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Abstract

Both experimental and numerical investigations conducted on strip footing laying down over the geogrid reinforced �ne 
sand bed. Firstly, an evaluation of the signi�cance of geogrid reinforcement to enhance the soil’s strength is required to 
carry out a series of a small-scale model of reinforced and unreinforced soil beneath static loading. Next, the series of the 
large-scale numerical analyses were implemented to de�ne the soil bed reaction modulus and bearing capacity ratio 
of reinforced sand soil in plane strain conditions. The Mohr–Coulomb soil constitutive model was used to represent the 
�ne sandy soil and the linear elastic tension model was utilized for modeled geogrid reinforcement elements. One of 
the most bene�cial outcomes in the unreinforced soil case, the ultimate bearing capacity progress occurs by developing 
the width of the strip footing. Then in reinforcing case, an uppermost geogrid layer’s depth under the footing and the 
�ttest spacing between the reinforcing layers are not a�ected by the wide ranges of the footing widths. Their optimum 
values are similar to the works of literature (u/B = 0.3 and h/B = 0.4), but they are a�ected by soil friction angles. Finally, 
the achievement of this study indicates that the coe�cient of soil reaction is associated with a nonlinear behavior with 
the relative ratio of tensile sti�ness of the geogrid to the elasticity modulus of soil and enhanced by increased the num-
ber of geogrid layers. The in�uence of geogrid length on subgrade modulus is negligible and only the e�ective depth 
is a�ected it. The value of reaction modulus decreases when both the footing width and settlement increase. A simple 
new method is proposed to determine an approximate value of subgrade reaction modulus in reinforced soils.
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1 Introduction

Shallow foundations are frequently built on grounds with 
low resistance, ensuing in the inability of the structure, 
either to the weak strength of soil or to increased settle-
ments of footing. One of the approaches scienti�cally pro-
posed to solve this problem is to improve soil resistance 
using a reinforcement technique that helps to increase soil 
stability and to reduce the stresses transferred from the 
base to the soil mass.

Improving the resistance of weak soil using geosyn-
thetic material is a successful way to support the stability 

of many geotechnical engineering structures such as 
dams, road construction, excavations, slopes, and founda-
tions. Geogrid is one of the high-resistance of geosynthetic 
material that included within the compacted soil mass for 
increasing their bearing capacity and reducing settle-
ment. Thus, to comprehend the reaction of the geogrid 
reinforced-soil zone, the investigators were conducting 
the small-scale model tests. The important inquiry is how 
to approximate the performance and response of the 
geogrid reinforced soil in the experimental model using 
the diminished scale in comparison with the large scale 
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prototype? Numerous researchers focused on this prob-
lem in geotechnical studies being the a�ect scale.

2  Background

The subject of scale e�ect has been extremely crucial to 
the comprehension of the unreinforced and reinforced soil 
behavior that turned up beneath the shallow foundations 
[1–12]. DeBeer [1] was concluded that bearing capacity is 
not increased linearly based on the width of a footing. 
These signify that the aspects of scale e�ect are slightly 
due to the nonlinear curvature of the soil behavior at fail-
ure. It depended on the internal friction angle values, the 
relative density and means normal e�ective stress. There-
fore, the denser soil the most curvature and then the loose 
soil the failure envelope is linear [10, 11]. Toyosawa et al. 
[12] reported that three factors are responsible for the 
scale impacts: the mean stress level of contact surface, 
grain size distribution and the footing embedment depth. 
This essential percentage ratio of (B/d50 % where B shows 
footing width and  d50 represents the mean grain size of 
soil) does not a�ect the results if their values are greater 
than 50–100 (75 on average) to avoid the particle size reac-
tion [11, 13]. Cerato and Lutenegger [4] have been con-
cluding that developing the various ranges of footing 
width for di�erent kinds of shallow foundations is leads to 
reduce in the “the bearing capacity factor, Nγ,”. Also, it is 
broadly understood that the scale footing size does not 
a�ect the behavior of the �ne-grained soils as it is for 
coarse-grained soils. The same outcomes reported for 
numerous values of internal friction angles and he means 
principal stresses [5]. Many researchers have con�rmed 
that reducing the size e�ect phenomena on the footing 
and aperture geogrid dimension produces an essential 
duty in improving the reinforced soil mechanical response, 
particularly in the event of laboratory research on a small-
scale model. Das and Omar [3] decided that the tiniest 
wideness of the footing to be implemented in the labora-
tory on a small-scale model should be greater than 
140 mm. Consequently, the load applied is not considered 
central and therefore di�erent results obtained by com-
parison with the standard model. Fakher and Jones [14] 
pointed out that not bringing into account the scale e�ect 
in reinforced soils will lead to unacceptable outcomes and 
thus the mechanism of reinforcement is not assessed in 
actual conditions. They a�rmed that, by using the dimen-
sional analysis, the geogrid reinforcement tensile strength 
and sti�ness that used in the small-scale laboratory model 
are smaller than those employed in the prototype model 
by N and  N2 times, respectively, where N is the scale 
employed in the laboratory model. The large-scale �eld 
test was performed to assess the performance of the 

inclusion grid-anchor system in granular soils underneath 
square footing and it is compared with an experimental 
study Mosallanezhad et al. [7]. They concluded the square 
footing widths did not a�ect the BCR values. The relation-
ship between unreinforced soil bearing capacity and wide 
range of the footing width is linear, however, the rein-
forced soil carrying capacity behaves as non-linear correla-
tion. The behavior of geogrid-reinforced soil with di�erent 
widths strip footing by conducting cyclic loading is inves-
tigated [8]. The discoveries noti�ed strength of the di�er-
ent sandy soils were improved because of the increasing 
of the essential percentage ratio (B/d50 %). It was realized 
these results that the medium grain size �ne sandy soil 
must be reached to be 0.25 of the geogrid apertures and 
0.05 of the footing widths [8]. The footing width needs to 
be chosen at least 5 times of the geogrids aperture [8]. 
Sameh Abu El-Soud et  al. [9] have been studying the 
enhancement of the resolution characteristics and bearing 
capacity of a rigid shallow foundation on �ne dune sands 
utilizing geogrid reinforcement to show acceptable per-
formance. The testing plan includes 24 trials on the load-
ing plate on a steel bar with a di�erent widths (B): 75, 100 
and 120 mm, which is posted on the reference unarmed 
sand to �nd the ratio of endurance (BCR) to be held. It was 
possible to monitor adding the ground’s mobilized bear-
ing capacity compared to the unreinforced dune sand bed. 
The higher BCR appears for smaller footing in their subject 
area compared to the larger footing in the same �eld; thus, 
the reinforced soil method was e�ective for smaller strip 
footings. A few studies of numerical analysis have done on 
the “scale e�ect” of unreinforced and reinforced soil foun-
dation. Chen [6] carried out a series of numerical analysis 
tests. Regarding the numerical analysis, the footing width 
impact was essentially concerned with the “reinforced 
ratio” of their reinforced soil region [6]. The “reinforced 
ratio” is relative to the geogrid reinforcement’s tensile 
modulus and contrariwise proportionate to the total 
depth of geogrid reinforcement when the same soil is uti-
lized [6]. Afterward, this “reinforced ratio” also integrates 
the impacts of the geogrid layer number, embedment 
depth, etc. Zhu et al. [15] considered the numerical analy-
sis accompanied by the scale e�ect experimental tests to 
assess the bearing capacity improvement of two types of 
footings. They were discovered that the greater footing 
widths, the greater bearing capacity. Hence, “the coe�-
cient bearing capacity Nγ” in granular soils decreases with 
increasing proportion. Although, most studies focused on 
the identi�cation of a reinforced soil bearing capacity ratio, 
these researchers did not address the foundation reaction 
modulus. The concept of the reaction coe�cient was sug-
gested by Winkler. Hence, the researches of Tarzaghi [16], 
Bowles [17] and Selvadurai [18] have imposed experimen-
tal laboratory relationships to set the value of this 
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coefficient. In the current engineering studies and 
depending on the geometric point of opinion, this factor 
has been conceived to act as a key character in the issues 
of the interaction soil-geogrid. It can be calculated from 
the settlement-applied pressure curve response under the 
plate load test laboratory. At this time, all the works con-
centrated on measuring the bearing capacity ratio, but a 
few of these researches were considered the magnitude 
of the soil bed reaction modulus in reinforced soil. In the 
current work, small-scale tests were applied for simulating 
the strip footing resting on the �ne-grained soil exposed 
to static loading. The e�ects of the applied stress-settle-
ment response curve compare with an FE numerical model 
by conducting the program PLAXIS version 8.2 [19]. Alam-
shahi and Hataf [20] were carried out a series of �nite ele-
ment analyses along the bearing capability of the rigid 
strip footing constructed on a sand slope. A numerical 
investigation related to the optimal burial depth of the 
reinforcement within sand formations was done by Aria 
et al. [21]. Boushehrian and Hataf [22] carried out both 
experimental and numerical model tests on circular and 
ring shallow foundation elements to inspect the bearing 
capacity of geosynthetic-reinforced sand. Basudhar et al. 
[23] were conducted circular footings resting on geotex-
tile-reinforced sand bed. They anticipate the load-settle-
ment characteristics using both analytical and numerical 
modeling then those compared with a physical laboratory 
model output. El Sawwaf [24] examined the behavior of 
the strip footing on geogrid-reinforced sand over a soft 
clay slope. The possible aids by using replacement with a 
reinforced sand layer made adjacent to a slope crest was 
considered. A range of two-dimensional plain strain �nite 
element analyses (FEA—using PLAXIS—was done along a 
physical slope model. Chao [25] ran out the improving 
bearing capacity of shallow foundations on weak soils uti-
lizing geosynthetic reinforcing technique. Zidan [26] was 
conducted the numerical study to determine the behavior 
of circular footings on geogrid-Reinforced sand under 
static and dynamic Loading. Yu [27] was discussed the 
influence on choice of commercial software programs 
(FLAC and PLAXIS) on interface models of reinforced 
soil–structure interactions. Most of these studies concen-
trated on assessing the impact of geosynthetic reinforce-
ment on increasing the soil bearing capacity and did not 
address the discussion of the coe�cient of the reinforced 
soil reaction. In the current study, the numerical analysis 
aid in comprehending the behavior of the geogrid-�ne 
sand system under static loading. The original purpose of 
the aforementioned performance is to identify the meas-
urable relationship between the bed reaction modulus 
and the mechanical characteristics ofthe geogrid-rein-
forced soil. Based on the analytical methods proposed by 
several researchers, it should be con�rmed the results of 

these numerical analyses for the reaction modulus that 
including the statistical analysis of the conclusions.

3  Properties of materials used

In order to conduct the small-scale model in the labora-
tory, it is necessary to prepare laboratory materials for this 
experimental study and the fabrics are characterized as 
follows:

3.1  Soil

The soil utilized in the laboratory testing program is fine-
grained sandy soil with code 151, which was brought 
from the mountainous area of Firozkoh, northeast of 
Iran. The grain size analysis was carried out based on 
the ASTM D422 standard for soil classification using 
a series of sieves with graduated measurements such 
as N20, N30, N40, N50, N70, N100, N200, Pan, and the 
laboratory results were sequentially  cC = 1.11, cu = 1.90, 
(mean particle size)  d50 = 0.34  mm, (impact particle 
size)  d10 = 0.2  mm,  dmax = 0.425  mm,  dmin = 0.01  mm. 
The Unified Soil Classification System (USCS) classified 
this material as sand poor-graded soil (SP) as shown in 
Table 1 and Fig. 1. The dry bulk density was determined 
in the laboratory according to ASTM D2049 by using a 
half-inch funnels and the standard Proctor experiment 
with a diameter of 151.6 mm and the height of the mold 
is 107.0 mm. As a result, the value of the dry volume den-
sity is γdmin = 14.09 kN/m3. In the same mold, the vibrator 
table test was carried out to determine the maximum dry 
density, their value is γdmax = 16.61 kN/m3. The specific 
gravity is Gs = 2.68. Various studies have shown that the 
size of the sample does not affect significantly the fric-
tion parameters obtained in the test [2, 11, 15, 18], these 
works recommend that a ratio between mean particle 
size to the length of the box must be in the range of 
50–300, Infante [28]. A series of nine direct shear small 
box test were conducted to compute the mechanical 

Table 1  The mechanical and physical features of �ne sand soil

Relative density 
ASTM D2049

Direct shear test 
ASTM D5321

Sieve analysis ASTM 
D422

ϒdmax = 16.61 kN/m3
ϒdmin = 14.09 kN/m3
emax = 0.866
emin = 0.583
e(ϒ= 15) = 0.753
ϒ = 15 kN/m3

Dr = 40%

Csoil = 15 kPa
ϕresidual = 29.33º
ϕpeak = 36.5º
Ci, residual = 13.45 kPa
ϕi, residual = 38.37º
ψ = 6.5º
At  Dr = 40%

cu = 1.90 
cc = 1.11
d50 = 0.34 mm
d10 = 0.20 mm
d30 = 0.29 mm
d60 = 0.38 mm
dmax = 0.425 mm
dmin = 0.01 mm
SP (USCS)
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properties of fine sandy soil and geogrid-sand inter-
action coefficient. The geogreid specimens were posi-
tioned perpendicular to the failure plane in order to 
determine the behavior of soil-geogrid system when the 
shear force acts normal to the reinforcing layer, Athana-
sopoulos [29] and Infante [28]. The soil’s friction angle at 
residual, the soil friction angle at peak, the dilation angle 
and cohesion of dry sandy soil obtained from the direct 
shear test (60 mm × 60 mm) according to (ASTM D5321) 
at relative density 40% are 29.33°, 36.5°, 6.5° and 15 kPa, 
respectively, as depicted in Figs. 2 and 3. The oedometric 
elasticity modulus obtained from the one-dimensional 
test in a dry case as indirect value is  Eoed = 28 MPa.

Figure 2 indicates an increase in the shear modulus 
of the soil by the inclusion of a geogrid element into the 
sandy soil. As a result, both the angle of internal friction 
and the apparent cohesion increase.

The relative density and void ratio are calculated as, Das 
BM [30]:

3.2  Reinforcement element

The geogrid CE161 utilized in this study was created by 
an Iranian company (Mesh Iran). This kind of geogrid 
possesses the thickness of 3.3 mm and a 10 × 10 mm 
aperture size with a mass of 0.700 kg/m2. The final ten-
sile strength was measured at about 6.1 kN/m. This kind 
of geogrid has the similar tensile strength in all direc-
tions. The material features of the reinforcement are also 
provided in Table 2, presented by the manufacturers.
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Fig. 1  Particle size distribution analysis

Fig. 2  Direct shear test results for �rozkoh soil

Fig. 3  Mohr–Columb envelope curve for �rozkoh soil

Table 2  The physical characteristics of geogrid

Physical characteristics of Geogrid CE161

HDPE Polymer (Polyethylene)

10 × 10 Mesh aperture size (mm)

3.3 Mesh thickness (mm)

700 Structural weight (gr/m2)

Mechanical Properties of Geogrid CE161

6.1 Tensile strength, max load (kN/m)

51.7 Extension at max load (%)

2.9 Load at 10% extension (kN/m)

1.06 Tensile strength at strain 2% (kN/m)

1.71 Tensile strength at strain 5% (kN/m)
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3.3  Model footing

In this study, a strip element is made of steel used for mod-
eling the footing in plane strain condition. The thickness of 
footing is 20 mm such that it can be considered as a solid 
element and does not subject to scale e�ect. The foot-
ing width is 100 mm, which is 5 times smaller than the 
length of the box model. The length of footing is selected 
to 440 mm that rests in the same direction of the width of 
the laboratory model box and less than 10 mm of it. It is 
using a coarse sand adhesive layer with epoxy glue on the 
bottom surface of the footing to ensure a uniform rough-
ness in all tests. The static applied loading is at the center 
of the strip footing, return to Fig. 5b.

4  The test setup and experimental 
procedure

The laboratory small-scale model is a rectangular box 
made of steel and it has an internal dimension 450 mm, 
1100 mm, and 1600 mm in width, height, and length, 
respectively. The conditions of the model study were cho-
sen according to the plane strain problem. The relative 
dimensions of the model length to the footing width is 
16, which is su�cient to prevent the failure surfaces from 
interfering with the lateral dimensions of the box study. 
The height of soil mass in the model to be up to 1000 mm 
(H/B = 10 > 3). The box width is equivalent to the width of 
the footing and the footing length was reduced by 5 mm 
from each side of its to avoid contact footing with the wall 
of the sandbox.

A loading system for the load application is a pneumatic 
cylinder connected to an air compressor providing about 
10 bar air pressure. This system is capable of securing a 
regular periodic load in accordance with the pressure 
conditions applied to the soil sample. The jack loading is 
equivalent to 5 tons, su�cient to transport the soil load to 

obtain the marginal tolerance of the soil in all experiments. 
The load cell has S-shape and it helps to magnitude the 
applied force. Two linear variable di�erential transformer 
(LVDT) was utilized for determining the footing settlement. 
Both (LVDTs) made in Turkey (OPKON Company), and the 
compressor made in Italy. The schematic view of the exper-
imental apparatus is represented in Fig. 4. To prepare the 
test samples, the technique of rain sandy soil was used to 
obtain a regular placement of soil in the sandbox and pro-
portional to the required relative density [31]. The rainfall 
height and the sand particle’s speed have been calibrated 
through several trials in a special steel cup to obtain the 
appropriate values of relative density. The tamper was 
used in a number of suitable cycles to obtain the appro-
priate unit weight of soil. The unit weight of �ne sand and 
relative densities are 15 kN/m3 and 40%, respectively. The 
schematic of this study is shown in Fig. 5a.

5  Numerical simulation

Numerical modeling has become a requirement for simu-
lating many complex technical issues. The �nite element 
method is an effective numerical modeling technique 
that is widely applied in the domains of civil engineering 
in general and in geotechnical engineering in particular 
Zidan [26]. This analysis aimed at identifying the deforma-
tion of failure patterns and stress–strain performance of 
the reinforced soil system. Moreover, a decent technique 
is considered for observing the parametric study that is 
quanti�ed in the plate load tests like the plate e�ect for 
using a large scale footing El Sawwaf [24]. The commercial 
engineering program in the �nite element method was 
practiced to evaluate this work. PLAXIS 2D is a powerful 
�nite element software package El Sawwaf [24]. Within 
this study, tracing on the bene�ts of “the �nite element 
program”, the behavior of reinforced soil underneath 
a strip footing can be analyzed to hold away the prob-
lem of scale issue. In this topic, strip footing modeling 
was simulated as a two-dimensional plane strain model. 
For simulating the soil-geogrid interaction in the model 
investigation, the interface element was utilized on both 
structures’ sides, which enables for specifying a reduced 
wall friction in comparison with the soil friction (by basing 
on Coulomb friction law) [32]. The reinforcements are lean 
items with normal sti�ness without bending sti�ness able 
to only endure tensile forces and no compression [21–23]. 
The only reinforcement’s substance feature is an elastic 
standard (axial) sti�ness [24]. The primary stress condition 
was run �rst using the gravitational force caused by the 
soil weight in stages with the geogrid reinforcements in 
place [32]. The non-linear Mohr–Coulomb criterion was 
used for modelling the �ne-grained sand as a result of its 

Fig. 4  The schematic view of the experimental apparatus
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practical importance, simplicity, and the accessibility of 
required elements. The, a prearranged footing load was 
used in increases along with iterative analysis up to fail-
ure [23, 24, 26]. The boundary circumstances of the model 
constrained in the horizontal axis and were free vertically 
[32]. However, the bottom horizontal boundary is entirely 
�xed. The dry conditions carried out and the groundwa-
ter level omitted. The footing is modeled as a solid strip 
element so that the thickness of the footing is su�cient 
to prevent any bending in the direction of footing width 
[24]. Therefore, the applied pressure can be modeled as 
an equivalent settlement overall the footing width [19]. 
Recently here, the foundation depth is considered equal 
to zero (Df= 0) and the base is modeled on the surface of 
the soil directly as used in the laboratory model. The ini-
tial condition of the reinforced and unreinforced soil was 
recognized by using the gravitational force in the �rst step 
of the analysis [19]. Then, an arranged footing load was 
used in increases along with iterative analysis up to failure 
[22–24]. The ultimate settlement of soil is considered the 
basis for evaluating the e�ectiveness of reinforcement and 

comparison with the case of unreinforced soil. The settle-
ment as a prescribed load was applied and computed as 
follows:

S: settlement of footing (m).
qsf: contact pressure beneath soil-footing surface (kPa).
ks: the soil bed reaction modulus (kN/m3).
The following relationship to determine the reaction 

modulus value was proposed by Selvadurai [18]:

where H shows the effective thickness of sand bed 
beneath footing (H = 3B), (E) and (υ) are the elasticity mod-
ulus of soil and Poisson’s ratio, respectively. The selection 
of Poisson’s ratio is especially simple when the Mohr–Cou-
lomb model is used for gravity loading [19, 20, 30–40]. In 
this loading case Plaxis will generate a realistic ratio of 

(3)s =
qsf

ks

(4)ks =
E

H×(1 − 2�)×(1 + �)

Fig. 5  a The view of the small-scale model study. b The plan view of strip footing
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 Ko-value and there is a simple relationship between a Pois-
son’s ratio and static coe�cient in this model (υ = 

K0

1+K0

 ). 

Hence, a Poisson’s ratio (υ) is evaluated by matching 
 Ko-value of Plaxis [32]. The �ne-grained sandy soil was 
modeled utilizing 15-nodded triangular parameters and 
the behavior of this soil was simulated as nonlinear 
Mohr–Coulomb criterion [32]. Five main parameters are 
included in this constitutive model, i.e., elasticity modulus 
of soil (E) and Poisson’s ratio (υ); internal friction angle (φ) 
and cohesion (c) and the dilation angle (ψ = φ−30º) [19]. In 
addition to the �ve mentioned model elements, the pri-
mary soil circumstances have a key role in soil deformation 
problems. The primary horizontal soil stresses should be 
created by choosing a proper  K0-value  (K0 = 1 − sinφ). All 
these parameter studies are taken from laboratory stand-
ard tests and are shown in the Table 1. The Mohr–Coulomb 
elasticity modulus of soil computes according to the fol-
lowing relationship:

The geogrid’s �nal tensile strength was determined at 
about 6.1 kN/m. Based on the study of Abu-Farsakh et al. 
[33], in reinforced soil foundations the usual strain distri-
bution of geogrid is less than 2%, hence, the geogrid is 
supposed to be linear elastic. To determine the impact of 
e�ect, it can be used geogrid with the ultimate value of 
strain and tensile strength [6], i.e., the ultimate sti�ness of 
geogrid is  (Ju = Tu/εu).

A series of numerical analyses were taken in assessing 
the e�ect of geometric dimensions on soil behavior and 
many engineering parameters. This was done by modify-
ing the mesh sizes from coarse to �ne according to sen-
sitivity analysis as shown in Fig. 6a. During the Plaxis pro-

cedure, because of the value of applied stress of medium 
and soft mesh sizes are not much signi�cant di�erence 
between them. The number of elements is 1020, as shown 
in Fig. 6c. To obtain exact results from the numerical anal-
ysis, the mesh size was re�ned under the strip footing 
region to a depth equivalent to twice the footing width 
[20]. Then it is a medium for the layer deeper. A charac-
teristic arranged �nite-element mesh of the numerical 
model is illustrated in Fig. 6c for this study. Three princi-
pal model footing with di�erent widths were considered 
and each of the footings was modeled with its own model 
as shown in Fig. 6b. In each model, the footing width (B), 
the depth of the �rst reinforcement layer (u), the vertical 
distance between the reinforcement layers (h), the length 
of the reinforcement (L), the in�uence depth  (dr) and the 
interface element were displayed in the previous �gure. 

(5)

Eoed =
(1 − �)×Eref

(1 − 2�)×(1 + �)

inPlaxis

⇒ Eref

=
(1 − 2�)×(1 + �)

(1 − �) × Eoed

= 20.8 ���

The number of triangular elements is 1020 elements. The 
dimensionality of the model in the Y and X direction is 10B 
and 16B, respectively (B shows the width of the footing). It 
is using 15-nodded triangular elements to simulate the soil 
and the geogrid was simulated with the 5-node geogrid 
element.

Utilizing two contact surface pairs over and under the 
reinforcement layer, simulating the soil-reinforcement 

Fig. 6  a Sensitivity analysis of re�ned mesh, b FE modeling of 
geogrid-reinforced soil foundation and c Generated mesh size
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interaction was performed [32]. The constraint method is 
used by the PLAXIS contact interaction feature for mod-
eling the interaction between a deformation item and a 
rigid item [19]. By this property, the master surface is pro-
vided by one surface de�nition and the slave surface is 
presented by the outer layer. After de�ning this contact 
pair, automatically a group of surface contact elements 
is created [32]. The simulation interaction includes two 
components: one tangential to the surfaces and the other 
normal to the surfaces [19]. The friction model of Coulomb 
was employed for modeling the shear interaction depend-
ing on the maximum acceptable frictional (shear) stress 
within an interface to the contact pressure within the con-
tacting items [19]. The mechanical properties of interfaces 
are related to a soil layer’s strength features [32]. Based 
on the soil features data, the “strength reduction factor” 
for interfaces  (Rinter) is determined as following rules [32]:

Six small direct shear tests having a dimension size of 
60 mm × 60 mm × 25 mm was performed to de�ne the 
properties of the interface surface and soil shear strength. 
The interface reduction is given based on the value of the 
residual internal friction angle of reinforced soil and his 
value is  (Rinter = 0.79) [22, 23, 26], as shown in Fig. 7. In the 
Plaxis for this case  Rinter < 1 then ψi= 0° [11].

It is worth mentioning that all the previous laboratory 
experiments were conducted in the dry state (the percent-
age of humidity is zero) to match the conditions of the 
laboratory model, which conducts all experiments without 
using water at all tests. As shown in Fig. 8, the numerical 
analysis program consists of three series: In the �rst series 
the soil is not reinforced, in the second and third series the 

(6a)ci = Rinter .csoil

(6b)tan�i = Rinter .tan�soil ≤ tan�soil

soil is reinforced with two geogrid layers and parameters 
that associated with these stages are changing.

In this research, the mechanical and physical features of 
the soil utilized in all models and scales are constant and 
have not changed, according to the measured scale based 
on the scaling law by Viswanadham and König [34]. Table 3 
summarizes the factors of e�ect scale study and Table 4 
give the magnitude adopted in the numerical analysis.

6  Veri�cation of the model

A total of 20 laboratory experiments was conducted using 
the laboratory model test on a small-scale model to study 
the response of the strip footing on the �ne sandy soil. 

Fig. 7  Mohr–Coulomb envelope curve for �rozkoh reinforced soil

Fig. 8  FEM program testing

Table 3  The factors of the scale e�ect study [34]

Parameters Scale factor

Dimensions N

Soil density 1

Applied pressure (kPa) N

Geosynthesis tensile strength N2

Geosynthesis sti�ness modulus N2

Settlement, s N

Friction angle, φ° 1

Cohession, c 1

Soil modulus 1
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In addition, some numerical analyses were conducted to 
study the scale e�ect on the behavior of geogrid-rein-
forced soil according to the plane strain conditions. “A 
non-dimensional factor (BCR)” was employed to represent 
“the bearing capacity ratio” of the strip footing laying over 
reinforced soil [2–20, 30, 31, 33, 34]. This “enhancement 
factor” is determined as the ratio of applied stress on the 
geogrid reinforced soil ((qu)reinforced) to the applied stress 
on non-reinforced soil ((qu)non-reinforced) [20]. In this study, 
the applied stress will be depended on the value of the 
settlement equal to ten percent of the footing width (0.1 B) 
[20, 33, 34], when the level of collapse is formed de�ni-
tively. The vertical settlement of footing will be expressed 
in millimeter and the results curves will be drawn by the 
applied stress and relative settlement (s/B %).

Figure 9 illustrates that the development of a geogrid 
layer leads to a 13% increase in soil tolerance and in the 
case of inclusion two geogrid layers, the endurance factor 
ratio increases to 28% compared with the unreinforced soil 
case at the same ratio of relative settlement (s/B = 10%).

To verify the numerical modeling, the �nal bearing capac-
ity of the above series will be compared with the results of 

the experimental tests [24]. The result of applied pressure-
relative settlement response was shown in Fig. 10. In this 
�gure the numerical model calculations show a good match 
with the outcomes of the laboratory model. However, there 
is a slight di�erence between experimental and numerical 
results. This distinction can be ascribed to the characteristics 
of the soil, footing, and the geogrid reinforcement elements 
that are chosen and also due to the environmental condi-
tions of plain strain in both the numerical and laboratory 
models Alamshahi and Hataf [20]. Then, to calibrate the 
results from both the laboratory and numerical analyses, 
the �nal bearing capacity of soil has been veri�ed with four 
experimental equations according to Table 5. There was 
a good correlation with the Vesic, Mayerho�, and Hansen 
methods. It is worth to note that the bearing capacity �nite 
element prediction is considerably smaller compared to the 
Terzaghi’s bearing capacity. Various reasons may contribute 
in this di�erence, of which the most signi�cant one is that in 
Terzaghi’s equation the soil is assumed as a rigid–perfectly 
plastic substance failing abruptly by reaching the soil’s bear-
ing carrying [6]. However, in the existing �nite element anal-
ysis the soil is assumed as a nonlinear Elasto-plastic material. 
The bearing capacity that calculated from Terzaghi theory 
indicates that the failure in the soil mass is due to develop-
ing the main stresses level and deformation that leading 
to occur failure underneath the footing in the soil mass, 
therefore the behavior of loose sand  (Dr = 40%) at failure is 
placed between the general shear failure and the failure of 
local shear [7].

On the other hand, there is a full match between experi-
mental and numerical responses in the reinforced soil 
with two geogrid layers. Consequently, the �nite element 
model is believed to be extremely credible, as shown in 
Fig. 10.

The general equation of the soil bearing capacity, 
according to the theory of Terzaghi [16] in the general 
shear failure and for the strip footing is as follows:

In local shear failure:

where the internal friction angle gives the following rela-
tionship [30]:

The general Meyerho� [35] equation that the depth 
coe�cient  (dc,  dq,  dγ) and the e�ect of the base shape 
factor  (Sc,  Sq,  Sγ) and the inclined load factor  (ic,  iq,  iγ) are 
considered, is:

(7)�� = ��� + ��� + 0.5����

(8)q� =
2

3
���� + ���� + 0.5�BN

�
′

(9)�
′
= tan

−1

(

2

3
tan�

)

Table 4  The values of factors in the di�erent scales

Scale model N = 1 N = 5 N = 10

Footing width (m) 0.1–0.2 0.3–0.5 1.00

Applied pressure (kPa) 200 1000 2000

Geogrid tensile strength (kN/m) 6.1 152.5 610

Stifness of geogrid (kN/m) 11.8 295 1180

Prescribed settlement (m) 0.02 0.1 0.2

Width of model (m) 1.6 8 16

Height of model (m) 1 5 10

Friction angle, φ° 29.33 29.33 29.33

Cohession, c (kPa) 15 16 15

Soil modulus, E (MPa) 20.8 20.8 20.8

Fig. 9  E�ect of geogrid inclusion on the sand response by plate 
width (B = 0.1 m)



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:394 | https://doi.org/10.1007/s42452-020-2150-4

(10)q� = ��������� + ��������� + 0.5�BN
�
������

Hansen [36] developed the Meyerhoff modified to 
include the base case on sloping soil. Vesic [37] used the 
Hansen equation with the di�erence in “the coe�cient of 
the soil’s bearing capacity (Nγ)”.

It is a necessary to compare the numerical test �ndings 
with analytical solutions in the case of reinforced soil for 

(11)�� = �
�tan2

(

45+
�

2

)

(12)�� =

(

�� − 1
)

cot�

(13)�� =
(

�� − 1
)

tan (1.4�)

(14)�� = 2
(

�� + 1
)

tan(�) �����

(15)�� = 1.5
(

�� − 1
)

tan(�) ������

Fig. 10  Calibration the FE-models with a laboratory model in non-reinforced and reinforced soil

Table 5  Final bearing capacity for numerical, physical and theoreti-
cal computations

Method Nc Nγ qult 
(kPa)

Δq (%) = (qui − qFE)/qFE

Terzaghi-General 
[16]

33.18 16.49 460.30 18.03

Terzaghi-Local 
[16]

18.60 4.00 282.00 − 27.69

Meyerhof [35] 28.59 13.99 390.70 0.18

Hansen [36] 28.59 13.54 390.36 0.09

Vesic [37] 28.59 20.30 395.42 1.39

FEA model – – 390 0.00

Physical model – – 392 0. 51
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small-scale model. To validate the reinforced soil case, the 
same comparison analysis was conducted to achieve the 
goal. A failure mechanism was presented by Huang and 
Tatsuoka [38] for a strip foundation holding by reinforc-
ing earth, in which the reinforcement b width is equiva-
lent to the foundation B width [30]. This is known as the 
deep foundation mechanism in which a quasi-rigid area 
is created under the foundation. Schlosser [39] suggested 
an extensive slab mechanism of failure in soil at the ulti-
mate load for the situations where b > B. Huang and Meng 
[40] analyzed the estimation of the �nal bearing capacity 
of shallow foundations over geogrid-reinforced sand. In 
this analysis the extensive slab mechanism is considered. 
According to this analysis, utilizing Meyerhof’s bearing 
capacity factors, the equation was improved and it is uti-
lized to calculate the c-φ soils’ bearing capacity [30].

where L = length of the foundation, γ = unit weight of soil 
and

The associations for the bearing capacity factors Nc, 
Nγ and Nq are provided in Meyerhof’s Eqs. (11)–(13). The 
angle β is [30]:

This Table 6 indicates that it is a decent consistence 
between the reinforced soil’s bearing capacity computed 
from finite element analysis solutions and theoretical 
analysis method of Huang and Meng [40]. It is found that 
the bearing capacity �nite element prediction is slightly 
smaller or larger than Huang and Meng bearing capac-
ity. Di�erent reasons cause to this di�erence, the most 
signi�cant of which is that in Huang and Meng equation 
the soil is assumed as a quasi-rigid earth slab (e�ect of 
extensive slab and deep-footing mechanisms) failing 

(16)��� =
[

0.5 − 0.1
B

L

]

(� + Δ�)��� + ���� + ���

(17)Δ� = 2� tan �

(18)

tan� = 0.68 − 2.071

(

�

�

)

+ 0.743(CR) + 0.03

(

��������

�

)

(19)

�� =

�

�
=

����� �� ����������� �����

������ �� ������ ��������� ������ �� ��� ������

suddenly by reaching the soil’s bearing capacity. However, 
in the existing �nite element analysis, the soil is assumed 
as a nonlinear Elasto-Plastic substance deforming by the 
employed loads, in contrary to a rigid substance which is 
not deformed. Moreover, the soil can act in a progressive 
mode owing to the �nite element formulation nature, in 
which the elements can act in a progressive and gradual 
mode: A yielding material makes an adjacent element 
yield, until realizing a slip surface. As a result, based on 
these comparisons between the bearing capacity values 
of the soil in these three ways (laboratory, numerical and 
experimental equations) and according to the positive 
identical results, it can be concluded that the results of 
numerical analyses in both reinforced and non-reinforced 
soil circumstances for scale e�ect study will be good and 
reliable.

7  Results and discussions

Applied pressure-relative settlement curves from the 
numerical analyses performed on the reinforced and non-
reinforced in plain strain circumstances are presented in 
these discussions for a wide range of the width of strip 
footings. Two main factors will be de�ned in this work: 
Bearing capacity ratio and modulus of Soil reaction. All 
values for these two coe�cients will be calculated accord-
ing to s/B = 10%. The e�ect of geogrid reinforcement on 
the bearing capacity is quanti�ed based on the “Bearing 
Capacity Ratio (BCR)” [40]. BCR is the ratio of the reinforced 
soil’s �nal bearing capacity to the �nal bearing capacity of 
non-reinforced soil, i.e., BCR = qur/qu.

7.1  FEA for unreinforced soil at series I

The �nal bearing capacity is determined in terms of one 
of two methods:

• “The tangent technique” where the �nal bearing capac-
ity “(UBC)” is determined as the pressure equivalent to 
the intersection of the two tangents (indeed, the �nal 
and initial parts of the applied stress-settlement ratio 
 (qu–s/B) curve) [37].

Table 6  Comparison between 
the FEA results and analytical 
solutions in the case of 
reinforced soil

Method Nc Nγ qult (kPa) Δq (%) =
(qute-qFE)/qFE

Huang and Meng 
(Ngeogrid = 1) [40]

28.59 13.99 454 0.82

Huang and Meng 
(Ngeogrid = 2) [40]

28.59 13.99 463 0.35

FEA (Ngeogrid = 1) – – 450 –

FEA (Ngeogrid = 2) – – 465 –



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:394 | https://doi.org/10.1007/s42452-020-2150-4

• The pressure by the �nal part of the applied stress-
settlement curve  (qu–s/B) starts to become linear “(the 
breakpoint method)” [7]. This point represents the rela-
tionship between the applied load-settlement curve 
when it changes to the in�ection point where the value 
of the soil’s �nal bearing capacity is set.

In this work, the final bearing capacity was expressed 
in terms of the breakpoint method. The loose sandy soil 
used in this research is of a relative density as 40%. As 
listed in the literature, granting to the method of assign-
ing the applicable load, the behavior of the loose sand is 
elastic until the relative settlement reaches to s/B = 1% 
which corresponds to limit stress equal to 100 kPa, as 
depicted in Fig. 11. Afterward the total settlement rises 
with the applied load increment and the curve of applied 
load-the relative settlement is non-linear elastic model 
until the equal value of s/B = 10% which the breaking 
point is equivalent to the ultimate failure load. At the 
breaking point the settlement goes on with a sudden 
reduction of resistance, and the behavior of loose soil 
is plastic model. Fig 11 expresses that with increasing 
width of the footing, the greater the bearing capacity 
value and the relative settlement is increased. Within 
the small-scale model, the mechanism of the soil failure 
beneath footing is close to punching shear failure, but 
in the large-scale model the failure occurs nearly as a 
local shear failure. This indicates that the mobilized shear 
strength relevant to circumstances, in which the footing 
width is moderately high compared to the equivalent 
smaller scale tests, especially in the depth of the foot-
ing is zero.

Consequently, it resembles occurring two mecha-
nisms: (1) The physical view that progressive failure, 
defined based on the nonuniform mobilized friction 
angle and shear strain in the soil at ultimate footing load, 
is more important since footing width rises; and (2) the 

potential for advanced failure, defined by the alteration 
between the soil’s residual and peak strength, is more 
considerable since the footing width reduces. These 
effects are investigated by Perkins et al. [41].

7.2  Finite element analyses of reinforced soil

Finite element analyses were performed on reinforced and 
unreinforced �ne sandy soil to assess the e�ect of several 
elements regarding the carrying out of the strip footing 
on studying reinforced soils. The components involved in 
this work include the reinforced area’s e�ective depth, a 
spacing between reinforcement layers, soil-reinforcement 
interaction coe�cient, reaction modulus of soil reinforce-
ment, optimal top spacing for the two-layer reinforced 
soil, footing width. For each instance, the load-deforma-
tion curve resultant by the �nite element simulation, was 
utilized to adjust the �nal bearing capacity and relative 
settlement. The �nal bearing capacity of the footing was 
expressed as the bearing capacity corresponding to a set-
tlement ratio (s/B) of 10% [42].

7.2.1  The optimal position of the initial reinforcement layer

To de�ne the best depth of the topmost geogrid layer, 
some experimental and numerical experiments were 
performed with a determined depth of the second layer 
of reinforcement geogrid (h/B = 0.2) and by the variation 
the �rst layer depth (u/B = variable). The following �gure 
indicates the impact of foundation width and reinforce-
ment length on the depth value of the �rst geogrid layer. It 
was found that for a wide range of footing widths and the 
length of the geogrid three times the width of the bases, 
there is tow ideal depth of reinforcing layer at u/B = 0.33 
and 0.6. The reason for this is ascribable to the mobi-
lized tensile strength and increased apparent cohesion 
caused by the existence of two layers of reinforcement. 
That explains the deep footing e�ect theory. The results of 
the current work on the optimum u/B ratio are consistent 
with the other investigators [43, 44]. Shin et al. [43] indi-
cated that for strip footings over geogrid-reinforced sand 
the �nal BCR is obtained by u/B around 0.3 for reinforced 
sand. The findings of the experimental model footing 
tests performed by Abu-Farsakh et al. [44] demonstrated 
that u/B = 0.33 for geogrid-reinforced silty clay and sand. 
As for the length of the geogrid is equivalent 5 and 7 of 
the width of the foundation, the behavior of reinforced 
soil is a twin for various strips footing width values. In this 
occurrence, the optimum depth of the uppermost geogrid 
layer is recognized only in the following value of 0.3 B. This 
result demonstrates the e�ect of the wide-slab theory of 
reinforced soil, as shown in Fig. 12.

Fig. 11  The unreinforced soil’s bearing capacity of footings scale
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7.2.2  E�ect of reinforcement spacing

The impact of reinforcement spacing (h) on the bearing 
capacity of the footing and the settlement was assessed 
by altering the space of reinforcement layers into the e�ec-
tive uppermost depth of 0.3 B. Some �nite element analy-
ses were performed on the footing-reinforced soil model 
utilizing a geogrid located at 4 various spacings. At �rst the 
BCR rises by increasing the spacing ratio (h/B) and then it 
reduces followed by a threshold value of h/B. This thresh-
old spacing ratio (h/B) is nearly 0.40 [45–47]. The optimum 
spacing ratio for 2-layer geogrid is 0.40B (B, the width of 
footing). This critical ratio leads to hold the greatest e�ect 
of the geogrid reinforcement in this character of ground 
improvement [45]. These consequences are similar with 
the previous researches in the literature review. The BCR 

increments by increasing the width footing and length of 
the geogrid [48]. The percentage di�erence in the value 
of the coe�cient of improvement between the large and 
small scale reaches to 25%. Figure 13 indicates that the 
value of the coe�cient of improvement is closer to the 
footings presented by 0.5 m and 1.0 m, due to the di�er-
ence in the level of stresses in the soil under the footing 
base and the rearrangement of the position of the soil par-
ticles in the case of large size of the foundation. As well 
as the impact of the strength of the reinforcement in the 
case of the large scale due to the high resistance to the 
geogrid and the e�ectiveness of mutual reaction between 
soil and geogrid.

7.2.3  E�ect of the length of reinforcement

Some �nite element analysis on 2-layer geogrid-reinforced 
soil was carried out with various reinforcement lengths. 
The changes of the BCRmax and BCR as a function of the 

Fig. 12  The value of the BCR with various of uppermost depth 
ratios (u/B) and length of reinforcement (L/B)

Fig. 13  E�ect of reinforcement spacing with various lengths of 
geogrid (L/B)

Fig. 14  The value of the  BCRmax in various lengths of geogrid

Fig. 15  The change in BCR with footing width as the variable 
geogrid length
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reinforcement layers’ length and the footing width are pre-
sented in Figs. 14 and 15, respectively. Figure 14 displays 
that the endurance ratio increases by increasing the length 
of the geogrid layer to an increased threshold value. This 
increase in the rate of improvement is not linear to the 
ratio of length to the width of the footing until reaching to 
the median equal value of 7, which gives an increase in the 
amount of endurance ratio to 41%, 38% and 24% for the 
base dimensions 1 m, 0.5 m and 0.1 m, respectively. Fig 14 
presents for the large scale the increase of the coe�cient 
of maximum improvement by increasing the armament 
length until the appropriate length ratio is equivalent to 
7 times the footing base width. After this value, the coef-
�cient of enhancement gradually decreases to a constant 
value that is obtained for the reinforcement length equal 
to 9 times the footing width [9–20, 30–52]. This result is 
similar to the small scale model [48]. Therefore, it is pos-
sible to say that in order to obtain high-resistance in the 
reinforced soil system, it is preferable to use an equal 
length of geogrid 7 times of the strip footing width that 
gives the greatest e�ect of the geogrid reinforcement [48]. 
The same results that obtained from [45, 46, 48]. Fig 15 
illustrates that the higher the footing width, the greater 
the value of the BCR. For a small scale model with a foot-
ing widths of 0.1 and 0.2 meters, the BCR is 30% and 10% 
smaller than measured by the large-scale model, respec-
tively. This �nding indicates the impact of the scale on the 
bearing capacity value of the reinforced soil. FEM analysis 
conducted that the maximum strain along reinforcement 
happens exactly under the of footing center and reduces 
by increasing the distance away from the footing center 
[6]. Therefore, the reinforcement length can also in�uence 
on the reinforced soil’s performance.

7.3  The impact of footing width on the reaction 
modulus of reinforced soil

The value of subgrade modulus of geogrid-encapsulated 
soil  (ksr) is required for soil-structure interaction analysis 
of structures resting on a reinforced soil, such as footings, 
pavements, or railroad ties. It is common knowledge that 
the soil reaction coe�cient is computed by the plate load 
experiments. It is related to the load applied and the set-
tlement of soil beneath footing, resulting from the applica-
tion of that load on the soil surface. In addition, there are 
several mathematical equations to calculate the coe�cient 
of unreinforced soil reaction. However, in the case of rein-
forced soil, there is no mathematical relationship to calcu-
late the coe�cient of soil reaction. Since one of the advan-
tages of geogrid is relative rigidity, this property plays an 
important role in reducing soil settlement under surface 

foundations. A simple mathematical relationship can be 
suggested by conducting statistical analysis to calculate 
the modulus of the geogrid-soil reaction. The modulus of 
subgrade reaction  ks is expressed as the uniform pressure 
per unit settlement utilized to the footing at settlement 
variations s/B = 10%, as demonstrated below:

The variations in the reaction factor of the soil with the 
in�uential depth of the geogrid according to the results 
of laboratory tests series 2 and 3 are illustrated in Figs. 16 
and 17, respectively. The magnitude of subgrade modu-
lus increases gradually with decreasing spacing between 
geogrid layers for all series [47]. And then the greater the 
spacing between the layers of the geogrid, the lower the 
value of the soil reaction modulus. Also for the e�ect of the 
length of reinforcing, the higher the length of the geogrid, 
the higher the value of the soil reaction coe�cient. Curves 
in Figs. 16, 17 and 18 also indicate the e�ect of the scale 
footings on the reaction coe�cient. In Figs. 16 and 17, for 
the large-scale and small-scale models it is found that the 
values of reaction coe�cient are close to them at the rela-
tive length of the geogrid to the footing width is greater 
or equal to 5. That means placing the double geogrid layer 
over the �ne-grained sand contains the most e�ect on 
the reaction modulus for the ratio of geogrid length to 
footing width is 5, but the least e�ective for L/B = 3 [47, 
50]. Consequently, the greatest soil reaction modulus was 
found in all set of the series, which the optimum values 
were u/B = 0.3 and h/B = 0.4 for relative footing settlement 
of 10% [48]. Experimental results in Fig. 19 indicate that 
increasing the relative settlement leads to decreasing the 
reaction modulus of reinforced and unreinforced soil. The 
rate of increased reaction modulus of the reinforced soil 
in comparison with the unreinforced soil is to 1.26 and 

1.12 for two layers and one layer of reinforcing, respec-
tively for all relative settlements. The subgrade reaction 
modulus is utilized for comparing the �ndings of �nite 
element analyses and the foreseen values from the ana-
lytical solutions for an optimum value of reinforced soil. 
The subgrade reaction modulus for the geogrid-reinforced 
sand footing system was calculated in terms of the stated 
before analytical solutions Huang and Meng [40] from 
Eq. (20). Figure 18 shows comparing the �ndings of �nite 
element method (for various footing widths, B = 0.1 m to 
1.0 m) and the analytical solutions. As it is observed, the 
best agreement with the FEA outcomes were found at 
various lengths of geogrid layer. Terzaghi [49] indicated 
that it is possible to �nd  (ks), for full-sized footings, from 
plate load test (PLT) using the following equations. A non-
linear regression model was used to show the reinforced 

(20)K s,r

(

kN

m3

)

=

qr

s = 0.1B
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soil reaction modulus values in an object as it loaded with 
plain strain conditions. For sandy soils;

From this FE analysis, Figs. 18, 19, 20 present that based 
on the optimum values of (u/B), (h/B) and (L/B) for deriving 
the maximum bene�t to improve the modulus of subgrade 
reaction of the in geogrid-reinforced soil can be found this 
general predictive equation from �nite element analysis:

(21)K s = Kp ×

(

B + 0.305

2B

)

K sr = K soil,(0.305) ×

(

B + 0.305

2B

)n

= 31757 ×

(

B + 0.305

2B

)1.485

(22)K sr =

qu,0.305

0.305
× � ×

(

B + 0.305

2B

)1.485

(23)

K sr = 2 × K soil,(Bref ) ×

(

B + 0.305

2B

)1.5

;Bref = 0.305m

The approach used to obtain the above-mentioned 
equation is as follows. In the beginning, the values of 
the soil reaction modulus are accounted for an extensive 
range of footing widths and are extended those values 
with statistical analysis using numerical analyses data 
for all series. The outcomes of statistical analysis of the 
association between the width of the footing (B) and  Ksr 
indicated that the following power function offers the 
best fit for the correlation between FEA data  (Ksr) and 
footing width (B) (Fig. 19). The subgrade modulus values 
were also prolonged with present empirical equations 
(for reinforced soil, provided by Huang and Meng [40]) 
using the analytical data from 0.10 m width plate to wide 
size footings Demir et al. [50]. The outcomes of FEA and 
empirical equations were compared for determining the 
correlation a large range of footing width in (Fig. 20). 
According to the outcomes of the FEA, the modulus of 
subgrade  (ksr) decreases as the width of the plate incre-
mented Fig. 18. However, the values of both methods 
showed that the findings of the analytical technique are 

Fig. 16  The variation of  Ksr with an e�ective depth of geogrid for series II
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close to FEA results. It is predicted that the length of 
the reinforcement element could not affect the values of 
modulus of subgrade reaction in reinforced soil for the 
ratio 7 < L/B < 3, Fig. 20. The same results were reported 
by DeMerchant et al. [47]. Consequently, it can use an 
approximate equation (Eq. (23)) to be utilized for strip 
footing on geogrid-reinforced sandy soil at a medium 
relative density with this range of the width of the foot-
ing (0.10–1.00) m.

7.4  The impact of e�ective depth of reinforcement 
elements on  KSR

During the past years, several laboratory test results asso-
ciated with the �nal and permissible bearing capacities 
of shallow foundations supported by geogrid-reinforced 
sand that have been published. The �ndings indicate that 
the presence of geogrid as reinforcement helps decrease 
the settlement of foundations under static loading. Thus, 
a rational estimate of the reduced elastic settlement of 

the geogrid-reinforced soil at the surface  (Df = 0) can be 
obtained from relationships such as Eqs. (20) to (23) if a 
bearing capacity of the soil-geogrid system  (qr) in the zone 
of stress in�uence can be obtained. However, it is impor-
tant to realize that the magnitude of  (KSR) of the stabilized 
soil will be a function of several parameters (Figs. 16, 17) 
including [47, 50]:

 (I) Reinforcement sti�ness,
 (II) Number of geogrid layers in the in�uence zone 

(N),
 (III) Location of the uppermost layer of geogrid 

beneath the surface footing (u/B),
 (IV) Length of geogrid layers (L/B),
 (V) The distance between geogrid successive layers 

(h/B), and
 (VI) The e�ective depth of reinforcement (Dr/B).

Figures 16, 17, 18, 19, 20, 21 illustrate the results of a 
�nite element analysis and plate load test on geogrid-
reinforced soil (tests series II and III). Using Eq. (20), the 

Fig. 17  The variation of  Ksr with an e�ective depth of geogrid for series III
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magnitudes of  KSR were calculated and are presented in 
Tables 7 and 8. From these tables the following general 
achievement may be found:

1. Keeping the depth of the uppermost of reinforcement 
(u/B) to be constant, the modulus of reaction gradu-
ally increases with the spacing between geogrid layers 
(h/B) and the length of geogrid layers (L/B) increase.

Fig. 18  The variation of  Ksr with widths of footing at the optimum values of (u/B = 0.3) and (h/B = 0.4)

Fig. 19  The relations between the reaction modulus and relative 
settlement from experimental study

Fig. 20  The variation of relative reaction modulus with a reference 
footing width
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2. Keeping the spacing between geogrid layers (h/B) 
to be constant, the modulus of reaction gradually 
increases with the depth of the uppermost of rein-
forcement (u/B) and the length of geogrid layers (L/B) 
increase.

3. It was also observed with the results of the curves of 
Fig. 20, the length of the geogrid does not a�ect on 
the reinforced soil reaction coe�cient values with the 
change of footing dimensions for the reference footing 
width that is equal to  Bf,ref= 0.305 m.

Idr: Impact coefficient of effective depth of geogrid 
layer.

mr: Impact coe�cient of the length of the geogrid layer.
KS: Modulus of subgrade reaction in unreinforced soil 

for strip footing (Bowles [51]).
Chen et al. [6] proposed that the scale impact is chie�y 

associated with the reinforced ratio  (Rr) of the reinforced 
region, which is expressed as:

where ER shows the elastic modulus of the reinforce-
ment = J/tR; J represents the reinforcement tensile 

(24)

KSR = KS × Idr ×

(

Jr

Es × dr

)mr
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Fig. 21  The variation of reaction modulus with reference width of 
footing at the optimal values of (u/B), (h/B) and (L/B)

Table 7  u/B = constant, h/B = variable, N = 2 layer, L/B = variable

B = 0.10–0.50–1.00 (m) Test Series 
II

u/B

0.7 0.6 0.5 0.4 0.3 0.2

Idr mr Idr mr Idr mr Idr mr Idr mr Idr mr L/B h/B

1.3978 0.0384 1.4323 0.0375 1.4224 0.0398 1.4202 0.0426 1.4119 0.0383 1.3121 0.0355 3 0.2

1.4661 0.0501 1.4576 0.0507 1.4453 0.048 1.4231 0.0447 1.5362 0.0509 1.4788 0.0593 5 0.2

1.4551 0.0465 1.4818 0.0512 1.4375 0.0446 1.3925 0.0386 1.5077 0.04662 1.422 0.049 7 0.2

Table 8  h/B = constant, 
u/B = variable, N = 2 layers, 
L/B = variable

B = 0.10–0.50–1.00 (m) Test Series 
III

h/B

0.8 0.6 0.5 0.4 0.2

Idr mr Idr mr Idr mr Idr mr Idr mr L/B u/B

1.4927 0.0435 1.4802 0.0428 1.5288 0.0538 1.5999 0.0637 1.5047 0.0643 3 0.3

1.5287 0.0459 1.5566 0.0475 1.6001 0.058 1.6405 0.0624 1.6429 0.0783 5 0.3

1.5798 0.0491 1.5847 0.05 1.5987 0.0568 1.6144 0.057 1.6023 0.0732 7 0.3
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modulus; AR denotes for the area of reinforcement per 
unit width = NtR× 1; tR shows the reinforcement thickness; 
N represents the number of reinforcement layers; Es shows 
the soil’s elasticity modulus; As is the area of reinforced soil 
per unit width = dr× 1; dr is the overall depth of reinforced 
zone = u + (N−1)h.

Reinforcement sti�ness is a key parameter a�ecting the 
reinforced soil foundation’s performance. The reinforce-
ment sti�ness was normalized as follows [50–52].

where Enormal is the normalized sti�ness of reinforcement.

7.5  An approach to determine subgrade reaction 
modulus

A simple new method is proposed to precisely set the sub-
grade reaction coe�cient for reinforced sandy soil. This 
method is based on the characteristics and features of the 
applied load-settlement curves. Since the behavior of the 
reinforced soil is nonlinear inelastic so that the settlement 
increases gradually with the increase of the applied load, 
the coe�cient of the reinforced soil reaction is calculated 
as follows:

1. The following amount (s/qr) is calculated by divid-
ing the amount of settlement by the amount of the 
applied load so that the inverted soil reaction coef-
�cient is obtained.

(26)Enormal =

Jr

Es × dr

2. The previous amount is drawn against the settlement 
resulting from the applied load, this is a linear curve 
that expresses the relationship between the inverted 
soil reaction coe�cient and the settlement.

3. The plot (s/qr) versus s gives a straight line where ‘a’ is 
the intercept on the Y-axis and ‘b’ is the slope of the 
line as shown in Fig. 22.

4. The linear bond between the inverted coe�cient of 
the reaction and the settlement can be expressed 
according to the following linear equation:

The reciprocal of (1/b) represents the maximum load stress 
applied on the reinforced soil, which is larger than ultimate 
bearing capacity at failure. Di�erentiation of Eq. (27) con-
cerning settlement gives the inverse of (1/a) as the initial 
reaction modulus  (K0).

5. The modulus of subgrade reaction  (Ks) has been calcu-
lated from the relevant applied stress-settlement curve 
at the stress level of qu. The settlement at qu is su:

Therefore, the reaction modulus of reinforced soil is 
divided the ultimate applied stress on the ultimate 
settlement,

(27)
s

qr
= a + b × sOr, s =

a × qr

1 − b × qr

(28)su =
a × qu

1 − b × qu

(29)Ksr =
qru

su
=

1 −
(

b × qu
)

a

Fig. 22  a Typical experimental test data. b Transformed applied stress-settlement curve
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To validate this novelty method, it should be compared 
with the results from experimental and numerical analysis 
from this current study for a small-scale model. The sum-
mary of comparison results was shown in Table 9. This 
table indicates that the majority factor that a�ects the 
results is related to the maximum applied load (b). As a 
result, the modulus of reaction in an experimental study 
is di�erent from the numerical outcomes. This di�erence 
is due to the curvature of the progressive settlements 
under applied stress between laboratory and numerical 
studies. On the other hand, the initial reaction modulus is 
not much e�ect on both the results of experimental and 
�nite element models. The maximum error is less than ten 
percent. Therefore, it can be calculated the exact value of 
the reaction modulus of reinforced soil by applying the 
stress-settlement curve of either experimental or numeri-
cal analysis.

8  Conclusions

The experimental and numerical investigations were con-
ducted on strip footing resting on the geogrid reinforced 
�ne sand layer. At the beginning, an evaluation of the sig-
ni�cance of geogrid reinforcement to enhance the soil’s 
strength is demanded to take out a series of a small-scale 
model of reinforced and unreinforced soil beneath static 
loading. Succeeding, the series of the large-scale numeri-
cal analyses were implemented to define the soil bed 
reaction modulus and bearing capacity ratio of reinforced 
sand soil in plane strain conditions. The Mohr–Coulomb 
soil constitutive model was employed to represent the �ne 
sandy soil and the linear elastic tension model was utilized 
for modeled geogrid reinforcement elements. According 
to the results of �nite element analyses of a strip footing 
resting on the reinforced �ne sand by using a range of 
widths of the footing, it is concluded that:

1. The e�ective length of reinforcement layers for full 
mobilization in reinforced �ne-grained sand is to be 
equal to 5.0 B, where B is the footing width. Where it 
was found that the tensile strength distribution dia-
gram of the reinforcing element is maximum at the 

length of the geogrid equal to 2 B and then gradually 
decreases to reach zero at 3 B.

2. The optimum location of the top reinforcement layer 
is about 0.3 B for the two-layer reinforcement system. 
And the optimum spacing between geogrid layers 
�nds to be 0.4 B for the same system. In practice, the 
impact of geogrid turns into trivial when the ratio of 
the depth of the uppermost layer to the footing width 
is greater than 0.65 and the spacing between geogrid 
layers is 0.75B.

3. The inclusion of geogrid layers as reinforcement 
leads to increase the overall sti�ness, ultimate bear-
ing capacity and the modulus of the reaction of the 
subgrade reinforcement. The increase in the soil reac-
tion modulus is due to the decrease in the settlement 
because of the addition of geogrid into the soil.

4. The results of the numerical investigation proved 
that the coe�cient of soil reaction is associated in a 
non-linear relationship with the relative sti�ness of 
the reinforced soil. For the multi-layer of geogrid, the 
reaction coe�cient of reinforced soil will need to be 
studied in future research.

5. The impact of the geogrid length on the reinforced 
soil reaction coefficient values   with changing the 
ranges of footing width can be neglected and  KSR is 
related only to the e�ective depth of reinforcement. 
The value of subgrade modulus increases when the 
spacing between geogrid layers is less than 0.45 and 
the optimum depth of inclusion geogrid within the 
soil is (u/B = 0.3 and h/B = 0.4).

6. In the strip foundations, the footing widths a�ect the 
bearing capacity ratio and the modulus reaction. The 
modulus reaction decreases when the footing width 
is increased. The increase in the settlement is due to 
the increase in the applied load (width of the footing), 
therefor the value of the reaction coe�cient decreases.

7. The association between the foundation width and the 
bearing capacity in reinforced soil is almost non-linear, 
for the range of testing foundations widths. The same 
behavior for the reinforced soil reaction modulus  (KSR) 
is true.

8. This study proposes a new simple method to deter-
mine the subgrade modulus of geogrid reinforced 
soils. This method is based on the characteristics of 

Table 9  The comparison between experimental and numerical results

B = 100 m Exp. results FE-results

Parameters a  (m3/kN) b  (m3/kN qur (kPa) Ksr (kN/m3) a  (m3/kN b  (m3/kN qur (kPa) Ksr (kN/m3) Error %

Unreinforced soil 7.00E − 06 0.0018 405 3.87E + 04 7.00E − 06 0.0019 392 3.65E + 04 5.83

Reinforced soil (N = 1) 6.00E − 06 0.0017 450 3.92E + 04 6.00E − 06 0.0018 430 3.77E + 04 3.83

Reinforced soil (N = 2) 7.00E − 06 0.0015 504 3.49E + 04 7.00E − 06 0.0016 485 3.20E + 04 8.20
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the applied pressure-settlement curves. It can be used 
this new approach for a wide range of reinforced soil 
and for any type of geosynthetic material.
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