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Abstract
This paper presents the numerical study based on the adaptive finite element analysis of the bearing capacity of a strip foot-
ing on reinforced soil mass. A parametric study has been conducted to estimate the ultimate load-bearing capacity of footing 
having a width, B resting over reinforced soil mass (qult, R) using wraparound ends configuration of geogrids. Based on the 
load-settlement response, the bearing capacity ratio (BCR) for all the studied wraparound ends configurations are evalu-
ated, and their potential failure envelopes have been discussed. From the study, the optimum values of the wraparound end 
reinforcement geometrical configuration are noted as normalized width of reinforcement (b/B) = 3; depth of the first layer 
of reinforcing layer from the bottom of the footing to the width of footing ratio (u/B) = 0.25; normalized vertical spacing 
between successive layers of reinforcement (h/B) = 0.30; normalized vertical length of the wrapping ends (d/B) = 0.20; and 
the normalized lap length of wrapping ends of geogrid (l/B) = 0.50. The results noted from the study indicates that the axial 
elastic stiffness of the geogrid (EA) governs the ultimate bearing capacity of footing and the qult, R is improved by almost 62% 
for settlement ratio (s/B) = 10%, upon reinforcing the soil mass with wraparound ends technique at EA = 5000 kN/m. This 
study also focuses on the normalized vertical stress (σyy/qu) and normalized vertical strain (εyy/qu) of the soil mass beneath 
the footing to investigate the influence of reinforcement on the soil mass beneath the footing.

Keywords  Adaptive finite element method · Geogrid · Wraparound ends · Settlement · Ultimate load-bearing capacity · 
Strip footing

Introduction

Reinforcing the soil beds for enhancing the ultimate load-
bearing capacity and/or reducing the anticipated settlement 
of the shallow foundation using geosynthetics has been 
extensively studied in the past and being adopted as a rou-
tine ground improvement technique for founding the vari-
ous structures such as bridge abutments, embankments, and 
shallow foundations [1–15]. The technique of reinforcing 
the soil mass by placing the extensible reinforcement lay-
ers beneath the foundation is practiced to produce a com-
posite foundation material with improved load-settlement 

performance characteristics. It is essential to estimate the 
actual load-bearing capacity and settlement of the founda-
tion for safe, sustainable and imperative construction of 
superstructure over the foundations. However, for a given 
settlement value of a strip footing, the required reinforce-
ment needed to maximize the improvement in the bearing 
capacity of the footing has not been established yet.

Though, many past studies have investigated the effect 
of material type and governing parameters of the reinforce-
ment on the improvement of the load-settlement behavior 
of shallow foundations, by exercising the experimental and 
numerical approaches for wide-ranging relative densities of 
the soil mass. The modern concept of reinforced fill was 
presented by Vidal for a composite material manufactured 
from flat strips placed horizontally in a frictional fill, imply-
ing the interaction between the reinforcement and the soil 
by friction being merely generated by gravity [16]. The first 
systematic study to enhance the bearing capacity of a shal-
low foundation by reinforcing it with steel strip was carried 
out by Binquet and Lee [17]. Afterward, several studies were 
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conducted for improving the load-bearing capacity of a rein-
forced shallow foundation using fibers [18], metal strips [19, 
20], geocell [21], geotextile [13, 22–27], and geogrid [4, 22, 
28–35], as a reinforcing material.

The above-mentioned literature mainly discussed the 
effect of horizontal geosynthetics reinforcement on the bear-
ing capacity of the footing over reinforced soil. Shukla’s 
wraparound reinforcement technique addressed the situa-
tion of unavailability of land for laying the reinforcement 
on either side of the footing or the presence of property line 
nearby the footing and put forward the concept of wrapa-
round ends technique of geosynthetic reinforcement [36]. 
Thereafter, it has been researched experimentally, analyti-
cally, and numerically by Kazi et al. [13, 26, 37] and Aria 
et al. [38]. In this technique, the ends of the reinforcing 
element are wrapped on both sides along the width, which 
also provides confinement to the soil mass. Nonetheless, the 
literature discussed above lacks an examination of vertical 
stresses, and strain up to the zone of influence of applied 
surcharge below the footing, in both unreinforced and rein-
forced situations.

In the recent studies, the improvement in the ultimate 
load-bearing capacity of the footing has been reported in 
the form of ratio between the ultimate load-bearing capacity 
of the reinforced (qult, R) to the unreinforced earth bed (qult) 
at the same settlement level and is known as bearing capac-
ity ratio (BCR) [39–41]. Evaluation of the improvement in 
the bearing capacity of the foundation on reinforced sand 
beds was carried out using many small-scale experimental 
studies [32, 34, 42, 43] and it is worth to note that the stress 
distribution beneath the footing resting on a reinforced soil 
is affected by the location of reinforcement [44]. Though 
the experimental studies were incompetent to describe the 
stress–strain behavior of the reinforced soil at desired loca-
tions, and simultaneously being time-consuming and cost-
lier. In such circumstances, numerical studies using various 
advanced approaches (such as finite element method (FEM), 
discrete element method (DEM), and finite difference 
method (FDM)) are found to be appropriate for analyzing 
the load-settlement behavior and also help to understand the 
soil-structure interaction between the soil and geosynthetic 
reinforcement [13, 26, 32, 45–47].

Despite the fact that FEM/FDM/DEM can be used profi-
ciently to model the soil behavior, it remains a challenging 
task to overcome the discontinuities in the numerical model 
that can occur during the iteration of the simulations. The 
scenario described above is critical in controlling the inter-
action systems of soil structure, such as soil particle erosion 
near the subsurface system [48] and the interlocking of soil 
and geogrid [49].

In view of the foregoing, this study aims to utilize FEM to 
evaluate the optimum parameters of wraparound ends con-
figuration of reinforcement viz., width of the geogrid (b), 

placement of the first layer from the bottom of the footing 
(u), vertical spacing between two consecutive reinforcing 
layers (h), lap length (l), and vertical distance of the over-
lapping length (d) for a footing with width, B resting over 
reinforced soil mass. The variation in the development of the 
potential failure plane below the footing due to the change 
in the above-mentioned parameters has been discussed to 
examine the influence of geogrid configuration on the load-
settlement response of the footing resting over the reinforced 
and unreinforced earth beds. A thorough discussion on the 
normalized vertical stress (σyy/qu) and normalized vertical 
strain (εyy/qu) has been done, and the influence of wrapa-
round ends reinforcement on these parameters is examined.

Problem Statement

With reference to the discussion made in the previous sec-
tion, a comprehensive parametric numerical study has been 
performed for a strip footing of width, B = 4 m, resting 
over the reinforced soil mass using a finite element method 
(FEM) based numerical tool, Optum G2 [50]. The numeri-
cal model with all the possible parametric combinations, as 
shown in Fig. 1, has been simulated to obtain the optimum 
geometrical configurations of geogrid reinforced for a 4 m 
wide strip footing. All the reinforcement configurations of 
the wraparound end technique used in the present study are 
shown in Fig. 2. The reinforcing parameters of the wrapa-
round ends (i.e., discussed in the following section) have 
been varied to examine their effect on the load-settlement 
characteristics and development of potential failure enve-
lopes below a strip footing under uniformly distributed mul-
tiplier load resting over the reinforced foundation. 

The simulated models were analyzed for the reinforced 
cases to compare with the unreinforced one, and additionally 
to obtain the optimum parameters that contribute to the qult, R 
of the foundation in case of reinforcement using geogrid. 
Extensive numerical models were simulated to examine the 
behavior of the footing under the various geometrical con-
figurations of geogrid and obtained data were studied with 
the help of plots between various significant parameters. For 
h/B = 0.30, the reinforcement case d/B = 0.30 is not possible 
as the overlapping ends of the bottom layer will coincide 
with the horizontal reinforcement (i.e., b). This is the reason 
that simulations for d/B = 0.30 have only been performed for 
h/B = 0.40 condition (as shown in Fig. 1). The values of the 
b/B, u/B, h/B, d/B, and l/B have been considered suitably as 
per the recommendations available in the past studies [26, 
29, 51–53], as mentioned in Fig. 1. Additionally, the impact 
of reinforcement on the stress and strain distributions in the 
foundation soil below the footing and all the potential failure 
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Fig. 1   Geometrical reinforcement configurations considered in the present study

Fig. 2   Material identification 
and model details (not to scale)
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envelopes are investigated with the help of finite element 
simulations.

Numerical Modeling

Figure 2 shows the two-dimensional (2D) model of a foot-
ing resting over the reinforced cohesionless sand bed. The 
cohesionless soil is modeled as a material following the 
Mohr–Coulomb yield criterion with the associated flow rule. 
Reinforcement layers are modeled using geogrid elements, 
which are one-dimensional axial members with no bend-
ing stiffness in the normal direction. The boundary condi-
tions are shown in Fig. 2, where the vertical boundaries are 
restrained in the normal direction and the bottom horizontal 
boundary is restrained in both the vertical and horizontal 
directions.

Mesh size for the simulation of any problem should be 
considered large enough so that the shear failure zone of 
the footing should not get intercepted by the mesh bounda-
ries. In absence of such situation, accuracy of the numeri-
cal model might be the compromised one. Considering the 
above, a number of trials have been performed and assimi-
lated that for the present study and noted that the vertical and 
the horizontal (on either side) boundaries should be kept at 
5 and 6 times the footing width (B), respectively, from the 
geometrical center of the footing (as shown in Fig. 2). All 
the material properties that have been taken into account for 
the present analysis are shown in Table 1.

Based on the recommendations available from the previ-
ous studies, the interface friction angle between the soil and 
geogrid is considered as two third of the internal friction 
angle of soil, i.e., Rint = 2/3 [26, 38, 41].

Total number of elements present in the mesh must be 
appropriate for the better convergence and higher efficiency of 
the numerical model [49]. Additionally, it is well-known that 
higher the total number of elements in the mesh, the higher 
will be the accuracy of the numerical model. However, taking 
a large number of elements for any mesh can be time-consum-
ing, as it takes more time to converse the numerical results 
in each step of the simulations. Therefore, to overcome the 

above situation, a sensitivity analysis on the total number of 
elements in the present mesh has been performed using adap-
tive finite element analysis [54–56], and 10,000 elements with 
a refinement factor of 0.25 are found suitable for the present 
study. The refinement factor of 0.25 essentially divides the 
number of elements into quarters, also the mesh refinement 
operations approximately quadruple the number of line ele-
ments and octuple the number of area elements (for the cases 
of geogrid and soil, respectively). If the generated mesh is 
found to be not suitable for the assessment of the ultimate 
bearing capacity within the required tolerance limit, then it 
can be refined again to obtain an appropriate mesh for the 
simulation. Furthermore, it is noted that the qult was found 
to be unaffected with a further increase in the total number 
of elements in the chosen mesh. The generated mesh and the 
discretization of elements are shown in Fig. 3. The type and 
size of elements considered in any analysis is an important 
aspect while performing the numerical analysis [57]. For a 
multiplier elastoplastic analysis, the recommended six-node 
Gauss element is used in the present study [41]. Numerical 
analysis for all the possible cases considered in this study was 
performed in plane strain conditions (strain in the direction 
normal to x and y, i.e., εzz is equal to 0). A feature available in 
the Optum G2 [50], termed as mesh fan (as shown in Fig. 3) is 
used at the bottom corners of the footing, to accommodate the 
maximum number of elements near the footing. This feature 
facilitates the further refinement of the surrounding elements 
and to have an insight into the potential shear failure plane and 
stress–strain distribution, an advantage over the small-scale 
laboratory or field tests.

In the present study, a multiplier elastoplastic analysis has 
been carried out to obtain the plots of load versus settlements 
of the strip footing. The multiplier elastoplastic analysis can 
be referred to as the combination of the limit analysis and the 
elastoplastic analysis where the numerical simulation is carried 
out at a regular step with deformation computed at each load in 
incremental step. The number of elastic steps (NE) and plastic 
steps (NP) can be defined manually to converge the results 
rapidly. Considering a typical load–displacement response 
as shown in Fig. 4, the curve will initially be approximately 
linear and then gradually become more and more curvilinear. 
The values of NE and NP have been studied and it is observed 
that any increment in these values leads to more refined and 
accurate results of ultimate load-bearing capacities, however, 
NE = 10, and NP = 10, are found to be good enough to produce 
precise results. In this study, iterations using three adaptive 
steps are implemented, in such a manner that each adaptivity 
iteration starts from 1000 elements and ends at 10,000 ele-
ments until the final solution is attained.

Table 1   Material properties considered for the present study

Properties Soil Reinforcement Footing

Modulus of elasticity, E (MPa) 30 – –
Poisson’s ratio, ν 0.25 – –
Cohesion, c (kPa) 0 – –
Friction angle, ϕ (°) 25 – –
Axial elastic stiffness, EA (kN/m) 

(× 103)
– 1, 2, 5, 7, 8.5, 10

Unit weight, γ (kN/m3) 18 – 24
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Results and Discussion

The load-settlement curves for all the cases of the footing 
mentioned in the previous section are obtained and discussed 
in the subsequent sections. The results of the parametric 
study for a 4 m wide strip footing have been presented to 

examine the effect of the reinforcing parameters namely, u/B, 
d/B, l/B, b/B, and h/B.

Figure 5 shows the variation of normalized reinforcement 
width (b/B) by keeping all the other reinforcing parameters 
constant (i.e., u/B, l/B, d/B, and h/B). The results showed that 
reinforcing the sand bed brings a substantial improvement in 
the bearing capacity of the foundation. It has been noted that 
there is not any common consensus on the reinforcement 

Fig. 3   A pictorial view of generated mesh and discretization of elements for the numerical model used in the present study

Fig. 4   Load–displacement 
response for multiplier elasto-
plastic analysis
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width (b) for maximizing the benefits of the reinforcement 
in terms of ultimate bearing capacity improvement of the 
footing among the findings of previous studies as the recom-
mendation ranges from 4 to 8B, i.e., 4B [25, 58], 5B [58–60], 
5–7B [24], 8B [29]. Nonetheless, in the present study, it is 
investigated that after reinforcing the soil mass using wrapa-
round ends of geogrid, the trend variation remains constant 
on increasing the width ratio (b/B) from 3 to 5, and the load-
settlement curves coincide with each other. The improve-
ment in ultimate load-bearing capacity of reinforced sand 
bed (qult, R) at s/B = 10%, where s is the settlement of the 
footing, is found to be ranging from 16 to 18% for b/B = 3, 
4, and 5, than that of the unreinforced condition (qult). No 
significant improvement in the BCR for b/B > 3 is noted due 
to the relocation of the wrapping ends situated far away from 
the footing ends. The above-noted observation leads to the 
conclusion that the distance between the wrapping ends of 
geogrid majorly affects the load-bearing capacity of the 
foundation.

Figure 6 depicts the variation in BCR corresponding to 
the normalized settlement ratio (s/B) of 5% and 10% as a 
function of the width of the reinforcing layer (b/B). It is 
noted that the BCR at different settlement ratios are constant 
up to b/B = 4 for s/B = 5% and beyond b/B = 4, an insignifi-
cant decrease in BCR is reported. Also, it decreases margin-
ally for s/B = 10% with an increase in b/B from 3 to 5. This 
is possibly due to the fact that with the increase in the width 
of the geogrid, utilization of the wrapping ends cannot be 
done as they tend to move far away from the footing, which 

could not effectively confine the mobilizing soil in the lateral 
direction of the reinforcement.

The movement of the soil mass under the applied load on 
the footing can be better understood by the potential shear 
failure envelope noted from the numerical analysis, which 
can be obtained from the shear dissipation plots for unre-
inforced and different cases of the reinforced soil mass, as 
shown in Fig. 7. The failure envelope of an unreinforced soil 
mass obtained in the present study (as shown in Fig. 7a) is 
similar to that identified by Terzaghi [61]. For reinforced 
condition, i.e., Fig. 7b, it is noted that the yielding of the 
soil is obstructed by the width (straight ends) and the wrap-
ping ends of the geogrids, which tends to produce two-way 
confinement of the soil well within the reinforcement zone. 
This confinement restrains the mobilization of the soil mass 
by the high tensile load-bearing member beneath the footing, 
which confirms that geogrid reinforcement tends to bring 
an improvement in the settlement characteristics of the soil. 
However, Fig. 7c and d indicates that the wrapping ends of 
the geogrid do not intercept the failure envelope below the 
footing, which denotes that while increasing the width of the 
reinforcement from b/B = 3 to 5, no significant enhancement 
is observed. It indicates that b/B = 3 is the optimum width of 
the reinforcement for the considered case when reinforced 
with four layers of geogrid (N = 4, where N denotes the 
number of reinforcing layers). This finding of the optimum 
reinforcing layers is in line with the noted observation in an 
experimental study carried out by Buragadda and Thyagaraj 
[62].

Fig. 5   Variation of load-bearing 
pressure versus settlement ratio 
for different width ratios, b/B 
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Once finalizing the b/B = 3 as an optimum width of rein-
forcement, the effect of the depth of the first layer of rein-
forcement (u/B) is investigated. The parameter u/B has been 
varied in the range of 0.25–0.35 while keeping all the other 

parameters (i.e., d/B, l/B, and h/B) as invariable. The effec-
tiveness of u/B can be noted in Fig. 8, where it is indicated 
that as the value of u increases from 0.25B to 0.35B, the 
improvement in the qult, R decreases. The variation of the qult 

Fig. 6   Variation in BCR with 
b/B at different normalized set-
tlement ratios, s/B 

Fig. 7   Potential failure patterns for a unreinforced soil mass; b reinforced soil mass with b/B = 3; c reinforced soil mass with b/B = 4; and d rein-
forced soil mass with b/B = 5
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and qult, R is almost linear for s/B < 3%, and a drastic change 
is observed when s/B > 4%, owing to the fact that the soil 
is in the plastic stage. The results show that by increasing 
the depth of the first layer of reinforcement (u/B) at 0.25, 
0.30, and 0.35, the improvement in qult, R is noted as 17.6%, 
12.8%, and 8.5%, respectively at settlement ratio, s/B = 10%. 
Previously, former studies noted that the depth of the first 
layer of reinforcement (u) with straight ends are 0.3B [20], 
0.33B [19], 0.375B [28], however, this study recommends 
an appropriate u of 0.25B for significant improvement in the 
qult, R, which is similar to the findings reported by Adams 
and Collin [52]. Moreover, the bearing capacity ratio (BCR) 
diminishes with the increase in the depth of the first rein-
forcing layer from the bottom of the footing. The variation 
of the BCR with u/B ratio at different s/B ratios is compared 
and shown in Fig. 9. For the present study, it is noted that 
BCR is marginally reduced by 2.2% and 4.6% at s/B = 5% 
and 10%, respectively, when u/B changes from 0.25 to 0.30. 
Additionally, a reduction of 4.6% and 8.8% in the BCR is 
observed when u/B changes from 0.25 to 0.35 for normalized 
settlement ratio, s/B = 5% and 10%, respectively.

For a better understanding of the results for variation 
in the depth of the first layer of reinforcement (u/B), the 
potential failure envelopes for reinforced and unreinforced 
cases are compared using shear dissipation plots and shown 
in Fig. 10. The findings of the present study show that the 
better usage of reinforcing material can be achieved when 
the reinforcement zone exists between 1.5 and 1.8 times the 
footing width (B), whereas earlier researchers reported the 

effective reinforcement zone as 1.5B [20], 1.6B to 2.2B [63]. 
The potential failure envelope presented in Fig. 10, illus-
trates that as the u/B ratio increases, the effectiveness of 
the third and fourth layers of reinforcement dissipates. Fig-
ure 10b indicates that the shear failure region is well within 
the zone of reinforcement, and all the layers of reinforcement 
are taking part in the improvement of load-settlement char-
acteristics of the footing. Nevertheless, in Fig. 10c and d, it 
is evidently visible that only the first two layers are partici-
pating in supporting the load transferred by the footing to the 
soil. From the failure patterns obtained for the variation of 
u/B ratio, it can be concluded that for the maximum utiliza-
tion of the reinforcing element, the reinforcement must be 
placed amply within the zone of failure.

Previously, researchers showed in their studies that the 
spacing between the successive layers of geogrids also gov-
erns the load-settlement characteristics of the footing, and 
beyond a certain spacing between the successive layers, 
the effect of the reinforcement diminishes [28, 29, 52]. To 
examine the effect of reinforcement with wraparound ends 
with respect to the unreinforced foundation bed, the spacing 
between successive layers is varied to understand the load-
settlement response of the footing. The geogrid reinforce-
ment width and the depth of the first layer of geogrid are 
kept constant at b/B = 3, and u/B = 0.25, as at these values, 
the improved BCR is highest among the studied ones. Addi-
tionally, d/B and l/B are also kept invariable, whereas h is 
varied at 0.30B, and 0.40B, respectively. Figure 11 indicates 
that the qult, R decreases with the increasing magnitude of h. 

Fig. 8   Variation of load-bearing 
pressure versus settlement ratio 
for various u/B ratios



International Journal of Geosynthetics and Ground Engineering (2021) 7:77	

1 3

Page 9 of 18  77

An improvement of 17.8% and 10% at h/B = 0.30 and 0.40, 
respectively, is noticed in the qult, R than the qult but a reduc-
tion of 6.4% in the qult, R is registered when h/B varies from 
0.30 to 0.40. In view of the above, this study recommends 

the optimum value of h/B = 0.30 for the optimized improve-
ment in BCR at a given s/B ratio. It is worth mentioning here 
that a similar recommendation regarding the optimum value 
of h/B was reported by the former studies [25, 29, 32, 50].

Fig. 9   Variation of BCR with 
u/B at s/B = 5% and 10%

Fig. 10   Potential failure patterns for a unreinforced soil mass; b reinforced soil mass with b/B = 3 & u/B = 0.25; c reinforced soil mass with 
b/B = 3 & u/B = 0.30; and d reinforced soil mass with b/B = 3 & u/B = 0.35
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Furthermore, the length and the height of the wrapping 
ends of the geogrid reinforcement (i.e., l and d) have been 
varied while keeping b/B, and u/B at 3, and 0.25, respec-
tively. For the case h/B = 0.30, the configuration d/B = 0.30 
is not feasible, as discussed earlier (refer Fig. 1). Therefore, 

only to understand the effect of l/B on the qult, R, h is taken as 
0.4B. The outcomes of the load-settlement curve for varying 
d/B and l/B are presented in Figs. 12 and 13, respectively, 
which shows that for s/B > 3%, the reinforcement of sand 
bed by utilizing the wrapping technique has enhanced the 

Fig. 11   Effect of spacing 
between successive reinforce-
ments on the load-settlement 
profile of the footing

Fig. 12   Variation of load-bear-
ing pressure versus settlement 
ratio for various d/B ratios
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load-settlement characteristics of the footing. However, any 
change in the d/B and l/B ratios does not affect the improve-
ment in qult, R significantly, which is noteworthy from the 
curves that are closely spaced with each other (refer Figs. 12 
and 13). This can be inferred that l/B must be provided suf-
ficiently to wrap the ends of geogrid for the confinement, 
which restricts the movement of soil mass away from the 
center of the footing, and hence intensifying the improve-
ment in qult, R. 

An important mechanical property of the reinforcement, 
axial elastic stiffness (EA) is the foremost material property 
of geogrid that is needed to be considered while designing 
any foundation [13, 40]. Careful selection of geogrid with 
suitable EA may enhance the BCR with the given reinforce-
ment configuration. To evaluate the significance of the elas-
tic stiffness, a parametric study is conducted on the qult, R, 
by varying the magnitude of EA as 1000 kN/m, 2000 kN/m, 
5000 kN/m, 7000 kN/m, 8500 kN/m, and 10,000 kN/m, and 
the curves obtained for load-settlement response has been 
plotted and shown in Fig. 14. Obtained curves indicate that 
for the normalized settlement ratio of the footing (s/B) < 3%, 
the curves are closely spaced and as it extends further, a 
noticeable change is observed in the load-bearing pressure 
(q). The noted results from the numerical simulations state 
that on increasing EA from 1000 kN/m to 5000 kN/m, the 
load-settlement curve changes drastically. However, beyond 
the value of EA = 5000 kN/m, the curves remain virtually 
constant, and the gap between the curves diminishes owing 
to the fact that load-settlement curves are not affected by 

further increasing the elastic stiffness of the geogrid. It 
is noticed that, at s/B = 10% qult, R is improved by 17.8%, 
36.3%, 61.6%, 61.8%, 62.5%, and 63% at EA = 1000 kN/m, 
2000 kN/m, 5000 kN/m, 7000 kN/m, 8500 kN/m, and 10,000 
kN/m, respectively. The results show that for geogrid having 
EA > 5000 kN/m, the difference in the improvement percent-
age of qult, R is negligible, henceforth it can be concluded 
that EA = 5000 kN/m is appropriate for the case considered 
in this study. The possible reason behind the above-noted 
behavior may be due to the failure of the soil-geogrid inter-
face at higher loads. Even though the soil bed gets stiffer 
with the use of geogrid with EA > 5000 kN/m, but a prior 
failure of the soil-geogrid interface does not let the footing 
stand with the higher applied load and leading to the failure 
of the foundation much earlier than expected.

In a similar study, for a smaller size of footing, Benme-
barek et al. [40] and Jaiswal et al. [41] had reported that 
EA = 1000 kN/m is adequate, and with further increment in 
the magnitude of the elastic stiffness of geogrid, no improve-
ment in qult, R was reported. From the results obtained in the 
present study, this can be endorsed that the elastic stiffness 
(EA) of the geogrid is greatly affected by the footing width. 
Therefore, it is essential to study the behavior of reinforcing 
elements before designing a wide foundation.

Thereafter, the variation of the bearing capacity ratio, 
BCR with elastic stiffness, EA of the reinforcing mate-
rial is also studied and presented in Fig. 15. For s/B = 5%, 
the improvement in BCR is linear from EA = 1000 kN/m 
to 2000 kN/m, but a sudden increase in BCR was noted at 

Fig. 13   Variation of load-bear-
ing pressure versus settlement 
ratio for various l/B ratios
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EA = 5000 kN/m, though with further increase in EA from 
5000 to 10,000 kN/m, BCR remains invariable. An improve-
ment of 5.7% and 34.2% is reported in BCR corresponding to 
EA = 5000 kN/m at s/B = 5% and 10%, respectively.

The deformation shape of the failed soil mass is observed 
for varying EA of the geogrid and the incremental dis-
placement vector field beneath the footing is examined (as 
shown in Fig. 16). Figure 16a demonstrates the displace-
ment vectors for unreinforced foundation bed beneath the 
footing, similar to the observation reported by Aria et al. 
[46]. The displacement vectors at the soil-geogrid interface 
in Fig. 16b–d, shows that the vertical movement of the soil 
beneath the footing is hindered by the high tensile member, 
and the lateral displacement of soil mass enclosed in the 
geogrid is resisted by the wrapping ends of the reinforce-
ment. This confinement effect is being introduced with the 
presence of friction at the soil-geogrid interface, as reported 
by Sharma et al. [64]. However, the results indicate that the 
density of the displacement vectors beneath the second and 
third layers of reinforcement decreases due to an increase in 
the elastic stiffness of the geogrid. This may be attributed 
to the fact that increasing the elastic stiffness (EA) of the 
geogrid reinforcement creates a stiffer soil bed which dis-
sipates the displacement of the soil mass with depth below 
the footing and restricts the major displacement vectors near 
the footing only.

The displacement contour of the soil mass in the vertical 
direction for unreinforced earth bed and the best configura-
tion in the reinforced case obtained from the present study is 

shown in Fig. 17a and b, respectively, which primarily dem-
onstrate the migration of the soil particles from their origi-
nal place. Zone I show the maximum movement of the soil 
particles, while zone I disperse into zone II, which shows the 
reduction in soil movement. The maximum displacement is 
observed in the lateral direction, i.e., both sides of the foot-
ing. However, in the unreinforced case (i.e., Fig. 17a) the 
extent of displacement contour beneath the footing ranges 
up to a depth of 1.5–1.8 B, whereas in the reinforced case 
(i.e., Fig. 17b) the extent of displacement is noticeable up 
to a depth of 0.8B to 1.0B. Although this displacement is 
observed in the case when yielding of both the soil and the 
geogrid begins to happen, which makes it more convenient 
to understand the improvement in soil behavior. Figure 17 
sheds light on the enhancement of load-settlement character-
istics of the footing resting on the reinforced earth bed using 
geogrid with wraparound technique.

Analysis of generalized stress and strain distributions in 
the case of reinforced and unreinforced earth beds can justify 
the existence of a critical zone of soil mass that is influenced 
by the installation of reinforcement. The stresses transmitted 
into the foundation bed due to footing load can be obtained 
from the load-transfer mechanisms and using elasticity 
theory or Schmertmann’s strain influence factor (Iz) [65]. 
Figure 18a shows the profile of normalized vertical strain 
(εyy/qu) to the normalized depth (z/B) for a strip footing (z 
is the depth measured from ground level). Schmertmann 
et al. [65] proposed that for strip footing, the peak value of 
strain occurs near 1.0B and it converges to almost zero at 

Fig. 14   Effect of elastic stiff-
ness of the geogrid, EA on the 
ultimate load-bearing capacity 
of reinforced soil mass, qult, R
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a depth of 4B from the footing. The simulations from the 
present study also affirmed similar outcomes as suggested 
by Schmertmann et al. [65], i.e., the peak value of strain 
occurs at 0.80B for the unreinforced case. Whereas in the 
case of reinforced soil mass below footing with geogrid 
having EA = 1000 kN/m, the peak normalized strain is 
reduced by 40% when compared to unreinforced case but it 
occurs exactly at z/B = 1.0, which is similar to the findings 
of Schmertmann et al. [65]. Furthermore, with increases in 

the elastic stiffness of the geogrid (EA) from 1000 kN/m to 
5000 kN/m, the peak value of εyy/qu kept on intensifying 
and amplified by 18.4% at EA = 5000 kN/m but the location 
of peak normalized strain is observed to be shifted above at 
z/B = 0.60.

For creating a better understanding of the stresses beneath 
footing, the variation of normalized vertical stress (σyy/qu) 
with normalized depth (z/B) is also studied and shown in 
Fig. 18b. It is noticed that with the use of the reinforcement 

Fig. 15   Variation of bearing 
capacity ratio (BCR) with axial 
elastic stiffness of the geogrid 
(EA) at s/B = 5% and 10%
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Fig. 16   Displacement vectors of reinforced earth bed using various elastic stiffness of the geogrid, EA 

Fig. 17   A look up into the vertical displacement contour of soil mass a unreinforced soil mass; and b reinforced soil mass
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in the soil mass, not only the σyy/qu tends to increase from 
1.75 to 1.82, but also the location of peak normalized strain 
reallocates from 0.75B to 0.5B. The fact that increasing 
the elastic stiffness up to a certain extent also contributes 
towards the improvement of the qult, R can be confirmed 
in Fig. 18b. Also, EA of the geogrid plays a crucial role 
in the determination of σyy/qu, as an increase in EA from 
1000 kN/m to 2000kN/m, the maximum σyy/qu improved by 
19.3%, and the location of normalized strain reaches a z/B 
lesser than 1, i.e., approximately 0.8. The maximum value 
of σyy/qu is noted at EA = 5000 kN/m, at z/B = 0.60, at which 
the εyy/qu is maximum.

The above discussion emphasized that the variation in the 
distribution of vertical stress and strain beneath the footing 
indicates that the main mechanism behind the improvement 
in BCR or qult, R is by transferring the load offered by the 
footing deeper into the soil.

Conclusions

The ultimate load-bearing capacity for a 4 m wide strip foot-
ing in reinforced (i.e., qult, R) and unreinforced conditions 
(i.e., qult) is investigated using the adaptive finite element 
analysis. This study examines the optimum parameters of 
reinforcement by adapting the wraparound ends technique 
for the improvement in the ultimate bearing capacity using 
a non-dimensional parameter, bearing capacity ratio (BCR). 
For creating a better understanding of the results, the poten-
tial failure envelopes are also studied.

Based on the results obtained from the numerical analy-
sis, the following conclusions can be made on the behavior 

of wide strip footing resting on soil mass reinforced with 
multiple layers of geogrid with wraparound ends:

(1)	 The optimum width of reinforcement (b) for the case 
considered in this study is about three times the footing 
width, and the maximum BCR is observed at b/B = 3. 
The potential failure plane in the lateral direction is 
restrained by the presence of the wrapped ends signify-
ing the full utilization of the reinforcement. Even with 
the nominal reinforcement (i.e., EA = 1000 kN/m), an 
improvement of almost 18% is noticed at s/B = 10%, 
when compared to qult.

(2)	 The optimum depth of the first layer (u) and vertical 
spacing between successive layers of reinforcements 
(h) are recommended as 0.25B and 0.3B, respectively, 
beyond which the effectiveness of the geogrid be likely 
to decrease. Also, a minimal overlapping (l) of 0.5B 
and vertical length of wrapping ends (d) of 0.2B is rec-
ommended to maximize the improvement in the bear-
ing capacity.

(3)	 Apart from the layout and configuration of the rein-
forcement, elastic stiffness of the reinforcing material 
(EA) plays an important role in governing the load-
settlement behavior of the reinforced earth bed. The 
EA = 5000 kN/m is found to be suitable for maximizing 
the improvement in qult, R of almost 62% than qult. Also, 
the displacement vectors for this case is noticed to be 
obstructed completely by the high tensile member.

(4)	 The extent of the vertical displacement of the soil mass 
in the unreinforced condition is noticed to be 1.5–1.8 
times the footing width (B), however, for the optimum 
parameters derived for the reinforced case in the pre-
sent study, the extent of the vertical displacement is 

Fig. 18   Variation of a normalized vertical strain (εyy/qu); and b normalized vertical stress (σyy/qu) with the normalized depth (z/B)
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observed to be reduced up to a depth of 0.8–1.0 times B 
below the footing. Additionally, it is found that the peak 
normalized vertical strain (εyy/qu) and peak normalized 
vertical stress (σyy/qu) for the reinforced case occur at a 
depth of 0.5B below the footing.
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