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A b s t r a c t  

The aim of the present numerical study was to analyse the pressure settlement behaviour 
and bearing capacity of asymmetric plus shaped footing resting on loose sand overlying 
dense sand at varying embedment depth. The numerical investigation was carried out 
using ABAQUS software. The effect of depth of embedment, friction angle of upper 
loose and lower dense sand layer and thickness of upper loose sand on the bearing 
capacity of the asymmetric plus shaped footing was studied in this investigation. Further, 
the comparison of the results of the bearing capacity was made between the asymmetric 
and symmetric plus shaped footing. The results reveal that with increase in depth of 
embedment, the dimensionless bearing capacity of the footings increased. The highest 
increase in the dimensionless bearing capacity was observed at embedment ratio of 1.5. 
The increase in the bearing capacity was 12.62 and 11.40 times with respect to the surface 
footings F1 and F2 corresponding to a thickness ratio of 1.5. The lowest increase in the 
dimensionless bearing capacity was observed at embedment ratio of 0.1 and the 
corresponding increase in the bearing capacity was 1.05 and 1.02 times with respect to 
the surface footing for footings F1 and F2 at a thickness ratio of 1.5. 
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1. INTRODUCTION 

The demand for multi-story buildings with an asymmetric plan has increased as a 
result of a shortage of construction land in metropolitan areas. For both economic 
and aesthetic purposes, asymmetric plan shaped designs are preferred these days. 
Such designs require asymmetric plan shaped footings. There are studies on the 
bearing capacity of asymmetric or symmetric plan shaped footings in the literature 
that indicate that the performance of such footings (plus, H and T) was comparable 
to that of a square footing having similar area and lying on single layer of sand 
[6,7,3]. Research conducted on circular footing reveals that the performance of 
embedded circular footing is superior to that of the surface circular footing [12]. 
Further, it has been found from the literature [9], that the ultimate bearing capacity 
increased with the increase in the depth to width ratio of the strip footing.  The 
effect of embedment depth on the bearing capacity of the strip footing was 
investigated in the literature, and it was reported that bearing capacity factors were 
dependent on internal angle of friction and embedment depth. The bearing 
capacity of a footing with a higher friction angle and embedment depth was also 
higher [14]. For a given value of angle of friction, the degree of embedment affects 
the bearing capacity of the footing [18]. As a result, it was reported that as 
embedment depth increases, ultimate bearing capacity also increases [1,134,18] 
and the rate of increase in ultimate bearing capacity tends to a limiting value [1]. 
According to a study on strip and circular footings resting on loose sand overlying 
dense sand [9,13], the bearing capacity factors for the footing on  layered sand 
was dependent on the relative strength of both the layer and the thickness of the 
upper layer below the base of the footing [9] and the influence of upper layer 
thickness depends mainly on shear strength parameters and ratio of bearing 
capacity of the layers [13]. It is evident from the above studies that no study was 
conducted so far for the asymmetric plus plan shaped footing resting on loose sand 
overlying dense sand. In order to fill this research gap, in the present paper an 
attempt has been made to conduct a numerical study to understand the pressure 
settlement behaviour of embedded asymmetric plus plan shaped footing resting 
on layered sand (loose over dense). The results obtained from this numerical study 
were compared with the results of symmetric plus shaped footing. The parameters 
varied were angle of friction of both layers, thickness of upper loose sand layer 
and depth of embedment.   
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2. PROBLEM DOMAIN AND MODELLING PARAMETERS 

A numerical study was conducted on asymmetric plus plan shaped footing 
(designated as F1, Fig. 1(a)) and symmetric plus plan shaped footing (designated 
as F2, Fig. 1(b)) resting on loose sand (designated as S1) overlying dense sand 
(designated as S2). The F1 and F2 footings were made out of the square footing 
of size 2.0 m x 2.0 m as shown in Fig. 1.  
 

(a) (b) 

 
(c) 

 
(d) 

Fig. 1. Plan view of footing (a) F1 (b) F2 (c) problem domain and boundary conditions 
applied (d) meshing for footing F1 at Df/B=0 on layered sand 

The embedment depth to width ratio (Df/B) was varied from 0 to 1.5. The 
thickness of both the footing was chosen as 1 m. The footings were considered 
made of concrete of M25 grade having a characteristic compressive strength equal 
to 25 N/mm2 (equivalent to C25). Numerical study for the both the footings was 
conducted under vertical load.  Geostatic stress was applied prior to application of 
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the vertical load. The thickness of sand S1 was varied from 0.5B to 1.5B while 
the thickness of sand S2 was considered as of infinite depth. The friction angle of 
the sand S1 (ϕ1) and S2 (ϕ2) was varied from 30º to 34º and 40º to 44º respectively 
at an interval of 2º. The unit weight of sand S1 (γ1) and S2 (γ2) were taken 
corresponding to the considered angle of friction [2].  The unit weights used for 
modelling were tabulated in Table 1.  

Table 1. Unit weight of sand corresponding to the friction angle as per [4] 

Unit weight (kN/m3) Friction angle  
13.5 30º 
14.5 32º 
15 34º 

17.5 40º 
18 42º 
19 44º 

The Poisson’s ratio for the sand S1 (µ1) and sand S2 (µ2) were taken as 0.3 and 
0.34 respectively as per [2]. The modulus of elasticity for the sand S1 (E1) and S2 
(E2) were 20 MPa and 65 MPa respectively as per [2]. The dilation angle for the 
sand S1 and S2 for the modelling was calculated using the formula ϕ -30 [16]. 

3. MESHING, BOUNDARY CONDITION AND SOFTWARE 
VALIDATION 

A 3D finite element analysis was performed using ABAQUS. For modelling, the 
dimensions of the model were chosen as 10B along length, 10B along width and 
5B along depth in order to ensure that the model boundaries do not interfere [19]. 
The boundary condition was applied to all the four side faces of the soil in such 
a way that their horizontal movement was restricted and base of the soil was kept 
fixed. For modelling Mohr Coulomb model was used as it requires less 
computational time in comparison to other soil hardening models [17]. Fig. 1(c) 
shows the problem domain and boundary conditions. For meshing, C3D8R 
element was used. Meshing was done in such a way that it was finer closer to the 
centre of the footing and coarser when moved away from the centre of the footing. 
The complete meshing scheme is shown in Fig. 1(d).  

3.1 Software Validation  
Prior to the analysis, it was thought to validate the software with the experimental 
results reported on the symmetric plus shaped footing resting on single layer of 
sand in literature [8].  For validation, the sand friction angle and the interface 
friction angle between the sand and the footing were 36.06°, 38.64°, 39.86°, 
41.72° and 36.46°, 38.07°, 39.03° and 40.66°, respectively, for relative densities 
of 30 %, 40 %, 50 %, and 60 %. The sand had a dry unit weight of 14.09kN/m3, 
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14.37 kN/m3 , 14.66 kN/m3 and 14.96 kN/m3 corresponding to a relative densities 
of 30 %, 40 %, 50 %, and 60 % respectively. The dimension of sand model 
considered was 700 mm × 450 mm × 600 mm. The symmetric plus shaped 
footing was made out of a square footing of width 80 mm. The flange width of the 
footing and the thickness was 26 mm and 10 mm respectively. The elastic modulus of 
the sand was calculated using 1200(N+6) as per [5], where N is standard penetration 
number which was calculated using a correlation between angle of friction and N as per 
[15]. The poison’s ratio of the sand was considered as 0.3 as per [2]. The density (γ), modulus 
of elasticity (E) and the Poisson ratio (υ) of the steel footing was taken as 78.5 kN/m3, 210 
GPa and 0.303 respectively as per [11]. The comparison of the results was shown in Table 
2. Table 2 shows that at various relative densities, the average deviation in bearing capacity 
was around 11.32 %. This discrepancy in the results can be due to the use of empirical 
correlation in determining sand modelling parameters. 

Table 2. Comparison of results for software validation 

Relative density  
R.D. (%) 

 

Bearing capacity (qu) at s/B ratio of 10% 

Gnananandarao et al [8] Present work 

30 91.43 94.268 
40 160 151.20 
50 210.57 208.67 
60 270.00 302.32 

4. RESULT AND DISCUSSION 

Figures 2 and 3 show the pressure settlement plots obtained from the numerical 
study at H= 0.5B and corresponding to different sand (S1 and S2) friction angle 
combinations for the footings F1 and F2. The bearing pressure was obtained by 
taking the minimum of peak pressure or pressure corresponding to the s/B ratio 
of 5%, whichever occur earlier as per [12]. If the peak is not clearly observed, 
then double tangent method was used to calculate the same. Study of Fig. 2(a) 
reveals that with increase in embedment depth to width ratio, the pressure-
settlement behaviour changed from local shear to general shear failure. Further, 
from Fig. 2(a), at H/B equal to 0.5, the change in the behaviour from local to 
general was observed at a Df/B ratio ≥ 0.5. Similarly, for H/B equal to 1.0, the 
change in the behaviour was observed at Df/B ≥ 1.0. Similar trend was observed 
corresponding to all combination of friction angle considered as evident from 
Fig.2.  
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Fig. 2. Pressure settlement ratio curve for the footing F1 at a H/B =0.5 for different 

combinations of friction angles (∅ଵ; ∅ଶ)  of sand S1 and S2 (a) 30°; 40° (b) 30°; 42° (c) 
30°; 44° (d) 32°; 40° (e) 32°; 42° (f) 32°; 44° (g) 34°; 40° (h) 34°; 42° (i) 34°; 44° 

The above stated behaviour in case of footing F2 was observed at all H/B and 
Df/B ratios and was attributed to the involvement of larger participation of sand 
S2 with the increase in the depth of embedment. Study of Fig. 3(a) reveals that a 
clear peak was observed at all depth of embedment considered, which indicate 
that a general shear failure was observed in case of footing F2. This observation 
confirms the findings reported in literature [8]. Similar trend was observed 
corresponding to all combination of friction angle considered as evident from Fig. 
3. 
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Fig. 3. Pressure settlement ratio curve for the footing F2 at a H/B =0.5 for different Df/B 

ratio and combinations of friction angles (∅ଵ; ∅ଶ)  of sand S1 and S2 (a) 30°; 40° 
(b) 30°; 42° (c) 30°; 44° (d) 32°; 40° (e) 32°; 42° (f) 32°; 44° (g) 34°; 40° (h) 34°; 42° 

(i) 34°; 44° 
 
Further examination of Figs 2 and 3 reveals that there are two values of s/B at 
pressure = 0. Beyond the peak values, this second value is seen. It should be 
emphasised that the pressure settlement behaviour beyond peak values was not 
the subject of the current study, which would necessitate a more in-depth 
investigation to determine the reasons for the post-peak behaviour.     
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4.1 Effect of Depth of Embedment on Bearing Capacity 
In order to study the effect of depth of embedment on the dimensionless bearing 
capacity (𝑞௨ 𝛾ଵ𝐵⁄ ) at varying Df/B ratio for the footings F1 and F2 corresponding 
to H/B ratios of 0.5, 1 and 1.5, the curves were shown in Fig. 4, Fig. 5 and Fig. 6 
respectively. The dimensionless bearing capacity was tabulated in Table 3, Table 
4 and Table 5 respectively. Study of Table 3 reveals that with the increase in the 
depth of embedment, the dimensionless bearing capacity increased up to a Df/B 
ratio of 0.5 and beyond this, the increase in the dimensionless bearing capacity 
was marginal.  Further, on comparison of Fig. 4(a) and Fig. 4(b), it was observed 
that at a Df/B equal to 0.1, the dimensionless bearing capacity for the footing F2 
was higher than that of F1. When the depth of embedment to width ratio increased 
from 0.5 to 1.5, the difference in the dimensional bearing capacity of both the 
footing reduced and reached to almost similar value. This could be attributed the 
extension of failure surfaces to deeper dense sand S2 bringing the difference in 
the dimensionless bearing capacity for both the footings to almost negligible. 
Similar trend in the dimensionless bearing capacity was observed for other 
combinations as evident from Fig. 5 and Fig. 6. 
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Fig. 4. Variation of dimensionless bearing capacity with Df/B ratio at H/B=0.5 for ∅1 = 

30° (a,b), 32° (c,d) and 34° (e,f) for the footing F1 (a,c,e) and F2 (b,d,f) 
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Fig. 5. Variation of dimensionless bearing capacity with Df/B ratio at H/B=1 for ∅1 = 

30° (a,b), 32° (c,d) and 34° (e,f) for the footing F1 (a,c,e) and F2 (b,d,f) 
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Fig. 6. Variation of dimensionless bearing capacity with Df/B ratio at H/B=1.5 for ∅1 = 

30° (a,b), 32° (c,d) and 34° (e,f) for the footing F1 (a,c,e) and F2 (b,d,f) 
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Table 3. Dimensionless bearing capacity of footing F1 and F2 at H/B =0.5 
Dimensionless bearing capacity (qu/γ1B) 

H/B Ratio ∅ଵ ∅ଶ Df/B F1 F2 

0.5 

 
 
 
 
 
 
 

30° 

40° 

0 8.37 12.05 
0.1 11.44 20.04 
0.5 22.94 24.54 
1 26.45 27.62 

1.5 28.87 29.31 

42° 

0 8.61 12.53 
0.1 11.99 25.54 
0.5 30.84 32.81 
1 35.46 35.71 

1.5 37.31 38.03 

44° 

0 9.24 12.59 
0.1 12.52 31.86 
0.5 41.70 43.22 
1 45.70 46.75 

1.5 48.98 49.18 
 
 
 
 
 
 
 

32° 

40° 

0 8.12 15.54 
0.1 13.24 22.15 
0.5 21.51 23.12 
1 24.77 25.82 

1.5 26.96 27.49 

42° 

0 8.54 16.84 
0.1 14.61 29.44 
0.5 28.92 30.68 
1 33.17 33.33 

1.5 34.90 35.41 

44° 

0 9.64 17.55 
0.1 15.61 38.09 
0.5 39.37 40.49 
1 42.80 43.59 

1.5 45.37 45.83 

34° 

40° 

0 9.21 18.09 
0.1 15.08 22.14 
0.5 20.93 22.36 
1 24.03 25.01 

1.5 26.17 26.66 

42° 

0 9.84 20.72 
0.1 17.15 27.28 
0.5 28.17 29.87 
1 32.17 32.53 

1.5 33.80 34.29 

44° 

0 10.31 22.60 
0.1 18.91 37.97 
0.5 38.06 39.26 
1 41.48 42.29 

1.5 44.51 44.56 
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Table 4. Dimensionless bearing capacity of footing F1 and F2 at H/B =1 
Dimensionless  bearing capacity (qu/γ1B) 

H/B Ratio ∅ଵ ∅ଶ Df/B F1 F2 

1 

 
 
 
 
 
 
 

30° 

40° 

0 3.65 4.33 
0.1 4.05 4.41 
0.5 9.92 13.62 
1 25.11 26.79 

1.5 28.15 28.93 

42° 

0 3.65 4.39 
0.1 4.05 4.54 
0.5 10.43 17.68 
1 33.71 34.72 

1.5 36.40 36.82 

44° 

0 3.80 4.58 
0.1 4.05 4.65 
0.5 10.74 20.81 
1 44.58 45.00 

1.5 47.38 48.55 
 
 
 
 
 
 
 

32° 

40° 

0 4.24 4.95 
0.1 4.93 5.06 
0.5 11.28 16.33 
1 23.76 25.30 

1.5 25.69 27.16 

42° 

0 4.28 4.96 
0.1 4.94 5.10 
0.5 12.19 20.25 
1 31.98 32.67 

1.5 34.47 34.61 

44° 

0 4.30 4.97 
0.1 4.94 5.18 
0.5 12.83 24.57 
1 42.01 42.42 

1.5 44.01 44.84 

34° 

40° 

0 5.26 5.88 
0.1 6.08 6.15 
0.5 14.46 20.44 
1 23.17 24.63 

1.5 25.43 26.56 

42° 

0 5.35 5.94 
0.1 6.13 6.23 
0.5 16.31 24.32 
1 31.30 31.74 

1.5 33.62 33.63 

44° 

0 5.40 5.98 
0.1 6.16 6.27 
0.5 17.82 31.57 
1 40.84 41.44 

1.5 42.77 43.58 
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Table 5. Dimensionless bearing capacity of footing F1 and F2 at H/B =1.5 
Dimensionless  bearing capacity (qu/γ1B) 

H/B Ratio ∅ଵ ∅ଶ Df/B F1 F2 

1.5 

 
 
 
 
 
 
 

30° 

40° 

0 3.54 3.89 
0.1 3.76 4.19 
0.5 4.42 5.44 
1 12.26 15.44 

1.5 26.67 27.74 

42° 

0 3.62 3.95 
0.1 3.79 4.25 
0.5 4.71 5.52 
1 13.94 18.34 

1.5 35.11 35.79 

44° 

0 3.63 4.04 
0.1 3.81 4.39 
0.5 4.75 5.72 
1 15.85 20.58 

1.5 45.83 46.07 
 
 
 
 
 
 
 

32° 

40° 

0 4.15 4.68 
0.1 4.51 5.05 
0.5 5.63 6.33 
1 13.78 18.42 

1.5 24.93 26.46 

42° 

0 4.22 4.69 
0.1 4.56 5.06 
0.5 5.68 6.37 
1 16.37 22.19 

1.5 33.13 33.84 

44° 

0 4.24 4.70 
0.1 4.57 5.06 
0.5 5.70 6.43 
1 18.92 25.81 

1.5 43.61 43.89 

34° 

40° 

0 5.15 5.63 
0.1 5.54 6.06 
0.5 7.20 7.60 
1 15.71 20.96 

1.5 25.27 25.92 

42° 

0 5.27 5.92 
0.1 5.71 6.07 
0.5 7.20 7.63 
1 19.10 26.18 

1.5 32.01 32.98 

44° 

0 5.29 5.92 
0.1 5.72 6.12 
0.5 7.28 8.03 
1 22.93 32.10 

1.5 41.98 42.56 

 
 
 



166 Priyanka RAWAT, Rakesh Kumar DUTTA 

 
 

4.2. Effect of Friction Angle of S1 and S2 on Bearing Capacity 
In order to observe the effect of friction angle of sand S1 and S2 on the bearing 
capacity, the typical pressure settlement ratio plots corresponding to Df/B of 0 and 
0.5 and at H/B ratio of 0.5, 1 and 1.5 were shown in Fig. 7 and Fig. 8 respectively.  

 
Fig. 7. Pressure settlement ratio plot at Df/B=0 for the footing (F1) at H/B ratio of (a, b, 

c) 0.5 (d,e,f) 1 (g,h,i) 1.5 
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Fig.8. Pressure settlement ratio plot at Df/B=0.5 for the footing (F1) at H/B ratio of (a, b, 

c) 0.5 (d,e,f) 1 (g,h,i) 1.5 
Study of Fig. 7(a) to Fig. 7(c) reveals that with increase in friction angle of sand 
S1 and S2, the bearing capacity increased and the effect of friction angle of sand 
S2 was higher at larger values of friction angle of sand S1.  Further, study of Fig. 
7(d) to Fig. 7(i) shows that as the depth of sand S1 increased, the effect of friction 
angle of sand S2 on the bearing capacity was marginal while the effect of friction 
angle of sand S1 was significant. Study of Fig. 8(a) to Fig.8(f), at a Df/B=0.5, the 
effect of friction angles of sand S1 and S2  was similar to that as shown in  Fig. 
8(a) to Fig. 8(c). The effect of friction angle of sand S2 was marginal at H/B = 1.5 
as evident from Fig 8. (g) to Fig. 8(i). Hence, from the above, it was concluded 
that as failure surface approached sand S2, the effect of friction angles of sand S2 
and S1was higher and lower respectively. This was due to the fact that footing 
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with a deeper embedment and a higher friction angle would have a higher bearing 
capacity [14].  

4.3. Effect of Thickness of Upper Loose Sand on Bearing Capacity 
In order to study the effect of thickness of upper sand layer on the behaviour of 
footing F1 and F2, the results were plotted in Fig. 9 (a) to Fig. 9 (e). For this 
purpose, the thickness ratio and depth ratio was varied from 0.5 to 1.5 and 0 to 1.5 
respectively.  

 
Fig. 9. Variation of dimensionless bearing capacity with H/B ratio for Df/B (a) 0 (b) 0.1 

(c) 0.5 (d) 1 (e) 1.5 
Study of Fig 9(a) reveals that with the increase in the thickness of sand S1, the 
dimensionless bearing capacity decreased for the footings F1 and F2. This was 
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due to the fact that the bearing capacity primarily depends on the relative strength 
of both the layer as well as depth of upper sand layer below the base of footing [9]. 
As the depth of upper loose sand layer increases, the contribution towards the 
bearing capacity of the lower dense sand layer decreases. Similar trend of 
reduction in the dimensionless bearing capacity with the increase in H/B ratio was 
observed from Fig. 9(b) to Fig. 9(e). Further, from Fig. 9(e), the reduction in the 
dimensionless bearing capacity was marginal at Df/B ratio of 1.5. 

4.3.1. Comparison 

Comparison of the dimensionless bearing capacity for the footings F1 and F2 
having similar area was attempted and the results were plotted in Fig. 9.  Study of 
Fig. 9(a) reveals that at an H/B ratio of 0.5, the dimensionless bearing capacity of 
the footing F2 was higher in comparison to the footing F1. This could be due to 
lesser interference of heterogeneous shear zones beneath the footing F1 in 
comparison to footing F2. This lesser interference in the case of footing F1 could 
be due to a lack of adequate distance between its flanges at two diagonally 
opposite corners, while the distance between the flanges at the other two 
diagonally opposite corners was greater than the required, resulting in an overall 
reduction in bearing capacity. However, further investigations are required to 
verify this aspect. Further, study of Fig.9 (a) reveals that as the H/B ratio increased 
the difference between dimensionless bearing capacities of both the footing 
decreased and found to be almost same at an H/B ratio of 1.5. This may be due to 
the fact that at higher H/B ratios, the impact of sand S2 diminishes and a 
homogenous sand condition beneath the footing prevails. The study of Fig. 9(a) 
to Fig. 9(e) further reveals that the embedment depth has significant effect on 
dimensionless bearing capacity of footing F1 and F2. For example, with the 
increase in the embedment depth, the dimensionless bearing capacity of the 
footings F1 and F2 was found to be similar for the cases (1) H/B = 0.5 with Df/B> 
0.5, (2) H/B = 1 with Df/B≠ 0.5 and (3) H/B = 1.5 with Df/B≠ 1. In all the above 
cases, the influence of either sand S1 or S2 prevails below the base of the footing. 
The above results were in agreement with the previous findings [3]. 

4.4. Displacement Contours  
Typical displacement contours for Footing F1 and F2 with varying Df/B ratio 
ranging from 0 to 1.5 corresponding to H/B ratio of 0.5 and at a constant friction 
angle of the upper loose sand (30º) and lower dense sand (40º) layer was presented 
in Figure 10.  
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Fig. 10. Typical displacement contours at H/B=0.5 with different Df/B ratio 

corresponding to  ∅ଵ = 30°  and ∅ଶ = 40° for footing F1 (i, iii, v, vii, ix) and F2 (ii, iv, 
vi, viii, x) 

A close examination of Fig.10 (i) and Fig.10 (ii) reveals that there was no 
difference in the extent of lateral spread of isobars for the footings F1 and F2. 
Further, the displacement contours extend to a greater depth in case of footing F2 
in comparison to footing F1 indicating higher bearing capacity for the former. 
Similar trend was observed from Fig. 10(iii) and Fig.10 (iv). Furthermore, study 
of Fig.10 (v) and Fig.10 (vi) reveals that displacement contours extend to the 
ground surface but the maximum displacement was observed beneath the base of 
the footing. From the study of Fig. 10(vii) to Fig.10(x), it was observed that the 
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displacement contours intercepted and confined below the base of footings F1 
and F2 resulting increase in the bearing capacity. This can be due to the entire 
contribution of the lower dense sand layer towards the increase in the bearing 
capacity. Similar trend of displacement contours was observed for H/B ratio of 1 
and 1.5 with the exception that the confinement of the displacement contours 
within sand S2 was observed beyond Df/B= 1 and 1.5. The trend was similar for 
all the combination of friction angles of upper loose and lower dense sand layers. 
The insights gained from the above can be useful for developing analytical 
solutions for the similar problem. 

4.5. Vectorial Displacements 
Typical vectorial displacement for the footing F1 and F2 with varying Df/B ratio 
varying from 0 to 1.5 corresponding to H/B ratio of 0.5 and a constant friction 
angle of the upper loose sand (30º) and lower dense sand (40º) layer was presented 
in Fig. 11.  

 
Fig. 11. Typical displacement vectors at H/B=0.5 with different Df/B ratio corresponding 

to ∅ଵ = 30°  and ∅ଶ = 40° for footing F1 (i, iii, v, vii, ix) and F2 (ii, iv, vi, viii, x) 
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Study of Fig.11 reveals that there was bulging in the upper loose sand layer for 
Df/B = 0.1. Beyond this, no occurrence of bulging was observed. This can be 
attributed to the fact that the vector crossed the lower dense sand layer up to a 
great depth for the case with Df/B = 0.5 to 1.5. Further, from Fig.11, it was 
observed that as the depth of embedment increased, the extent of vertical spread 
of the displacement vector increased beneath the footings base indicating 
improvement in the bearing capacity. This trend was observed to be similar for all 
the combination studied. 

4.6. Failure Pattern 
Fig. 12 depicts a typical failure pattern for the footings F1 and F2 with an H/B 
ratio ranging from 0.5 to 1.5, corresponding to a Df/B ratio of 0.5 and a constant 
friction angle of the upper loose sand (34o) and lower dense sand (44o) layer. 

 
Fig. 12. Typical failure pattern at Df/B=0.5 with different H/B ratio corresponding to 

∅ଵ = 34°  and ∅ଶ = 44° for footing F1 (i, iii, v) and F2 (ii, iv, vi) 
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For H/B = 0.5, the lateral extent of failure pattern was larger in case of footing F2 
in comparison to footing F1 indicating higher bearing capacity for the former. 
With the increase in the H/B ratio to 1, the lateral and vertical extent of the failure 
pattern in case of footing F2 was larger in comparison to footing F1. Further, when 
the H/B ratio increased to 1.5 the lateral and vertical extent of the failure pattern 
in case of footings F2 and F1 was almost similar indicating marginal difference in 
the bearing capacity.  

5. CONCLUSION 

The numerical study was conducted to analyze the pressure settlement behaviour 
and bearing capacity of embedded asymmetric plus shaped footing on layered 
sand. For this purpose, the effect of variation of the friction angle of both the 
layers, embedment depth, and thickness of the upper loose sand were taken into 
consideration. The results of the numerical study were presented in a 
dimensionless form. From the results and discussion made above, following 
conclusion are put forward: 
1. Significant improvement in the behaviour of footings F1 and F2 was observed 

with the increase in the depth of embedment and friction angle of both the 
sand layers. 

2. For Df/B≥ H/B, the pressure-settlement behaviour changed from local to 
general shear failure in case of footing F1. 

3. The depth of embedment improved the bearing capacity and the rate of 
improvement was higher when Df/B lies within loose sand layer. 

4. The highest increase in dimensionless bearing capacity was observed at a Df/B 
ratio of 1.5. The increase in the bearing capacity was 12.62 and 11.40 times 
with respect to the surface footing F1 and F2 corresponding to an H/B ratio of 
1.5. 

5. The lowest increase in the dimensionless bearing capacity was observed at 
Df/B ratio of 0.1 and the corresponding increase in the bearing capacity was 
1.05 and 1.02 times with respect to the surface footing for footing F1 and F2 
at H/B equal to 1.5 

6. With increase in the H/B ratio, decrement in bearing capacity was observed. 
However, the rate of decrease was found to decrease with the increase in 
embedment depth. 

7. At Df/B=0, with increase in ∅ଵand  ∅ଶ, increase in the dimensionless bearing 
capacity was observed. However, the effect of ∅ଶ was dominant till H/B =0.5. 
Similarly, at Df/B =0.5, the effect of ∅ଶ was dominant upto H/B =1. 

8. The dimensionless bearing capacity for the footings F1 and F2 was same at 
H/B =0.5 with Df/B≥ 1, at H/B=1 with Df/B≠ 0.5 and at H/B=1.5 with 
Df/B≠1. 
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However, using an experimental study on a similar size asymmetric embedded 
plus shaped footing; further confirmation of the findings reported in this paper is 
recommended. The proposed numerical analysis could be useful for architects 
working on similar superstructures that involve similar shaped footings. 
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NOTATIONS 
B= Width of Footing 
H= thickness of the upper loose sand 
γ = unit weight of sand 
ϕ = internal angle of friction of sand 
  = poison’s ratio 
E= Modulus of Elasticity 
Ψ = Dilation angle 
Df = depth of embedment 
qu = Ultimate bearing capacity 
qu /γ1B = Dimensionless ultimate bearing capacity 
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