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Abstract
Electrical resistivity tomography (ERT) has been applied with
geotechnical techniques such as Cone Penetrometer Test (CPT) and
laboratory tests for subsoil characterization to investigate the causes
of the deteriorated highway pavement. Eleven Electrical Resistivity
(ERT) Profiling lines were established using Wenner array
configuration in combination with ten cone penetrating data and
eleven soil samples. The inverted ERT data consist of two to three
geoelectric layers and were interpreted as topsoil (clay/sandy
clay/clayey sand/sand), sand/saturated sand and dry sand/highly
resistive sand/weathered rock with overlying resistivity values
ranges between 23 – 550 Ωm, 100 – 1000 Ωm and 500– 2800 Ωm
respectively. The cone penetrometer test (CPT) value ranges from
30 to 82 kg/cm2. In addition, the laboratory analyses conducted on
the bulk soil samples taken at 0 - 1 m depth includes; the optimum
moisture content (OMC), maximum dry density (MDD), and
California Bearing Ratio (CBR) ranges from 11.3 to 12.2%, 1720
kg/m3 to 1960 kg/m3 and 8 to 13% respectively, while for the Liquid
Limit and Plasticity Index tests of the soil samples gives 28 to 52%
and 9 to 17% respectively indicating that the subsoil material within
study area are of poor to good geotechnical properties. The results
of the integrated approach, including both geophysical and
geotechnical methods have helped to identify the cause of the
highway deterioration in some part of the study area which is
attributed to the poor subgrade material along the region. Thus, the
need for soil improvement can be implemented to enhance the
stability of the subgrade materials in the poor region for subsequent
road construction and design.
Keywords: Electrical Resistivity Tomography, Cone Penetrometer
Test, subsurface characterization, road construction

1. Introduction

Highways provide inter-regional and international communication
links with important centers in neighboring provinces for

businesses and services. Good transportation medium serves as a
lifeline of a nation’s economy [1]. Due to the importance of
highway transportation, detailed attention should be put in place for
its development during the preconstruction stages, construction
activities, and post construction/maintenance of the road. Pavement
deterioration is the process by which distresses develop in
pavement as a result of the joint effects of road usage, design, traffic
loading/congestions and environmental conditions that were
evident of an adverse condition in pavement. Thus, it affects the
serviceability, smooth ride appearance and structural condition of
the pavement [2]. Field observations and laboratory experiments
conducted by [3, 4] discovered that highway failure are not solely
caused by road usage or design/construction problems. Hence, it
could also arise from inadequate knowledge of the characteristics
and behavior of the residual soils on which the roads are built and
non-recognition of the influence of geology and geomorphology
during the design and construction phases [5]. Factors responsible
for the deterioration of the highway pavement could arise from the
near-surface geological sequences, arising from structures such as
fractures, fault, sink holes, cavities, paleo-channels and shear
zones. However, highway deteriorations are naturally led by the
resultant destructive signs such as peeling, rutting, cracking,
potholes and deformation [6 – 8]. In accordance with [9 - 11]
highway deterioration ranges from geological, geomorphologic
effects, road usage, non-adherence to standard practices during
construction and lack of maintenance culture. Environmental
observation and geotechnical investigation was carried out by [12]
to study sources of irregular occurrence of deformation attributes
on highway pavement in Ogbomoso town. It was observed that the
pavement failure is due to shallow groundwater levels that exist
within the study area. Ademilua [13] concluded that, poor soil
properties such as low maximum dry density (MDD), poor bearing
capacity, high compressibility, and high liquid limit, plasticity
index, high optimum moisture content (OMC) and low California
bearing ratio (CBR) are usually factors responsible for road
failures. The selected failed segments have led to losses of life,
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properties, and delay in travel time by the road users. Despite
several rehabilitation processes engaged by the Federal Ministry of
Road Management Agency (FERMA) these segments have
remained danger zones. Therefore, this study attempts to
investigate the subsurface condition responsible for the accelerated
deterioration of the highway pavement using integrated approach
of geophysics and geotechnics.

2. Geology of the study area
The study area is located in SW-SE direction from Ijebu-Ode
Bridge to Ajebamidele bridge between kilometer 218+080 and
166+530 Benin Bound (BB) (Fig. 1). The highway spans about 52
kilometers and between latitude 6.8084310N and 6.7378200N and
longitude 3.8932230E and 4.3433360E. The lithological cross
section revealed that the study area cut across different lithological
bounds of the Dahomey Basin with a Tertiary cretaceous sequence
(Fig. 2). The oldest formation in the basin is Abeokuta Formation
reported to have a thickness range of 250-300m [14]. The Basin
consists of arkosic sandstones and grits, tending to carbonaceous
towards the base. Abeokuta Formation is in turn overlain by the
Ewekoro/Akinbo/Oshosun Formations. The Ewekoro Formation
consists of a sequence of sandstone, shale, limestone and clay
varying between 100-300 m thick. This is further overlain by the
Ilaro Formation, which has been reported to be deposited in
transitional environment [14]. It consists of poorly sorted
sandstones alternating with shale and clay. The sequence is capped
by the Coastal Plain Sands which consists of a sequence of
predominantly continental sands and some lenses of shale and clay
[15]. Tertiary sediments thin out to the east and are partially cut off
from the sediments of Niger Delta Basin against the Okitipupa
Basement Ridge [16].

Fig. 1. Base Map of the study area

3. Materials and Methods
The study involves the acquisition of geophysical and geotechnical
information of the investigated area. 2D ERT investigations were
carried out along eleven main survey traverses (L1 to L11 in Fig.
1). The ERT lines were acquired using a Wenner array
configuration. The electrode spacing varied from 1.0 m to 6.0 m
progressively. The observed acquired apparent resistivity data were
processed and inverted with AGI EarthImager 2D inversion
modeling software, using a least squares inversion modeling
approach with regularization technique [18]. The geotechnical
properties of the subsoil were carried out using the British standard
code of practice for site investigation [19]. Ten (10) Dutch cone
penetrometer test (CPT) signified as CPT1 – CPT10 were acquired
using a 2.5 tonnes capacity penetrometer machine. The CPT tests
terminate at depths ranges between 0.6 m and 5.0 m. The
geotechnical data were acquired by taking bulk of disturbed soil
sample from pits at the selected locations. A total of eleven (11)
samples were collected for the geotechnical laboratory analysis, to
determine the behavior of the soil and the engineering properties of
the subgrade materials. The moisture content of soil samples from
each location were obtained by finding the ratio of the weight of
water in the soil sample to the dry weight of the soil sample. Sieve
analysis was conducted on the soil samples to determine the particle
size distribution of the soil. The consistency test limits were
conducted to determine the plasticity index and the liquid limit of
the soil materials, compaction and California bearing Ratio (CBR)
of the soil material were all determined from the bulk soil samples
that was taken from the selected segments.

4. Results and Discussion
The results of the electrical resistivity data acquired are presented
as 2-D resistivity tomography; the inverted results are discussed
with respect to their geological settings. The cone penetrometer test
(CPT) results summaries are presented in Table 1.0, soil strength
was evaluated and interpreted based on the horizons using guide to
estimating soil types by [20]. The graphical representation of the
depth of investigation were plotted against the cone resistance
reading and presented in Fig 12 and 13. The summaries of the
laboratory analyses made from the collected bulk soil samples were
shown in Table 2. The particle size distribution of the collected soil
samples were determined, Atterberg limits tests was carried out to
determine the behavior of the soil, its strength and stability. The
compaction characteristics of the subgrade were evaluated from the
Optimum Moisture Content (OMC) and the maximum dry density
(MDD) derived from the samples. The California Bearing Ratios
(CBR) of the samples was determined after soaking the materials
into fluid for four days (96 hours). The summary of the obtained
results were presented in Table 2.

4. 1. Discussion
4. 1. 1. The 2-D Resistivity Structure along the

Sedimentary Terrain

Fig. 2. Geological map of the Study Area showing the study
highway [17]
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The highway segments that fall within the sedimentary section of
the study includes; location 1, 2, 3, 4, 5, 10 and 11. The variation in
resistivity distribution within these sections of the study highway is
presented in Fig. 3. The 2-D inversion structures depict two/three
geologic units. These includes topsoil (intercalation of clayey sand
and sand), sand/saturated sand and highly resistive sand/dry sand.
The topsoil is predominantly sandy, with resistivity distribution
range from 60 - 400 Ωm and varying layer thickness between 0.5
and 2.5 m. However, location 2 (Fig. 3) exhibit a non-uniform
distribution of resistivity and a lateral discontinuity typical of a
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geological contact at near surface. The western section of this
location between 0 and 40 m is predominantly clayey sand and
sand, the layer thickness could not be determined. Location 5 (Fig.
3) resistivity structure revealed lateral discontinuity of structure
which could be due to faulting within the near surface between 40
and 90 m along the traverse. The second geoelectric layer has
resistivity distribution values that range from 250 - 1000 Ωm. The
thickness of this stratum varies from 1 – 2 m. The layer is mainly
composed of saturated sand/sand. Location 1 (Fig. 3) revealed
lateral discontinuity and displacement of sediments at the western
flank of the road segment between 0 and 28 m. The segment
consists of clay/sandy with resistivity range of 24 – 45 Ωm and
layer thickness that range between 1 and 2.5 m. The eastern
segment of location 16 between 85 and 90 m also exhibit low
resistivity range from 11 - 24 Ωm typical of clay materials. The
third identified layer is mainly composed of high resistive sand/dry
sand with resistivity values that range from 400 -1800 Ωm.

lateral nonhomogeneous and discontinuity at shallow depths, the
layer is suspected to comprise of weathered rock/rock. However,
there is evidence of outcrops (inselberg) within the study vicinity.
The result of the 2-D resistivity inversion at locations 6 and 9
revealed two geoelectric layers which consist of the topsoil (Sandy
clay/Clayey sand/sand), and clay/sand/weathered basement rock.
The topsoil has resistivity distribution range from 23 - 180 Ωm, the
layer thickness varies between 1 – 2.2 m. this layer has intercalation
of sediments, location 6 (Fig. 4) exhibit high resistivity values that
range 1000 - 5000 Ωm within depth of 1 – 2 m below the first layer.

Fig. 4. 2-D Resistivity Tomography Profile (Wenner Array) of
the Basement terrain at Locations (7, 8, 6, and 9) respectively
Geotechnical Investigation
The soil strength evaluation and delineation of soils horizon,
conducted at CPT points 01, 02, 03, 04, 05, 09, and 10 respectively,
delineate four geological layers comprising of soft clay, stiff
clay/very loose sand, very stiff clay/ loose sand and medium dense
sand.
Fig. 3. 2-D Resistivity Tomography Profile (Wenner Array) of
the sedimentary terrain at Locations (1, 2, 4, 5 and 10)
respectively

4. 1. 2. The 2-D Resistivity Structure along the

Basement Terrain

The highway segments that falls within areas with outcrop
exposures within the basin (Inselberg) were refers to as basement
terrain. The segments include Location 6, 7, 8 and 9. The resistivity
distribution tomography within these sections is presented in Fig.
4.
Locations 7 and 8 were the controlled stable segments. The result
of the 2-D resistivity inversion revealed three geoelectric layers
which consist of the topsoil (Clayey sand/sand), saturated sand and
weathered basement rock. The topsoil has resistivity range from
50– 200 Ωm with layer thickness that varies from 1 - 1.7 m. The
layer is composed of clayey sand/sand. Location 8 (Fig. 4) exhibit
high resistivity values towards the eastern flank with resistivity
range of 800 – 1000 Ωm. The resistivity values of the second layer
range from 170 – 350 Ωm, this has thin layer thickness that varies
from 1 – 2 m. the layer thin out towards the western flank of
location 8 (Fig 4) between 0 and 54 m. The third identified
geoelectric layer has resistivity values that range from 700 – 2204
resistivity values that range from 170 – 350 Ωm. the layer revealed

CPT points 01, 02, 05, 09, and 10 have similar horizons. The first
horizon has average cone resistance (qc) value that range from 29 40 kg/cm2 with layer thickness range from 0.2 – 0.9 m. The second
layer consists of medium dense sand, with average cone resistance
(qc) value that range from 50 - 100 kg/cm2 and layer thickness value
that varies from 0.3 – 1.66 m. CPT 09 (4.48), third horizon has
average cone resistance (qc) value of 30 kg/cm2with layer thickness
of 0.4 m is significant of loose sand/very stiff clay. The bedrock has
average cone resistance (qc) value of 80 kg/cm2 and layer thickness
of 1.1 m is significant of medium dense sand/hard clay.
CPT point 03 exhibits three distinct geologic horizons. Layer 1, 3
and 5 have cone resistance (qc) value range from 22 – 40 kg/cm2
with layer thickness of 2.67 m is identified as loose sand. Layer 2
and 4 comprised of very loose sand with average cone resistance
(qc) value of 18 kg/cm2, the layer has thickness of 0.87 m. The
bedrock consists of medium dense sand with average cone
resistance (qc) value of 66 kg/cm2 and layer thickness of2.5 m.
CPT point 04 (Fig. 5) has cone resistance (qc) value that range from
10 - 20 kg/cm2 at layer 1 and 3 with layer thickness of 0.8 m. The
layers are significant of stiff clay materials. The second horizon has
cone resistance (qc) value of 2 kg/cm2 and thickness of 0.2 which is
significant of soft clay. The bedrock horizons is typical of very stiff
clay, the average cone resistance (qc) value is 68 kg/cm2 with layer
thickness of 0.75 m.
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The soil strength evaluation and delineation of soils horizon, carried
out at CPT 07 and 08 (stable segment) identified two horizons
consisting of loose sand and medium dense sand (Fig. 6).
The first horizon has cone resistance (qc) value ranging from 31- 40
kg/cm2 and thickness value ranges between 0.25 – 0.6 m which
signifies loose sand. The second identified stratum is typical of
medium dense sand with cone resistance (qc) value ranges from 77
- 82 kg/cm2. The thicknesses of the layer vary from 1.0 - 2.25 m.
CPT Point 06 delineate three geological layers comprising of stiff
clay, very stiff clay and hard clay.

Fig. 5. Graph of Depth against cone resistance for CPT.

Fig. 6. Graph of Depth against cone resistance for CPT 07
The results of the liquid limit (LL), plastic limit (PL) and Plasticity
Index (PI) for the collected soil samples as presented in table 2
shows that the liquid limit varies from 19 to 59%, while the plastic
limit and plasticity index varies from 0 to 39% and non-plastic (NP)
to 20% respectively. However, from the guideline of [21, 22], the
liquid limit should not exceed 35% for its suitability as subgrade
materials. The values of the liquid and plastic limits are generally
high and signify the clayey nature of the soil samples as displayed
in the seven soil samples of locations (4, 6-11) which are
symptomatic of poor subgrade materials not suitable for road
construction. The remaining four samples from locations (1 -3 and
5) exhibit LL and PL value that do not exceed the specifications
limit. Hence, they could be categorized as good sub-grade materials

4

suitable for road construction. The particle size distribution analysis
was constrained by specification of [22] requirement for subgrade
soil materials to have less than 35% amount of fines. The
comparison between [22] and the obtained results indicates that six
out of the soil samples did not agree with the required specification
of less than 35% amount of fines. Therefore such soil is liable to
frequent swelling and shrinkage resulting from the seasonal change
effect within the investigated area. The abundance of the fine
grains/clay material is not suitable for subgrade materials. The
compaction analysis of the subgrade materials along the
investigated highway has maximum dry density (MDD) and
optimum moisture content (OMC) value range from 1510 to 1990
kg/m3, and 6.3 to 19.4% respectively. The MDD value range of
1940 - 1990 kg/m3 categorized the good region with corresponding
OMC values of 6.3 to 12.2%. The poor zones were considered by
low value of MDD that ranges from 1510 to 1780 kg/m3 with a high
OMC percentage of 13.1 to 19.4%. Hence the higher the value of
MDD and relatively lower OMC, the more suitable is the subgrade
material to support imposed load. The compaction results from the
good region conform to the acceptable standard. The results
obtained from the CBR analyses ranges from 6 to 20% and were
categorized as poor to excellent. The [21] specification on highway
design, accepts (soaked) CBR value for subgrade soil within the
range of 10 to 25% for flexible pavement design. Therefore, any
CBR <10% should be categorized as poor, also CBR value between
(11-15%) be classified as good, while the CBR value between 15 –
20% is classified as excellent. The CBR values with <10% denote
a poor subgrade materials. The CBR within the good region falls
within the acceptable limit for good subgrade materials.
Integrating both geoelectrical and geotechnical results for subsoil
characterization revealed both the presence of competent and
incompetent layer inform of sand and sandy clay/ clayey sand unit
within the upper segment of the classified good region and poor
zone respectively. The results of geophysical investigation and the
geotechnical analysis conducted on the soil samples in accordance
to the acceptable standard of practice and procedure were used in
classifying the highway into regions (good and poor). The good
regions referred to as the subsurface materials that falls within the
limit of the acceptable standards of practice, while the poor zones
were the subgrade materials within the locations that are susceptible
to anomalous dilatation, swelling and shrinking. Thus, compromise
the integrity of road construction in some part of the investigated
area. It is however suggested that areas with poor subgrade material
should be enhanced using soil improvement or other cost effective
means that will boost the stability of the road construction.
Therefore the above findings have further demonstrated that
conducting geophysical technique prior too boring and other
geotechnical methods can give an insight about the subsoil
characterization for road construction design. Integrated
geophysical methods such as ERT with geotechnical approach will
help and improve the confidence levels of the engineers in making
the right decisions regarding the suitable approach to reconstruct
the road.

5. Conclusion
The combinations of electrical resistivity tomography and
geotechnical investigation were carried out along Ijebu Ode - Ore
highway to understand the deterioration of the highway. The results
show that the study highway was classified into two to three
lithological units. The topsoil mainly comprised of sandy
clay/clayey sand and sand.
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Table 1: Summary of the cone penetrometer test (CPT) at the study area
LOCATIONS
CPT 01
CPT 02

CPT 03

CPT 04

CPT 05

CPT 06

CPT 07
CPT 08
CPT 09

CPT 10

Depth
(m)

Thickness
(m)

qc
(kg/cm2)

qa
(kPa)

Soil Type

0.9

0.9

29

78

Loose Sand

1.5

0.6

100

270

Medium Dense Sand

0.35

0.35

30

81

Loose Sand

2

1.66

72

195

Medium Dense Sand

0.62

0.62

28

76

Loose Sand

1.1

0.52

15

41

Very loose sand

1.55

0.45

23

62

Loose Sand

1.9

0.35

18

49

Very loose sand

3.5

1.6

34

92

Loose Sand

6

2.5

66

179

Medium Dense Sand

0.4

0.4

12

32

Firm Clay

0.6

0.2

2

5.4

Soft Clay

1

0.4

18

48

Stiff Clay

1.75

0.75

68

184

Very Stiff Clay

0.25

0.25

40

108

Loose Sand

1

0.75

82

221

Medium Dense Sand

0.25

0.25

20

54

Stiff Clay

1.05

0.8

31

84

Very Stiff Clay

2

0.95

66

177

Hard Clay

0.5

0.5

31

84

Loose Sand

1.5

1

82

221

Medium Dense Sand

0.25

0.25

40

108

Loose sand

2.5

2.25

77

208

Medium dense sand

0.2

0.2

40

108

Loose Sand

0.5

0.3

50

135

Medium Dense Sand/Hard Clay

0.9

0.4

30

81

Loose Sand/Very Stiff Clay

2

1.1

80

216

Medium Dense Sand/Hard Clay

0.28

0.28

40

108

Loose Sand/Very Stiff Clay

1

0.72

81

218

Medium Dense Sand/Hard Clay

Table 2: Summary of the Geotechnical Results.
Particle
Consistency
Compaction
Size
Limit
L
G
C
Silt
LL
PI
OMC
MDD
S%
GI
(km)
%
%
%
%
%
%
kg/m3
S1
0.0 89.0 3.6
7.4
19
NP
0
6.3
1940
S2
8.0 64.0 22.3 5.7
21
7
0
11.0
1960
S3
0.0 77.0 14.5 8.5
22
7
0
10.9
1990
S4
2.0 49.0 36.8 12.2
44
15
4
15.7
1780
S5
7.0 74.0 11.0 8.0
23
8
0
10.5
1970
S6
2.0 55.0 28.8 14.2
59
20
5
19.4
1510
S7
9.0 47.0 28.8 15.2
49
15
4
15.3
1760
S8
20.0 53.0 12.5 14.5
43
13
0
13.1
1780
S9
15.5 43.2 33.1 8.2
45
15
1
14.8
1840
S10
19.0 52.0 14.9 14.1
40
13
0
12.2
1960
S11
13.0 35.0 39.4 12.6
52
17
7
16.2
1780
*L denotes Location, G indicates Gravel, S: Sand, and C: Clay.

CBR
%
20
15
16
6
14
2
8
11
8
12
9

Remark
Good
Good
Good
Poor
Good
Poor
Poor
Poor
Poor
Good
Poor
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The second horizon denotes loose to medium sand while the last
stratum represent medium dense sand/weathered rock. The results
of the geotechnical studies shown that the Cone Penetrometers Test
(CPT) value ranges from 30 to 82 kg/cm2. Additionally, the
laboratory analyses conducted on the bulk soil samples comprises;
the Optimum Moisture Content (OMC), Maximum Dry Density
(MDD), and California Bearing Ratio (CBR) ranges from 11.3 to
12.2%, 1720 kg/m3 to 1960 kg/m3 and 8 to 13% respectively, while
the Liquid Limit and Plasticity Index tests of the soil samples gives
28 to 52% and 9 to 17% respectively indicating that the subsoil
material within study area are of poor to good geotechnical
properties. The plasticity characteristics of the investigated
highway indicate that the subgrade materials within the good region
exhibit clay fraction of low plasticity to non-plastic, while the
subgrade materials within the poor zones displayed an intermediate
to high plasticity. From the integrated results of the geophysical and
geotechnical studies, the poor zones of the studied highway are due
to the lithology (poor subgrade/sub-base) failure associated with
high constituents of clay materials that manifests as low resistivity
readings, high moisture contents, high plasticity and low bearing
capacity of the road formation among other physical properties
constituted the failure. To solve this problem, the need for soil
improvement can be adopted to enhance the stability of the
subgrade materials for the road construction design.
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Abstract
The current research assessed the effect of carbon nano tubes
(CNTs) on the mechanical and rheological behavior of asphalt and
bitumen samples. In this paper, different contents of CNTs are used
for the modification of the asphalt and bitumen samples. For this
study, softening point and penetration tests were done to evaluate
the performance of different samples. CNTs was completely
characterized in terms of morphological and structural properties.
The effect of CNTs on the rheological behavior of samples was
investigated by central composite design (CCD) experimental
design and response surface methodology (RSM). The results of the
Marshall test indicated that the stability of samples containing
CNTs increased due to the more effective presence of CNTs in
asphalt mixtures compared to the base asphalt. The results indicated
that the use of CNTs as an additive has increased the softening
point, reduced the degree of penetration and improved the
performance characteristics of bitumen compared to base bitumen.
Keywords: Carbon Nanotubes, Bitumen, Asphalt, Central
composite design, Rheological Properties.

1. Introduction
The quality of road asphalt layers, which plays an important role in
protecting and transmitting road pressures from the top to the

bottom layers, is one of the factors determining the safety and
comfort of road drivers [1]. In designing asp halt paving materials,
high durability, good performance and long life should be
considered [2]. In recent years, the expansion of road transport,
increasing traffic volume, as well as severe climate change,
including heavy rains, heat and sudden cooling, have caused serious
damage to road asphalt, resulting in increased road maintenance
costs. Therefore, the use of new technologies to create asphalt
pavement with more strength has always been considered [3, 4].
Polymer modification is usually used to obtain the desired quality
asphalt. However, the disadvantages of polymer-modified asphalt
include poor solubility of polymers, poor storage stability,
sensitivity to separation at high temperatures, and low strength.
Hence, the researchers turned their attention to nanotechnology.
Nanotechnology examines materials as small as 100 nanometers or
less at the level of atoms and molecules, and has changed
perceptions about the properties of materials [4].
Carbon nanotube (CNT) among various nano-sized materials have
been able to enhance the performance of materials well. CNT is a
hollow, seamless cylinder 1 nm in diameter made by twisting a
graphite sheet one-atom thick. CNT shows good mechanical
properties compared to other materials. It can also improve the
performance of other materials [4]. Therefore, CNT is a good
option for improving bitumen in asphalt. Bitumen forms a major
part of asphalt and helps to bond different layers of asphalt together.
Bitumen is a material composed of crude oil and consists of an
asphalting part with a larger and stronger molecular weight and a
7
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molten part with small and liquid molecules. Bitumen is known as
a temperature dependent material. And at high temperatures shows
viscoelastic behavior. At hot temperatures, asphalt concrete cracks
due to heavy traffic, creating grooves in the asphalt surface. It also
loses its softness as the temperature decreases, especially in cold
areas. Thus, the undesirable properties of bitumen cause a lot of
damage in asphalt mixtures; including thermal cracks at low
temperatures, deformation at high temperatures, low durability
against heavy traffic and humidity. Preventing and postponing the
common breakdowns of asphalt pavements, in order to increase the
life of road asphalt, which reduces costs and also increases the
safety of road asphalt, is more and more necessary today [5].
Bitumen can be modified using CNT. Many researchers have
reported the use of CNTs as reinforcing additives to modify asphalt
binders. Jiang and coworkers synthesized a CNT/PEA
nanocomposite as an asphalt modifier and showed that CNTmodified asphalt has better advantages [4].
Faramarzian and coworkers improved the technical properties of
bitumen using carbon nanotubes as additives [6].Santagata and
coworkers found that the rheological function of the binder
increased by adding a high percentage of CNTs. In addition, the use
of CNT compared to Nano-additives shows better performance
against rust [7]. Sadeghpour and coworkers shown that nanotubes
can effectively improve high temperature properties without
negatively affecting the performance of bitumen at low
temperatures [8]. In a study, Wu and coworkers investigated the
performance of two nanometer modifiers such as graphene (Gr) and
CNTs in enhancing the thermal, physical, and rheological
properties of asphalt binders [9]. On the other hand, Rossi and
coworkers introduced a new type of carbon nanotube and studied
its properties and showed that this new carbon nanotube also
improves the performance of bitumen [10]. In a study by Wang and
coworkers, Gr/CNT composite materials were used to reinforce the
bitumen composite, which showed better dispersion, while
promoting surface interactions between the carbon nanomaterials
and the bitumen matrix [11]. For the first time, Barati and
coworkers evaluated the rheological and mechanical properties of
bitumen and asphalt with CNT and RGP [3]. Also, Wang and
coworkers showed that CNT has a good effect on the physical
properties, storage stability of rheological modified styrenebutadiene-styrene (SBS) asphalt [12]. In a project, Tsantilis and
coworkers found that the aging resistance of SBS-modified asphalt
was increased by adding the right amount of carbon nanotubes [13].
Najafi and coworkers studied the effect of desiccant materials on
the moisture sensitivity of base asphalt mixtures modified by CNTs.
The results showed that bitumen modification with CNTs led to an
increase in non-stick energy (AFE) [14]. On the other hand, Najafi
and coworkers investigated the effects of carbon nanofibermodified asphalt binders and carbon nanotube-modified aggregates
on the moisture sensitivity of asphalt mixtures simultaneously [15].
In a project, Kumar and coworkers investigated the effect of CNT
on the low temperature properties of asphalt binders using the
energy-based method [16]. Also, Kui Hu and coworkers studied the
storage stability and low temperature properties of RPE-modified
asphalt. They used CNTs as a reinforcing agent and simulated
molecular dynamics to discover the reinforcing mechanism of
CNTs in RPE-modified asphalt [17]. Mosir Shah and coworkers
investigated the effect of multi-walled carbon nanotubes
(MWCNT) on the adhesion properties of low viscosity asphalt and
showed that the addition of MWCNT improves the high
temperature performance of modified bitumen [18]. Chang and
coworkers investigated the leveling mechanisms between the four
components of base asphalt (asphalting, resin, aromatic and
saturated), styrene-butadiene-styrene (SBS) and CNT by
simulating the molecular dynamics of CNT [19]. Wang and

8

coworkers designed and synthesized two types of CNTs and
styrene-butadiene-styrene (SBS) to modify asphalt and used it to
study the thermal stability of asphalt [20].
Therefore, in this paper, in the present work, we propose an
approach for synergistically enhancing the rheological properties of
asphalt and bitumen composites through the CNTs. For this
purpose, different contents of CNTs are used for the modification
of the samples. We considered the morphological features of the
nanocomposite using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The influence of CNTs
on the rheological behavior of samples was studied by response
surface methodology (RSM).

2. Materials and Methods
2. 1. Raw Materials
All chemicals and solutions were of analytical reagent grade and
used without further purification. Carbon nanotube (CNT) with
length of 30 μm, real density of 2.1 g cm-2, specific surface area of
200 m2 g-1 and purity of 95% was prepared from JCNANO
Company, Nanjing, China. The bitumen used in constructing the
laboratory samples have been prepared from the Isfahan Oil
Refinery. The measured values of the primary physical properties
are tabulated in Table 1.

Properti
es
Values

Table 1. Properties of matrix bitumen.
Solubility
Softeni Flashi
in
Penetrati
ng
ng
tetrachlor
on (25
point
point
ide
°C)
(°C)
(°C)
carbon
(%)
68
51
295
99.2

Ductili
ty (cm)
>100

2. 2. Characterization
A Kokusan centrifuge (Tokyo, Japen) was used for the phase
separation.The reaction mixtures were shaken using a shaker
(model GLF 3203; Hilab, Düsseldorf, Germany). The mixtures are
sonicated by using an ultrasonic homogenizer (Bandelin Sonopuls
HD3400). Marshall Stability of samples were tested by the
Marshall Stability meter produced by Iran Soil Mechanics Industry,
SMAS-4100. To estimate the morphological properties of CNT,
scanning electron microscope (SEM, Gemini SUPRA 55VPZEISS) and transmission electron microscopy (TEM, JEM-2100F)
tests were performed.

2. 3. Sample Preparation
For preparing of modified bitumen, at first, the raw bitumen was
heated to 110 °C in a specific container and mixed with a shaker for
30 min at 5000 rpm. The resultant of this mixing was 3 types of
standard and modified bitumen including 0.3, 0.6 and 0.9 weight
percent of CNT. The mixture were sonicated at 1000, 2000 and
3000 rpm for 10, 20 and 30min at 110 °C. In the present study,
asphalt samples have been made based on standard method ASTM.
The asphalt samples immersed in water bath at 60°C for 30min.
After that, various concentrations (0.3, 0.6 and 0.9%) of CNT were
added to samples and were stirred at 3000 rpm with a stirrer. For
the preparation of all samples, the temperature was kept constant
through an electric heating jacket (Hualu SKM-2, Heze, China).
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2. 4. Physical Properties Analysis
In this study, the physical analysis were done using conventional
tests including softening point and penetration tests. Also, one of
the significant factors in designing the asphalt mixtures is Marshall
Stability. The Marshall test in the next section was evaluated.

2. 4. 1. Softening Point Tests
The softening point of samples can be measured by using a ringand-ball apparatus immersed in double distilled water. The
softening point is described as the mean of the temperatures at
which the two plates soften enough to allow each ball, enveloped
in sample, to fall a distance of 25 mm.

2. 4. 2 Penetration Tests
3/ Cool the prepared samples for 3h at room temperature.
4/ Put the samples in a thermostatic water-bath for 90min.

2. 5. Experimental Design
In order to obtain the best responses (softening and penetration
points), the procedure was optimized using a central composite
design (CCD). The statistical analyses were performed by using the
software package Design-Expert 11 (Stat-Ease Inc., Minneapolis,
MN, USA). In this paper, the most-effective independent
parameters on softening points, such as amount of CNT (A), mixing
time (B), and stirring rate (C) were chosen based on the literature
and preliminary experiments. According to the design, each of the
three parameters (A–C) was considered at three levels (Table 2).
For this case, a total of 20 (=2K +2K+C0, where k is the number of
variables, and C0 represents the number of center points)
experiments incorporating six axial points, eight factorial points
and six replicate at the center were suggested by the software (Table
3 and Table 4). The quadratic polynomial model was worked out
using the following equation:

Here Y represents the dependent variable, β0 represents the
constant coefficient, βi, βii and βij denote the linear, quadratic and
interaction coefficients, respectively. Xi and Xj denote the coded
values of the variables, respectively. K represents the number of the
independent variables.
Table 2. The experimental range and levels of the factors in the
CCD
Variables
Amount
of CNT
Mixing
time
Stirring
rate

Code

Un
it

Coded variable levels
-1
0
+1

A

%

0.3

0.6

0.9

10

20

30

1000

2000

B
C

mi
n
rp
m

Table 3. experimental data. CCD for softening point test using
RSM
Factor 1
Factor 2
Factor 3
Response
B:
C:
A:
Mixing
Stirring
R
Run
Amount of
time
rate
(℃)
CNT (%)
(min)
(rpm)
1
0.3
10
1000
51
2
0.6
20
2000
55
3
0.3
30
1000
51
4
0.9
20
2000
50
5
0.6
20
1000
56
6
0.6
20
2000
55
7
0.9
30
3000
60
8
0.6
30
2000
54
9
0.9
10
3000
59
10
0.6
20
2000
55
11
0.6
20
2000
56
12
0.9
10
1000
59
13
0.4
10
3000
51
14
0.3
20
2000
61
15
0.3
30
3000
52
16
0.9
30
1000
59
17
0.6
20
2000
55
18
0.6
10
2000
55
19
0.6
20
2000
56
20
0.6
20
3000
51

3. Results and Discussion
3. 1. Morphological Observations
Microscopic morphology of CNTs was detected by SEM and TEM
tests. Fig. 1a, b indicate the results of the morphological analysis
carried out on the CNTs sample. As can be seen in Fig. 1a, CNTs
has a tubular and one-dimensional structure. Also, the tubes were
irregularly arranged and intertwined with each other. Furthermore,
the analysis of the TEM image of the CNTs, indicated the presence
entanglement of nanotubes (Fig. 1b).

3.2. Marshall Stability
The Marshall test was conducted to estimate water stability. The
results of the Marshall test on asphalt was depicted in Fig.2. As
shown in Fig. 2, addition of CNTs to asphalt samples results in
increase of stability from 800 to 12000 Kg. The reason for this can
be attributed to the specific characteristics of CNTs, including good
tensile stability and high-density levels.

3000
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Table 4. CCD for penetration degree test using RSM and
experimental data.

Factor 1

Run

A:
Amount of
CNT (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0.3
0.6
0.3
0.9
0.6
0.6
0.9
0.6
0.9
0.6
0.6
0.9
0.4
0.3
0.3
0.9
0.6
0.6
0.6
0.6

Factor 2
B:
Mixing
time
(min)
10
20
30
20
20
20
30
30
10
20
20
10
10
20
30
30
20
10
20
20

Factor 3

Response

C:
Stirring
rate (rpm)

R
(℃)

1000
2000
1000
2000
1000
2000
3000
2000
3000
2000
2000
1000
3000
2000
3000
1000
2000
2000
2000
3000

53
61
63
51
64
64
69
61
69
62
62
68
54
70
54
68
63
64
63
61

The effects of amount of CNT, mixing time and stirring rate on the
softening point for bitumen were determined in selected range of
factors and results are expressed as contours plots. Fig. 3a indicates
2D contour plot of amount of CNT against the mixing time. The
contour plot of amount of CNTs versus mixing time shown that the
optimal conditions for softening point were in the dark green
region, where CNTs amount ranged from 0.2 to 1% and mixing
time from 5 to 35min. Fig. 3b indicates the interaction of amount of
CNT with stirring rate. As can be seen in Fig. 3b, the softening
point of the bitumen increases with increase in CNTs amount and
it increases with increases stirring rate. As shown in Fig. 3c, the
softening point of the bitumen increases with increase in mixing
time and increases in stirring rate. Based on the results (Fig.3c),
with increasing mixing time from 20 to 35min, the softening point
was enhanced, reaching the maximum value at 0.6% of CNTs.
Also, the analysis of variance (ANOVA) such as the regression
(R2), predicted R2 and adjusted R2, were done to justify the
efficiency and significant of the developed regression model. The
R2 of the developed model was 0.966, indicating that 96.6% of the
total variations in the results could be due to the studied parameters.
Additionally, the R2 was very close to the adjusted R2 (0.935).
Moreover, the difference between the predicted R2 (0.789) and
adjusted R2 (0.935) is less than 0.2, which are in reasonable
agreement to each other.

Fig.3. a. contour plots for the mutual effects of: (a) mixing time
and amount of CNTs
Fig. 1. a) SEM and b) TEM images of CNTs

Fig.2. The results of Marshall Strength of different percent
amounts of CNTs.

3. 3. Softening Point Test
10

Fig.3. b. contour plots for the mutual effects of (b) stirring rate
and amount of CNTs
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Fig. 4. b. contour plots for the mutual effects of (b) stirring rate
and amount of CNTs
Fig.3. c. contour plots for the mutual effects of: (c) stirring rate
and mixing time on the softening point test.

3. 4. Penetration Degree Test
The needle penetration experiment was carried out to determine the
relative stiffness of bitumen. The special influences of each factor
(amount of CNT, mixing time and stirring rate) on the penetration
point for bitumen were considered by contours plots. Fig. 4a shows
that the penetration point increased with amount of CNT and
prolonging the mixing time when the stirring rate was fixed at
2000rpm. Fig. 4b indicates that when the amount of CNT increased
and the stirring rate increased, the penetration point enhanced. As
indicated in Fig.4c, it was observed that the penetration point
increased with prolongation of the stirring rate and mixing time,
when the amount of CNTs was fixed at 0.6%. On the other hand, a
high value of the adjusted R2 (0.939) also indicated the high
significance of the developed regression model. In this case, the
adjusted R2 and R2 values were found to be very close. (R2=
0.971). Also, according to the results of ANOVA, the value of
predicted R2 was 0.787.

Fig. 4. a. contour plots for the mutual effects of: (a) mixing
time and amount of CNTs

Fig. 4. c. contour plots for the mutual effects of: (c) stirring rate
and mixing time on the softening point test.

4. Conclusion
Due to the increasing development of carbon nanotubes (CNTs) in
the nanotechnology, we can use them as the special choice in
asphalt mixtures. The effect of CNTs on rheological behavior and
storage stability of modified samples were studied. The shape and
morphology for modified samples were characterized by SEM and
TEM, respectively. The effect of CNTs on the softening and
penetration point of samples were examined by central composite
design (CCD) experimental design and response surface
methodology (RSM). CCD results proposed the rheological
behavior to follow quadratic equation. Increasing the CNTs content
from 0.3 to 0.9%, had significant effect on rheological properties of
bitumen, so the 0.9% CNTs has been selected as optimum
condition. Also, it was observed that the mixing time has the best
performance and 30min was selected as an optimum mixing time.
Rheological properties enhanced by increasing the stirring rate. The
Marshall test had significantly increased by adding the percentage
of CNTs to bitumen. CNTs had a significant effect on Marshall
Ratio results due to increased stability. The experimental data
showed that bitumen and asphalt mixture would be affected by
CNTs.
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Abstract
Back-to-Back walls are the complex geometry of MSE walls and
are often used as approach embankments and bridge abutments.
Surcharge loads acting on the Back to Back Mechanically
Stabilized Earth Wall (BBMSEW) should be applied on BBMSE
walls to understand the realistic behavior. In this study, Numerical
modeling is performed with Plaxis 2D to understand the
consequence of surcharge on earth pressures, surface settlement
profiles of BBMSE walls. A typical ratio of W/H= 1.55 is taken
where a combination of a reinforced and unreinforced zone is
present in BBMSEW for analysis and reinforcement stiffness of
(J) from 50 to 50000 kN/m is used to study the flexibility of the
backfill with the reinforcement within. The stress analysis at the
transition plane of the reinforced and unreinforced zone showed
the arching phenomena. Due to the surcharge, the lateral pressure
reduced nearly 42.31% from the Rankine’s active condition and
the vertical stresses are very close to the analytical arching
equation derived and reduced approximately 63.51% from the
overburden pressure after surcharge is applied. It is found that the
surface settlement profiles for a particular stiffness (i.e.,
J=50000kN/m) at different wall heights are decreasing from top to
bottom. At 6m height for J=50kN/m, it is observed that the
settlements have occurred in the reinforced zone whereas for the
J=50,000kN/m the settlements were observed only in the
unreinforced zone. From the analysis, it is concluded that arching
is predominant in the transition zone of BBMSEW and must be
considered for the estimation of earth pressure and design of
BBMSEW.
Keywords: Surcharge load, vertical stress, Arching, Numerical
model, Back-to-back walls, Surface Settlement profile

1. Introduction
Back to Back MSE wall structures must be designed to ensure that
they are stable externally and internally. Compound global
stability analysis must be ensured to build a safe BBMSEW. The
schematic of BBMSEW is shown in Fig.1.The design principles
of this complex geometry of MSE Wall are given in the codes.
However, the design principles presented in the codes are
limited and must be analyzed carefully to design the BBMSEW.

In the designing of the wall, the three controlling factors
include the geometry of the wall, stresses acting, and the
deformations of BBMSEW. The stability analysis of the wall if
W/H<2 is not mentioned in the codes and has limited study. If
W/H<2, the stresses acting at the transition plane of reinforced
and unreinforced zone is overestimated which leads to the
unsafe design of the wall and further leads to failure of the
structure. In the present study the stresses acting at the
transition plane of the reinforced and unreinforced zone of
BBMEW is analyzed using the numerical model simulated in
Plaxis 2D.Two factors which contribute the stability of the
structure are: one is the reinforcement providing enough tensile
strength and the other is the soil having shear strength.

Fig.1. Schematic of BBMSEW (Back to Back Mechanically
Stabilized Earth Wall).
Modeling of BBMSEW were dealt in studies developed a wide
variety of numerical models using the methods of finite element
and finite difference software and validated with field
instrumented studies and analyzed the earth pressures, lateral
displacements, and settlements of the walls. And the consequence
of surcharge on single MSE walls, the studies in BBMSEW
surcharge induced effect on BBMSEW.In the BBMSEW there are
two zones as shown in Fig.1. Reinforced and unreinforced zone as
from the basic principle arching is the process by which stresses
are transferred from the soil on to adjacent structure due to
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mobilization of shear stresses resulting from relative
displacements. Where the relative displacements are observed in
the BBMSEW due to the rigidity difference between the
reinforced and unreinforced zone in which the studies are on
various geotechnical structures like buried structures,
embankments, silos, mine stopes and retaining walls.
A detailed study on Back to Back MSE walls, arching, and the
consequence of surcharge on arching suggests that the studies are
limited in BBMSEW. The main intention of this study is to
analyze the phenomenon of arching under controlled conditions
assuming the wall is rotated about the top by applying Ka
condition on the exterior of the wall, for limit state analysis and
surcharge application on the BBMSEW. In this study earth
pressures in the lateral and vertical direction, values of settlements
necessary to mobilize arching in the transition plane of
BBMSEW, and the extent of the zone of stress transfer are
analyzed and presented.

2. Numerical Modeling
A numerical model was simulated as shown in Fig.2. Wall height
(H) is 6 m, with a vertical facing. The length of geogrid
reinforcement was 0.7H i.e. 4.2m as prescribed in the codes,
and the minimum spacing specified in codes is 0.6m between
the reinforcement respectively. The input parameters for this soil
model and reinforcement were presented in Table 1. & Table 2.
For the soil Mohr-Coulomb model, i.e., a linear elastic and
perfectly plastic was applied. Reinforcement of geogrid is modeled
as elastic material which is perfectly compatible with the soil in
the model. The interfaces are created for soil-block, having soil
properties with interface friction (Rinter=0.8), and for a block-block
interface is created using concrete block properties using interface
friction (Rinter=0.8) and soil-reinforcement to ensure the friction
between the elements and are compatible with the soil element.

performed for the lateral earth pressures, vertical stresses, and
the surface settlement profiles were taken and compared with the
analytical equation derived and shows satisfactory concurrence
between the obtained and intended values of the horizontal
and vertical stresses after construction. And also the comparison
of the lateral and vertical stresses, the surface settlement profiles
with and without surcharge of BBMSEW is analyzed and presented.
And to understand the flexibility behavior of the backfill within the
wall, stiffness of the reinforcement is varied from J=50 kN/m to
50,000 kN/m, vertical stresses and surface settlement profiles were
taken and presented.
Table1: Soil and concrete block properties of numerical model
Properties

Backfill

Foundation
soil

Concrete
block

Soil model

Mohrcoulomb

Mohrcoulomb

Linear
elastic

20

22

24

Elastic modulus
(E)kPa

30E3

2E6

30E6

Poisson’s ratio (')

0.3

0.2

0.15

Cohesion(c) kPa

2

1000

-

The angle of
shearing
resistance(∅)
degrees

35

50

-

Dilation ( ѱ)
⸰
degrees

11

0

-

Unit weight
!("#⁄$! )

Table2: Geogrid reinforcement properties
Properties

Stiffness(J) kN/m

Geogrid reinforcement

50,500,5000,50000

3. Validation of model

Fig.2 Numerical model of BBMSEW in Plaxis 2D
Staged construction is simulated with each layer of 0.3m
thickness was placed till the wall height of 6m is constructed.
And the surcharge (q) of 24kPa is kept on the top of BBMSEW
after construction to simulate the dead load and live load acting
on the wall as per codes. The boundary was fixed both in a
horizontal and vertical direction from the base of the wall in
between the facings of the wall above the foundation to not
allow the settlement from the wall to the foundation. Ka
condition was imposed with a prescribed lateral displacement of
0.03m (i.e., 0.5%H) and vertical displacement is fixed on facing
of the wall, Across the wall height with uniformly varying to
perform the limit state analysis as shown in Fig.2.The analysis is
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For the validation of the present study, the same configuration
was taken by [11] as shown in Fig.3, is simulated using Plaxis
2D. The Wall height is 6 m, and the depth of the foundation is 2
m. Here, 2 cases are considered (W/H=2 and W/H=1.4) and a
concrete block facing is used to simulate the field condition, the
concrete blocks with a dimension of 0.3x0.2m are used as facing
for the BBMSEW. The connection between the reinforcement
and modular concrete block is fully fixed and there is no error in
the connection is ensured. The interface is generated between
block-block, soil-reinforcement, block-soil, and at the base
between the foundation and above backfill.

Kommu et al.

Fig.3. Schematic of BBMSEW model for validation
The properties of the backfill, concrete blocks, reinforcement
which are given as the input parameters to the Plaxis for
validation are presented in Table 3. and Table 4.
Table 3 Backfill and foundation soil properties for validation
Properties
Soil model
Unitweight
!("#⁄$! )
Elastic modulus
(E)kPa
Poisson’s ratio(')
Cohesion(c) kPa
The angle of
shearing
resistance(∅)
degrees
Dilation ( ѱ)
degrees

Infill
Mohr-coulomb

Base soil
Mohr-coulomb

18

22

30E3

200E3

0.3
0

0.2
100

30,35,40

30

5

0

Fig.4. Lateral stress at 4.2m from facing for W/H=2
From Fig.4. It is noted that the lateral stresses for case 1.W/H=2,
is close to Rankine’s active condition and from the ¼H, the lateral
stress exceeds the Rankine’s active stress condition and reaches to
At-rest condition, this is due to the toe impediment imposed at the
base of BBMSEW. And the percentage error with the validated
model is approximately 2.75% and is satisfactory with the FHWA
design guideline when W/H=2.

Table 4 Reinforcement properties for validation
Properties

Stiffness(J) kN/m

Geogrid reinforcement

11000
Fig.5. Lateral stress at 4.2m from facing for W/H=1.4

However, in the present study reinforcement stiffness is taken
from J=50 to 50,000 kN/m. But the model with the stiffness of
J=50,000 kN/m is compared with the validation results. And a
vertical spacing of 0.75m is used for reinforcement in backfill.

3.1 Lateral earth pressure distribution
Lateral pressures at 4.2m from the concrete block facing are taken
for analysis. It was noted that the lateral stresses at the termination
of the reinforced zone of BBMSEW are increasing with the depth of
the wall. From validation, it showed a maximal difference of
approximately 5%.
In this study, a typical W/H ratio of 2 and 1.4 of BBMSEW with
unreinforced zone and different values of stiffness was analyzed.
The model was vigorous considering staged construction. The lateral
and vertical earth pressures at 4.2m from facing (i.e., termination
of the reinforced zone) and the tensile profiles were also studied
and results are presented.

From Fig.5.it is noticed that the lateral stress at the ending of the
reinforced zone and after construction the lateral earth pressures
are increasing with the depth and less than Rankine’s active
condition. Nevertheless, in the ¼ H where it tends to exceed
Rankine active condition and reaches to At rest condition due to
the fixed rigidity above the foundation on which the wall rests and
within the concrete block facing as seen by the wall
displacements. The percentage error of the validated model is
approximately 2.94% and is compared well for W/H=1.4 and the
stresses are not as per the design guidelines of FHWA.

3.2

Tension Forces across the wall height

The distribution of tensile force across the reinforcement
length is analyzed and observed that the tensile forces
distributed are not uniform which are mobilized in the soil. So
at every stage, the maximum tension force is taken and plotted
with the wall height at different reinforcement heights. The
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locus of maximum tension points in the backfill is similar to
the tieback wedge method for a single MSE wall.

Fig.6. Maximum tension points profile for W/H=2.
Form Fig.6, for W/H=2 it is interpreted that the locus of
maximum tension points is increasing with depth except for the
0.2H from the bottom of the wall where it is having the
maximum tensile force and is compared well with the validated
model.

Fig.8. Comparison of lateral stress at the back of reinforced zone
with surcharge.

4.2 Vertical stress at the termination of the reinforced
zone
The lateral stresses are reduced due to the arching phenomena
wherein which the vertical stress is the reason for the reduction
and from the numerical analysis, it is spotted that vertical stresses
are lesser than the overburden stress and there is stress
redistribution behind the reinforced zone and this stress
redistribution is due to stress transfer of the soil in the
unreinforced zone on to the adjacent more rigid reinforced zone
which is the effect of arching in the transition plane of reinforced
and unreinforced zone. A new formula is derived for the stresses
due to earth pressure considering the phenomena of arching in
BBMSEW.

4.3 The equation for the stresses considering arching
phenomena
Fig.7.Maximum tension points profile for W/H=1.4.
From Fig.7, for W/H=1.4 it is noticed that the locus of
maximum tension line increases with wall depth except for the
wall height of 0.2H from the bottom and is compared well with
a validated model with a maximal difference of approximately
4%.

The equation for vertical stress in the unreinforced zone of
BBMSEW is derived from the equality of forces acting on the
assumed unreinforced block considering arching, the schematic
of the BBMSEW, and the forces acting is shown in Fig.9. And
the FBD (force diagram) of the forces in the unreinforced block
is shown in Fig.10.

4. Results
4.1 Lateral stress at the back of the reinforced zone
The lateral stress is taken at 4.2m from the concrete block facing
i.e., at the termination of the reinforced zone along with wall
height after construction is taken for the analysis, from Fig.8. It is
observed that with a surcharge up to ½ H, the lateral stress is
similar to the Rankine’s active stress condition, and from 3m
height, the lateral earth pressures are reducing linearly due to the
arching phenomena in BBMSEW. And at 6m height the difference
of earth pressure without surcharge is approximately 67.88% and
with a surcharge from the Rankine’s active condition was
approximately 44.33%. The horizontal stress is increased with
surcharge and at 6m it is increased approximately 42.31%. The
reduction of lateral stress is due to the arching effect and with
surcharge; the arching is more distinct with the stress analysis.
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Fig.9. Schematic of BBMSEW for the derivation of vertical
stress.
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Fig.10. Free body diagram of unreinforced zone considered for
the arching equation.
Equating all forces acting in a vertical direction on the rectangular
element gives

(6)

(7)

Where, M" = average vertical stress; k = lateral earth pressure
coefficient; and j = width of unreinforced zone; W=fill-wall
interfacial friction angle;N = depth of wall. The analytical
equation derived for the BBMSE wall is compared with the
numerical analysis values obtained from Plaxis 2D and the plots
are presented in the paper.

The weight of a rectangular element,

dW
= γ A dz
(1)
shear load, ds
(2)
= (Kσ" tanδ + c#)P dz
From equilibrium,
dσ$ = γ × dz − (kσ$ tanδ + c# ) P JA dz
(3)
Where P= perimeter of the element and A= c/s area of the
element
LM"
LN

= O! −

P
P
R S − O"TUVW S M&
Q %
Q

YZT , [ = O! −

(4)

P
P
R S ; ] = O"TUVW S
Q %
Q

LM"
= [ − ]M"
LN
LM"
= LN
[ − ]M"

Integrating the above equation with the boundary condition for
the vertical stress q to σ$ and at a depth z.
(!

^

)

Fig.11. Vertical stress and arching equation comparison with and
without surcharge.
From Fig.11, it is noticed that the vertical stresses are lower in
value than overburden stress and follow the similar trend of the
equation derived for vertical stress considering arching. It is due
to the stress redistribution at the transition zone of the reinforced
and unreinforced zone. Two cases are considered with surcharge
and without surcharge for both analytical arching equation and
the numerical analysis. From the plots after construction and at
the termination of the reinforced region the vertical stress
increases linearly with depth but is lower in value than
overburden stress due to the arching.

&
LM"
= ^ LN
[ − ]M"
'

The general equation for average vertical stress
σ$ =

p
_γ − c# a
.
A
*+,#-δ 0
/ a
p _1 − e
_ktanδ Aa
.
+ qe*+,#-δ/0

(5)

when the backfill is granular and there is a narrow trench, L
≫ B,
P
P 2(B + L)
i. e. , = 2/B)
( =
BL
A
A

Fig.12. Vertical stresses with and without surcharge comparison
with the analytical arching equation
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when the case with surcharge is taken from the numerical analysis
from Fig 12. It is noted that results of vertical stress nearly fall on
the analytical arching equation derived for a surcharge and is
nearly 63.51% less than the overburden pressure.
When the case without surcharge is considered the vertical stress
from the numerical analysis is slightly less than the analytical
arching equation and follow the similar trend of the arching
equation without surcharge and is approximately 79.22% less than
the overburden pressure after construction of the wall and at the
end of the reinforced zone of BBMSEW. It shows that the arching
is predominant in BBMSEW and is comparatively more in the
case of the wall without surcharge. In the case of surcharge, the
degradation of arching has happened in the transition plane of the
reinforced and unreinforced region of the wall due to the
additional vertical stress as a consequence of the surcharge on the
wall. From Fig.12, the numerical analysis of the case with and
without surcharge the vertical stresses with a surcharge is
increased about 43.08% to that of the case without a surcharge
after construction. And it is noted that the arching is more in the
case of the wall without surcharge whereas in the case of the wall
with a surcharge due to the additional vertical stresses
comparatively the arching is less than the case without surcharge.

Fig.14. Variation of lateral displacement contours in J= 50000 and
J=50kN/m

4.4 Surface settlement profiles
As represented in Fig.15. The settlements are more in the
unreinforced zone. As it is obvious that the less rigidity zone will
have more settlement compared to the rigid reinforced zone. As
there is a rigidity difference between the reinforced and
unreinforced zone of BBMSEW there is stress transfer between
these zones and leads to arching phenomena in BBMSEW. And
also the arching in the unreinforced zone will happen when the
reinforced zone is rigid enough whereas in the case of the
reinforcement rigidity is less as observed the settlements are
transferred to the reinforced zone in which the reinforcement
effect is negligible in case of reinforcement with the stiffness of
J=50 kN/m. but when the reinforced zone is more rigid i.e., with
reinforcement stiffness of J=50,000 kN/m, the settlements are
observed in the unreinforced zone.

Fig.13. Vertical stresses at the back of reinforced zone for various
stiffness.
To understand the realistic behavior of arching in the transition
plane from the numerical analysis the stiffness of reinforcement
ranging from J=50,000 kN/m to J=50 kN/m is considered and it is
interpreted from Fig.13, that with the rise in stiffness there is more
rigidity in the reinforced zone which increases the arching and it is
observed that for the less stiffness the vertical stress is nearly
overburden stress which shows that there is a negligible effect of
arching in the transition plane and also the negligible effect of
reinforcement is noticed. And with the increase in the stiffness of
reinforcement the vertical stress is reduced nearly 63.50% to that
of the overburden stress, this is due to more stress redistribution in
the case of the more rigid reinforced zone and the arching is more.
From Fig.14. it is observed that the lateral displacements are
tending outward more in case of the backfill reinforced with the
stiffness of J=50 kN/m and less or reduced lateral displacements
are observed within the reinforced zone with the stiffness of
J=50000 kN/m and when the surcharge is applied on the top of the
BBMSEW. This less stiffness of reinforcement tends the wall to
move away which causes lateral bulging showing the negligible
effect of reinforcement compared to the case with higher stiffness.
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Fig.15. Settlement variation in BBMSEW for J=50000 and
J=50kN/m

Fig.16. Surface settlement profiles at different depths for
particular stiffness of J=50000kN/m.

Kommu et al.

It is observed from Fig.16, for particular reinforcement stiffness of
J=50000 kN/m, for different heights of the wall after construction
the surface settlement with surcharge is more compared to without
surcharge. The different wall heights taken are 1.5 m,3 m,4.5 m,
and 6 m, it is found that the unreinforced zone settled more than
the reinforced zone due to the more rigidity of the reinforced zone
and it leads to the differential settlement which directly leads to
the arching in the transition zone of the reinforced and
unreinforced zone. This arching action takes place due to the
difference in stiffness between the reinforced and unreinforced
region of the backfill. The average settlement of reinforced zone
for 1.5 m,3 m,4.5 m, and 6 m height of the wall are respectively
4.82 mm,8.91 mm,12.82 mm, and 15.39 mm and in the
unreinforced zone, the average settlement for the same heights of
the wall are respectively 6.20 mm,21.56 mm,40.85 mm and 52.81
mm. It is concluded that the surface settlement profiles are
increasing with wall height in the reinforced and unreinforced
zone of the BBMSEW. Due to the surcharge, there is more
settlement which increases the relative stiffness between the
reinforced and unreinforced zone and leads to arching and
reducing the vertical stress.

Fig.18. Incremental shear strain contours in BBMSEW for
(J=50000 and J=50kN/m).
In the case of high stiffness for J=50,000kN/m, the interception of
shear strain contours is formed like a triangular pattern observed
in the unreinforced zone of BBMSE walls. But, in the case of less
stiffness for J=50 kN/m, the shear strain contours are raised from
the toe of the wall on both sides, as represented and follows the
similar criteria of assumed failure plane as per FHWA guidelines.
And also there is no effect of reinforcement as discussed earlier in
the present study; this is due to more deformations in the less
stiffness reinforcement as it is having the negligible effect of
reinforcement in the reinforced zone of BBMSEW.these shear
strain contours which are more often used to predict the failure
mechanism of the BBMSEW.

5. Conclusions
In this study numerical analysis is done for the BBMSEW
considering the typical W/H ratio of 1.55 and for this, the arching
phenomena are analyzed, and the considerable outcomes of the
study are pointed out below.

Fig.17. Surface settlement profiles after construction for various
stiffness.
It is observed from Fig.17, that for a particular height after
construction for various stiffness the surface settlement for
reinforcement stiffness of J=50 kN/m, 500 kN/m, 5000 kN/m, and
50,000 kN/m in the reinforced zone are 22.32 mm,22.02
mm,18.85 mm, and 15.39 mm respectively. and for the same
stiffness, the average settlement in the unreinforced zone is 15.45
mm,21.16 mm,39.81 mm, and 52.81 mm. It is found that for J=50
and 500 kN/m the settlements are more in the reinforced zone than
the reinforced zone due to the less rigidity of the reinforcement
the settlements are occurred in the reinforced zone, whereas for
the stiffness of J=5000 and 50000 kN/m, it is found that the
settlements are more in the unreinforced zone than the reinforced
zone and with increment, in stiffness, there is a reduction in the
settlement in the reinforced zone but more settlement has been
observed in the unreinforced zone. It is concluded that for lesser
stiffness there is the negligible effect of arching as the settlements
are occurred in the reinforced zone due to less rigidity, with the
increase in stiffness there is more rigidity due to this more relative
stiffness between reinforced and unreinforced zone for which the
arching is more predominant.
The incremental shear strain contours are shown in Fig.18, which
are used for the determination of the critical failure mechanism of
BBMSEW with varying reinforcement of J=50 kN/m and
J=50000 kN/m.

1. The lateral stresses with depth at the termination of the
reinforced zone are increasing linearly but less than the Rankine
active condition. For the ratio of width to height =1.55, the
horizontal stresses are reduced by about 44.33% to that of
Rankine’s active stress condition after construction.
2. The vertical stress nearly falls on the analytical arching
equation derived for a surcharge and is nearly 63.51% less than
the overburden pressure and the case without surcharge is
approximately 79.22% less than the overburden pressure after
construction, it replicates that on the application of surcharge the
arching effect is more.
3. The vertical stress variation with surcharge applied on the top
of BBMSEW with the increase in stiffness (J=50000 kN/m) the
vertical stresses are reduced nearly 63.50% to that of overburden
pressure whereas in the case of reinforcement stiffness (J=50
kN/m) the vertical stresses are similar to the overburden stress.it
shows a negligible effect of arching as there is no rigidity
difference between reinforced and unreinforced zone for the
reinforcement stiffness of (J=50 kN/m).
4. The variation of settlement profiles for a particular stiffness
with surcharge is non-uniform along the length of the
reinforcement, but it is increasing with wall height in both
reinforced and unreinforced zone and it is more in the
unreinforced zone.
5. The variation of surface settlement at the end of construction
for various stiffness is non-uniform across the entire length of
reinforcement and it is observed that for lesser stiffness there is a
negligible effect of arching as the settlements are occurred in the
reinforced zone due to less rigidity, with the increase in stiffness
there is more rigidity, and the arching effect is predominant.
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