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Preface

India is on the threshold of a major forward thrust in the field of transportation
infrastructure. Mixed traffic has in recent years increased manifold in both urban
and rural areas. There is also a general increase in awareness of mobility and safety.
These factors, we believe, constitute a recipe for fast development in the area of
transportation.

The need for the professionals with specialization in transportation engineering
and infrastructure, equipped with the knowledge of modern as well as traditional
techniques, is bound to grow over the next few years. Therefore, this book, we
believe, not only fills this gap, but also presents the area of transportation engi-
neering in a manner that will prepare professionals to tackle real-life problems.
Further, the book entitled Advances in Transportation Engineering, is basically a
systematic outcome of research works conducted by the many professionals in
this field.

In the other way, transportation engineering and infrastructure development,
transportation planning, and ITS technologies are of critical importance to the
modern-day life including businesses, government, education, science, and econ-
omy. Trends and Recent Advances in Civil Engineering, TRACE 2018, provides
a forum for researchers and practitioners from civil engineering in order to
address recent research issues and to present and discuss the ideas, theories, tech-
nologies, systems, and practical issues related to transportation engineering and
infrastructures.

TRACE 2018 received more than 300 papers from the authors representing
many continents and countries. The papers were submitted to different tracks,
wherein each track has a separate technical program committee.

We express our sincere thanks to all advisers for their valuable support. We are
also indebted to local organizing committee for their work in the local arrangements
and support. We are very grateful to all the reviewers for their great support and
providing us with extensive reviews and constructive criticism of the research papers.

ix



Many thanks also go to all the authors who have submitted their research work to the
conference. Without their contributions, we would not have been able to put together
such a strong and interesting technical program.

Jamshedpur, India Dr. Sabyasachi Biswas
Assistant Professor

x Preface
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Exploring Rural Road Impacts Using
Fuzzy Multi-criteria Approach

Makrand Wagale , Ajit Pratap Singh and A. K. Sarkar

Abstract The purpose of this article is to develop a novel strategy to explore the
impacts of rural road construction on quality of neighborhood (social environment).
There has been broad consensus that rural roads assist in change in socioeconomic
status of rural regions and have been justified by traditional methods. However, con-
ventional assessment techniques lag in incorporating uncertainties and singularities
associated with evaluation process of impacts. These limitations enable researchers
to rely on more perceptible techniques. Fuzzy multi-criteria framework is one such
approach which can deal effectively with such qualitative and quantitative assess-
ment. It handles uncertainties and vagueness with ease. The present study pro-
poses fuzzy Preference Ranking Organization Method for Enrichment Evaluation
(F-PROMETHEE) technique for assessing the impacts of rural road construction on
quality of neighborhood. Efficacy of proposed technique is illustrated by employ-
ing a case study for the habitations connected in Jhunjhunu district of Rajasthan
state, India. The habitations are connected under Pradhan Mantri Gram Sadak Yojna
(PMGSY) scheme. The results indicate a significant change in factors contributing
to quality of neighborhood and provide essential information to the decision and
policy-makers to take necessary initiatives for sustainable rural development.

Keywords Rural (PMGSY) roads · Fuzzy multi-criteria framework · Quality of
neighborhood · Fuzzy PROMETHEE · Rural development

1 Introduction

Rural roads significantly influence social and economic status of rural inhabitants.
They instigate growth and development of rural community. Rural road infrastructure
plays significant role in poverty alleviation and assists in enhancing socioeconomic
development of the rural communities [1]. They play vital role in distribution of

M. Wagale (B) · A. P. Singh · A. K. Sarkar
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services to rural habitations. Improvised road infrastructure in developing countries
can have a significant impact on the target population and bring out economic growth
with poverty alleviation [2, 3]. Change in socioeconomic status of rural habitations is
dependent on the conditions or circumstances of access and travel, to certain extent
[4]. Rural roads enhance mobility and access to social services [5, 6].

Conventionally, transportation projects have been justified on the basis of their
economic efficiency. They have been assessed in consideration with cost–benefit
analysis. In recent decade, a few attempts have been made to assess transporta-
tion projects in consideration to social and economic impacts attributed by road
infrastructure [7, 8]. Lombard and Coetzer [9] assessed numerous techniques for
quantifying socioeconomic impacts due to the improvement in rural roads. Nirban
et al. [10] stated the need to identify the variables which are capable in quantifying
socioeconomic benefits incurred by the rural households in efficient manner.

Most of the studies in context with socioeconomic impact assessment instigated
by the deliverance of road infrastructure are of singular nature. They have been
focused prominently on assessing socioeconomic impacts incurred. This creates a
need to assess the impacts on quality of neighborhood (social environment) along
with other impacts. Quality of neighborhood is significant aspect which depicts the
rural development in the form of living status of rural inhabitants. Assessment of
impacts induced by road infrastructure comprises both quantitative and qualitative
methods. Conventionally, a number of quantitative methods such as double differ-
ences, reflexive comparisons randomization, etc. have been employed to assess the
socioeconomic impacts. Thesemethods are able to impart better understanding about
impacts incurred when sufficient data are available and are advantageous in terms
of cost, time as well as can be employed for assessing the impacts after the deliver-
ance of road infrastructure. Among impact evaluation methodologies randomization
method is considered to be the most efficient and flexible [11].

The one important disadvantage of quantitative methods is that they reach
to generalized conclusions and require expertise with specialized skills. In
comparison with quantitative methods, qualitative approaches provide pro-
found insight into the impacts incurred. They are more perceptible and are
based on focus group (community) surveys which involve the target popula-
tion as decision-makers. Such group decision-making can be well handled by
employing several methods, most popular being multi-criteria decision-making
(MCDM) techniques [12]. These techniques are capable of incorporating judg-
ments provided by stakeholders involved in the decision-making process in
efficient manner. Several qualitative studies have been performed by employ-
ing MCDM techniques such as Elimination Et Choice Translating Reality I
(ELECTRE) [13], Technique of Order Preference by Similarity to Ideal Solution
(TOPSIS) [14], Analytic Hierarchy Process (AHP) [15], VIse Kriterijumska Opti-
mizacija kompromisnoResenja (VIKOR) [16], andPreferenceRankingOrganization
Method for Enrichment Evaluations (PROMETHEE) [17].

Although traditional MCDM techniques are capable of handling qualitative
assessments efficiently, they have one limitation. They are unable to capture the
inconsistency and vagueness associated with group decision-making. These uncer-
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tainties and impression can be effectively handled by employing fuzzy set theory.
Therefore, when traditional MCDM techniques are integrated with the fuzzy set the-
ory, it overcomes the risks and inconsistency associated with participative assess-
ments. They also overcome the fuzziness associated with opinions of decision-
makers [18, 19]. Even though different fuzzy MCDM techniques are available,
fuzzy PROMETHEE technique is most flexible and efficient. The main advantage of
F-PROMETHEE is its user-friendliness and simplicity. It also has ability to deal with
tangible and intangible factors with ease.

The present study proposes a holistic approach to assess the impacts of rural road
construction on quality of neighborhood of rural inhabitants. The key objective of this
research is twofold: (a) to explore and exploit the capabilities of F-PROMETHEE
and (b) to identify the quality of neighborhood attributes that impacted the most, on
basis of their relative importance, thereby assisting the decision- and policy-makers
in understanding the impacts instigated, and formulating necessary schemes and
policies for overall sustainable rural development. The effectiveness of methodology
is presented by employing a case study for 27 habitations connected through rural
(PMGSY) roads constructed in the year 2013–14 in Jhunjhunu district of Rajasthan
state, India. A total of five attributes have been considered for assessing the impacts
of rural roads on quality of neighborhood.

2 Materials and Methods

The uncertainties and imprecision associated with impact assessment studies which
are of qualitative and quantitative in nature can be effectively dealt by incorporat-
ing fuzzy multi-criteria decision-making techniques (F-MCDM) [20]. In the present
research, F-PROMETHEE has been applied to identify impacts induced by the con-
struction of rural roads on attributes contributing to quality of neighborhood (social
environment) of the rural habitations. The methodology follows seven steps: (a)
determination attributes, criteria and decision-makers, (b) defining perception of
decision-makers in linguistic terms, followed by application of corresponding fuzzy
number, (c) aggregation of decision-makers’ judgments, (d) computation and con-
struction fuzzy decision matrix, (e) construction of fuzzy preference function, (f)
deciding valued outranking relation by defining multi-criteria preference index, and
(g) calculation of the flow to rank the attributes.

2.1 Study Area and Quality of Neighborhood Attributes

The study employs a case study for connectivities constructed under PMGSY scheme
in Jhunjhunu district, Rajasthan, India. It accounts a total of 27 new connectivities
constructed in the year 2013–14. These connectivities are distributed in six different
blocks, viz., Buhana, Jhunjhunun, Khetri, Surajgarh, Nawalgarh, and Udaipurwati
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Fig. 1 Divisional blocks of
Jhunjhunu district along with
habitations location for study
and through routes

of Jhunjhunun district. The study follows ex-post approach, and the connectivities
are selected on the basis of the year of construction. The population severed by these
connectivities ranges between 350 and 390 persons. Divisional blocks of Jhunjhunu
district along with habitations location and through routes are shown in Fig. 1. The
study takes into account five attributes, namely, livability (QL), involvement in social
gathering within the village (QSGIV), involvement in social gathering outside the
village (QSGOV), ownership of television (QTVO), and ownership of personal phone
(QPPO).

These attributes defining the status of quality of neighborhood have been identified
based upon preliminary survey, literature available, and experts (individuals belong-
ing to government organizations, research and education institutes, etc.) opinions.
The study is mainly focused on status of social environment and its improvement. It
does not account impacts of rural roads on income, health, and education.

2.2 Data Collection

Data for the study is collected through focus group discussions consisting of 14
individuals. The population size of the habitations is in the range of 350–390 indi-
viduals, which is small. This makes it difficult to have group discussion and develop
models separately based upon age and gender. Moreover, the percentage difference
in age and gender varies differently for each habitation. Considering this fact and
to have uniformity in the group discussion process, the focus groups are chosen in
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such a way that it involves participants belonging to different genders, age groups,
and livelihoods. The focus group discussions have been conducted during (April and
May 2016). Preliminary informal discussions have been conducted to overcome the
risks associated with data collection and to have necessary knowledge. The question-
naire for the survey is designed to collect data of both qualitative and quantitative in
nature; it also considers the inputs from preliminary informal discussions conducted.

The questionnaire is designed in such way that it focuses on all the attributes
contributing to quality of neighborhood with open-ended questions. The question-
naire is formulated to gauge necessary information in terms of categorical manner.
Satisfaction level of each of the attributes defining quality of neighborhood is also
assessed using a qualitative scale which represents perceptions of habitants toward
the change. An attempt has been to reduce indulgence of error in the data collection
process by facilitating feedback at the end of the questionnaire.

2.3 Fuzzy Preference Ranking Organization Method
for Enrichment Evaluation

Fuzzy PROMETHEE technique of MCDM is more flexible outranking technique.
The steps followed in implementing the method are elaborated as below:

Step 1: The first step in implementing F-PROMETHEE involves identification of
attributes, criteria, and decision-makers. The present study employs five attributes
and two criteria, viz., conditions before construction (C1) and after construction (C2)
of the rural (PMGSY) roads and 27 focus groups/decision-makers.
Step 2: Further, the perceptions of focus group in linguistic terms are defined as
fuzzy numbers. This study adopts 11 linguistic variables, namely, “ultimate low”,
“absolutely low”, “very low”, “low”, “moderately low”, “fair”, “moderately high”,
“high”, “very high”, “absolutely high”, and “ultimate high”, and are expressed as
triangular fuzzy numbers, to assess the impact weights of attributes as shown in
Table 1. The triangular fuzzy scale adopted for the study is depicted in Fig. 2.
Step 3: This step follows aggregation of perceptions of the focus group judgments into
mean priority weights. The mean priority weight (w̃i ) of the attributes is computed
as illustrated in Eq. (1):

w̃i = 1

N

[
N∑

k=1

w̃n
i

]
= 1

N

[
w̃1
i + w̃2

i + · · · + w̃N
i

]
(1)

Step 4: In this step, fuzzy decision matrix is constructed by employing computed the
average fuzzy weight.
Step 5: This step follows construction of fuzzy preference function. The preference
function shows how much an attribute is preferred over the another.
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Table 1 Definition of fuzzy
numbers

Fuzzy numbers Definition Symbol

(0.9, 1, 1) Ultimate high UH

(0.8, 0.9, 1) Absolutely high AH

(0.75, 0.8, 0.9) Very high VH

(0.67, 0.75, 0.8) High H

(0.5, 0.67, 0.75) Moderate high MH

(0.4, 0.5, 0.67) Fair F

(0.33, 0.4, 0.5) Moderate low ML

(0.25, 0.33, 0.4) Low L

(0.1, 0.25, 0.33) Very low VL

(0, 0.1, 0.25) Absolutely low AL

(0, 0, 0.1) Ultimate low UL

Fig. 2 Triangular fuzzy scale

Consider set S with attributes a and b, and the fuzzy preference function P̃ i (a, b) is
defined as in Eq. (2). It depicts superiority of a with respect to b.

P̃ i (a, b) =
{

0,
X̃ai − X̃bi ,

X̃ai ≤ X̃bi

X̃ai > X̃bi
(2)

where, i = 1, 2, …, m.
Furthermore, outranking relation for attributes is constructed as given in Eq. (3):

{
X̃ai ≤ X̃bi ⇔ aPb(a out ranks b)

X̃ai = X̃bi ⇔ aIb(a is indifference to b)
(3)
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Step 6: This step follows the evaluation of multi-criteria preference index by the
aggregation of preference function to determine valued outranking relation. The

multi-criteria preference index
(∏̃

(a, b)
)
for criterion (Ci) is given in Eq. (4):

∏̃
(a, b) = 1

m

m∑
i=1

P̃ i (a, b) (4)

where i = 1, 2, …, m.
Further, the fuzzy multi-criteria preference index is defuzzified into crisp value as
shown in Eq. (5)

A(l, μ, u) = (l + μ + u)

3
(5)

where l and u are the lower and upper bounds of the fuzzy value.
Step 7: This step follows the calculation of outranking flow and net outranking flow.
The outranking flows are defined as positive outranking and negative outranking
flows. The positive outranking flow is also defined as outgoing/leaving flow and is
given below in Eq. (6):

φ+(a) =
∑
b �=a

∏
(a, b) (6)

where φ+(a) indicates superiority of attribute a with respect to the other attributes,
the higher the φ+(a), the better is the attribute a.
The negative outranking flow is also defined as incoming/entering flow and is given
in Eq. (7):

φ−(a) =
∑
b �=a

∏̃
(a, b) (7)

where φ−(a) indicates the superiority of other attributes with respect to attribute a,
the lower the φ−(a), the better is the attribute a.
Finally, the net outranking flow is given in Eq. (8):

φ(a) = φ+(a) − φ−(a) (8)

3 Results and Discussion

The study develops a model to evaluate the impacts of rural (PMGSY) road con-
struction on social environment of rural habitations. The model assesses the impacts
in terms of relative importance of the attributes contributing to the quality of
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neighborhood. A total of five attributes, viz., livability (QL), involvement in social
gathering within the village (QSGIV), involvement in social gathering outside the
village (QSGOV), ownership of television (QTVO), and ownership of personal phone
(QPPO), have been considered for the assessment. These attributes are evaluated on
the basis of their relative importance by taking into account the perceptions of rural
inhabitants. These attributes depict the change in social status of the inhabitants after
the construction of rural (PMGSY) roads in comparison with their status before.
The perceptions gathered through focus group discussion have been converted to
triangular fuzzy scale as given in Table 1.

According to Eq. (1), the mean fuzzy weights for the attributes in correspondence
to the criteria are evaluated as depicted in Table 2.

Themulti-criteria preference index for all the attributes is evaluated by employing
Eq. (4) and are shown in Table 3. The multi-criteria preference index is evaluated
to assess the outranking relation of the attributes. These assign the preference to the
attributes over each other.

Furthermore, the outgoing, entering, and net flows are evaluated by employing
Eqs. 6–8 to order the attributes accordingly. Table 4 depicts the outgoing, entering,
and net flows for the attributes.

From Table 4, it is observed that the livability condition of the inhabitants is
improved after the deliverance of rural (PMGSY) roads as compared to their condi-
tion before. It also illustrates that the livability status of marginal groups (especially
women and children) has changed significantly, and also can be put forth that they are
able to have better access to social services. Furthermore, it can also be observed that
the inhabitants are able to involve themselves in social gathering outside their habita-
tions which was found difficult before the deliverance of roads. This is also reflected
by the change in the values of QTVO and QSGIV. The inhabitants are able to have facil-
ities for their recreations purpose as well as they are able to get involved in various
activities within their community. The attribute QPPO shows least impact; the reason
for this is that the inhabitants are less perceptive over the change in comparison with
other attributes.

Moreover, on the basis of the ranking obtained, it can be inferred that though
there is significant improvement with respect to livability condition and involve-
ment in social gathering outside village of residents, there is still enough scope for
improvement with respect to remaining other three attributes. Thus, policy-makers

Table 2 Mean fuzzy weights
of attributes with respect to
criteria

Attributes Before the
construction (C1)

After the construction
(C2)

QPPO 0.652 0.759 0.814 0.857 0.957 0.965

QTVO 0.550 0.660 0.731 0.727 0.827 0.860

QL 0.338 0.448 0.563 0.696 0.815 0.857

QSGIV 0.656 0.784 0.832 0.731 0.827 0.865

QSGOV 0.481 0.586 0.676 0.651 0.753 0.817
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Table 3 Multi-criteria preference index of the attributes

a b � (a, b)

QPPO QTVO 0.1082

QL 0.2147

QSGIV 0.0516

QSGOV 0.1734

QTVO QPPO −0.1082

QL 0.6065

QSGIV −0.0566

QSGOV 0.0651

QL QPPO −0.2147

QTVO −0.1065

QSGIV −0.1631

QSGOV −0.0414

QSGIV QPPO −0.0516

QTVO 0.0566

QL 0.1631

QSGOV 0.1217

QSGOV QPPO −0.1734

QTVO −0.0651

QL 0.0414

QSGIV −0.1217

Table 4 Outgoing, entering, and net flows for the attributes

Attributes QPPO QTVO QL QSGIV QSGOV φ+ φ

QPPO 0.0000 −0.1082 −0.2147 −0.0516 −0.1734 −0.1096 −0.2192

QTVO 0.1082 0.0000 −0.1065 0.0566 −0.0651 −0.0014 −0.1027

QL 0.2147 0.6065 0.0000 0.1631 0.0414 0.2051 0.3102

QSGIV 0.0516 −0.0566 −0.1631 0.0000 −0.1217 −0.0579 −0.1159

QSGOV 0.1734 0.0651 −0.0414 0.1217 0.0000 0.0638 0.1275

φ− 0.1096 0.1014 −0.1051 0.0579 −0.0638 0.1096

are requiring drafting schemes that will help to benefit the target population and assist
in overall rural development. The proposed method also suggests the shortcomings
of conventional approaches. Figure 3 illustrates the status of attributes contributing
to quality of neighborhood (social environment) in a comprehensive way.
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Fig. 3 Status of attributes
contributing to quality of
neighborhood

4 Conclusion

Assessment of impacts instigated by rural road construction on quality of neigh-
borhood (social environment) is one of the significant aspects of rural development.
They are to be accounted along with other socioeconomic impacts. They put forth the
living status of inhabitants and assist the policy-makers in implementing schemes and
policies, to attend the indented goal of overall sustainable rural development. Quality
of neighborhood is defined by the attributes which are both qualitative and quanti-
tative in nature and can be well handled with application of fuzzy MCDM methods.
This study proposes application of F-PROMETHEE to assess the impacts incurred on
social environment by deliverance of rural roads.Application of F-PROMETHEEhas
proved to be significant decision-making tool. The main advantage of the proposed
methodology is that it takes into account the imprecision and uncertainty associated
with the data, which is based upon group decision-making process. Themethodology
is simple and can be handled with ease. The proposed F-PROMETHEE model can
effectively deal by providing a good scope of assessing qualitative data set.

The model is flexible and robust in nature as it takes into account the percep-
tions of focus group (rural inhabitants) which are imprecise in nature. Considering
this fact, the technique applied in the study can be utilized for assessment of road
infrastructure development at global level rather than region specific. Moreover,
from practical application viewpoint, the developed model can enable the policy-
and decision-makers to investigate the status of social environment so that it can
assist to take necessary actions by intensifying their efforts for improving rural life
in a sustainable manner. It also takes into account temporal and spatial variations,
making it a significant tool in assessing the overall rural development. From future
scope and limitations point of view, there is need to focus more on the change on the
status of marginal groups (women and children) specifically, after the deliverance of
rural roads.
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Assessment of Accessibility for Mixed
Land Use Neighborhoods Through
Travel Behavior Pattern

Jayesh Juremalani and Krupesh A. Chauhan

Abstract In general, accessibility shows the ease of reaching destinations and the
interaction between the land use and the transportation systems. In this paper, attempt
is made to assess the accessibility through commuters’ travel behavior pattern for
working trip only. The effects of trip characteristics like trip length, trip time, and
trip cost and socioeconomic characteristics like gender, age, income, occupation,
and vehicle ownership on travel behavior and mode choice are studied for work trips
for different mixed land use neighborhoods (wards) of Vadodara city. Four types of
modes are considered, namely, car, bus, shared auto, and two wheelers. Accessibility
index is prepared for different neighborhoods. It is found that the change in the land
use mix affects the commuters’ travel behavior and mode choice selection.

Keywords Accessibility · Public transportation · Land use · Trip behavior ·Mode
choice

1 Introduction

Accessibility refers to a measure of the ease of reaching destination or activities dis-
tributed in space, e.g., around a city or country. Accessibility is generally associated
with a place of origin. A place with “high accessibility” is one from which many
destinations can be reached, or destinations can be reached with relative ease. “Low
accessibility” implies that relatively few destinations can be reached for a given
amount of time/effort/cost or that reaching destinations is more difficult or costly
from that place. Travel behavior may be explained as what people do over space, and
how people use transport. Travel behavior in current time is considered to be influ-
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enced by several determinants such as changing land use, changing demographics,
socioeconomical changes, state-of-the-art transportation infrastructure, technologi-
cal advancements, pricing of services, and policy interventions.Mode choice analysis
allows themodeler to determinewhatmode of transport will be used, andwhatmodal
share results.

Modeling of mode choice is done bymeans of discrete choice model; the different
available alternatives in a discrete choice experiment are mutually exclusive and
collectively exhaustive. Discrete model is based on selecting the alternative that
provides highest utility to the choice maker.

2 Introduction of Study Area

Vadodara is located on the banks of the Vishwamitri River. As per census 2011, the
population of Vadodara is 16,70,806, of which male and female are 8,69,647 and
8,01,159, respectively. Figure 1 shows location and map of the Vadodara city.

3 Socioeconomic Background of the Commuters

The Vadodara city has 19 election wards as per census, so 19 wards were considered
as 19 parts of the study area. A questionnaire was prepared, and a total of 1394
responded were asked to fill up the form from all the 19 wards. After removing

Image source: VMSS

Location of the study area-“Vadodara” (Gujarat)

Fig. 1 Location and the map of Vadodara city
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outliers, a total of 1358 forms were selected for analysis. There were total of 983
male and 375 female respondents. The information on various social and economic
variables like age, income, gender, occupation, and vehicle ownership were collected
and analyzed. For example, ward numbers 7 and 14 has younger respondent having
age below 35 years as high as 77.67 and 72.97%, respectively, and ward numbers
8 and 15 has lower percentage of younger respondent whose age is below 35 years
39.32 and 40.62%, respectively (Table 1).

Table 2 shows the occupation of the respondents. The average percentage of gov-
ernment employee, private sector employee, service industry employee, business-
men, and housewife are 8.7%, 20.91%, 17.54%, 26.32%, and 26.53%, respectively.
So it is clear from the analysis that more number of shopping trips are made by
business class people and housewife.

The segregation of respondents based on income is shown in Table 3. The maxi-
mum respondents fall under the income group of 20,000–30,000 and 30,000–40,000.
Total 53.21% of respondents have their income between Rs. 20,000 and Rs. 40,000.

Table 1 Statistical analysis of age of respondents

Ward no. 16–25years 26–35years 36–45years 46–55years 55 years
above

Total
respon-
dents

1 25 24 13 8 4 74

2 34 30 13 14 10 101

3 11 36 17 9 12 85

4 12 36 19 10 6 83

5 4 26 23 10 1 64

6 4 22 14 10 0 50

7 49 31 16 4 3 103

8 10 25 15 32 7 89

9 6 18 11 5 3 43

10 2 16 14 4 4 40

11 2 15 15 4 2 38

12 30 29 22 14 5 100

13 12 21 22 10 5 70

14 16 38 12 7 1 74

15 6 20 15 8 15 64

16 10 34 23 14 3 84

17 12 19 22 11 3 67

18 13 36 15 9 4 77

19 12 17 12 9 2 52

270 493 313 192 90 1358
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Table 2 Statistical analysis of occupation of respondents

Ward Government
employee

Private
sector

Service
industry

Businessman Housewife Total

1 8 27 20 14 5 74

2 16 28 27 20 10 101

3 10 30 12 16 17 85

4 7 23 18 21 14 83

5 6 5 5 15 33 64

6 5 6 9 2 28 50

7 6 24 24 41 8 103

8 11 18 16 20 24 89

9 1 11 5 20 6 43

10 1 1 3 11 24 40

11 0 1 4 13 20 38

12 16 32 25 23 4 100

13 17 19 13 12 9 70

14 2 17 12 34 9 74

15 9 15 10 14 16 64

16 10 14 14 17 29 84

17 0 4 0 29 34 67

18 4 19 26 22 6 77

19 1 12 11 10 18 52

Table 3 Statistical analysis of income of respondents

Ward Less
than
5000

5000–
10,000

10,000–
20,000

20,000–
30,000

30,000–
40,000

40,000–
50,000

50,000–
100,000

Above
100,000

Total

1 1 7 19 19 15 8 5 0 74

2 1 3 21 16 21 17 10 12 101

3 1 2 7 26 31 14 4 0 85

4 1 9 15 22 25 8 2 1 83

5 0 3 9 17 15 17 2 1 64

6 0 5 12 9 10 13 1 50

7 5 16 10 58 14 0 0 0 103

8 1 2 16 29 25 10 4 2 89

9 5 1 12 6 14 5 0 0 43

10 1 2 3 4 22 5 3 0 40

11 0 1 2 3 10 16 3 3 38

(continued)
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Table 3 (continued)

Ward Less
than
5000

5000–
10,000

10,000–
20,000

20,000–
30,000

30,000–
40,000

40,000–
50,000

50,000–
100,000

Above
100,000

Total

12 0 3 15 18 29 19 13 3 100

13 3 5 11 14 17 11 5 4 70

14 4 6 13 36 15 0 0 0 74

15 1 7 12 22 17 5 0 0 64

16 1 2 13 22 26 15 4 1 84

17 1 1 6 10 22 24 3 0 67

18 4 5 7 23 25 8 4 1 77

19 3 3 11 8 17 7 3 0 52

33 78 207 365 369 199 78 29 1358

Only 6% of respondents have income between Rs. 50,000 and Rs. 1,00,000, and
merely 2% are having monthly income of more than 1 lakh.

4 Analysis of Accessibility

Generally, people select the mode which gives them maximum utility value. Here,
utility value is nothing but the advantages one gets from the particular mode. The
equations for the utility function are generated using SPSS software. Analysis for
ward number 1 is shown in Table 4. For example, utility for car can be found, U car=
3.659− 0.03 * Distance− 0.082 * Travel time− 0.022 * Travel Cost= 1.61. Here,
mean value is taken for distance, time, and cost. Similarly, all the utility values are
found. After finding utility values, they are converted into log values and summation
of all gives the accessibility of the ward for working trips.

The accessibility for all the wards alongwith their population and area and density
is shown in Table 5. Density is found by dividing population with area.

Chart 1 shows the mode share and working trip distance relationship. It can be
seen from Chart 1 that after 12 km use of public transport like bus, shared auto

Table 4 Calculation of accessibility score for ward number 1

Ward 1 Modes Coefficients Utility function Log utility Sum log U

Car (Constant) 3.659 1.61 0.48 3.30

Distance for car −0.03

Travel time for
car

−0.082

Travel cost for
car

−0.022

(continued)
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Table 4 (continued)

Ward 1 Modes Coefficients Utility function Log utility Sum log U

Share auto (Constant) 3.53

Distance for
auto

−0.155 1.73 0.55

Travel time for
auto

−0.06

Travel cost for
auto

−0.035

Bus (Constant) 3.427 3.16 1.15

Distance for
bus

−0.007

Travel time for
bus

−0.004

Travel cost bus −0.018

Two wheelers (Constant) 2.829 3.07 1.12

Distance TW −0.043

Travel time for
TW

0.048

Travel cost for
TW

0.016

Table 5 Accessibility index

Rank Accessibility
index

Name Ward Area in
SQ KM

Population
above 18
as per
census
2011

Density

1 4.07 Waghodia Ajwa area 5 5.34 68,216 12774.53

2 4.01 Makarpura area 18 8.09 69,908 8641.29

3 3.72 Atladra area 12 3.27 69,004 21102.14

4 3.63 Sardar estate 4 11.5 57,669 5014.70

5 3.41 Harni airport 3 5.98 68,124 11391.97

6 3.30 Chhani area 1 9.49 64,860 6834.56

7 3.21 Gorwa 8 16.14 69,640 4314.75

8 3.19 Mandvi CBD area 14 6.78 63,618 9383.19

9 2.99 Pratapnagar 16 10.15 62,888 6195.86

10 2.76 Tarsali 17 5.34 62,101 11629.40

11 2.66 Gotri Talav 9 6.6 70,092 10620.00

12 2.59 Nizampura 2 9.17 73,258 7988.88

13 2.56 Kothi Raopura 13 7.38 57,493 7790.38

(continued)
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Table 5 (continued)

Rank Accessibility
index

Name Ward Area in
SQ KM

Population
above 18
as per
census
2011

Density

14 2.26 Manjalpur 15 4.43 75,990 17153.50

15 2.22 Warsia Sangam area 6 5.18 67,050 12944.02

16 2.22 Maneja area 19 20.58 62,556 3039.65

17 1.36 Akota area 11 6.84 73,779 10786.40

18 0.86 Vasna Tandalja 10 7.08 66,099 9336.02

19 0.13 Fatehgunj area 7 9.3 67,553 7263.76

increases drastically. This is a very useful finding. While making land use planning,
this finding should be kept in mind.

5 Conclusion

From the analysis, it may be concluded that the ward numbers 5, 18, 12, 4, and 3
are more accessible for working trips than their other counterparts. Similarly, ward
numbers 7, 10, 11, and 19 are less accessible for the work trips.

From Chart 1, it can be concluded that the use of bus and shared auto increases
as distance between home and workplace increases. Especially, after 12–15 km, use
of public transport increases drastically. For promoting use of public transportation,
this finding is very useful. In other words, if land use planning should be made in
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Chart 1 Mode choice and working trip distance
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such a way that distance between working destination and home is more than 12 km,
then people would prefer public transportation over private vehicles.



Assessing Travel Time Reliability
of Public Transport in Kolkata: A Case
Study

Saptarshi Sen , Tarun Chowdhury, Ayan Mitra and Sudip Kumar Roy

Abstract Punctuality of a trip maker directly depends on the on-time performance
of the whole transportation system and specifically on the travel time reliability of
the preferred mode of transport. As a matter of this fact, daily commuters prefer a
reliable mode of transport which adheres to its schedule and is frequently available.
Thus, the present study aims to find only the travel time reliability of the different
public transport modes in a particular route of Kolkata Metropolitan Area. The route
from Bansdroni Bazar Area to Park Street Area was chosen as the case study area.
The in-vehicle travel time reliability of the state government bus, private bus and
minibus were estimated using the method proposed by Liu and Sinha [15] and the
results compared with that of the metro railway. The result of the analysis shows that
the travel time reliability of all bus types ranges from 45 to 65% of the reliability of
the metro railway. The parameters prescribed by FHWA, such as Buffer Time (TB),
Buffer Index (Bi), Planning Time (Pt) and Planning Time Index (Pi), were also esti-
mated which provides valuable information about the reliability of the buses plying
on the route under study. Delay parameters in transit contribute a lot to the travel time
which was also observed to indicate the reliability of buses from delay perspective.
The effects of some other relevant traffic parameters such as the congestion delay
and waiting time delay on reliability have also been discussed as well.

Keywords Public transport · Reliability · Travel time · Buffer time · Buffer
index · Planning time
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1 Introduction

Commuters all over the world try to minimise their overall journey time. This gives
rise to the need for reliable services of transportation system, especially the pub-
lic transport system. Reliability for various systems can be defined in various forms.
Reliability can be defined as the operational consistency of a facility over an extended
period of time. Ebeling [8] defined reliability as the probability that a system will
perform a required function for a given period of time. In transportation engineering,
reliability can be defined as the level of variability between the commuters’ expecta-
tion and the actual experience. Kolkata is a densely populated city and according to
a study by the Union Ministry of Urban Development in 2013, about 54% of daily
commuters avails bus for any trips. Hence, reliability of the bus system in Kolkata
is highly desirable. In a city where majority of the trip makers are of captive char-
acteristic, the unreliable public bus system would force the commuters to either opt
for para-transit system or shift towards personal vehicles. In most of the cases, the
personal vehicles will be of motorised two wheelers and four wheelers and also the
para-transit modes are mostly three-wheeled auto-rickshaws along with taxis and
application-driven cabs such as Uber/Ola, etc. Increase of these smaller size modes
of traffic in the same right of way along with the bigger size vehicles will not only
cause increase in congestion but will also have a bad impact on environmental pol-
lution. Therefore, it is necessary to operate the public transport system at desired
level of reliability. The present study mainly focuses on the in-vehicle travel time
reliability of the buses and the delays incurred during the bus trips in Kolkata. The
objectives of the study can be stated as follows:

• To estimate the travel time reliability of the public transport modes plying along
the specific study corridor.

• To compare the travel time reliability of different category of buses with that of
the metro railway.

• To estimate the buffer time and planning time required for the tripmakers choosing
the public mode of transport system, especially buses as their mode of transport.

• To identify the delays in a trip and its effect on the travel time reliability.

The previous works and journals related to public transport reliability literature
have been summarised in the next section.

2 Literature Review

The concept of reliability in travel time has been introduced in the late twentieth
century, though in Indian context the applications have been in limited quantity.
Some of the recent works have been studied, and the relevant points have been
discussed here.

In 2013, Tony [17] identified the public transit priority features and the method
to enhance the operational characteristics of public transit in Munich, Germany and
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Zurich, Switzerland. Diab and EI-Geneidy [6], in the same year, tried to understand
the impacts of various improvement strategies on transit service reliability. Chien
and Liu [5] measured the travel time variability and reliability with floating car data.
Diana [7] showed that satisfaction measures of trip makers can be exploited to gain
insights on the relationships between personal attitudes, transit use and urban context.
Cantwell et al. [2] examined the level of stress caused by commuting into Dublin city
centre. It revealed that the commuters who spend long time for waiting for public
transport service tend to be more stressed. This occurs when the reliability of the bus
service is poor. Route length, headway, distance from stop to original terminal and
the use of exclusive bus lanes affect the service reliability as found by Chen et al.
[4]. Lyman and Bertini [16] tried to improve regional transportation planning and
operations using travel time reliability measures. Liu and Sinha [15] estimated some
of the measures to assess reliability of an urban bus network using microsimulation
model framework. It was observed that with increasing congestion and passenger
demand, reliability is reduced. Reduction in per passenger boarding time proves to
be an effective measure in improving reliability. Iseki et al. [11] studied the effects
of out-of-vehicle time on travel behaviour, and the findings were used to improve the
travel connectivity at the transit transfer points. Laura [13] and Lin et al. [14] used
new techniques, such as AVL and APC techniques, to collect data and measured
reliability, cause of unreliability and application of strategies to improve the service.
During early twenty-first century, Kimpel [12] analysed transit service reliability and
estimated passenger demand.

The reliabilitymeasure of a corridor is important for the operational efficiency of a
road. In the Indian context, it is important to enhance andmaintain accessible, reliable
and affordable public transport services as mentioned by Badani and Haider [1] in
their work. The travel time reliability of urban arterial corridor in Delhi road network
was studied by Gopi et al. [10]. They used the reliability measures developed by
Federal Highway Administration (FHWAReport 2006) [9] to measure the reliability
of the arterial corridor at a different time of the day.Higher PlanningTime Index (PTI)
and Buffer Index (BI) values during the morning peak hour of non-working days as
compared to morning peak hour of working days were obtained from their analysis.
Chalumuri et al. [3] also used the FHWA measures for estimating reliability of an
urban corridor and further used the microsimulation to determine the travel time
reliability. They also found out the influence of the demand side factors (such as
traffic flow, speed distribution vehicle composition, driver characteristics, etc.) and
supply-side factors (such as reserved lane for bus, lane closure, etc.) on the reliability
value (Reviewer 2).

In most of the previous literature, it is found that travel time reliability has been
considered to be the key indicator for the performance and health of a region’s
transportation system. Thus, in this article, the performance of the public transport
(especially buses) has been analysed using the methods of travel time reliability
measures. In the following sections, the methodology and the case study area has
been described. The reliability of the buses has been compared with that of the most
reliable mode of public transport in the same route, i.e. metro railway.
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3 Methodology

The metro railway is considered as the benchmark for the travel time reliability. The
estimated travel time reliability for all the modes is compared with that of the metro
railway. The comparison reveals the current situation of travel time reliability of all
the modes with respect to the metro railway.

The data collected from the on-board survey (the process is described in ‘Data
collection and Survey’ section later) was analysed in three categories. Initially, the
travel time reliability was estimated for each of the modes considering the method
used by Liu and Sinha [15]. They defined travel time reliability as the ratio of the
mean travel time to the standard deviation. The formula can be written as follows:

RT = μ

σ
(1)

where

μ is the mean travel time and
σ is the standard deviation of travel time.

The data collection and the calculations are easy for this method and hence have
been used in this study to estimate the reliability (Reviewer 1).

Second, thefive standardmeasures developedbyFederalHighwayAdministration
(FHWA Report 2006) [9] to determine the travel time reliability are also used here.
It is used in this study as it is a well-established method and has been used by many
researchers for estimating the route reliability (Reviewer 1). The parameters are
mentioned below.

95th Percentile Travel Time (T95). It denotes the travel time which is less than
or equal to 95% of sample travel times. Higher T95 means the variation in travel time
of the bus is high. This indicates less reliability.

Buffer Time (TB). The difference between the 95th percentile travel time and the
mean travel time (μt) is called the buffer time. This represents the extra time needed
to compensate for unexpected delays. The higher the buffer time for a passenger, the
less reliable is the mode of travel for that passenger.

TB = T95 − μt (2)

Buffer Index (Bi). It is the ratio of buffer time to themean travel time expressed in
terms of percentage. This indicates the extra percentage of time a trip maker should
add to his/her expected mean travel time to ensure on-time or earlier arrival to the
destination. The more the buffer index, the lower is the reliability.

Bi = TB

μt
× 100% (3)

Planning Time Index (Pi). It is the ratio of the 95th percentile travel time to the
free-flow travel time expressed in terms of percentage. It compares the longest travel
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time against a travel time incurred by free-flow traffic. The higher the Pi, the less
reliable is the mode of travel. In the present study, free-flow travel time was obtained
by observing the travel time taken by a car to reach the destination from the origin
via the same route in the early morning hours. The free-flow speed is observed to be
1380 s for this present study.

Pi = T95
TF

× 100% (4)

Planning Time (Pt). It is the summation of average/mean travel time and buffer
time. The higher the buffer time, the more will be the planning time and lesser there
liability of the mode.

Pt = μt + TB (5)

Finally, the reliability is also indicated with the help of the delay caused by trav-
elling in public buses. The more the delay, the less is the reliability. The different
types of delay focussed in this present study are as follows:

• Signal Delay: The vehicle stopping within a distance of 100 m from the ‘stop’ line
under the influence of signal which incurs the delay in the travel time is termed as
signal delay.

• Bus StopDelay: These delays are attributed to boarding and alighting of individual
passengers at specified bus stops only.

• Waiting Delay: This includes any extra delay occurred due to unnecessary halt at
empty stoppages.

• Congestion Delay: Any delay caused by the congestion created due to the huge
volume of traffic during the peak hours.

Since the bus routes are the same, the number of signalised intersection encoun-
tered in a single trip is the same for all modes. So, in addition to congestion delay,
the travel time delay is dependent mostly on the bus stop delay and the waiting time
delay which will negatively affect the travel time reliability. A sensitivity analysis is
included in this study to understand and identify the delay that affects the travel time
reliability of a public bus.

4 Study Area

Kolkata is the third largest metropolitan city in India and the capital city of West
Bengal state. It has a huge population, mostly residing in the suburban regions.
BansdroniBazaar area is one such region in the southern part ofKolkata that generates
a significant amount of work trips to Park Street, a well-known commercial area in
the central part of Kolkata. Out of the various corridors connecting Bansdroni Bazaar
with Park Street, one corridor of about 10.5 km long is selected as the case study
due to the presence of metro railway all along the corridor (Fig. 1) in addition to the
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Fig. 1 Map showing the case study route from Bansdroni Bazaar to Park Street. Source Google
Map
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Table 1 Bus route characteristics under study

Bus route Bus operator Origin Destination Route segment
under study

A State Govt. Garia bus stand Howrah station Bansdroni bazar
to Park street

B State Govt. Garia bus stand Howrah station Bansdroni bazar
to Park street

C Private Bansdroni bazar Howrah station Bansdroni bazar
to Park street

D Private (minibus) Naktala bus stand Howrah station Bansdroni bazar
to Park street

different public modes of transport. This corridor consists of four busiest roads of
Kolkata. They are Netaji Subhash Chandra Bose Road, Shyama Prasad Mukherjee
Road,AshutoshMukherjeeRoad and JawaharlalNehruRoad. These roads are having
all types of modes of transport plying on Kolkata streets, namely, regular private and
government buses, private minibuses, three-wheeled auto-rickshaw, taxi/cabs and
private cars and motorised two wheelers along with other non-motorised modes.

A number of bus routes of various characteristics and different routes are plying
on the study corridor. Out of them, four bus routes have been considered for this
study as these four bus routes have a common segment in their route from Bansdroni
Bazar to Park Street. The other routes do not have such a long common route seg-
ment. Moreover, these four types of buses (i.e. Govt. AC, Govt. Non-AC, Ordinary
Private Non-AC and Private Minibus) mostly ply in the urban streets of Kolkata and
represents the public bus system of Kolkata (Reviewer 2).

A brief description of these bus routes is provided in Table 1. The survey procedure
and the data collected for analysis are discussed in the next section.

5 Data Collection and Survey

In this study, two state government buses (Route A and Route B), one private bus
(Route C), one mini private bus (Route D) and metro railway were selected. To
calculate the reliability measures (as mentioned in the ‘Methodology’ section), the
time taken by the buses of the aforesaid bus routes to travel from Bansdroni Bazar
to Park Street along the route (mentioned in ‘Study Area’) was observed. This travel
time is nothing but the running time of the buses between two consecutive bus stops
whose summation gives the total running time. Along with the travel time, different
delays such as signal delay, bus stop delay, waiting delay and congestion delay were
also noted using a stopwatch. AVL data [14] was not available to obtain these data,
hence, on-board technique was adopted. In this technique, an enumerator travelled
from Bansdroni Bazar to Park Street in a bus of the study routes and the different
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delay and travel time are noted down using a stopwatch. Since the study focuses
on the reliability of buses for work trips only, the morning peak hour was selected
for conducting the survey. Three buses of each bus route travelling between 9 and
10 am each day were randomly selected on any seven weekdays of a month. The
same procedure was carried out for metro railway as well. Free-flow travel time was
obtained by observing the time taken by a standard car to reach Park Street from
Bansdroni Bazar via the same route at 6 am for three consecutive weekdays and the
average is calculated. This is considered as the datum for free-flow travel time. There
is difference in the operational characteristics of car and bus but the free-flow travel
time cannot be extracted accurately from a bus because the drivers of the public buses
drive according to their own will and may not drive at a free-flow speed even if a
free-flow condition prevail in the road segment. Due to this reason mainly, free-flow
travel time was obtained by observing the travel time taken by a car to travel the
road segment under study during the early morning hours at a speed not more than
30 kmph to replicate the free-flow driving characteristics of a bus (Reviewer 2).

6 Results

6.1 Travel Time Reliability (RT) and Comparison
of Reliabilities of Bus with Metro Railway

The travel time reliability of the different modes is estimated using the expression
mentioned in Eq. 1. The expression indicated the variation of the travel time of public
buses from the average travel time of the bus. The higher the variation, the less will
be the RT value and vice versa. Thus in this context, the higher the RT value, the
more reliable is the mode. The RT value of the metro railway service has been set as
the benchmark and is compared with the other modes, i.e. the different buses under
study. The comparison of the reliability of different modes with that of the metro
railway is done by estimating the ratio of the RT of different modes to that of the
metro railway expressed in percentage. The average travel time and its deviation from
the average are also tabulated in Table 2 along with the RT values. This provides an
overview of the present condition of the public buses of the Kolkata region.

Table 2 shows that the average travel time of state government buses ranges from
40 to 45 min with a deviation of 6 to 7 min, which is comparable to the private
minibus (Route D) which has an average travel time of 47 min with a deviation of
9 min. But the travel time of private bus (Route C) is maximum with a mean of
64 min and a deviation of 12 min. These are compared with the metro railway which
has an average travel time of 23 min and a deviation of just 2 min. It is a typical
characteristic of the government-run buses that it will maintain the travel time with
minimum deviation from the average travel time. This increases the RT value and
makes it more reliable. On the other hand, private buses because of their operating
characteristics have a tendency to maximise the revenue earned from the passenger.
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Table 2 Comparison of travel time reliability of different buses with that of the metro railway

Bus route Average travel
time, μ (min)a

Standard
deviation, σ
(min)a

Travel time
reliability (RT)

Comparison of
reliability of the
studied bus
routes w.r.t
reliability of
metro railway (in
%)

Route A 44 6 7.33 63.8

Route B 42 7 6.00 52.2

Route C 64 12 5.33 46.4

Route D 47 9 5.20 45.4

Metro railway 23 2 11.50 100b

aThe values are rounded off to the next minute
bThe RT value of metro railway is considered as benchmark and is assumed a value of 100%

7.33
6 

5.33 5.2

11.5

0

2

4

6

8

10

12

14

State Govt. Bus (Route A) State Govt. Bus (Route B) Private Bus (Route C) PrivateMini Bus (Route D) Metro Railway

T
ra

ve
l t

im
e 

re
lia

bi
lit

y 
(R

T
)

Modes 

Travel Time Reliability (RT)

Fig. 2 Travel time reliability comparison among different modes

Due to this reason, the deviation from the average travel time is higher and the RT
value decreases. Comparing the above results with the travel time reliability of the
metro railway wherein it is found that the value of travel time reliability of Route
A and Route B buses is more than 50% of the value of metro railway travel time
reliability, whereas the same for Route C and Route D buses are less than 50%. The
Travel Time Reliability (RT) values of the different modes have been demonstrated
graphically in Fig. 2.

6.2 Travel Time Reliability Measure According to FHWA

The Federal Highway Administration developed some factors to measure the reli-
ability of a particular mode in FHWA Report 2006. The results obtained by using
Eqs. 2–5 are tabulated below. The 95th percentile travel time for each of the modes
are obtained from cumulative frequency curves.
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Table 3 Measure of travel time reliability parameters of different modes (by FHWA)

Mode 95th
percentile
travel time,
T95% (min)

Buffer time,
TB (min)

Buffer time
index, Bi (%)

Planning
time index,
Pi (in %)

Planning
time, Pt
(min)

Route A 52 9 20.45 226.1 52

Route B 49 7 16.66 213.04 49

Route C 81 17 26.56 352.17 81

Route D 60 13 27.66 260.87 60

Metro railway 24 2 8.70 104.35 24

*Free-flow speed is observed to be 23 min

From Table 3, it is evident that the 95th percentile travel time of the government
buses is around 50min,whereas it is as high as 81min forRouteCwhich is the highest
with respect to all other modes. The buffer time is the extra time which a commuter
should include in his/her journey time so as to compensate any unexpected delay. A
mode is said to be reliable if the buffer time is less. In this context, it is evident from
Table 3 that the state government buses have a buffer time within 10 min, whereas
the buffer time of 17 min for the Route C buses is quite high. The higher the value
of planning time index indicates unreliable mode of transport, as a commuter has to
include these extra time while planning their journey time. Once the journey time
of passenger increases which finally forces the passengers to shift their mode, from
this analysis, it is evident that buses of Route C are teh most unreliable in nature and
of Route B have the highest reliability.

6.3 Delay Measurement

Apart from these two types of measure of reliability, delay measurement can also be
used to estimate the reliability. Deviations from the scheduled departure time and the
delay in transit are the two broad categories in which the total delay can be classified.
The in-transit delay can be classified as signal delay, bus stop delay, congestion delay
and waiting delay. Referring to Table 4, it is clearly evident that the Route A has
the maximum starting time delay which is followed by Route C. On the other hand,
the delay in transit is maximum for Route C which is followed by the Route B. If
the in-transit delay is compared to the total travel time of the different modes, it is
observed that the transit delay of 29 and 15 min make up 30–45% of the total travel
time for Route C, whereas the government buses have a transit delay within 20 min
which comprises 25–40% of the total travel time.

The delays in transit are separately shown in the bar chart which compares the
different delays for the different buses. The figure is shown (Fig. 3).

Due to heavy traffic movement during the peak hours, congestion on the road
network in Kolkata is a major issue that deviates the actual travel time from the
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Table 4 Comparison of the delays

Type of delays Route A Route B Route C Route D

min % min % min % min %

Starting time delay from scheduled time 15 – 7 – 13 – 10 –

Delay in transit

Signal delay 5 47 7 45 8 28 6 43

Bus stop delay 2 17 4 21 6 19 4 25

Congestion delay 3 28 5 28 11 39 4 26

Waiting delay 1 8 1 6 4 14 1 6

Total delay in transit and its share in total
transit time

11 25 17 41 29 45 15 32

scheduled travel time. These congestions sometimes are created by the bus drivers
himself due to unnecessarily waiting for the passengers not only at the scheduled
stoppages but also in between the scheduled stoppages and sometimes the bus
drivers willingly get on the congested side of the road. This driving behaviour is
persistent in private buses of Route C more than the other buses. These influence
the travel time to a great extent. The graph in Fig. 3 shows that all the delays for
buses of Route A are less than all other buses in that route. On the other hand, buses
of Route C have the maximum delays in transit among all the modes. Among all
the types of delay, signal delay has the maximum share in all the modes which is
followed by congestion delay. Observing all the results, it can be clearly stated that
private buses of Route C have the least reliability among all the modes. The state
government buses show better reliability among the buses.
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6.4 Sensitivity Analysis

The analysis shows that the most reliable mode of public transport in this route is
the metro railways. The buses have a very low reliability as compared to that of the
metro railways. As metro railway has a separate right of way, the in-transit delay
is negligible, whereas the buses face delay during the transit as it travels through
a heterogeneous traffic stream. A sensitivity analysis was carried out to determine
the effect of congestion delay and the waiting delay of the buses on its travel time
reliability. Table 5 shows the RT using modified average travel time and standard
deviation of buses if there was no congestion or waiting delay, i.e. zero minutes
of congestion delay and waiting delay. The RT is compared with that of the metro
railway.

Table 5 shows that the reliability of buses can be improved if the congestion and
waiting delay can be minimised. The modified RT value of state government buses
(RT of buses of Route A: 9.75 and RT of buses of Route B: 7.60) increased by
one-third of the actual value. Buses of Route C have the maximum improvement of
66% which may be attributed to the fact that the delay of buses of Route C mostly
comprises congestion delay and waiting delay and has a high impact on the overall
travel time reliability. In case of Route D buses, the modified value increased to 6.83
which shows an improvement of 31% from the actual RT. In comparison to the metro
railway, the RT of buses of Route B and Route C increased by almost 15%. On the
other hand, buses of Route A increased by 21% and the maximum improvement of
30% occurred in buses of Route C.

Table 5 Effect of congestion and waiting delay on RT

Mode Modified
average
travel
time, μ
(min)

Modified
stan-
dard
devia-
tion, σ
(min)

Travel time reliability (RT) Comparison of RT of all the
different modes under study with
RT of metro railway (in %)

Actual Modified Improvement
(%)

Actual Modified Improvement
(%)

Route A 39 4 7.33 9.75 33 63.8 84.8 21

Route B 38 5 6.00 7.60 27 52.2 66 13.8

Route C 53 6 5.33 8.83 66 46.4 76.8 30.4

Route D 41 6 5.20 6.83 31 45.4 60 14.6

Metro
railway

11.50 –
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7 Conclusion and Discussion

The present study is focused on the travel time reliability of public transport in
Kolkata. The public transports included in this study are two state government buses,
private bus, private minibus and metro railway all running along the same route. The
reliability of all these modes is estimated using the method proposed by Liu and
Sinha [15]. As per Liu and Sinha, the higher the RT value, the more reliable is the
mode. The analysis showed that the RT value ranges from 5 to 7.5 which is low as
compared to the RT of metro railway (11.50) as mentioned in Table 2.

The parameters developed by FHWA in the FHWA Report 2006 to measure the
reliability were also used here to determine important reliability parameters like
buffer time, buffer time index, planning time index and planning time (Table 3). A
buffer time of more than 14min was estimated for private bus andminibus and below
10 min for state government buses are quite high as compared to 2 min buffer time of
metro railway. All these results showed that the public buses, especially the private
bus (Route C), are having the least reliable service.

Finally, the delay measurement shows that the buses face a high signal and con-
gestion delay during the peak hour. Figure 3 reveals the comparison of delay in transit
for all the buses under study. From the figure, it is shown that all the types of delay
are high for private bus (Route C). Sometimes, these delays are incurred intentionally
by some bus drivers which is a common behaviour of many of the bus drivers. This
delay increases the travel time of the buses which ultimately reveals the poor service
reliability of the buses in Kolkata. The high unreliability of buses, in terms of travel
time, is pushing commuters to choose private vehicles as their mode of transport
which increases traffic volume and congestion on the road.

The sensitivity analysis shows that if the in-transit delay can be minimised when
the reliability of the buses improves by more than 30% on an average with the private
bus (RouteC) having themaximum improvement (Table 5). It is of utmost importance
to improve the reliability of the buses in order to restrict the shift of themode choice to
private vehicles. This will not only minimise the environmental degradation but also
help to control and manage the traffic flow on the roadway networks more efficiently.

In this study, the main focus is on the public buses, but the metro railway is set as
benchmark for comparison. Further research can be done by including other modes
of transport like para-transit, etc. Moreover, only one route is selected as the case
study route. This may be applied to other significant routes of Kolkata as well and
compared with the present study.
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Estimation of PCU and Saturation Flow
at Signalised Intersection

Sabyasachi Biswas, Harjeet Prasad, Amit Jaiswal and Aditya Raj Gehlot

Abstract In homogeneous form of traffic, the vehicles in traffic are not so versatile
and the vehiclesmove in dedicated lanes, whereas in countries such as India, the form
of traffic is heterogeneous in nature where the traffic is very versatile withmany com-
binations of vehicles which rarely move in dedicated lanes. The combinations make
it harder to calculate the headway, PCU, etc. because every vehicle possesses a dif-
ferent shape and size. The lack of use of dedicated lanes makes it very tough to check
which vehicle belongs to which queue and how it will move or accelerate. Hence,
the methodology used for homogeneous traffic condition fails drastically when used
in heterogeneous traffic conditions. The recent researches based on heterogeneous
form of traffic do not present us with a reliable methodology to compute or calcu-
late the saturation flow in heterogeneous traffic condition. This makes it difficult to
design and plan the working of intersections because the traffic almost always tends
to move differently than the calculated outcome. The current research is primarily
focused on the development of a reliable methodology which can present us with a
more accurate saturation flow traffic data, i.e. intersection capacity in heterogeneous
traffic conditions. In the clearance method, different factors such as effective turning
radius, projected area of the vehicles, etc. are required for the calculation of saturation
flow. In velocity method, during a traffic jam all the vehicles are almost at the same
speed so the PCU deviates from its actual value making all PCU values of different
vehicles almost the same. In India, we have heterogeneous type of conditions not
homogeneous and also the lane discipline is not followed. In this clearance method,
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the study considers only a particular type of vehicle at an instance and we have to
determine the clearance time it requires, i.e. the time it takes from curb line to front
curb line.

Keywords Saturation flow · PCU · Homogeneous traffic · Clearance time method

1 Introduction

Intersection is an area defined as a cross section where two or more junctions of
roads meet. Intersection can be signalised or manually controlled depending upon
the density of traffic. The conflicts arising from movements of traffic flow or the
saturation flow from different orders are managed by time-sharing rule (i.e. fixed
time and automated time). There are twomain types of intersection of roads, namely,
grade-separated intersections and at-grade intersections.

Main function of the intersection is to guide vehicles to their respective directions
with safe traffic environment (i.e. avoid number of conflicts). Traffic intersections
can be in complex locations on any highway. Overall traffic flow depends on the
performance in terms of level of service (LOS) and the saturation flow of the inter-
sections. Therefore, quantification of the saturation flow is a vital aspect for the
traffic engineers especially in the case of heterogeneous traffic scenario. It is one of
the most important features in evaluating the capacity of a signalised intersection.
Saturation flow will be affected by several geometric, traffic, operating and other
parameters. There are several methods available in literature to estimate saturation
flow (SF) of an intersection. Among them, the U.S. [1] and U.K. [2] methods are
the most popular. Indian code of practice (IRC:SP 41, 1994) [3] advocates use of
U.K. method to determine saturation flow at a signal control intersection. In addi-
tion, several researchers [4–6] have reported that SF is influenced by many factors of
geometry, traffic and control. The extent of influence depends on the driving culture
and hence is different in different countries. It will be worthwhile to study the effect
of individual or a group of parameters on saturation flow for Indian conditions. In
the circumstance, the current research was taken up with the following objectives to
evaluate Passenger Car Unit (PCU) for various categories of vehicles at signalised
intersections and thereby to observe the influence of intersection geometry on PCU
factors and saturation flow. Further, this study identifies the effect of proportion of
heavy vehicles on saturation flow of through movements.

2 Methodology

This portion of the study explains the methodology that has been adopted to collect
and extract the data in the present study. The method of analysing the data is also
given here.
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Identification of the study areas and intersections was very important before start-
ing the field study. Study area should be located in urban or suburban area and
signalised intersections must be available there. The requirement criteria were con-
sidered to select an intersection based on the suggestions by previous researchers
[7–9].

2.1 Data Collection and Extraction

This study comprises two categories of data: geometric data and traffic data. The
geometric data of the intersections were collected manually. The traffic data were
collected using videography from a reasonable height so as to cover all arms of
an intersection in a single frame or at least two mutually perpendicular legs of the
intersection.

Four intersections locations are selected as per the criteria, and data were collected
by using videography. All the four intersections had four arms with varying approach
width and right turning is allowed at all the approaches in all intersections.

2.1.1 Layouts of the Intersections

Details of the selected intersections are given below.
Four intersections are located between Sector-16 and 18, 4 and 9; 19 and 20 of

Noida and Lodhi road. Figure 1 shows the layout of the four-lag intersections with
geometric details.

The field data were collected for about 2 h during peak period, and the recorded
videowas played on amonitor in traffic engineering laboratory by using video player.
A simple software to display to stopwatch on the screen was used. The stopwatch
has an accuracy of 0.01 s which was very useful to record the accurate clearing time
of the vehicle (ti, tc). The following information were extracted from the recorded
films of the intersections.

1. Total period of saturation flow in a green phase for the movement under consid-
eration.

2. Classified volume count of vehicles discharging from the approach in the inter-
section during the saturated period of green.

3. Clearance time taken by individual vehicle to move from stop line to stop line
(i.e. clearing time of a vehicle).

For the further analysis, all vehicles were categorised into seven groups as shown
in Table 1. Out of four intersections, cycle rickshaws and bicycles were found in
considerable proportion at the intersection 1 only. At remaining four intersections,
the non-motorised traffic was very marginal and therefore was not considered for the
analysis at these intersections.
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Fig. 1 Layout of four-lag intersections

Table 1 Detailed description of classification of vehicles in Indian road condition [10]

Vehicle
type

Notation Projected length
(m)

Projected width (m) Projected
rectangular area
(m2)

Small car C 3.61 1.44 5.20

Big car BC 4.48 1.80 8.06

Three
wheeler

3W 3.2 1.40 4.48

Motorcycle 2W 1.87 0.64 1.20

Bus HV 10.1 2.43 24.54
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2.2 Method for Calculation of Passenger Car Unit (PCU)

Under the heterogeneous traffic circumstances, Passenger Car Equivalent (PCE) or
Passenger Car Unit (PCU) is the most commonly used factor for converting hetero-
geneous traffic into its equivalent homogeneous.

PCU of a vehicle type is an traffic equivalent factor that depends on geometric
factors of the intersection approach, traffic and operating factors of a stream. PCU
of a vehicle type has been calculated in the present study by using Eq. 1 [11]

PCUi = Vc
/
Vi

Ac
/
Ai

= ti
/
tc

Ac
/
Ai

(1)

where

PCUi Passenger car unit of i-type of vehicle,
Vc intersection clearing speed of standard car,
Vi intersection clearing speed of vehicle type-i,
tc intersection clearing time for standard car,
ti intersection clearing time for i-type of vehicle and
Ac, Ai projected area of standard car and i-type of vehicle, respectively.

In India, most of the road users do not bother about lane discipline; therefore,
most of the drivers do not move in designated lanes. Although the lanes are marked
for cars and buses, these lanes can conveniently accommodate more than one small-
sized vehicle at a time. Consequently, unoccupied lateral lane width is generally used
by two wheelers, three wheelers and other small-sized vehicles. So Eq. 1 is used to
estimate the PCU of a respective vehicle category as it considers the total static area
of the vehicle, and not length alone.

2.3 Estimation of Saturation Flow

Saturation flow of a signalised controlled intersection ismeasured as the total number
of vehicles that would cross the stop line by utilising the green signal time (i.e. all
the vehicles are effectively utilised the green time allotted to them). It is expressed
in terms of vehicles per hour of green [1]. Saturation flow rate for each approach had
been computed by using Eq. 2 [5, 9, 12]:

SF =
[∑

niPCUi

]3600
gs

(2)

where

SF saturation flow (pcuphg),
ni number of classified vehicle, i.e. i-type of vehicles,
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PCUi PCU value of individual vehicle category, i.e. i-type, and
gs effectively utilised green time, i.e. saturated green period at a signalised inter-

section.

3 Results and Discussion

3.1 Estimation of PCU Factors

PCU factors for each category of vehicles as given in Table 2 were determined
using Eq. 1. Since PCU for a vehicle depends on clearing speed of the vehicles,
these factors were determined for through and right-turning movements separately.
Clearing time of a vehicle type was noted in each cycle during saturation flow,
and PCU values were calculated. Tables 2 and 3 provide average PCU values for
various categories of vehicles at different intersections for through and right-turning
movements, respectively.

It is observed that the PCU values vary from one approach to another. It is due
to the variation in effective width of the approach for through traffic and variation in
turning radius for right-turning movements.

Table 2 PCU factors for through movements

Intersection
number

Name of the
intersection

Approach
considered

Effective
approach
width

No. of
cycles

Average PCU value

Big
car

Three
wheeler

Two
wheeler

Heavy
vehicle

I 3 Noida
intersection-3

NB 4.50 22 1.478 0.946 0.221 4.920

I 3 Noida
intersection-3

SB 5.20 20 1.492 0.820 0.193 5.126

I 4 Lodhi road NB 6.10 29 1.480 0.929 0.217 4.677

I 4 Lodhi road SB 6.50 29 1.495 0.920 0.224 4.815

I 1 Noida
intersection-1

NB 7.70 22 1.566 0.969 0.205 5.631

I 2 Noida
intersection-2

SB 8.90 23 1.555 0.941 0.238 5.900

I 3 Noida
intersection-3

EB 9.00 23 1.542 1.003 0.241 6.366

I 3 Noida
intersection-3

WB 9.00 20 1.570 0.923 0.225 5.620

I 4 Zakir chowk EB 9.00 29 1.574 0.919 0.241 5.049

I 1 Noida
intersection-1

SB 9.70 23 1.550 1.050 0.231 5.692
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Fig. 2 Variation of average PCU factors with approach width for big car and heavy vehicle
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Fig. 3 Variation of average PCU factors with approach width for two wheelers and three wheelers

Figures 2 and 3 show the influence of approach width on PCUs for through
moving vehicles. Further, it is observed that PCU value of the vehicles increases
linearly with approach width. It is due to the availability of more freedom to drivers
on wider approach road. Figures 4 and 5 show the impact of turning radius on PCU
values of right-turning vehicles. PCU of a right-turning vehicle increases linearly
with turning radius. This trend is expected as the radius of right turn increases,
and ease of movement becomes more. It results in more speed differential among
vehicles, and therefore, PCU for a vehicle type increases.

3.2 Analysis of Saturation Flow for Through Movement

The PCU values yielded for each type of vehicle in every cycle of saturation flow
were used to transform the mixed traffic flow into equivalent number of PCUs, and
then flow was converted to hourly saturation flow values. Average saturation flow of
all cycles in an approach was calculated. The effective approach width for through
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Fig. 4 Variation of average PCU factors with turning radius for big car and heavy vehicle

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Av
er

ag
e 

PC
U

 v
al

ue
s

Right Turning Radius (m)

2-wheeler

3-Wheeler

Fig. 5 Variation of average PCU factors with turning radius for three wheelers and two wheelers

traffic was taken in the same ratio as the proportion of through traffic in the approach.
Results are given in Table 4. Plot between saturation flow and effective approach
width is shown in Fig. 6. Second-degree polynomial curve was found as the best fit
for the data points and the expression is given below:

Saturation flow, SF = 51.357 ∗ W 2 − 139.11 ∗ W + 2224.2 PCU/h of green (R2 = 0.79)
(3)

whereW is the effective approachwidth for throughmovement inmetres. The average
saturation flow per lane width of all intersection approaches was 1960 PCU/h of
green, and it is around 3.16% higher than 1900 PCUs per hour of green proposed
in HCM 2010. It might be due to heterogeneity in the traffic, poor lane discipline
followed by the vehicle users and small car being taken as standard vehicle for
calculating PCUs of remaining categories of vehicles.
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Table 4 Variation in saturation flow of different approaches with approach width

Intersection
no.

Intersection name Approach
considered

Approach
volume
(vph)

Effective
through
width (m)

Saturation
flow
pcuphg

3 Noida intersection-3 NB 930 4.50 2960

3 Noida intersection-3 SB 936 5.20 2697

4 Lodhi road NB 720 6.10 2975

4 Lodhi road SB 734 6.50 3078

1 Noida intersection-1 NB 2110 7.70 5098

2 Noida intersection-2 SB 3290 8.90 6015

3 Noida intersection-3 EB 1858 9.00 4610

3 Noida intersection-3 WB 1416 9.00 4473

4 Lodhi road EB 2668 9.00 5006

1 Noida intersection-1 SB 2728 9.70 5753
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Fig. 6 Variation of saturation flow with effective approach width

4 Conclusion

Traffic data were collected at four intersections having different approach widths.
Saturation flow was estimated for through movements and right-turning movements
separately, and results are presented and discussed in the paper. Present study pro-
posed a new method to yield the saturation values at signalised intersection by clear-
ance method. The proposed method minimises the variance in the saturation flow for
each cycle at a signalised intersection. PCU values were determined for each type
of vehicles separately. PCU values obtained from this method were found compar-
atively better than the PCU values obtained from other methods. This study later
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estimated saturation flow values in most of the approaches, whose estimate has been
carried out based on all PCU values by clearance method. It was observed that PCU
values for through moving vehicles increase linearly with effective approach width
and PCU values for right-turning vehicles increase linearly with the radius of right
turn. Further, the saturation flow of an approach increases with its effective approach
width, and a model is proposed to measure the effect of approach width on saturation
flow. In addition, saturation flow for through movements is found to increase with
the presence of heavy vehicles in the approach.
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Travel Behavior of Agartala City, India
Using Panel Data

Amitabha Acharjee and Partha Pratim Sarkar

Abstract This study analyzes the change inmobility pattern and their psychological
effect on dynamic travel behavior. 3,416 respondents’ data have been collected from
the Agartala city randomly to understand the travel behavior of two different pan-
els. More specifically, from the data, it can be observed that motorized two wheelers
(MTW) ownership, car ownership, and nonmotorized transport were increasing from
the last 5 years. The influences of attitudes along with socioeconomic parameters
such as monthly cluster income, motorized two wheeler ownerships (MTW), non-
motorized ownerships (NMT), employment type were used for modeling. Structural
equation modeling has been used to analyze the travel behavior. Results show that
the change of travel decision varies with income. From the analysis of latent vari-
ables such as comfort, flexibility, reliability, and safety associated with modes such
as car, motorized two wheeler, nonmotorized transport was found to be significant
with cluster income over the change of time. Also from the data, it can be seen that
there was an increase in the use of NMT modes even when infrastructure was not
favorable; and with improvement in infrastructure, there is a good probability to
increase the mode share of NMT modes across all income level.

Keywords Psychological · Habit · Car ownership · Two wheeler ownership
(MTW) · Bicycle ownership (NMT) · Flexibility · Safety · Comfort · Reliability

1 Introduction

Rapid urbanization, shifting behavior of vehicle especially nonmotorized to motor-
ization, and the change of economy are leading to decline urban transportation sys-
tems substantial in many developing countries like in South Asia [18]. Because of
limited resource, the restricted and imperfect way of implementing system capacity
and the inequality between demand and supply is increasing further [19]. As a result,
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many cities are facing problems of increased suburbanization and congestion and
also decrease the safety of human mobility [19].

Because of these changes, the specific human mobility characteristics need to be
study broadly [14]. For making a good urban planning strategy, it is essential to study
the dynamic travel behavior in developing country. This paper carried out an extensive
study of human behavior on mobility characteristic of two panels in Agartala city,
India. Mode choice behavior generally consists of individual’s attitudes, subjective
norms, and perception of travel behavior [4]. Psychological effect on the choice of
different modes is an important factor which was considered in this study. A person
who uses the bus forwork tripmay not reflect the habits of bus choice for the very next
day. Choice of mode of the past and the present panel of data may not depend on their
habits but also on their socioeconomic factors [2, 5, 6]. But it is true that past behavior
could contribute to the predictions of present behavior. The hypotheses proposed on
social norms [15], anticipated regret [20], and self-identity [7, 8] were found to affect
the travel behavior. Some authors [8–10, 12, 13] carried out a longitudinal study to
investigate the effect of new bus service among the college students in Germany.
They observed that attitude and subjective norms are important factors for the choice
of bus mode.

To test the habit and psychological factors, we studied some frequency perfor-
mance parameters to analyze the variation of travel behavior. The parameters were
generally used to identify travel behavior onmode choice based onnumber of trips per
person per day, travel time per trip, travel distance per trip, and passenger kilometers
of travel (PKT) [11, 26, 27]. Temporal variabilities of car use and the car owner-
ship were also important factors for understanding the habit process in mode choice
[21]. Attitudes and perceptions of different modes were also reported to affect travel
behavior [16, 25, 28]. Some of the author [17] adoptedMarkovmodels to analyze the
changes in the activity and travel patterns over time in the Puget sound transportation
panel. One-way analysis of variance ANOVAwas carried out to investigate the three
different panel data like stayers, dropouts, and refresher. The same panel data were
used by Sunkanapalli et al. [26] and carried out a dynamic analysis of traveler’s
attitudes and perceptions. They found that bus mode was declining more than the
automobile mode. This outlined the use of association rules to identify patterns in
activity [14].

2 Study Area Description

Data have been collected in Agartala city to understand the effect of dynamic travel
behavior.Agartala city is the second largest city based on population andmunicipality
area in northeastern part of India, after Guwahati. Municipality area is divided into
49 wards (Fig. 1).

According to census data 2011, the population of Agartala was 5,22,613 with
male population of 2,66,103 and female population of 2,56,864 and having a total
municipal area of 76.51 km2 [3, 22, 23].
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Fig. 1 Location of the study area (Agartala)

Table 1 shows different percentages of vehicle ownership between two panel data,
in which one panel is retrospective in nature. It is observed that motorized vehicle
increased very abruptly compared to the nonmotorized vehicle. Data indicate that
a number of students slightly reduced in current scenario. Data were categorized
into three education qualifications such as graduate, higher secondary level, and
secondary school certificate (SSC) level. It is observed that the large percentages of
people are educated up to SSC level. In work-related trips, 75% of people traveled
between 0 and 1 km at the last end of the panel data in 2012.

People aremore interest towalk compared tomotorized and nonmotorized vehicle
when the travel distance is less. Apart from walking, people use more NMT and
motorized three wheeler (MThW) vehicle. Figure 2 shows the mode used for work
trips. It can observe that MThW use is 31% and MTW is 25%. Mode shares of buses
and car are less commute mode compared to the other modes. The share of bicycle
and walking are almost equal.



50 A. Acharjee and P. P. Sarkar

Table 1 Comparison of two panel data

At present (value in
percentage)

5 years back (value in
percentage)

Vehicle ownership

Car ownership 11 7

Motorized two wheeler 43 28

Nonmotorized mode 20 7

License driver in a family

Four wheeler vehicle 7 4

Two wheeler vehicle 35 25

Both four and two wheeler
vehicles

6 3

No vehicle 56 40

Education qualification

Up to SSC 79 48

Class 12 8 4

Graduate 50 35

Distance of work trip (km)

0–1 75 65

2–5 40 30

6–10 30 25

11–20 22 12

Above 20 10 7

Fig. 2 Mode use for work
trip

Car
9% Bus

4%

MThW
31%

MTW
25%

Cycle
12%

Rickshaw
10%

Walking
9%

In Table 2, the statistics of socioeconomic characteristics like age, gender, house-
hold income, vehicle ownership, and driving license status of commuter are pre-
sented. These data are useful in examining the variability of socioeconomic infor-
mation, which could be useful in the formulation of the Dynamic model.
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Table 2 Summary of
socioeconomic data acquired
for the study

Socioeconomic characteristic Value in percentage

Gender

Male 73.38

Female 26.62

% of individual age

Up to 19 3.95

20–29 17.69

30–39 18.53

40–49 24.08

50–59 22.77

>60 12.98

License 49.5

Not having license 50.5

% of individuals (years of education)

0 0.19

1–5 4.05

5–8 9.13

8–10 20.51

11–12 15.62

16–18 17.31

19–21 0.00

More 0.19

Car ownership 13.83

MTW ownership 44.21

Household income (monthly)

0–2000 0.03

2001–10,000 30.86

10,000–20,000 25.55

20,000–50,000 31.37

>50,000 12.15

3 Methodology

More precisely, structural equation modeling (SEM) is a general modeling frame-
work that integrated a number of different multivariate techniques into the overall
framework. It is a framework which draws on a number of different disciplines. In
this study, structural equationmodeling has been applied to reveal the causal relation-
ship between sociodemographics and latent attitudinal factors of the two different
waves. Confirmatory factor analysis was one of the suitable processes to understand
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Table 3 Average perception
rating for different modes

Statement of attribute Car Bus MTW NMT

Comfortable journey 4.06 3.80 3.72 2.48

Comfortable seats 3.76 3.98 3.68 2.6

Very easy accessibility 3.69 2.90 3.89 2.71

Quickly accessible mode 3.91 2.78 3.89 2.49

Travel time prior to trip is
known

3.89 3.22 3.91 2.29

Safety (accident) 3.83 4.20 3.22 2.14

Safety (theft) 3.91 3.70 3.68 1.97

Safety (weather) 3.88 4.00 2.2 1.8

Ability to make more trips 3.85 2.90 3.68 3.85

Can travel in a same vehicle 3.94 2.70 3.92 3.95

the travel analysis. Confirmatory factor analysis is a process by which judgment
regarding the structure and content of the factors was applied and then the statisti-
cal results for these established factors were estimated. Confirmatory factor analysis
(CFA) produces many goodness-of-fit measures to evaluate the model. Therefore,
CFA using AMOS was carried out in this study area.

A general SEM model can be written as

Y = α + βy + Γ x + ξ (1)

where “X” represent the independent variables, “Y” represent the dependent vari-
ables, “α” is a intercept term, “β” is a square matrix of the direct relationship between
the dependent variables, “�” is a square matrix of coefficients from independent to
dependent variables, and “ξ” is a column vector of errors.

Table 3 gives the mean perception rating of different modes. From Table 3, it can
be seen that people generally prefer car for their comfort as well as safety. In case of
flexibility, people experience MTW to be more flexible mode compared to the other
modes.

4 Model Formation and Result

The study has verified the hypothesis that perception of individuals influences mode
choice with respect to the level of income. The contribution of this study with respect
to 5 years back responses about income in the consideration of heterogeneity in
individual choice, especially comparing the attributes of individual mode choice
characteristic. This study also highlights the reason for shifting of mode for 5 years
back to the current scenarios. Table 4 is estimated using all twowaves of the panel data
carried out in Agartala city. Statistically, significance of latent variable is included in



Travel Behavior of Agartala City, India Using Panel Data 53

the model. Structural equation model is used to correlate the 5-year socioeconomic
panel along with their cluster income. From the model, it is clearly observed that
motorized and nonmotorized transportation mode increased from the last 5 years and
also observed the shifting behavior of themode from last 5 years.Model also suggests
that high-income person are likely to use a car, and low-income person are likely
to use bicycle (NMT) mode. The reason behind the use of car is comfort, flexible,
reliable, and safe. All the three alternative comforts are measured in terms of journey,
reliabilitymeasured in terms of easy to access, flexibility measured in terms of ability
of trip, and safety is measured with accident. The latent factor of MTW ownership
such as comfort of MTW, reliability of MTW, safety of MTW, and flexibility of
MTW modes are correlated with medium-income person. Flexibility, comfort, and
reliability of motorized two wheeler ownerships are positively correlated but the
safety of MTW is negatively correlated. It seems that the causes of accident by
MTW vehicles are more comparing to other two modes. Similarly, the four latent
variables such as flexibility, comfort, reliability, and safety are correlated with NMT
with respect to low income. Low-income people are feeling that motorized vehicles
have the ability to make more trips in a short time. Estimated results show good
model fit. The values of RMSEA and GFI values are 0.015 and 0.97, respectively,
which is in the range of good model fit [1] (Fig. 3).
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Table 4 Results of two panels of car, MTW, and NMT travel mode

Latent construct Path Estimate P-value

Education qualification ← Education qualification five 1.192 0.001

NMT ownership ← NMT 5 years 1.776 0.001

Car ownership ← Car ownership 5 years 1.14 0.002

MTW ownership ← MTW 5 years back 1.49 0.01

NMT ownership ← MTW 5 years back 2.054 0.01

NMT ownership ← Car ownership 5 years 1.102 0.01

MTW ownership ← Car ownership 5 years 2.193 0.01

NMT ownership ← Education qualification −1.3 0.003

Car ownership ← Education qualification 2.002 0.05

MTW ownership ← Education qualification 2.02 0.01

High income ← Car ownership 1.97 0.03

Low income ← MTW ownership −1.18 0.04

Medium income ← MTW ownership 2.639 0.05

High income ← MTW ownership 2.009 0.02

Medium income ← NMT ownership −1.15 0.01

Low income ← Car ownership 5 years −1.05 0.01

High income ← Car ownership 5 years 1.002 0.01

Medium income ← Car ownership 5 years −1.27 0.03

Low income ← MTW 5 years back −3.086 0.04

Medium income ← MTW 5 years back 3.05 0.01

High income ← MTW 5 years back 2.01 0.00

Low income ← NMT 5 years 1.172 0.01

Medium income ← NMT 5 years 2.069 0.01

High income ← NMT 5 years −1.07 0.00

High income ← NMT ownership −3.08 0.002

Medium income ← Car ownership 1.51 0.06

Low income ← NMT ownership 1.13 0.07

License 5 years ← Car ownership 1.248 0.05

Comfort (MTW) ← MTW 5 years back −1.03 0.02

Comfort (NMT) ← Low income 2.383 0.04

Reliability (NMT) ← Low income 1.184 0.03

Flexibility (NMT) ← Low income 2.214 0.05

Safety (NMT) ← Low income 1.002 0.02

Safety (MTW) ← Medium income −2.14 0.02

Comfort (MTW) ← Medium income 1.319 0.03

Reliability (NMT) ← Medium income 2.066 0.01

Flexibility (MTW) ← Medium income 1.124 0.02

Flexibility (NMT) ← High income −2.24 0.01

(continued)
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Table 4 (continued)

Latent construct Path Estimate P-value

Comfort car ownership ← High income 1.046 0.04

Safety car ownership ← High income 1.071 0.04

Reliability car ownership ← High income 2.061 0.01

Comfortable in journey (MTW) ← Comfort (MTW) 1

Very easy accessibility (MTW) ← Reliability (MTW) 1

Can exactly travel time prior to
trip is known (MTW)

← Reliability (MTW) 1.986 0.05

Very easy accessibility (MTW) ← Flexibility (MTW) 1

Can travel in a same vehicle
(MTW)

← Flexibility (MTW) 2.844 0.04

Ability to make more trips
(MTW)

← Flexibility (MTW) 3.499 0.01

Safety (weather) (MTW) ← Safety (MTW) 1

Safety (theft) (MTW) ← Safety (MTW) 2.381 0.03

Safety (accident) (MTW) ← Safety (MTW) 1.855 0.08

Comfortable seats (car) ← Comfort (car) 1

Comfortable in journey (car) ← Comfort (car) 1.699 0.01

Can exactly travel time prior to
trip is known (car)

← Reliability (car) 1

Very easy accessibility (car) ← Reliability (car) 2.225 0.00

Very easy accessibility (car) ← Flexibility (car) 1

Can travel in a same vehicle (car) ← Flexibility (car) −1.06 0.04

Ability to make more trips (car) ← Flexibility (car) −1.29 0.05

Safety (weather) (car) ← Safety (car) 1

Safety (theft) (car) ← Safety (car) −1.54 0.04

Safety (accident) (car) ← Safety (car) 1.73 0.09

Comfortable seats (NMT) ← Comfort (NMT) 1

Comfortable in journey (NMT) ← Comfort (NMT) 1.676 0.03

Can exactly travel time prior to
trip is known (NMT)

← Reliability (NMT) 1

Very easy accessibility (NMT) ← Reliability (NMT) 1.86 0.05

Very easy accessibility (NMT) ← Flexibility (NMT) 1

Can travel in the same vehicle
(NMT)

← Flexibility (NMT) −1.64 0.03

Ability to make more trips (NMT) ← Flexibility (NMT) −1.87 0.06

Safety (weather) (NMT) ← Safety (NMT) 1

Safety (accident) (NMT) ← Safety (NMT) 2.637 0.03

Goodness of model fit RMSEA 0.015

GFI 0.97
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5 Conclusion

In this paper, we have explored several latent variables related to the physiological
parameter along with the socioeconomic and demographic parameters of two panel
waves. From the analysis of latent variables such as comfort, flexibility, reliability,
and safety associated with modes such as car, MTW and NMT are significant with
income. It is observed that higher income people are choosing a car as it provides
comfort, safety, reliability, and flexibility. In case of medium income, people are
choosing MTW for comfort, reliability, and flexibility but not as a safe mode. If
we talk about the NMT mode, lower income persons are choosing NMT mode as
a comfortable, reliable, and safe mode but not as a flexible mode. It is observed
from the two waves (2007 and 2012) of the similar household data that Agartala
city with its thousands of nonmotorized users has a huge potential to become a state
with major share of nonmotorized user in India. From the structural equation model,
ownership of a car and motorized vehicle also increased from the last 5 years. It
is noteworthy that uses of the nonmotorized vehicle are also increased despite the
poor presence of any nonmotorized friendly infrastructure and policies. We have to
encourage more NMT mode by implementing some of the policies like educational
campaigns, allocation of the fund to create more bicycle-oriented infrastructures.
Apart from all the policies, the crucial point is to change the current mindset of all
kind people in the society to promote NMT mode.
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Effect of Natural Rubber, Carbon Black,
and Copper Slag as Construction
Materials in Flexible Pavement:
A Review

S. Asvitha Valli and Sreevalsa Kolathayar

Abstract In this paper, the effect of natural rubber, carbon black, and copper slag
in the construction of flexible pavement is discussed. Natural rubber is used as a
construction material because of its abundant availability and for its high tensile
strength and good vibration absorption properties. Copper slag is obtained as a by-
product of copper production, which is available in ample in India. In the year 2017,
the volume of copper produced in India is nearly 134,790 metric tons. So many
researchers studied the effect of copper slag on pavement construction and observed
convincing results in improving the mechanical properties of the mix. Carbon black
is used as a bitumen modifier in the flexible pavement which improves the properties
like tear strength, resilience, and conductivity. It is observed that with 10% carbon
black the creep value is lowered. The copper slag, when used as fine aggregate in
variousmixes, proved the improvement of volumetric andmechanical property of the
mixes. It is also found that the utilization of natural rubber, carbon black as bitumen
modifier, and copper slag as a substitute for fine aggregate improves the properties
of the pavement significantly.

Keywords Waste management · Natural rubber · Copper slag · Carbon black ·
Pavement

1 Introduction

Apavement consists of superimposed layers ofmaterials to transfer the vehicle load to
the soil subgrade. The various layers in a flexible pavement are soil subgrade, subbase
course, base course, and surface course. The subgrade serves as a foundation for the
pavement. The subbase course functions as a structural support and also helps in
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Fig. 1 Ziegler–Natta
polymerization

improving the drainage. The base course contributes to load distribution and surface
drainage. This base course is generally made up of granular materials like crushed
stone and crushed slag. The surface course should be made up of superior quality
materials because of its direct contact with the traffic. The base course and subbase
course are generally constructed using aggregates which are in greater demand in
the market.

In recent years, studies have been done using the waste materials in the construc-
tion of pavements. This will lead to the usage of cost-effective construction material
and also the effective disposal of the waste [1]. It is also evident from the previous
researches that incorporation of copper slag, rubber, and carbon black improves the
performance of the bituminous mix [2]. This bitumen modified with polymers or
waste materials mainly focusses on the mechanical and physical properties of the
rubberized mixture. It is found that rubberized bitumen are sensitive when exposed
to heavy vehicle load and variation in temperature [4]. The use of copper slag as a
partial replacement of fine aggregate in the mix proved a good interlocking property.

2 Natural Rubber

Natural rubber is an archetype of all elastomers. Rubber is obtained from the bark of
Hevea tree in the form of latex. The rubber is extracted from the latex after treating it
through several steps which include preservation, concentration, coagulation, dewa-
tering, drying, cleaning, and blending. Depending on various factors like viscosity,
oxidation resistance, and rate of cure, it is classified into various grades formarketing.
Modified natural rubbers are available as epoxidized natural rubber, deproteinized
natural rubber, and thermoplastic natural rubber.

Natural rubber is a quintessential polymer for engineering applications. Natural
rubber chemically known as polyisoprene is diene polymer. These diene polymers
have a carbon–carbon double bond in its backbone. This polyisoprene is obtained by
Ziegler–Natta polymerization (Fig. 1).

2.1 Properties of Natural Rubber

• High tensile and tear strength.
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• Resistance to fatigue.
• Insoluble in water, acetone, dilute acids, and alkalis.
• Absorb vibration.
• Elastic in nature.

The addition of carbon black, anti-degradants, softeners, and the proper vulcan-
ization system will help in achieving the required properties. This polymer-modified
bitumen is found to increase the quality of bitumen. This reduces the permanent
deformations due to overload and is also unaffected by the changes in the atmo-
spheric temperature.

2.2 Natural Rubber–Bitumen Mixes

Bitumen is manufactured from the distillation of crude oil during petroleum refining.
The crucial characteristics of bitumen are adhesiveness, waterproof, thermoplastic,
durable, modifiable, and recyclable as a construction material. It is found that 85% of
the bitumen obtained is used as the binder in the construction of pavements [5]. In the
early ages, rubber was mixed with bitumen to enhance the performance of the pave-
ment. The rubber-modified bitumen was beneficial in extreme weather conditions,
and the expansion and contraction due to the varying temperature were arrested by
the elastic behavior of rubber [6]. Previous studies determined that the incorporation
of rubber in bitumen proves the long-run performance of the pavement.

Due to the recent developments and lack of maintenance of pavements, the ser-
vice life of pavements was decreased [7]. At a higher temperature in tropical areas,
the bitumen runs similar to viscid liquid which proves the lack of viscoelastic and
rheological properties in bitumen. This results in the deformation of the pavement
surface [9]. On the other hand, at cold climate, the bitumen becomes inflexible and
stiff resulting in the fatigue failure. So these leads to the inclusion of other materials
like copper slag, carbon black in the pavement construction (Fig. 2) [10].

Deshmukh and Kshirsagar [3] performed an experimental study by varying the
percentage of rubber by 0, 8, 10, 12, and 14% and observed that penetration value
decreases as the percentage of rubber increases. This proves that the inclusion of
rubber makes the bitumen mix harder. An increase in the softening point value with
the increase in the rubber content is observed, which proved that rubber-modified
is less vulnerable to temperature variation. Ductility value is found to be decreased
with the increase in rubber content which proves that the addition of rubber makes
the bitumen mix stiffer.

3 Carbon Black

Carbon black is a product of incomplete combustion. It is a commercial form of solid
carbon. Carbon black typically contains 95% of pure carbon with minimal quanti-
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Fig. 2 Variation of experimental values with different percentages of rubber

Fig. 3 Variation of experimental values with different percentages of carbon black

ties of hydrogen, nitrogen, and oxygen. It is used with other materials to improve
their physical, electrical, and optical properties. Carbon black helps in increasing
the properties like tear strength, resilience, and conductivity. It is used as a rubber
reinforcing agent in the manufacturing of tires. This carbon black acts as a chemical
strengthener in rubber. The carbon black is of two types like pyrolysis carbon black
and petroleum carbon black. The pyrolysis carbon is economical compared to the
petroleum carbon black. The pyrolysis carbon black is the second product of the tire
pyrolysis industrial plant.

Experimental studies have been done by Saritha and Kiran Kumar [8] with differ-
ent percentages of 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2% Carbon Black (CB)
and observed a slight variation in the softening point, penetration, ductility values as
shown in Fig. 3.
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3.1 Copper Slag as Aggregate

The copper slag is added to the fine aggregate which improves the interlocking
properties, volumetric, andmechanical properties of the bituminousmix. The density
of the mix is increased by 16%, which shows the improvement in the interlocking
property. The addition of 25% of CS shows favorable results in theMarshall quotient
to the values closer than the conventional mix. The fatigue life of the bituminous mix
is improved by the use of copper slag as a fine aggregate. This also increases the
abrasion resistance of the pavement.

4 Conclusion

Thus the remains of natural rubber can be effectively used as the constructionmaterial
for pavement. The penetration value obtained from experimental studies for natural
rubber is in between 20 and 50 mm. This can be used in any climatic conditions.
The softening point is between 50 and 55 °C; this can be used in warmer regions.
The viscosity test proved that the resistance to flow increases with the increase in
natural rubber. The incorporation of natural rubber thus improves the performance
of the bitumen.

The asphalt binder does not have the electrical and thermal conductivity, but the
addition of carbon black of different sources improved various properties like anti-
aging, electrical, and thermal conductivity. This helps in improving the behavior of
pavement at varying climatic conditions. The copper slagobtained from the extraction
of copper can be used as a construction material because of its physical properties.
This improves the interlocking property of the aggregate, thereby increasing the
load transfer capacity of the pavement. Thus, the addition of natural rubber, carbon
black, and copper slag in various proportions with the bituminous mix improves the
behavior of flexible pavement.
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Finite Element Modelling of Built-Up
CFS Channel Columns Under Axial Load

Krishanu Roy, Tina Chui Huon Ting, Hieng Ho Lau and James B. P. Lim

Abstract A finite element model is described in this paper, which investigates the
behaviour of CFS built-up channel columns, connected back-to-back with the help of
intermediateweb fasteners, subjected to axial load. Finite element packageABAQUS
was used to develop the finite element models for built-up columns, which were ver-
ified against the test results reported by the authors. Non-linearities of materials and
initial imperfections were included in the FEA model. Axial capacity, deformation
patterns and load–displacement behaviour were reported from the FE analyses and
validated against the test results, reported by the authors in another paper. Axial
strengths obtained from the FEA modes were verified against the AISI and AS/NZS
design strengths, for CFS built-up columns; obtained comparisons showed that AISI
and AS/NZS standards were un-conservative for stub and short columns which failed
by local buckling, whereas standards were over-safe for columns failed through over-
all buckling.

Keywords Cold-formed steel · Back-to-back sections · Built-up columns ·
Buckling · Fasteners

Notation

A′ Total length of the web
Ae Effective sectional area
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B′ Total flange width
C′ Total lip width
CFS Cold-formed steel
t Section thickness
COV Coefficient of variation
E Young’s modulus
Fn Critical buckling stress
(KL/r)ms Modified slenderness
(KL/r)o Overall Slenderness
PAISI Axial capacity in accordance with American Iron and Steel Institute
PFEA Axial capacity determined from the finite element investigations
S Longitudinal spacing between fasteners
λc Non-dimensional slenderness ratio

1 Introduction

The use of CFS built-up channels, connected back-to-back at the webs, is increasing
(see Fig. 1), as compression members because of its superior strength-to-self weight
ratios and economic design. Cold-formed steel members are easy to construct and
also to compare hot-rolled steel members. CFS industry is looking for most effective
cross sections of the structural members. However, for large span beam and column
members, it is very effective to connectmore than one section together to form a built-
up section. These built-up sections can carry higher loads and can be used for larger
spans, e.g. columns in warehouse or shopping malls, steel trusses, portal frames,
space frames and wall frames. Current design guidance according to the American
Iron and Steel Institute [1] and the Australian and New Zealand Standards (AS/NZS
4600: 2005) usesmodified slendernessmethod to determine the axial capacity of CFS
built-up channels. However, the applicability of themodified slenderness method has
not been justified for CFS, unlike hot-rolled steel built-up columns.

Very few researches have been done to determine the axial strength ofCFSbuilt-up
channel sections, as shown in Fig. 1. The effect of fastener spacing on the strength of
built-up channels, connected back-to-back, was investigated by Ting et al. [14] which
was followed by Roy et al. [6] to study the effect of thickness on the axial strength of
built-up CFS channel sections, connected at the webs of two channels. CFS built-up
battened columns were investigated by Dabaon et al. [3], and they have concluded
that the AISI and AS/NZS and the eurocodes were un-conservative for columns
undergoing local buckling but the standards predicted the failure load safely for
those built-up columns failed throughflexural buckling. Piyawat et al. [5] investigated
welded back-to-back built-up columns. Zhang andYoung [19] considered an opening
in the CFS built-up columns, connected back-to-back (see Fig. 2). Whittle et al.
[18] investigated the axial strengths of built-up columns which were welded toe-
to-toe. Stone and LaBoube [16] considered stiffened flange and track back-to-back
channel sections. Other works include that of Fratamico et al. [4] and Anbarasu



Finite Element Modelling of Built-Up CFS … 67

(a) BU75

Fig. 1 Cross-sectional details of the CFS built-up channel sections investigated herein
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Fig. 2 Built-up CFS section
investigated by Zhang and
Young [19]

et al. [2] who considered CFS built-up columns, connected back-to-back, while
CFS built-up columns, connected by intermediate screws and wood sheathed, were
investigated experimentally by Fratamico et al. [4]. On the other hand, Roy et al. [15]
investigated the investigated the effect of fastener spacing on axial capacity of built-
up duplex stainless steel channels, connected back-to-back. Roy et al. [11–13] also
studied experimentally and numerically, the axial capacity of built-up CFS channel
sections, connected back-to-back with a gap between two channels and concluded
that the current design guidelines by AISI and AS/NZS can be too conservative while
predicting the axial capacity of such columns. Also, investigated by Roy et al. [7],
the behaviour of built-up CFS un-lipped channel sections, connected back-to-back,
subjected to compressive force. The cold-formed built-up stainless steel un-lipped
channel sections under compression were investigated by Roy et al. [13]. On the
other hand, face-to-face built-up CFS channels were tested under compression by
Roy et al. [14]. Roy et al. [17] investigated the behaviour of built-up CFS columns
connected back-to-back under axial load and compared the test results against the
current design rules as per AISI and AS/NZS.

Sixty finite element results are presented in this paper for CFS built-up channels
connected back-to-back under axial load. FE models considered non-linear material
properties and initial imperfections. Explicit modelling of intermediateweb fasteners
has been described. The axial capacity and deformation patterns of CFS built-up
columns are reported. FEA results agreedwellwhen compared against the test results,
conducted recently by authors [8–10]. FEA results compared against the AISI and
AS/NZS strengths.AISI andAS/NZS standardswere shown to be safe for all columns



Finite Element Modelling of Built-Up CFS … 69

failed through overall buckling; however, theAISI andAS/NZSwere un-conservative
for all stub and some short columns which failed by local buckling.

2 AISI and AS/NZS Design Guidelines

Finite element strengths were compared against the design strengths calculated in
accordance with the AISI and AS/NZS. For built-up CFS columns, the axial strength
is calculated according to AISI and AS/NZS as follows:

PAISI = Ae Fn (1)

The critical buckling stress (Fn) is determined as below:

For λc ≤ 1.5:Fn = (0.658 λ2
c)Fy (2)

For λc > 1.5,Fn =
(
0.877

λ2
c

)
Fy (3)

The non-dimensional critical slenderness (λc) is calculated using Eq. 4:

λc =
√
Fy

Fe
(4)

Modified slenderness ratio was used for all calculations as per Eq. 5.

(
KL

r

)
ms

=
√(

KL

r

)2

+
(

s

ryc

)2

; For which

(
s

ryc

)
≤ 0.5

(
KL

r

)
o

(5)

3 Summary of Experimental Tests

The non-linear FEA models, developed herein, were verified against the test results
reported by the authors recently [8–10], (see Fig. 1). The built-up lipped channels
were tested under compression for different column lengths starting from stub (length
of 300 mm) to slender (length of 2000 mm) columns. Thickness of the CFS chan-
nels was 1.2 mm. Figures 1b and 2a show cross-sectional details of the built-up
columns, investigated by Roy et al. [8–10], to be referred to as BU75 and BU90,
respectively. The measured specimen dimensions are shown in Table 1a, b for BU75
and BU90, respectively. In total, 60 specimens were tested, covering four different
column heights: 0.3, 0.5, 1 and 2 m. Types of the built-up section, fastener spacing,
nominal specimen length and test specimen number were coded by the specimen
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Fig. 3 Specimen labelling

Fig. 4 Built-up column test
setup (1-m-long column
tests)

labelling. Figure 3 shows an example of the labelling used in the experimental pro-
gramme.

In order to determine the material properties, i.e. the Young’s modulus and yield
strength, tensile coupon tests were conducted. From the results of tensile coupon tests
for longitudinal and transverse directional coupons, average values of the modulus
of elasticity and yield stress were 207 N/mm2 and 560 N/mm2, respectively.

All the built-up columnswere loadedwith the help of aUniversal TestingMachine
(UTM) (see Fig. 4). The capacity of the UTMwas 600 kN. Prior to testing, an LVDT
with 0.11 mm accuracy was used to measure initial geometric imperfections present
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Fig. 5 Initial imperfections for BU90-S200-L300-1

in the channel sections. In Fig. 5, initial imperfections are plotted against the length
of the built-up columns for BU90S200L300-1. These imperfections are included in
FEA models described in this article. Further details of the experimental tests are
available in [8–10].

4 Numerical Study

4.1 General

ABAQUS 6.14-2 was used to develop a finite element model for CFS built-up
columns under axial load. Centre line dimensions were used for all FEA models.
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Two types of finite element analysis were performed for buckling of built-up sec-
tions: Eigenvalue analysis and load–displacement analysis. Eigenvalues of the built-
up columnswere determined tomodel the geometric imperfections. A load–displace-
ment non-linear analysis was, then, carried out using RIKS algorithm available in
the ABAQUS library. The geometric imperfections and non-linear material proper-
ties were included in the FEA model. From this analysis, the failure loads, buckling
modes and load–axial shortenings are determined. Specific modelling techniques are
described in detail as below.

4.2 Geometry and Material Properties

The built-up channels were modelled considering the full geometry of the columns
including web fasteners. Non-linear stress–strain relationships were specified in the
finite element model to incorporate the material non-linearity. The non-linear elas-
tic–plastic model was used for modelling the built-up columns in ABAQUS. Yield
stress of 560 MPa and ultimate stress of 690 MPa, along with Young’s modulus of
207 GPa, were used in finite element modelling.

4.3 Type of Elements and Finite Element Meshing

S4R5 thick shell elements were used to model the built-up columns. S4R5 elements
were four-noded quadrilateral thick shell element. Across the length and width, a
mesh size of 5 mm× 5 mmwas used for the convergence of the model. A number of
elements were confirmed through a mesh sensitivity analysis. An FE mesh is shown
in Fig. 6 for BU75-S100-L500-1.

4.4 Modelling of Boundaries and Loading Procedure

Pin–pinnedboundarieswere applied in all finite elementmodels for built-up columns.
Two rigid plates were used at top and bottom ends of the built-up columns to simulate
the experimental test results. Pin–pin boundary condition was modelled by applying
rotations and displacements to both the end plates through a reference point. The ref-
erence point was considered as the CG of the cross section of built-up channels. The
reference point was used to apply the load through the upper end plates. Fasteners
between two back-to-back channels were modelled using MPC beam connector ele-
ments available in the ABAQUS library (see Fig. 7). MPC beam connector elements
were assigned a stress of 62.10 MPa to incorporate the stiffness of the fasteners.
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4.5 Contact Modelling

“Surface to surface” contactwas defined as the interactionof thewebs of twochannels
connected back-to-back. The web of one channel was modelled as slave surface,
while the web of other channel section was considered as master surface. There was
no penetration between the two contact surfaces.

4.6 Geometric Imperfections in FEA Models

Initial imperfections were considered in the FEmodelling. Superimpositions of local
and global buckling modes were considered for accurate FE analysis. For all built-up
columns, eigenvalue analyseswere performed. For local buckling, very small channel
thickness was considered; however, for global buckling, large channel thickness
was used in finite element models. For local and global buckling modes, lowest
eigenmode was used in ABAQUS. The imperfections used in the modelling of built-
up channels were calibrated to the values measured from experiments by Roy et al.
[8–10]. Besides, local imperfection of 0.5% of channel thickness was included in all
finite element models as recommended by Roy et al. [7]. In Fig. 8, the contours of
local and overall buckling are shown for BU75-S100-L500-1.

Fig. 6 FE mesh at failure BU75-S100-L500-1
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Fig. 7 Boundary condition applied to the FE model (BU75-S100-L500-1)

4.7 FEA Model Validation

Results from the FEAmodels were verified against the test results available in the lit-
erature for built-up CFS columns, connected back-to-back under axial load. Figure 8
shows the failuremodes of stub, short and intermediate columns obtained from exper-
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Fig. 8 Initial imperfection contours (BU75-S100-L500-1)

imental tests conducted by Roy et al. [8–10]. Also, in Fig. 9, test and FEA strengths
are compared for BU75-S50-L300-1. As can be seen, the tests and FE results show
good comparison in terms of both failure load and deformed shapes.



82 K. Roy et al.

0 

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4 5 6 7 8 9 10

Lo
ad

 (k
N

)

Displacement (mm)

Test BU 75-S50-L-300-1 

FEA BU 75-S 50-L 300 1

Test BU 90-S50-L-300-1 

FEA BU 90-S50-L-300-1 

Fig. 9 Comparison of numerical and test results

Table 1a, b summarises the failure load obtained from the tests [8–10], whichwere
compared against the FEA results for BU75 and BU90, respectively. It is shown that
the mean of PEXP/PFEA is 1.04, with a COV of 0.02 for stub column of BU75 series
and PEXP/PFEA is 1.06, with a COV of 0.02 for stub column of BU90 series.

5 Comparison of FEA Results Against the Design Strengths

Table 1a, b shows the comparison of FEA strengths against the AISI and AS/NZS
strengths for BU75 and BU90, respectively. In Table 1a, b, it is shown that the
AISI and AS/NZS strengths were higher than FEA strengths by around 10%
for all stub columns. For reference, experimental strengths are also included in
Table 1a, b for BU75 and BU90, respectively. However, AISI and AS/NZS stan-
dard safely predicted the axial capacity of the built-up columns which failed through
global or overall buckling.

Figure 11a, b plotted the FEA and design strengths for BU75 and BU90, respec-
tively, against the modified slenderness. Experimental strengths from [8–10] were
also plotted in Fig. 11a, b for comparison. It is clear that the FEA strengths are very
close to test strengths. FromFig. 10, it can be seen that when themodified slenderness
ratio was less than 30, most of the built-up columns failed through local buckling
while most of the built-up columns failed through global buckling when the mod-
ified slenderness was greater than 55. Comparison of AISI and AS/NZS strengths
and FEA strengths are plotted in Fig. 12a, b for BU75 and BU90, respectively.
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Fig. 10 Built-up sections at failure

6 Conclusions

This paper has presented the results of 60 non-linear FEA analyses on CFS built-
up columns, connected back-to-back, subjected to axial load. Finite element model
includes explicit modelling of web fasteners, material non-linearity and geometric
imperfections. Failure loads and buckling modes for different lengths of built-up
columns are discussed. FEA models were validated against the experimental test
results which showed good agreement.
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The validated FEA models were used to check the accuracy of current design
guidelines. The column strengths from the FEA were compared against the AISI
and AS/NZS strengths. AISI and AS/NZS strengths were safe by around 15%, when
compared to the FEA results for 0.5, 1 and 2 m columns; however, for 0.3 m columns
AISI and AS/NZS, they were un-conservative by around 10%.

The first author is currently investigating the effect of different cross sections and
arrangement of screws for CFS built-up columns under eccentric load to develop
better design methods that will incorporate more accurate estimations of column
cross sections and screw spacing for different end conditions.
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Experimental Investigation
into the Behaviour of CFS Built-Up
Channels Subjected to Axial
Compression

Krishanu Roy, Tina Chui Huon Ting, Hieng Ho Lau and James B. P. Lim

Abstract Cold-formed steel (CFS) structural elements are emerging as the preferred
solution for many commercial and industrial buildings in the construction industry;
thus, the use of built-up CFS channel sections is inevitable. Available design rules,
for such back-to-back built-up sections, prescribe modified slenderness approach as
mentioned in the AISI and AS/NZS. In the literature, very few results are available
for such built-up sections. Sixty experimental tests are reported in this paper, which
were conducted on CFS built-up channel sections, connected back-to-back by inter-
mediate fasteners. Tests were conducted for different values of slenderness from
short-to-long columns. Results from these built-up column tests are discussed in the
context of load–axial shortening relationship, buckling modes and deformed shapes.
Experimental results are compared with the AISI and AS/NZS design strengths.
Comparison shows that the design strength is approximately 15%more conservative
as a whole; however, it overestimates the capacity of built-up columns governed by
local buckling failure.

Keyword CFS · Back-to-back channels · Built-up channels · Buckling · Fasteners

Notation

A′ Total web width
Ae Effective cross-sectional area
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B′ Total flange width
C′ Total lip width
t Section thickness
COV Coefficient of variation
E Young’s modulus
Fn Critical buckling stress
S Longitudinal spacing between fasteners
λc Non-dimensional slenderness ratio

1 Introduction

The increasing needs for innovation to cater for construction needs have led to the
development of cold-formed steel (CFS) industry. CFS is very much used due to
benefits such as ease of construction, and its high strength to weight ratio, which
allows economical and effective design of structuralmembers. One of the innovations
is the CFS built-up channels connected back-to-back at the webs (see Fig. 1). It is
very effective to use built-up I-section for large span beam and column members.
These built-up sections can carry higher loads and can be used for larger spans, e.g.
columns in warehouse or shopping malls, steel trusses, portal frames, space frames
and wall frames. Current design standards use the modified slenderness approach to
estimate the axial capacity of CFS built-up columns based on the design guidelines
from the American Iron and Steel Institute [1] and the Australian and New Zealand
Standards (AS/NZS 4600:2005) [21]. However, the effectiveness of the modified
slenderness approach has not been justified for CFS, unlike hot-rolled steel built-up
columns.

Very few literature are available on determining the compressive capacity of CFS
built-up channel sections with the configuration in Fig. 1. The authors studied the
effect of different fastener spacings in [23], and the influence of thickness in [11] on
the capacity of CFS built-up back-to-back channel columns connected at the webs
of two channels.

Previous research involves various forms of built-up sections. Piyawat et al. [7]
studied on back-to-back built-up columns connected by welds. Zhang and Young
[25] researched on CFS built-up columns connected back-to-back with an opening
at the web (see Fig. 2). There was also investigation on the axially loaded welded
built-up sections connected at the toes done by Whittle and Ramseyer [24]. Other
works on back-to-back built-up columns include [2, 5], while CFS built-up columns
connected by intermediate screws and wood sheathed were investigated experimen-
tally by Fratamico et al. [6].

Due to limited studies, research on other forms of built-up section serves as impor-
tant references as well. Dabaon et al. [4] studied on CFS built-up battened columns.
They found that the design standards, which include AISI and AS/NZS and the
Eurocodes, are un-conservative for columns governed by local buckling failure but
are conservative for columns governed by flexural buckling failure. Roy et al. [10,
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(a) BU90
*Dimensions are in mm

(a) BU75

Fig. 1 Dimensions of the investigated CFS built-up channel sections
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Fig. 2 Built-up CFS section
investigated by Young and
Zhang [22]

13, 18] also studied, experimentally and numerically, the axial capacity of back-
to-back gapped built-up cold-formed steel-lipped channel sections and concluded
that the current design guidelines by AISI and AS/NZS can be too conservative in
predicting the axial capacity of such columns. Also, investigated by Roy et al. [12],
the behaviour of built-up CFS un-lipped channel sections, connected back-to-back,
subjected to compressive force. The cold-formed built-up stainless steel sections
under compression were considered by Roy et al. [9, 14, 15, 20]. Axial load capacity
of cold-formed steel sections was investigated by Ramseyer [8]. On the other hand,
built-up CFS channels connected face-to-face were tested under compression by Roy
et al. [16, 17].

This paper presents 60 experimental test results conducted on axially loaded back-
to-back built-up CFS channels. Material properties and initial imperfections were
determined for all test specimens. The test results are analysed in terms of failure
loads, deformed shapes and load–deflection behaviour for two types of cross section,
BU75 and BU90, at various lengths of 0.3–2 m. When the experimental strengths
were compared against the AISI and AS/NZS, design guidelines are generally safe
for columns governed by overall buckling failure, however, are unsafe for built-
up channels governed mainly by local buckling failure. A finite element model is
presented for these built-up columns by the authors in another paper [19].
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2 Current Design Rules as Per AISI and AS/NZS

The theoretical results of the built-up columns investigated were calculated based
on the relevant clauses in the American Iron and Steel Institute specifications and
the Australia/New Zealand standard. These calculated strengths were later used for
comparison with the test strengths. The axial strength for built-up CFS columns is
calculated according to the equations from AISI and AS/NZS as follows:

PAI SI = AeFn (1)

The critical buckling stress (Fn) is determined as below:

For λc ≤ 1.5 Fn(0.658λ
2
c)Fy (2)

For λc > 1.5 Fn =
(
0.877

λ2
c

)
Fy (3)

The non-dimensional critical slenderness (λc) is calculated using Eq. 4:

λc =
√

Fy

Fe
(4)

Modified slenderness ratio was used for all calculations as per Eq. 5.
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3 Experimental Investigations

3.1 Test Specimens

The column specimens consist of channel sections of C75 and C90 as shown in
Fig. 1. Built-up column specimen dimension is also shown in Table 1. In total, 60
built-up columns were tested, with four different column heights from 0.3 to 2 m. All
the columns were loaded under axial compression and under pin-ended boundary
conditions on both ends of the columns, expect the stub column (0.3 m), which was
loaded under fixed ended boundary conditions. As shown in Table 1, the following
fastener spacings were considered in the test programme.
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Table 1 Fastener spacing

Column height (m) Screw spacing (m)

Five locations Three screw locations Two screw locations

0.3 0.050 0.100 0.200

0.5 0.100 0.200 0.400

1.0 0.225 0.450 0.900

2.0 0.475 0.950 1.900

Fig. 3 Specimen labelling

3.2 Determination of Material Properties

The material properties, i.e. the modulus of elasticity and yield stress, were deter-
mined using tensile coupon tests in accordance with the British Standard for Testing
andMaterials [3]. The coupons were cut from both longitudinal and transverse direc-
tionswithwidth and gauge length in accordancewith the testing standards at 12.5mm
and 50mm, respectively. A test machineMTSwas used to conduct the tensile coupon
tests. Load was applied through displacement control. An extensometer of 50 mm
gauge length was used to record the strain values. Two strain gauges were also used
to measure the strain values. The tensile coupon tests for longitudinal and transverse
coupons yield an averaged result of 207 MPa for modulus of elasticity and 560 MPa
for yield stress.

3.3 Labelling

Types of the built-up section, fastener spacing, nominal specimen length and test
specimen number were coded by the specimen labelling. For example, specimen
coding for BU90-S50-L300-1 is shown in Fig. 3. The specimen label shows that
the depth of the channel (i.e. the width of the web) is 90 mm as denoted by BU90.
BU stands for built-up section. Fastener spacing is denoted by S (50 mm), and the
length of the built-up column is 300 mm, as denoted by L. At the end of the label,
the number 1 is used to express the specimen number as 1.
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3.4 Test Setup and Loading Procedure

All the built-up columns were loaded with the help of a Universal Testing Machine
(UTM) (see Fig. 4). The capacity of the UTM was 600 kN. A constant loading
rate (below 25 kg/cm2/s) was maintained during the load application. Six LVDTs
were used for short, intermediate and slender built-up column tests, while three
LVDTs were used for stub columns. Figure 4 illustrates the locations of the LVDTs,
with one LVDT measuring the longitudinal direction for axial shortening, while all
other LVDTs measure the transverse direction for lateral displacement of the built-
up columns. The failure load was recorded by an external load cell in between the
bottom of the specimen and the base plate.

3.5 Initial Imperfection Measurement

Initial imperfections are caused in cold-formed steel sections because of fabrication
error and transportation problem. It is very important to include those geometric
imperfections in finite elementmodels to validate the results of experimental tests. An
imperfection measurement setup is shown in Fig. 5a. The imperfection measurement
was conducted on all test specimens using an LVDT of 0.001 mm precision at an
interval of 20 mm. LVDT positions for imperfection measurements are shown in
Fig. 5b. In Fig. 5c, initial imperfections are plotted against the length of the built-up
columns for BU90S200L300-1. It was found that the maximum imperfections for
the test specimens were 0.2 mm for 0.3 m specimen, 0.2 mm for 0.5 m specimen,
0.4 mm for 1 m specimen and 0.6 mm for 2 m specimen. These values can be used
as imperfections input for the finite element models to yield a better axial capacity
prediction for the test specimens [16].

3.6 Results from Experimental Tests

Table 2 summarises the dimensions of the built-up specimens tested and the respective
experimental failure loads (PEXP). In order to compare the experimental results to
the design strength, AISI and AS/NZS strengths are also included in Table 2a for
BU75 and Table 2b for BU90. The modified slenderness’s of all test specimens are
calculated and shown in Table 2. Comparison of design and test strengths shows
that columns governed by global buckling failure are conservatively predicted by
the design standard; however, columns governed by local buckling failure (i.e. stub
columns) are un-conservatively predicted by the design standard.

Graph of load versus axial shortening for BU75S50L300-1 is shown in Fig. 6.
The graph shows a linear relationship between the load and axial shortening up to
70% (85 kN) of the failure load (120.7 kN) for BU75S50L300-1. Plastic behaviour
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Fig. 4 Built-up column test
setup

(a) 0.3 m high built-up column test

(b) 1 m high built-up column test
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(c) Initial imperfections for BU90-S200-L300-1

(a) Photo of the imperfection measurement setup

(b) Position of LVDTs for imperfection measurement

Fig. 5 Details of imperfection measurements
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Fig. 6 Typical experimental
test results for stub column
of BU 75 series with five
screws
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was observed for BU75S50L300-1, when the load was increased beyond 85 kN and
the non-linear behaviour continued up to the failure.

It was observed that at different slenderness, the columns are governed by differ-
ent failure modes. It was also noticed that the behaviour of the built-up columns is
significantly influenced by the change in screw spacing except for stub columns. The
stub columns from both BU75 and BU90 were governed by local buckling failure.
This happens evenwhen the screw spacingwas decreased from 5 to 3. No distortional
buckling was observed. Although two channels in a built-up section buckled sepa-
rately between the screws (see Fig. 7a), both BU75S200L300 and BU90S200L300

Table 2 Experimental test results

Specimen Web Flange Lip Length Thickness Spacing Modified
slender-
ness

Test
results

AISI and AS/NZS
design strengths

A′ B′ C′ L t S (KL/r)m PEXP PAISI PExp/PAISI

(mm) (mm) (mm) (mm) (mm) (mm) – (kN) (kN) –

(a) BU75

Stub

BU75S50L300-1 73.1 19.8 11.1 273.0 1.20 50.0 15.63 120.7 126.68 0.95

BU75S50L300-2 73.1 19.8 11.2 280.1 1.21 50.0 15.93 118.8 126.77 0.94

BU75S50L300-3 72.7 19.5 10.8 270.0 1.20 50.9 15.92 118.7 124.84 0.95

BU75S100L300-2 73.1 19.8 11.2 267.2 1.18 99.7 19.48 117.5 125.1 0.94

BU75S100L300-3 73.1 19.9 11.2 273.0 1.19 100.2 19.41 122.7 125.41 0.98

BU75S100L300-4 73.6 19.7 11.2 273.3 1.20 99.5 19.56 115.4 124.89 0.92

BU75S200L300-1 73.7 19.8 11.2 266.4 1.21 200.0 30.31 122.5 119.05 1.03

BU75S200L300-2 73.6 19.9 11.2 266.5 1.20 199.5 30.22 119.1 119.09 1.00

BU75S200L300-3 72.9 20.0 11.2 268.4 1.20 200.0 29.97 113.1 119.36 0.95

Mean 0.96

COV 0.04

(continued)
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Table 2 (continued)

Specimen Web Flange Lip Length Thickness Spacing Modified
slender-
ness

Test
results

AISI and AS/NZS
design strengths

A′ B′ C′ L t S (KL/r)m PEXP PAISI PExp/PAISI

(mm) (mm) (mm) (mm) (mm) (mm) – (kN) (kN) –

Short

BU75S100L500-1 73.6 19.8 11.2 655.0 1.20 100.0 69.11 83.0 78.881 1.05

BU75S100L500-3 73.6 19.7 11.2 680.0 1.21 100.5 72.16 74.1 78.376 0.95

BU75S200L500-1 73.5 19.5 11.3 653.0 1.20 195.0 73.36 86.2 79.992 1.08

BU75S200L500-2 73.6 19.6 11.3 678.0 1.18 195.0 75.58 88.9 81.406 1.09

BU75S200L500-3 73.4 19.7 11.3 680.0 1.19 200.5 75.61 93.6 86.759 1.08

BU75S400L500-1 73.6 19.7 11.3 678.0 1.20 400.0 88.74 74.8 72.417 1.03

BU75S400L500-2 73.5 19.7 11.3 679.0 1.22 401.0 89.00 80.6 74.336 1.08

Mean 1.05

COV 0.05

Intermediate

BU75S225L1000-1 75.3 20.2 10.4 1133.1 1.20 225.3 121.36 47.0 42.34 1.11

BU75S225L1000-2 75.7 19.9 10.4 1131.2 1.20 225.3 123.71 46.3 41.05 1.13

BU75S450L1000-1 75.8 19.9 10.4 1131.6 1.21 447.0 133.91 50.4 38.98 1.29

BU75S450L1000-2 75.6 19.9 10.4 1133.4 1.20 450.0 135.07 45.0 38.12 1.18

BU75S450L1000-3 75.9 19.8 10.3 1182.2 1.18 450.0 140.52 41.8 34.62 1.21

BU75S900L1000-1 76 19.9 10.3 1131.3 1.19 900.0 171.43 39.9 33.21 1.20

BU75S900L1000-2 76.3 19.8 9.1 1133.4 1.20 900.0 178.06 33.7 30.29 1.11

BU75S900L1000-3 75.9 19.8 10.3 1183.3 1.22 901.0 176.55 31.5 28.91 1.09

Mean 1.17

COV 0.07

Slender

BU75S475L2000-2 73.9 20.3 10.7 2184.4 1.20 474.5 231.20 10.9 10.27 1.03

BU75S475L2000-3 73.6 20.2 10.8 2183.6 1.20 462 231.61 10.8 10.22 1.03

BU75S950L2000-2 73.5 20.3 10.8 2184.2 1.18 949.5 255.17 8.8 8.43 1.02

BU75S950L2000-3 73.4 20.2 10.8 2184.4 1.17 950.0 256.21 8.6 8.36 1.01

BU75S1900L2000-
2

73.1 20.3 10.9 2183.2 1.18 1900.0 334.82 7.6 7.34 1.03

BU75S1900L2000-
3

73.7 20.4 10.7 2184.2 1.19 1901.0 333.86 7.5 7.31 1.01

Mean 1.02

COV 0.01

(b) BU90

Stub

BU90S50L300-1 91.3 49.8 14.6 277.0 1.20 50.0 7.95 172.5 179.7 0.96

BU90S50L300-2 91.8 49.7 14.5 272.0 1.19 49.8 7.89 171.6 182.6 0.94

BU90S50L300-3 92.9 49.4 14.5 261.0 1.21 50.0 7.93 170.6 179.6 0.95

BU90S100L300-1 90.8 49.7 14.6 262.0 1.20 99.9 9.45 166.2 178.7 0.93

BU90S100L300-2 90.6 49.5 14.6 268.0 1.18 100.0 9.42 165.8 176.4 0.94

BU90S200L300-1 90.7 49.4 14.6 273.5 1.18 201.0 11.93 163.3 175.6 0.93

(continued)
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Table 2 (continued)

Specimen Web Flange Lip Length Thickness Spacing Modified
slender-
ness

Test
results

AISI and AS/NZS
design strengths

A′ B′ C′ L t S (KL/r)m PEXP PAISI PExp/PAISI

(mm) (mm) (mm) (mm) (mm) (mm) – (kN) (kN) –

BU90S200L300-2 90.7 49.4 14.6 269.5 1.20 199.0 11.83 163.5 173.9 0.94

BU90S200L300-3 89.5 48.3 14 280.5 1.20 199.0 11.87 162.9 173.3 0.94

BU90S50L300-1 91.3 49.8 14.6 277.0 1.20 50.0 7.95 172.5 179.7 0.96

Mean 0.94

COV 0.01

Short

BU90S100L500-1 90.6 49.5 14.6 656 1.21 100.5 35.42 160.4 149.9 1.04

BU90S100L500-2 90.6 49.4 14.6 678 1.20 100.5 34.25 158.1 152.0 1.08

BU90S200L500-1 90.4 49.3 14.7 653 1.18 199.5 38.52 152.2 140.9 1.09

BU90S200L500-2 90.4 49.3 14.7 678 1.19 199.5 39.41 150.9 138.4 1.10

BU90S200L500-3 90.4 49.3 14.6 680 1.21 200.5 40.20 149.2 135.6 1.06

BU90S400L500-1 90.6 49.4 14.7 678 1.18 400.0 50.20 132.4 124.9 1.06

BU90S400L500-2 90.4 49.4 14.7 678 1.20 399.0 49.41 134.5 126.9 1.07

Mean 1.07

COV 0.02

Intermediate

BU90S225L1000-1 90.8 49.6 14.4 1182 1.21 225.0 60.42 102.6 92.43 1.11

BU90S225L1000-2 90.6 49.6 14.3 1132 1.20 225.0 58.21 102.0 92.72 1.10

BU90S450L1000-1 90.6 49.7 14.4 1130 1.21 450.0 64.21 96.51 86.18 1.12

BU90S450L1000-2 90.4 49.7 14.4 1182 1.18 448.0 66.21 94.42 82.79 1.14

BU90S450L1000-3 90.5 49.8 14.5 1180 1.19 452.0 65.29 93.33 82.54 1.13

BU90S900L1000-1 90.5 49.6 14.4 1131 1.20 897.0 75.21 89.55 82.89 1.08

BU90S900L1000-2 91.0 49.3 14.4 1182 1.21 899.0 77.21 87.58 80.31 1.09

BU90S900L1000-3 90.1 49.2 14.5 1129 1.22 896.0 76.50 87.51 79.51 1.10

Mean 1.11

COV 0.07

Slender

BU90S475L2000-1 90.6 49.5 14.5 2164 1.20 474.2 92.52 65.4 61.12 1.07

BU90S475L2000-2 90.7 49.4 14.3 2172 1.20 466.6 94.42 66.01 61.63 1.07

BU90S950L2000-1 90.5 49.5 14.6 2169 1.18 960.4 101.17 54.02 50.90 1.06

BU90S950L2000-2 90.4 49.2 14.5 2148 1.17 949.3 103.21 45.62 43.41 1.05

BU90S1900L2000-
1

90.5 49.3 14.6 2158 1.18 1902.4 115.20 48.04 44.8 1.07

BU90S1900L2000-
2

90.9 49.7 14.2 2152 1.19 1906.7 116.42 43.21 41.14 1.05

Mean 1.06

COV 0.02
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test specimens had two fasteners each. Due to less number of fasteners, the back-to-
back channels pry apart at the mid-height of the built-up column. For short column
of BU75 series, local buckling was the pre-dominant mode of failure at the start
of the test; however, at the end of the test global bucking was observed for BU75
columns having two fasteners (see Fig. 7b). For intermediate columns of both test
series, mostly overall buckling was seen (see Fig. 7c). However, some columns of
BU90-L1000 failed through flexural–torsional buckling.Most of the slender columns
were dominated by overall buckling failure, showing a large lateral deformation at
the middle of the columns (see Fig. 7d). Some failure modes of slender columns of
BU90 series were governed by local–global buckling interactions. Once the columns
reached failure load, the built-up specimens showed local deformation on the com-
pression side at the mid-height.

4 Comparison with Design Standards

The experimental and theoretical results for BU75 and BU90 are tabulated in
Table 2(a) and 2(b), respectively. The theoretical results are calculated using the
design steps documented in AISI and AS/NZS, which involves the modified slender-
ness approach. Comparison of the experimental and theoretical results shows that the
design standard is on average 12% more conservative in predicting the capacity of
columns governed by overall buckling failure; however, prediction for stub columns
governed by local buckling failure was approximately 10% un-conservative.

Table 2a, b also shows that the influenceof fastener spacing is negligible in stub and
slender columns; however, the effect is significant for short and intermediate columns.
Fastener spacing is influential on slender columns because the test specimens failed
in global buckling. For short and intermediate columns, the increment of twice the
screw spacing reduced the axial strength by approximately 5–10% and 10–15%,
respectively.

Graph of design strength versus modified slenderness ratio was plotted on BU75
in Fig. 8a and BU90 on Fig. 8b. Figure 8a shows that at modified slenderness ratio of
less than 32, local buckling failure is dominant, while, at modified slenderness ratio
of greater than 53, global buckling failure is dominant. Similar trend is observed in
the BU90 series in Fig. 8b. Local buckling failure was noticed when the modified
slenderness is less than 29, and global buckling failure was observed when the mod-
ified slenderness ratio was greater than 48. The behaviour of the slender columns
was as anticipated, whereby there was minimal increase in axial strength when the
number of screws increases. Generally, the design standards are conservative when
overall buckling governed the failure mode of the columns but un-conservative by
approximately 10% when local buckling dominated the column’s failure mode.
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(a) Stub column

BU75-S200-L500 BU90-S200-L500
(b) Short column

BU75-S225-L1000 BU90-S225-L1000
(c) Intermediate column

BU75-S950-L2000 BU90-S950-L2000
(d) Slender column

Fig. 7 Built-up columns at failure
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Fig. 8 Plot of axial strength against the modified slenderness

5 Conclusions

This paper presented a total of 60 experimental tests on axially loaded back-to-
back built-up CFS channel sections for investigation. The material properties and
geometric imperfections for all specimens weremeasured. Two cross sections, BU75
and BU90, at varying lengths from 0.3 to 2 m were involved in the investigation. The
failure modes and load carrying capacities at failure were compared and analysed.
Comparison of test results and design strength from AISI and AS/NZS shows that
the column capacity predicted by the design standards is conservative for specimens
with overall buckling failure but un-conservative for specimens with local buckling
failure.
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Ongoing work will aim to develop better design methods, for different types of
CFS built-up columns, with improved approximations of the column cross sections
and end conditions. The authors are following thiswork to further develop anumerical
model to study the different parameters affecting the strength of back-to-back built-up
CFS columns including explicit modelling of web fasteners.
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Development of Speed Prediction Model
for Mixed Traffic Conditions: Case Study
of Urban Streets

Satyajit Mondal, Vijai Kumar Arya and Ankit Gupta

Abstract Amicrolevel analysis of vehicular speed is done to developmodel between
two mean speeds of vehicles such as time mean speed (TMS) and space mean speed
(SMS) under mixed traffic stream. Traffic volume and speeds were collected on a
mid-block section of an urban arterial to analyze different stream parameters. Vehic-
ular composition along with the individual speed characteristics of each vehicle class
was extracted from the collected field data. Models are framed between the speed
characteristics of vehicles estimated from the field. A comparative analysis is also
done with the existing traditional model to check the applicability of the suggested
model. The result shows that the suggested models are reliable in forecasting vehic-
ular speeds with higher accuracy.

Keywords Mid-block · Mixed traffic stream · Space mean speed (SMS) · Time
mean speed (TMS) · Urban street

1 Introduction

Speed is one of the prime constraints in traffic and transportation engineering. In
roadway, it plays an essential role in determining the capacity of roadway through
traffic flow characteristics. Vehicular speed is also associated with the several road-
way and traffic parameters such as geometric elements of the road, enhancement of
vehicular and pedestrian’s safety using several traffic control measures, consump-
tion of fuel, and interrelated vehicle operating cost (VOC) for financial assessment of
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roadway projects [1]. The vehicular speed in traffic engineering is usually represented
in two forms that are time mean speed (TMS) and space mean speed (SMS). Time
mean speed is basically arithmetic mean of the vehicular speed traversing through
the section or a point on a roadway. It is also denoted as the average spot speed of
the vehicles. The speed of each vehicle class passing through the selected section is
collected using laser gun and corresponding the arithmetically average of the speed
is known as TMS as shown in Eq. 1.

vt � 1

n

n∑

i�1

vi (1)

where vt is the TMS (km/h); vi represents spot speed of the ith vehicle (km/h); n
stands for a number of vehicles crossing the section in a specified time period.

Space mean speed is a statistical component and can be expressed as a mean
speed of vehicle based on the average time spent of all vehicles to cross the segment.
Therefore, the average travel time is weighted upon the length of the segment for
each vehicle class to define SMS as shown in Eq. 2.

Us � d
1
n

∑n
i�0 ti

(2)

where Us is the SMS (km/h); d signifies the length of the segment (km); ti indicates
the time required to cross the segment by an ith vehicle (hours); n stands for a number
of vehicles crossing the section in a specified time period.

Being a microscopic parameter, speed has a significant impact on roadway and
traffic elements especially the speed-flow analysis of a roadway section [2]. In devel-
oped countries, where the same type of vehicle is traveling with the same speed range
has less effect on speed variance. Therefore, shorter consideration of roadway length
gives the less erroneous result of SMS, whereas, in developing country like India,
where a mixed traffic stream exists gives less accurate result in shorter roadway
length consideration due to extensive range of static and dynamic characteristics of
vehicles. Also, the existing methods of SMS estimation are too laborious and tedious
for mixed traffic stream. Therefore, the present study put an effort to analyze and
develop models between TMS and SMS based on collected speed data using laser
technologies and vehicles travel time.

Many studies have been conducted to study the relationships between TMS and
SMS over the years [5, 6, 8]. The conventional and most popular model which
explains the relationship between TMS and SMS is given by Wardrop [9] shown in
Eq. 3.

Ut � Us +
σ 2

Us
(3)

where σ 2 � Variance in SMS.
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Highway capacity manual [4] has proposed a linear relationship between these
two types of speed shown in Eq. 4.

SR � 1.026 ∗ ST − 3.042 (4)

Rakha and Zhang [7] emphasized that it is comparatively challenging to collect
SMS data compared to TMS data. Accordingly, they proposed a relationship between
these two speed parameters which assisted SMS from TMS result shown below:

Us ≈ Ut − σ 2

Ut
(5)

where σ 2 � Variance of TMS.
They found that estimated SMS from the proposed model gives a less erroneous

result with the higher statistical significance of R2 value of 0.99. They also suggested
that the distance used as a trap length should be such that the vehicle’s length could
be ignored while computing the vehicle speed.

Han et al. [3] have estimated the value of the expectation operator E(v2
i ) using

TMS values which were then incorporated to compute SMS of vehicles using the
following equation:

SMS � 3 × TMS +
√
9 × TMS2−8 × E(v2

i )

4
(6)

2 Motivation

Considering all the conventional models, it can be observed that the variance of
speed plays a vital role in the estimation of speeds. The difference in speeds for
homogeneous traffic is relatively less in comparison with the variation in the speeds
of mixed traffic within a defined period. Therefore, the application of these models
might not yield realistic results undermixed traffic prevailing on Indian roads. Hence,
there is a need for assessing the validity of these conventionalmodels formixed traffic
and to propose an appropriate model which is suitable exclusively for mixed traffic
conditions. Given these aspects, the objective of our study was formulated mainly to
model SMS and TMS considering mixed conditions.

3 Data Collection and Extraction

Traffic survey conducted on VIP road in Kolkata city (India) and road stretch was
selected such that there is no merging or diverging of vehicles in the given stretch.
Also, there was no traffic signal or speed breaker on the stretch. Segment length
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was chosen such that the vehicle dimension does not contribute significantly to the
calculation of SMS. A camera was mounted on a high rise stand for capturing the
vehicular movements both in peak and off-peak hours of the mixed traffic stream.

TMS data: Spot speed data were collected using a laser gun.
SMS data: Space mean speeds were calculated from the recorded video.
Different types of vehicles are considered for the study, and these vehicles are

categorized as

1. Small cars (sc),
2. Big cars (bc),
3. Two wheelers (2W),
4. Buses,
5. Auto rickshaws (3W), and
6. Light Commercial Vehicles (LCV).

The hourly volume and composition of vehicles over the study stretch are shown in
Figs. 1 and 2, respectively. A significant number of each vehicle type were observed
traveling through the selected section in one hour shown in Fig. 2.

The Space Mean Speed (SMS) of the individual vehicle was measured by taking
into account their entry and exit time, that is, the time required for a vehicle to cross
the trap length of 60 m. The SMS is calculated by dividing the trap length with the
time needed to traverse the segment, whereas the TimeMean Speed (TMS) data were
collected using the laser-based instrument. The collected speed data were taken from
the device and converted the speed into the frequency tables. The collected speed
data are analyzed to estimate the operating speed for the traffic stream as well as
for the individual vehicle category by plotting the cumulative frequency distribution

Fig. 1 Compositional share of vehicle type over the section
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Fig. 2 Hourly traffic volume

with respect to the speed. The 85th percentile speed is considered as operating speed
presented in Fig. 3 and Fig. 4, respectively.

Also, the variances in TMS and SMS for the individual vehicle are estimated and
presented in Fig. 5.

Fig. 3 Cumulative percentage frequency distribution of spot speed
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Fig. 4 Cumulative percentage frequency distribution of spot speed for individual vehicle categories

Fig. 5 Variance in TMS and SMS for each vehicle type

4 Model Development

4.1 Conventional Model

All the vehicle’s speed data collected through the videographic technique and laser-
based instrument are processed to comprehend the characteristics of vehicle speeds
through the correlation between the observed TMS and SMS. The R2 value indicates
that the observed SMS and TMS values do not have a strong correlation. As per the
objective of the present study, TMS was assessed using the Wardrop equation. A
correlation plot is drawn using observed and estimated TMS values shown in Fig. 6
with the help of Wardrop equation. The figure shows a poor estimation of TMS
obtained using the conventional model.
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Fig. 6 Correlation between observed and estimated TMS

The less significance of the conventional model may be recognized because of
higher variance in vehicle speeds due to the non-lane-based mixed traffic stream on
Indian roads. Hence, it becomes imperious to modify the existing model to fit it with
the non-lane-based Indian mixed traffic stream with sufficient accuracy.

4.2 TMS Model

Wardrop [9] considered the variances in vehicle’s speed to formulate a model which
is primarily represented for lane-based homogeneous traffic conditions. As per the
model description, TMS and SMS would give the same value under zero variance
conditions, and TMS would always be more than or equal to SMS under any prevail-
ing traffic condition. In homogeneous traffic conditions, the same type of vehicle is
traveling through the section with less varying vehicles characteristics (vehicle static
and dynamic parameters) results in the same amount of variance of speeds. There-
fore, the influence of such parameters gives a lower value in variance of speeds for
homogeneous traffic conditions. However, these parameters have a significant impact
in providing a high variation in vehicular speeds under mixed traffic conditions.

Therefore, the predictedTMSvalues formixed traffic conditionsmay be estimated
by modifying the existing model using appropriate multiplication factors which can
overcome the under-prediction problem. Furthermore, TMS should always be more
than or equal to SMS under any traffic conditions. Taking into this account, various
speed prediction models are framed based on linear and nonlinear practices. The
suggested models in prediction of TMS are shown in Eqs. 7 and 8.

Model 1 Ut � a × Us + b × σ 2

Us
(7)
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Table 1 Statistical result of
the model parameters

a b RMSE R2 Sample
size

Wardrop 1 1 4.77 0.84 700

Model 1 1.077 1.541 3.27 0.93 700

Model 2 1.012 0.392 3.63 0.95 700

Model 2 Ut � (Us)
a + (

σ 2

Us
)b (8)

where a and b denote the model parameters.
These models are calibrated, and the corresponding coefficient values of the

parameters are estimated using regression analysis. Table 1 shows the statistical
results for both the models.

Table 1 shows that both the models have produced good statistical validity with
lower values RMSE. The lower standard error represents the higher accuracy of the
suggested models.

The suggested models are validated using another sample of 100 vehicles, and
corresponding RMSE is determined using observed and estimated speed values. The
suggested models are again compared with theWardrop model [9] to determine their
suitability for Indian mixed traffic conditions, shown in Table 2.

The table shows that both the models give more accurate results than theWardrop
model, where model 1 is more significant compared to model 2 in terms of RMSE.
Figures 7 and 8 show the goodness of fit between observed and actual speed values
obtained using both the models.

It can be observed from the above figures that projected speed values from model
1 are much closer to the diagonal line (45°) related to model 2 and can be used to
predict the speed values of vehicles for Indian mixed traffic stream.

Table 2 Validation result of
the suggested models

Validation RMSE Sample size

Wardrop 4.733 100

Model 1 2.945 100

Model 2 3.943 100
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Fig. 7 Goodness of fit between observed and actual TMS for model 1

Fig. 8 Goodness of fit between observed and actual TMS for model 2

5 Conclusions

The present study focuses toward the analysis of the speed of vehicles, i.e., TMS
and SMS on urban arterials under non-lane-based mixed traffic stream. The existing
conventional and popular Wardrop [9] model is mainly developed for lane-based
homogeneous traffic conditions and least suitable for a heterogeneous traffic stream.
Vehicle speed data were collected from an urban mid-block section using video pho-
tographic technique and laser-based instrument. Required data were extracted from
the collected field data to analyze and develop model between TMS and SMS. Two
different models are developed using observed field data using regression technique.
Comparative analysis is also done between the established models and conventional
Wardropmodel. Results show that model 1 gives themore significant result to predict
the speed values as compared to model 2 and can be used to predict the speed values
of vehicles for Indian mixed traffic stream.
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Safety Assessment at Unsignalized
Intersections Using Post-Encroachment
Time’s Threshold—A Sustainable
Solution for Developing Countries

Madhumita Paul

Abstract India, a country with the highest number of road crashes and resulting
injuries/deaths, has several issues associated with crash data for traditional safety
analysis. For adequate and faster safety evaluation, traffic conflict technique using
several proximal indicators is in practice worldwide. Among all indicators, Post-
Encroachment Time (PET) is the most popular one for its easier measurement. How-
ever, accurate identification of critical conflicts based on PET threshold is still a gray
area. For this purpose, four unsignalized intersections have been selected from the
NCR India. This study is focused on identifying critical conflicts on the concept of
perception-reaction time for emergency situations and adopted PET threshold of 1 s.
This value of emergency perception-reaction is recommended by AASHTO (2001)
for hazardous situations. Among various crossing situations, the maximum propor-
tion of critical conflicts is found when through-moving vehicles are Two Wheelers
(2W) followed by Light Commercial Vehicles (LCV). The appropriateness of the
proposed method is verified by using 5 years’ crash data for right-turn right angle
and right-turn head-on collisions and finding a statistically significant relationship
between these right-turn-related crashes and critical crossing conflicts. This study
can be utilized as an effective tool to evaluate the safety at various traffic facilities
where the collection of detailed crash data is a serious issue.

Keywords Unsignalized intersection · Proximal safety indicator ·
Post-encroachment time · Critical conflicts

1 Introduction

Road traffic crash is increasing at a rapid pace across the globe, and presently it
is one of the leading causes of death. In developing countries like India, vehicle
population and construction of good road networks are increasing rapidly. However,
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the lack of enforcement and policies are unable to deal with increasing traffic and
have contributed to the significant increase in traffic crashes. Road crashes have
earned India a dubious distinction.

The situation is worst at intersections locations. Within transportation system,
an intersection is an operationally complex location where large numbers of conflict
points are created, thus rendering it one of the most crash-prone locations. According
to the latest ministry report, in India, about 37.8% of motor vehicle crashes occurred
at intersections [1]. Most of the severe crashes and fatalities are found to occur more
at unsignalized intersections that accounted for around 85% of crashes [1]. This
is because, in India, most of the unsignalized intersections are uncontrolled, i.e.,
no signals or pavement markings are available to control the traffic. Additionally,
traffic signs associated with the priority rules such as the stop and yield signs are not
provided to a particular movement at these intersections. Even if any movement is
prioritized with signs, many drivers do not follow those due to the nonexistence of
enforcement. The priorities are basically established by the situations drivers perceive
[2, 3].Atmany instances, vehicles fromall the directions attempt crossing and turning
at the same time which increases the probability of crashes. The traffic rule in India
is to keep left, and hence the maneuver of left-turning traffic is not a serious issue
at intersection locations. On the other hand, the right-turning traffic of major/minor
road has to wait for suitable gaps between through-traffic traveling along the major
road to cross the road. If high traffic volume exists on the major road, drivers turning
right from the major/minor road onto the minor/major road have to wait long for the
adequate gaps. Due to that longer waiting time, many right turners lose their patience
and demonstrate a tendency to cross over the intersection by accepting smaller gaps
which may be dangerous [4]. While right turners are supposed to reduce their speed
in order to take a turn, higher speed is observed for both right turnings and through
traffic which increases the chances of severe collisions. Accordingly, critical conflict
situations occur at frequent intervals between right turners and through traffic, which
often lead to unsafe crossing situations and result in probable collisions.

Under such circumstances, drivers get engaged in many unsafe activities such
as the sudden application of brakes, abrupt lane changes or not following lane dis-
cipline, etc. Therefore, traffic maneuvers at such intersections are highly complex
and potentially very unsafe which have a direct influence on the higher crash rate
observed at uncontrolled intersections. Due to all of the abovementioned facts, inter-
section safety becomes a serious public health issue which cannot always be solved
merely by providing or making changes in signs and signals. Therefore, it is impor-
tant to conduct rigorous and reliable safety analysis which will help to reduce the
crash rate at uncontrolled intersection locations and enhance the road traffic safety
significantly.

Traditionally, road safety evaluation has been performed using different statistical
techniques based on historical crash data. There are several drawbacks associated
with these types of analysis such as random and rare nature of accidents, underreport-
ing of different types of accidents, improper documentation of accidents types, and
their precise locations by the law enforcement officers. These observational errors
negatively affect the accuracy and reliability of safety analysis. Over the past few
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decades, researchers have identified traffic conflict as the best surrogate measure
as it occurs more frequently than crashes and represents the nearness to the colli-
sion [5–9]. This indirect safety measure, traffic conflict technique, was originally
developed by Perkins and Harris [10]. Traffic conflict analysis using proximal safety
indicators has received widespread attention across the globe. The key benefit of
these indicators is that they represent the temporal and spatial proximity characteris-
tics of unsafe interaction and near accident [11]. Proximal safety indicators such as
time to collision (TTC), time-exposed TTC, time-integrated TTC, deceleration rate
(DR), proportion of stopping distance (PSD), etc. have been proposed by various
researchers to assess the safety of a traffic facility using traffic conflict technique.
However, these indicators are not easily measurable from the video recordings. One
indicator which is most commonly used to identify the crossing conflicts between
two road users is post-encroachment time (PET). It refers to the time interval between
two instances when the first vehicle leaves a conflict point and the second vehicle
enters into it. PET has all the essential properties of surrogate safety measure.

Similar to other surrogate measures, PET is estimated from observable non-crash
events and indicates the resulting event of conflicts between vehicles, how closely
a collision has been avoided. In fact, PET is a less resource-demanding indicator as
it does not involve an estimation of vehicular speed and distance from the common
conflict point as in the case of TTC [12]. To identify conflict as a critical one, a
threshold value of PET is used which indicates that identified critical conflicts can be
resulting in collision. However, in previous studies, it is observed that several thresh-
old values of PET ranging from 1 to 6.5 s have been historically used [13–15]. The
selection of these threshold values to determine a critical conflict situation has been
carried out in several ways, such as using the SSAM’s default threshold values, the
perception-reaction time, or even arbitrarily. American Association of State High-
way and Transportation Officials (AASHTO) Greenbook [16] provides the driver
perception-reaction time of 1 s for hazardous situations. Therefore, the present study
aims to identify critical conflicts in crossing situation using PET threshold as 1 s.
For this purpose, four unsignalized intersections located at National Capital Region
(NCR) locations are selected, and critical conflicts are identified. The appropriate-
ness of the proposed method is verified from a relationship between observed critical
conflicts and five years’ crash data for right-turn right angle and right-turn head-on
collisions.

2 Literature Review

Several studies talked about the importance of the threshold values associated with
proximal indicators. Chin and Quek [17] mentioned that a PET threshold value of 1.0
was considered as critical. Svensson [18] talked about the importance of threshold
identification for the conflict measure to know about the safety problems that are to
be investigated. Gettman et al. [19] stated that PET thresholds depend on the type of
roads, vehicles as well as involved road users in a particular traffic conflict situation.
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An FHWA report [12] first talked about Surrogate SafetyAssessmentModel (SSAM)
to identify conflicts among all vehicular interactions. It proposed default threshold
values for two surrogate measures, TTC and PET as 1.5 s and 3 s, respectively. Son-
chitruska and Tarko [20] studied crossing conflicts leading to right angle collisions
at signalized intersections. They modeled the behavior of PET in their proposed
extreme value theory approach and found a promising relationship between conflicts
and historical crash data at a PET threshold of 6.5 s. Archer and Young [13] observed
that proximal measures of safety through observation or video analysis are useful
to assess safety at specific locations by their threshold values so that appropriate
countermeasures could be implemented. The maximum threshold value for the PET
safety indicator was set to 1.5 s. Caliendo and Guida [14] selected SSAM’s default
thresholds for TTC and PET, 1.5 s and 5 s, respectively, as reported in FHWA study,
2008 [19]. Shekhar Babu and Vedagiri [20] observed crossing conflicts at an uncon-
trolled intersection using PET. A threshold value of 2.5 s was considered which is the
perception-reaction time for stopping sight distance recommended by Indian Roads
Congress. Peesapati et al. [21] determined PET threshold as 1 s from the correlation
between conflicts and crashes. Zheng et al. [22] mentioned that the selection of a
proper threshold is a big challenge on the use of traffic conflict counts. In brief, it
is observed that several threshold values of PET ranging from 1 to 6.5 s have been
historically used. The selection of these threshold values to determine a critical con-
flict situation has been carried out in several ways, such as using the SSAM’s default
threshold values, the perception-reaction time for a comfortable driving situation or
even arbitrarily. Adaptation of any such value can influence all the components of
a safety-based study, including evaluation tasks, determination of crash causation,
and countermeasure analysis. Additionally, there is no basis to support the practice
of a default, predetermined or arbitrary threshold without any proper justification.
Contrarily, the present study carried out the safety analyses by a PET threshold of
1 s which is a recommended value by AASHTO for the unexpected driving situation
or hazardous situation.

3 Methodology

PET is a quantitative measure to identify the conflict situation. This is calculated as a
time difference between the passages of two road users with a common spatial point
or area of potential collision [11]. For the present study, critical conflicts are identified
based on a threshold value of PET, which can assess the probability of collision. A
PET value of 1 s is taken as a threshold to determine the critical conflicts. AASHTO
[15] proposed this value as the perception-reaction time of drivers for stopping sight
distance at the unexpected situation. It was also mentioned in AASHTO that at any
hazardous situation, 90% of drivers’ perception-reaction time is 1 s as traffic conflict
situation is also defined as an unexpected condition on the road confronted by drivers;
in the present study, the PET threshold is considered as 1 s. Any conflict with PET
value less than 1 s is identified.
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3.1 Site Selection and Data Collection

To evaluate the effectiveness of the new indicator for the assessment of safety perfor-
mance at unsignalized intersections, study sites have been selected from the National
Capital Region (NCR), India. Primarily, several unsignalized intersections are iden-
tified considering different geometric configurations and traffic conditions such as
(i) they are geometrically alike, (ii) there is high traffic demand at each site to cap-
ture large number of conflict data within a limited time period, (iii) motorists travel
at their desired speed, (iv) there is no influence of on-street parking and bus stops
within the functional area of intersection, and (v) there are very limited pedestrian
and cyclists activities. Later, by associating these configurations, intersections are
further shortlisted based on their crash history. Accordingly, 5 years (2011–2015)
crash data for the selected sites are collected from concerned police stations. From
the crash database, for each crash, a variety of information is obtained, e.g., date,
time, precise location (distance and direction from the intersection), types of the
crash (head-on, read end, right angle, right-turn head-on, sideswipe, etc.), and sever-
ity of collision (property damage only to fatality). As the present study focuses on
crossing conflicts, only the sites with a higher number of right-turn related crashes
(i.e., right-turn right angle and right-turn head-on crashes) are selected. By consid-
ering all of these factors, four unsignalized intersections located on four different
intercity highways are finally selected for further analyses. Out of these four sites,
two are three-legged intersections, whereas other two are four-legged ones. All the
intersections are at-grade intersections and have major and minor roads. The details
of the intersection locations along with crash data of selected crash types are given
in Table 1.

As per objective of the study, the data collection is focused on the conflicts between
two cross-traffics approaching from major as well as minor roads. It is already men-
tioned in the site selection section that selected intersections are located on intercity
highways. No distinct peak or off-peak hours are observed for these kinds of high-
ways. Therefore, data are collected using videography technique for a particular
daytime (from 10 A.M. to 1 P.M.) on weekdays under good visibility conditions. For
this purpose, a high-definition video camera is set up at an elevated point to obtain the
clear view of the study location. Using this technique, two types of data are collected
from the field, namely, traffic operational data and conflict data. A snapshot of video
recording is shown in Fig. 1.

At all the study sites, three types of crossing maneuver are observed between (i)
right turners from the major/minor roads and through-moving vehicles on the major
roads, (ii) right-turning vehicles from the major road and right turners from the
minor road, and (iii) two through-moving vehicles along the minor and major roads
particularly for four-legged intersections. Among all traffic movements, crossing
maneuvers between right turners from the major/minor roads and through-moving
vehicles on themajor roads are observed to bemore in numbers and therefore included
in this study. It is interesting to note that the crash record of similar types, i.e., right-
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Table 1 Description of selected intersections

Name of sites Case Type of
intersection

Traffic
movement of
major road on
the side of the
median

Lane width
(m)

Number of
total right-
turn-related
crashes
(5 years)

Airport-
NHAI-AIFF
intersection at
Dwarka

S-1 3-legged 2-lane 1-way 3.5 12

Faridabad-
Gurgaon-
Sikenderpur
intersection at
Gurgaon

S-2 3-legged 2-lane 1-way 3.5 15

Bahadurgarh
intersection at
Delhi

S-3 4-legged 2-lane 1-way 3.5 9

Dwarka-Kargil
intersection

S-4 4-legged 2-lane 1-way 3.5 10

Fig. 1 A snapshot of study site 1 (S-1)

turn related crashes are found to be more at the selected study sites. Different traffic
movements which are considered for the estimation of PET and subsequent analyses
are shown in Fig. 2.
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Fig. 2 Crossing conflicts between right turners and through-moving vehicles a for three-legged
intersections (S-1, S-2), b for four-legged intersections (S-3, S-4)

3.2 Data Extraction

Once the field survey is over, several data are extracted from the recorded video
as per the requirement of the study. Necessary information such as hourly traffic
volume, PET, the number of vehicles involved in the conflict situations along with
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Fig. 3 Composition of vehicles a for three-legged intersections (S-1, S-2), b for four-legged inter-
sections (S-3, S-4)

their categories, etc. are extracted. In order to have the conflict data, the conflict area
of each intersection is divided into an equal number of square grids. The dimension
of grids is selected as per the standard size of vehicles (i.e., 2.5 m × 2.5 m). This
grid is prepared using Autodesk Maya 3D and then overlaid on the videos using
a video editing software, Corel Video Studio Pro X6. Recorded videos are played
on a large television screen at a frame rate of 25 frames per second and two time
events t1 and t2 are noted down to calculate the PET values. t1 is the time at which
a right-turning vehicle exits a particular grid of conflict zone, and t2 represents the
time when the front of through vehicle just enters the respective grid. The difference
between these two time events t2 and t1 gives the PET value. The hourly traffic
volume of the study sites ranged from 1868 to 3778 veh/h. Three different vehicle
categories are observed in the study sites, viz., Two Wheelers (2W), Light Motor
Vehicle (LMV), and Heavy Vehicle (HV). LMV includes three wheeler, car, big car,
and van, whereas HV represents bus, truck, and tractor-trailer. The compositions
of total vehicles comprising of both right turners and conflicting through vehicles
involved in the observed conflicts are shown in Fig. 3a and b, respectively.

Figure 3a, b shows that, among all the vehicle categories, LMV constitutes dom-
inant share ranging from 43 to 80% of total traffic at all the sites. The percentage of
2W is found to be the second highest followed by HV.



Safety Assessment at Unsignalized Intersections … 125

4 Results and Discussion

From the video data, PET values between various right turning and through move-
ments are estimated for all the study sites. Subsequently, the frequency distribution
of calculated PET and empirical analysis of these PET values are then carried out.

4.1 Frequency Distribution of Observed PET

The frequency distributions of calculated PET values for the three-legged as well as
four-legged intersections are presented in Fig. 4a and b, respectively.

It can be observed from Fig. 4 that at all the study sites the maximum numbers of
PET values are distributed from 0.5 to 2 s.

Fig. 4 Distribution of PET a for three-legged intersections (S-1, S-2), b for four-legged intersec-
tions (S-3, S-4)
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4.2 Characteristics of PET

An empirical analysis has been carried out to determine the characteristics of PET
between right turners and through vehicles. For this purpose, several parameters are
estimated, namely, the number of total conflicts aswell as critical conflicts observed at
each site, the average, minimum, and maximum values of PET, presented in Table 2.

From the recorded data, a total of 1138 conflicts is observed. The minimum PET
values are found to be ranging from 0.09 to 0.20 s and for maximum PET values,
the range lies between 8.5 and 11 s. The average PET values for all the sites range
from 2.08 to 2.87 s, which are very low in numbers. From this observation, it can
be stated that non-prioritized vehicles adopted higher risk right-turning maneuvers
in front of right-of-way vehicles instead of yielding for through vehicles along the
major road. It is observed that four-legged intersections are having a lower value of
average PET in comparison with three-legged ones. This observation is due to the
greater number of small PET values observed at three-legged sites implying higher
risk taken by the right turners. Table 2 shows that the percentage of critical conflicts
based on 1 s PET threshold is also found to be more at study sites S-3 and S-4 (four-
legged intersections) than S-1 and S-2, which are three-legged intersections. This is
because S-3 and S-4 are four-legged intersections and due to the absence of priority
rules, drivers of all four legs have equal opportunity to enter the intersection at the
same time, either from the major as well as the minor road. This makes the situation
critical, and a higher proportion of low PET values are observed than PET threshold.
Hence, based on the PET threshold value, it can be inferred that the four-legged
intersections are more hazardous locations than three-legged sites. It can also be said
that the probability of resulting collisions is also more at these three-legged sites.

Table 2 Characteristics of PET

Study site S-1 S-2 S-3 S-4

No. of total observed conflicts 263 283 317 301

Minimum PET (s) 0.20 0.16 0.09 0.16

Maximum PET (s) 11 9.0 10 8.5

Average PET (s) 2.74 2.87 2.08 2.42

No. of critical conflicts (i.e., PET
values less than 1 s)

58 (22.05%) 61 (21.55%) 80 (25.23%) 76 (25.24%)
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4.3 Distributions of Critical Conflicts for Each
Through-Moving Vehicle Category with All
Right-Turning Traffic

For in-depth information, the effect of each through-moving vehicle category on
critical conflicts has been determined. Critical conflicts are further distributed with
respect to the observed vehicle categories (i.e., 2W, LMV, and HV) traveling on the
major roads. Subsequently, a number of critical conflicts as well as its percentage
over the total number of observed conflicts are identified and illustrated for each site
in Table 3.

From Table 3, for all the study sites, the percentage of critical conflicts is found
to be more for through-moving 2W and LMV compared to HV. It indicates that
right-turning vehicles accept smaller gap between the fast-moving through vehicles
(2W and LMV), and the conflicts associated with these categories are found to be
more critical. Same findings are also observed in the study of Pirdavani et al. [4].
It is thus because 2W is having the smallest size among all the vehicles traveling at
the study sites, thus provoking the drivers of other vehicles to take a right turn by
disobeying the priority rules. Resultantly, the temporal difference between the end
of the encroachment of right turners and the entry of the through-moving 2W at a
conflict zone becomes very less, which in turn increases the percentage of critical
conflicts. Additionally, at four-legged intersections (S-3 and S-4), the percentage of
2W is observed to be higher than that of the remaining sites (as evident from Fig. 3),
which also increases the proportion of critical conflicts at S-3 and S-4. Hence, from
the conflict analysis based on PET threshold, it can be ascertained that more critical
conflicts are observed when the through-moving vehicles are 2W.

Table 3 Distributions of critical conflicts for each through-moving vehicle category with all right
turners

Case No. of
total
conflicts

Through-moving vehicle categories

2W LMV HV

No. of
critical
conflicts

% of
critical
conflicts
(%)

No. of
critical
conflicts

% of
critical
conflicts
(%)

No. of
critical
conflicts

% of
critical
conflicts
(%)

S-1 263 41 15.58 32 12.61 5 1.90

S-2 283 45 15.90 36 12.72 2 0.70

S-3 317 52 16.4 47 14.82 9 2.83

S-4 301 56 18.60 51 16.94 6 1.99
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4.4 Relationship Between Right-Turn-Related Crashes
and Critical Crossing Conflicts

Historically, the validity of the application of proximal indicator is being investi-
gated by checking the correlation between conflicts and actual crash records [23].
The present study primarily used right-turn-related crashes for the final selection of
study sites. It is also employed to evaluate the appropriateness of the study attempt.
Consequently, a crash–conflict relationship is developed for the selected intersec-
tions which represent how observed critical conflicts between right-turning traffic
and through-moving vehicles are correlated with the right-turn right angle and right-
turn head-on collisions. A nonparametric test is performed to determine whether
a statistically significant relationship exists or not between the groups, crash, and
critical conflict. As the sample sizes of both the groups are small and they are not
normally distributed, therefore, a two-sampleMann–Whitney U test is performed for
statistical hypothesis testing. The equations to calculate the test statistics (U values)
are, this study used, presented in Eqs. (1) and (2)

U1(crash) = n1n2 + n1(n1 + 1)

2
−W1 (1)

U2(cri tical con f lict) = n1n2 + n2(n2 + 1)

2
−W2 (2)

where n1, n2 = sample size, i.e., the number of study locations from where the crash
and critical conflict data are collected, W1, W2 = the observed sum of ranks for
samples of the crashes and critical conflicts. W1 and W2 are calculated by combin-
ing all the samples from both groups (crash and critical conflict) to one group and
then providing ranks to the samples with a numerical number of 1 for the smallest
observation. The results of the statistical analysis carried out between the selected
crash types and critical conflicts are given in Table 4.

Table 4 Statistical analysis
between right-turn-related
crash and critical crossing
conflict

Parameters Crash Critical
Conflict

Observation numbers 46 382

Sample size (No. of selected
locations)

n1 = 4 n2 = 4

Ranks of samples for four
locations

(3, 4, 1, 2) (7, 8, 5, 6)

Summation of ranks (W) W1 = 10 W2 = 26

Mann–Whitney U value U1 = 16 U2 = 0

U0 0

p-value 0.0143 (two-tailed)

R2 0.68
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Table 4 shows that at n1 = 4 and n2 = 4, the minimum value of U0 as the test
statistics is found for critical conflict, i.e., U0 = U2 = 0. For a two-tailed test at the
0.05 significance level, p-value for Mann–Whitney U statistic for the small sample
is determined, and it is found to be 0.0143 which is less alpha value. Therefore,
it can be implied that the relationship between the crash and critical conflicts is
statistically significant as given in Table 4. From the test results and goodness of
fit, a promising relationship is found between actual crash data and observed critical
conflicts. Literature also showed a statistically significant relationship between traffic
conflict and crashes by types [14, 21]. This relationship indicates that PET threshold
value of 1 s is fit to identify the critical conflict at crossing situation of unsignalized
intersections.

5 Conclusions

Traditional safety analysis based on historical crash data has several limitations
regarding adequacy and timeliness. Additionally, in developing countries like India,
crash data are highly underreported. Only crashes which are severe in nature, i.e.,
major injuries and fatal crashes, are reported. Apart from these issues, crashes are
not reported precisely (types of crashes, location, and other necessary information).
Therefore, safety evaluation based on police-reported historical crash data only could
lead to erroneous outcomes.Bykeeping these inmind, the present studyutilizes traffic
conflict technique to evaluate the safety performance at unsignalized intersections
using proximal safety indicator, PET. Employing PET as an indicator provides a
useful observation about the safety state of selected study sites. A threshold value of
PET is widely used in many studies to distinguish the conflict as serious and non-
serious ones. However, historically, PET thresholds have been selected arbitrarily
or based on predetermined threshold values. At Indian-unsignalized intersections,
priorities are established by the situations drivers perceive, and thus vehicles from
all the directions attempt crossing and turning at the same time. Therefore, without
proper justification, considering any value as a PET threshold for safety evaluation
can be misleading. In this study, the threshold is taken as 1 s, i.e., the reaction time
of a driver for unexpected traffic condition based on the assumption that below this
time driver could not perceive the situation properly, which may be unsafe and lead
to a collision. This value of perception-reaction time for hazardous situations is
recommended by AASHTO [15].

The average PET values at these sites are found to be ranging between 2.08 and
2.87 s indicating higher risk-taking crossing behavior of the non-prioritized traffic.
The percentage of critical conflicts is observed more at four-legged intersections
compared to three-legged ones. This is because, at four-legged intersections, due
to the absence of priority rules, drivers of all four legs have equal opportunity to
enter the intersection at the same time, either from the major as well as the minor
road. The percentage of critical conflicts is found to be more when conflicts occur
between all right turners and through-moving vehicle categories of 2W and LMV.
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It is thus because 2W is having the smallest size of all the vehicles traveling at
the study sites, thus provoking the drivers of other vehicles to take a right turn by
disobeying the priority rules. As a result, the temporal difference between the end
of the encroachment of right turners and the entry of the through-moving 2W at a
conflict zone becomes very less, which in turn increases the percentage of critical
conflicts. Moreover, it is observed that at four-legged intersections the percentage of
2W is observed to be higher than that of the remaining sites, which also increases the
proportion of critical conflicts. For validation of the proposed method, a statistical
analysis is conducted between the observed right-turn-related crashes and critical
crossing conflicts identified using PET threshold of 1 s and a statistically significant
relationship is observed between them.

Overall, the proposed method is proved to be effective for safety assessment at
unsignalized intersections particularly for right-turn related crashes which are the
most severe crashes among all crash types [24–26]. This new method is capable of
assisting traffic engineers and safety experts proactively with the selection of appro-
priate traffic calming andmanagementmeasures to improve the safety at unsignalized
intersections. The insights are thus helpful for the safety improvements at unsignal-
ized intersections in an indiscipline traffic environment. The present study can be
further extended by collecting conflict data for the whole day. Safety evaluation can
also be carried out by considering other types of crashes (e.g., rear end) and using
different proximal indicators.
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Effect of Stratification on Underground
Opening: A Numerical Approach

Mudassir Ali Khan , Mohd. Rehan Sadique and Mohammad Zaid

Abstract Due to the increase in urbanization and requirement of rapid transporta-
tion and storage purpose, the demand for various underground structures has been
exponentially increased. Underground structures like tunnel, subways, and storage
tank have been constructed to fulfill the requirement of the urban society. In the
present paper, two-dimensional finite element analysis has been performed using
finite element program, ABAQUS. The settlement and the effective stresses in the
tunnel liner due to the stratification of soil have been analyzed. The geostatic stress
of soil has been calculated to fix the initial condition of site which is used for sim-
ulating the other phase of construction. It has been found that stratification has not
much affected the stresses on the liner.Maximum value of stresses has been observed
at the Springer level and crown level. However, the vertical displacement has been
reduced by 27% when the silty sand (SM) layer moves closer to the crown of open-
ing. Lateral displacement has not much affected by the stratification. However, the
maximum value of lateral displacement was reported near mid-axis of opening in
each case.

Keywords Transportation · Urbanization · Underground · Structure · Finite
element method · Springer level

1 Introduction

For the better facilities and employment purpose, most of the people have been
migrating to the metro cities which lead to increase in urbanization. Various surveys
have been done to predict the population of themetro cities for providing the required
infrastructure and facilities. A report of UN-Habitat (2008) has shown that 50% of
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the world’s population now lives in cities and the rate of urbanization is such that this
proportion will reach 70% up to 2050 [10]. Despite this huge pressure, the protection
of natural spaces and provision of good facilities remains a major challenge in the
effort to limit horizontal urban drift. The influence of these two constraints, i.e., huge
pressure and property economics, leads mechanically to the vertical development of
urban area [3].

Owing to advancement of the technology, various methods have been developed
for the excavation of underground opening. Mechanized tunneling like (NATM) has
provedwell-established tunnel construction technique to excavate tunnels in complex
ground conditions as well as in vulnerable built-up areas. NATM has characterized
by a repeated sequence of these individual steps: The pressure of the TBM through
hydraulic jacks that has concurrent with the excavation of the soil at the face by the
cutter head and the installation of a tunnel lining with synchronous tail void grouting.

2 Previous Studies

Several parameters have been found responsible for the deformation and the stresses
in the lining of the tunnel such as depth of the tunnel, types of soil, liner material,
diameter of tunnel, surcharge loading (e.g., building and seismic loading, stratifica-
tion of soil, etc.). Very few researches have been found which deal with the layering
effect on liner. Nunes and Meguid [11] had evaluated the effects of overlying sandy
layers above a tunnel excavated in soft ground. They had concluded that the bending
stresses reduce up to 70%when the stiff layer (sand) was closer to the tunnel as com-
pared to the case of homogeneous clay. The volume loss (the ratio of the difference
between excavated soil volume and tunnel volume over excavated soil volume) in
stratified soil had influence on the deformation and stresses of underground opening
as reported by Mazek and Almannaei [10]. They observed that 1.5–4.5% of volume
loss influences the stresses and displacement in underground opening. Similarly,
Katebi et al. [7] had performed a finite element analysis and observed the existence
of surface buildings in layered soil under 2Dplane-strained condition. Itwas observed
that bending moment increases 20% when depth of tunnel varied up to 2 times the
tunnel diameter as compared to the greenfield condition. Zhang et al. [14] had also
investigated the influence of the layered soils in terms of their relative stiffness and
thickness of layer on the lining behavior. It had been observed that, for two-layered
soil conditions, the increase of the relative stiffness of the overlying sandy layer
leads approximately to 45% reduction of the bending moment and 50% reduction
of the convergence and for a three-layered soil condition, the increase of the relative
thickness of the sandwiched clay layer leads to an increase of approximately 90%
of both the moment and the convergence. The soil structure interaction played the
important role to improve the computed surface settlement trough for Shanghai soft
clay in layered soil. Soil structure interaction has modified the result for estimating
the horizontal and vertical displacement. The Horizontal displacement had increased
by 21% in layered soil when considering the soil structure interaction as compared
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to greenfield condition studied by the Bian et al. [4]. Effect of seismic wave on liner
in stratified soil had been studied by several researchers (e.g., [1, 2, 5, 9]).

2.1 Geometric Modeling

The tunnel has been considered as a circular shape with diameter of 8 m and to be
constructed at a depth of 18.3 m below the ground surface. Stresses and displacement
have been measured on the tunnel invert, springing zone, and crown level by numer-
ical approach. Length and height of soil domain have been chosen in such a way
that it simulates the actual behavior of the tunnel in the field condition. Boundaries
are adopted at 7.5 d from center of the tunnel from various sensitivity analyses as
shown in Fig. 1, where d is the diameter of the tunnel equal to 8 m. At the lateral
boundaries, displacements perpendicular to boundaries have restrained, whereas fix
support has been applied to the bottom boundary.

2.2 Constitutive Material Modeling

Tunneling in the soft soil has proved difficult task due to volume loss (e.g., shield
loss, tail void loss, lining losses, uncertainty in soil behavior, etc.). To understand the
response of liner in stratified soil, two types of soil have been chosen in this study
as shown in Fig. 3. Soil domain has been modeled by using Mohr–Coulomb’s con-
stitutive model with nonassociative flow rule, and liner has discretized by elasticity
model in finite element program. In this study, shield tunneling has simulated by
considering the suitable stiffness of liner material as shown in Table 2. Physical and

Fig. 1 Geometric features of the present study



136 M. Ali Khan et al.

mechanical properties of soil and lining material have been taken from the research
paper of Katebi et al. [7].

3 Numerical Modeling

Although empirical–experimental method has been developed to analyze the forces
and deformation in tunnel liner, they have limited application due to various assump-
tions to calculate the required output in a particular problem. The advancement of
technology has developed various numerical techniques of analysis in all fields of
engineering on the basis of DEM, FEM, LEM, FDM, etc. to expedite the computa-
tional process. Several different approaches have been developed to represent the soil
structure within a constitutive modeling framework, but Mohr–Coulomb’s plasticity
is one of the most popular methods widely used for modeling the soil domain in the
finite element program.

In this study, it has been assumed that the behavior of the tunnel liner is linear elas-
tic and that of the ground is governed by an elastic-perfectly plastic constitutive rela-
tion. In this study, numerical simulations have been performed bymeans ofABAQUS
a finite difference element solver. Tunnels have often 3D model (e.g., [8, 12]) but it
need extra computational resources, hence 2D modeling has been preferred as many
researchers (e.g., [6, 13]) have simulated the same. Soil domain and liner material
have been discretized by a four-node bilinear plain strain quadrilateral, reduced inte-
gration, and hourglass control (CPE4R). Mesh type and size have been selected by
several sensitivity analyses which not influenced the result. Mesh consists of 21,161
quad-type elements uniformly spaced in soil domain and 92 elements in liner mate-
rial. For avoiding the distortion of element, local seed has also been adopted as shown
in Fig. 2. Numerical analysis has been simulating in the following three steps.

Fig. 2 The mesh density of the proposed study
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3.1 Geostatic Step

Initial stresses in soil before excavation have been calculated in this step. In Abaqus
continuum geostatic step has an advantage to show the zero displacement. The ele-
ments that are within the excavation of the tunnel are active, and the elements of the
liner are not active (i.e., the tunnel has not been excavated yet).

3.2 Excavation

Excavation has been simulated by the stiffness reduction method in which soil ele-
ment of excavation area was deactivated and the elements of the liner were activated.
Compatibility of deformations between the liner and the ground is ensured by requir-
ing the nodes of the elements of the ground in contact using general surface-to-surface
contact.

3.3 Effect of Stratification

Effect of stratification has been simulated by considering the two-layer soil whose
properties have been mentioned in Table 1. For comparison purpose, single layer of
low plastic silt (ML) has treated as ideal condition. Depth of stiff layer of sand (SM)
has been varied from top to bottom as shown in Fig. 3.

In the present study, it has been simulated that minimum stresses and deformation
occur at which condition to minimize the effect surcharge on the secondary support.
For this purpose, two-layer system condition has been adopted. To observe the effect
of SM layer on liner, a different depth has been chosen which has been shown in
Table 2.

Table 1 Properties of the soil and liner material opted in the present study [7]

Type of
material

Dry
density
(kg/m3)

Wet
density
(kg/m3)

Permeability
(m/s)

Elastic
modulus
Pa

Poisson
ratio (ν)

Cohesion
(pa)

Internal
friction

Dilation
angle

Silty
sand
(SM)

1625 2000 1E−08 40E06 0.3 7000 34 3

Low
plastic
silt
(ML)

1680 2035 5E−09 25E06 0.35 17,000 25 0

R.C.C.
liner

2500 – – 25.2E09 0.2 – – –
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Fig. 3 Variation of silty sand in the proposed study

Table 2 Variation of silty
sand (SM) along depth

S. no Depth of SM
from top, y1 (m)

Depth of ML,
y2 (m)

Remark

1 0 45 Fully plastic silt

2 10.7 34.3 Both SM and
ML

3 18.33 26.67 SM up to crown

4 22.5 22.5 SM up to spring

5 28.9 16.1 SM below
invert

6 45 0 Fully SM

4 Results and Discussion

Numerical analysis has been carried out to observe the effect of stratification of soil
around the opening using ABAQUS/Standard program. The observation has been
made on underground structure excavated in low plastic soil in terms of displacement
and stresses; further, its response has compared with underground opening in two-
layered soil. More than 30 plain strain models have been simulated to study the
response of stratification on the liner at different depths mentioned in Table 2.

4.1 Geostatic Step

In this step, it was observed that displacement in the vertical and horizontal direction
is almost zero because tunnel had not excavated as shown in Fig. 4a. Radial stresses
along the circumferential path have also been calculated to understand the initial
stress in the liner. It has been found that maximum geostatic stresses occur at the
crown. It provides the initial value of stresses in liner and soil needed for calculating
the increase or decrease in stresses at various phases of construction.
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Fig. 4 Variation of vertical displacement (a) and radial stress (b) with radial angle in geostatic step

4.2 Effect of Stratification

Stratification has been simulated by choosing two types of soil ML followed by SM
as shown in Fig. 3. Homogeneous ML layer has been considered as ideal condition
for all the simulations. It has been observed that horizontal displacement does not
get influenced by the stratification. Affected area of soil in horizontal direction has
been shown in Fig. 5 due to tunneling in the silty soil. Radial stresses and tangential
stresses have been simulated at different depths of the SM from top surface shown
in Table 2. It has been observed that stiff layer (SM) closer to liner reduces the liner
stresses effectively. The response of stratification on the liner stresses has been shown
in Figs. 6, 7, and 8.

It has been observed that the horizontal displacement has maximum value on the
springer zone or center of tunnel axis which has been shown in Fig. 5. It provides
the base to fix the lateral boundaries in simulation. Radial and tangential stresses
have also been plotted for various depths of silty soil. It has been found that the
maximum value of radial stresses occurs at springer level and has not much affected

Fig. 5 Contour of the lateral displacement of low plastic silty soil (ML)
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Fig. 6 Contour of tangential stresses in low plastic soil (ML)
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by the stratification of soil. Tangential stresses have foundmaximumvalue at springer
level and decrease about 10–12% when stiff layer moves toward the crown. Vertical
displacement has been found to reduce 27% when the silty soil (SM) passes from
springer line as shown in Fig. 9. Vertical settlement of liner is the important parameter
which could not neglect while adopting the rational and economic design of the liner.
Figure 9 also depicts the Maximum value of vertical settlement occurs at crown in
homogeneous silty clay soil which reduces to 25 mm when silty sand was present
up to the center of tunnel axis.

5 Conclusion

Numerical analysis has been carried out using finite element package Abaqus. Mate-
rial behavior of soil has been incorporated through well-known Mohr–Columb’s
constitutive model. Effect of stratification has been simulated, and it has been found
that consideration of soil stratification will lead to economic and rational design of
the liner in soft soil.

• Soil has been modeled using Mohr–Columb’s plasticity with nonassociative flow
rule in 2D plain strain numerical model.

• It has been observed that vertical displacement decreased by 27% as compared to
low plastic silty (ML) soil.

• Radial stresses in the liner have not been affected by the stratification as stresses
reduce only 5–6% when SM layer moves toward the liner.

• Tangential stresses have been found maximum at springer level and decrease by
the 10–12% when SM layer is closer to the crown.
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• Horizontal displacement has not much affected by the stratification but has max-
imum value at spring level which helps to decide the lateral boundaries of soil
domain.

• From the above study, it has been recommended that excavation should be done
in above type of soil condition with little care to reduce the volume loss.
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