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ABSTRACT: This study provides an equation of bearing capacity for a rectangular 

footing placed on dense sand overlying loose sand and subjected to inclined concentric 

loading using the limit equilibrium followed by projected area method. The parameters 

varied were thickness ratio (0.00 to 2.00) of the upper dense sand layer, embedment ratio 

(0 to 2), friction angle of upper dense (41° to 46°) sand and lower loose (31° to 36°) sand 

layer, and applied load inclination (0° to 30°) for the parametric study. The highest and 

lowest increase in the bearing capacity were observed for a friction angle combination of 

46°-36° and 41°-31°, respectively, at different thickness ratios. The bearing capacity 

obtained from the proposed equation was approximately 4.97 and 10.5 times its initial 

value at embedment ratios of 1 and 2, respectively. Bearing capacity was reduced by 

20.55%, 54.58% and 87.90% for load inclinations of 5°, 15°, and 30° for friction angles 

of upper dense and lower loose sand layer combinations of 46° and 36° and at a thickness 

ratio of 2. The bearing capacity obtained from the proposed equation decreased by 

99.89%, 66.04%, and 61.5% as the load inclination increased from 0° to 30° for 

embedment ratios of 0, 1, and 2. With respect to finite element results, the average 

deviation of the bearing capacity obtained from the proposed equation at embedment 

ratios 0, 1, and 2 was 14.56%, 18.71% and 23.56%, respectively. The proposed bearing 

capacity equation produced results that were consistent with those reported in the 

literature, with an average deviation of 10.71% . 

 

Keywords: Bearing Capacity, Inclined Loading, Layered Sand, Projected Area 

Approach, Rectangular Footing. 

  
 

1. Introduction 

 

The load of the superstructure through the 

footing is shifted to the soil underneath it. 

The depth-to-width ratio determines 

whether a footing is shallow or deep. The 

load must be transferred underneath the 
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footing in a way that avoids settling and 

shear failure. In the literature, a number of 

studies have been reported by the 

researchers (Meyerhof, 1974; Meyerhof 

and Hanna, 1978; Hanna, 1981, 1982, 1987; 

Oda and Win, 1990; Michalowski and Shi, 

1995; Kenny and Andrawes, 1997; 
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Okamura et al., 1998; Merifield et al., 1999; 

Shiau et al., 2003; Farah, 2004; Massih et 

al., 2005; Kumar et al., 2007; Johnson et al., 

2015; Mosadegh and Nikraz, 2015; Rao et 

al., 2015; Ibrahim, 2016; Khatri et al., 

2017a; Misir and Laman, 2017; Saha et al., 

2018; Reddy and Kumar, 2018; Eshkevari 

et al., 2018; Eshkevari et al., 2019; Zheng et 

al., 2019; Biswas and Krishna, 2019; Ullah 

et al., 2020; Chwała and Puła, 2020; Al-

Ameri et al., 2020; Benmoussa et al., 2021; 

Mandeel et al., 2021; Panwar and Dutta, 

2021; Singh and Rao, 2021; Nujid et al., 

2021; Ibrahim et al., 2021; Das and Khatri, 

2021; Gupta and Mital, 2021; Hajitaheriha 

et al., 2021 and Das et al., 2022) to evaluate 

the bearing capacity of footings on single 

layer or layered soils and subjected to 

vertical or inclined loads.  

Meyerhof (1974), Khatri et al. (2017a), 

Eshkevari et al. (2019) and Das and Khatri 

(2021) investigated the bearing capacity of 

strip and circular footing on layered soil 

(dense sand over loose sand) under vertical 

load. Further, Oda and Win (1990), 

Meyerhof (1974), Michalowski and Shi 

(1995), Okamura et al. (1998), Farah 

(2004), Kumar et al. (2007), Mosadegh and 

Nikraz (2015), Misir and Laman (2017), 

Reddy and Kumar (2018), Saha et al. 

(2018), Biswas and Krishna (2019), Al-

Ameri et al. (2020), Chwała and Puła 

(2020) and Nujid et al. (2021) studied the 

bearing capacity of the strip, circular and 

square/rectangular footing on layered soil 

(dense sand over soft clay) under vertical 

load. The bearing capacity of the strip, 

circular and rectangular footing on layered 

soil (stiff clay over soft clay, stiff over soft 

clay and stiff clay over loose sand) was 

conducted by Rao et al. (2015), Ullah et al. 

(2020), Benmoussa et al. (2021) and 

Ibrahim et al. (2021) under vertical loading. 

In addition, there were studies (Meyerhof 

and Hanna, 1978; Hanna, 1981, 1982; 

Massih et al., 2005; Mosadegh and Nikraz, 

2015) on bearing capacity for strip and 

circular footings on layered soil (dense sand 

over loose sand; loose sand over dense 

sand; and dense sand over soft clay) 

available in the literature. Under vertical 

(Meyerhof, 1974; Kenny and Andrawes, 

1997; Okamura et al., 1998) and inclined 

(Meyerhof and Hanna, 1978) loads, the 

limit equilibrium approach was employed 

to investigate the bearing capacity of the 

strip and circular footings.  

Using the punching shear coefficient for 

the vertical and inclined loading, an 

equation for the ultimate bearing capacity of 

strip and circular footings on layered soil 

(dense sand over loose sand) was suggested 

by Meyerhof (1974) and Meyerhof and 

Hanna (1978). Comparison of the findings 

of Meyerhof (1974), Meyerhof and Hanna 

(1978) and Kenny and Andrawes (1997) 

was attempted by Shoaei et al. (2012) and 

concluded that the findings of Meyerhof 

(1974) and Meyerhof and Hanna (1978) 

overestimate the bearing capacity at greater 

depths. Michalowski and Shi (1995) used a 

Kinematic approach for estimation of 

average pressure below the strip footing 

under vertical loading. Projected area 

approach was followed by Kenny and 

Andrawes (1997), Okamura et al. (1998) 

and Farah (2004) to estimate the bearing 

capacity of the strip, circular and 

square/rectangular footing on layered soil 

under vertical loading.   

In order to predict the ultimate bearing 

capacity for strip, circular and 

square/rectangular footing on layered soil 

(dense sand over soft clay) using punching 

shear coefficients, load dispersion angle 

and soil properties under vertical loading, 

an equation was proposed by Farah (2004) 

and it was found to overestimate the bearing 

capacity as compared to previous studies 

Meyerhof (1974). Further, the researchers 

Misir and Laman (2017) and Al-Ameri et al. 

(2020) developed the bearing capacity 

equation using regression analysis based on 

the limit equilibrium analysis and finite 

element analysis for circular and square 

footing. The results were in a very good 

agreement to predict the bearing capacity 

when compared with the past works. 

Recently Finite Element modelling was 

used to assess the bearing capacity of strip 
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(Hanna, 1987; Mosadegh and Nikraz, 2015; 

Khatri et al., 2017a; Eshkevariet al., 2018; 

Das and Khatri, 2021; Nujid et al., 2021), 

circular (Khatri et al., 2017a; Reddy and 

Kumar, 2018; Singh and Rao, 2021; Das 

and Khatri, 2021; Benmoussa et al., 2021), 

square (Saha et al., 2018; Mandeel et al., 

2021) and rectangular (Ullah et al., 2020; 

Panwar and Dutta, 2021; Ibrahim et al., 

2021) footings on layered soil (dense sand 

over loose sand, dense sand over soft clay, 

soft clay over dense sand and soft clay over 

stiff clay), respectively.  

Gupta and Mital (2021) investigated the 

effect of multilayer of geogrid reinforced 

sand on the bearing capacity of rectangular 

footing under inclined as well as eccentric 

loading experimentally. The effect of 

various parameters such as number of 

reinforced layers, eccentricity and load 

inclination were investigated using 

laboratory tests and finite element analysis. 

The ultimate bearing capacity observed to 

be increased with the increase in geogrid 

reinforced layers. Das et al. (2022) 

investigated the effect of geogrid sheet 

reinforced at the interface of dense sand and 

loose sand for the ultimate bearing 

capacities of embedded strip and circular 

footing and concluded that the effect of 

geogrid sheet was marginal when compared 

with the ultimate bearing capacity of 

unreinforced foundation.  

Using the Finite Element analysis, 

Hajitaheriha et al. (2021) examined the 

impact on drag stress of the circular and 

square section piles placed in soft clay 

overlaid on dense sand. In the circular 

sections, the value of the drag load was 

always greater when compared with the 

results for the square-shaped sections pile. 

The ultimate bearing capacity was 

calculated using numerical and 

experimental methods in all the above 

studies. However, no equation of ultimate 

bearing capacity for the rectangular footing 

under inclined loading has been published 

since then, especially on layered soil (dense 

sand over loose sand). As a result, using the 

punching shear mechanism and limit 

equilibrium methodology, an equation for 

the bearing capacity of rectangular footing 

on dense sand underlain by loose sand 

under inclined loading was derived in the 

current study. To get a fair estimate of 

bearing capacity, the load spread 

mechanism in the upper dense sand layer 

was selected using finite element analysis. 

The bearing capacity of the rectangular 

footing over layered sand was calculated for 

various friction angles of upper dense and 

lower loose sand layer, load inclination and 

varied thickness of upper dense sand layer 

at different footing depths. The findings 

were compared to those found in the 

literature. 

 

2. Methodology 

 

Following the limit equilibrium approach 

reported by Meyerhof and Hanna (1978), 

the load from the footing was assumed to 

spread through the upper dense sand to the 

lower loose sand. The failure surface for 

rectangular footing under load (qu) with 

load inclination (θ) is shown in Figure 1a. 

The footing is placed at a depth (D) below 

the surface of ground level and the passive 

pressure (Pp) was assumed to act on the 

failure surface by making angle δ normal to 

the failure surface. The failure was assumed 

to occur at the interface of the upper dense 

and lower loose sand layer. Figure 1b shows 

a plan view of the assumed failure 

mechanism under inclined loading (qu) for 

the rectangular footing with load dispersion 

angle α1 and α2 across the width and α3 and 

α4 across the length of the footing. The 

assumptions made for mathematical 

derivation are as follows. 

- The footing is assumed to have rigid and 

rough base lying at some depth (D) in 

upper dense sand layer. 

- The sand above the footing base has 

negligible shear strength and it acts as a 

surcharge load. 

- The interface of the layered sand and the 

ground surface is assumed to be 

horizontal. 

- No effect of the water table on the 
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ultimate bearing capacity of the 

rectangular footing was considered in the 

analysis. It was assumed that the water 

table is at great depth below the lower 

loose sand layer. 

- The upper dense and lower loose sand 

layer were supposed to be fully drained 

with friction angle of φ1 and φ2 

respectively. 

- Full mobilization of the shear strength of 

the upper dense and lower loose sand is 

assumed along the failure surface.  

- Applied load (qu) is acting at the centre 

of the rectangular footing at a load 

inclination (θ).  

- Passive pressure generated on all sides of 

the projected area was assumed to be 

equal as per Meyerhof and Hanna 

(1978). 

The stress distribution under inclined 

loading is shown in Figure 2. If stress (σ) 

develops on the surface of the footing, it 

reflects a slight increase in stress (Δσ) at the 

layered sand interface under inclined 

loading. For the derivation of the equation 

based on the above, a small strip (abcdefgh) 

of thickness (ΔZ) at a distance Z from the 

footing base was considered as shown in the 

Figure 2. For the analysis, the free body 

diagram is shown in Figures 3a and 3b 

along width (abef) and length (bcfg) of a 

rectangular footing for the small strip of 

thickness (ΔZ). The passive pressure (ΔPp) 

acted on the failure surface at an angle δ 

normal of failure surface (ae, bf, cg). It is 

pertinent to mention here that the 

dimensions L1 and W1 are the length and 

width of the strip of thickness (ΔZ) at a 

distance Z below the base of the footing.  

 

 
(a) 

 
(b) 

Fig. 1. Assumed failure surface for rectangular footing under inclined loading: a) Alevation; and b) Plan view 
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Fig. 2. Stress distribution under inclined loading 

 
Table 1. Variation of load spread angle with thickness ratio and load inclination at different embedment ratio 

H/W θ (Deg.) φ2/ φ1 
α at D/W=0 α at D/W=1 α at D/W=2 

α01 α02 α03 α11 α12 α13 α21 α22 α23 

0.0 

 

 

0 

 

 

0.756 

37 37 15 12 12 12 11 11 11 

0.5 32 32 12 10 10 11 10.5 10.5 10 

1.0 28 28 10 8 8 9 10 10 9 

1.5 32 32 11 7 7 8 9 9 9 

2.0 35 35 12 13 13 11 11 11 10 

0.0   20 46 14 8 19 13 7 17 10 

0.5   17 43 12 5 18 11 5.5 14 9 

1.0 5 0.761 14 41 11 4 10 10 4 12 8 

1.5   12 37 12 3 15 10 3 11 7.5 

2.0   27 40 13 6 16 12 5 12 10 

0.0   5 61 12 -4 26 13 -4 21.5 12 

0.5   2 57 10 -3.5 18 11 -2 17.5 11 

1.0 10 0.767 -1 51 9.5 -3 16 10 0 15 10 

1.5   -4 48 9 0 19 12 2 17.5 11 

2.0   -5 43 9 1 27 12.5 3 21 12 

0.0   -32 72 13 -10 31 12 -10 28.9 11 

0.5   -29 64 12 -8 29 11 -9 27 10 

1.0 15 0.772 -24 57 11 -5 27 10 -8.5 23 10 

1.5   -20 51 9 -2 24 9 -10 26 10 

2.0   -29 62 10 -4 33 13 -11 30 11 

0.0   -54 81 14 -21 45 12 -17.5 39 14 

0.5   -52 73 12 -19 41 10 -15 33.5 13 

1.0 20 0.777 -45 71 11 -15 38 9 -12.5 30 10 

1.5   -48 73 12 -18 43 11 -13 32.3 11.5 

2.0   -53 80 13 -20 47 12 -13.5 37 13 

0.0   -70 90 14 -32 57 14 -26 51 15 

0.5   -60 90 13 -29 51 12 -23 48 14 

1.0 25 0.782 -58 90 10 -28 47 11 -22 37 12 

1.5   -69 90 12 -24 43 12 -17.5 45 13 

2.0   -69 90 13 -29 54 15 -20 56 14 

0.0   -80 90 14 -42 74 13 -40 61 12 

0.5   -75 90 13 -34 61 10 -37 56 12 

1.0 30 0.756 -69 90 11 -29 55 10 -26 49 9 

1.5   -68 90 10 -30 58 11 -28 55 11 

2.0   -71 90 13 -44 75 12.5 -33 59 13 
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Table 2. Comparison of results with finite element analysis 

H/W 

 

D/W 

 

φ1, φ2 

(Degree) 

Dimensionless bearing capacity (qult/γ1W) 

θ =0° θ =15° θ =30° 

Present 

equation 

F.E.M. 

analysis 

Present 

equation 

F.E.M. 

analysis 

Present 

equation 

F.E.M. 

analysis 

0.00   7.50 10.21 1.99 6.78 0.008 1.025 

0.50   21.93 14.06 11.53 8.72 3.74 5.14 

1.00 0 41,31 39.88 21.27 20.91 13.84 3.74 9.75 

1.50   51.99 33.47 20.91 16.42 3.74 9.75 

2.00   51.99 38.18 20.91 22.44 3.74 9.75 

0.00   11.01 15.48 3.27 9.59 0.09 5.00 

0.50   30.39 25.67 16.09 12.91 7.08 7.69 

1.00 0 43,33 54.32 53.91 31.53 20.07 7.28 12.33 

1.50   79.69 85.91 33.78 26.67 7.28 17.43 

2.00   79.69 91.97 33.78 40.27 7.28 17.43 

0.00   19.27 29.77 6.55 14.82 0.53 6.20 

0.50   49.84 53.88 26.58 28.39 11.55 12.28 

1.00 0 46,36 87.82 102.45 50.54 49.83 18.5 18.48 

1.50   130.75 159.29 69.47 74.75 18.5 28.72 

2.00   152.98 167.29 69.47 97.79 18.5 28.72 

0.00   37.34 44.25 22.15 33.83 12.68 17.66 

0.50   67.93 65.93 40.99 51.88 22.73 23.75 

1.00 1 41,31 100.49 85.78 60.28 60.22 31.91 34.83 

1.50   134.55 140.33 79.84 69.52 40.78 45.12 

2.00   170.02 157.52 99.62 93.39 49.51 56.81 

0.00   51.61 52.72 30.66 37.85 17.25 21.19 

0.50   92.62 83.49 55.54 60.04 30.21 34.78 

1.00 1 43,33 136.44 131.39 81.08 77.99 42.15 44.83 

1.50   182.38 177.51 106.98 108.87 53.72 58.93 

2.00   226.24 218.28 132.47 138.62 65.83 74.29 

0.00   83.44 91.34 49.78 46.11 27.47 34.67 

0.50   149.43 156.93 88.64 76.57 46.71 52.34 

1.00 1 46,36 220.45 234.01 128.73 125.11 64.66 70.47 

1.50   295.30 358.29 169.46 177.29 82.06 97.99 

2.00   373.65 410.80 210.70 220.67 99.23 125.70 

0.00   75.75 74.29 48.25 63.03 29.16 46.78 

0.50   122.53 98.60 76.81 76.55 45.29 56.14 

1.00 2 41,31 168.91 153.45 104.51 104.96 59.94 68.16 

1.50   214.69 198.50 131.40 145.21 73.49 79.11 

2.00   259.30 244.65 157.35 175.46 86.26 97.39 

0.00   104.21 83.72 66.38 70.38 39.74 56.78 

0.50   166.61 131.40 103.60 93.37 59.63 66.63 

1.00 2 43,33 228.48 201.40 139.57 152.09 77.48 85.68 

1.50   289.44 251.91 174.30 171.05 93.93 111.60 

2.00   348.52 338.19 207.60 199.77 109.41 131.39 

0.00   167.43 131.44 106.76 115.93 63.23 80.16 

0.50   268.016 252.68 164.41 146.52 91.21 100.64 

1.00 2 46,36 367.92 384.29 219.82 233.96 116.00 128.52 

1.50   466.24 508.37 272.96 321.40 138.85 157.46 

2.00   561.00 659.83 323.48 412.34 160.47 218.31 
 

 
(a) 
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(b) 

Fig. 3. Free body diagram across the footing (a) width (b) length 
 

Summation of all the forces in the 

vertical direction for a small strip of 

thickness (ΔZ) leads to Eq. (1). 
 

∑𝐹𝑉 = 0 

𝜎𝑉.cos(𝜃).(𝐿1.𝑊1) + 𝛾1.(
Δ𝑍

3
). 

{
 

 
[𝑊1 + Δ𝑍. tan(𝛼1) + ΔZ. tan(𝛼2)]. [𝐿1

+ Δ𝑍. tan(𝛼3) + Δ𝑍. tan(𝛼4)] + (𝐿1.𝑊1)

+ √

(𝐿1.𝑊1).
[𝑊1 + Δ𝑍. tan(𝛼1) + Δ𝑍. tan(𝛼2)].
[𝐿1 + Δ𝑍. tan(𝛼3) + Δ𝑍. tan(𝛼4)]

}
 

 
 

−Δ𝑃𝑝𝑣 − (𝜎𝑉 + Δ𝜎𝑉). cos(𝜃).[𝑊1 +

Δ𝑍. tan(𝛼1) + Δ𝑍. tan(𝛼2)]. [𝐿1 +
Δ𝑍. tan(𝛼3) + 𝛥Z. tan(𝛼4)] = 0 

 (1) 
 

where γ1: is the unit weight of the upper 

dense sand layer, and v and ΔPpv: are the 

vertical component of applied stress and the 

passive pressure, respectively. It worth 

noting here that the passive pressure on all 

sides of the projected area is not equal, 

however, following Meyerhof and Hanna 

(1978), it was assumed to be the same in this 

analysis. The passive pressure (∆Ppv) in the 

vertical direction can be written as: 
 

Δ𝑃𝑝𝑣 = Δ𝑃𝑝. sin(𝛿) (2) 

Δ𝑃𝑝𝑣 = 𝛾1. 𝐾𝑝. (𝐷 + 𝑍

+
Δ𝑍

2
) . Δ𝑍. [2𝐿1

+ 2𝑊1
+ Δ𝑍. tan(α1)
+ Δ𝑍. tan(𝛼2)
+Δ𝑍. tan(𝛼3)
+ Δ𝑍. tan(𝛼4)]. sin(𝛿) 

(3) 

in which Kp: depends upon the product of 

passive earth pressure coefficient as per 

Caquot and Kerisel (1949) and punching 

shear inclination factor as per Meyerhof and 

Hanna (1978). 

Rewriting the Eq. (1): 

 
σν. cos(θ). (L1.W1) 

+𝛾1. (
ΔZ

3
). 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 

(L1.W1) +

W1. [(ΔZ. tan(𝛼3) +ΔZ. tan(𝛼4)]

+L1. [(ΔZ. tan(𝛼1) +ΔZ. tan(𝛼2)]

+ΔZ2.

[
 
 
 
tan(𝛼1) . tan(𝛼3) +

tan(𝛼1) . tan(𝛼4) +

tan(𝛼2) . tan(𝛼3) +

tan(𝛼2) . tan(𝛼4) ]
 
 
 
+

√
  
  
  
  
  
  
  
 

(L1.W1).

[
 
 
 
 
 
 
 

L1.W1 +
W1. [(ΔZ. tan(𝛼3) +ΔZ. tan(𝛼4)]

+L1. [(ΔZ. tan(𝛼1) +ΔZ. tan(𝛼2)]

+ΔZ2.

[
 
 
 
tan(𝛼1) . tan(𝛼3) +

tan(𝛼1) . tan(𝛼4) +

tan(𝛼2) . tan(𝛼3) +
tan(𝛼2) . tan(𝛼4) ]

 
 
 

]
 
 
 
 
 
 
 

}
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

−ΔPpv 

−(σν  +  Δσν ). cos(θ). 

{
 

 
(L1.W1) +W1. [ΔZ. tan(𝛼3) +  ΔZ. tan(𝛼4)]

+L1. [ΔZ. tan(𝛼1) +  ΔZ. tan(𝛼2)] +

ΔZ2. [
tan(𝛼1) . tan(𝛼3) + tan(𝛼1) . tan(𝛼4)

+ tan(𝛼2) . tan(𝛼3) + tan(𝛼2) . tan(𝛼4)
]
}
 

 
  

 (4) 

 

Since Δ𝑍  and Δ𝜎𝑣 are very small, so 

their square or their product would be also 

very small. Thus neglecting the terms such 

as (
Δ𝑍2

3
. tan(𝛼1). tan(𝛼3), 

Δ𝑍2

3
. tan(𝛼2). tan(𝛼4),(𝜎𝑣 +

 Δ𝜎𝑣 ). cos(θ). Δ𝑍. tan(𝛼3),(𝜎𝑣 +
 Δ𝜎𝑣 ). cos(θ). Δ𝑍2 . tan(𝛼1). tan(𝛼3) etc…),  
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Eq. (5) is obtained. 
 

𝜎𝑉.cos(𝜃).(𝐿1.𝑊1) +

𝛾1.(
Δ𝑍

3
) . [2(𝐿1.𝑊1) + (𝐿1.𝑊1)] −

Δ𝑃𝑝𝑣 − 

(𝜎𝑉 + Δ𝜎𝑉). cos(𝜃) . (𝐿1.𝑊1) = 0   

(5) 

 

Similarly, neglecting the terms such as 
1

2
.[(2𝑊1 + 2𝐿1). Δ𝑍2 +

Δ𝑍3. [tan(𝛼1) + tan(𝛼2) +
 tan(𝛼3) + tan(𝛼4)] after expanding the Eq. 

(3), because  ΔZ2, ΔZ3 are very small, results 

in new Eq. (6). 
 

 Δ𝑃𝑝𝑣 = 2𝛾1. 𝐾𝑝. (𝐷 + 𝑍). (𝐿1 +

𝑊1). Δ𝑍. sin(𝛿) 
(6) 

 

Eq. (7) is obtained by substituting the 

ΔPpv in Eq. (5). 
 

𝜎𝑉.cos(𝜃).(𝐿1.𝑊1) +

𝛾1.(
Δ𝑍

3
) . [3(𝐿1.𝑊1)] − 2𝛾1. 𝐾𝑝. (𝐷 +

𝑍). (𝐿1 +𝑊1). Δ𝑍. sin(𝛿) − (𝜎𝑉 +
Δ𝜎𝑉). cos(𝜃) . (𝐿1.𝑊1) = 0   

(7) 

 

Simplification of Eq. (7) leads to Eq. (8). 
 

Δ𝜎𝑉.cos(𝜃) . (𝐿1.𝑊1) =
𝛾1. [(𝐿1.𝑊1) − 2𝐾𝑝. (𝐷 + 𝑍). (𝐿1 +

𝑊1). sin(𝛿)]. Δ𝑍   

(8) 

 

Dividing Eq. (8) on both sides with 

(W1.L1) results in Eq. (9).  
 

Δ𝜎𝑉.cos(𝜃) = 𝛾1. [1 −
2𝐾𝑝.(𝐷+𝑍).(𝐿1+𝑊1).sin(𝛿)

(𝐿1.𝑊1)
] . Δ𝑍 

(9) 

 

Integrating Eq. (9) as shown in Eq. (10) 

on both sides, results in Eq. (11).  
 

∫Δ𝜎𝑉. cos(𝜃)

= ∫𝛾1. [1

−
2𝐾𝑝. (𝐷 + 𝑍). (𝐿1 +𝑊1). sin(𝛿)

(𝐿1.𝑊1)
] . Δ𝑍 

 (10) 

Δ𝜎𝑉. cos(𝜃) = 𝛾1. 𝑍 −

[
2𝛾1.𝐾𝑝.(𝐷.𝑍+

𝑍2

2
).(𝐿1+𝑊1).sin(𝛿)

(𝐿1.𝑊1)
] + 𝐶   

(11) 

 

where C: is constant of integration.  

In order to find C, the following 

boundary conditions are applied to Eq. (11). 

At Z = 0, L1 = L, W1 = W and σv = qu, 
which results in Eq. (12).  

 

 C =  𝑞𝑢. cos(𝜃) (12) 

  
where qu: is the ultimate load bearing 

capacity of the rectangular footing in the 

layered sand.                    

Further, at Z = H, L1 = [𝐿 +
 𝐻 . tan(𝛼3) + 𝐻 . tan(𝛼4)], W1 = [𝑊 +
𝐻 . tan(𝛼1) + 𝐻 . tan(𝛼2)] and σv = 𝑞𝐿, 

will result into Eq. (13) is obtained from Eq. 

(11). 
 

𝑞𝐿 . cos(𝜃) = 𝛾1.𝐻 

−

{
 
 
 

 
 
 2𝛾1. 𝐾𝑝 . 𝐻. (𝐷 +

𝐻
2
) .

[
(𝑊 + 𝐻. tan(𝛼1) + H. tan(𝛼2))

+(𝐿 + 𝐻. tan(𝛼3) + H. tan(𝛼4))
] . sin(𝛿)

[𝑊 + 𝐻. tan(𝛼1) + H. tan(𝛼2)].
[𝐿 + 𝐻. tan(𝛼3) + H. tan(𝛼4)]

}
 
 
 

 
 
 

 

+𝑞𝑢 . cos(𝜃)                                                                                                                                           
 (13) 

 

where 𝑞𝐿: is the bearing capacity of the 

lower loose sand layer, 𝑞𝐿 .cos (θ) and 𝑞𝑢.cos 

(θ): is the vertical component of the bearing 

capacity 𝑞𝐿 and 𝑞𝑢 which were further 

designated as 𝑞𝐿𝑣  and 𝑞𝑢𝑣, respectively in 

this derivation. As per IS 6403 (1981), for 

the sand under inclined loading, the bearing 

capacity is given by Eq. (14). 
 

𝑞𝐿𝑣 = 𝛾1. (𝐷 +
𝐻).𝑁𝑞2. 𝑆𝑞2. 𝑑𝑞2. 𝑖𝑞2 +

(
1

2
) . (𝛾2.𝑊.𝑁𝛾2. 𝑆𝛾2. 𝑑𝛾2. 𝑖𝛾2)   

(14) 

 

where dq2, dγ2, iq2, iγ2 and Sq2, S2: are the 

depth, inclination and shape factors. The 

equation for the inclination and shape 

factors are given in Eqs. (15a) and (15b) and 

Eqs. (16a) and (16b), respectively. 

 

𝑖𝑞2 = (1 −
𝜃

900
)
2

 (15a) 

𝑖𝛾2 = (1 −
𝜃

𝜑2
)
2

 (15b) 

and 
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𝑆𝑞2 = (1 +
0.2𝑊

𝐿
) (16a) 

𝑆𝛾2 = (1 −
0.4𝑊

𝐿
) (16b) 

 

Substituting Eqs. (14, 15a, 15b, 16a and 

16b) in Eq. (13) and after rearranging it, Eq. 

(17) is resulted. 

 

 𝑞𝑢𝑣 = [𝛾1. (1 +
0.2𝑊

𝐿
) . (𝐷 +

𝐻).𝑁𝑞2. 𝑑𝑞2. 𝑖𝑞2] + [(
1

2
) . (1 −

0.4𝑊

𝐿
) . 𝛾2.𝑊.𝑁𝛾2. 𝑑𝛾2. 𝑖𝛾2] − 𝛾1. 𝐻 +

{
2𝛾1.𝐾𝑝.𝐻.(𝐷+

𝐻

2
).[
𝑊+𝐿+𝐻.tan(𝛼1)+H.tan(𝛼2)

+𝐻.tan(𝛼3)+H.tan(𝛼4)
].sin(𝛿)

[𝑊+𝐻.tan(𝛼1)+H.tan(𝛼2)].
[𝐿+𝐻.tan(𝛼3)+H.tan(𝛼4)]

}                                                   

 (17) 

 

Further, by simplification of Eq. (17), 

Eq. (18) is obtained. 

 
(𝑞𝑢𝑣)

= (𝛾1). (𝑁𝛾2). [(1 +
0.2𝑊

𝐿
) . (𝐷

+ 𝐻). (
𝑁𝑞2

𝑁𝛾2
) . 𝑑𝑞2. 𝑖𝑞2

+ (
1

2
) . (

𝛾2
𝛾1
) . (1 −

0.4𝑊

𝐿
) .𝑊. 𝑑𝛾2. 𝑖𝛾2]

− 𝛾1.𝐻

+

{
 
 
 
 
 

 
 
 
 
 

2𝛾1. 𝐾𝑝. 𝐻.

(𝐷 +
𝐻
2) .

[

𝑊 + 𝐿 +
𝐻. tan(𝛼1) + H. tan(𝛼2) +
𝐻. tan(𝛼3) + H. tan(𝛼4)

] . sin(𝛿)

[𝑊 + 𝐻. tan(𝛼1) + H. tan(𝛼2)]

. [𝐿 + 𝐻. tan(𝛼3) + H. tan(𝛼4)]

}
 
 
 
 
 

 
 
 
 
 

 

 (18) 

 

To convert Eq. (18) into a dimensionless 

form, it is divided with γ 1W on both sides. 

Then Eq. (19) is obtained. 

 

(
𝑞𝑢𝑣
𝛾1𝑊

) = (
𝛾2
𝛾1
) . (𝑁𝛾2). [(

𝛾1
𝛾2
) . (1

+
0.2𝑊

𝐿
) . (

𝐷

𝑊

+
𝐻

𝑊
) . (

𝑁𝑞2
𝑁𝛾2

) . 𝑑𝑞2. 𝑖𝑞2

+ (
1

2
) . (1

−
0.4𝑊

𝐿
) . 𝑑𝛾2. 𝑖𝛾2] 

−(
𝐻

𝑊
) +

{
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 2𝐾𝑝. (

𝐻
𝑊
) .

[
 
 
 
 
 1 + (

𝐿
𝑊
)

+(
𝐻
𝑊
) .

[
tan(𝛼1) + tan(𝛼2)

+ tan(𝛼3) + tan(𝛼4)
]
]
 
 
 
 
 

.

(
𝐷
𝑊
+

𝐻
2𝑊

) . sin(𝛿)

{(
1 + (

𝐻
𝑊
) .

[tan(𝛼1) + tan(𝛼2)]
)}

. {
(
𝐿
𝑊
) + (

𝐻
𝑊
) .

[tan(𝛼3) + tan(𝛼4)]
}

}
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

≤ 𝑞𝑡 

 (19) 

 

 The dimensionless ultimate bearing 

capacity (quv/γ 1W) derived as per Eq. (19) is 

valid only up to the bearing capacity of the 

upper sand layer (qt), after which bearing 

capacity remains constant and was 

primarily dependent on the upper dense 

sand layer. Further, from Eq. (19), the 

bearing capacity of rectangular footing on 

layered sand under inclined load depends 

on: 1) Embedment depth of footing (D); 2) 

Thickness of dense sand layer (H); 3) Unit 

weight and friction angle of the upper dense 

(1, φ1) and lower loose (2, φ2) sand layer; 

4) Dimensions of the footing (L and W); and 

5) Load inclination () with respect to 

vertical. It is pertinent to mention here that 

the angle 1, 2, 3 and 4 associated with 

the load spread mechanism too depends on 

the above parameters. For strip and circular 

footings, the angles 1 and 2 were both 

considered equal to the inclination of the 

applied load in the work of Meyerhof and 
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Hanna (1978). In the present study, to have 

a reasonable estimate of bearing capacity 

using the limit equilibrium methodology, 

the magnitude of the all load spread angles 

were determined for surface 

(01,02,03,) as well as for 

embedment ratio (D/W) of 

1(11,12,13,) and 

2(21,22,23,), respectively by 

performing Finite Element analysis in the 

ABAQUS software using C3D8R element. 

For the numerical study, the load inclination 

angle (θ) was varied from 00 to 300 at an 

interval of 50. The impact of soil density 

was considered in the analysis. The relation 

between the unit weights and friction angles 

used for modelling were considered as per 

Bowles (1977) for the upper dense and the 

lower loose sand layer and are shown in 

Tables 3 and 4, respectively.  

It is pertinent to mention here that 

Dawarci et al. (2014) reported a friction 

angle of 360 and 420 for the sand 

corresponding to a unit weight of 15.44 

kN/m3 and 16.65 kN/m3, respectively. 

Khatri et al. (2017b) obtained a friction 

angle of sand as 33.4° corresponding to a 

unit weight of 13.87 kN/m3. Das et al. 

(2021) used a friction angle for the loose 

(31°-36°) and dense (41°-46°) sand for 

performing the numerical study of the ring 

footing on layered sand. Furthermore, 

Hanna (1981) and Farah (2004) used a 

punching shearing mechanism to acquire 

the bearing capacity of the strip footing on 

layered soil, obtaining a friction angle of 

47.7° and 34°, respectively, corresponding 

to a unit weight of 16.33 kN/m3 and 13.78 

kN/m3. Given the foregoing, the 

mechanism, as well as the unit weights and 

friction angles (Tables 3 and 4) selected for 

modelling, are justified.  

Further, for the numerical study, the 

dilation angles for the upper dense and 

lower loose sand layers were calculated as 

per Szypcio and Dołżyk (2006). Modulus of 

elasticity for the upper dense and lower 

loose sand layers were derived from 

1200(N+6) kPa as per El-Kasaby (1991). 

The standard penetration resistance (N) was 

calculated as per IS 6403 (1981) 

corresponding to the friction angles for the 

upper dense and lower loose sand layers 

used for modelling. Numerical study was 

conducted for different thickness ratio 

(H/W) which were varied from 0.00 to 2.00. 

More details of the numerical study can be 

seen in Panwar and Dutta (2021). It is 

pertinent mention here that the Finite 

Element analysis was performed both for 

the surface and embedded footing.  

Figure 4 shows the failure surface 

movement with the variation in load 

inclination in the form of vectorial 

displacement at different embedment ratio. 

The failure surface of the rectangular 

footing resting on upper dense sand 

overlying lower loose sand under inclined 

load was observed to make different angles 

1 and 2 across the width, but angles 3 

and 4 were found to be the same across the 

length for surface as well as for embedded 

footing. Figures 5a and 5b shows the load 

spread angle α1, α2 and α3 across the width 

and length of the rectangular footing. All 

the load spread angles were measured with 

respect to the vertical axis below the base 

edges of the rectangular footing in the 

direction of load inclination as well as in the 

opposite direction as shown in the Figure 5. 

Table 1 shows the variation of the load 

spread angle with the thickness ratio (H/W) 

load inclination (θ) and soil friction ratio 

(φ2/ φ1) at different embedment ratio (D/W). 

From the present study, for surface footing 

(D/W = 0) it was observed that with the 

increase in the thickness ratio, all the load 

spread angles were found to decrease as 

long as the bearing capacity was dependent 

on the properties of both the sand layers. 

But when the failure surface confined to the 

upper dense sand layer, all load spread 

angles were observed to increase for each 

load inclination. Similar behaviour 

observed when the embedment ratio 

increased from 1 to 2. It is pertinent to 

mention here that the sign convention for 

the α1 was considered negative when 

measured towards left of the vertical axis 

otherwise it was considered positive. As the 
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soil defining parameters changed, there was 

change in all load spread angles. Load 

spread angle variation with thickness ratio, 

load inclination and soil friction ratio were 

presented both for the surface and 

embedded footing through Eqs. (20(a-c), 

21(a-c) and 22(a-c)). 

For surface footing (D/W = 0),  

 

𝛼01 = −3.45 ∗ (
𝐻

𝑊
) − 3.69 ∗ (𝜃)

− 137.53 ∗ (
𝜑2
𝜑1
)

+ 139.78 

(20a) 

𝛼02 = exp ∗ (−0.036 ∗ (
𝐻

𝑊
) + 0.033

∗ (𝜃) + 1.77 ∗ (
𝜑2
𝜑1
)

+ 2.23) 

(20b) 

𝛼03 = 𝛼04 = −1.24(
𝐻

𝑊
) + 0.04

∗ (𝜃) + 12.58 

(20c) 

 

For embedded footing (D/W = 1),  

 

𝛼11 = [(−0.10 ∗ (
𝐻

𝑊
)
3

)

− (0.051 ∗ (𝜃)2)

− (114.64 ∗ (
𝜑2
𝜑1
))

+ 94.20] 

(21a) 

𝛼12 = exp ∗ (0.072 ∗ (
𝐻

𝑊
) + 0.057

∗ (𝜃) − 0.32 ∗ (
𝜑2
𝜑1
)

+ 2.72) 

(21b) 

𝛼13 = 𝛼14 = −0.85 ∗ (
𝐻

𝑊
) + 0.08

∗ (𝜃) + 11.23 

(21c) 

 

For embedded footing (D/W = 2),  

 

𝛼21 = [(0.21 ∗ (
𝐻

𝑊
)
3

)

− ((0.043 ∗ (𝜃)2))

− (206.50 ∗ (
𝜑2
𝜑1
))

+ 163.33] 

(22a) 

𝛼22 =  exp ∗ (0.061 ∗ (
𝐻

𝑊
) + 0.055

∗ (𝜃) + 4.85 ∗ (
𝜑2
𝜑1
)

− 1.42) 

(22b) 

𝛼23 = 𝛼24 = −0.80 ∗ (
𝐻

𝑊
) + 0.02

∗ (𝜃) + 138.27

∗ (
𝜑2
𝜑1
) − 94.63 

(22c) 

 
Table 3. Upper dense sand layer properties used for modelling 

φ1 γ1 (kN/m3) 

41° 19.5 

42° 20.0 

43° 20.5 

44° 21.0 

45° 21.5 

46° 22.0 

 
 

Table 4. Lower loose sand layer properties used for modelling 

φ2 γ2 (kN/m3) 

31° 14.5 

32° 15.0 

33° 15.5 

34° 16.0 

35° 16.5 

36° 17.0 
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(a) (b) 

  

  
(c) (d) 

  

  
(e) (f) 

Fig. 4. Vectorial displacement failure: a) and b) For surface footing; c) and d) For embedment ratio 1; and e) and 

f) For embedment ratio 2 under a load inclination of 00 and 300 
 

 
(a) 

 

 
(b) 

Fig. 5. Load spread angle across the: a) Width (W); and b) Length (L) of the footing 
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3. Validation with the FEM Results 
 

Numerical study was performed as per 

Panwar and Dutta (2021) for the calculation 

of load spread angle α1, α2, α3, and α4 for 

the surface (D/W = 0) and embedded (D/W 

= 1 and 2) footing. The proposed Eq. (19) 

also depends on these loads spread angles. 

A validation of the proposed equation with 

the numerical study was performed 

corresponding to varying thickness ratio 

(0.00 to 2.00), load inclination (00 to 300) 

and friction angles of upper dense (410 to 

460) and lower loose (310 to 360) sand layers 

under the inclined load. Comparison of the 

results was tabulated in Table 2 for the 

specific parameter of the friction angles, 

thickness ratio and load inclination at 

different embedment ratio.  

Study of Table 2 reveals that when the 

load inclination increased from 00 to 300, the 

results obtained from the proposed equation 

were in line with the results obtained from 

the finite element analysis. The overall 

average deviation was observed to increase 

with the increase in the embedment ratio 

and found to be 14.56%, 18.71% and 

23.56% at an embedment ratio of 0, 1 and 

2, respectively. This difference in the 

results is attributed to the use of passive 

earth pressure coefficient as per Caquot and 

Kerisel (1949) and punching shear 

inclination factors as per Meyerhof and 

Hanna (1978) in the derived Eq. (19). It is 

worth noting that the bearing capacity 

determined in the numerical study 

corresponded to a peak in the pressure 

relative settlement plot or determined using 

the double tangent method, whichever came 

first. 
 

4. Results and Discussions 
 

With the use of Eq. (19), the bearing 

capacity of rectangular footing on layered 

sand was calculated by varying the 

parameters such as thickness ratio (H/W), 

friction angle of sands, embedment ratio 

(D/W) and load inclination (θ). Further, the 

bearing capacity was expressed in a 

dimensionless form (quv/γ1W). The results 

of this parametric study are described 

below.  
 

4.1. Effect of Thickness Ratio, Sand 

Friction Angle and Embedment Ratio 

on the Dimensionless Bearing Capacity  

In order to study the effect of the 

thickness ratio, sand friction angle and 

embedment ratio on the dimensionless 

bearing capacity, the results were plotted in 

Figure 6 corresponding to upper dense 

friction angle (410 and 460) and lower loose 

sand (310-360) layer friction angle at 

varying thickness ratio (0.25 to 2.00) for 

rectangular footing under vertical loading. 

Study of Figure 6a reveals that when 

thickness ratio increased from 0.00 to 2.00 

for combination of the φ1 (410) and φ2 (310-

360), there was an increase in the 

dimensionless bearing capacity. This may 

be due to the increase in the thickness of the 

upper dense sand layer. Further, study of 

Figure 6a reveals that with the increase in 

the thickness ratio, the dimensionless 

bearing capacity reached to the value of qt 

(ultimate bearing capacity of upper dense 

sand) at a particular thickness ratio and 

becomes constant corresponding to the rest 

of the thickness ratio and similar behaviour 

observed in Figures 6b, 6c and 6e. This may 

be attributed to the fact that beyond a 

specific thickness ratio the failure surface 

remains in the upper dense sand and no 

contribution was observed of the lower 

loose sand layer beyond that specific 

thickness ratio. The trend was same 

corresponding to all φ1 and φ2 at varying 

thickness ratio.   

Further, study of Figure 6 reveals that 

corresponding to φ1= 460 and φ2= 310, the 

dimensionless bearing capacity for surface 

footing obtained from the proposed 

equation for a thickness ratio of 0.00 was 

about 7.50 which increased to 26.27, 52.05 

and 116.90 for a thickness ratio of 0.50, 

1.00 and 2, respectively. It implies that the 

bearing capacity at a thickness ratio of 0.50, 

1.00 and 2 was about 3.50, 6.94 and 15.58 

times of its initial value. Figure 6 further 

reveals that with the increase in the friction 
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angle of upper dense sand layer from 410 to 

460, the dimensionless bearing capacity 

increased due to increase in the frictional 

resistance. A close examination of Figures 

6c, 6d and 6e, 6f reveals that with the 

increase the embedment ratio (1 and 2), the 

dimensionless bearing capacity also 

increases. This may be due to increase in the 

additional surcharge load besides the 

increase in upper dense sand layer. The 

increase in the dimensionless bearing 

capacity obtained from the proposed 

equation was 4.97 and 10.5 times the 

dimensionless bearing capacity of surface 

footing for an embedment ratio 1 and 2 

respectively. Figure 6 further reveals that 

the highest and the lowest increase in the 

dimensionless bearing capacity was 

observed at a friction angle combination of 

460-360 and 410-310 and at an embedment 

ratio 2 and 0 respectively at varying 

thickness ratio. 
 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 6. Plot of dimensionless bearing capacity: a) and b) At D/W = 0; c) and d) At D/W = 1; and e) and f) At 

D/W = 2 with varying φ1 (410 and 460) and φ2 (310-360) at varying thickness ratio 

0

400

800

0 0.5 1 1.5 2

D
im

en
si

o
n

le
ss

 B
ea

ri
n

g
 

C
a

p
a

ci
ty

Thickness Ratio

φ₁,φ₂ = 41˚,31˚ φ₁,φ₂ = 41˚,32˚ 

φ₁,φ₂ = 41˚,33˚ φ₁,φ₂ = 41˚,34˚ 

φ₁,φ₂ = 41˚,35˚ φ₁,φ₂ = 41˚,36˚

0

400

800

0 0.5 1 1.5 2

D
im

en
si

o
n

le
ss

 B
ea

ri
n

g
 

C
a

p
a

ci
ty

Thickness Ratio

φ₁ φ₂ = 46˚,31˚ φ₁,φ₂ = 46˚,32˚

φ₁,φ₂ = 46˚,33˚ φ₁,φ₂ = 46˚,34˚ 

φ₁,φ₂ = 46˚,35˚ φ₁,φ₂ = 46˚,36˚ 

0

400

800

0 0.5 1 1.5 2

D
im

en
si

o
n

le
ss

 B
ea

ri
n

g
 

C
a

p
a

ci
ty

Thickness Ratio

φ₁,φ₂ = 41˚,31˚ φ₁,φ₂ = 41˚,32˚ 

φ₁,φ₂ = 41˚,33˚ φ₁,φ₂ = 41˚,34˚ 

φ₁,φ₂ = 41˚,35˚ φ₁,φ₂ = 41˚,36˚

0

400

800

0 0.5 1 1.5 2

D
im

en
si

o
n

le
ss

 B
ea

ri
n

g
 

C
a

p
a

ci
ty

Thickness Ratio

φ₁ φ₂ = 46˚,31˚ φ₁,φ₂ = 46˚,32˚

φ₁,φ₂ = 46˚,33˚ φ₁,φ₂ = 46˚,34˚ 

φ₁,φ₂ = 46˚,35˚ φ₁,φ₂ = 46˚,36˚ 

0

400

800

0 0.5 1 1.5 2

D
im

en
si

o
n

le
ss

 B
ea

ri
n

g
 

C
a

p
a

ci
ty

Thickness Ratio

φ₁,φ₂ = 41˚,31˚ φ₁,φ₂ = 41˚,32˚ 

φ₁,φ₂ = 41˚,33˚ φ₁,φ₂ = 41˚,34˚ 

φ₁,φ₂ = 41˚,35˚ φ₁,φ₂ = 41˚,36˚

0

400

800

0 0.5 1 1.5 2

D
im

en
si

o
n

le
ss

 B
ea

ri
n

g
 

C
a

p
a

ci
ty

Thickness Ratio

φ₁ φ₂ = 46˚,31˚ φ₁,φ₂ = 46˚,32˚
φ₁,φ₂ = 46˚,33˚ φ₁,φ₂ = 46˚,34˚ 
φ₁,φ₂ = 46˚,35˚ φ₁,φ₂ = 46˚,36˚ 



Civil Engineering Infrastructures Journal 2023, 56(1): 173-192 187 

 

4.2. Effect of Load Inclination and 

Embedment Ratio on the Dimensionless 

Bearing Capacity  

In order to study the effect of the load 

inclination on the dimensionless bearing 

capacity, the results were plotted in Figure 

7 corresponding to upper dense sand 

friction angle (410 to 460) and lower loose 

sand layer friction angle (31 and 360) at 

varying load inclination (00 to 300) for 

specific thickness ratio (H/W=2) with the 

increase in embedment ratio (0 to 2). Study 

of Figures 7a, 7b reveals that at thickness 

ratio of 2, with the increase in the load 

inclination from 00 to 300, there was 

decrease in the dimensionless bearing 

capacity for all friction angle combination 

and this may be due to the movement of the 

failure surface in the direction of load 

application. Also, the vertical and 

horizontal displacement found to decrease 

and increase respectively resulting failure 

of the footing. For φ1 = 460 and φ2 = 360 and 

at a thickness ratio of 2.00, the 

dimensionless bearing capacity of surface 

footing obtained from the proposed 

equation for a load inclination of 00 was 

about 152.98 which decreased to 121.53, 

69.47 and 18.50 for a load inclination of 50, 

150 and 300 respectively. It implies that the 

dimensionless bearing capacity at a load 

inclination of 50, 150 and 300 decreased 

about 20.55%, 54.58% and 87.90% of its 

initial value. Further study of Figures 7c, 7d 

7e and 7f shows that as the embedment ratio 

increased from 0 to 1 and 2, the 

dimensionless bearing capacity increased 

but with a decreasing trend with the 

increase in the load inclination.  This is 

attributed to the increase in the thickness of 

the upper dense sand layer and additional 

increase of surcharge load. Similar trend 

was observed at other thickness ratios as 

evident from Figure 7. The maximum 

decrease in the dimensionless bearing 

capacity obtained from the proposed 

equation was 99.89 %, 66.04 % and 61.5 % 

with the increase in the load inclination 

from 00 to 300 for an embedment ratio 0, 1 

and 2, respectively. A close examination of 

Figure 7 reveals that highest and the lowest 

increase in the dimensionless bearing 

capacity was observed at embedment ratio 

(D/W) of 2.00 and 0, respectively for 

different friction angle and load inclination 

combinations. 
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(e) (f) 

Fig. 7. Plot of dimensionless bearing capacity: a) and b) At D/W = 0l; c) and d) at D/W = 1; and e) and f) At 

D/W = 2 with varying load inclination (θ = 00 to 300) for soil combination of φ1 (410-460) and φ2 (310 and 360) at 

some specific thickness ratio 

 

4.3. Comparison 

The experimental results reported by 

Meyerhof and Hanna (1978) were 

compared with the results obtained from the 

proposed Eq. (19). The dimensionless 

bearing capacity obtained from Eq. (19) for 

L/W = 1 was calculated and compared with 

the results reported by Meyerhof and Hanna 

(1978) for the circular footing as both the 

footings have similar shape factor. It is 

pertinent to mention here that Meyerhof and 

Hanna (1978) used the friction angle and 

unit weight of the upper dense and lower 

loose sand layer as 47.5° and 34°, 16.33 

kN/m3 and 13.78 kN/m3, respectively. The 

comparison was shown in Figure 8 

corresponding to a load inclination (θ) of 00, 

100, 200 and 300 for varying thickness ratio 

(H/W) with embedment ratio (D/W) = 0 and 

1. Study of Figure 8a reveals that for the 

surface footing, the results obtained from 

the proposed Eq. (19) at smaller thickness 

ratio were found to be conservative in 

comparison to the results of Meyerhof and 

Hanna (1978).  
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(b) D/W = 1 

Fig. 8. Comparison of the rectangular footing at L/W=1 with circular footing 
 

The results obtained from the proposed 

Eq. (19) were higher than the results 

obtained from Meyerhof and Hanna (1978) 

for higher thickness ratios (> 0.25). The 

average deviation in the results obtained 

from the proposed Eq. (19) was about 

15.61% in comparison to the results 

reported by Meyerhof and Hanna (1978).  

Further, from Figure 8b, at D/W = 1, the 

results obtained from the proposed Eq. (19) 

were more conservative in comparison to 

the results obtained at D/W = 0 when 

compared with the results of Meyerhof and 

Hanna (1978). Further, study of Figure 8b 

reveals that the average deviation in the 

dimensionless bearing capacity was about 

10.71% in case of embedded footing. All 

discrepancy may be due to the difference in 

the actual shape of the footings used in the 

comparison at the same shape factor, as well 

as the fact that the load spread angle used 

by Meyerhof and Hanna (1978) was 

assumed to be equal to the angle of load 

inclination.  

 

5. Conclusions 

 

In the present study, the bearing capacity 

equation for rectangular footing subjected 

to inclined load and resting on the layered 

sand (dense sand overlying loose sand) was 

derived using a well-known limit 

equilibrium methodology along with load 

spread mechanism. The results obtained 

from this study bring forth the following 

conclusions: 

- The highest and the lowest increase in 

the bearing capacity was observed at a 

friction angle combination of 460-360 

and 410-310 respectively, at varying 

thickness ratio.  

- The bearing capacity obtained from the 

proposed equation was approximately 

4.97 and 10.5 times of its initial value at 

an embedment ratio 1 and 2, 

respectively. 

- For φ1 = 460 and φ2 = 360 and at a 

thickness ratio of 2.00, the bearing 

capacity at a load inclination of 50, 150 

and 300 decreased about 20.55%, 

54.58% and 87.90% of its initial value. 

- The decrease in the bearing capacity 

obtained from the proposed equation was 

99.89%, 66.04% and 61.5% with the 

increase in the load inclination from 00 to 

300 for an embedment ratio 0, 1 and 2, 

respectively. 

- In comparison to the proposed equation 

estimates, the average deviation was 

14.56%, 18.71% and 23.56% for 

embedment ratio 0, 1 and 2, respectively 

with respect to finite element results.  
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- The results obtained from the derived 

bearing capacity equation was found to 

be comparable with those reported in 

literature with an average deviation of 

about 10.71% at different embedment 

ratio.  

 

6. List of Symbols 

 

φ1, φ2 

 

Soil friction angle for upper dense 

sand and lower loose sand soil, in 

degree  

γ1, γ2 
Unit weight of the upper dense sand 

soil and lower loose sand soil, kN/m3 

α1, α2, 

and α3, 

α4 

Load dispersion angle across width 

and length of the footing in general 

form, degree 

E1,E2 
Elastic moduli for upper dense sand 

and lower loose sand layer 

υ1, υ2 
Poisons ratio for upper layer and 

lower layer 

W Width of the footing 

L Length of the footing 

∆z Small strip thickness 

θ 

Concentric load inclination angle 

with respect to vertical acting on the 

rectangular footing, in degree 

σ Stress applied on the footing, kN/m2 

σv 
Vertical component of the applied 

stress, kN/m2 

qu 
Concentrated inclined load acting, 

kN 

H 
Thickness of the upper dense sand 

layer 

D 
Depth of the embedded footing from 

ground surface 

Pp 
Total passive earth pressure acting 

normal to the failure plane 

Ppv 
Vertical component of passive earth 

pressure 

∆Pp 
Small passive earth pressure acting 

on small strip soil 

Kp Passive earth pressure coefficient 

quv 

Ultimate load bearing capacity of the 

rectangular footing in the layered 

sand (vertical component) 

qLv 
Ultimate bearing capacity of lower 

loose sand (vertical component) 

qt 
Ultimate bearing capacity of upper 

dense sand (vertical component) 

iq , iϒ Inclination factors  

S𝛾, Sq Shape factors  

Nq, N𝛾 Bearing capacity  

dq, d𝛾 Depth factors  

C Constant of integration 

(
𝑞𝑢𝑣
𝛾1𝑊

) 
Dimensionless ultimate bearing 

capacity of the footing  

𝛿 
Mobilised shearing resistance angle 

at failure, degree 

Z 
Distance where small strip of soil lies 

below rectangular footing 

H/W Thickness ratio 

D/W Embedment ratio 

𝜑2/ 𝜑1 Soil friction ratio 
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