using the limit
equilibrium approach, the magnitude of all load
spread angles for surface (o2, o3, o4, and os) was
estimated by means of finite element analysis in
the Plaxis-3D software.

For the numerical investigation, the angle of
load inclination (o) was applied from 0” to 30" at
10" intervals. In the analysis, the effect of soil
density was evaluated. According to [24], the
relationship between the unit weights and friction
angles utilised for modelling was evaluated for the
upper dense and bottom loose sand layers and is
shown in Table 1.

Table 1. Soil properties of upper and lower soil layers.

1 (Degree) Y (kN/m?) ¢2 (Degree) Y, (kN/m?)
41° 19.5 31° 19.5
42° 20 32° 20
43° 20.5 33° 20.5
44° 21 34° 21
45° 21.5 35° 21.5
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A numerical study was carried out for various
thickness ratios (H/D) ranging from 0.5 to 2.00
[21] provide further information on the numerical
investigation. It is important to mention that a
finite element analysis was performed on the
footing surface. As shown in Figure 3., the failure
surface movement varies with load inclination in
the form of vectorial surface displacement. Under
an inclined load, the failure surface of the circular
footing resting on upper dense sand overlying
lower loose sand was observed to angle o, and o3

- u=0°

(@)

Journal of Mining & Environment, Vol. 13, No. 4, 2022

along the loading, but angles o4 and os were
observed to be the same across the loading on the
surface footing. Figure 4 shows the load spread
angles ay, o3, a4 and as along and across the
circular footing's load. As indicated in Figure 4.,
all load spread angles were measured with respect
to the vertical axis in the direction of load
inclination. Table 2 illustrates the relationship
between the load spread angle (o;) and the
thickness ratio (H/D).

a1=20°

®
Figure 3. Vectorial displacement failure (a), (b), (c), and (d) along the loading and (e), (f), (g) and (h) across the
loading surface footing, under a load inclination of 0° to 30°.

®
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(2)
Figure 4. Load spread angle along and across the loading of the circular footing.

Journal of Mining & Environment, Vol. 13, No. 4, 2022

o s

(b)

Table 2. Variation of load spread angle with thickness ratio and load inclination.

1 at u=0
H/D o1 (Deg.) 02 03 04= 05
(Deg.) (Deg.) (Deg.)_
0.5 10 10 10
1.0 o 15 15 15
1.5 12 12 12
2.0 10 10 10
0.5 30 225 10
1.0 10 20 -30 12
1.5 22 -12 10
2.0 15 -8 15
0.5 45 -30 10
1.0 . 35 -40 13
1.5 20 24 -20 10
2.0 28 -24 17
0.5 60 -50 12
1.0 30 50 -40 14
1.5 35 -30 12
2.0 40 -35 20

Equations describing the surface footing's load
spread angle variation with thickness ratio, load
inclination, and soil friction ratio were presented
as Equation (10). It is important to note that the
load spread angles was considered negative when
measured to the left of the vertical axis, and
positive when measured to the right. For surface
footing u=0,

ox=ax (H/D)+b x oy + ¢ x (¢p2/d1);
(a=-0.219,b=1.35,c=0.644)

oz=ax (H/D)+b x oy + ¢ x (¢p2/d1);
(a=-0.157,b=1.085, ¢ =0.0.483)

(10)

o4 and as = a x (H/D) + b x a1+ cx( d2/d1);
(a=10.089,b=0.190, c=0.051)

1021

3. Validation using FEM results

In the finite element modelling (FEM)
application Plaxis 3d, two layers of a soil model
are designed. The model depicts the top layer as
consisting of dense sand with a depth of H, the
bottom layer as consisting of loose sand with a
depth of H' (representing an infinite depth), and D
as the diameter of the circular footing. The ratio
H/D ranges from 0.5 to 2.0. A circular footing is
placed in the centre of the model, and loading is
done so in the footing (vertical as well as inclined
loading). The horizontal dimensions are
maintained so that the boundary effect brought on
by loading can be eliminated 5D.

According to [21], a numerical analysis was
conducted to calculate the load spread angles oo,
a3, o4 and os for the surface footing (u = 0). The
proposed Equation (9) is also dependent on these
angles of load distribution. Numerical research
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was undertaken to validate the proposed equation
for varied thickness ratios (0.5 to 2.0), load
inclination (0 to 30°), and friction angles of the
upper dense (41° to 45°) and lower loose (31° to
35") sand layers under an inclined load. The
comparison of the results for the specific
parameters of the friction angles, thickness ratio,
and load inclination at surface footing was

Load (KN) (a=0°, 10°, 207, 30°)

/
5D ol 5D
- ¥ -

Layer-1 (1. Y1.Ci=0) (| &

i Layer-2 (2, Y2, Cx=0)

Journal of Mining & Environment, Vol. 13, No. 4, 2022

reported in Table 3. Studying Table 3
demonstrates that as the inclination of the load
increased from 0" to 30 degrees, the proposed
equation yielded identical findings to the finite
element analysis. Regarding the FEM results, the
average standard deviation was found to be
22.32%, 25.26%, 36.92%, and 45.77% at an angle
of 0°, 10°, 20°, and 30" respectively.

g
\/

——— !

N
V)"
P

2
%
%

A
\\
\‘_-;‘;h

—

2%
0

pVAY,
Vi

==

[

/]
LD

i
LLL

Figure 5. Circular footing resting on layered sand used in the FEM analysis.

The difference between the numerical and
mathematical results can be explained by the fact
that the bearing capacity found by numerical
research matched a peak in the pressure relative
settlement plot or was found by the double tangent
approach.

4. Results and Discussion
4.1. Effect of thickness ratio and sand friction
angle on bearing capacity

In order to evaluate the effect of the thickness
ratio and friction angle on the bearing capacity,
the results were plotted in Figure 5.,
corresponding to upper dense friction angles (41°
and 45") and lower loose sand (31°-35") layer
friction angles at varying thickness ratios (0.5 to
2.00) for circular footings subjected to vertical
loading. Figure 5. demonstrates that the bearing
capacity increased as the thickness ratio increased
from 0.5 to 2.0 for the combination of ¢1 (41°) and
¢> (31°-35%). It may be due to the increase in
thickness of the dense sand layer. In relation, a
study of Figure 5 reveals that as the thickness
ratio increases, the bearing capacity reaches the
value of the upper dense sand's ultimate bearing
capacity at a particular thickness ratio and remains

1022

constant for the rest of the thickness ratio, with
similar behaviour observed for other combinations
of thickness ratios. This is due to the fact that,
beyond a given thickness ratio, the failure surface
remains inside the upper dense sand layer, and no
contribution was observed from the bottom loose
sand layer. The pattern was the same for all ¢; and
¢z regardless of the thickness ratio. In addition,
Figure 5. reveals that corresponding to ¢;= 41 and
d2= 31, the surface footing bearing capacity
obtained from the proposed equation for a
thickness ratio of 0.5 was approximately 312.789
kPa, which increased to 464.980, 718.197, and
1065.830 kPa for thickness ratios of 1.0, 1.5, and
2.0 respectively. It suggests that the bearing
capacity for thickness ratios of 1.00, 1.5, and 2
was approximately 0.32, 0.56, and 0.70 times its
initial value. Figure 5. demonstrates that as the
friction angle of the upper thick sand layer
increased from 41° to 45°, the bearing capacity
increased due to the rise in frictional resistance.
Figure 5. shows that at surface footings with
different thickness ratios, the highest and lowest
increases in bearing capacity were found for
friction angle combinations of 45°-35" and 41°-31",
respectively.
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Table 3. Comparison of results with finite element analysis.

Bearing capacity, qu (kN/m?)

H/D O, §2 =0 wa=10 ar=20 =30
(Degree) Present FEM Present FEM Present FEM Present FEM
equation analysis equation analysis equation analysis equation analysis
0.5 312.79 270 164.794 182 79.27243 125 46.74 75
1.0 4131 464.98 350 310.250 330 202.5139 225 154.82 175
1.5 ’ 719.20 650 559.091 585 429.4591 440 326.41 310
2.0 1065.83 985 825.316 850 551.8388 580 415.29 445
0.5 329.32 305 179.875 220 93.43018 160 59.63 105
1.0 4331 517.73 480 360.048 385 246.4229 260 193.94 215
1.5 ’ 830.29 790 666.020 680 525.6027 545 405.52 435
2.0 1255.31 1190 993.144 1050 677.5468 705 516.47 545
0.5 349.69 345 198.483 245 110.9013 175 75.53 120
1.0 4531 582.50 540 421.207 440 300.3808 330 242.02 265
1.5 ’ 966.43 920 797.065 820 643.4652 665 502.56 530
2.0 1487.24 1390 1198.671 1245 831.6684 845 640.61 675
0.5 343.06 310 183.498 190 86.11809 132 47.40 82
1.0 41.32 49525 450 328.954 350 209.3596 240 155.48 180
1.5 ’ 749.47 720 577.795 610 436.3047 460 327.07 340
2.0 1096.10 1040 844.020 875 558.6845 590 415.95 450
0.5 359.59 350 198.580 235 100.2758 165 60.28 108
1.0 43.30 548.00 515 378.752 410 253.2686 275 194.59 220
1.5 ’ 860.56 820 684.724 715 532.4483 560 406.18 445
2.0 1285.58 1220 1011.849 1060 684.3925 720 517.12 550
0.5 379.96 380 217.187 255 117.7469 180 76.19 124
1.0 45.30 612.77 565 439.912 450 307.2265 335 242.67 270
1.5 ’ 996.70 935 815.769 830 650.3109 670 503.22 535
2.0 1517.51 1440 1217.375 1260 838.514 860 641.27 680
0.5 424.06 390 224.002 205 100.9256 138 48.73 85
1.0 41.33 576.25 530 369.458 380 224.167 245 156.81 185
1.5 ’ 830.47 780 618.299 630 451.1122 475 328.40 350
2.0 1177.10 1120 884.524 910 573.492 615 417.28 460
0.5 440.59 415 239.083 260 115.0833 170 61.61 110
1.0 43.33 629.00 585 419.256 440 268.076 285 195.92 235
1.5 ’ 941.56 860 725.228 740 5472558 585 407.51 450
2.0 1366.58 1280 1052.352 1080 699.2 735 518.46 560
0.5 460.96 450 257.691 280 132.5544 190 77.52 125
1.0 4533 693.77 625 480.415 490 322.034 340 244.00 275
1.5 ’ 1077.70 1020 856.273 840 665.1183 675 504.55 545
2.0 1598.51 1520 1257.879 1280 853.3215 870 642.60 685
0.5 462.64 425 245.888 265 111.1597 145 50.46 88
1.0 4134 614.83 580 391.344 425 2344012 264 158.55 190
1.5 ’ 869.05 815 640.185 650 461.3464 485 330.13 365
2.0 1215.68 1180 906.410 925 583.7261 630 419.01 475
0.5 479.17 450 260.970 295 1253175 172 63.35 112
1.0 43.34 667.58 625 441.142 460 278.3102 290 197.66 240
1.5 ’ 980.14 935 747.114 775 557.49 590 409.24 460
2.0 1405.16 1360 1074.239 1110 709.4341 745 520.19 565
0.5 499.54 495 279.577 315 142.7886 194 79.26 128
1.0 4534 732.35 705 502.301 520 332.2681 350 245.74 280
1.5 ’ 1116.28 1080 878.159 890 675.3525 690 506.29 550
2.0 1637.09 1585 1279.765 1320 863.5557 890 644.33 690
0.5 537.45 510 290.746 330 128.1978 150 53.69 90
1.0 4135 689.64 625 436.201 455 251.4393 274 161.77 192
1.5 ’ 943.86 910 685.043 710 478.3845 505 333.36 370
2.0 1290.49 1230 951.267 965 600.7642 635 42224 480
0.5 553.98 540 305.827 350 142.3556 175 66.58 114
1.0 43.35 742.40 710 485.999 515 295.3483 325 200.89 245
1.5 ’ 1054.95 1005 791.971 830 574.528 605 412.47 465
2.0 1479.97 1435 1119.096 1140 7264722 750 523.42 570
0.5 574.35 565 324.435 360 159.8267 198 82.49 130
1.0 4535 807.17 775 547.159 580 349.3062 375 248.97 285
1.5 ’ 1191.09 1125 923.016 945 692.3906 725 509.52 560
2.0 1711.91 1660 1324.623 1350 880.5937 935 647.56 695
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Figure 6. Plot of bearing capacity of surface circular footing with varying ¢, (41°-45") and ¢, (31°-35°) at varying
thickness ratio.

4.2. Effect on load inclination on bearing
capacity

In order to examine the effect of load inclination
on bearing capacity, the results for upper dense
sand friction angle (41° to 45°) and lower loose
sand friction angle (31° and 35") at varying load
inclination (0° to 30°) for thickness ratio (H/D =
0.5 and 2.0) at surface footing were plotted in
Figure 6. Figure 6. demonstrates that at thickness
ratios of 0.5 and 2.0, as the load inclination
increases from 0 to 30, the bearing capacity
decreases for all friction angle combinations. This
may be attributed to the displacement of the
failure surface in the direction of load application.
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Additionally, the wvertical and horizontal
displacements were observed to decrease and
increase, respectively, resulting in footing failure.
With ¢,= 41" and ¢,= 31" and a thickness ratio of
0.5, the bearing capacity of surface footing
determined from the proposed equation for a load
inclination of 0" was about 312.786 kPa, which
decreased to 164.794, 79.272 and 46.739 kPa for
load inclinations of 10°, 20°, and 30°, respectively.
It indicates that the bearing capacity at a load
inclination of 10°, 20°, and 30  decreased by
47.31%, 74.66%, and 85.06% of its initial value,
respectively.
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Figure 7. Plot of bearing capacity at surface footing with varying load inclination (¢;= 0° to 30°) for soil
combination of ¢; (41°-45) and ¢, (31°, 33° and 35°) at thickness ratio of 0.5 and 2.0.

4.3. Comparison

The experimental results provided by [2] were
compared with the equation's predicted results (9). The
bearing capacity derived from equation (9) was
calculated and compared to the results provided by [2]
for circular footing. [2] determined the friction angle
and unit weight of the upper dense and lower loose
sand layers to be 47.5 and 34, 16.33 kKN/m3 and 13.78
kN/m?, respectively. The comparison was represented
in Figure 7. for a load inclination of Oc, 100, 200, and
30" for varied surface thickness ratios (H/D). In
comparison to [2] results, Figure 7. demonstrates that
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the values obtained from the suggested Equation (9) at
smaller thickness ratios are conservative. For greater
thickness ratios (> 0.5), the results obtained from the
suggested Equation (9) were greater than those
obtained from [2]. In comparison to the results given
by [2], the average deviation in the results derived from
the proposed equation (9) was around 62%, 50 %, 36
%, and 36 % for thickness ratio H/D = 0.5 when the
load inclination was Oc, 100, 20" and 30° . All variations
may be explained by the fact that [2] expected the load
spread angle to be equal to the angle of load
inclination.
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Figure 8. Comparison of the circular footing at the surface with the literature.

5. Conclusions

In this work, the bearing capacity equation for a
circular footing subjected to an inclined load and
resting on layered sand (dense sand overlying
loose sand) was derived using a well-known limit
equilibrium methodology in combination with the
load spread mechanism. The results of this
investigation led to the following conclusions:

1. At different thickness ratios, the bearing capacity
increased the most when the friction angle was 45°-
35° and the least when it was 41°-31°.

2. For ¢; =41° and ¢, = 31°, and a thickness ratio of
0.5 and 2.00, the bearing capacity at a load
inclination of 0°, 10°, 20°, and 30° decreased by
approximately 47.31%, 74.66%, 85.06%, and
22.57%, 48.22%, 61.04% of its initial value,
respectively.
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3. With ¢; = 45° and ¢, = 35°, and a thickness ratio
of 0.5 and 2.00, the bearing capacity at a load
inclination of 0°, 10°, 20°, and 30° decreased by
approximately 43.51%, 72.17%, 85.64%, and
22.62%, 48.56%, 62.17% of its initial value,
respectively.

4. Compared to the proposed equation estimations,
the average deviation for load inclination values of
0°, 10°, 20°, and 30° was 7%, 5%, 22%, and 23% for
finite element results.

5. The results obtained from the proposed bearing
capacity equation were found to be equivalent to
those reported in the literature, with average
deviations of 62%, 50%, 36%, and 36% for load
inclination values of 0°, 10°, 20°, and 30°,
respectively.
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List of symbols
o1, 2 Soil friction angle for upper dense sand and Lower loose sand soil, in degree
Y1, V2 Unit weight of the upper dense sand soil and lower loose sand soil, kN/m?
a2, 03, 04, and as Load spread angles along and across the diameter of the footing, in degree
ELE, Elastic moduli for upper dense sand and lower loose sand layer
V1, V2 Poisons ratio for upper layer and lower layer
D Diameter of the footing
dz Small strip Thickness
o Concentric load inclination angle with respect to vertical acting on the circular footing, in degree
o Stress applied on the footing, kN/m?
H Thickness of the upper dense sand layer
u Depth of the embedded footing from ground surface
P, Total passive earth pressure acting normal to the failure plane
dPpy Small passive earth pressure acting on small strip soil in vertical direction
Ko Passive earth pressure coefficient
qu OT Cuy COS 01 Ultimate load bearing capacity of the rectangular footing in the layered sand (vertical component)
b Ultimate bearing capacity of lower loose sand
ig, Iy Inclination factors
Sy, Sq Shape factors
Ng, Ny Bearing capacity
dg, dy Depth factors
c Constant of integration
S Mobilised shearing resistance angle at failure, degree
z Distance where small strip of soil lies below circular footing
H/D Thickness ratio
0/ 1 Soil friction ratio
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