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COIR REINFORCEMENT IN NON- BITUMINOUS
LAYERS OF PAVEMENT

Dr Praveen Kumar1

Anshul Ojha2

Abstract
Coir is widely being used in our country for the construction of pavements as it provides reinforcement to the soil. It is
environment- friendly and biodegradable, hence does not poses any problem of disposal. In the present study, an attempt
was made to first stabilize the different soils and then provide reinforcement to them. A detailed analysis was done on the
strength parameter of the soil and it was observed that addition of 1% coir in the form of fibres increases the CBR value
by 86% for sandy soil, 24% for gravelly soil and 317% for clayey soil. Further, fibre was added to lime stabilized soil and
an optimum mix was found for different soils to be used further for designing of rural roads. The designing of the flexible
pavement was done at a certain combination of soil, lime and coir fibres.

1. Introduction
In Civil Engineering construction practices, the use of
natural fibres for providing reinforcement is prevalent for
quite some time. The main advantages of natural fibres
are that they are cheap, biodegradable, eco-friendly and
are locally available. Among the various available natural
fibres, coir is produced in large quantities in Coastal and
South-India. Coir is a natural biodegradable material
which decays slowly and has better mechanical properties,
such as tensile strength. The present study mainly focuses
on the use of coir to improve the strength properties of
lime stabilized sub-grade soil and then its cost benefits in
the designing of flexible pavement for rural roads. Soil
sub-grade is one of the most important components of a
pavement as they have to ultimately carry the load coming
over the pavement. As such, the soil sub-grade should not
be overstressed at any time. The construction of roads in
most of the places across the country faces major problems
due to weak sub-grade soil.
It is a known fact that soil mass in its natural state is strong
in shear and compression but weak in tension. Therefore,
tensile resisting elements are widely used in reinforcing
soil mass. The use of naturally occurring materials like
coir, jute etc. as reinforcing materials is prevalent for
1
2

some time in India. Coir is a biodegradable organic fibre
material containing cellulose (nearly 54%) and lignin
(nearly 46%). The husk of the coconut, which surrounds
the base shell provides the raw material for coir industry.
Due to its highlignin content, coir fibre decomposes at a
much slower rate than any other available natural fibre.
Coir yarn can be spun either hard or loose in varying
thickness. Of all the available natural fibres, it has the
greatest tearing strength. Coir fibre retains this property
even in wet conditions. The main advantage of these
materials is that they are locally available and are
very cheap. They are biodegradable and hence do not
create disposal problems in environment. Coir finds its
applications in cases where the reinforcement is required
for relatively short durations, like in pavement subgrade,
where it provides tensile reinforcement in the early stages
and continuous consolidation of soil by moving traffic load
makes the subgrade stable enough in later stages when
coir is fully degraded. Processing of these materials into
a usable form can also serve as employment generation
activity for the rural areas in our country. This will have
dual benefits as the economy of rural areas will be uplifted
and an important construction material is produced.
When sufficient quantity of lime is mixed with moist soil,
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silica and alumina are released from the clay and react with
calcium from the lime to form Calcium-Silicate-Hydrates
(CSH) and Calcium-Aluminate-Hydrates (CAH). CSH
and CAH are cementitious products like those formed in
Portland cement. They form the matrix that contributes to
the strength of lime-stabilized soil layers. As this matrix
forms, the soil is transformed from a clayey, sandy or
granular material to a hard, relatively impermeable layer
with significant load bearing capacity. The process begins
within hours and can continue for years in a properly
designed system.
Over the past two decades, the use of coir and lime has
seen tremendous increase in pavement construction works.
This chapter includes the major studies on the use of lime,
coir and other fibres in construction of soil subgrade. The
behaviour of fibre reinforced soil and how it responds to
the addition of lime and other industrial wastes has also
been studied.
1.1

PREVIOUS STUDIES

F. G. Bell (1996) subjected the most commonly
occurring minerals in clay deposits namely, kaolinite,
montmorillonite, and quartz to a series of tests to determine
the effect of lime on plasticity and strength characteristics
of these minerals. His studies revealed that on addition of
lime, plasticity of montmorillonite reduces while that of
kaolinite and quartz increases, albeit by smaller margins.
Hussain & Dash (2009) studied the influence of lime on
the compaction behaviour of wide range of soil. To achieve
the wide plasticity range in the soils used in the study, an
expansive soil and a residual soil was mixed in different
proportions. Results of proctor compaction test revealed
that for all soils, the Maximum Dry Density(MDD)
increases and optimum Moisture Content reduces, up
to 3% lime content, after which there is no significant
variation up to 5%, and then this trend reverses further up
to 13% lime.
M.O. Ogundipe (2013) collected clay samples from road
side and evaluated its properties in both the natural state
and lime stabilized state. The prime objective of this
study is to determine that optimum content of lime which
will stabilize the clay soil. The various tests carried out
yielded the results that Maximum Dry Density (MDD)
was achieved at lime content of 8% while the maximum
optimum moisture content (OMC) was recorded at 10%
lime.
Achampong et al. (2013) studied the effect of lime on
the plasticity and compressive strength of CL (low
compressive cohesive soil) and CH (high compressive
cohesive soil). They blended two commercially available
2

clay minerals (Hydrit-R and sodium montmorillonite)
in different proportions to produce a CL & CH soil. To
establish the appropriate mix design, compaction and
stabilization tests were performed on these synthetic soils
at varying lime content. The results showed that higher
compaction densities were obtained in lime treated CL
soils as compared to lime treated CH soils at the same lime
content, which is itself lower than the MDD of untreated
soil.
Tan et al. (2016) studied the effect of agglomerate size on
the CBR values of lateritic soils treated with lime. The
study showed that the lime treated soil both hardens and
softens, while the untreated soil just hardens. The CBR
values of lime treated soil increased by three to six times,
for the agglomerate range of 0.5 mm–2 cm, as compared to
untreated soil. It was further concluded that the addition of
lime has not much effect if the agglomerate size is beyond
this range.
Mehndiratta et al. (2005) conducted a study to increase
the life of coir geotextile with the help of phenol treatment
and to observe the reinforcing effect of coir geotextile.
From the gas chromatograph analysis, it was concluded
that for best effect, coir should be treated with 5% phenol
solution for 4 hours. This results in reducing the cost by
almost 50%. From the plate load test results, an increase
of 42% was observed in the value of modulus of subgrade
reaction by reinforcing the subgrade with coir geotextile.
It was also observed that there is only 15% difference in
the modulus of subgrade reaction values of synthetic and
coir reinforced subgrade soil.
Subaida et al. (2008) conducted tension tests on different
fibres to investigate the tensile and pull-out properties of
woven coir geotextile. A gauge length of 150 mm and a strain
value of 5% was adopted for the purpose of conducting
these studies. It was found that tensile properties of coir
fibres depends on the source of origin with beach fibre
having the highest breaking modulus. It also depends on
the type of fibre, its weaving pattern and thickness of yarn
with tensile strength lying in the range of 10- 20 kN/m.
Pull-out test was also conducted using different kind of
sand in the rigid test box and it was found that closely
woven geotextile offer best pull-out resistance.
Babu And Vasudevan (2008) conducted tests to ascertain
the strength and stiffness behaviour of coir -reinforced soil.
The test results showed that the stress - strain behaviour
is improved considerably by inclusion of coir fibre in
soil. Deviator stress can increase upto 350% due to the
inclusion of coir fibre. The study also showed that the
effect of fibre on deviator stress depends on fibre content
as well as length and diameter of fibre content.
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Dutta et al. (2012) conducted tests to study the effect
of carbon tetrachloride treated coir on the unconfined
compressive strength of clay soil. The fibre content was
varied from 0.4% to 1.6% and it was found that the clay
reinforced with CCl4 treated coir gives highest value
of unconfined compressive strength. The UCS value
increased by about 25% at 0.4% fibre content and about
78% at 1.6% fibre content.
1.2	Need of the Study
Geotextiles that are used for reinforcement purposes in
soil are mostly manufactured from synthetic polymeric
materials. These materials are in turn manufactured
from the by-products of petroleum, which being a
non-renewable source of energy is depleting with the
passage of time. Moreover, the long-term effect of the
uncontrolled application of such artificial products raises
concern about the environmental and ecological impacts
of its use.
Lime, when used alone for stabilization, increases the
strength properties but at the same time induces brittleness
in the soil. The use of a mixture of coir-fibre and lime
helps in overcoming this limitation.
Coir as such cannot be used in soil subgrade as it
decomposes due to the micro biological attack of bacteria
in the soil. Therefore, there is a need to apply a rot resisting
chemical and study its effect on the strength on coir.
Although good amount of research has been done in our
country regarding use of coir mat for soil reinforcement
specially for clays, there is a need to study the reinforcing
effect of coir fibres in lime stabilized soil.
2.	MATERIALS USED
2.1

Soil

Soil used in this study was collected from three different
places, having different properties to make a comparative
study of effect of lime and coir. These places are:
(i) Roorkee

(ii) Almora

(iii) Dhanauri

Lab tests were conducted on soil obtained from these three
different places and index properties were determined for
them. Specific gravity for these soils were determined
as per IS:2720 (Part III-1980). Grain size analysis was
carried out as per IS:2720 (Part IV-1985). OMC and MDD
were found out using Light Compaction test procedure.
These soils were further stabilized using lime and effect
of lime on the CBR values of these soils were analysed.
Finally, the soils were reinforced with varying content
of coir fibre and CBR values were analysed. Various
properties of these soils are shown in Table-1.

Table-1 Properties of Soil Used
Property

Roorkee
Soil

Almora Soil

Classification as
SP
GP – GM
per ISSCS
Specific Gravity
2.58
2.62
Uniformity
2.04
2.22
Coefficient, Cu
Coefficient of
1.06
0.96
Curvature, Cc
Liquid Limit (%) Non – Plastic Non - Plastic
Plastic Limit (%) Non – Plastic Non - Plastic
Plasticity Index (%) Non – Plastic Non - Plastic
CBR (%)
9.22
15.48
OMC
13.0
6.0
MDD
1.715
2.016

Dhanauri
soil
CI
2.69
1.90
0.89
46
28
18
3.15
16.5
1.635

2.2 Coir
The raw material for coir is obtained from the husk of
coconut. Coir fibre is spun into coir yarn using traditional
ratts. Coir yarn is available in the market in varying
rummages and thickness. Properties of the coir used for
the study are given in Table-2.
Table-2 Properties of Coir Mat Used in the Study
S. No.
1.
2.
3.
4.
5.

Property
Mass per unit area, g/m2
Type of fabric
Tensile strength, kN/m
Strain at failure, %
Resistance to degradation

Value
1600
Woven
19.15
26.5
Poor

2.3 Lime
Hydrated lime is composed of Calcium hydroxide, which
is an inorganic compound having the chemical formula
Ca(OH)2. It is in the form of white powder and is obtained
when quick lime is mixed with water. For this study,
laboratory reagent grade hydrated lime was used.
Table-3 Properties of Lime Used in the Study
S. No.
1.
2.
3.
4.

Property
Density, g/cc
Melting point, ˚C
Solubility in water at 0˚C, g/L
Solubility in water at 20˚C, g/L

Value
2.19
580˚C
1.88
1.75

2.4 Phenol
Natural geotextiles like coir are biodegradable in nature
and hence the fibres are processed in such a manner that
the microbial attack on coir fibres are reduced. This will
help in reducing the rate of degradation of coir fibre which
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in turn will increase the life of coir fibre. Therefore, it is
imperative to use a rot resisting chemical reagent. Out of all
the available chemical reagents, phenol is the most effective
reagent that is easily available as well as cheap. Phenol is the
mono-hydroxy derivative of benzene, having the chemical
formula C6H5OH. It is an aromatic, white crystalline solid
that is volatile, and hence requires careful handling.
3.

EXPERIMENTAL WORK AND METHODOLOGY

Evaluation of strength parameter of subgrade soil is
necessary to analyse the performance of pavement surface.
This experimental work was performed to analyse the
reinforcing effect of lime and coir fibre on the soil subgrade.
The CBR test results were further analysed to find out the
optimum mixture considering the fact that minimum cost
should be incurred while maximising the strength. Further,
the optimum mix was used to design a PMGSY road.
3.1

4.

RESULTS AND ANALYSIS

4.1

Tensile Strength Test Results

The test results for tensile strength of untreated coir and
coir treated in 5% phenol solution are given in tabular
form below:
Table-4 Tensile Strength Value of Coir
Tensile Strength (kN/m)

Strain (%)

Untreated coir

Type

19.15

26.5

Coir soaked in 5%
phenol

17.51

24.2

From the Table, it can be seen that the reduction in tensile
strength with 5% phenol treatment is only 8.56%. It means
that providing protection from biodegradation to the coir
fibre is not adversely affecting its tensile strength much.
4.2	Light Compaction Test Results
As it is proposed for rural roads, Light Compaction has
been done.The compaction test results for the three soils
is given below in Table-5:
Table-5 Variation of OMC and MDD of Roorkee Soil
with Lime Content
S. No.

Description

1.

OMC (%)

2.

Lime Content
1%

2%

3%

4%

5%

14

14.5

15

15.8

16

MDD (g/cc) 1.690

1.660 1.650 1.640 1.640

Effect of Lime on Compaction Properties

When lime is added to the soil, the following observations
were made regarding the optimum moisture content and
maximum dry density:
Table-6 Variation of OMC and MDD of Dhanauri Soil
with Lime Content
S. No.
1.
2.

Description

1%
OMC (%)
18
MDD (g/cc) 1.615

Lime Content
2%
3% 4%
19
20
20
1.60 1.59 1.59

5%
20
1.59

Table-7 Variation of OMC and MDD of Almora Soil
with Lime Content
S. No.
1.
2.

Phenol Treatment of Coir

Coir specimen of size 20 cm× 20 cm was cut from the mat
and the yarns were segregated. From this, coir samples
were cut keeping the length as per requirement. These
fibres were then soaked into the 5% phenol solution for 4
hrs and then air dried before using as a reinforcement.

4

4.3

Description

1%
OMC (%)
6.5
MDD (g/cc) 1.996

Lime Content
2%
3% 4%
5%
6.8
7
7
6.5
1.984 1.980 1.970 1.985

From the above Tables, it can be concluded that with
increasing lime content, the compaction curve is getting
flatter as the OMC is increasing and MDD is decreasing.
It ensures that while compacting the subgrade in the field
to achieve a prescribed density, range of moisture content
is wider, i.e. more relaxed criteria of moisture content.
This serves as one of the advantages of using lime for soil
stabilization over cement.
4.4

Effect of Coir Fibre on Compaction Properties

When coir fibres are added to the soil, the following
observations were made regarding the optimum moisture
content and maximum dry density:
Table-8 Variation of OMC and MDD of Roorkee Soil
with Coir Fibre
S. No.
1
2

Description

Coir Fibre Content
0.2% 0.4% 0.6% 0.8% 1.0%
OMC (%)
13
13.6
14
14.5 14.5
MDD (g/cc) 1.70 1.69 1.67 1.67 1.665

Table-9 Variation of OMC and MDD of Dhanauri Soil
with Coir Fibre
S.No.
1
2

Description

Fibre Content
0.2% 0.4% 0.6% 0.8%
OMC (%)
17.0 18.5 19.5 20.0
MDD (g/cc) 1.62 1.615 1.595 1.58

1%
21.0
1.56

Table-10 Variation of OMC and MDD of Almora Soil
with Coir-Fibre
S.No. Description
1
2

OMC (%)
MDD (g/cc)

0.2%
6.2
1.690
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5.

CBR TEST RESULTS

To get an understanding of the strength and resistance
capacity of the subgrade soil, CBR is one of the most
fundamental test. For each type of sample i.e., unreinforced,
1% lime reinforced, 2% lime reinforced etc., three moulds
were prepared and the average value of CBR is reported.
5.1

Results on Unreinforced Soil

From Table-9, it can be seen that the Dhanauri soil (CI)
has the least value of CBR as it is field tilled soil. As such,
there is a need to stabilize and reinforce the soil. Further the
values for both Roorkee (SP) and Almora (GP-GM) needed
to be increased so that the reinforced soil can be used for
sub- base course also. In the subsequent tests, all the soils
were reinforced and an optimum mix, keeping in mind the
cost components of materials used, was determined.
5.2

Fig. 2 Variation of CBR Value with Lime Content for
Almora Soil

Variation of CBR Value with Lime Content

At this stage, lime was added to the soil mass in terms
of percentage of sum of dry soil and water added which
is calculated for each variation separately in accordance
with the values of OMC and MDD obtained in the Proctor
test. The amount of lime added is limited to 4% keeping in
view the cost involved in increasing amount of lime used
for low volume rural roads.

Fig 3 Variation of CBR Value with Lime Content for
Dhanauri Soil
From above graph, it is clear that lime has maximum
stabilizing effect on Dhanauri soil as its CBR value
increases by about five times. This is expected also as the
soil is clayey in nature. Again, the maximum increase over
the previous value occurs at 2% lime content.
5.3

Fig. 1 Variation of CBR Value with Lime Content for
Roorkee Soil
From above, we can see that even though maximum
increase over CBR value of unreinforced soil is obtained at
4 % lime content but the incremental increase is maximum
at soil mixed with 2% lime. To further increase the CBR
value, reinforcement should be provided in the form of
coir fibres, as is discussed later.
From above, one can see that even though maximum
increase over CBR value of unreinforced soil is obtained
at 4 % lime content but the incremental increase is
maximum at soil mixed with 2% lime. This trend is the
same as obtained for Roorkee soil, but the percent increase
in CBR value is not very high due to the soil having higher
content of particles having size greater than 4.75 mm.
Therefore, we need to further analyse this soil with coir
fibre reinforcement.

Variation of CBR Value with Coir Fibre Content

At this stage, coir fibre was added to the soil mass, in terms
of percentage of sum of dry soil and water added, which
is calculated for each variation separately in accordance
with the values of OMC and MDD obtained in the Proctor
test. Care was taken while mixing the fibre in the soil so
that fibres do not mix together and to avoid balling.

The amount of fibre added is limited to 1% keeping
in view the cost involved and the difficulty in mixing
when more than 1% fibre was added to the soil.

Fig 4 Variation of CBR Value with Coir Fibre Content for
Roorkee Soil
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For Roorkee soil (SP), even though maximum increase
over CBR value of unreinforced soil is obtained at 1 % coir
fibre content at which CBR value is almost doubled, but the
incremental increase is maximum at soil mixed with 0.2%
coir fibre. To further increase the CBR value, reinforcement
of coir fibres should be provided on lime stabilized soil.

A series of CBR tests were conducted in which lime was
added first and allowed to stabilise, after which coir fibres
were added and the results of which are tabulated below:

Fig. 5. Variation of CBR value with coir fibre content
for Dhanauri soil

Fig. 7 Lime + Coir Combination for Roorkee soil

From above graph, it is clear that coir fibre has maximum
stabilizing effect on Dhanauri soil (CI) as its CBR value
increases by more than four times. This is expected also as
the soil is clayey in nature and coir fibre reinforcement is
maximum effective on fine grained clays. This soil needs
to be further strengthened to make it suitable for use in sub
-base course also.

The same process was repeated for Dhanauri and Almora
soils, and the results were analysed to obtain the optimum
mix combination.

Fig. 8 Lime + Coir Combination for Dhanauri soil
Fig. 6 Variation of CBR value with coir fibre content
for Almora soil
From above, we can see that even though maximum
increase over CBR value of unreinforced soil is obtained
at 1% coir fibre content but the incremental increase is
maximum at soil mixed with 0.2% coir fibre. This trend
is the same as obtained for Roorkee soil, although the
percent increase in CBR value is not very high due to the
soil having higher content of particles having size greater
than 4.75 mm.

Fig. 9 Lime + Coir Combination for Almora soil

5.4	CBR Test Results for Lime and Coir Fibre
Reinforced soil

5.5

At this stage, coir fibre was added to the lime stabilized soil
mass, in terms of percentage of sum of dry soil and water
added, which is calculated for each variation separately in
accordance with the values of OMC and MDD obtained
in the Proctor test.

From the CBR tests conducted, it was found that for all the
soils, when only lime was added the incremental increase
in strength is maximum at 2% lime content. Furthermore,
it was seen that the inclusion of coir fibres in lime
stabilized soil is having different effect in different soils,

6

Analysis of Test Results

hIGHWAY RESEARCH Journal, January-June, 2019

Kumar & Ojha on
Coir Reinforcement in Non- Bituminous Layers of Pavement

with maximum beneficial effect in Dhanauri soil (CI) and
minimum effect in Almora soil (GP-GM). To determine
the optimum composition of the mix, incremental increase
of CBR value over previous value was calculated. The
optimum combination of lime and coir fibre for the soils
is tabulated in the next page:
Table-11 Optimum Composition for Different Soils
S.No.
1.
2.
3.

Soil Type

Optimum Initial CBR at optimum
Composition CBR
Composition
SP (Roorkee 2L + 0.8C
9.22
24.91
Soil)
CI (Dhanauri 3L + 1.0C
3.15
21.76
Soil)
GP (Almora 4L + 1.0C 15.48
30.63
Soil)

L = Lime Content (%), C = Coir Fibre Content (%)].

Next step in the project is to design a flexible pavement
for low volume PMGSY road using available traffic data
and subgrade strength data obtained so far.
6. 	UNCONFINED COMPRESSION TEST RESULTS

The unconfined compression strength test was carried out
on lime reinforced soils to study the effect of inclusion of
coir fibre on lime mixed soil. The test results for different
soils are given below.

Fig. 11 Variation of UCS Values for Dhanauri Soil
From the above graph, it can be deduced that the effect of
coir fibre is almost equally prominent on the UCS values
of the soil. Increasing the lime content from 1% to 4%
increases the UCS value from 4.84 kg/cm2 to 10.94 kg/
cm2. In the same fashion, introducing 1% fibre content in
lime stabilized soil more than doubles the UCS value from
4.84 kg/cm2 to 10.12 kg/cm2. This is because lime has better
stabilizing effect on clay soil and curing the mix with coir
fibres provides reinforcement to the soil and hardens it,
thus preventing it from shear failure. In the same manner
as the previous soil, the curves tend to flatten as the fibre
content approaches 0.6%.
7.	DESIGN OF FLEXIBLE PAVEMENT FOR
PMGSY ROAD
7.1

Design Data

The traffic data as well as the required design values are
tabulated below:
Table-12 Design Data and Computed Values

Fig. 10 Variation of UCS Values for Roorkee Soil
From the above graph, it is clear that the effect of coir
fibre is more prominent on the UCS values of the soil.
Increasing the lime content from 1% to 4% increases the
UCS value by 83%. Whereas introducing 1% fibre content
in lime stabilized soil more than doubles the UCS value.
This is because coir fibres are providing reinforcement to
the soil and preventing its failure in shear. Also, the curves
tend to flatten as the fibre content approaches 0.6%. To
properly use fibres as reinforcement, they should be sieved
and spread uniformly in the field to prevent the occurrence
of balling which results in formation of pre-determined
plane of failure in the soil mass.

S. No. Description

Value

1.

Bus/Truck (ADT during harvesting period)

11

2.

Pick up Mini Bus/ Mini Truck (ADT during 6
harvesting period)

3.

Car/Jeep (ADT during harvesting period)

14

4.

2 wheelers (ADT during harvesting period)

30

5.

Annual Rainfall (mm)

1156 mm

6.

Cumulative ESAL

64467

7.

Traffic category

T3

7.2

Design of Pavement

For the design of flexible pavement, the traffic data was
kept same for all the three soils so that a comparative
analysis of cost benefits can be done on the reinforcing use
of soil mix. First the design was done for unreinforced soil
using CBR values calculated in laboratory and discussed
earlier. Then, taking the optimum mix for subgrade,
design for the three soils was done. The design at optimum
mix was rejected if the UCS value is coming lesser than
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1.7 MPa as the soil can’t be used as sub- base course. In
that condition, the design was done for the second-best
combination of coir-fibre and lime.
After checking the mix for UCS values, the following
design combinations were selected for design purpose and
cost analysis:
• Roorkee Soil – Soil + 3% lime + 1% coir fibre.
• Almora Soil – Soil + 3% lime + 0.6% coir fibre.
• Dhanauri Soil – Soil + 4% lime + 1% coir fibre.

8.

CONCLUSIONS AND RECOMMENDATIONS

8.1

Conclusions

i.

 he following conclusions are drawn from the study
T
conducted on the coir reinforcement in different
types of soil:

ii.

 eduction in tensile strength of coir fibre with rot
R
treatment in 5% phenol solution is 8.56%.

iii.

 ddition of 4% lime to Roorkee soil (SP), Almora
A
soil (GP-GM) and Dhanauri soil (CI) results in the
CBR value becoming 2.53 times, 1.67 times and
5.93 times of its value respectively for unreinforced
soil.

iv.

 ddition of 1% coir fibre to Roorkee soil (SP),
A
Almora soil (GP-GM) and Dhanauri soil (CI)
results in the CBR value becoming 1.86 times, 1.24
times and 4.17 times of its value respectively for
unreinforced soil.

v.

 he optimum composition for Roorkee soil (SP),
T
Almora soil (GP-GM) and Dhanauri soil to be used
in subgrade construction is 2% lime + 0.8% coir
fibre, 4% lime + 1.0% coir and 3% lime + 1.0%
coir fibre respectively.

The layered pavement design is as given below:
Table-13 Design Specifications for Roorkee Soil
Layer

Design without
Design with design mix
reinforcement
Subgrade 300 mm compacted soil 300 mm compacted
soil with top 100 mm
reinforced.
Sub-Base Granular Sub base
Reinforced soil (CBR >
Course
(CBR>20%) - 275 mm 20%) -175 mm
Base
WBM Grade 3 (CBR
WBM Grade 3 (CBR
Course
100%) - 75 mm
100%) – 75 mm.
Wearing 20 mm PC
20 mm PC
Surface

Table-14 Design Specifications for Almora Soil
Layer

Design without
Design with design mix
reinforcement
Subgrade 300 mm compacted soil 300 mm compacted
soil with top 100 mm
reinforced.
Sub-Base Granular Sub base
Reinforced soil (CBR >
Course
(CBR>20%) - 175 mm 20%) -175 mm
Base
WBM Grade 3 (CBR WBM Grade 3 (CBR
Course
100%) - 75 mm
100%) – 75 mm.
Wearing 20 mm PC
20 mm PC
Surface

Table-15 Design Specifications for Dhanauri Soil
Layer

Design with design
mix
Subgrade
300 mm compacted
soil with top 100 mm
reinforced.
Sub- base
Granular Sub base
Reinforced soil (CBR
(CBR>20%) -175 mm > 20%) -175 mm
Lower base
WBM Grade 2 (CBR layer
100%) - 75 mm
Upper base
WBM Grade 3 (CBR WBM Grade 3 (CBR
layer
100%) -75 mm
100%) 75 mm
Premix carpet 20 mm PC
m PC

8

Design without
reinforcement
100 mm improved
subgrade (CBR > 10%)
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RUTTING EVAULATION OF PLAIN AND MODIFIED BITUMINOUS
CONCRETE MIX USING FOUNDRY SAND AS PARTIAL FILLER
REPLACEMENT

M Akshatha1

K Ganesh 2

Abstract
Rutting is the most common type of deformation found in flexible pavements. It is caused due to the increase in traffic loads
where higher tyre pressures are exerted on the pavements. To overcome this deformation, the surface layer of the pavement
should be designed and constructed properly with the materials having high rut resistance properties along with fatigue
strength. In this study, an attempt is made to understand the characteristics of Foundry Sand and use it efficiently in the
pavement in order to reduce the cost and improve the rut resistance. Foundry sand is used in incremental percentages
from 0% to 4% in Bituminous Concrete mix. Marshall Stability test is carried out to determine the optimum filler content
along with the optimum binder content. Both the optimum filler content and binder content were used to prepare the
rutting beam specimens for both VG-30 and PMB-70 Grade binders. Rutting specimens were tested in Immersion Wheel
Tracking Equipment for two tyre pressures viz., 7.2 kg/cm2 and 11.6 kg/cm2 for the speed of 25 ppm. Rutting resistance
was found to be higher for the Bituminous Concrete Mix prepared with Polymer Modified Bitumen (PMB-70) with 3%
optimum Foundry sand replacement. Rut Depth Progressive Index (RDPI) was found for both Bituminous Concrete
Mixes using VG-30 grade and PMB-70 grade binders with and without Foundry Sand as partial filler replacement. RDPI
was found to be lower in Modified Bituminous Concrete mix with 3% Foundry Sand replacement.

1. Introduction
A Flexible pavement is the one which consist of various
granular layers along with bituminous layer on top. Due
to the increase in population and vehicle ownership, the
pavements are subjected to heavy traffic wheel loads,
variable temperatures etc. this leads to deformations of the
pavement which may be caused temporarily or permanent.
The most common distresses found are Rutting and
cracking.
Rutting can be defined as the deformation caused along
the path where wheel travels in longitudinal direction.
Rutting is consolidation in volume of one or more layers of
pavement permanently due to application of heavy wheel
loads, tyre pressures. Some of the factors contributing to
Rutting are gradation of aggregates used in the top layer
of pavement, subgrade soil layer, temperature variation of
mix, compaction methods etc.
Some of the important causes for Rutting are:
• Usage of low quality aggregates for the pavement
layers.
1
2

• Improper compaction of pavement layers leading
to improper thickness of the pavement.
• Repetition of traffic loads over the pavement
surface.
• Variation in temperature of the mixes during
compaction and laying of aggregates.
• Excess usage of binder content in pavement
layers.
Pareek, Saboo, Goliya, Liphardt (2,10,12,1) in their work
has concluded that higher strengths were obtained for
the mixes prepared from modified binder compared to
viscosity grade binder and Marshall results obtained
showed higher stabilities. Aktas et al(3) investigated the
influence of Waste Foundry Sand (WFS) as mineral fine
aggregates in hot mix asphalt properties. Jullien et al(11)
concluded that from the geotechnical point of view foundry
sand can be treated with hydraulic binder gives improved
results than naturally available sand and can be used in
road base layer. Hence many researches have been carried
using different materials like steel slag, fly ash, foundry
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this study were procured from Sri Manjunatha Granites,
Bidadi, Bengaluru. Tests were carried out on aggregates
to evaluate the basic physical properties along with the
gradation of aggregates. Gradation was done by trial and
error method for fixing the percentages of aggregates to be
used in BC Grade I mix.

sand etc. to determine Marshall Properties but very few
researches have been done on rutting.
2.

PRESENT INVESTIGATIONS

2.1

Aggregates

Aggregates of size 20mm, 12mm, 6mm and dust used in

Table-1 Tests on Aggregates
S.No.

Tests conducted

Test Results

MoRT&H Specifications

IS Codes

1

Aggregate Impact test

8.16

Max 24%

IS: 2386 Part IV

2

Crushing test

18.31

Max 30%

IS: 2386 Part IV

3

Coating test

100%

Min retained coating 95%

4

Combined elongation and
flakiness test

14.18

Max 35%

IS: 2386 Part I

5

Water absorption test

0.45

Max 2%

IS: 2386 Part III

6

Los Angeles abrasion test

16.94

Max 30%

IS: 2386 Part IV

7

Specific gravity test

IS: 2386 Part III

a)

20mm passing

2.62

b)

12mm passing

2.66

IS: 2386 Part III

c)

6mm passing

2.72

IS: 2386 Part III

d)

Stone dust

2.84

IS: 2386 Part III

2.5 to 3.2

IS: 2386 Part III

Table-2 Gradation for BC Grade I Aggregates
IS Sieve
Size (mm)
26.5
19
13.2
9.5
4.75
2.36
1.18
0.6
0.3
0.15
0.075

Percentage passing

Blending of aggregates

20mm

12mm

6.3mm

Dust

27%

23%

19%

31%

100
78.85
0
0
0
0
0
0
0
0
0

100
100
100
75.6
0
0
0
0
0
0
0

100
100
100
100
48
0
0
0
0
0
0

100
100
100
100
100
99
82
66
43.2
25.2
16.8

27
21.3
0
0
0
0
0
0
0
0
0

23
23
23
17.4
0
0
0
0
0
0
0

19
19
19
19
9.2
0
0
0
0
0
0

31
31
31
31
31
30.7
25.45
20.5
13.4
7.85
5.22

2.2

Fig. 1 Gradation of BC Grade I Aggregate
10

Obtained
gradation
100
94.3
73
67.4
40.2
30.7
25.45
20.5
13.4
7.85
5.22

Desired Gradation
Upper limit
100
100
79
72
55
44
34
27
20
13
8

Lower
limit
100
90
59
52
35
28
20
15
10
5
2

Binders

Binders used are VG-30 grade and Polymer Modified
Bitumen (PMB-70). . Plain binder i.e. VG-30 was
brought from Shravanabelagola, Hassan and Polymer
modified bitumen-70 from HINCOL, Mangalore.
Tests have been conducted on both the binder to
determine the properties of the binders and also to
check whether they meet the requirements of IS
Standard Specifications.
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Table-3 Tests on VG-30 Grade Binder
S.No.

Tests conducted

Test Results

Specifications

IS Codes

1

Specific Gravity

1.02

0.97-1.02

IS-1202

2

Flash point, ° C

270

220°C

IS-1209

3

Penetration test

65

50-90

IS-1203

4

Softening point test, °C

49

Min 55°C

IS-1205

5

Ductility test

50

Min 40

IS-1208

Table-4 Tests on Polymer Modified Bitumen (PMB-70)
S.No.

Tests conducted

Test Results

1

Specific Gravity

2

Flash point, ° C

3

Specifications

IS Codes

1.03

0.97-1.02

IS-1202

230

220°C

IS-1209

a) Penetration value before conducting
TFOT mm

75

50-80

IS-1203

b) R
 eduction in penetration value after
conducting TFOT %

30

Max up to 35%

IS-1203

1

IS-9382

5

6°C

IS-1205

57

Min 55°C

IS-1205

Difference in softening
point, Max 3°C

IS-1205

3-6

IS-1206

Thin film oven test

c) Loss in mass by heating %
d) Increase in softening point, °C, Max
4

0.11

Separation test
a) Softening point before test, °C
b) Softening point after test, °C

5

Top portion

56.05

Bottom portion

55.95

Viscosity at 150°C, poise

3.2. Foundry Sand
Foundry Sand has been used as partial filler in this project
work. Foundry Sand is high quality silica sand produced by
ferrous and non-ferrous metal castings. There are two basic
types of foundry sand, they are Green sand and chemically
bonded sand. Green sand is also called Moulding Sand
which consists of 85-95% silica, 0-12% clay, 2-10%
carbonaceous additive, 2-5% water. Chemically bonded
sand consists of 93-99% silica and 1-3% chemical binder.
Specific gravity of Foundry Sand varies in between 2.52.8. Particle Size Distribution was carried out for Foundry
Sand in order to check whether the requirements of the
filler material are satisfied or not. Applications of Foundry
sand are

• Foundry Sand can be used in embankments or
structural fills
• It can be used in subbase of the pavement
layer
• Used in hot mix asphalts as filler
• It can be used in flowable fills

4

• Used in soil or horticulture
• Used in cement and concrete materials

Fig. 2 Foundry Sand
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2.4	Marshall Stability test
Specimens were casted for Bituminous Concrete mixes
with VG-30 and PMB-70 grade binders by varying the
percentages of Foundry sand as partial filler replacement.
The binders used were VG-30 and PMB-70 varying their
percentages from 4.5%, 5%, 5.5%, 6% and 6.5% for both
the mixes. Foundry sand used in this study has been varied
from 1%, 2%, 3% and 4% based on the papers reviewed.
By this procedure the Optimum Binder Content as well as

Fig. 3 Graph showing Particle Size Distribution of
Foundry Sand

Optimum Filler Content was found.

Table-5 Marshall Parameters for Bituminous Concrete mix using VG-30 grade binder
with 3% Foundry Sand replacement
Voids
VolVoids in
filled with
ume of
mineral
Bitubitumen aggregates
men (%)
(Vb)
(%) (VMA)
(VFB)

Bitumen
Content
(%)

Weight
in air
(gms)

Weight
in
water
(gms)

Bulk
Density
(Gb)

Theoretical
Density (Gt)

Air
voids
(%)
(Vv)

4.5

1199

680

2.34

2.53

7.68

10.3

17.98

5

1246

712

2.36

2.51

6.2

11.55

5.5

1248

711

2.37

2.5

5

6

1248

714

2.36

2.48

6.5

1261

725

2.35

2.46

Flow
Value
(mm)

Marshall
Stability
(kN)

Corrected
Stability
(kN)

57.3

2.75

13.38

13.38

17.75

65.06

3.25

21.35

21.35

12.78

17.78

71.88

3.47

12.9

12

4.71

13.89

18.6

74.66

4.28

12.64

11.25

4.37

15

19.37

77.42

4.81

10.49

10.49

Table-6 Marshall Parameters for Bituminous Concrete mix using PMB-70 with 3% Foundry Sand replacement
Bitumen
Content
(%)

Weight
in air
(gms)

Weight
in water
(gms)

Bulk
Density
(Gb)

Theoretical
Density (Gt)

Air
voids
(%)
(Vv)

Volume
of bitumen (Vb)

Flow
Value
(mm)

Marshall
Stability
(kN)

Corrected
Stability
(kN)

4.5

1219

684

2.32

2.53

8.3

10.23

18.54

55.22

2.14

17.22

17.22

5

1228

699

2.34

2.51

6.79

11.47

18.27

62.83

2.45

22.35

22.35

5.5

1306

755

2.36

2.5

5.45

12.72

18.17

69.99

2.95

29.62

26.36

6

1257

721

2.37

2.48

4.3

13.95

18.25

76.44

4.02

23.55

23.55

6.5

1241

728

2.35

2.46

4.38

15

19.38

77.39

5.47

22.88

21.27

Table-7 Relation between OBC and Stability for
varying percentages of Foundry sand replacement in
Plain Bituminous Concrete mix
Percentage replacement (Found- OBC %
ry sand)
0
5.38
1
5.43
2
5.68
3
5.53
4
5.75
12

Stability
(kN)
17.49
15.41
19.75
21.35
20.13

Voids in
Voids
mineral
filled with
aggregates
Bitu(%) (VMA) men (%)
(VFB)

Table-8 Relation between OBC and Stability for
varying percentages of Foundry sand replacement
in PMBC mix
Percentage replacement
(Foundry sand)
0
1
2
3
4
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OBC %
5.65
5.63
5.7
5.5
5.58

Stability
(kN)
19.6
20.86
24.17
26.36
22.72
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2.5

Fig. 4 Graph showing the relation between Stability and
percentage replacement of Foundry Sand in Plain BC Mix

Fig. 5 Graph showing the relation between OBC and

percentage replacement of Foundry Sand in Plain BC Mix

Fig. 6 Graph showing the relation between Stability and
percentage replacement of Foundry Sand in PMBC Mix

Fig. 7 Graph showing the relation between OBC and
percentage replacement of Foundry Sand in PMBC Mix

Rutting Test

Rutting specimens are casted for the constant thickness of
50mm by varying the tyre pressures from 7.2 kg/cm2 and
11.2 kg/cm2 for Bituminous concrete mixes with VG-30
grade binder and PMB-70 grade binder with and without
replacing the foundry sand with the obtained Optimum
binder content and optimum filler content. In Immersion
Wheel Tracking Equipment, at room temperature the
speed was also kept constant to about 25 passes/min by
allowing 10000 passes on the specimen to evaluate the rut
depth at the room temp.(23℃) of the specimen.
Preparation of specimen
• Aggregates used for the preparation of specimen
are of sizes 20 mm, 12 mm, 6 mm and stone dust.
Foundry sand is used as partial filler in the mix.
Specimens are casted for both plain and modified
bitumen. The dimension of the mould is 600 mm
x100 mm x 75 mm.
• Procedure followed is firstly weighing all the
materials to required quantity for preparation of
the mix of sizes 20 mm, 12 mm, 6mm, dust and
foundry sand.
• Binders used are VG-30 and PMB-70 which are
also weighed as required.
• Aggregates are put in the pan and heated to
the temperature of 165°C and binders are
heated separately on the stove up to 170-180°C
temperature.
• Both the aggregates and the binder are mixed in the
pan at about mixing temperature i.e. 165°C
• While casting the mix with filler, foundry sand
is weighed and then added to the pan with
aggregates.
• Then the prepared mix is poured into the rutting
mould of dimension 600 mm x 100 mm x 75 mm at
the temperature of about 130°C to 160°C
• Mix is poured and compacted using the plunger
by marking the required thickness on it, in the
Universal testing machine to remove the air voids.
Specimen is compacted to 120°C to 150°C
• Specimen is left in the mould for about 24hours to
cool down and set into rectangular mould
• Then it is demoulded and the dimensions are
measured to ensure whether the proper thickness
is achieved. Then density of the specimen is
calculated by taking the weight of the specimen in
air and in water.
3	Analysis and Discussions on Test
Results
3.1

Gradation of Optimum Foundry Sand Content

Gradation was conducted after obtaining Optimum Foundry
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Sand Content in order to check whether the replacement
of Foundry Sand has any effect on the gradation of the BC
mix.

Table-9 Gradation of Optimum Foundry
Sand Content
Desired
Obtained Gradation
IS
Percentage passing
gradation
Sieve
Size
(mm) 20mm 12mm 6.3mm Dust
Upper Lower
26.5

100

100

100

100

100

100

100

19

78.5

100

100

100

94.3

100

90

13.2

0

100

100

100

73.5

79

59

9.5

0

75.8

100

100

67.4

72

52

4.75

0

0

48.2

100

40.2

55

35

2.36

0

0

0.81

100

31.2

44

28

1.18

0

0

0

68.8

21.3

34

20

0.6

0

0

0

53.1

16.43

27

15

0.3

0

0

0

35

10.78

20

10

0.15

0

0

0

21.2

6.57

13

5

0.075

0

0

0

9.2

2.85

8

2

Fig. 9 Graph showing the relation between Number
of passes of the wheel versus Rut depth without filler
replacement at tyre pressure of 7.2 kg/cm2

Fig. 10 Graph showing the relation between Number
of passes of the wheel versus Rut depth with filler
replacement at tyre pressure of 7.2 kg/cm2

Fig. 8 Gradation of Foundry Sand Content
3.2	Analysis on Rutting in BC Mixes with VG-30 and
PMB-70 Grade Binder
The effect of Rutting has been analysed for BC mixes
with VG-30 and PMB-70 grade binder for varying the
tyre pressure of 7.2kg/cm2 and 11.6 kg/cm2. The BC mix
prepared with VG-30 grade binder indicated a rut depth
of 4.59 mm at 10000 passes of the wheel as compared to
PMB-70 grade binder which attained a rut depth of 4.07mm
for a tyre pressure of 7.2kg/cm2. As the tyre pressure was
increased to 11.6kg/cm2 the rut depth was found to be 7.33
mm and 5.54 mm for the above mixes respectively. It is
observed that BC mix with PMB-70 grade binder indicated
11 percent decrease in Rutting as compared to Plain BC
mix at 7.2kg/cm2 and 25 percent decrease for 11.6kg/cm2.
Hence the BC mix with PMB-70 grade binder showed
higher resistance to rutting as compared to Bituminous
Concrete mix using VG-30 grade binder.
14

Fig. 11 Graph showing the relation between Number
of passes of the wheel versus Rut depth without filler
replacement at tyre pressure of 11.6 kg/cm2

Fig.12 Graph showing the relation between Number
of passes of the wheel versus Rut depth with filler
replacement at tyre pressure of 11.6 kg/cm2
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3.3	Effect of tyre pressure in BC mixes with VG30 and PMB-70 grade binder with and without
Foundry Sand replacement
A comparison has been made on the effect of varying
tyre pressures with number of passes of the wheel in BC
mixes with conventional and PMB-70 grade bitumen at
0% and 3% optimum foundry sand content and the test
results have been plotted in figure and it is observed that
increase in tyre pressure on Plain Bituminous Concrete
mix from 7.2kg/cm2 to 11.6kg/cm2 indicated a Rut depth
of 4.59 mm and 7.33 mm at 10000 passes respectively.
At optimum Foundry Sand content in the above mix, for
the same increase in tyre pressure indicated a rut depth of
4.03 mm and 5.01 mm respectively.
Similarly for increase in tyre pressure of Bituminous
Concrete mix with PMB-70 grade binder from 7.2kg/cm2
to 11.6kg/cm2 showed Rut depth of 4.07 mm and 5.54 mm
at 10000 passes respectively. At the optimum Foundry Sand
content in the same mix, the increase in tyre pressure indicated
a Rut depth of 3.58 mm and 4.73 mm respectively.

Fig. 13 Graph representing the relationship between
Rut depth and varying tyre pressures of 7.2 kg/cm2 and
11.6 kg/cm2 for 0% and 3% Foundry Sand replacement
in Plain BC mix

3.4	Determination of Rut Depth Progressive Index in
BC Mixes with VG-30 and PMB-70 Grade Binder
with and without Foundry Sand as Partial Filler
Replacement
The progressive variation of Rutting in BC mixes with VG30 and PMB-70 grade binder with and without partial filler
replacement has been analysed by calculating the slope.

Fig. 15 Graph representing the relationship between
Max Rut depth and varying tyre pressures of 7.2 kg/
cm2 and 11.6 kg/cm2 for 0% Foundry Sand replacement
in BC mixes with VG-30 and PMB-70 grade binder

Fig. 16 Graph representing the relationship between
Rut depth and varying tyre pressures of 7.2 kg/cm2 and
11.6 kg/cm2 for 3% Foundry sand replacement in BC
mixes with VG-30 and PMB-70 grade binder
Table-10 Table-Representing the Values of Rut Depth for
Varying Tyre Pressures of 7.2 kg/cm2 and 11.6 kg/cm2
Type of BC mixes

Fig. 14 Graph representing the relationship between
Rut depth and varying tyre pressures of 7.2 kg/cm2 and
11.6 kg/cm2 for 0% and 3% Foundry Sand replacement
in BC mix with PMB-70 grade binder

VG-30 with 0% Foundry sand
VG-30 with 3% Foundry sand
PMB-70 grade binder with 0%
Foundry sand
PMB-70 grade binder with 3%
Foundry sand
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Rut Depths in mm
@ 10000 Passes of Wheel
Tyre pressures
7.2 kg/
11.2 kg/cm2
cm2
4.59
7.33
4.03
5.62
4.07

5.54

3.58

4.73
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Table-11 Table-representing the values of Rut Depth
Progressive Index for Varying Tyre Pressures of 7.2
kg/cm2 and 11.6 kg/cm2
Type of BC Mixes

RDPI (%)

VG-30 with 0% Foundry Sand

55.69

VG-30 with 3% Foundry Sand

34.67

PMB-70 with 0% Foundry Sand

32.24

PMB-70 with 3% Foundry Sand

25.56

4

has sustained for about 6000 wheel passes for 7.2
kg/cm2 and 2000 for 11.6 kg/cm2.
x.
Similarly for VG-30 BC mix with 3% foundry sand
has sustained for about 6000 passes for 7.2 kg/cm2 and
2000 passes for 11.6 kg/cm2 and for VG-30 BC mix
without Foundry sand has sustained for about 3000
passes for 7.2 kg/cm2 and 800 passes for 11.6 kg/cm2.
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LABORATORY INVESTIGATION OF RECYCLED AGGREGATES
FOR BITUMINOUS CONCRETE MIX
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Abstract
The main aim of this investigation is to characterize the mechanical properties such as strength, retained stability, tensile
stresses, rutting resistance and fatigue behavior for Bituminous Concrete mixtures containing Recycled or Reclaimed
Aggregates (RA). In attaining this goal of recycling, first the gradation of RA and the amount bitumen demand were
determined. The mixtures of Normal Aggregates (NA) and RA were prepared and their mechanical properties were
evaluated to compare the performance. Results show that RA mixes are equally good or better than conventional mixes
in laboratory performance. The study proved that, RA can generally be incorporated into bituminous mixes by proper
characterization and handling of RA stockpiles which eliminates landfill problems and reduce the amount of fresh
aggregates.

1.

Introduction

Bituminous Mixes are most commonly used all over the
world in pavement construction. About 98% of the paved
roads in India have flexible pavements, within which are
included surfacing of various types and thickness. When an
existing flexible pavement is resurfacing or reconstructing,
generally the entire pavement is removed, which results in
the wastage of valuable pavement materials like bitumen
and aggregate. The bituminous pavement rehabilitation
alternatives are mainly overlaying, recycling and
reconstruction. Some of the advantages associated with
pavement recycling are (i) less user delay (ii) conservation
of energy (iii) preservation of environment (iv) reduced
cost of construction (v) conservation of aggregate and
binder (vi) preservation of existing pavement geometrics
etc. (Aravind and Das, 2005). Recycled mix has higher
rutting resistance and it performs better against reflective
cracking (Veeraragavan et. al.2012).
The use of RA in bituminous mixtures helps to recycle
the existing roadway and to use that entire material or a

portion of it, in the construction of new pavements and is
an environmentally-friendly mechanism (Nassar, 2006).
Asphalt overlays are the primary means of pavement
rehabilitation used throughout the State of Illinois. The
surfacing layer is generally 10 to 15 years old before
rehabilitation is pursued. Before a new overlay is placed,
the existing surface is usually milled, creating RA. Milling
removes the environmentally-aged and traffic-worn
surface, corrects pavement profile, and creates a rough
surface onto which the new overlay can readily bond.
2.	LITERATURE REVIEW
Recycling of asphalt pavements is a technology developed
to rehabilitate and/or replace pavement structures suffering
from permanent deformation and evident structural
damage. It is a very beneficial approach from technical,
economical, and environmental perspectives. This helps in
reducing the waste production and resolving the problems
disposal of highway materials. In 2001, the Illinois
Department of Transportation (IDOT) used 623,000
tons of recycled asphalt pavement materials in highway
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construction (Griffiths and Krstulovich 2002). The Florida
Department of Transportation reported a savings of 15–
30% for RA mixtures as compared to the cost of mixtures
containing all virgin (conventional natural) materials
(Page and Murphy, 1987).
The major concern about using Recycled Asphalt Pavement
(RAP) is that, its performance will be poor compared to
conventional mixtures, since RAP mix contains aged
bitumen. But several studies conducted by researchers and
institutions showed that performance of RAP, if designed
properly, is equally good or better compared to normal
mixes. Fatigue behavior of HMA mixtures with RA was
examined by Huang et al. (2004) through laboratory
experiments. Chopra et al. (2012) studied the mechanical
behavior, tensile strength, durability and rutting resistance
of the bituminous mixes with recycled materials. Aravind
and Das (2006) observed that construction cost can be
reduced by about 10-55% by incorporating recycled
materials in pavement.
To decrease the high viscosity of aged bituminous binders,
low viscosity oily rejuvenators can be used (Ikeda and
Kimura, 1997). Widyatmoko (2008) found that with
the use of softer grade bitumen along with rejuvenator,
bituminous mixes containing recycled materials perform
better than conventional bituminous mixes. Based on
the positive experiences and outcomes from global use
of HMA mixtures with RA inclusion, it can be inferred
that relevant results could be obtained from application
of this technology in developing countries, such as India.
Similarly, the same concerns rose by the Kyoto protocol
and other global policies with regard to air pollution must
be taken into account to minimize risks on human health
and ensure environmental quality.
3.

EXPERIMENTAL INVESTIGATIONS

Research work has been carried out on bituminous mixes
with only NA and RA. Performance evaluation was carried
out by conducting Marshall Stability, Repeated load tests
(Fatigue) for different stress ratios, Rutting studies and
indirect tensile strength. Milled bituminous concrete was
bought from Bangalore University, crushed and washed
with kerosene to study the properties of RA. An attempt is
made in the present investigation to study the performance
and properties of BC mix with RA and to compare them
with conventional BC mixtures.
3.1

Bitumen

The bitumen used in this study was Viscosity Graded
(VG) – 30. The physical properties were evaluated and
the results are tabulated in Table-1. The bitumen in the
Recycled aggregates was extracted and the properties of
the same are represented in Table-1.
18

Table-1 Properties of VG 30 & Reclaimed Bitumen
Properties

Test
VG 30
Method Results
58
Penetration (100 gram, IS 1203
5 seconds at 250C)
(1/10th of mm)
IS 1205
54
Softening Point,0C
(Ring & Ball
Apparatus)
IS 1208
87
Ductility at 270C (5
cm /minute pull), cm
Specific Gravity
IS 1202
1.01
IS 1209
220
Flash point, 0C
0
IS 1209
247
Fire Point, C
Bitumen Content

Reclaimed
Bitumen Results
45

53

64
1.2
2.8 %

3.2 Aggregates
Properties of aggregates significantly affect the performance
of bituminous pavements. These properties need to be
determined by appropriate methods and kept within the
recommended limits to ensure desired performance of the
pavement. Aggregates having sufficient strength, hardness,
toughness, specific gravity and shape are chosen. The
properties of aggregates used in the present study were
tested for its physical properties and the test results are
presented in Table-2.
Table-2 Physical Properties of Aggregates
Property

Test Normal Recycled
MoRT&H
Methods Aggregates Aggregates Specifications
(2013)

Aggregate
Impact Value

IS:2386
(IV)

22.1%

19.1%

24%
maximum

Los Angeles
IS:2386
Abrasion Value (IV)

27.3%

26.7%

30%
maximum

Water
Absorption
Value

IS:2386
(III)

0.84%

0.81%

2% maximum

Specific
Gravity

IS:2386
(III)

2.68

2.63

2.5-3.0

Combined
Flakiness and
Elongation
Index

IS:2386
(I)

28.2%

19.2%

35%
maximum

3.2.1 Aggregate Gradation
Aggregate grading that satisfied the requirement of the
Ministry of Road Transport and Highways (MoRT&H,
2013) specification for midpoint gradation for GradingII of Bituminous Concrete mix were selected and
are tabulated in Table-3. The Gradation of reclaimed
aggregates depicted in fig. 1.
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Table-3 Aggregate Gradation of Bituminous Concrete
IS Sieve
(mm)

Cumulative % by Weight of
total Aggregate Passing

19

100

13.2

79-100

9.5

70-88

4.75

53-71

2.36

42-58

1.18

34-48

0.6

26-38

0.3

18-28

0.15

12-20

0.075

4-10

prepared in Superpave Gyratory Compactor (SGC). The
ram pressure, gyration angle and gyration rate of this
machine were 600kPa, 1.250 and 30 rpm respectively. In
this study, heavy traffic condition was considered and hence
125 gyrations were applied for each sample. The test results
and comparison are tabulated in Tables 8, 9 and 10.
Table-5 Properties of BC Mix using NA (Marshall
Compaction)
S.N. Property Tested

1
2
3
4
5
6
7
8
9

Fig. 1 Gradation of Recycled Aggregates (RA)
3.3

Mineral filler

The filler material used in the study was stone dust and
cement. Of the 5 per cent filler, 3 per cent stone dust
and 2 per cent cement were used. The grading limits are
tabulated in Table-4.
Table-4 Gradation Adopted for Filler

4.

IS Sieve (mm)

Cumulative % passing by weight
of total aggregate

0.6

100

0.3

95-100

0.075

85-100

DESIGN OF BITUMINOUS CONCRETE MIX

The Marshall Test specimens were prepared by adding
5.0, 5.5, 6.0 and 6.5 per cent of bitumen by weight of both
normal and recycled aggregates using Marshall Method
of mix design as per Asphalt Institute Manual Series No.2
(MS-2). The samples were tested for volumetric properties
and Marshall Characteristics. The volumetric and Marshall
properties of both mixes and their comparison at Optimum
Bitumen Content (OBC) are presented in Tables 5, 6 and
7. In the same way, BC mixtures with NA and RA were

10

Bitumen Content by Weight of
Aggregate
4.5% 5% 5.5% 6% 6.5%
Marshall stability (kN) 10.63 12.18 12.29 11.45 9.22
Flow Value (mm)
2.44 2.51 2.63 2.86 3.18
Bulk density (g/cc)
2.335 2.340 2.358 2.353 2.341
Volume of voids, Vv
6.40 5.63 4.34 3.98 3.92
(%)
Voids in Mineral
15.54 15.76 15.51 16.09 16.91
Aggregate, VMA (%)
Void Filled with
58.83 64.28 72.03 75.25 76.81
Bitumen, VFB (%)
Marshall Quotient (kN/
4.36 4.85 4.67 4.00 2.90
mm)
Marshall stability
9.85 11.43 11.35 10.47 8.48
(Conditioned) (kN)
Retained stability (%) 92.7 93.83 92.35 91.43 91.95
Optimum Bitumen
5.67
Content, OBC (%)

Table-6 Properties of BC Mix using RA(Marshall
Compaction)
S.N.

Property Tested

Bitumen Content by Weight of
Aggregate
4.5% 5% 5.5% 6% 6.5%

1 Marshall stability (kN) 12.78 16.71 14.61 12.2 9.38
2 Flow Value (mm)

3.28 3.41

3.53

3.73

3.9

3 Bulk density (g/cc)

2.337 2.352 2.364 2.355 2.345

4

Volume of voids, Vv
(%)

5

Voids in Mineral
15.34 15.21 15.18 15.90 16.65
Aggregate, VMA (%)

6

Void Filled with
Bitumen, VFB (%)

59.63 66.96 73.82 76.22 78.15

7

Marshall Quotient
(kN/mm)

3.90 4.90

8

Marshall stability
(Conditioned) (kN)

11.91 15.72 13.82 11.23 8.76

6.20 5.02

3.97

4.14

3.78 3.64

3.27 2.41

9 Retained stability (%) 93.16 94.1 94.56 92.05 93.34
10

Optimum Bitumen
Content, OBC (%)
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Table-7 Comparison of Properties of BC Mixes with
NA and RA (Marshall Compaction)
With With
NA (at RA (at
OBC) OBC)

Requirement
of BC Mixes
(MoRT&H,
2013)

Marshal Stability (kN)

12.17 15.98

9

Flow value (mm)

2.70

3.49

Marshall Quotient

4.51

4.58

Bulk Density (g/cc)

2.356 2.359

Volume of Air voids (Vv),%

4.24

Properties

2 to 4

-

4.37

Voids in Mineral Aggregate
15.73 15.19
(VMA), %
Voids Filled with Bitumen
(VFB), %

73.06 71.22

Retained Marshall
stability , %

92.06 94.24

Minimum14

Minimum 75
percent

5% 5.5% 6% 6.5%

Bitumen Content by Weight of
Aggregate
4.5%

5% 5.5% 6% 6.5%

1

Marshall stability
(kN)

13.78 18.06 17.35 15.58 12.42

2

Flow Value (mm)

3.16

3

Bulk density (g/cc)

2.358 2.364 2.371 2.364 2.354

4

Volume of voids,
Vv (%)

5.35

5

Voids in Mineral
Aggregate, VMA
(%)

14.58 14.77 14.93 15.58 16.33

6

Void Filled with
Bitumen, VFB (%)

63.30 69.27 75.28 78.09 79.99

7

Marshall Quotient
(kN/mm)

4.36

8

Marshall stability
(Conditioned) (kN)

12.78 16.88 16.33 14.63 11.71

9

Retained stability
(%)

92.71 93.49 94.12 93.92 94.28

10

Optimum Bitumen
Content, OBC (%)

5.22

65 to 75

Bitumen Content by Weight of
Aggregate
4.5%

S.N. Property Tested

3 to 6

Table-8 Properties of BC Mix with NA (SGC)
S.N. Property Tested

Table-9 Properties of BC Mix using RA (SGC)

3.58
4.54

5.04

3.66
3.69

4.74

3.7
3.41

4.21

3.78
3.27

3.29

Table-10 Comparison of Properties of BC Mixes with
NA and RA (SGC)
Properties

With
NA (at
OBC)

With
Requirement
RA (at
of BC Mixes
OBC) (MoRT&H, 2013)

Marshal Stability (kN)

16.11

18.15

9

2.359 2.367 2.360 2.351

Flow value (mm)

3.50

3.66

2 to 4

Marshall Quotient

4.60

4.95

4.86 3.97 3.70 3.51

Bulk Density (g/cc)

2.364

2.368

-

Volume of Air voids
(Vv), %

4.30

4.14

3 to 6

Voids in Mineral
Aggregate (VMA), %

15.16

14.82

Minimum14

67.74 73.84 76.66 78.79

Voids Filled with
Bitumen (VFB), %

71.60

72.05

65 to 75

3.79

4.85 4.26 3.54 3.01

Retained Marshall
stability, %

92.11

93.77

Minimum 75
percent

Marshall stability
(Conditioned) (kN)

11.23

15.00 14.05 12.55 10.72

9

Retained stability
(%)

92.61

91.86 92.34 93.36 92.58

10

Optimum Bitumen
Content, OBC (%)

The ratio of Marshall stability to flow, known as Marshall
Quotient, was also calculated and was found to be within
limits (2 – 5 kN/mm) for all samples. A set of specimens
were conditioned by keeping them in water bath
maintained at 60 0C for 24hrs and then tested for stability.
The ratio of Marshall stability of conditioned samples
to that of normal samples is named as retained stability,

1

Marshall stability
(kN)

12.13

2

Flow Value (mm)

3.2

3

Bulk density (g/cc)

2.352

4

Volume of voids,
Vv (%)

5.72

5

Voids in Mineral
Aggregate, VMA
(%)

14.92

15.08 15.19 15.84 16.56

6

Void Filled with
Bitumen, VFB (%)

61.70

7

Marshall Quotient
(kN/mm)

8

20

16.33 15.22 13.44 11.58
3.37 3.57

5.32

3.8

3.85
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is also determined for all mixtures. Bitumen content
corresponding to maximum stability, maximum density
and 4% air voids were determined and average of these
values were taken as OBC for each mixture. From the
results, it can be observed that all properties are satisfying
the MoRT&H requirements.

Table-12 Stripping Value of Mixtures with NA and RA
Mix Type

Per cent
Stripping

MoRT&H (2013)
specification

BC with NA

6

BC with RA

8

Stripping value should not be
more than 10 per cent.

5.	LABORATORY INVESTIGATION
5.1

Indirect Tensile Strength Test

Indirect tensile strength test was conducted to know
the tensile strength of the Bituminous Concrete mix as
per ASTM D-1075. SGC specimens were prepared for
both mixtures with aggregate with NA and RA at their
corresponding OBC. Out of six specimens prepared for
each mixture, threewere kept in water bath at 250C for 2
hours and tested. These samples are called unconditioned
samples. The other set of three samples were subjected
one freeze and thaw cycle, with minimum16 hours
freezing at –180C and simultaneous thawing by keeping
in water bath at 600C for 24 hours. Then these samples
were also kept in water bath at 250C for 2 hours before
testing. This set is said to be conditioned. The ratio
of ITS values of conditioned specimens to that of
unconditioned specimens gives the loos of strength
due to accelerated weathering and is denoted as Tensile
Strength Ratio (TSR). The test results at OBC are shown
in Table-11. It may be observed that the TSR values for
the gyratory samples were found to be slightly higher to
the samples compacted with Marshall Compactor. This
may be attributed to the better interlocking obtained in
the mix due to the kneading action upon gyratory type
of compaction.

(a) Normal Aggregates Mix after 24 hrs

Table-11 Results of ITS Test
ITS for
ITS for
Sample Compaction
Unconditioned Conditioned
type
type
(kPa)
(kPa)

TSR
(%)

With
NA

Gyratory

1.51

1.27

84.1

Marshall

1.38

1.13

81.9

With
RA

Gyratory

2.15

1.66

85.11

Marshall

2.01

1.66

82.58

5.2

(b) Recycled Aggregate Mix after 24 hrs
Fig. 2 (a & b) The sample of Aggregates with Bitumen
after Exposure to Boiling Test
5.3

Boiling Test

Boiling test was conducted as per ASTM D 362 to
determine the stripping characteristics of bitumen from
the aggregates. After the test, it was visually observed
that, both mixtures were having stripping less than 10%.
The results are presented in Table-12 and the samples after
boiling tests are depicted in Fig. 2 a and 2b. Slightly higher
stripping in mix with RA is due to low bonding between
old and new binder.

Rutting Studies

The rutting depth was determined using the Immersion
Wheel Tracking Device shown in Fig. 3.(Ganesh et al,
2010). A rectangular slab specimen with dimensions
600 X 200 X 50mm was prepared for each mixture
at OBC. The prepared slab specimen was placed on
the machine and 10,000-wheel passes were provided
longitudinally along the mid portion of the slab. The
deflection caused due to the continuous moving load
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along the wheel paths were measured using two Linear
Vertical Deflection Transducers (LVDT) and the results
are presented in Fig. 4.

Table-13 Comparison of Fatigue Characteristics for
Mixes with NA and RA
Applied Stress
level (%)

Cycles to Failure
NA

RA

Effectiveness
Factor

Marshall Compacted Samples
0.15

1653

2137

1.29

0.30

961

1265

1.31

0.45

657

931

1.42

Superpave Gyratory compacted Samples

Fig. 3 Immersion Wheel Tracking Device

0.15

1732

2715

1.56

0.30

1283

1710

1.33

0.45

989

1132

1.15

From the Table-13 it can be observed that the fatigue life
of recycled aggregates has improved significantly by about
34% for Marshall Compacted specimens and by about 35%
for superpave gyratory compacted specimens. However
the significant increase in fatigue life with respect to type
of compaction is negligible.
6.

CONCLUSIONS

The performance of two BC mixtures: (a) Mix with
Normal Aggregates (b) Mix with Recycled Aggregates,
were compared. Based on the present study, the following
inferences can be concluded:
i.

The OBC for BC mixes prepared in Marshallapparatus
for NA and RA mixes were found to be 5.67%
and 5.31%, respectively. For SGC mixes, it was
respectively 5.32% and 5.22%. The reduction in
binder content for RA mixes may be due to the
presence of existing bitumen on the aggregates.

ii.

The percentage air voids were found to be 3 to 6.5 for
all the mixes at different bitumen contents and there
was a slight increase in bulk density for mixtures
prepared with RA.

iii.

The Marshall stability has significantly increased
for RA mixes. Using the NA mix as a benchmark,
the stability at OBC was improved by about 30%
and 13% for mixes prepared in Marshall Compactor
and SGC respectively. This may be due to the stiffer
mix formation in the presence of RA.

iv.

The retained stability of BC mixes at OBC got
improved from 92 to 94 %, with the usage of RA.

v.

For both conditioned and unconditioned samples,
there was an increase in ITS and TSR values for the
mix with RA compared to NA mix in both Marshall
and Gyratory Compacted specimens. This indicates
that the mix with RA provides better resistance to
moisture exposure.

Fig. 4 Deformation of BC Slabs in IWTD
5.4

Repeated Load Test

Repeated load indirect tensile test was conducted on
the both RA and NA mixes at OBC to assess their
fatigue behavior. A repeated load testing machine
capable of applying load up to 1000kg was used for
this test (Shankar et al, 2013) and the load was applied
in positive half sinusoidal pattern. During the test the
“same load” has been used throughout. For all the
specimens the applied load is constant. The minimum
load of ITS value has been considered while selecting
this load. The applied loads were 15%, 30% and 45%
of the Indirect Tensileload. The loading frequency was
maintained as 1Hz with a loading cycle of 0.1 seconds
and rest period of 0.9 sec between each loading cycle.
The number of cycles required for failure, known
as fatigue life, was determined for each mixture at
different loading conditions and results are presented in
Table-13. The ratio of fatigue life of RA mix to NA mix,
known as effectiveness factor, is also calculated.
22
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vi.

BC mixes with RA aggregates was found to exhibit
a better resistance to rutting deformation as there
was a significant reduction in the rutting rate by
about 50.65 % compared to BC mix samples with
conventional aggregates.

vii.

The recycled aggregates have significant influence
on the fatigue behavior of the BC mix with 1.4 – 1.6
times improvement in fatigue life.

Use of the recycled materials to produce new pavement
materials results in considerable savings of money, material
and energy. Also,the priority towards sustainability and
preservation of the environment is addressed.
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Design and Analysis of Soil Nailing Technique for
remediation of landslides
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Abstract
The landslides phenomenon is common in different hill ranges of India. The term landslides mean mass wasting which
includes a wide range of ground movements such as rock falls, deep failure of slopes and shallow debris flows. The main
reason for landslides is that there are slopes and material goes down the slope because of gravity but others reasons include
erosion by rivers, saturation in slopes due to precipitation, earthquakes, groundwater pressure making slope unstable,
etc. Soil nailing is one of the most efficient & widely used techniques for landslides prevention and mitigation. Soil nailing
is the technique used in slope stabilization and excavation with the use of passive inclusions, usually steel bars, termed as
soil nail. It consists of passive reinforcement which is encased in grout to provide corrosion protection and improved load
transfer to the ground. Soil nailing mainly includes excavation which is done with conventional earthwork equipment
which is started at the ground surface and progressed downwards. It is done to accommodate the facing panels of soil
nailing. Facing is done is to ensure local stability of the soil between the nails and to limit the decompression of the soil.
Nailing involves the insertion of nails into the holes to develop a strong bond between the nail and the soil. The paper also
deals with the design elements and parameters of soil nailing. The Soil nailing technique has numerous advantages such as
simple and light construction, adaptability to site conditions, performance, durability, space, structural stability but also
have limitations such as requirement of cohesion in natural soil (for withstanding of soil when cut is made for excavation),
pretreatment for soil such as grouting which will add cost and complications for design, requirement of dewatered face,
clean sands and gravels, Specialized workers etc. The paper summarizes various aspects, issues, limitations and design
components related to soil nailing. The applicability of soil nailing and its inherent advantages and limitations are discussed
in this paper. Also, the various parts of soil nailing related to its construction sequence, nailing types and soil nail elements
have been illustrated.

1.

Introduction

The landslide may be defined as the movement of a mass
of rock, debris, or earth down a slope that occur from
natural or manmade causes except for ground subsidence.
Landslide denotes downward and outward movement
of slope-forming materials composed of natural rock,
soil, artificial fill or a combination of these materials.
The moving mass follows any one of the three principal
types of movements viz. falling, sliding, flowing, or their
combinations. The rate of movement may vary from slow
to rapid. Every other soil mass below the slope has the
tendency to slide downward or inward under the influence
of gravity. If the shear strength of the soil is adequate to
1
2

Sr. Principal Scientist
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counteract this tendency, the hill slope is stable, otherwise,
a slide occurs. The remedial measures for landslides
are designed after knowing the cause of landslide and
amount of remediation needed to maintain stability for
reasonably foreseeable future conditions. The remedial
measures allow the design and construction of safe, stable
and economic slopes under varying conditions. There are
numerous remedial measures that are presently in use in
India such as Reinforcement measures, drainage measures,
ground modifications, and surface erosion techniques,
etc. In landslides, the actual failure slope depends upon
geological factors, morphological factors, seismic factors,
physical factors, and human activity so it is often difficult to

Geotechnical Engineering Division, CSIR-Central Road Research Institute, New Delhi
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know the actual cause of failure. And therefore sometimes
even after full implementation of a remedial measure of a
landslide the slope fails. It is, therefore, necessary that more
productive methods of remedial measures implementation
and analysis of presently used remedial measures is done
to work out with reliable and long-lasting methods for
mitigation of landslides. Soil nailing is one of the most
effective methods of earth reinforcement for landslides
prevention and mitigation which involves reinforcing the
soil with steel bars or other materials. The main purpose
of soil nailing is to increase the tensile and shear strength
of the soil and restrain its displacement. The technique
permits stabilization of both natural slope and vertical or
inclined excavations. Soil nails provide adequate tensile
strength to the slope that helps in effective stabilization of
landslides. The design parameters involve calculations of
various components including Calculation of Total Earth
pressure and moments, External Stability, Overturning,
Tilting/ Bearing Failure, Global Slope Failure, Internal
Stability, Seismic Stability, etc. The limitations of soil
nailing technique are not inevitable but the magnitude of
limitations may be reduced to a certain extent by proper
analysis and design.

a vertical cut slope with horizontal back slope, the length
of soil nails is usually 60-100% of wall height. Based on
various soil types and ground conditions the soil nails are
placed 6-foot centers vertically and 5 to 8-foot centers
horizontally. The most common installation method is to
insert the steel bars into a drill hole and grout the bottom
up by gravity or low pressure. This procedure is described
in some detail in this paper. Other construction methods
include jet grouting or driving nails into the slope. The
soil nailing is a top-down construction procedure and is
suitable for temporary and permanent cut slopes and for
shallow depth landslide remediation. Excavation to expose
the steep cut face proceeds with a series of step 3 to 6
feet high. After each step has been opened up, soil nails
are installed in a row and the face is shotcrete to prevent
collapse or erosion of the exposed face. The end of the nail
which is projecting out of the slope face is then attached to
the shotcrete facing by a metal plate and bolt. After the full
depth of excavation has been reached, the second layer
of shotcrete is further added to strengthen the wall and to
protect the nails. Soil nails installed for permanent slopes
require corrosion resistant treatment for durability, Long
et al. (1990).

2.

2.1	Mechanism of Soil Nailing

Soil Nailing Technique

Soil nailing is a reinforcement technique in which closely
spaced parallel steel bars are installed into the face of a
slope or vertical cut to improve stability. The basic concept
behind soil nailing consists of placing in the ground passive
inclusions, closely spaced, to restrain displacements and
limit decompression during and after excavation. The
function of soil nailing is to strengthen or stabilize the
existing steep slopes and excavations as construction
proceeds from the top to bottom. Soil nails develop their
reinforcing action through soil-nail interaction due to the
ground deformation which results in the development of
tensile forces in soil nail. The significant part of resistance
comes from the development of axial force which is
basically a tension force. Conventionally, shear and
bending have been assumed to provide a little contribution
in providing resistance. The effect of soil nailing is to
improve the stability of slope or excavation through
(a) Increasing the normal force on the shear plane and
hence increase the shear resistance along the slip plane
in friction soil.
(b) Reducing the driving force along the slip plane both in
friction and cohesive soil
In soil nailing, the reinforcement is installed horizontally
or gently inclined parallel to the direction of tensile strain
so that it develops maximum tensile force develops. For

Soil nails are passive inclusions, which improve shearing
resistance of the soil. The soil nail system can be divided
into the active and passive region as shown in Figure 3.
During the slope failure, the active region tends to deform
which results in axial displacement along with soil nails
which are placed across the slip plane. This results in the
development of tensile forces in soil nail in the passive
zone which resists the deformation of the active zone. This
tension force results in an increment of the normal force
coming on a slip plane and reduces the driving shear force.
The soil nails are embedded in the passive region through
which it resists the pull-out of the nail from slope through
friction between nails and soil. Based on the above two
mechanisms, the required amount of nail length should
be placed in a resistive zone. In addition, the combined
effect of nail head strength and tension force generated in
the active zone must be adequate to provide the required
nail tension at the slip surface. Tension force in soil nail
is the main contributing factor in the stabilization of
slope. The contribution coming from shear and bending
is conventionally considered to be negligible. Shear and
bending resistance come into picture when excessive
deformation takes place indicating that the failure is not
sudden. However, these two factors will be prominent when
the failure of a soil nail wall is more due to displacement
and less due to shear. Conceptual behaviors of soil nail are
shown in Fig. 1.
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ii.

Fig.1 Conceptual Soil Nail Behavior (Byrne et al., 1998)
3.

Ground contition

3a.

Ground Condition Best Suited for Soil Nailing

 he length of soil nail behind the potential or actual
T
slip surface must be capable of providing adequate
pullout resistance.
iii. The anchor at the wall surface has to carry the shear
load without undergoing punching shear (failure due
to high localized forces) into the concrete wall face
and soil.
iv. The wall facing between nails must be adequately
reinforced to carry wall loadings
The most important aspect of soil nail wall design requires
that stability be checked for (a) Sliding along the base
(b) Overturning Failure (c) Bearing capacity failure (d)
Presence of unstable weak layers at shallow depth below
foundation level and (e) Overall slope stability outside the
reinforced soil.

The ground conditions which are best suited for soil
nailing can be enlisted as:
a) Residual soil and weathered rocks
b)	Stiff cohesive soils such as clayey silts and other soils
that is not prone to creep deformation.
c)	Dense sand and gravel with some cohesive
properties.
d) Ground conditions located above the ground water
Table-(GWT).
3b. Ground Condition Not Suited for Soil Nailing
The ground conditions which render the application of
soil nailing technique to be unsuitable are:
a)	Loose clean granular sand as they don’t have adequate
stand-up time prior to nail installation
b)	Soils having excessive moisture or wet pockets as
they will create stability problems.
c)	Soils having frost susceptibility and expansive
properties results into excessive facing load.
d)	Highly fractured rocks with open joints or voids due
to problem in grouting.
4.

Soil Nail Wall Design

Soil nail provide adequate tensile strength that helps in
binding up the active zone to the resistant zone.
The tensile strength of soil nails should be sufficient
enough to bear the maximum load. Also the embedded
length of the soil nails should be ample enough into the
resistant zone to resist pullout.
Soil Nails walls have basically four design components:
i.

 he steel bars must be capable of carrying the
T
maximum tension without fracturing.
26

Fig. 2 Design Analysis of Typical Nail
4a.	Maximum Tensile Load (Tmax)
The soil nails provides tensile force top a volume of soil
equal to the product of vertical spacing (Sv ) between
rows, horizontal spacing (Sh) between adjacent nails in
a row, and the length of the nail as shown in Fig.2, Byrne
et al.(1996)
The General Equation for calculating Tmax is (Eq. 1.1)
Tmax= γ λ Ka H Sh Sv
Where,
Tmax
Ka		
γ		
Sv		
Sh		
H		
λ		

=
=
=
=
=
=
=

Maximum tensile load in soil nail
Active earth pressure coefficient
Density of Soil
Vertical spacing of soil nails
Horizontal spacing of soil nails
Total vertical height of wall
Dimensionless Factor
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The dimensionless factors (λ) range from about 0.4 to 1.1
and mean value is 0.75
4b. Tensile load (Tf) at Wall Construction Pullout
Resistance

Factor of Safety
For yielding of the steel tie bar:

The ultimate total pullout resistance can be found by
Eq.1.1, P Mumelle C et al (1991)

Where, Fs= Yield strength of the tie bar

Q
Q
qu

For Pullout resistance
F= π d Ld qu

d
Ld

= qu π d Ld
= Total Ultimate Pullout Resistance
=	Ultimate pullout resistance (bond stress) per unit
length of nail
= diameter of soil nail
= Embedded length in the resistant zone

d= diameter of soil nail

Tmax

The minimum factor of safety that are suggested are listed
in Table 1* (Cornforth, 2005)
Table-1

Stability

Design Consideration

Minimum Factor of Safety
SNW**

External

1.50

1.50

1.30

Deep seated Stability

1.30/1.50

1.30

1.30

1.30

1.30

2.50

2.50

75% of static F

75% of static F

1.50

1.50

(a) Steel strips

0.55Fy

0.55Fy

(b) Steel grid

0.48Fy

0.48Fy

Ta

Ta

Bearing capacity Failure(toe)

2.50

Seismic Stability(pseudo- static)
Pullout resistance of reinforcing elements

2.00

Allowable tensile strength

(c) Geosynthetic
(d) Steel rods
*based on cited references
**Byrne et al.(1996)
*** Elias et al.(2001)SNW - Soil Nail Wall
MSEW- Mechanically Stabilized Earth Wall
RSS- Reinforced Soli Slope
Fy= Yield Stress of Reinforcement Steel
Ta= Allowable Tensile Strength

5.

RSS***

Sliding along the base
Overturning stability

Internal

MSEW***

Design Procedure

Soil nailing method is an in-situ soil reinforcement
technique that is used at present to stabilize natural slopes,
cuts or excavation, walls in stiff cliffs, granular soils and
also soft rocks. The procedure involves the insertion of steel
rods (usually 20-30mm in diameter) by simple driving or
by grouting into the predrilled boreholes. The basic steps
involved for construction are illustrated as below:
There are usually steel rods 20-30 mm in diameter which
are inserted into the soil either by simple driving or by
grouting in the predrilled borehole. Standard construction
steps for typical soil nailing method can be broadly divided
into four steps and these steps are repeated in the cycle as
outlined below:

1.67

(i)	Excavation of slopes (Fig. 3a): Soil is excavated in
lifts to accommodate at least a single row of facing
panels. Besides this, the height of such lift should
secure the overall stability of the uncovered soil until
before soil nail is ready to transfer the load to soil
mass under the critical slip surface, Gassler (1990).
(ii)	The positioning of facing material (Fig. 3b):
Facing material e.g. Facing Panels are positioned or
laid down in rows as shown in Fig. 8.2b.
(iii)	Drilling, Nailing & Grouting (Fig. 3c) Nail holes are
then drilled to designed nail length and inclination.
Then, designed nails are inserted into the hole and
grouted to develop a strong bond between the nail
and the soil. To confirm the perfect contact between
the back of the facing panel and the soil surface, the
gap behind the facing material is filled by injecting
a cement slurry or mortar. In the case of full length
cast in situ facing material, this work is part of the
works under Step Number 2.
(iv)	Reinforcement Tightening (Fig. 3d): Nails are
tightened by nut-bolt connection so that the tensile bar
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force near the facing can be mobilized to the design
level. It is usually necessary to ensure the stability of
soil slope close to the slope face especially in the case
of sandy soil. Once the tightening of the reinforcement
for a particular row is over, the aforementioned steps
1to 3 are repeated for the successive row of soil nails,
i.e, and next lift.

		

(a)				

(b)

		
(c)				
(d)
Fig.3 (a,b,c & d) Construction Steps in Typical Soil
Nailing Mehtod (Pokharel and Ochiai, 1997)
6.
Various Types of Soil Nailing
Various types of soil nails which are commonly encountered
in practice are as follows:
a)	Grouted Soil nail – First the nails are centrally placed
in the drill hole and then the grout is inserted in the
hole with the help of pressure or gravity.
b)	Driven nails – These nails are directly driven after
the each excavation step.
c)	Jet grouted nails- These are composite inclusion
made of grouted soil with central steel rod. It uses
high pressure grout for vibro-percussion driving and
then the nails are installed using high frequency.
d)	Launched nails- In this process, nails are launched
into the ground with very high speed, using
compressed air launcher. This method is very rapid,
flexible and economical. Nails are installed at speed
of around 320 km/h.
7.
Components of Soil Nailing
The main components of a soil nailed structure are:
(i)	Excavation: The excavation is usually carried out
using conventional earthwork equipment, starting
at the ground surface and progressing downwards.
Seepage of groundwater towards the excavated face
must be avoided by drainage. The total allowable
excavation depth depends on the global stability of
the excavation. The maximum increment excavation
depth is determined by the ability of the soil to stand
unsupported for several hours. In granular soils, the
short-term capillary cohesion may be sufficient to
28

ensure local stability of each excavated depth (Gassler,
1990). In silts and clays, the natural cementation and
cohesive strength of the soils give the necessary
short-term stability of the cut depth. In any case, the
excavation depth is generally limited to 1.5 m.
(ii)	Facing: In soil-nailed structures, the facing is found
to play only a minor mechanical role (Juran and
Elias, 1992). The function of facing is to ensure local
stability of the soil between the nails and to limit the
decompression of the soil. The facing protects the
soil from surface erosion and weathering effects.
It also gives an aesthetic appearance and prevents
moisture loss from the face of the excavated soil.
The most commonly used facing types are the
shotcrete facing and, for permanent structures, steel
or concrete pre-fabricated facing panels.
(iii) Nails: Gassler (1990) classified soil nails as temporary
for service periods of 2 years or less, and as permanent
otherwise. In the early days of soil nailing, naked
steel angles and bars were driven into the ground. The
steel was exposed to corrosion. In addition, the bond
between the driven nail and the soil is rather low. The
advantage of driven nails is that nail installation is fast.
In collapsible soils where a grout hole cannot stand
unsupported, driving is the only viable alternative.
The nails are driven into the ground at any desired
inclination using a vibro-percussion or hydraulic
hammer which requires no pre-drilling- This technique
of nailing where long and very resistant inclusions
are simply driven is known as ‘Hurpinoise’ method
(Guilloux and Schlosser,1982) corrosion protection
used in various places is shown in Fig.4a.

Fig. 4a A Typical Permanent Nail

Fig. 4b A Typical Centralizer used for Grouted Soil Nails
Because of the smaller contact area of driven nails, they are
usually grouted to increase the bond and to enhance corrosion
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protection. A grouted nail consists of a central reinforcing bar
(15 to 46 mm in diameter) with a few centimeters of grout.
To ensure a uniform grout cover, centralizers as shown in
Fig.4b are placed at intervals of 1.5 m to 2.0 m along the nail.
There are other special types of nails which are developed for
permanent structures In soils possessing high cohesion, the
rate of nail installation can be increased by drilling boreholes
without casing. The borehole diameters generally range from
75 to 150mm, the resulting grout annulus around the nail is a
few centimeters thick. The common methods used for drilling
uncased boreholes are rotary boring, percussive rotary boring
with use of air flush, and dry auger boring.
8.

Elements of Soil Nail


Steel
Bar- This is the main component of soil nail
system. It may be solid or hollow with necessary
required strength. It acts as a tension member.
b)	Centralizers- It is fixed with steel bar so that nail can
be placed centrally in drill hole.
c)	Grout - It is used to fill the space between ground and
installed nails. Proper bonding is achieved through
grouting and the loads are transfer first to the grout
and then to the nail.
d)	Nail Head- It works as a reaction pad for generation
of tensile force in the nails and it also prevent local
failure between the nails.
e)	Hex Nut, washer and Bearing Plate-These are used
to connect nail to the facing and form the integral part
of nail head.
f)	Temporary and Permanent Facing- It provides
support to the exposed surface of soil nail and act
as bearing surface for bearing plate. After that,
permanent facing is installed over temporary facing.
g)	Drainage System-A prefabricated synthetic drainage
is placed vertically against the excavation face to
prevent any seepage against the excavation face.
Various elements of soil nailing are shown in Fig.5
a)

Fig. 5 Elements of a Soil Nail (Porterfield et al. 1994)

9. 	Potential Failure modes of a Soil
Nail wall
Generally, three distinct failure modes (Fig. 6) have been
observed for a soil nail system. They are as follows:
a) Facing Failure – This type of failure develops in soil
nail wall having long nails with high tensile strength
and modest facing strength facing. In facing failure,
the head strength will not contribute for stability of
active zone.
b)	Pull out Failure – This occurs when soil nail has limited
penetration into the passive region and possesses high
tensile capacity and facing strength. The force generated
in nails in active region will depend upon length of
reinforcement in passive zone, and is expressed as.
Q =p qDDH
where, Q is the mobilized pull-out per unit length, q is the
mobilized shear stress acting around the perimeter of soil
nail, and DDH is the effective diameter of nail hole.
Considering a single nail segment subjected to a tensile
force, T0, at one end, and applying equilibrium of forces
along the differential length segment (dx) of the nail
shown in Fig. 7, the tensile force can be estimated from
the interface shear stress as:
dT =p qDDH dx = Qdx
If the length of the soil nail embedded in the passive zone
is LP , then the total pull-out force (F) is estimated as
F = Q.LP
c)	Nail Tendon Failure–Such failure occurs when
sufficient length of nail is provided but with modest
tensile stress.
10.	Nail Strength Failure Envelope
The reinforcing contribution of the nail is a function of location
at which slip circle intersect the nail support diagram (Figure
8).The nail support diagram considers minimum strength
criterion between tensile strength and pull out strength. The
contribution of nail to stability of sliding block will be least of
the nail tendon tensile strength (TN), the nail pull-out resistance
from passive zone (Qy), nail head strength (TF) added to the
nail-soil pull out resistance in active zone (Qx).

11. Advantages of Soil Nailing
(i)	The soil nailing is very economical thus results in
saving 15-35% cost when compared with anchored
diaphragm wall. It is because in soil nail wall the
main structural element in the retaining structure is
in- situ ground itself.
(ii)	The equipment required for executing soil nailing such
as drilling rigs for nail installation, guns for shotcrete
application and grouting are relatively small scale,
easily movable, and produce little noise.
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Fig. 6 Potential Failure Modes of Soil Nail Wall (0)

Fig. 7 Forces Acting on a Nail (Lazarte et al., 2003)

Fig. 8 Nail Support Diagram (Byrne et al., 1998)
(iii)	As soil nailing involves only small diameter drilling
for installation so it is suitable and more feasible
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than other techniques such as slurry walls and soldier
piles because it involves only small diameter drilling
for installation of nails. Moreover, Shotcrete facing
used in soil nailing is less costly than structural
facing required for another wall system.
(iv) In soil nailing, a number of soil nails are used to the
failure of one single nail may not be detrimental to
the structural stability.
(v) Soils nails walls are considered suitable in seismic
active regions. The coherence between soil nail
walls and surrounding soil provides a relatively high
degree of resistance against seismic shocks.
(vi) Soil nailing helps in eliminating cut and backfilling
thus resulting in an improved economy and lessened
Environment impact.
(vii) Easy adjustment of nails can be done when
encountered with underground structure and pile etc.
also the installation of nails is very faster ad it uses
fewer construction materials.
(viii) Due to the flexibility of nails, they can support large
differential settlements, Guilloux (1982).
12.	Limitations of Soil Nailing
(i)	The limitations of soil nailing require cuts which
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can stand unsupported for depths about 1 to 2m at
least for a few hours prior to shotcreting and nailing.
This requires some cohesion or apparent cohesion in
the natural soil. Otherwise, a pre-treatment such as
grouting may be necessary to stabilize the face.
(ii)	It is desirable to have a dewatered soil slope
before the application of soil nailing otherwise it is
impossible to done shotcreting.
(iii)	Drains are usually placed on the slope face during
construction; any seepage is likely to be troublesome
during construction and should be avoided. Surface
runoff water should also be intercepted before
reaching a soil nailed wall, and any collected water
should be disposed of rapidly. Frozen water can
damage the shotcrete facing and place additional
loads on the anchor plates due to soil expansion.
(iv)	This technique can’t be used where strict deformation
control is required as it mobilizes its friction
resistance with ground deformation.
(v)	Soil nailing is not well suited for clean sands and
gravels.
(vi)	In soft clays, due to lesser friction generated, high
reinforcement density of considerable length is
required.
(vii)	This technique is conventionally unsuitable for
ground having high water table level due to difficulty
in drilling and excavation.

Calculate Total Earth pressure and moments
Paγ= Area of Earth pressure diagram × Coeff. of earth
pressure
Maγ= Paγ× Point of application of earth pressure
Ptst= Paγ
Mtst= Maγ
Dynamic increments and moments
Paγi= (αv(+ve) - Ka) × Paγ
Maγi= Paγi × 0.5 height of wall
Forces and moments related nailed soil excavation
Ww= Unit wt. of soil × height of wall × length of nail
Mm= Ww × (length of nail/2)
Horizontal seismic force on the nailed soil excavation
= Ww. αh
Vertical Seismic force on the nailed
= ±Ww. αv
Moment of seismic forces acting on nailed soil excavation
Msw = Ww. αh × [(Ht. of nail wall)/(2 )] - (Ww. αv ) ×
[(length of nail wall )/(2) )]
Where,
αv= Vertical seismic coefficient

(viii)	Specialized workers are needed for soil nailing
construction.

αh= Horizontal seismic coefficient

13.	Analysis and Design of Soil Nail
Wall

(a) Sliding

Find the earth pressure coefficient due to backfill
Assume Δ= (2/3) φ
Where, φ= Angle of internal friction

External Stability
Static Case:

Where, µ= coefficient of friction
Ww= Wt. of soil nail per meter length
Seismic Case

(b)	Overturning
Static Case:

Seismic Case:

Adopt higher value of Kad.. Vertical seismic forcer is
considered to be acting in downward direction.

(c) Tilting/ Bearing Failure
Static Case:
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(d) Global Slope Failure
It is very unlikely that a nailed soil excavation fails in this condition
if it is safe against bearing failure, Swami Saran (2005).
Internal Stability
Tension Failure
Static Case:
Let h1, represent the depth of ith nail, then
σvi= γIhi + 1/ ψ(-ve) γ Ka hi3 [ψ(-ve) /L2]
Assuming that Sv=Sh
Force in a nail= Ka σvi Sv Sh
Maximum force in the nail will occur at hi= H
Therefore,
Maximum Force= Ka[σvi] S2v
Permissible tensile Force = 0.55Fy
Permissible Tensile Force= 0.55Fy × Area of Soil Nail
Seismic Case:
σvi= 16hi +[ 1/ ψ(-ve) ] × unit wt. of soil × αh × hi3 [ψ (-ve )/ (L2]
Maximum force in the nail = (+ve) av × σvi × (at hi=H) × Sv2
NOTE: Maximum Force in the nail occurs when hi=H,
Swami Saran (2005)
Permissible tensile Force =1.25 × 0.55 × Fy × Area of Soil nails
Here, 1.25 is used as an increment in the force for safety
Slippage Failure
Static Case:
For calculated L/H ratios value of Sv can be obtained based on
F.O.S from standard table, Swami Saran (2005).

14.

Conclusions

The installation of soil reinforcement depends upon the
construction method adopted either top down or bottom up.
It is always desirable to place the soil nails simultaneously
after the excavation to avoid the complication and cost of
pretreatment. There is also a requirement of dewatering if
water is present in the slope in order to ease the construction
and durability of soil nailing. Otherwise, if water percolates
through the face, the unreinforced soil will slump locally
on the initial excavation. The nail length plays a vital role
in the design of soil-nailed structures as both the economy
and stability of the structure depends on it. The commonly
used L/H ratio is in the range of 0.5 to 0.8. However, higher
values of L/H ratio indicate mainly the repairing of existing
32

structures (L= Nail Length H= Overall structure height).
Most commonly used nail inclination is between 10 to 20,
with 15 is being the most used inclination. This inclination
is because of the ease of construction. Nail diameter is
varied from 14mm to 40mm but the range of 20mm to
30mm is very common. Grouted hole diameter varied from
56 to 200mm but the range 100mm to 120mm were more
common. The basic behavior and mechanism of soil nailing
have been explained with due regard to various failure
modes of the nailed structure. The pullout strength of the
nails has been explained with respect its strength envelope.
Effects of various parameters namely analysis and design,
Potential Failure modes of a Soil Nail wall, Nail Strength
and Failure Envelope have been incorporated in this Paper.
15.
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Seasonal Variations in Properties of Expansive Soils along
a Railway Corridor in Western India
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Abstract
The properties of expansive soils at shallow depth are influenced by moisture variations due to seepage of water into the
soils during rains. The Paper presents a case study in western India along a railway freight corridor. Testing on samples
collected from boreholes drilled in the pre-monsoon and post-monsoon periods indicate substantial variations in moisture
content, undrained shear strength and swell pressure to about 3-3.5 m depth. Below this depth, these properties show
insignificant change. This confirms that the active zone, the geotechnically unstable zone in expansive soils that undergoes
swelling-shrinkage due to moisture variations extends to about 3.5 m depth.

1.

Introduction

A major Railway Corridor covering a distance of 1483 km
is planned which shall connect Dadri (near Delhi) to a
port near Navi Mumbai. It is being built for the movement
of heavy freight by rail. The Paper presents results of
investigations in a 57-km stretch in the Vadodra-Bharuch
section in Gujarat. A vicinity map of the project area
showing the alignment of the railway freight corridor in
Gujarat is presented on Fig. 1.

Fig. 1 Vicinity Map
2.
Project Alignment
In general, the railway freight corridor runs parallel to the
Managing Director, E-mail : sanjay@cengrs.com
Director, E-mail : ravi@cengrs.com
3
Director, E-mail : sorabh@cengrs.com

existing railway track with a few detours in areas where there
were space constraints. A map showing the investigations
done in the Vadodara-Bharuch section is presented on Fig. 2.
Expansive soils of the Deccan Trap are encountered in
this section of the railway corridor. Due to the hot summer
season typically experienced in western India, followed
heavy rains during monsoon, there is substantial moisture
content variation over the year.
To assess the seasonal variations in the soil properties,
boreholes were drilled along the alignment in the premonsoon and post-monsoon periods. This paper is based on
the work done by the authors in this stretch in the year 2012.

Fig. 2 Project Alignment in the Vicinity of Vadodara

1
2

Cengrs Geotechnical Pvt. Ltd., Noida, U.P.

hIGHWAY RESEARCH Journal, January-June, 2019

33

Gupta, Sundaram & Gupta on
Seasonal Variations in Properties of Expansive Soils along A Railway Corridor in Western India

3.	Meteorological Data
The climate in the area is sub-tropical and has three well
defined seasons – summer from April to June, monsoon from
July to December and mild winter from October to March.
As per the meteorological department (Kaur & Purohit,
2013),the rainfall during Jan-Dec 2012 was about 928 mm
of out of which nearly than 95% occurred during the
monsoon period (July-Sep). The year experienced normal
rainfall (within ±20% of the annualized average rainfall).
The maximum temperature in the pre-monsoon period
(May-June) is generally around 37 to 41˚C. In JulySeptember period, the maximum temperature comes
down to 31-33˚C. Post-monsoon temperatures are around
32-36˚C in October-December.
4.

Geological Setting

6.	Soil Characteristics along the
Alignment
6.1

Physiography

Geographically, the area belongs to the western coastlands
of the Deccan Peninsula. In general, the area gently slopes
towards the west. The topography is primarily plain with
moderate to deep cutting river valleys and occasional
hillocks.
6.2

Stratigraphy along Alignment

In general, the soils along the corridor to about 10 m
depth consist of expansive silty clay / clayey silt of high
to medium plasticity. The clays are generally very stiff
to hard in consistency. Typical borehole profiles for four
boreholes along the alignment are presented on Fig. 3.

The close of the Mesozoic Era was marked by the
outpouring of enormous lava flows which spread over vast
areas of western, central and southern India (Krishnan,
1982). They issued through long narrow fissures in the
earth’s crust from a large magma basin. The lavas spread
out far and wide as nearly horizontal sheets. The flows
are called “traps” because of their step-like or terraced
appearance of the rock-outcrops.
The Deccan Traps cover a large tract of central and western
India, extending over large parts of Madhya Pradesh,
Gujarat and Maharashtra. The basalts, upon weathering,
form a clay / loam which is deep grey to black in color to
2-3 m depth below which it is brown colored due to iron
content. These clays are usually rich in the clay mineral
montmorillonite. These clays exhibit swelling behavior on
coming in contact with water and shrink upon drying.
5.

Investigation Program

In the section between Vadodara and Mumbai (approx.400
km), about 166 boreholes were drilled to 5-10 m depth in
the pre-monsoon period (April-May 2012) to assess the
distribution of expansive soils (black cotton soils) along
the alignment. This was followed by 32 boreholes to 5 m
depth in the post-monsoon season (September-October).
The boreholes drilled in the post-monsoon period were
used to assess the change in properties due to the seepage
of rainwater into the ground.
In the 57km stretch between Chainage 74 and 131 km
(0 km taken at the port), 22 boreholes were drilled in the
pre-monsoon period and 9 boreholes were drilled postmonsoon. Data from these boreholes have been analyzed
to assess the trend of variation in soil properties along the
alignment in the pre-monsoon and post monsoon periods.
34

Fig. 3 Typical Borehole Profiles Along the Alignment
(pre-monsoon)
6.3

Soil Properties

In general, the soils are highly plastic at shallow depth and
medium to highly plastic at deeper depths. To illustrate
the soil properties along the corridor and with depth, plots
of various soil properties have been prepared along the
alignment at 2 m depth and at 5 m depth. Data from all
boreholes drilled along the railway corridor have been
considered in the analysis (22 boreholes pre-monsoon and
9 boreholes post-monsoon).
Liquid Limit: The liquid limit along the corridor
determined in accordance with IS: 2720 (Part 5)-1985
ranges from 47 to 72% at about 2 m depth and from 35 to
70% at 5 m depth.
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Plastic Limit: The plastic limit determined as per IS:2720
(Part 5)-1985 ranges from 23 to 34% at 2 m depth and
from 22 to 29% at 5 m depth. The liquid limit and plastic
limit profiles along the alignment at 2 m depth and 5 m
depth are presented on Figs. 4 and 5, respectively.

Free Swell Index: The free swell index computed as the
difference in volume of 10 g of soil soaked in water and
in kerosene for 48-72 hours (till volume change in water
stabilizes) is an indicator of the swelling nature of the soil.
The free swell index, determined in accordance with IS:
2720 (Part-40) -1977, ranges from 41 to 92 at 2 m depth
and is generally below 30 at 5 m depth. The profile along
the alignment is illustrated at 2 m depth and 5 m depth on
Fig. 8.

Fig. 4 Variation of liquid limit along the railway
corridor at 2 m and 5 m depths

Fig. 8 Variation of free swell index along the railway
corridor at 2 m and 5 m depths
7.
Fig. 5 Variation of plastic limit along the railway
corridor at 2 m and 5 m depths
Clay Content: The clay content [≤ 2 micron size particles
(as determined by hydrometer analysis as per IS: 2720
(Part 4) -1985] along the alignment generally ranges from
24 to 40% at 2 m depth and from 16 to 32% at 5 m depth
(see Figs. 6 and 7).

Fig. 6 Clay content (particle size ≤ 2 µm) along the
railway corridor at 2 m depth

Fig. 7 Clay content (particle size ≤ 2 µm) along the
railway corridor at 5 m depth

Seasonal Variations

The rainy season in most parts of India usually lasts for
three months (June/July to August/September) followed by
generally dry season for the balance nine months. During
the summer months (April-June), moisture content in the
top few meters reduces substantially due to evaporation
and transpiration. The moisture lost is replenished during
the rains in the monsoons.
To assess the variations in soil properties before and after
monsoon, boreholes were drilled before monsoon during
April-May (pre-monsoon) and later in September-October
(post-monsoon). Undisturbed samples collected from
the boreholes were tested in the laboratory to determine
moisture content, undrained shear strength (qu) and swell
pressure. These post-monsoon parameters were compared
with the pre-monsoon values to assess the change in soil
properties with depth.
Figs. 9 to 12 present the profile of moisture content,
undrained shear strength (qu) and swell pressure with
depth at four typical boreholes along the alignment. All
these tests were conducted on undisturbed samples. These
four boreholes, widely spaced along the alignment, have
been selected to demonstrate the overall trend of variation
in the soil properties.
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Fig. 9 Moisture content, undrained shear strength and swell pressure versus depth - Borehole L7 at Chainage 84.0 km

Fig. 10 Moisture content, undrained shear strength and swell pressure versus depth - Borehole L10 at Chainage 88.5 km

Fig. 11 Moisture content, undrained shear strength and swell pressure versus depth - Borehole L16 at Chainage 97.5 km

Fig. 12 Moisture content, undrained shear strength and swell pressure versus depth - Borehole L22 at Chainage 129 km
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The above plots clearly illustrate the influence of water
seepage during the rainy season and variation of the
properties with depth. These are explained below:
Moisture Content: The moisture content, determined in
accordance with IS: 2720 (Part 2)-1973, increases postmonsoon at shallow depth. The maximum increase is near
the ground surface and the change in moisture content
decreases with increasing depth. The increase at 2 m
depth is about 40-55%. The change in moisture content
is insignificant below about 3.2-3.5 m depth. The premonsoon and post-monsoon moisture content profile along
the corridor at 2 and 5 m depths are presented on Figs. 13
and 14, respectively.
Undrained Shear Strength: The undrained shear strength
[IS: 2720 (Part 11)-1993] on undisturbed soil samples
reduces post-monsoon at shallow depth with insignificant
change below 3-3.5 m depth. The reduction in undrained
shear strength at 2 m depth is about 55 to 65%. The
variation of undrained shear strength in the pre-monsoon
and post-monsoon periods along the corridor at 2 and 5 m
depths are presented on Figs. 15 and 16, respectively.

Fig. 16 Pre-monsoon and post-monsoon change in undrained
shear strength along the alignment at 2m depth
Swell Pressure: The change of swell pressure in the premonsoon and post-monsoon periods along the corridor
at 2 and 5 m depths are presented on Figs. 17 and 18,
respectively. From Fig. 17, it can be seen that the swell
pressure at 2m depth on undisturbed soil samples at insitu moisture content samples decreases during the rainy
season, largely on account of the increase in moisture
content at shallow depths (Fig. 13). The swell pressure
values at 5 m depth (Fig. 18) are typically low on account
of the lower void ratios and higher moisture content
values. The change in swell pressure below 2.5-3.5 is
insignificant. The pre-monsoon swell pressure at 2 m
depth is about 75 to 115 kPa and less than 35 kPa in the
post-monsoon period. At 5 m depth, the swell pressure
post-monsoon is generally low.

Fig. 13 Pre-monsoon and Post-monsoon Change in
moisture content along the alignment at 2 m depth
Fig. 17 Pre-monsoon and post-monsoon change swell
pressure along the alignment at 2 m depth

Fig. 14 Pre-monsoon and post-monsoon change in
moisture content along the alignment at 5 m depth

Fig. 18 Pre-monsoon and post-monsoon change in swell
pressure along the alignment at 5 m depth
8.
Fig. 15 Pre-monsoon and post-monsoon change in
undrained shear strength along the alignment
at 2 m depth

Active Zone

The active zone (Chen, 1975, Katti, 1978) in a deposit of
expansive soil is the zone which is subject to swelling and
shrinkage on account of variations in moisture content. In
the active zone, there is a potential for variation in moisture

hIGHWAY RESEARCH Journal, January-June, 2019

37

Gupta, Sundaram & Gupta on
Seasonal Variations in Properties of Expansive Soils along A Railway Corridor in Western India

content due to seepage from surface sources, precipitation,
evaporation, variations in groundwater level etc.
The seasonal moisture changes in these expansive soils
leads to volume changes and vertical movements of the
soil mass in the active zone. The moisture content is
usually constant throughout the year at some depth below
the ground level.
Thus, the active zone is a geotechnically unstable zone in
which foundations may experience heave / settlement due
to swelling / shrinkage of the soils.
The moisture changes in these soils occur due to the
capillary forces set up by evaporation. Due to the
extremely low permeability of the soils, the hydraulic
gradient caused by the groundwater level fluctuations is
insufficient to reduce or increase the moisture content of
such clays. The change in moisture content is mainly due
to the suction forces created by thermal gradients.

It is essential to assess the extent of the active zone so as
to take adequate precautions in the design of the railway
track and foundations constructed along the route.
10.
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Abstract
India is a land of diversity in every aspect. Traffic in India is not an exception to this diverse behaviour. Here a mixed
composition of traffic with varying speeds is observed including two wheeler motorized and non-motorized vehicles, slow
moving cycle rickshaws, autos as preferred public transport facilities due to urban street networks and fast moving small
and big cars, light commercial vehicles, buses and heavy vehicles all are observed without any dedicated lanes to follow
unlike road infrastructure facilities of developed countries.
In this study, links from urban arterial network of Varanasi has been chosen which faces a constant challenge of congestion
even with widened lanes, and an identified upshot of which has been poor traffic management in the city. In general, traffic
condition in Varanasi city is poor, attributed to the condition of roads and a high share of slow moving traffic as public
transport mode in mixed traffic with no lane discipline and no concept of dedicated lanes. Their effect on capacity and
characteristics of traffic stream in mid block sections of urban flow facilities with divided carriageways, taking a case of
Varanasi city has been studied in this work.
The observation period and study location have been chosen such that to coalesce the influence of roadway and traffic
factors into ideal conditions or constant factors in the study, to accentuate interesting influence of slow moving vehicles
which tend to put more lane space into use but have small occupancy area themselves. Traffic composition and speed are
the traffic data types collected during peak periods on weekdays under dry ideal weather and used to study the other flow
characteristics under varying composition of slow moving vehicles on different selected midblock sections.
To account the effect of dynamic behaviour of passenger car units as the basic unit of measuring highway capacity an
experimental and direct empirical approach has been adopted in this work. A set of Passenger Car Units (PCUs) and
hence capacity estimated from the procedure has been compared with those stated as static PCUs in IRC: 106 (1990) and
the differences have been reported. It is observed that capacity is decreasing with the increase in the proportion of Slow
Moving Vehicles (SMVs) and PCU factors shows an increasing trend with growing populations of SMVs.

1.

Introduction

India is a developing country with considerable share of slow
moving motorized and non-motorized vehicles along with fast
moving traffic observed in almost every region. This mixed
modal split reported is an influence of income of road users
and infrastructure management on the roads of developed or
developing countries, which itself draws the line between
standards and methods adopted for traffic planning and
management in the respective scenarios. Thus, the attempts
are being undertaken by Indian transportation engineers and
planners to lead the current and future researches along with
available literature to thoroughly understand and concentrate
Assistant Professor, Email: ankit.civ@iitbhu.ac.in
Former Post Graduate Student
3
Research Scholar

into a standard manual of highway capacity evaluation
adhering to mixed traffic conditions for newcomers and field
professionals to look upon.
Two-wheelers and cars account for over 85% of the vehicle
population in most of the metropolitan cities amongst
which two-wheelers alone account for more than 80% of
total vehicles in number of metropolitan cities (Feedback
Ventures, 2006).
Capacity is a central concept in design of roadway and
traffic control facilities. Capacity analysis predicts the
maximum hourly rate of traversal of vehicles or persons in
a lane or road segment in uniform traffic, roadway under
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controlled conditions. Average speed of travel and percent
time following are the operational factors at which capacity
of a roadway is determined as per US Highway Capacity
Manual (HCM) (HCM, 2000). Indo-HCM (2017) suggests
that a relationship between lane capacity and operating speed
need to be established through collecting the free speed
of vehicles to drive the capacity of urban road segment.
These operational factors are influenced by various factors
like vehicular characteristics or traffic factors, roadway
geometrics and road user behaviour which in turn influence
the capacity and operating speeds of vehicles on the
roadway. This paper reports certain interesting observations
considering the influence of slow moving vehicles share on
urban streets which influence its maximum likely traversal
rate or capacity by estimating dynamic passenger car units.
Also, an attempt has been made to understand the traffic
stream characteristics of urban streets influenced by the
varying share of SMVs (non-motorized vehicles).
The method adopted to study PCUs in this work is an
empirical method. Considering macroscopic characteristics
of traffic stream, Chandra’s method (Chandra, 2004) of
evaluation of PCUs has been used. Thus, the effect of
SMVs (or Non Motorized Vehicles, NMVs in case of urban
arterials) on their own flow characteristics and on the other
vehicles composing larger proportion of observed traffic
stream on urban arterials is measured using PCUs. Also,
a trend is established for reducing capacity with growing
proportion of SMVs. Though it has also been observed
that share of motorized two wheelers being very high in
the study has influenced the expected trend.
2.	LITERATURE REVIEW
An extensive work has been carried out since the
emergence of a standard form of US HCM followed by
the efforts of Asian researchers which illustrate the non
transferability of US HCM in mixed traffic conditions.
Various direct empirical and software based methods of
traffic simulation for capacity estimation have evolved
over the vast period of research to develop a sustainable
technique for meeting increasing traffic demand in future.
Thus, these works at national and international level, in
the direction of development of a suitable and efficient
methodology specific to developing countries have been
summarized in this section.
Slow moving vehicles as designated in IRC: 106-1990 are
the non-motorized vehicles like cycles, cycle rickshaws,
horse and hand driven carts and motorized slow moving
heavy vehicles. They are found in high volume with low
speeds in mixed traffic conditions as seen in Indian towns
and cities. Design speed of urban arterials and sub arterials
as per IRC: 86 -1983 is 80 km/h and 60 km/h respectively,
though the operating speed at desired Level of Service
40

(LOS) may be different from these design speed. Important
traffic conditions that affect capacity of a two-lane road are
composition of traffic stream, directional distribution of
traffic and presence of slow moving vehicles in the stream.
Literature suggests some direct and indirect methods of
evaluating capacity of highways: headway based, speed
based or based on passenger car units. Since this study
follows the method of PCUs, the literature containing
describing methods by which passenger car equivalents
can be evaluated using empirical methods and simulation
methods are discussed in following sections.
The maximum hourly rate of traversal of a heterogeneous
composition of traffic observed in developing countries,
due to its heterogeneity is intended to be measured in
equivalent number of passenger car units (PCUs).
In 1984, Van Aerde and Yagar developed a methodology
to calculate PCE based on relative rate of speed reduction.
This PCE was intended for use in average speed analysis of
capacity, which is unique to two lane highways. Anand et
al. (1999) combined the factors on which PCUs depend and
developed a relation with three PCU factors, one each for
speed of any vehicle class v, for time headway for vehicle
class v and for lateral clearance for vehicle class v. The
model was established using a relation of proportionality of
these factors with PCU of respective vehicle category.
The relationship between ratio of speed (as traffic
flow characteristics) to projected area (as vehicular
characteristics) of vehicle on road with respect to passenger
car to define PCU of vehicle type has been provided in
the form of …Equation 1 popularly known as Chandra’s
Method of PCU determination (Chandra, 2004).
Where,

			
(1)
is the passenger car unit of any vehicle .

is the speed of passenger car with reference to
which PCU of vehicles of all other categories has been
measured.

Directional distribution and effect of SMVs was also
studied in the same work in which nine different road
sections of 7 m carriageway were taken. The capacity was
observed to reduce with SMVs. A non-linear relationship
was observed between the capacity and SVMs while
a linear change was found between the capacity and
directional uneven split.
Puvvala et al. (2013) used the concept of influence area
instead of projected area of vehicle in PCU estimation using
equation 1 was taken along with considerable percent of
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slow or non motorized vehicles (NMVs), in a case study
of Delhi urban area. It inferred reduction in speed of larger
vehicles is observed with increasing percent of slow moving
vehicles though same was found to affect negligibly the
speed of vehicles smaller in size than passenger cars due
to their maneuvering capabilities. Dhamaniya and Chandra
(2014) using regression analysis produced some adjustment
factors for density in mixed traffic in Greenshield’s model
of traffic flow. A similar study was carried out by Tiwari et
al. (2007), in which service lanes for slow moving vehicles
separating their flow from main carriageway was proposed
as they were found to reduce the capacity and speed on
main carriageway. The relationship between speed of
heterogeneous composition of traffic and density is studied
assuming some traffic volume in urban arterial sections in
the study. From the modified Greenshield’s model, it was
found that speed of small vehicles is less affected by the
traffic composition as compared to heavy or large vehicles.
IRC: 106-1990 suggests that the negative effect of SMVs on
capacity can be reduced by dedicated lane usage for slow
moving vehicles and enforcing lane discipline. A link node
model to represent road network was created in PARAMICS
(Madhu and Velmurugan, 2010) which also showed the
effect of maneuvering by small vehicles increases capacity
of roads. The model based on PARAMICS platform in this
study was thus used to study speed flow characteristics in an
eight lane divided expressway in mixed traffic and deduced
that capacity reduced by 15% if vehicles were restricted to
follow lane discipline, also the free speed expected to reduce
by 7%. Traffic flow on urban roads in Kanpur city, India
for a two-lane one-way traffic was studied using simulation
model in VISSIM (Marwah and Singh, 2000), the LOS
experienced by different categories of vehicles were decided
when the traffic stream contained 65% NMVs. Ponnua et al.
(2013), studied the multi-class speed-flow relationships for
a three-lane two-way undivided road in the city of Chennai,
India using both linear and Bureau of Public Roads (BPR)
models. The class wise direction based models in the study
inferred that two-wheelers and cars in the opposite direction
strongly influence the speeds of almost all the classes.
As is evident from the studies from past literature, capacity
estimation in mixed traffic depends on average travel speed
and flow rate. It is important to study the capacity and PCUs
during congested and uncongested conditions, separately.
Heavy vehicles impede the sight distance of following
vehicles. Thus the proportion of heavy vehicles and also
non-motorized traffic affects the average flow rate of traffic
stream and reduces capacity of highways. PCUs should be
estimated for capacity and speed analysis separately due to
their dependence on multiple traffic factors, roadway factors
and driver perception. A separate analysis in both cases is a
better approach to simplify the accuracy in use of PCUs.

3.	METHODOLOGY ADOPTED
3.1

Site Selection

As observed from the test sections taken in literature review,
this section discusses the criteria chosen for selecting test
sites considering the scope of this study. To avoid the
effect of traffic mismanagement (as there are no automated
signalized intersections in Varanasi), mid-block sections of
two lane one way, divided urban arterial sections have been
considered. The roads taken are negligibly influenced by
any side friction factors like parking, merging and diverging
traffic, etc. The mixed traffic streams are assumed to be
free from any considerable pedestrian interference. The
traffic observations are taken during dry weather and sunny
weekday time for proper visibility of driver.
These requirements conclude to following characteristics
of chosen location for study:
• Midblock length of straight arterial and sub arterial
roads.
• Arterial roads free from gradient and curves, and
should have similar shoulder and pavement type
and width as these contribute to variability of
PCUs.
• Midblock flow sections: free from on street parking,
pedestrian movement, intersections, no ingress or
egress of vehicles within the selected trap length.
• Roads with varying proportions of different vehicle
categories.
In this study, five roads with maximum flow or principal
arterials, and sub arterials fulfilling the above mentioned
criteria have been selected within Varanasi city.
4.	FIELD DATA COLLECTION AND PROCESSING
Data was collected at sites using a stationary camcorder
placed at a suitable and available high rise building nearby
to capture a 20-25 m long midblock stretch of road. Since
the camera view has a limited coverage area, so the speed
measurements in the recorded trap length were assumed
similar or equivalent for the entire road stretch. Fig. 1 shows
one of the road sections considered in the study. Video was
recorded for one hour duration during observed peak hours
on weekdays at each site. The videotaping duration within
peak hours was reported to have no traffic congestion at the
five sites. In addition, the five mid-block sites had no vehicle
stoppages like bus stops or rickshaw parking to interrupt or
influence the non-homogeneous traffic flow.
Data extraction was done in the laboratory under controlled
conditions. The highest, consecutive, twelve, 5-minute
counts constituted the peak hour at each site. In the
laboratory, the time-frame stamped videotape constituting
25 frames/second was replayed to count the classified
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traffic entities (as specified in Table-1) that traversed a trap
section whose length was measured and marked at the site
while video recording.

The roads were found to display a range of proportions in
each vehicle category based on the counts obtained from
the video. Motorized Two Wheelers (MTWs) constituted
about 35% and larger portion of overall traffic at all the
five sites. Slow moving vehicles, viz., bicycles and cycle
rickshaws composed the overall traffic varying in a range
of 15-35% at different sites and standard passenger cars
were constituted a small percentage of not more than 10%
of overall traffic at each study location during peak hours.
Non homogeneous traffic composition was observed at all
the sites and the same is shown in Fig. 2.

Fig. 1: Sigra-Cantt Road (Section I)
Table-1 Vehicle Classification and Average
Dimensions
Vehicle Classification

Average Dimensions Rectangular
Plan Area
Length Breadth
(sqm)
(m)
(m)

Fast Vehicles
Heavy Vehicle : Buses,
trucks

10.10

2.50

25.25

Light Commercial
vehicles, pickups, tempos

5.00

1.80

9.00

Small Passenger Cars

3.72

1.50

5.58

Big size utility Cars

4.58

1.77

8.11

Motorized 3 wheelers/
Auto Rickshaws

2.60

1.40

3.64

Motorized 2 wheelers /
Scooters, Motorcycles

1.80

0.60

1.08

Bicycles

1.90

0.50

0.95

Tricycles / Rickshaws

2.50

1.30

3.25

Slow Vehicles

4.1

Traffic Composition

All the vehicles were divided into eight categories presented
in Table-1. The composition of large commercial vehicles
on urban roads is, though very minute, but has also been
considered separately. Slow moving traffic comprised of
non-motorized bicycles and cycle rickshaws. Based on high
and low engine efficiency of cars affecting their relative
speed and average dimensions cars have also been divided
into Big Cars (BC) and Small cars (SC) respectively. The
PCUs have been measured with reference to SCs taken
as standard passenger cars. To calculate projected area of
any vehicle its largest dimensions as rectangular plot have
been taken and categories including more than one type of
vehicle, average dimensions have been considered.
About more than 40% vehicles on an average are motorized
2 wheelers in Varanasi which follow non-lane behaviour.
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Fig. 2 Comparative Study of Average Composition
of Vehicular Traffic
It is evident from the data that the majority of traffic at
each section is composed of MTWs, bicycles and autos.
Also, as per site observations and from data, the increase in
proportion of SMVs like bicycles and rickshaws is mainly
attributed to the replacement of percent composition of
MTWs in the traffic stream.
5.	ESTIMATION OF TRAFFIC FLOW PARAMETERS

In the laboratory, the traffic video tape was reviewed to
obtain speed of traffic flow through the sections length
and recorded time frames each traffic movement that
acquires to traverse that length. Taking the mean of traffic
entity, speeds produced the space mean speed for that
particular vehicle category. The PCUs were derived from
Chandra’s method of PCU determination (Eq.1). Using
the PCUs thus obtainedclassified count of vehicles was
converted to traffic stream flow (qs) in pcu/hour.
Average stream speed (vs) has been calculated using space
mean speeds and count of each vehicle category. Density
(kd) has been calculated using the fundamental speedflow-density relationship (i.e. Q=KV) for each speed-flow
data obtained at twelve, consecutive, five minute counts
during peak hours for each road section. Basic k-v and
q-v plots were obtained from where the maximum flow
referred as capacity of road was derived. A plot of q-v
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relationship shows derived capacity for road section I.

Fig. 3 Fundamental k-q-v Plot for Road Section I
Similar plots were also obtained for other road sections
and Table-2 illustrates the Greenshield’s linear relationship
developed between speed (v) - density (k) obtained from field
data. It is seen that coefficient of determination (R2) observed
for different road sections were satisfactory except for road
section IV. t-statistics were also checked at 95% confidence
interval and found to be significant in most of the cases.
Table-2 Speed (v) – Density (k) Relationship Obtained
from Field Data
Road
Section
Name

No.

Sigra Road

I

Road
Width
2-lane
(m)

Linear k-v
Relation

R2
Value

t-statistics
(at 95%
Confidence
Interval)

7.1

v = -0.242k
+ 46.23

0.666

Both
0.727
Significant

Both
Significant

Nadesar
Road

II

7.2

v = -0.149k
+ 39.02

LankaSunderpur

III

6.9

v= -0.264k
+ 39.28

0.646

Both
Significant

Vidyapeeth
Road

IV

6.9

v = -0.103k
+ 20.70

0.426

Nearly
Insignificant

SunderpurLanka

V

6.9

v = -0.469k
+ 45.18

0.774

Both
Significant

6.	EFFECT
OF
PROPORTION

SLOW

MOVING

VEHICLES

Proportion of SMVs is an important factor before
counting their influence due to slow speed on the traffic

stream. Heavy Vehicles (HVs), Non Motorized Vehicles
(NMVs) is main cause of slowing down the average speed
of traffic stream as a whole. Though the proportion of
HVs is negligible on urban roads as is visible in this study
also at each site, SMVs are specifically NMVs on urban
arterial roads. Also, the effect of increasing SMVs can be
seen with variation of PCU factors for vehicles, especially
which are replaced by SMVs during their growth in the
traversing traffic stream. Thus, vehicles which are larger
in proportion are expected to be influenced more.
Variation in following parameters has been observed to
measure the effect of varying proportions of SMVs in
mixed traffic on two lane roads:
• Reduction in average stream speed with increasing
proportion of SMVs
• Variation in PCU values of different vehicle
categories under high percentage of SMVs.
• Variation in capacity of roads of similar roadway
condition
6.1 Effect on Average Stream Speed and Capacity
The average stream speed has been obtained for each
five minute interval in the observation period at each site
by taking the average speed and count of each category of
vehicles in that interval. The average speed of bicycles and
cycle rickshaws was observed to be around 21 km/h and 9
km/h respectively in this study. This is slower than all the
vehicles traversing in mixed traffic conditions and compared
to the average speed of standard cars i.e. 36 km/h and other
motorized vehicles with good engine efficiency are capable
of attaining a good speed of 43-45 km/h during peak flow
on urban roads. However, the results from the study of mid
block sections show that the average stream speed is only
around 28-30 km/h at all sites under study.
Table-3 Relationships Illustrating Impact of Proportion
of SMVs on Stream Speed and Road Capacity
Road
Section
Name

Nadesar
Road

SMVs
No. Proportion
(x%)

II

16.40

Sunderpur- V
Lanka

23.66

Vidyapeeth IV
Road

25.35

Sigra
Road

30.72

I

LankaSunderpur III

33.18

x: percentage of SMVs

Stream
Speed (v)
(km/hr)

v = -0.507x
+ 38.87
(R2 = 0.49)
v = -0.364x
+ 35.33
(R2 = 0.42)
v= -0.152x
+ 18.79
(R2 = 0.45)
v = -0.291x
+ 38.62
(R2 = 0.33)
v = -0.139x
+ 34 .54
(R2 = 0.595)
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MTW
Capacity
Proportion
(PCU/h)
(%)

3088

61.51

1962

48.20

1831

38.11

2553

44.25

1700

45.15

43

Gupta, Mahajan & Mondal on
Effect of Slow Moving Vehicles on Capacity of Urban Roads

The impact of SMVs on average stream speed and capacity
has been reported in the Table-3. Though the significance
level observed was not high enough and it clearly indicates
that the small data in this study can’t conclude to one single
deterministic relationship between these two parameters,
however, the trend can be believed to be reliable as it has
been found to be a common trend between average stream
speed and percent composition of SMVs observed at each
road section in the study. A linearly descending relation
between average stream speed with increasing proportion
of SMVs has been observed.
6.2

Effect on PCU Factors and Capacity

The SMVs are the non-motorized traffic and heavy vehicles.
The vehicles belonging to heavy vehicles category tend
to occupy large road space for a long time and obstruct
the passage for following vehicles to flow through. As the
proportion of heavy vehicles is not considerably observed
on urban roads, non motorized vehicles are the only
slow moving vehicles plying on Indian urban arterials.
Vehicles like bicycles though tend to have small area and
hence capability to use lateral gaps in the non-lane based
traffic flow but they have speeds faster than only cycle
rickshaws. Cycle rickshaws obstruct the flow of every
following vehicle owing to their slow speeds and very
little tendency for lateral movements. Thus, SMVs in turn
reduce the capacity of roads by obstructing the flow.

Fig. 4 Variation of PCU Factors at Section I
Since the effect of SVMs on vehicle like two-wheeler is less
due to high maneuverability characteristics, thus majorly it
effects on the larger sized vehicles. However, the percentage
of larger sized vehicles is less in the present traffic scenario.
Therefore, the effect of SVMs was analyzed on the other
vehicular categories. Figure 4 shows the variation of PCUs
of different vehicle types with respect to SVMs percentage.
Result depicts that, PCU of vehicles increases significantly
with increase in percentage share of SMVs.

Fig. 5 Variation of Capacity of Urban Roads
with Proportion of SMVs
Similar plots of PCU variation were obtained at each
section showing common trend of variation. However,
in few sections (section III and V) a relatively flatter
slope in PCU variation of MTW was observed due to its
higher maneuverability characteristics and non-replacing
percentage criterion of MTW with respect to SVMs in the
traffic stream and hence are not obstructed by the SMVs.
SMVs thus clearly need a separate dedicated lane for
improved traffic management and stream speed .
Fig. 5 represents the variation of capacity of all the test sections
with the proportion of slow moving vehicles present on
them. The trend establishes the fact that with high increment
in the proportion of SMVs reduces the capacity of urban
roads. Statistical parameters associated with the relationship
are just satisfactory but it reflects clearly the negative effects
of SMVs on capacity. In addition, it has been observed that
44
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SMVs up to 18-20% hardly have any pronounced impact on
the capacity and stream flow characteristics of any road, unlike
IRC:106-1990 where this proportion of own vehicle category
above 5-10% changes the PCU values. Thus, as a result the
static PCU factors given in IRC:106-1990 though come
within an observed range of values as per share of SMVs,
but the exact value from graphs can be used at ease by
field engineers. The other traffic flow characteristic trends
can be further analyzed to help improve traffic and lane
management on urban arterials influenced by Slow Moving
Vehicles (SMVs).

7.

CONCLUSIONS

The effect of Slow Moving Vehicles (SMVs or specifically
NMVs in this study) on mixed traffic flow characteristics
of urban arterials and their capacity has been analyzed
in the present study. The findings of the study can help
in understanding and designing traffic facilities in urban
regions. From the present study, following key conclusions
have been drawn.
• The results from the study of mid-block sections
show that the average stream speed is dragged
down significantly (to minimum of 10km/h), when
influenced by the effective composition of SMVs in
the traffic stream at all sites under study.
• In addition, it has been observed that SMVs up to
18-20% hardly have any pronounced impact on the
capacity and stream flow characteristics of any road,
unlike IRC:106-1990 where this proportion of own
vehicle category above 5-10% changes the PCU
values (data obtained in this study does not contains
SMVs composition less than 16%). Thus, as a
result the static PCU factors given in IRC:106-1990
though come within an observed range of values as
per share of SMVs, but the exact value from graphs
can be used at ease by field engineers.
• The traffic flow characteristics of the selected
sections shows a reduction in average stream speed
when the proportion of SMVs is high. However,
average stream speed is hardly influenced if the
maximum composition of traffic is motorized two
wheelers (MTWs) due to their efficiency in using
the lateral gaps by lane changing, thus their flow
remains unobstructed by the SMVs.
• The effect of SMVs on PCU factors is also evident
from the study. The influence has been measured
for motorized two wheelers and three wheelers and
on PCU factors of bicycles. PCU factors show an
increasing trend with growing proportion of SMVs
on all the sections.
• Reduction in capacity, compared at all sections is
evident from the speed-flow relationships.
This study is an attempt to analyse the effect of SVMs on

various traffic parameters including stream speed, PCUs
and capacity using a limited data set. Although a reliable
trend has developed between these parameters. But for
extensive analyse of these parameters, similar procedure
can be followed using more data at different composition
levels for urban mid-block section.
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A review of analytical models of reinforcement
corrosion and service life prediction of bridges

Amiyanshu1

Abstract
Corrosion is one of the major causes of deterioration of bridges shortening their service life. Chief mechanisms of
corrosion induced deterioration in RCC structures are cracking of cover concrete, loss of load carrying capacity, pitting
of reinforcement, possible subsequent rupture of prestressing tendons and loss of bond between steel and concrete. The
analytical approaches to study these mechanisms were discussed in detail and it was inferred that cover cracking of
reinforced concrete structures was more important than reduction in moment of resistance due to corrosion. Various
parameters like concrete cover, surface chloride concentration, diameter of steel, corrosion current density, water-cement
ratio etc. were analytically discussed and their relative importance was illustrated. This paper has also attempted to
illustrate the use of Monte Carlo simulation to estimate the remaining service life of reinforced concrete structures affected
by corrosion.

1.

Introduction

Corrosion in reinforcement is one of the major sources
of degradation of reinforced concrete structures resulting
in huge costs on repair, rehabilitation and replacement of
bridges. Even in case of cement concrete pavement whose
construction have gained considerable pace in recent
times, corrosion of steel in dowel bars and joints is likely
to add to repair and maintenance costs in the design life.
Today, bridges are designed in India for design life of 100
years. In this scenario, it is imperative to review the extant
monitoring mechanisms of reinforced concrete structures
for corrosion levels as well as the prescribed anti-corrosion
measures incorporated in our design codes. It is relevant to
note that the present scope of asset management systems
(such as the Indian Bridge Management System or IBMS
employed by MoRT&H for inventory and condition
survey of bridges on National Highways) in the country
does not include quantitative assessment of corrosion level
and its diminishing effect on service life of monitored
bridges.Further, such asset management systems must
include tools for predicting the remaining life span of
structures. It should be acknowledged that the high cost
of rehabilitation, repair and reconstruction on account of
corrosion alone makes the subject vital for engineers and
asset managers.
1

Corrosion is the oxidation of iron by chlorides, carbonates
and oxygen in the presence of water. It occurs as a series
of redox reactions forming electrochemical cells through
reinforcement steel and hydrated cement paste surrounding
them. At the anode, iron is oxidised to higher oxidation
states (like Fe2+) forming various corrosion products while
at the cathode oxygen is reduced to form oxides and water.
In ordinary concrete, alkalinity is generally high with pH of
over 12 due to the presence of Ca(OH)2, KOH and NaOH.
Under these conditions, a passive layer of iron oxide is
formed over the reinforcement which prevents further
corrosion. Further, good quality concrete is impermeable
to the diffusion of corrosive salts. High resistivity of dry
concrete also prevents the flow of corrosion currents
through the corrosion cells. However, in specific conditions
and in presence of agents of corrosion, the passive layer
over steel bars is destroyed and corrosion ensues. Common
agents of corrosion identified are chlorides, carbonates,
oxygen and water. These help indestruction of passive film
of iron oxide protection leading to initiation of corrosion
reactions in the reinforcing steel. In the absence of chloride
ions, for example, the passive film on steel is reported to
be stable as long as the pH stays above 11.5. However, in
the presence of chloride ions, depending on the ratio [Cl-]/
[OH-], the passive film is destroyed even at pH 11.51.

Executive Engineer, MoRTH (On deputation to NHAI) (amiy24@gmail.com)
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Ingress of chloride is important for structures in marine
environments, in snowy conditions where chloride based
chemicals are used for de-icing of RCC structures/ rigid
pavement. The chloride content of ordinary Portland
cement is low, though it could be higher if saltwater is
used. Aggregates may contain chlorides especially if they
are derived from marine rocks or chloride containing
groundwater resources. Admixtures may be based on
chlorides (like CaCl2), which are prohibited in MoRT&H
specifications. Though chloride-based admixtures have
been prohibited, admixtures in use must be separately
tested for their effects on corrosion. Ingress of carbonates
and subsequent corrosion induced deterioration is
a relatively slower process, but becomes important
in cracked concrete or with poor impermeability of
concrete.

of girders. However, higher stresses combined with
localised pitting corrosion leads to further higher stress
concentration on locations of pitting. As a result, sudden
brittle failures of pre-stressing wires have been observed
in pre-stressed girders.
Hydrogen induced embrittlement of pre-stressing tendons
may also occur which causes failure of pre-stressing steel.
Hydrogen is released in specific corrosion reactions and
it may be absorbed by the pre-stressing steel through
diffusion, leading to steel becoming brittle and prone to
sudden failures.
In this Paper, some of the corrosion induced failure
modes in reinforced concrete bridges have been reviewed
andquantitative studies on the effects on service life of
structures have been discussed.
2. I nitiation Time for Carbonation
Induced Corrosion
The rate of carbonation is a function of the concrete
quality, the relative humidity and the concentration of
carbon dioxide. The variation of penetration with time of
carbonation is generally assumed to follow ‘the square
root law’ as given below2:

D = Kct01/2
where,
Fig.1 Deterioration of Rebar Due to Corrosion
In the initiation stage, agents of corrosion like chlorides
build up in concentration around the reinforcement
causing depassivation of steel. In the propagation stage,
rapid deterioration occurs due to emergence of failure
mechanism leading to visible cracks, delamination,
spalling and other signs of failure visible on inspection.
In reinforced concrete structures, major causes of failure
could be the cracks under stress induced by expansion of
corrosion products, pitting corrosion of reinforcement,
loss of bond between concrete and steel, reduced moment
capacity on account of reduced cross sectional area of
corroded reinforcement etc.
Corrosion induced failuresare even more critical in
case of pre-stressed concrete, where higher stresses in
prestressing tendons make them vulnerable to pitting
corrosion, causing brittle, sudden collapse of bridges. It
may be mentioned thatpre-stressed girders have been well
integrated in the bridge construction scene in India and it
is likely to increase in future.
In case of pre-stressed steel, high strength pre-stressing
tendons are provided to increase moment carrying capacity

(1)

d= the depth of carbonation (mm) at time t;
Kc = the carbonation coefficient
t0= time
The initiation time of corrosion t0 can be rewritten and
determined according to the formula as follows:
t0 = (d / Kc)2 r

(2)

The carbonation coefficient Kc depends on a number of
factors such as concrete strength, binding agents, cement
content, relative humidity and temperature. Based on
experimental data, the parameter Kc has values around
1.0~1.5 (mm/yr1/2) fordense concrete, but can increase to
7.0~8.0 (mm/yrs1/2) for low quality concrete and industrial
environment conditions3.
3.	Initiation time for
Induced Corrosion

Chloride

Chloride penetration from the environment produces a
profile in the concrete characterized by high chloride
content near the external surface and decreasing contents
at greater depths. The studies on chloride penetration have
shown that in general, the chloride concentration profiles
can be approximately modelled one-dimensionally by
Fick’s second law4:
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(3)



Where, C = the concentration of the diffusing substance at
a distance x from the surface at time t;
D = diffusion coefficient of the process.
The equation is usually integrated under the assumptions
that: (i) The concentration of the diffusing ion, measured
on the surface of the concrete, is a constant in time and
is equal to C0(C= C0for x= 0 and for any y); (ii) The
coefficient of diffusion D does not vary in time; (iii) The
concrete is homogeneous so that D does not vary with the
change of the thickness of the concrete; (iv) The concrete
does not initially contain chlorides (C= 0 for x> 0 and t=
0).
The solution thus obtained is
(4)


where,

C(x,t) = the chloride content at a distance x from the
concrete surface at time t;
C0= surface chloride content (% by mass of cement or
concrete);

The volume expansion of over 600 per centcauses tensile
stress in concrete around the reinforcing steel bar leading
to cracking or spalling of the concrete cover. Three main
conditions occur when corrosion develops in reinforced
beams which are: (i) the reduction of cross section areas
of reinforcing steel (uniform generalised corrosion or
pitting corrosion); (ii) the reduction of bonding between
reinforcement bar and concrete; (iii) the cracking of
concrete cover resulting in reduction of cross section
areas for concrete load-bearing. Analytical studies on
these mechanisms have been discussed in the following
sections.
5.	Reduction in moment resistance
due to uniform reinforcement
corrosion
The simplest case of a singly reinforced rectangular beam
was considered to illustrate the effect of reduction in
reinforcement area on moment resistance. The limit state
design as per IS:456-2000 gives the following relationship
for obtaining moment resistance:
M =0.87fyAst(D – 0.42xu)



(7)

Where, M = moment resistance (KN-m),
fy= yield strength of steel reinforcement (MPa)

t= time;

Ast = reinforcement area = πd2 (d being the bar diameter)

erf= error function.

D = effective depth of section

By replacing the parameter x to the cover thickness (C) of
the concrete structure, the initiation time for corrosion t0 is
obtained from the following formula:

xu = depth of neutral axis

(5)



where, Cth= the threshold chloride content (% by mass of
cement or concrete)
The error function coming up in the equation can be
approximated by using a squarefunction and rewritten in
the following form for the corrosion initiation time of t05:
(6)

4.

Corrosion Propagation Time

The propagation time is the time from corrosion initiation
until a specified level of corrosion induced damage state is
attained.7 Corrosion begins when the protective thin film
is destroyed as a result of fallingpH due to carbonation or
as a result of the chloride content rising above the critical
value at the surface of embedded steel Reinforcement.
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It is believed that iron is oxidised to its Fe2+ ferrous state
first before formation of more complex corrosion products.
From stoichiometry, one mole of iron (56 grams) loses two
moles of electrons which constitute the corrosion current
flowing in the ‘corrosion cells.’ From Faraday’s law, it is
fairly straightforward to determine that 1µA/cm2 current
results in 11.6 µm/year of corrosion loss. Assuming
material loss to be symmetrical about the bar and uniform
rate of corrosion, the time decay of an individual bar
diameter (in mm) is given by:
d(t) = d, for t ≤ t0
d(t) = d – 0.0232(t – t0).icorr, for t> t0		

(8)

It is possible to express moment resistance as a function
of time as
M(t) = 0.87fyAst((d – 0.42xu)

(9)

In order to have an appreciation of the influence of
corrosion on moment resistance, asingly reinforced
rectangular beam was considered with the following
material characteristics:
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Value of parameter

Characteristic strength of concrete

25 MPa

Yield strength of reinforcement

250 MPa

Effective depth

500 mm

Width

200 mm

Diameter of bars

20 mm

No. of bars

4 (one layer)

Another simplification that may be assumed here is to
consider corrosion process to begin at t =0 (hence t0=0).
The time decay of moment resistance for different values
of corrosion current i.e. 0.5µA/cm2, 1µA/cm2, 2µA/cm2,
3µA/cm2 and 5µA/cm2 is calculated and represented as
follows (Fig. 2):

Fig. 3: Pitting corrosion9
For such localized pitting, the maximum penetration of
pitting is 4 to 8 times the average penetration8 (Gonzalez
et al). Val & Melchers9 have proposed a reliability based
model for accounting for pitting corrosion assuming a
hemispherical form of pitting for simplicity as shown in
Fig. 3. The radius of pit at time T is estimated as
p(t) = 0.0116(T-Ti)icorrR

		

(10)

Where R = 4 -8 =coefficient representing ratio between
maximum and average corrosion penetrations. The net
cross section area Ar from the geometry of the pitted bars
comes out to be

Fig. 2 Reduction in Moment Resistance due to
Corrosion
The graph in Fig. 2 shows the fall of moment capacity with
increase in severity of corrosion. For corrosion current of
1µA/cm2, the initial moment capacity of 119.18 KN-m
falls to 112.13 KN-m in 30 years i.e. a decrease of only
5.91%. In contrast, for corrosion current of 3µA/cm2, the
value falls to 98.35 KN-m, i.e. a decrease of 17.44%.
It needs to be noted that that the tensile strength of
reinforcement bars have been assumed to be the same as
before in the corroded reinforcement section. However,
there is enough evidence that yield stress decreases linearly
with corrosion6. Further, there is general consensus that the
mechanical behaviour of steel bars changes from ductile
to non-ductile (brittle) as corrosion increases7. Of course,
ductility of steel is not explicitly used in design codes of
reinforced concrete as strain in steel is limited by strain in
the surrounding concrete.
6.
Pitting corrosion
Pitting corrosion is believed to be much more critical
than uniform generalised corrosion. In experience, actual
corrosion section loss is non-uniform pitting which can
cause due to rupture of steel reinforcement or prestressing
tendons much sooner.

Without doing those calculations for a different geometry
again, it may be observed that the reduction in moment
resistance is much faster and alarming in case of pitting
corrosion. Moreover, sudden collapse of bridges due to
rupture of pre-stressing tendons have been observed due
to pitting corrosion.
7.

Cover cracking of corroded beam

Studies have suggested that the main reason for concrete
cover cracking of RCC beams is due to the high volume
of corrosion products (6-7 times of corroded steel) which
exert expansive pressure on surrounding concrete. Initially
corrosion products start filling the voids in the transition
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zone between concrete and steel bar. The thickness of this
porous transition zone has been estimated to be 12 µm
by Liu and Weyers10. When these voids are filled, further
production of rust exerts radial expansive pressure causing
initiation of cracks in surrounding concrete. Cracks
expand and propagate to the surface eventually causing
delamination and spalling of the concrete cover.
The mechanical systemcan be readily analysed using finite
element method. However, for intuitive understanding, the
results obtained froman analytical approach of solving the
problem by assuming the system to be like a thick cylinder
for which closed form solutions are available in continuum
mechanics have been discussed here (which was used by
Liu and Weyers, Cherninet al11, Bazant12 and others).
Consider a very simple example of a single rebar in
a rectangular concrete beam and assume a uniform
expansive pressure P on the thick cylinder of surrounding
concrete as in Fig. 4 whose outer surface is just tangential
to the bottom tensile fibre of the rectangular concrete
beam. Radial pressure due to corrosion products will cause
tensile hoop stress in the concrete thick cylinder which
causes fracture once a certain critical mass of corrosion
products is produced.
In this thick cylinder, it was observed thatthe inner radius
a = (D+d0)/2 and outer radius b = C+(D+d0)/2, where d0 is
the thickness of porous transition layer, assumed 12.5 µm.
Let ds be the displacement caused by expansion of corrosion
products (second layer) at which cracking is initiated.
The rust products are now occupying this layer. From the
measured rate of corrosion reaction, it is possible to relate the
mass of rust produced with time as done by Liu and Weyers.
Moving a step further, the mass of rust can be related to the
displacement of second layer and the tensile strength of
concrete at the time of crack initiation. Let the mass of rust
products at the time of crack initiation be Mcrit.
Using the relations used by Liu (which can be obtained
from solving the differential equations of equilibrium
in cylindrical coordinates and applying boundary and
compatibility conditions assuming plane strain case),
critical mass of corrosion products (per unit length of bar)
to cause cracking is given by

where, D = diameter of bar
E = long term modulus of elasticity of concrete= E0/(1+c),
c (=2.0) is the creep coefficient
E = short term elastic modulus (assumed 27 GPa)
v= Poisson’s ratio of concrete (assumed 0.2)
ft = tensile strength of concrete (0.7√ fck)
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ρrust = density of corrosion products (3600 kg/m3 )
ρst = density of steel (7200 kg/m3 )
α = ratio of molecular weights of steel and rust (ranges
from 0.523 to 0.622)
The time to concrete cover cracking (which can be used
as our failure limit state)from Liu and Weyers model is
given by

Where, Mcrit is expressed in mg/mm, D is in mm and icorr is
given in 1µA/cm2. The value of α was assumed to be 0.6
for our calculations.
The same rectangular beam used earlier for studying
decay of moment resistance was considered again and
these results were used for estimating the time for cover
cracking. This time the cover depths were varied from
30 mm to 60 mm while keeping the corrosion current
density at 1µA/cm2. The time for crack initiation has been
calculated and results depicted in the graph below show
that higher cover depth delays the time of cover cracking.
This observation, along with the time of propagation of
cracks to the surface and the diffusion of chlorides itself
inversely vary with cover depth suggest the importance of
adequate concrete cover in corrosion protection.

Fig. 4 Time to Cover Cracking
For concrete cover of 50 mm and corrosion current density
at 1µA/cm2 with the same 20 mm bar and M25 concrete,
time of crack initiation comes out to be only 6.07 years
and it falls rapidly to 3.5 years if cover is reduced to
30 mm. It may be inferred that cover cracking and
eventual growth and widening of cracks to unacceptable
levels i.e. serviceability limit state seems more important
than strength criteria of moment resistance loss discussed
earlier.
As pointed out later by Chernin et al, the limitation of
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the single thick-walled uniform cylinder model (Liu and
Weyers, Bazant) described above is its inability to account
for non-linear behaviour of concrete which it exhibits
when radial cracks start to form near the inner surface of
the cylinder. The zone of cylinder where cracks are formed
have different material properties than the un-cracked
zone. There will be loss of stiffness in the inner cracked
portion of cylinder, especially in the tangential direction.
To rectify these shortcomings, they have used a modified
approach by dividing the system into two concentric
cylinders. In order to account for non-linear behaviour
of concrete after partial cracking the cylinder is divided
into two parts – an inner cylinder with cracks in the radial
direction and an outer un-cracked one (see Fig. 5).



(19)

With these alterations, Chernin et. al. have attempted to
solve the differential equations of equilibrium in cylindrical
coordinates and applying the boundary conditions for the
modified system.
A side from Chernin et. al., some researches also
attempted to work out a similar analytical study but with
an asymmetrically growing corrosion14, since in real
examples, corrosion is generally local pitting type, instead
of being axis symmetrical as assumed in most studies.
Besides from the above analytical approaches, there
are empirical relations for easy calculations of time to
cracking, such as those given by Siemes et al15:

T = 80

c
Dr 

(20)

where,
c = the thickness of concrete cover (mm);
D= the diameter of the rebar (mm);
r = the rate of corrosion in concrete (μm/yr).
The rate of corrosion may be taken from the relationship
with corrosion current density for generalised corrosion
given in equation (8). The corrosion current density may
be estimated as16:


Fig. 5 Double Cylinder Model of Chernin11
The system is axisymmetric so that the only displacement
component is the radial displacement, u, which is a
function of the radial coordinate, r, i.e., u=u(r). Thus,
concrete in the inner cylinder has been assumed as an
inhomogeneous orthotropic linearly elastic material with
the modulus of elasticity in the tangential direction, Eθ,
being a power function of the radial coordinate.



(18)

Where, Rc = radius of inner cracked cylinder
r = radial coordinate
Ec,ef= effective modulus of elasticity of concrete = E0/(1+c)
n = non-negative real number
The value of n has been determined through experimental
calibration, using results of tests conducted by Williamson
and Clark13 in which cracking of concrete was effected
through uniform pressure applied through cylindrical holes
inside 150 mm cube specimens. Based on model calibration,
they have suggested the following values of n:

(21)

Where,
w/c = water-cement ratio
C= concrete cover thickness
8.

Spalling

Du et al17 have investigated the effect of bar diameter,
bar clear distance and concrete cover onto the cracking
and spalling of concrete beams due to corrosion of
reinforcement. They have found that the bar clear distance
(lateral clear distance between steel bars) dominates the
corrosion for the spalling of the concrete cover. The radial
expansion required to cause cracking increases almost
linearly with the S/C ratio of bar clear distance to concrete
cover. They have stated that in addition to adequate cover
in the design, the bar clear distance should be greater than
2.2 times of the concrete cover.
9.

Bond reduction

The system of reinforced concrete beam works as it does
under load because of the bond between reinforcement
and the surrounding concrete. It has been observed in
various studies18 that initially, there is a slight increase in
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bond strength due to formation of corrosion products.
Thereafter, it decreases rapidly becoming almost
negligible for even less than 10% corrosion penetration.
Amleh and Ghosh19 have examined the influence of
corrosion on bond strength and associated splitting and
cracking. They have showed that for up to 5% mass loss,
bond capacity loss is moderate, at 10 to 15% mass loss,
there is significant loss in bond capacity and at about
20% of mass loss, all of bond capacity is lost.
10.	Prediction
of
remaining
service life of corroded bridges:
Deterministic
methods

and

probabilistic

Service life may be defined as the time period during
which the structure performs safely and satisfactorily,
perhaps under routine repair and maintenance. In the
context of corrosion, various studies have used different
interpretations of service life. Zhang and Ba20 have
defined service life as the life before critical chloride
concentrationled to reinforcement corrosion, while
Liu and Weyers have used point of occurrence of crack
initiation for estimating service life. It can also be said that
service life of different structural components may have
to be defined separately as the dominant or most likely
failure mechanisms may different. For example, in case of
bridges, most corrosion in the most critical span-lane may
determine the remaining service life of the bridge.
In any service life prediction model, the limit states of
failure or unacceptable performance need to be defined,
which usually depend on the design codes of the particular
country or the authority under whose jurisdiction, are
the structures being evaluated. The first step is a visual
inspection followed by measurement/ collection of all
the requisite data that can be fitted into structural models,
which in this case are corrosion induced failure models,
some important ones of which have been discussed
above. Professional service life prediction software is
generally based on Markov chains models or Reliability
based models. These are network based models which
are calibrated from field data, usually using regression
techniques like nonlinear optimization or Monte Carlo
simulations.
Deterministic models make predictions on single point
data, for example, by assuming average or worst case
scenarios both of which neglect the spread in data
on physical variables spatially and temporally. The
behaviour of concrete structures depends on various
physical and chemical phenomena but it is difficult to
combine various analytical models in order to simulate
52

real deterioration process. Further, the random nature of
these physical or chemical parameters makes a good case
for using probabilistic model for prediction of service
life.
In this Paper, Service life was estimated based on cover
cracking of an individual corroded beam for studying
parameters involved in corrosion as well as to demonstrate
the uncertainties involved using Monte Carlo simulation
method. Monte Carlo simulations work as computerised
experiments, in which a computer program generates
large number of pseudo-random values of parameters
as per an assumed distribution (which may come from
field data) and makes calculations with each of those
values to produce an output which is also in the form of a
probability distribution. The results can then be analysed
for estimating mean service life or say, 90 percentile
service life.
Cheung et al21 have done Monte Carlo simulation using
a commercially available software package @Risk for
parametric study of service life of corroded beams. An
attempt was made to carry out Monte Carlo simulations
using their method employing the trial version of @Risk
software with the following parameters:
Parameter Values assumed (mean and C.O.V.)

Remarks

C

50, 75 mm

Fixed

d

25 mm

Fixed

D

10.32x10-13m2/s (C.O.V. =0.10)

Lognormal
(Cheung et al)

C0

1.44% by weight of concrete
(C.O.V. =0.70)

Lognormal
(Cheung et al)

Cth

0.033% by weight of concrete
(C.O.V. =0.10)

Lognormal
(Cheung et al)

w/c

0.45

Fixed

*C.O.V. stands for coefficient of variation

D, C0 and Cth were assumed to follow lognormal
distribution while relatively less variable parameters like
diameter of steel, cover thickness and w/c ratio were assumed
constant, though these parameters can also be varied as per
assumed field data. Using the relationships discussed above
for time taken t0 for chloride induced corrosion initiation
(Eq. (6)) and Siemens’ empirical relation (Eq. (20)) for
estimating the time taken for concrete cover cracking t1,the
service life is assumed as T =t0+t1.
Monte Carlo simulation was performed using 10,000
iterations for cover depth 50 mm and 75 mm to estimate
service life T using these relations.
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involved such as cover cracking, corrosion current
density, diameter of steel, surface chloride concentration,
water-cement ratio etc. It was inferred that for reinforced
concrete structures, cover cracking due to bulking of
corrosion products around the reinforcement is more
important than the reduction in moment resistance due to
decrease in cross section. However, it was also pointed
out that pitting of prestressing tendons is relatively more
important in case of PSC girders.

Fig. 6 Service Life: Cover Depth 50 mm

Specifically, the importance of cover depth in extending the
service life of reinforced concrete structures was illustrated
as a parameter in both corrosion initiation and corrosion
propagation. A mere increase from cover thickness of 50
mm to 75 mm drastically showed to increase the service
life of structures. Hence cover thickness needs to be
determined by the Engineer based on the importance of
structure, expected service life and type of exposure to
corrosive environment.
It was also inferred from these discussions that probabilistic
methods of prediction of service life is preferable to
deterministic methods on account of uncertainty and
variability of the parameters involved. Following this, an
attempt was made to estimate the remaining service life
of a hypothetical reinforced concrete beam with variable
field parameters using Monte Carlo simulation using
readily available professional software @Risk. Service
life was evaluated with variable parameters obtained from
available literature (Cheung et al).

Fig. 7 Service life: Cover Depth 75 mm
In the first case for cover thickness 50mm, it may be
observed that the mean life comes out to be about 13 years
while 95% of the results fall above 10.8 years (alternately,
5% chance of failure before 10.8 years). In the second
case, the mean service life comes out to be 29.5 years
and 95% of the results fall above 24.3 years. The effect of
concrete cover thickness on prolonging of the service life
of structures may also be appreciated from these results.
11.

Conclusion

This Paper has attempted to review the analytical
approaches to study various modes of corrosion induced
failures in reinforced concrete structures. These methods
were employed to estimate the effect on service life of a
simple rectangular beam undergoing reduction in moment
of resistance as well as cover cracking due to corrosion.
Further, various studies on other mechanisms like loss of
bond, spalling and pitting corrosion were also discussed.
This Paper also illustrated the importance of the parameters

Though service life was estimated based on cover cracking
of an individual corroded beam, it needs to be pointed
out that real bridges have many components, numerous
deterioration factors and possible failure mechanisms
which may be interdependent. Hence, professional BMS
(Bridge Management Systems) are based on network
based models like Markov chain models or Reliability
analysis. Nevertheless, Monte Carlo simulation is being
increasingly used by researchers and engineers to calibrate
the Markov chains and reliability based models of service
life of bridges instead of the more common regression
based methods (like non-linear optimisation) being used.
It also needs to be said that the presently employed asset
management systems for infrastructures in our country
like IBMS do not include the quantitative assessment
of corrosion induced degradation and service life
prediction of bridges. Given its importance, this activity
may be systemically integrated with future supervision
consultancy for highway/ bridge projects in the Operation
and Maintenance (O&M) period. The bridge inspection
data collected in the maintenance period can be utilised
to work with as well as improve bridge asset management
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systems. Further, they should provide invaluable scientific
inputs for decision making on repair, rehabilitation and
reconstruction of bridges.
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