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Underground voids can cause the soil to settle under a 
structure, which can result in damage as well as financial 
and human loss. One way to prevent such settlement and 
increase the bearing capacity of the soil is to reinforce the 
soil [1–16]. The use of geosynthetic reinforcement has 
increased with the increase in construction in hazardous 
locations brought about by population growth. The use of 
geosynthetically reinforced soil (GRS) has become a popu-
lar, economical and environmentally friendly technique. 
However, predicting the bearing capacity of GRS structures 
located over voids can be difficult, especially for construc-
tion projects in void-prone locations.

Past research has investigated the consequences of the 
use of geosynthetic reinforcements to soil containing a 
void. Baus and Wang [17] investigated the bearing capac-
ity of foundations located over a void in silty clay using 
experimental and numerical finite element modeling. Their 
results showed that there is a critical depth for each founda-
tion below which the void will have a negligible effect on 
the performance of the foundation. They also showed that 
the bearing capacity of a foundation over a void above the 
critical depth will vary according to factors such as the size 

Introduction

The foundation of a building is the lowest part of a struc-
ture and plays an important role in its strength and stability. 
The soil type, foundation depth, building weight, weather 
conditions and underground voids all can have an effect on 
foundation settlement. The existence of underground voids 
in the areas affected by the incoming forces can reduce the 
bearing capacity of the soil and increase soil settlement. 
Such voids can be natural or caused by human activity.
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Abstract
Underground voids can affect the stability of a foundation and increase structural settlement, especially when they are 
located directly beneath the foundation. They can arise from a range of sources, including natural formations and buried 
infrastructure. If these voids interact with the foundation, they can lower its bearing capacity, making them hazardous and 
costly to remedy. The behavior of soil having a single void has been the subject of past research, but few studies have 
examined the behavior of soil with twin voids. The current study used physical modeling to examine the effect of the use 
of geogrids on the behavior of a sandy bed with twin voids. The variables examined included soil density, void embedment 
ratio, void distance ratio and the number and vertical spacing of the geogrid layers. The use of scaled reinforcements sets 
this study apart from comparable investigations. Particle image velocimetry was used to examine the development of the 
failure wedge and the strain rate produced at the surface. The outcomes indicated that both an increase in soil density and 
the number of geogrid layers greatly increased the soil load-bearing capacity. The bearing capacity of dense soil reinforced 
with two layers of geogrid increased by 51.8% compared to dense soil without reinforcement. The shear strain rate at 
the critical slip surfaces beneath a foundation built on dense soil decreased strongly with the use of two geogrid layers.
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and location of the void and the embedment depth of the 
foundation. Wang and Badie [18] evaluated the effect of an 
underground void on the stability of a shallow foundation 
located on clayey soil. The results showed that the critical 
depth depends on factors such as the shape of the founda-
tion and of the void, the direction and size of the void and 
the soil type.

Dash et al. [19] evaluated the behavior of a strip foot-
ing placed on a sandy bed reinforced by a geocell mattress. 
Dilation-induced load transfer from soil to geocell suggests 
that filling the geocells with denser soils can improve foot-
ing performance more effectively. Dash et al. [20] investi-
gated how several types of reinforcement such as geocell, 
planar, and randomly distributed mesh elements behaved 
in sand beds when subjected to strip loading. The findings 
show that, among the soil reinforcement techniques exam-
ined, geocell reinforcement provides the most benefits. 
Latha and Murthy [21] used triaxial compression experi-
ments to examine how the form of reinforcement affected 
the strength increase of geosynthetic-reinforced sand. The 
cellular kind of reinforcement is shown to be more effective 
than the other forms of reinforcement in terms of increasing 
strength.

Sireesh et al. [22] investigated the bearing capacity of 
a circular foundation placed on clayey soil reinforced with 
geocells. The results indicated a significant improvement 
in the performance of soil reinforced with geocells of suf-
ficient size. Moghaddas Tafreshi et al. [23] conducted an 
experimental study to evaluate the behavior of a strip foun-
dation on a sandy bed reinforced with geogrids above a 
void. The results demonstrated that the bearing pressure and 
settlement of the foundation increased with an increase in 
the sand relative density, the void placement depth and the 
number of reinforcing layers caused by arching of the soil 
mass over the void.

Kiyosumi et al. [24] used 1  g loading experiments to 
examine the behavior of shallow foundations placed on 
stiff ground with continuous square voids. According to the 
findings, the lower void had almost no effect on the failure 
mode and, as a result, very little effect on the lowering of 
bearing capacity if two voids in a serial configuration were 
located at a relatively shallow depth. Sitharam and Hegde 
[25] developed an analytical model to predict the load-bear-
ing capacity of soft clayey soil reinforced by geocell and a 
combination of geocell and geogrid. The combination of the 
geocell and the geogrid is always more advantageous than 
utilizing the geocell alone, according to the experimental 
and analytical study results.

Asakereh et al. [26] investigated the behavior of a foun-
dation placed on unreinforced and geogrid-reinforced sand 
containing a void under the effect of static and cyclic load-
ing. The results showed that the foundation on sand with a 

thick geogrid performed better under cyclic loading than the 
foundation on unreinforced sand without a void. Huckert et 
al. [27] conducted laboratory tests to evaluate the behavior 
of an embankment placed on top of a void. In their research, 
the voids were simulated under granular embankments and 
the soil layers were reinforced with geotextiles. The results 
showed that the rupture mechanisms were different for gran-
ular soil and reinforced soil layers.

Feng et al. [28] used an analytical method to predict the 
load acting on geosynthetics located in soil over voids. Their 
results indicated that the use of non-linear failure criteria 
can better describe the stress and deformation of the soil and 
geosynthetics and that ignoring the non-linear behavior of 
the soil reduced the pressure of the soil on the geosynthet-
ics. Lai et al. [29] studied the types and behavior of rupture 
in low-height embankments reinforced with geogrids above 
voids in Plaxis 2D software. They found that the ultimate 
bearing capacity reduction factor increased as the embank-
ment height increased.

Zhou et al. [30] used the discontinuity layout optimi-
zation approach to study the bearing capacity and failure 
mechanism of a foundation laid on the soil above a void. 
The results revealed a direct relationship between the fail-
ure mechanism and specific soil parameters, as well as 
the horizontal distance between two voids and the loca-
tions of single voids. Wu et al. [31] used the finite element 
limit analysis approach to assess the effects of void shape, 
embedment depth, and spacing, as well as variations in soil 
shear strength, on the bearing capacity of foundations con-
structed on soil with single and double voids. According to 
the analysis of the study’s findings, the bearing capacity’s 
sensitivity to load eccentricity rose as the distance between 
the two voids increased.

Geosynthetic-reinforced soil arching was investigated by 
da Silva Burke and Elshafie [32] using a series of centrifuge 
experiments. Using soil stress measurements and soil and 
geosynthetic deformation observations, they inferred the 
arching behavior. According to the results, arching, rather 
than forming a physical arch as some models predict, greatly 
reduces stress at the soil base when a void arises. This is 
because tension is redistributed. da Silva Burke and Elshafie 
[33] carried out centrifuge tests to evaluate the deformation 
of geosynthetic-reinforced soil in response to the develop-
ment of an underlying void. It was evident from the centri-
fuge tests that the geosynthetic material next to the void was 
being stretched and displaced. Anaswara and Shivashankar 
[34] conducted a numerical study to investigate the behavior 
of two adjacent strip foundations on clayey soil with voids. 
The effects of the thickness of the granular bed, length of 
reinforcement, number of reinforcing layers and presence 
of voids under the foundation in weak soil on the behavior 
of foundations were investigated. The results indicated that 
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the bearing capacity increased with an increase in the thick-
ness of the granular bed up to the optimal thickness and then 
remained constant for foundations on a granular bed.

Using the finite difference approach, Chaabani et al. [35] 
examined the effect of placing geotextiles at the interface 
between a clayey and sandy soil layer on the performance of 
a foundation built on the aforementioned layered soil with 
a void. The study’s findings demonstrated that when a void 
is present in the foundation’s failure zone, it has a nega-
tive impact on the behavior of the foundation. Tizpa et al. 
[36] used a combination of the finite difference and the dis-
crete element approach to assess the influence of a subsur-
face void on the response of a shallow circular foundation 
placed on a granular embankment over cohesive soils. The 
study’s findings demonstrated that the void’s negative effect 
on bearing capacity diminishes as the void’s horizontal dis-
tance from the foundation’s central axis increases, as does 
the ultimate bearing capacity ratio.

To assess the influence of spherical voids—both eccentric 
and centric—on the failure mechanisms and bearing capaci-
ties of square and circular footings, Khosravi et al. [37] car-
ried out a three-dimensional parametric analysis. The study’s 
findings indicated that an increase in the void’s eccentricity 
ratio and surcharge coefficient leads the Footing’s bearing 
capacity to decrease and increase, respectively. Naftchali 
and Bathurst [38] employed Flac2D software to develop a 
hyperbolic isochronous load-strain model in order to study 
the effect of polymeric geosynthetic reinforcements’ rate-
dependent properties on the tensile strains of the reinforce-
ments as well as the vertical load and deformation at the 
reinforcement level and the embankment’s surface above a 
void. The outcomes of the research demonstrated that the 
maximum tensile strains and loads of the reinforcement are 
produced precisely above the void’s center if the reinforce-
ment’s maximum strain does not exceed 5%.

While this field has received little attention in previous 
research, this work offers an innovative look at how footings 
that are placed over twin voids in sandy soil behave. This 

work stands out for its innovative application of reduced-
scale geosynthetic materials for reinforcement and its com-
prehensive investigation of the bearing capacity-related 
impacts of soil density, void spacing, and the number of 
geogrid layers. An even more detailed understanding of the 
failure mechanisms at work is provided by the use of par-
ticle image velocimetry (PIV) to visualize failure wedges. 
The stability of foundations over diverse and void-prone 
soils is crucial in civil engineering, where this research 
directly affects practice. To reduce the danger of differen-
tial settlement and structural collapse, the findings can be 
used to inform the design and construction of buildings, 
bridges, and other infrastructure on sites with underlying 
voids. The research findings can be utilized to create sophis-
ticated ground reinforcement plans, like the best location for 
geogrids and improved methods for compacting soil, that 
are customized to the particular requirements of a building 
site.

Scale Effects

The application of scaled reinforcements distinguishes the 
current study from the earlier studies. The tensile strength 
of the geogrids used in the prototype model has been chosen 
as the most effective parameter because not all of the model 
parameters can be scaled. The geogrids for physical mod-
eling were chosen according to their amount of stretching 
under axial loading. The geogrid was chosen for the small-
scale model after conducting axial tensile tests on materials 
with different tensile strengths and then applying scaling 
rules.

Many studies have examined the behavior of scaled 
geogrids embedded in soil using techniques such as cen-
trifuge and shaking table tests [39–44] and static loading 
experiments [7, 12, 23, 45]. Figure 1 shows how the uniax-
ial tension tests were carried out on the materials using lab-
oratory-scale geogrids. After evaluating the tensile strengths 
of the scaled (model) and real geogrids (prototype), a scale 
factor of 1:7.5 was selected for the tests.

Careful efforts were made to verify that the experimental 
results were dependable and appropriate to real-world situ-
ations to precisely address the scaling effect of geosynthetic 
reinforcement in this study. The ASTM D4595-17.2017 
and ASTM D6637/D6637M-15.2015 standards were care-
fully followed when conducting tensile strength testing on 
geogrids [46, 47]. A rigorous framework for assessing the 
mechanical characteristics of the geogrids was supplied by 
these standards. A key component of the research involved 
the careful selection of a scale factor of 7.5 to effectively 
bridge the gap between the reduced-scale model and the 
real-world field circumstances. The tensile load capacity 

Fig. 1  Schematics of test chamber
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Rectangular Footing

The rectangular footing used for loading had a width that 
was 1 mm smaller than the width of the test tank in order to 
minimize friction between them and to properly establish 
plane-strain conditions. A rectangular footing of 49.9 cm in 
length, 20 cm in width and 3 cm in thickness was used. The 
surfaces of the rectangular footing were polished to reduce 
friction to the lowest possible amount.

Voids

Flexible plastic pipes having a diameter of 9  cm and a 
thickness of 1.8 mm (1.8 = thickness of the pipe material) 
were used for modeling the soil voids. To prevent friction 
between the pipes and the tank, the length of the pipes and 
the length of the rectangular footing were selected to be 
49.9 cm, which is 1 mm less than the tank width. The axial 
and bending stiffnesses of the pipes were disregarded and 
the pipes were regarded as voids because of their low thick-
ness and low modulus of elasticity.

and the longitudinal strain at the ultimate load value were 
the two important parameters to which this scaling factor 
was applied. This scaling of the parameters was intended 
to improve the accuracy and consistency of the results by 
accurately replicating the behavior and interaction of the 
geogrid reinforcement within the experimental setup.

The general mechanisms and behaviors seen in model 
tests are successfully reproduced at a larger scale, as shown 
in large-scale tests conducted by Milligan et al. [48] and 
Adams and Collin [49]. Therefore, in terms of qualitative 
analysis, this work offers an insightful understanding of the 
basic mechanisms controlling the bearing pressure versus 
settlement responses of sandy beds that have continuous 
voids reinforced with geosynthetic material. These results 
will be very helpful in directing large-scale model tests in 
the future and improving numerical simulation accuracy. 
Through comprehension of the fundamental concepts, engi-
neers may accurately predict and manage the behavior of 
reinforced foundations in different scenarios, resulting in 
safer and more effective designs.

Test Materials

Test Apparatus

A scale factor of 1:7.5 was used when conducting experi-
ments at laboratory scale; thus, all dimensions in this 
research were divided by 7.5. A chamber with a length of 
130 cm, a width of 50 cm and a height of 80 cm was used to 
make the physical models. Plexiglas was used for the front 
face of the box to facilitate imaging of the process using the 
PIV method. In order to ensure that the shape of the Plexi-
glas did not deform during the experiments, a sheet with a 
thickness of 3 cm was used. A discharge valve was installed 
at the rear of the chamber to expedite soil discharge after the 
experiments. Figure 1 shows a schematic of the test cham-
ber along with the components used in the test.

Soil

Dry sand from the Sufian region of East Azerbaijan prov-
ince in northwestern Iran was used for all experiments. 
Various tests were performed on the Sufian sand samples to 
determine the strength properties and soil parameters. Fur-
thermore, ASTM D3080-04 [50], ASTM D698 [51], ASTM 
D854 [52], and ASTM D2487 [53] were the standard meth-
ods for conducting the direct shear test, compaction test, 
specific gravity, and soil classification, respectively. The 
grain-size distribution curve of the soil is shown in Fig. 2. 
The characteristics of soil resistance and the results are 
shown in Table 1.

Table 1  Physical characteristics of soil
Description Value
Coefficient of uniformity, Cu 1.36
Coefficient of curvature, Cc 0.87
Effective grain size, D10: mm 0.22
Medium grain size, D50: mm 0.28
Maximum void ratio, emax 0.822
Minimum void ratio, emin 0.54
Specific gravity, Gs 2.637
Maximum dry unit weight, γdmax: kN/m3 16.76
Minimum dry unit weight, γdmin: kN/m3 14.20
Friction angle, ϕ: degree 28
Dry unit weight (Dr=35%): kN/m3 14.78
Friction angle (Dr=35%), ϕ: degree 32
Dry unit weight (Dr=73%): kN/m3 15.96
Friction angle (Dr=73%), ϕ: degree 37

Fig. 2  Grain-size distribution of sand
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and compacting of the soil continued until the pipe place-
ment area was reached. The pipes then were positioned at 
a heights of 30–40  cm from the container bottom. After 
the pipes were installed, the soil layers were backfilled and 
compacted until point at which the reinforcements were 
installed. After the reinforcements were installed, the final 
soil layers were poured and a rectangular footing was placed 
on the sand. The footing featured two strain gauges which 
were used to control the amount of displacement. A datalog-
ger and a loadcell with a 3-ton load capacity were used to 
measure the force.

The constant strain loading method was used in order to 
achieve the greatest accuracy and the same loading rate for 
all experiments. A displacement of 5 cm was applied in 10 
steps of 5 mm. Each test was carried out in 11 stages, where 
the first stage was without loading and subsequent stages 
were loading for displacement. In all steps, photographs 
were taken of the front face of the soil tank to allow for 
PIV analysis. Figure 3 provides images of the tank and its 
components.

Test Results and Discussion

Load Bearing Capacity in Loose Soil

Figure 4 shows the load-settlement diagrams for soil rein-
forced with geogrids positioned above twin voids. The 
charts and symbols used for every case have been standard-
ized in Figs. 4 and 5 using uniform colors and markers to 
ensure the graphs’ clarity and comparability. The following 
conditions in these figures are represented by the square, 
diamond, triangle, circle, and cross markers, in that order: 

Geogrid

Geogrids were used for soil reinforcement at laboratory 
scale. In all experiments, the length of the geogrid was 
50 cm in accordance with the results of a similar study by 
Moghaddas Tafreshi et al. [23], which showed that the opti-
mal length of a geogrid in their laboratory studies was about 
50 cm. Initially, similar tests were performed with geogrids 
having lengths of 50 cm and 100 cm (5 times the width of 
the rectangular footing). The bearing capacity of the soil 
reinforced with the 100-cm geogrid was not significantly 
different from that of the soil reinforced with the 50-cm 
geogrid. Therefore, in all experiments, the geogrids used 
had lengths and widths of 50 cm. Table 2 lists the physical 
and mechanical characteristics of the geogrids.

Experimental Procedure

The objective of this study was to examine the influence 
of parameters such as the soil relative density, number of 
geogrid layers, vertical distance between geogrids in a two-
layer configuration, the outer distance between voids (S/B), 
embedment depth of the voids (h/B) and embedment depth 
of the first geogrid layer (u). Forty laboratory tests were 
conducted. Each laboratory test was repeated three times to 
ensure the accuracy of the results and to confirm the find-
ings. Table 3 lists the specifics of laboratory modeling.

The same construction process was used for every 
model. This included backfilling, compacting of the soil 
layers, placement of the pipes and installation of the rein-
forcements. The tamping of each soil layer and 10-cm 
backfill layers were done using the same weight to ensure 
that all soil layers had the same density. The backfilling 

Table 2  Physical and mechanical properties of scaled geogrids
Type of reinforcement Material Opening dimensions (mm) Thickness

(mm)
Extension at failure (%) Axial load capacity

(kN/m)
Elastic modulus
(kN/m)

Geogrid Polypropylene 5 × 5 1.8 6 2.61 121.2

Table 3  Details of experimental program
Row Type of reinforcement Distance between voids 

(cm)
Geogrid embedment 
depth (cm)

Vertical spacing 
between geogrids (cm)

Soil relative 
density (%)

Num-
ber 
of 
tests

1 Unreinforced 3 (S/B = 0.6)
7 (S/B = 0.8)

- - 35–73 8

2 1 layer of geogrid (G1) 3 (S/B = 0.6)
7 (S/B = 0.8)

3.5 (u3.5)
7 (u7)

3.5-7 35–73 8

3 1 layer of geogrid (G1) 3 (S/B = 0.6)
7 (S/B = 0.8)

3.5 (u3.5)
7 (u7)

3.5-7 35–73 8

4 2 layers of geogrid (G2) 3 (S/B = 0.6)
7 (S/B = 0.8)

3.5 (u3.5)
7 (u7)

3.5-7 35–73 8

5 2 layers of geogrid (G2) 3 (S/B = 0.6)
7 (S/B = 0.8)

3.5 (u3.5)
7 (u7)

3.5-7 35–73 8
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of 3.5 and 7 cm from the ground surface, the soil bearing 
capacity increased by 34.9% and 45.1%, respectively, from 
the previously stated conditions.

The addition of 1 or 2 geogrid layers buried at a depth of 
3.5 cm from the soil surface increased the bearing capacity 
of the reinforced soil by 11% and 30.5%, respectively, com-
pared to the bearing capacity of unreinforced soil with voids 
at h/B = 1 and S/B = 0.8 (Fig. 4b). Similar void placement 
conditions caused an 18.6% increase in the bearing capacity 
of the soil reinforced with one geogrid layer at a distance of 
7 cm compared to unreinforced soil. A 38.4% increase was 
observed when two geogrid layers were added at the same 
depth and spacing.

Unreinforced soil (UN), soil reinforced with one geogrid 
layer embedded at a depth of 3.5 cm below the soil surface 
(G1-u3.5), soil reinforced with one geogrid layer embed-
ded at a depth of 7 cm below the soil surface (G1-u7), soil 
reinforced with two geogrid layers embedded at a depth of 
3.5 cm below the soil surface (G2-u3.5), and soil reinforced 
with two geogrid layers embedded at a depth of 7 cm below 
the soil surface (G2-u7).

Figure  4a shows that the soil reinforced with a single 
geogrid layer buried at depths of 3.5 and 7  cm from the 
ground surface increased by 16.5% and 25.1%, respec-
tively, over the unreinforced soil in scenarios where h/B = 1 
and S/B = 0.6. The addition of two geogrid layers at depths 

Fig. 3  Tank used for tests with its 
components: (a) datalogger; (b) 
loading jack with strain gauge on 
foundation; (c) front view of tank
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h/B = 1 was increased to h/B = 1.5, the bearing capacity of 
the loose unreinforced soil increased by 15.7% at S/B = 0.6. 
At S/B = 0.8, when h/B = 1 was increased to h/B = 1.5, the 
soil bearing capacity increased by 14.4%.

The bearing capacity of the geogrid-reinforced loose 
soil likely increased as the void ratio increased because 
the voids spread beyond the area where the loads under the 
footing affected them. It is also possible that the higher void 
ratio reduced the interaction between the two voids under 
the footing, which in turn increased the bearing capacity of 
the geogrid-reinforced soil.

A higher void embedment ratio was shown to increase the 
bearing capacity of the geogrid-reinforced soil in the results 
of experiments carried out in loose soil. Additionally, as the 
distance of the voids beneath the footing increased along 
with their embedment ratio, the influence of the voids on the 
footing bearing capacity decreased, leading to an increase in 
the soil bearing capacity.

Figure  4c shows that the bearing capacity of soil rein-
forced with one geogrid layer at depths of 3.5 cm and 7 cm 
increased by 7.9% and 20.8%, respectively, compared 
to unreinforced soil at h/B = 1.5 and S/B = 0.6. In addi-
tion, the bearing capacity of the soil reinforced with two 
geogrid layers at depths of 3.5 and 7 cm increased by 31.8% 
and 39%, respectively, in comparison to the soil without 
reinforcement.

Figure 4d shows that the addition of 1 or 2 geogrid layers 
buried at a depth of 3.5 cm increased the bearing capacity of 
the reinforced soil by 5.9% and 18.7%, respectively, com-
pared to unreinforced soil at h/B = 1.5 and S/B = 0.8. Soil 
reinforced with one or two geogrid layers at a burial depth 
of 7 cm increased the bearing capacity of the reinforced soil 
by 9.9% and 41.2%, respectively, in comparison with unre-
inforced soil.

An increase in the S/B from 0.6 to 0.8 at h/B = 1 and 
h/B = 1.5, increased the bearing capacity of loose soil with-
out reinforcements by 13% and 11.7%, respectively. When 

Fig. 4  Load-settlement diagrams 
of loose soil with twin voids 
under different conditions
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Figure 5c shows that one geogrid layer embedded in the 
soil with voids at S/B = 0.6 and h/B = 1.5 and at depths of 
3.5  cm and 7  cm increased the soil load bearing capacity 
by 5.9% and 10.9%, respectively. Under similar conditions, 
the increase in soil bearing capacity with 2 geogrid layers at 
depths of 3.5 cm and 7 cm was 16.8% and 39.6%, respec-
tively, compared to unreinforced soil.

Figure 5d shows that the bearing capacity of unreinforced 
soil compared to soil reinforced with 1 or 2 geogrid layers at 
a burial depth of 3.5 cm was 7.3% and 21.4%, respectively, 
at h/B = 1.5 and S/B = 0.8. Additionally, compared to unrein-
forced soil, the bearing capacity of soil reinforced with one 
or two geogrid layers at a buried depth of 7 cm increased by 
12.8% and 51.8%, respectively.

In unreinforced soil, an increase in S/B from 0.6 to 0.8 
resulted in an increase in the soil bearing capacity of 17.2% 
and 1.5%, respectively, at h/B = 1 and h/B = 1.5. An increase 
in from h/B = 1 to h/B = 1.5 increased the soil load bearing 

Load Bearing Capacity in Dense Soil

The load-settlement diagrams for dense soil reinforced with 
geogrids over voids with different h/B and S/B ratios are 
shown in Fig. 5. The bearing capacity of soil reinforced with 
one geogrid layer embedded at depths of 3.5 cm and 7 cm 
increased by 0.3 and 13.8%, respectively, compared to the 
unreinforced soil shown in Fig. 5a, where the voids were 
located at h/B = 1 and S/B = 0.6. The use of two geogrid lay-
ers at burial depths of 3.5 cm and 7 cm increased the bearing 
capacity compared to unreinforced soil with voids by 37.5% 
and 56.3%, respectively.

With an increase in the S/B ratio to 0.8 at h/B = 1, the 
addition of 1 or 2 geogrid layers buried at a depth of 3.5 cm 
improved the bearing capacity of the unreinforced soil by 
11% and 41%, respectively (Fig. 5b). As the geogrid burial 
depth reached 7  cm, the bearing capacity increased by 
17.9% and 48.3%, respectively, compared to unreinforced 
soil at h/B = 2 and S/B = 0.8.

Fig. 5  Load-settlement diagrams 
of dense soil with twin voids 
under different conditions
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strength of the reinforcement and the confining stress that 
develops on the backfill soil in the geogrid apertures as a 
result of the passive resistance provided by the geogrid [23, 
59]. An increase in soil density will cause more soil to be 
deposited above the void, which will cause the load to be 
distributed more uniformly over the void and decrease the 
load transferred to the void crown. Compacted reinforced 
sand layers perform better when the overburden on top of 
the void increases and permits greater shear strain to be 
sustained before failure, preventing direct soil penetration 
between the footing and the void [23].

Horizontal Displacement of Voids

The change in the horizontal distance between voids with 
respect to the original value (S) was investigated and the 
results are displayed as a percentage (%) in Fig. 6. In Fig. 6, 
the results of all experiments with similar characteristics 
have been presented in the same color to make it easier to 
compare different cases. For example, the results of tests 
performed without reinforcement are displayed in black in 
the corresponding bar chart. In the bar graphs, the results of 
tests performed on voids with a constant S/B ratio are rep-
resented by the horizontal axis, while the variations in the 
parameter S are indicated by the vertical axis. The voids in 
the unreinforced loose soil at h/B = 1 and S/B = 0.6 experi-
enced the greatest change in the horizontal distance between 
them (40%). This change in the horizontal distance between 
the voids at h/B = 1 and S/B = 0.6 decreased to 20.8% with 
an increase in the density of the unreinforced soil, which 
indicates that there was fewer volume of the gaps between 
the soil particles in the unreinforced condition as soil 
density increased. As a result, less soil particle migration 
occurred between and above the voids. Reduced soil parti-
cle displacement resulted in less soil pressure being applied 
to the voids during loading, which reduced the amount of 
displacement between the voids.

A decrease in the horizontal distance between voids was 
observed in all instances where the void embedment ratio 
(h/B) increased from 1 to 1.5. This occurred because the 
soil particles received a greater proportion of the loading-
induced displacement when more soil was deposited above 
the voids. The horizontal distance between the voids showed 
a smaller increase at h/B = 1.5 than at h/B = 1. Addition-
ally, the rate of change in the horizontal distance between 
the voids decreased as S/B increased from 0.6 to 0.8. The 
increase in the soil volume between the voids decreased the 
portion of the load that reached the voids because more soil 
was deposited between them and caused the void distance 
ratio to increase. Horizontal displacement of the voids also 
decreased as the load on them increased. In this case, as the 
soil density increased, the internal friction angle of the soil 

capacity in compacted unreinforced soil by 67.1% for voids 
at S/B = 0.6 and 44.7% for voids at S/B = 0.8.

The soil layer between the footing and the void became 
thinner as the voids were located closer to the footing and 
had a lower embedment ratio (h/B). The soil experienced a 
decrease in shear strain prior to failure as a result. Their neg-
ative effects decreased and the bearing capacity increased 
when h/B increased [23]. Previous research has shown that 
there is a positive correlation between an increase in soil 
arching and a decrease in the effect of the void on the soil 
bearing capacity, which increases the shear resistance [34, 
54]. With the failure of plane arching, h/B increased the soil 
shear resistance. As a result, the layer of soil above the voids 
that was reinforced with a geogrid carried a larger propor-
tion of the load and the voids carried a smaller percentage 
of the load [23].

The surcharge above the first geogrid layer increased 
when the embedment depth increased to 7 cm (u/B = 0.35). 
This increased the bearing capacity of the geogrid-rein-
forced soil because it increased the frictional resistance 
between the geogrid and the sand. A study by Tafreshi and 
Khalaj [5] showed that the soil layer between the reinforce-
ment and the footing produced less surcharge that would 
create frictional resistance between the sand and the geogrid 
at the sand-reinforcement interface when u/B < 0.35. Previ-
ous research by Tafreshi et al. [10] suggested an optimum 
embedment depth of 0.25D to 0.4D (D = diameter of the cir-
cular footing) for single-layer geosynthetic reinforcements 
located below the circular footings, This depth promoted the 
formation of external arching below the footing, mobiliz-
ing the tensile capacity of the geosynthetics and enhancing 
the bearing capacity. Other studies have similarly stated that 
an increase in the u/B ratio of reinforcements beyond 0.35 
reduced the effectiveness of the reinforcement and lowered 
the bearing capacity of the geogrid-reinforced soil [55, 56].

The shear resistance and load distribution in the system 
will increase as the number of geogrid layers increases 
above the void. The risk of instability and collapse of the 
void will decrease when the load transferred to the void 
crown decreases with an increase in the stiffness and shear 
resistance [23]. Previous investigations have revealed that 
an effect resembling soil arching occurs with the addition of 
more layers of geosynthetic reinforcement [54, 57] which 
reduces the load imposed on the void, increasing its stabil-
ity [23]. Moghaddas Tafreshi et al. [23] also reported that 
increasing the number of reinforcement layers had a sub-
stantial effect on the strain that developed along the geogrid 
length as well as on the bearing capacity of the soil rein-
forced by the geogrid. The internal confinement effect pro-
posed by Yang [58] may be the cause of this phenomenon.

The internal confinement effect is related to the level 
of friction at the soil-reinforcement interface, the tensile 
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h/B = 1.5, respectively, for compacted soil reinforced with 
two geogrid layers embedded at a distance of 7 cm from the 
ground surface.

The overburden on the reinforcements increased as the 
embedment depth of the first geogrid layer increased from 
3.5 to 7  cm. Friction between the soil and the reinforce-
ments increased as the overburden on them increased. Par-
ticle displacement between the voids decreased with an 
increase in the soil-reinforcement friction. The increased 
shear resistance and improved soil particle interlock of the 
system were the causes of this decrease and resulted in less 
change in the horizontal distance between the voids.

particles also increased. It was more apparent in the tests on 
compacted soil that the interlock between the soil particles 
became stronger as the internal friction angle of the soil 
particles increased, resulting in a decrease in soil particle 
displacement.

Analysis of the experimental results indicated that the 
use of a geogrid to reinforce the soil considerably reduced 
deformation caused by loads applied to the foundation. 
Increasing the number of geogrid layers above the voids 
improved the shear resistance and stiffness of the geogrid-
reinforced soil, which in turn increased the bearing capac-
ity and reduced particle movement under loading. Changes 
in the horizontal distance between voids decreased with a 
decrease in particle displacement. Figure  6 demonstrates 
that the change in the horizontal distance between voids 
at S/B = 0.8 was 5.6% and 3.7% for voids at h/B = 1 and 

Fig. 6  Percentage of change in 
horizontal space between voids 
under different conditions
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The data shows that the increase in the geogrid aperture 
length decreased progressively as the embedment depth 
of the initial geogrid layer increased in every scenario. It 
appeared that more of the load was transferred to the soil 
above the reinforcement than to the reinforcement itself as 
the height of the soil overburden imposed on the reinforce-
ment increased. In this case, as the embedment depth of 
the first geogrid layer increased, the change in the length 
of the geogrid apertures decreased. The geogrids embed-
ded at shallower depths experienced greater tensile force 
than geogrids embedded at lower depths. In contrast to 
the geogrids embedded at lower depths, the increase in 
the length of the geogrid apertures embedded at shallower 
depths was more noticeable.

As the number of geogrid layers increased, the increase in 
the length of the geogrid aperture in the reinforcement with 
two geogrid layers was observed to be considerably less 
than that of the reinforcement with one geogrid layer. Place-
ment of the reinforcements within the effective depth of 
reinforcement increased the soil lateral confinement, which 
increased the system load-bearing capacity and decreased 
deformation in the geogrid-reinforced soil system. It also 
was noted that, as the number of geogrid layers and the 
embedment depth increased, the load distribution increased 
and less load was transferred to the second geogrid layer 
and, ultimately, to the voids.

Change in Dimensions of Geogrid Apertures

A caliper was used to measure changes in the geogrid aper-
tures to investigate the effect of loading on a footing placed 
on soil reinforced with geogrids. Figure 7 shows a sample 
of the geogrid used before and after testing. After testing, it 
was found that the length of the geogrid apertures increased 
in an area that was almost equivalent to the footing width 
(B) when loading was applied. The tensile forces in the 
reinforcements were mobilized as a result of loading. An 
increase in aperture elongation in the reinforcements and 
the risk of reinforcement rupture occurred when the mobi-
lized tensile force exceeded the ultimate tensile strength of 
the geogrid.

Table  4 displays the maximum extent of elongation 
caused by loading in the geogrid apertures as measured 
by calipers. The single geogrid layer embedded at a depth 
of 3.5 cm (G1-u3.5) in loose soil with voids (h/B = 1 and 
S/B = 0.6) showed the greatest increase in geogrid aperture 
length. Several geogrid apertures in the areas corresponding 
to the footing width grew to a length that was 3.84 times 
greater than the original length (5 mm). The dense soil with 
voids and two geogrid layers embedded at a depth of 7 cm 
(G2-u7; h/B = 1.5 and S/B = 0.8) showed the least increase 
in geogrid aperture length. In that case, the geogrid aper-
tures in areas matching the footing width showed a 1.64-
fold increase in length.

Table 4  Maximum measured length of geogrid aperture under different conditions (mm)
Row Soil density Loose Dense

Embedment ratio of voids h/B = 1 h/B = 1.5 h/B = 1 h/B = 1.5
Number and embedment depth of geogrid Distance ratio of voids

S/B = 0.6 S/B = 0.8 S/B = 0.6 S/B = 0.8 S/B = 0.6 S/B = 0.8 S/B = 0.6 S/B = 0.8
1 G1-u3.5 19.2 17 15.7 15.4 18.3 16.5 14.5 14.1
2 G1-u7 16.9 15.8 14.9 13.5 16.2 15.6 12.8 12.3
3 G2-u3.5 Upper layer 15.9 14.6 13.5 12.6 14.9 14.1 12 11.5

Lower layer 15.3 13.2 12.5 11.1 14.2 11.2 10.6 10.2
4 G2-u7 Upper layer 12.9 11.8 10.8 10.1 13.8 10.5 10 9.1

Lower layer 12.1 11.3 10 9.7 12 9.8 9 8.2

Fig. 7  Geogrid used in physical 
modeling: (a) before testing; (b) 
after testing
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of soil with voids at h/B = 1 beneath the footing. Compari-
son of Figs. 9 and 10 with the results in Fig. 8 shows that 
the addition of reinforcement to the soil beneath a footing 
increased the system load-bearing capability and reduced 
the strain in the system compared to the unreinforced tests. 
In contrast to test results under similar void conditions with-
out reinforcement, the dense soil with voids at h/B = 1 and 
S/B = 0.6 that was reinforced with one geogrid layer at a 
depth of 7 cm (G1-u7) showed a greater decrease in the strain 
rate in the Rankine passive zones. As the h/B increased from 
1 to 1.5, the shear strain in the Rankine active zone in tests 
with one geogrid layer was less than for similar tests without 
reinforcement. This was because the dense soil reinforced 
with geogrid exhibited greater shear resistance than loose 
soil without reinforcement. When a single geogrid layer is 
added to the soil beneath the footing, it becomes stiffer and 
more rigid than it would be in the absence of reinforcement. 
Additionally, this increases the friction between the soil and 
the reinforcement, which reduces soil particle movement 
and the development of shear stresses in the soil beneath the 
footing. The lateral pressure on the Rankine passive zones 
decreases as a result of the decreased stresses in the soil 
beneath the footing. Consequently, there is a reduction in 
the rate at which shear strain is created in these regions.

The addition of two geogrid layers to the soil beneath a 
footing prevented the formation of Rankine passive zones 
owing to the improved load-bearing capability of the sys-
tem. This could be observed by comparing Figs. 11 and 12 
with Figs. 8, 9 and 10. In Figs. 11 and 12, two geogrid layers 
were used in dense soil with voids at h/B = 1.5 and S/B = 0.8. 
The shear strain rate in the Rankine active zone beneath 
the footing was significantly lower than under the same 
conditions with one geogrid layer and without a geogrid. 
The shear strain rate around the voids decreased when two 
geogrid layers were added to the soil beneath the footing. 
The lateral confinement or internal confinement between 
the reinforcement and soil particles was the reason for the 
decrease in the shear strain rates on the Rankine active 
zone and around the voids. Because the soil reinforced with 
geogrids had a higher load-bearing capacity, the strain in the 
system decreased as the lateral confinement increased. The 
lateral confinement between the particles of sandy soil is 
greatly improved by increasing the number of geogrid lay-
ers from 1 to 2. Because of the greater lateral confinement, 
there is less mobility of the sand particles because of the 
higher friction between them. The stresses that have built 
up in the soil beneath the footing also lessen when particle 
mobility declines. As a result of this stress reduction, the 
soil beneath the footing exerts less lateral pressure on the 
Rankine passive zones. As a result, soil particle mobility in 
the Rankine passive zones is restricted due to the decreased 
lateral pressure in these zones. Consequently, there is a 

The analysis suggests that an increase in the soil density 
caused a decrease in the change of length in the geogrids. 
The volume of voids in the soil decreased and soil density 
increased, which brought the soil particles closer together. 
The load distribution among the soil particles became more 
significant and uniform as the soil particles became closer 
together. The densification of the soil resulted in a decrease 
in system deformation and an increase in the system load-
bearing capacity.

PIV Results

Particle image velocimetry (PIV) was used to assess how 
the parameters under study affected the occurrence of fail-
ure wedges and the amount of strain at the slip surface. 
Figures 8, 9, 10, 11 and 12 display the findings of image 
analysis carried out under different conditions. The range 
of shear strain is shown in the images in the right column 
of each figure. The shapes on the left represent tests carried 
out in dense soil and the shapes on the right represent tests 
carried out in loose soil.

Figure 8 shows that failure wedges were generated in the 
Rankine passive zones having the largest shear strain and 
extended to the ground surface in loose soil without rein-
forcement (h/B = 1 and S/B = 0.6) as a result of the pressure 
imposed on the footing. The range of shear strain on the 
failure wedges were at a maximum in this test. The magni-
tude of the shear strain at the intersection of the voids and 
the Rankine passive zones decreased when S/B increased 
from 0.6 to 0.8 in loose soil without reinforcement. In the 
unreinforced tests, the failure wedge in the Rankine passive 
zones did not fully form when h/B increased. It is notewor-
thy that the strain rates were greater for voids at S/B = 0.6 
than for voids at S/B = 0.8 on the slip surface of the Rankine 
passive zones. Furthermore, in tests conducted in loose soil, 
the strain was larger than in tests carried out in dense soil 
on the slip surface in the Rankine passive zone. Because 
the stiffness and shear strength of loose soil without rein-
forcement are lower than those of dense soil, larger shear 
stresses will occur when a load is applied to the footing in 
loose soil. The generation of larger shear stresses in the soil 
beneath the footing causes the development of higher shear 
strains on slip surfaces, suggesting that conditions of loose 
soil have higher stress concentrations. Moreover, applying a 
load to the foundation causes the soil beneath it to compress 
(the Rankine active zone). This compression causes the 
surrounding soil (the Rankine passive zone) to experience 
lateral pressure, which causes it to compress and move as 
well. Because of the aforementioned factors, Rankine pas-
sive zones also develop in loose soil conditions.

The strain rates formed in the Rankine passive zones 
decreased with the use of one geogrid layer as reinforcement 
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Fig. 8  PIV results for tests performed on unreinforced soil
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Fig. 9  PIV results for tests performed on soil with 1 geogrid layer embedded at a depth of 3.5 cm (G1-u3.5)
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Fig. 10  PIV results for tests performed on soil with 1 geogrid layer embedded at a depth of 7 cm (G1-u7)
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Fig. 11  PIV results for tests performed on soil with 2 geogrid layers embedded at a depth of 3.5 cm (G2-u3.5)

 

1 3

   82   Page 16 of 20



Int. J. of Geosynth. and Ground Eng.           (2024) 10:82 

Fig. 12  PIV results for tests performed on soil with 2 geogrid layers embedded at a depth of 7 cm (G2-u7)
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downward in this type of failure within the wedge beneath 
the footing, applying lateral pressure to the nearby soil.

Conclusions

The current study examined the behavior of soil with twin 
voids with and without reinforcement by performing a total 
of 40 tests on unreinforced sand and sand reinforced with 
geogrids.The factors assessed were the soil density, the 
number and spacing of the geogrid layers, their embedment 
depth and the horizontal spacing of the voids. The results of 
this investigation showed that:

	● The lateral displacement of the voids decreased and the 
bearing capacity increased with an increase in the S/B of 
the voids in all scenarios.

	● The bearing capacity increased and the lateral displace-
ment of the voids decreased in all tests as the embed-
ment depth ratio of the voids increased.

	● The bearing capacity of geogrid-reinforced soil in-
creased significantly as the number of layers increased 
because of the increase in resistance of the soil beneath 
the footing. The test results indicated that the bearing ca-
pacity of dense soil reinforced with geogrids increased 
by 51.8% in comparison to unreinforced soil. Among all 
tests, the two-layer geogrid (G2-u7) demonstrated the 
greatest improvement in bearing capacity.

	● In every scenario, an increase in the bearing capacity 
and a decrease in the lateral displacement of the voids 
were noted as the soil density increased from 35 to 73%. 
The system bearing capacity increased with an increase 
in the soil density because the volume of the gaps in 
the soil decreased and increased the particle-to-particle 
friction.

	● There was an increase in the frictional resistance be-
tween the sand and the geogrid when the embedment 
depth of the initial layer increased from 3.5 cm to 7 cm. 
As a result, the lateral displacement of the voids de-
creased and the system bearing capacity increased.

	● The results of PIV analysis indicated that, as the number 
of geogrid layers and the embedment depth of the upper 
geogrid layer increased, the rate at which shear strain 
was generated in the Rankine active zone decreased and 
Rankine passive zones did not form.

	● In tests using two geogrid layers (G2-u7), the rate at 
which the shear strain was generated around the voids 
in dense soil at h/B = 1.5 was much lower than for the 
other scenarios analyzed. The higher shear resistance of 
the soil-geogrid system was the reason for this decrease.

	● The use of two geogrid layers spaced 7 cm apart (G2-
u7) is recommended as the ideal condition at laboratory 

significant decrease in strains, especially shear strains, 
where the slip surface is located.

The PIV results showed that punching shear failure was 
observed beneath the footing in all tests carried out on soil 
with voids at h/B = 1.5. In tests carried out on soil with and 
without a single geogrid layer over voids at h/B = 1, Ran-
kine passive zones were observed in the soil beneath the 
footing and the failure type was general shear failure. The 
zone beneath the footing and the geogrids experienced com-
pression due to the development of general shear failure.

A similarity has been found between the reported fail-
ure surfaces in the soil beneath the footing in the current 
investigation and the numerical study conducted by Kumar 
and Chauhan [14] based on the examination of PIV data. 
The failure planes resulting from the interaction between 
the footing and the voids are curved in both studies, and 
two more failure planes extend from the apex of both voids 
to the horizontal ground surface. As noted by Kumar and 
Chauhan [14], notable shear strains will develop at the apex 
of twin circular voids if they are located close to the footing. 
This is because the apex of the voids and the failure planes 
beneath the footing will intersect, as confirmed in the cur-
rent investigation. Additionally, Kumar and Chauhan [14] 
reported that as the horizontal distance between the voids 
increases, there is less interaction between the voids and the 
footing, which lowers the shear strain rates that are created, 
especially at the top of the voids. Similarly, in the current 
study, shear strain rates developed on the failure surfaces 
and at the void apex reduced when the S/B ratio of the voids 
increased from 0.6 to 0.8.

This study’s PIV analysis results, when compared to the 
numerical analysis carried out by Zhao et al. [15], show 
that symmetrical failure would occur in the soil beneath 
the footing when circular voids are placed in unreinforced 
soil. Underneath the footing and above the void, the failure 
wedges will form symmetrically with identical shear strain 
rates. Furthermore, it can be claimed that the failure shape 
for twin circular voids observed in this study is similar to 
the failure shape for a single circular void that was seen in 
the aforementioned numerical study. The apex of the void is 
impacted by the depth of the failure wedges in this type of 
observed failure. Notably, the failure observed in this study 
is consistent with scenarios in which the voids are located 
in the upper regions of the area affected by the load applied 
on the footing and have a lower embedment ratio (h/B = 1).

According to the evaluation and comparison of the PIV 
analysis results with the findings of the study conducted by 
Ates and Sadoglu [16], which examined the bearing capacity 
of sandy soil reinforced with geotextile, the failure wedges 
found in unreinforced soil and soil with a single reinforce-
ment layer were consistent with earlier theories of bearing 
capacity (Terzaghi, 1943). The soil has a tendency to move 
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scale to improve the soil bearing capacity and decrease 
deformation and displacement brought on by loading of 
the soil.
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