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This paper discusses the findings of an experimental study on the effect
of various curing procedures on the compressive strength of concrete produced by partially substituting portland cement with Palm Kernel Shell
Ash (PKSA). Palm kernel shell ash was utilized in a 1:2:4 mix ratio as a
partial substitute for ordinary Portland cement (OPC) at percentage levels
of 0%, 10%, and 15%. River sand with particles passing a 4.75 mm BS
sieve was used, as well as crushed aggregate with a maximum size of 20
mm, and palm kernel shell ash with particles passing a 212 μm sieve. The
compressive strength of the test cubes (150 mm x 150 mm x 150 mm) was
determined after 7, 28, and 56 days of curing. The results demonstrated
that test cubes containing Palm kernel shell ash developed strength over a
longer curing period than ordinary Portland cement concrete samples and
that the strength changes depending on the amount of PKSA in the cube
samples. The findings showed that at 28 days, test cubes with 5%, 10%,
and 15% PKSA content in all curing procedures utilized obtained a greater
compressive strength. Curing by immersion produced the highest compressive strength in all replacement level while the concrete cured by sprinkling
and spraying gives a lower strength in all replacement level.

Keywords:
Supplementary cementitious material
Compressive strength
Setting time
Ordinary portland cement
Concrete curing

1. Introduction
Concrete curing is an important step in the civil engineering construction industry, but it is also one of the
most overlooked and misunderstood. It has a substantial
influence on robust growth and long-term viability. Curing
takes place shortly after the concrete has been placed and
completed, and it requires maintaining moisture and temperature conditions both near and underneath the surface
[1]
. It is described as the treatment of newly laid concrete
during the hardening process so that it maintains adequate
moisture to prevent shrinkage and cracking [2]. Concrete
curing is believed to be essential for the hydration of the

cement content. The moisture-temperature history over
time determines the amount and rate of hydration of concrete. For full and adequate strength development, evaporation of water in concrete should be avoided, and the water spent in hydration should be replaced. According to [3],
for curing to be beneficial in concrete, it should begin as
soon as the concrete hardens, because the negative effects
of premature inappropriate curing are permanent [4].
Ordinary Portland cement (OPC) is the most significant
building material on earth. The current annual production rate is roughly 2.1 billion tonnes, and it is predicted
to increase rapidly to nearly 3.5 billion tonnes by 2023.
According to [5], Nigeria's annual cement demand is esti-
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mated to be at 7.8 million tonnes, with just 5.0 million
tonnes of Portland cement manufactured in the country.
Imports account for the remaining 2.8 million tonnes.
Researchers are assisting in the hunt for a low-cost alternative cement that may be made locally, reducing
the need for Portland cement and, as a result, the cost
of building. The search for acceptable agricultural
wastes for this purpose was consequently increased,
and some of the waste products explored for usage
include rice husk ash [6,7], corn cob ash [8,9], and others.
PKSA is another appropriate substance that may be used.
Most pozzolanic materials used in concrete production
in developed countries are waste from industrial processes, such as pulverized fuel ash, also known as fly ash,
crushed granulated blast furnace slag, silica fume, and
palm oil fuel ash. Due to minimal industrial activity in
most developing countries, particularly Nigeria, research
on the application of SCMs has concentrated on waste
recycling from the agricultural and forestry sectors. Agricultural and forestry materials and by-waste products
abound throughout the nation and are sometimes massively burned in heaps or left in the open field, with just
a small portion used as fuel or animal feed. As Kinuthia,
Mofor, Melo, and Djialli (2006) [10] correctly recognized,
trash from these sources represents a potential supply of
construction materials in addition to natural non-renewable resources that are currently being mined due to their
renewable nature when properly handled.
PKSA is a byproduct of the palm oil industry. It is
produced from the burning of palm oil plant waste. The
dumping of PKSA pollutes the environment and poses a
health risk, as well as occupying the property. By using
PKSA in concrete manufacturing, these issues may be
greatly avoided.
This project aims to investigate the effect of various
curing methods on the compressive strength and density
of concrete with some of its cement replaced with PKSA.
However, this study examines the impact of different
curing methods on the compressive strength of concrete
with 5%, 10%, and 15% replacement of OPC with PKSA,
to recommend the best method for Nigeria PKSA concrete.

The palm kernel shells utilized in this study were obtained from a palm oil processing plant in Akure's southern region (Ondo Road – Aba Oyo I, Adebowale area).
The ash from Palm Kernel was generated by controlled
burning (750 °C) in a kiln at the Federal University
of Technology, Akure's Department of Mechanical
Engineering. The ash solidified (Figure 1) and then ballmilled to obtain a powdered granulated shape, which was
sieved via a 75 µm sieve and then a 45 µm sieve to obtain
a particle size near to the 45 µm size of Portland cement
(Figure 2). The specific gravity of sieved ash is 2.19. The
fine aggregate (river sand) was also sourced locally and
sieved using the No 4 sieve (4.75 mm). Similarly, the
coarse aggregate was sourced from a nearby quarry. The
fine aggregate had a specific gravity of 2.62, while the
coarse aggregate (granite) had a specific gravity of 3.14
and a maximum size of 20 mm. Fresh tap water from the
Geotechnical laboratory of the Civil Engineering Department of the Federal University of Technology, Akure,
was utilized in the research for concrete preparation and
curing. Figure 1 shows the experimental design for the
concrete cube crushing test, while Figure 2 shows the material quantities for the concrete mix design.

Figure 1. Palm Kernel Ashes after burning (large particle
size and porous texture)

2. Materials and Methods
2.1 Materials
A coarse aggregate with a maximum particle size of 20
mm was used. As the fine aggregate, local river sand was
used. The cement utilized in the study was ordinary Portland Cement, which is the most commonly used cement
for building in Nigeria and meets [11].

2
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Figure 2. Palm Kernel ashes after ball-milled into finer
particle
https://doi.org/10.30564/jaeser.v4i3.3315
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Table 1. Concrete cube crushing test experiment design
Factors

Levels

Description

Curing by Immersion Into Water
A

Percentage Replacement %
Curing Age (Days)
Replicates

3
3
3

to the oxide composition using [12]. The loss on ignition
and the specific gravity of the samples were determined at
the Engineering Materials Development Institute (EMDI)
research facility in Akure, Nigeria.

0%, 5%, 15%
7, 28, 56

Total Number of Cubes = (3 × 3 × 3)

27

Curing by Spraying With Water
B

Percentage Replacement %
Curing Age (Days)
Replicates

3
3
3

Total Number of Cubes = (3 × 3 × 3)

0%, 5%, 15%
7, 28, 56
27

Curing by Covering Concrete with Plastic Sheets
C

Percentage Replacement %
Curing Age (Days)
Replicates

3
3
3

Total Number of Cubes = (3 × 3 × 3)

0%, 5%, 15%
7, 28, 56
27

Curing by Saturated Wet Covering
D

Percentage Replacement %
Curing Age (Days)
Replicates

3
3
3

Total Number of Cubes = (3 × 3 × 3)

0%, 5%, 15%
7, 28, 56

Figure 3. Spectrometer machine (EDX3600B EDXRF)

27

Curing by Application of Membrane Forming Curing
Compound
E

Percentage Replacement %
Curing Age (Days)
Replicates

3
3
3

Total Number of Cubes = (3 × 3 × 3)
TOTAL NUMBER OF CUBE (27 + 27 + 27 +
27 + 27)

0%, 5%, 15%
7, 28, 56
27
135

Table 2. Mix components for test concrete in kg
Concrete Constituents

Percentage
Replacement

Cement
(Kg.)

Coarse Aggregate
(Kg.)

Fine Aggregate (Kg.)

PKSA
(Kg.)

0%
10%
15%

53.0
47.0
42.0

265.0
265.0
265.0

133.0
133.0
133.0

0.0
1.20
2.90

Figure 4. Test Sample (Palm Kernel Shell Ash)

2.2 Methods
Chemical Test on Palm Kernel Shell Ash (PKSA)

The chemical test was carried out at the Engineering
Materials Development Institute (EMDI) research facility in Akure, Nigeria, using an Energy Dispersive X-ray
Fluorescence Spectrometer (EDXRF), model EDX3600B,
as indicated in Figure 3. The system includes a vacuum
pump for detecting light elements and a helium injection
device for analyzing liquids. The samples were placed
inside two containers and labeled B and C where B is
the Cement (Figure 4) and C (Figure 5) is the PKSA and
placed inside the spectrometer tray one after the other.
The elemental composition of the PKSA was determined
by X-ray fluorescence analysis, which was then translated
Distributed under creative commons license 4.0

Figure 5. Test Sample (Ordinary Portland Cement)

Moisture Content of the Fine Aggregate (River sand)

The test portion of fine aggregates (river sand) was put
in a container and dried at 105˚C ± 5˚C until it reached a
https://doi.org/10.30564/jaeser.v4i3.3315
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consistent mass. The moisture content was estimated by
expressing the mass of total moisture in the sample as a
percentage of the mass of the dry sample. The technique
descriptions were consistent with [13].

Aggregates Grading

The sieve analysis of coarse aggregate (granite), fine
aggregate (river sand), and PKSA used for casting the
concrete mixtures under investigation was performed at
FUTA's Civil Engineering Department's Structural Laboratory. The sieves were arranged from 25 mm to 4.76 mm
for granite, 4.75 mm - 72 μm for river sand, and 500 μm
- 45 μm for PKSA. The percentage retained on each sieve
was calculated by dividing the weight retained on each
sieve by the original sample mass, whereas the percentage
passing (or percentage finer) was calculated by beginning
with 100 percent and removing the percentage retained on
each sieve cumulatively. The entire operation was carried
out following [14].

Bulk Density and Specific Gravity of Components

For granite, river sand, and PKSA, the bulk density test
was carried out following [15]. The test was performed in a
weighted metal cylinder with a predetermined height and
diameter. To determine the compacted bulk density, the
container was divided into three layers and stamped with
a rod on each layer. The overflow was collected, and the
bulk density was calculated by dividing the sample's net
mass in the cylinder by its volume.
The specific gravity test on fine aggregates (river sand),
coarse aggregates (granite), and PKSA was carried out
following the British Standard [16]. The specific gravity
was calculated as the ratio of the sample mass to the mass
of the corresponding water volume.

Standard Consistency and Setting time of Cement
and PKSA

The test was performed following British Standard [17]
standards on grade 42.5 Dangote 3X ordinary Portland
cement and each of the cement components resulting from
varied percentage replacements of OPC with PKSA. Vicat's standard equipment was employed. The plunger of
the device was allowed to penetrate 33 mm from the top
of each of the cement pastes in the molds during the test.
As a standard consistency for each paste, the ratio of the
mass of water necessary to form a paste that allows 33
mm of penetration to the mass of the cementing component (in percentage terms) was recorded.
The initial and final setting time for the OPC and each
of the pastes produced by partially substituting the OPC
with the PKSA were determined. The initial setting time
was calculated as the time between adding water to the
paste and losing plasticity.
The final setting time was estimated as the time elapsed

4
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between the addition of water to the paste and the loss of
flexibility and attainment of appropriate firmness to bear a
certain specified pressure. This test was carried out under
the instructions of the British Standard [17].

Aggregate Crushing Value (ACV) and Aggregate
Impact Value (AIV) of the Coarse Aggregate

This test was performed in compliance with British
Standard [18]. The sample was placed into the mold in three
stages, with 25 tampings between each layer. The weight
was computed as A. The equipment was then put in the
compression testing machine at a steady pace to achieve a
40 kN load in 10 minutes. After then, the load was lifted.
The sample was then sieved through a 2.36 mm sieve, and
the fraction that went through the sieve was calculated as
B. (B÷A )×100 was used to compute the aggregate crushing value. The test was done three times, and the average
value was used to calculate the ACV.
The AIV test was carried out following British Standard [18]. A sample was passed through a 12.5 mm sieve and
retained on a 10 mm sieve. The material was put into the
mold in three layers and tamped 25 times at each layer before being weighted in grams as weight "C." The sample
was put into the AIV machine and subjected to 15 blows,
each given at a one-second interval. The sample was removed and sieved through a 2.36 mm sieve; the percentage passing through was measured in grams as weight
"B." Three such tests were performed, and the mean of the
findings was reported. The total impact value was calculated as (C÷B) ×100.

Fineness Test of the Cement and PKSA

A dry sieve technique test was used for this test it was
according to British Standard [11]. OPC and PKSA were
shaken for 8 minutes in a Sieve No.325 (45 µm) sieve.
The fineness of the 45 µm sieves was stated in terms of
the percentage weight of residue and determined as the
ratio of sample mass retained in the 45µm sieve to total
sample mass.

Slump and Compacting Factor

A water-to-cement ratio of 0.56 was used to make the
concrete mix ratio of 1:2:4. The height of the slumped
concrete was used to determine the slump. This experiment was conducted following British Standards [19]. A
mass ratio, i.e. the ratio of the mass of partially compacted
concrete to the mass of completely compacted concrete,
was used to determine the degree of compaction known as
the compacting factor.

Batching, Curing and Compressive Test of Concrete

The concrete cubes were produced using 150 mm x 150
mm x 150 mm molds in compliance with [20]. The molds
were first lubricated to ensure that the concrete cubes
https://doi.org/10.30564/jaeser.v4i3.3315
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could be removed without stress. The new concrete was
poured in three equal layers and pounded with 25 strokes
of a 50 mm round-ended rod. The tops of the cubes were
labeled for identifying purposes. Following that, the samples were immediately stored in the laboratory at room
temperature. After 24 hours, the samples were demold.
Five different curing methods were used to cure the
samples until the testing days. Curing procedures included
immersion in water (A), water spraying (B), polythene
covering (C), Curing with hessian cloth (wet covering) (D),
and the use of Curing chemicals (E) as shown in Table 1.
The samples were submerged in water until the crushing days of water immersion. Spraying with water kept
the samples wet until the crushing days by spraying them
with water twice daily (morning and evening). In the Curing by Covering Concrete with Plastic Sheets method, the
samples were covered with polythene until the crushing
days. The specimen was covered with a Hessian cloth in
the saturated membrane covering till the curing day, In the
case of membrane-forming curing compounds, the specimen was immersed in calcium chloride (CaCl) solution
before being exposed to air until the curing days. One
hundred thirty-five (135) cubes were cast using a water/
cement ratio of 0.56 and crushing tests were performed
using a compression machine in conformity with the provisions in [21].

3. Results and Discussions

Oxide Composition of PKSA

Table 3 shows the results of the chemical analysis of
PKSA. According to [22], for a product to be classified as
a pozzolan, the addition of Al2O3, SiO2, and Fe2O3 must account for at least 70% of the total oxide composition. Al2O3
+ SiO2 + Fe2O3 for PKSA generated 64.5 % of the result
shown in Table 3. This fulfills the requirement for [22]. The ignition loss (LOI) obtained for PKSA was 8.05 percent. This
amount, according to [22], is less than the 10% limit required for pozzolan. Based on the results of the chemical
tests, PKSA may be classified as a Class N pozzolan.
Table 3. Oxides composition of PKSA
Compound

Al2O3

SiO2

Fe2O3

Oxides (%)
in PKSA

3.7

59.5

1.3

CaO MgO

K2O

Na2O

SO3

LOI

5.3

5.9

0.3

0.4

8.05

3.4

Physical Properties of Aggregates and PKSA

The aggregates' physical characteristics tests, as well as
the PKSA for the concrete test, are summarized in Table
4. The table illustrates that the aggregates' natural moisture content and specific gravity are suitable for creating
standard concrete. The specific gravity of PKSA cement
Distributed under creative commons license 4.0

is lower than that of Portland cement. The PKSA has a
bulk density of 825.3 kg/m3 compared to 3053.4 kg/m3 for
OPC. When OPC is largely replaced with PKSA, the conclusion is that the concrete will be less dense. For coarse
aggregates (granite), the aggregate crushing value (ACV)
and aggregate impact value (AIV) are respectively 23.05
percent and 20.33 percent, indicating that the coarse aggregate is extremely strong and suitable for concrete. The
cement has a fineness percentage of 99.5 percent, and the
PKSA has a fineness percentage of 100 percent because
the PKSA was passed through a 45 μm sieve before being
used in concrete production.
Table 4. Physical properties of aggregates and PKSA
Properties of all Materials Used

Fine Aggregate
River Sand

Coarse Aggregate
Granite

OPC

PKSA

Fineness (%)

-

-

99.5

100

Moisture Content (%)

2.3

1.4

-

-

Fineness Modulus

2.4

6.53

Specify Gravity

2.62

3.19

3.12

2.19

Bulk Density (kg/m3)

1325

1675

3053.4

825.3

Aggregate Crushing
Value (%)
Aggregate Impact Value
(%)

Binders

23.05
20.33

Grading of the Aggregates

Table 4 shows the computed fineness modulus of the
fine aggregate based on the material's sieve analysis results. The grading curves demonstrate that the sand was
properly graded and acceptable for concrete production.
The grain size analyses of the materials (fine aggregates)
utilized are shown in Figure 6.

Standard Consistency and Setting Time

Table 5 shows the results of the standard consistency
test for OPC as well as the appropriate PKSA replacement
levels for OPC. The table indicates that the amount of
water required to obtain the specified consistency increases as the percentage of Portland cement replaced with
PKSA increases. The table also shows the results of the
setting time test for OPC and other substitutes. The table
indicated that paste with a replacement level of 15% has a
higher initial setting time than the 45-minute recommended by the BS Code while all the final setting time falls
into the 600-minute recommended by [17]. As a result, at
the replacement levels used in this study, adding PKSA to
Ordinary Portland Cement at 15% and above affects the
binder's initial and set time.
https://doi.org/10.30564/jaeser.v4i3.3315
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0
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15

400
0
125

360
40
126.75

340
60
129.87

30

42

48

lanic materials rises with increasing cementitious material
hydration owing to the interaction between the free lime
generated during OPC hydration and the silica content of
SCM.
Another aspect that may be accountable for the strength
pattern is the curing method used. In concrete technology,
it is believed that curing impacts the strength of concrete.
As shown in Figure 5, concrete cured by Immersion (A)
produce the highest strength (19.8 N/mm 2) at 28 days,
followed by Concrete cured by covering with polythene
(B) which produces strength of 17.3 N/mm2. For concrete
cured by Membrane covering, it produced a strength of
15.6 N/mm2 at 28 days. Concrete cured saturated wet
covering method, concrete cured by spraying and fogging
produced the lowest strength which is 15.9 N/mm2 and
15.6 N/mm2 respectively However, Figure 10 shows that
the most effective curing process is immersion in water of
concrete.

360

392

420

Table 7. Compressive Strength of Various concrete mixes

Figure 6. Particle size distribution curves for fine aggregate
Table 5. Standard consistency test result and setting time
test result
Replacement of OPC by
PKSA (%)

Cement’s mass (g)
PKSA’s mass (g)
Water (g)
Setting time – Initial
(min)
Setting time – Final
(min)

Tests on Fresh Concrete

Table 6 presents the data of the slump test. The results
show that the slump test increases as the level of PKSA
increase. This suggests that both concrete with OPC/
PKSA mixes are more workable than concrete made entirely of OPC.

Curing Regime

A (Immersion in
water)

B (Water spraying)

Table 6. Test results on fresh concrete
Concrete (%)

0

10

15

Slump test (mm)

45

24

19

C (Polythene covering)

Compressive Strength

The results of the compressive strength of the PKSA
Concrete at different curing ages and different replacement (i.e. 0, 10, and 15%) are presented in a graphical
representation of average compressive strength versus
curing age for different curing methods used in the experiment, as shown in Figures 7, 8 and 9 and Table 7.
The outcomes showed that the compressive strength
of concrete samples containing palm kernel ash increased
with increasing curing age, exactly as it does with typical
ordinary Portland cement concrete at all replacement levels investigated. After the 10% replacement level, despite
the slow rate of strength gain until 28 days, the strength
is about the same as that of regular concrete at 56 days,
although other replacement levels exhibited improvement
with time. It could be shown that the concrete strength
performance increased with time up to 15% replacement
levels. This is true in the sense that the strength of pozzo-

6
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D (Saturated wet
covering)
E (Membrane-forming
curing chemicals)

% Replacement

Strength (N/mm2)
7 DAYS

28 DAYS

56 days

0

13.5

19.8

20

10

14.3

20.3

21.1

15

14.5

20.5

22

0

11.1

15.6

15.8

10

13.2

16.2

17.2

15

14.6

16.5

17.9

0

13.4

17.3

17.5

10

13.3

17.9

19.8

15

14.1

18.2

20.1

0

13

15.9

16.2

10

13.5

17.8

19.9

15

13.8

18.3

20

0

13.3

15.6

15.8

10

13.8

18.2

19.3

15

14

18.7

19.9

Figure 7. Compressive strength of concrete with various
curing methods for 7 days
https://doi.org/10.30564/jaeser.v4i3.3315
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4. Conclusions

Figure 8. Compressive strength of concrete with various
curing methods for 28 days

Statistics and Analysis of Variance (ANOVA)

In the analysis of variances, a two-way ANOVA was
used to investigate the influence of curing technique on
concrete strength and the influence of curing age on concrete strength (ANOVA). There is a statistically significant difference in the average the compressive strength of
concrete of various groups (p = 0.0.00875 < 0.05) and (p
= 0.000109 < 0.05), according to Table 8. It demonstrates
that the strength growth in the concrete sample is influenced by curing ages and methods.

The study looked at the impacts of PKSA on the
compressive strength development of ordinary Portland
cement concrete. The study has brought to the body of
knowledge the potentials of agricultural waste as supplemental cementitious materials that may be enhanced to
increase its performance and utilization in a developing
nation like Nigeria. Based on the findings, the following
conclusions were reached:
The addition of PKSA increases the amount of water
necessary to make a workable concrete mix, impacting
concrete workability and resulting in a high water/cement
ratio.
Because the pozzolanic effects of PKSA concrete have
not yet been determined, it may require other characteristics to be identified as a pozzolan.
Curing by immersion in water found to be the most
effective curing technique for concrete because it creates
minimal moisture loss and so increases cement hydration
reaction, followed by covering with polythene, which
generates better compressive strength than spraying and
fogging techniques of curing. Curing by Application of
Membrane Forming Curing Compound (Curing Compound) is only suited for short-term concrete curing.
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Lithium ion battery fire hazard has been well-documented in a variety of
applications. Recently, battery train technology has been introduced as a
clean energy concept for railway. In the case of heavy locomotives such
as trains, the massive collection of battery stacks required to meet energy
demands may pose a significant hazard. The objective of this paper is
to review the risk evaluation processes for train fires and investigate the
propagation of lithium ion battery fire to a neighboring steel warehouse
structure at a rail repair shop through a case study. The methodology of the
analyses conducted include a Monte Carlo-based dynamic modeling of fire
propagation potentials, an expert-based fire impact analysis, and a finite
element (FE) nonlinear fire analysis on the structural frame. The case study
is presented as a demonstration of a holistic fire risk analysis for the lithium
ion battery fire and results indicate that significant battery fire mitigations
strategies should be considered.

Keywords:
Lithium ion battery
Train fire
Propagation
Structural safety

1. Introduction
With high energy density, lithium ion battery is quickly
becoming the dominant rechargeable battery chemistry for
electrified vehicles, which typically involves packaging
lithium ion batteries in bulks. Studies on lithium ion battery fire are limited and design guidelines to prevent fire
damage due to lithium ion battery fire are almost non-existent. Thermal runaway is one of the failure modes in
batteries. It occurs when an exothermic reaction goes out
of control, that is the reaction rate increases due to a temperature increase causing further increases in temperature
and hence a further increase in the reaction rate, possibly

resulting in an explosion. For the lithium ion battery runaway, it is caused by the exothermic reactions between the
electrolyte, anode, and cathode – with the temperature and
pressure increasing in the battery, the battery will rupture
at last [1-2]. For bulk storage of lithium-ion batteries, the
fire propagation can be initiated by battery pack deformation
[3]
. Hence, the packaging design of a battery pack plays an
important role in preventing cell fire propagation [4].
The battery train concept was initially introduced as a
clean energy technology which involves a train configuration that consists of two locomotives, one with a standard
diesel-electric engine and another with a battery storage
system – known as a zero-emission boost locomotive
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(ZEBL) [5]. Currently, battery train technology is rapidly
being promoted in the US, Germany, China, South Korea and Japan. Implementation of this technology could
reduce diesel engine use by approximately 40% during
train operation which results in an equivalent drop in air
pollution from the locomotive. Similar to energy storage
solutions, conventional design of a battery train involves
the stacking of multiple lithium ion battery packs. Hence,
the fire scenario should include fire safety stacking design
of the battery packs within the locomotive.
In 2017, a rail cargo car carrying lithium ion batteries
caught fire and exploded in downtown Houston [6]. The
incident damaged several residential structures due to the
shock waves and burned down a nearby warehouse. This
incident indicated the potential danger for the ZEBL locomotive or other lithium-ion battery electrified trains. The
intent of this study is to determine the fire propagation
scenario for a lithium-ion battery train assuming the rail
car is completely loaded with lithium ion batteries.
The motivation behind this study is a research of the
potential of Wireless Power Transfer (WPT) technology
for an electrified train using lithium-ion battery racks as
the propulsion method. Trains are typically electrified by
overhead catenaries or by stand-alone diesel-electric powered engines. Overhead catenaries are often expensive to
construct, and diesel-electric locomotives have inherent
pollution problems. Lithium-ion powered trains have the
same benefits as typical electrified vehicles that include
zero emission problems. Similarly, lithium-ion powered
locomotives need to be charged.
WPT is an emerging technology that is designed to
transfer power from a transmitter on the primary side of a
receiver or multiple receivers on the secondary side, wirelessly. The WPT technology requires an Inductive Power
Transfer (IPT) to be applied in the battery charging application through the magnetic coupling to deliver the power.
In the railway system, the conventional diesel-fueled locomotives produce severe air pollution, which makes the
electric locomotive more popular in the industry [7]. The
WPT concept under current consideration will include
large scale use of Li-ion batteries and it is important to understand the potential fire hazard that these batteries may
introduce to a rail system in order to properly develop an
appropriate fire protection and mitigation strategy.
However, the current procedure of charging an electric
locomotive is too complex because it involves the railroad
locomotive parking adjacent to a trackside power station,
then having a railroad worker physically attach large
electrical cables by hand to the locomotive. The new IPT
charging technology has huge potential for improving the
railway industry by means of saving the charging time,
increasing the worker safety, reducing the cost as well as
increasing the robustness of the charging system.

This paper investigates the fire safety of a neighboring
structure due to fire propagation from a battery train. A literature review was first conducted to identify the literature
that can best help structure a systematic study on the risks
for a structure due to fire propagation from a battery train.
A battery train fire propagation risk analysis is then performed using dynamic modeling technique. Finally, a case
study on a steel structure is presented to demonstrate the
risk evaluation from a battery train fire. An expert opinion
approach is used in rationalizing the fire risks. The fire
propagation risk on the steel structure is presented in a
risk index matrix.
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Fire Safety Regulations for Rail-Road Structures Review
Initial sources on train fire investigation can be found
in several publications from the APTA (American Public
Transportation Association). The APTA Recommended
Practice for Transit Bus Fire/Thermal Incident Investigation [8] is the recommended practice for fire safety analysis
of existing passenger rail equipment. Every effective system safety program has four essential elements:
(1) A means to identify and prioritize safety risk (a hazard analysis);
(2) An action plan that allocates resources to reduce the
most severe risks;
(3) A means to monitor, measure, and document the effectiveness of the action plan;
(4) Assesses periodic adjustment of the action plan
based on the measured effectiveness and as service or
equipment characteristics change.
APTA outlines steps required for a thorough fire safety
analysis. These steps have been summarized in Figure 1
and organized with respect to historical data, site survey
of the location, risk assessment of the possible fire scenarios, and remediation plan for the assessment. Other relevant APTA guidelines including recommended practices
for fire safety [9], for fire protection systems [10], fire safety
analysis for existing passenger rail equipment [11] and fire
detection technologies [12], should also be evaluated for the
fire safety concerns for Li-ion battery trains.

Figure 1. Fire Analysis Overview

Journal of Architectural Environment & Structural Engineering Research | Volume 04 | Issue 03 | July 2021

The National Fire Protection Association (NFPA) also
has specific standards for fire protection – the NFPA (National Fire Protection Association) 130 [13] is the standard
for fixed guideway transit and passenger rail systems (both
surface and underground systems). The main objective of
NFPA 130 is to ensure occupant safety and structural integrity against runaway fires. NFPA represents a minimum
requirement to provide a reasonable degree of safety from
fire and its related hazards in fixed guideway transit and
passenger rail systems. Life safety and fire protection requirements are specified for stations, trainways, emergency ventilation systems, vehicles, emergency procedures,
communications, and control systems.
NFPA 130 [13] states that systems shall be designed,
constructed, and maintained to protect occupants who are
not intimate with the initial fire development for the time
needed to evacuate or relocate them or to protect such
occupants in place during a fire or fire-related emergency.
The structural integrity of stations, train-ways, and vehicles is important to be maintained for the time needed to
evacuate, relocate, or protect people who are not aware
of the fire. NFPA 130 also states that there needs to be
assumed possible fire scenarios that need to investigate
while considering the location and size of a fire or a
fire-related emergency.
Finally, the International Building Code (IBC) [14] defines required fire resistance ratings for buildings based
on construction type and building element. IBC also presents several methods for establishing the fire resistance
of components and assemblies to ensure that the required
ratings are met including experimental fire testing as per
ASTM E119 [15], prescriptive code adherence, or engineering calculation.
To develop a fire protection strategy, a fire risk analysis should be first conducted. The outcomes of the risk
analysis should be a quantitative measure of the risk level
and the potential spread scenarios that enables a performance-based fire protection design to minimize the risks.
To assess the risk level, a risk index can be established to
quantify the fire risk. For example, Salvati et al. [16] used a
fire risk indexing method to study forest fire risks.
In the current study, a risk indexing matrix is established based on two perspectives, probability and severity.
An analysis is conducted using a combination of how
likely an event is to happen and how severe it would be if
it did, to create a risk rating for the particular event. The
probability aspect is scaled from 1 to 5, 1 being frequent
and 5 being improbable to occur. The severity aspect is
scaled 1 to 4 where 1 being catastrophic and 4 negligible.
In this paper, we described the use of the risk indexing
method for the evaluation of a steel warehouse structure
Distributed under creative commons license 4.0

for potential battery train fire. The risk indexing method
helped in prioritizing the fire risks for the building, which
helps in dictating the structural evaluation procedure for
the building. The results of structural fire analysis using
finite element method (FEM) are then conducted and used
to establish the fire protection strategy.

Rail Car Battery Stack Fire Monte Carlo
Simulation
To determine how battery train fire propagates towards
a neighboring structure, a Monte Carlo simulation is first
conducted to determine the severity and likelihood of battery fire propagation.
The risk simulation is established by performing a
limited Monte Carlo-based dynamic modeling of the fire
propagation. The dynamic modeling, originated from cellular automaton [17], simulates the discrete state, space and
time for fire propagation where each cell unit is assumed
to be identical in properties and fire processes.
In the current study, the battery train fire propagation
model is a two-dimensional battery stack represented by
a 50 X 10 rectangular grid. The battery stacks are closely
spaced, and fire is assumed to start from a single battery
and propagate randomly (with an assigned probability of
spreading) from the single cell to the neighboring cells.
The transition at each time step is dependent on the state
for the cell and the neighboring cell. Figure 2 shows the
relationship between each cell and its neighbors. The cells
are labelled by its index (i, j). Each cell is also identified
by its state and is influenced by the state of its neighboring
cells – the propagation of fire is determined at each time
step by checking the states of neighboring cells [18]. The
diagonal neighboring cells have no impact to the cell of
interest. Also, at the boundary of the battery stack, empty
cells are assumed. Hence, the actual matrix in calculation
is (n+2, n+2).

Figure 2. Coordinate System for the Battery Stack Using
Cellular Automation
https://doi.org/10.30564/jaeser.v4i3.3327
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In the simulation for the spread of fire, a cell can contain one of three values: 0 to indicate an empty cell with
no battery or a burnt battery, 1 to indicate a cell with a
non-burning battery, or 2 to indicate a cell with a burning
battery. All batteries are initialized as not burnt nor burning. But once the cell is on fire, it is identified as burning.
A battery always burnt down in one-time step. Hence, the
cell is identified as empty during the next time step.
During each iteration (time step), the cell (i, j) is
checked against its neighboring cells and its state is updated by determining if the neighboring cell is on fire. If
a cell’s neighbor cell is burning, the cell may or may not
catch on fire, the assigned probability determines if the
cell will catch on fire. The boundary of burnt cells is similar to a fire break and no fire propagation will occur to
such a boundary. This insulating boundary helps to dictate
the direction of fire propagation based on the stochastic
process. To propagate fire, a number (between 0.0 and 1.0)
is randomly generated and compared to the assigned probability value. If the number if greater than the assigned
probability value, then fire will start at the cell, or else,
fire will not start. Furthermore, a burnt cell will not cause
the neighboring cells to burn.
The rule of propagation is summarized in the following:

on propagation path and the remaining unburned batteries.
1,000 randomly generated simulations were performed
and the results are shown as the probability of propagation
and the normalized duration and percentage of the battery
burnt in Figures 3 and 4. Each figure presents the average
of the data collected, as well as the range of all the data
points recorded (limits of range shown with black circles).
As shown in Figure 3, the percentage of the battery being
burned reaches almost a constant 100 percent at a probability of 0.6 of a single cell fire propagation. On the other
hand, the single cell fire will not reach the entire bulk
if the probability of propagation is equal to or less than
0.4. In Figure 4, the time step takes for the battery being
burned varies significantly, meaning that the percentage
of the battery being burned should be directly correlated
to the possible fire scenarios. In general, it would take 40
timesteps to burn the entire stack.

Figure 3. Probability vs Percentage of Battery Burned
(1)
else
(2)
end if
Time in the simulation does not represent any real
time unit and is defined by the number of computing time
steps. This is also due to the fact the actual fire chemistry is not considered in the model. At each discrete time
step, the simulation determines the state of each cell at
the next time step based on the state of each cell at the
current time. Thus, by counting time steps, the simulation
was able to generate a new grid for the next time step.
The goal of the dynamic modeling simulation is to gain
insight into the likelihood of fire spread and the speed of
fire spread (in relative time). The model also allows visualization of the fire propagation through animation of the
simulated fire event.
By assigning the probability of fire propagation (from 0
to 1), the analysis can generate the burning time and percentage of battery racks burned. The probabilistic analysis
is not based on actual fire physics but estimates the probability of directional propagation from a random fire starter
in a 2-D dense battery rack. The battery burning time for
each cell is constant, but the propagation rate is dependent
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Figure 4. Probability vs Time Step of Battery Burned
The simulation process is known as a Monte Carlo
simulation and it is conducted to determine the probabilistic distribution of the fire propagation scenarios. The
results give a first-order indication of the likelihood of a
fire propagation in the battery stack. Once the likelihood
of fire propagation and the time of propagation are established, then the fire scenarios at the selected site should be
identified and more detailed fire risk evaluation should be
performed.
For the battery train fire study, the latter processes are illustrated using an actual warehouse and is presented as follows:

Case Study: North Carolina Capital Railyard
Warehouse
To demonstrate the fire propagation risk analysis, a
https://doi.org/10.30564/jaeser.v4i3.3327
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study has been performed on the North Carolina Department of Transportation (NCDOT) Capital Yard train
maintenance warehouse. The study evaluates the building
structure for fire using finite element modeling and a fire
risk analysis using an expert opinion approach to establish
the risk indices for different fire scenarios, so that the critical aspects of the building fire can be unpacked for better
understanding.

Building Description

b) LiDAR Scan of Warehouse Interior

2

The 483 m building is an open-span steel structure.
The eave height of the warehouse is 7.3 m and the roof
is at 9.3 m from the floor slab. Figure 5 shows the steel
structure that sits within the NCDOT Capital Yard. The
bay width for the floor plan is 7.3 m by 7.9 m. Figure 6
shows the plan view of the train warehouse. The building
is composed of six rigid frames connected with beams
and purlins on each roof side between the rigid frames
[19-21]
. The rigid frame is composed of tapered beams of
W18x40’s [22-23]. The purlins are made of C10x25 beams.

Figure 5. The NCDOT Capital Yard Maintenance Warehouse
Since the case study is on an existing structure, to determine the exact design of the structure, original shop
drawings were retrieved from NCDOT. In addition, a laser scan was performed onsite to generate 3D pointcloud
imageries of the steel structure and the surrounding environment [21]. Figure 6 shows the scanned structures and its
surroundings. The 3D imagery allows for precision measurements of the member dimensions and track locations
to establish likely closest distance of any battery train
may be approaching the structure. All the dimensions and
measurements of structural elements in this study were
validated using the LiDAR scan results.

a) LiDAR Scan of Warehouse Exterior
Distributed under creative commons license 4.0

Figure 6. LiDAR Scans of the NCDOT Capital Yard
Maintenance Warehouse: a) LiDAR Scan of Warehouse
Exterior and b) LiDAR Scan of Warehouse Interior

2. Fire Risk Analysis
The purpose for adding fire protection to a structure is
to prevent the building from collapsing during the event
of a fire, controlling damage, and allowing for safe evacuation. This needs to be performed along with a detailed
fire risk evaluation. The warehouse that is being analyzed
in this case study contains fuel, oxygen, and heat source,
which are three elements needed in order to ignite a fire.
Fire behavior is dependent on the fire temperature, the
heat transferred to the surface of the structure, and corresponding rise of temperature occurring within the structure. Because the warehouse has open space and possible
workers within, fire safety will be provided by selecting a
way to control and extinguish the fire at an early stage and
allow time for people to exit.
To analyze the fire risk, an expert opinion-based approach that involved multiple participants is performed.
The following section describes the compartmentation of
the warehouse and the different fire scenarios considered.

Warehouse Building Compartment Designation and Fire Scenarios
The warehouse building was partitioned in exterior and
interior compartments, which have been assigned a numeric number as illustrated in Figure 7 and summarized in
Table 1. Some of the compartments have different conditions for consideration: at compartment 9, there is a standalone office with glass frames, a railroad track extended
all the way into compartments 11 and 12 for sheltered
repair works, and electric controls have been installed on
the interior wall of compartment 10. Furthermore, chemicals were stalled closely to the structure in tanks next to
compartments 13 and 14. These special considerations
make the compartments behave differently during fire.
https://doi.org/10.30564/jaeser.v4i3.3327
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Figure 7. Warehouse Building Compartment Designation

per. Each of the six fire scenarios was individually applied
to each compartment of the warehouse, giving a total of
84 scenarios. The expert opinion approach involved seven
expert members with backgrounds in fire protection engineering, structural engineering, and railway engineering.
Each participant ranked the risks independently, and then
the average risks from the collected opinions of the seven
participants were calculated. The calculated averages are
then used to rank the different scenarios. The most and
least critical areas of the warehouse were then identified.
The outcomes are then mapped onto the compartment
schematic shown in Figure 10. A grey scale is used to signify the criticality of each scenario.

Table 1. Compartment Designations in the Fire Risk Evaluation
Compartment
No.
Exterior

Description

1
2
3
4
5
6

Top left exterior wall
Top right exterior wall
Middle left exterior wall
Middle right exterior wall
Bottom left exterior wall
Bottom right exterior wall

Figure 8. Warehouse with Scenarios

Interior

7
8
9
10
11
12
13
14

Top left interior structural elements
Middle top left interior structural elements
Middle top right interior structural elements
Top right interior structural elements
Bottom left interior structural elements
Middle bottom left interior structural elements
Middle bottom right interior structural elements
Bottom right interior structural element

Another consideration in fire risk analysis is where and
how ignition occurs. Even though this study focused on
the battery train fire, other critical elements that may induce fire to the building have also been considered. These
include fire induced by electric power transformers, chemical tanks outside of compartment 13 and 14, and a large
gas tank behind the building. Thus, for this investigation,
a total of six specific fire scenarios were considered and
used for the fire risk analysis of the warehouse. These
scenarios were chosen due to their high probability of
occurrence. The six chosen scenarios are shown in Figure
8. Each scenario is further identified by a numeric number
and the detailed description for each scenario is shown in
Figure 9.

Figure 9. Details of Six Fire Scenarios for the Warehouse

Risk Index Matrix
The fire risk matrix shown in Table 2 is recommended
for use by the APTA when conducting fire risk analysis
and was the basis of the risk analysis described in this pa-
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Figure 10. Risk Index Schematic
https://doi.org/10.30564/jaeser.v4i3.3327
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Table 2. Risk Index Matrix [12]

The actual risk indices values are presented in Figure
11, where the lower index values mean higher potential
fire risks. As shown in Figure 11, the most significant fire
scenario is fire propagating due to battery train parked inside of the structure and train fire propagating to compartments 11 and 12. Hence, the structural evaluation will be
focused on these two compartments.

Figure 11. Critical Fire Scenario Risk Index

[26]

and input in to Abaqus through *Elastic and *Plastic
parameters. Temperature dependent coefficient of thermal
expansion is shown in Figure 15 based on the thermal
strain defined in Eurocode [27]. Density was specified as a
constant 7,850 kg/m3.

Figure 12. Plan View; Train Warehouse

Figure 13. The Overall FE Model Geometry

Structural Fire Analysis
To understand the impact of fire on the warehouse
structure, detailed structural analysis using finite element
(FE) analysis was performed: Abaqus Finite Element
Software [24] was used to develop a structural analysis
model simulating one bay of the warehouse building under fire loading. Figure 12 shows the actual dimensions
of the structure (top view). Figure 13 shows the overall
geometry of the single-bay model with given dimensions.
2-noded cubic beam elements (B33) were used throughout
the model, with tapered cross-sections defined on the columns and fixed support boundary conditions. The frame
was subject to self-weight through a gravity dead load and
superimposed dead load, which were then held constant as
fire loading was directly specified through a temperature
field [25]. General static steps with automatic incrementation and nonlinear geometry were used for the gravity
load, superimposed dead load, and the application of the
temperature field.
Temperature dependent, nonlinear material properties
for the steel are shown in Figure 14 based on Eurocode
Distributed under creative commons license 4.0

Figure 14. Temperature Dependent Stress-Strain Curves
for Steel

Figure 15. Thermal Characteristics of Fire Used in FE
Modeling (a) Temperature Dependent Thermal Expansion
and (b) Fire Curves
https://doi.org/10.30564/jaeser.v4i3.3327
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Fire temperature histories were input as predefined
fields, applied directly to the frame members. A heat
transfer analysis was not performed as it was assumed that
the temperature of the unprotected steel members during
an intense fire would closely follow the temperature of the
fire. The hydrocarbon fire was chosen as the best approximation of design fire in the absence of specific guidance for
a large-scale lithium-ion battery fire. The Eurocode hydrocarbon fire is shown in Figure 15 along with the ASTM E119
[15]
standard fire for comparison. Additionally, a modified Eurocode hydrocarbon curve is included for study wherein the
hydrocarbon fire curve was scaled to limit the temperature of
the steel members to 538oC – the temperature threshold for
steel columns based on ASTM E119. This curve corresponds
to a scenario where the steel frame is assumed to be retrofitted with appropriate fire protection.

Figure 17. Case 1 Results

3. Discussion
The final critical fire scenario resulted in the following
risk index schematic shown in Figure 11. The critical fire
scenario of the warehouse sourced from scenario two,
which is the inside fire ignition scenario. This was the
most significant scenario, as it had the lowest risk index
values per compartment of the warehouse being analyzed.
Because of the potential severity, this scenario was chosen
to be analyzed in the Abaqus model. Scenario one (external
adjacent fire) is also presented for comparison.
The following cases were modelled in Abaqus. Case 1
models a full hydrocarbon fire on the entire frame based on a
Scenario two interior fire. Case 2 models a hydrocarbon fire
with protection on the entire frame, again exposed to interior
fire. Case 3 models a full hydrocarbon fire on only half of the
frame, representative of a Scenario three exterior fire.
The results of the modeled frame with the different
fire cases are shown in Figures 17, 18, and 19, with correspondence to Figure 16. Case 1 resulted in a maximum
vertical displacement at the middle of the frame of 0.11
m at 5 minutes. There was a maximum horizontal displacement at the left upper node of 0.151 m at 13 minutes.
There was a maximum stress of 27 MPa at 2 minutes and
then decreases to 9.6 MPa for 3 more minutes. By approximately 5 minutes into the fire, the stresses in the steel
reached the reduced yield strength of the material at that
given time and corresponding temperature of the steel, indicating the onset of plastic behavior.

Figure 16. Cases Modeled in Abaqus
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Figure 18. Case 2 Results

Figure 19. Case 3 Results
Case 2 resulted in a maximum vertical displacement
of 0.085 m at 20 minutes. There was a maximum horizontal displacement 0.037 m at 34 minutes. There was a
maximum stress of 58 MPa at 10 minutes and reduces to
43 MPa at 48 minutes. The stresses in the steel members
were significantly below the yield stress during the duration of the fire.
The last case resulted in a maximum vertical displacement at the middle node of 0.041 m at 1.2 minutes. There
was a maximum horizontal displacement at the upper
left node of 0.15 m at 60 minutes. The stress was at its
maximum at 0.5 minutes resulting in 29 MPa. At approximately 3 minutes into the fire, the stresses in the steel
reached the reduced yield strength of the material at that
given time and corresponding temperature of the steel, indicating the onset of plastic behavior. This onset of plastic
https://doi.org/10.30564/jaeser.v4i3.3327
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behavior occurs earlier in Case 3 than in Case 1. Only half
the frame is exposed to fire, while the unexposed portion
of the frame maintains its full yield strength and stiffness.
The cooler, stronger, adjacent members provide restraint
against thermal expansion of the heated portion of the
frame. Additional thermally induced forces then develop
in the heated members, ultimately increasing the stress in
the heated members.

structure in order to meet required fire resistance ratings.
Fire resistance ratings are calculated based on the length
of time a structural member or assembly can meet certain
criteria during fire exposure. ASTM E119 specifies stability, insulation, and integration criteria for a structure
exposed to a standard fire.

Fire Protection Strategies

Current study has also extensive application to the
mass use of lithium-ion batteries for energy storage applications. Mega watt (Mw) power supply using lithium-ion
battery based energy storage solutions have been suggested to deter power outage problems during severe storms
for suburban housings – a technology often described as
micro-gridding.

Common active fire protection strategies include automatic sprinklers and fire/smoke alarms. Common passive
fire protection strategies include smoke barriers, fire doors
and windows, fire stops, fire dampers, finishes, furnishings, and materials that prevent or delay the rise of temperature caused by the fire. The increase in temperature
results primarily from radiation from a nearby fire. Additional heat transfer may occur from direct flame contact
of the fire to the structure. Fire protection materials will
insulate the member and slow the conduction of heat from
the surface throughout the member, thus reducing the total
temperature load on the structure. The thickness and nature of the insulated protection material, size of the steel
member, and weight of the structure must be taken into
consideration when choosing a fire-resistant material.
Specific fire protection strategies that can be implemented for the steel warehouse that have been identified
are:
(1) Gypsum board is suggested to be installed at the
fire-critical locations within the warehouse – Gypsum
board is a fire protection material that is commonly used
in buildings due to its ease of insulation and appearance.
It acts as a physical barrier to prevent the spread of the fire
for a period of time.
(2) Sprayed fire resistive material (SFRM) that insulates steel from the heat of a fire is recommended for the
steel members - SFRMs are generally suitable for interior
use, however more robust SFRM has been developed
primarily for use in petrochemical plants. Cementitious
SFRM has low density (15 lb/ft3, 240 kg/m3), medium
density (20-27 lb/ft3, 320-433 kg/m3), and high density
(40-80 lb/ft3, 641-1,281 kg/m3) variations.
(3) Blanket insulation may be installed into the concealed spaces between the roof structure, potentially reducing the hourly rating of the fire.
Other than the proposed three strategies, concrete
encasing is also recommended – even though it is the least
economical material to be used for fire protection purposes.
Concrete encasing can be used externally and internally.
Based on the FE analysis outcomes, a proper fire protection strategy can be designed and implemented for the
Distributed under creative commons license 4.0

Application to Energy Storage in Micro-Grid

4. Conclusions
Lithium-ion battery stacks have been suggested as a
possible implementation for electrified propulsion of all
modes of transportation. However, studies on lithium ion
battery fire are limited and design guidelines to prevent
fire damages due to lithium ion battery fire are almost
non-existent. The 2017, battery packed train fire in Houston, TX, served as a cautionary tale for such incident.
This paper reviewed existing fire studies on train fires,
identified several guidelines that have the potential to address the battery fire issue and demonstrated the process
of fire risk evaluation using a rail repair warehouse as
a case study. The analyses included a fire risk potential
analysis using dynamic modeling, a fire risk quantification
evaluation and a structural fire analysis. Using the fire risk
analysis, the worst-case scenario is identified as fire reaching the warehouse back entrance (scenario 2) with a critical fire risk index of 1.5. The results of a 2D finite element
analysis of potential fire for the steel warehouse indicated
that the worst fire scenario can result in significant damages within minutes (Case 3 with maximum displacement of
0.041 m at middle node of roof at 1.2 minutes).
Based on the fire risk analysis, specific fire protection
strategies have been identified for the steel warehouse. It
should be noted that the fire scenarios can be made worse
as putting out fire from Li-ion batteries are made difficult
due to sustained fire propagation over extended time period that may last days.
This paper lays out the critical steps that are needed in
order to establish the information necessary for the establishment of a fire protection strategy for infrastructures
subjected to potential lithium-ion battery fire. The analyses performed are consistent with the fire analysis process
as recommended by APTA.
https://doi.org/10.30564/jaeser.v4i3.3327
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It is important to improve residential thermal comfort in the high dense
cities, in which wind environment is crucial. Waterside buildings take an
advantage of micro-hydrological-climate in summer that should be used to
enhance residential thermal comfort especially in the subtropical region.
In order to propose design approaches according to the outdoor thermal
comfort of the waterside residential, a case study of Shenzhen She Kou residential district has been made. It focused on various factors that could have
influence on wind environment for improving thermal comfort. Using wind
velocity ratio (ΔRi) criterion, factors of building development volume,
building direction and layout pattern, open space arrangement etc. have
been broadly explored using FLUENT simulation. To planning parameters,
the Floor Area Ratio (FAR) is significantly influence wind environment, the
smaller FAR is better. To the vertical layout of the buildings, multi-storey
layout and multi-storey & sub high-rise mixed layout would provide better
wind environment. To the horizontal layout, the determinant is better than
the peripheral. Other factors such as the buildings’ direction towards the
road, buildings’ height, and open space setting, have influence on wind
environment yet. In general, the more benefit of design layout for wind
breezing, the better wind environment it could get.

Keywords:
Buildings’ layout
Waterside
Wind environment
Design approach

1. Introduction
It is well known that wind environment is crucial to
community health due to air pollution and heat island [14]
, which are serious problems in the high-dense cities
such as the Shenzhen, one of the four top metropolises in
China. However, situation could be changed with professional concentrations and broad studies [5-7]. Some studies

considered indoor ventilation taking advantages of nature
wind [8], some focused on ventilation mechanism by using
a proper technique [9], while most concerned on studying
relations of spatial variation and nature ventilation for
benefiting design in taking water profit is underlined [10-11].
Studies have been done on the use of water body to ease
heat effects focusing on water cooling mechanism [12-15].
Song et al. studied the on-shore building distribution on
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the wind environment at a pedestrian level by developing
turbulence models taking hydraulic characteristics of water body into account. Their study found that the height
of the frontal building and the layout of buildings have
influence on the wind environment at a pedestrian level [15].
A study of Yu et al. proved that the buildings distribution
and layout of a riverside residential block have influence
on outdoor thermal comfort [11]. It can be said that the influence of water body on the waterside residential design
should be considered for achieving good ventilation in the
hot regions.
Shenzhen is a coastal city located in the southern mainland China adjacent to Hong Kong. The city has been
through a fast urbanization process since being pointed
as the window of Chinese economic reform and opening
up [16]. Currently, the city is fostered as one of the four famous Chinese metropolises with a high dense population.
Correspondingly, deterioration of the outdoor environment because of air pollution and heat islands has become
a severe problem that spoiling the city’s sustainability [1719]
. Recently, from the viewpoint of urban planning and
design, the improvement of the inferior outdoor thermal
environment has been paid attention in which a quantitative understanding is necessary. The city’s north part occupies mountain-terrains while the south part faces ocean.
The She Kou residential district situated in the southern
part of the city, towards the Shenzhen Bay with a broad
great view to the sea. The district has been developed with
a high residential value in the time from the 1990s to the
2010s. Most blocks were developed in the last century
without considering outdoor thermal comfort. Even to
those developed in this century, design attentions have
been paid more on the sea views rather than thermal comfort. It is obviously wasting water source for cooling effects on the outdoor thermal comfort. In this paper, efforts
have been done on revealing the relation of buildings’ layout and the wind environment to the She Kou residential
district. The result is supposed to give design approaches
of future renovation respecting wind environment for
thermal comfort. For doing the study, techniques of wind
simulation and criterion of judging the wind environment
have been studies and applied.
Wind tunnel experiment is traditionally used in the
wind environment study [20], however, computational fluid
dynamics (CFD) are frequently used recently due to convenient operation as well as low cost [20-21]. In studying the
interaction between buildings and physical spaces with
wind environment, authored works have done by using
CFD simulations [10-11,14,22-24]. They proved that CFD model
simulation is helpful in the initial stage to outline a “qualitative impression” of the wind environment, in which
Distributed under creative commons license 4.0

CFD were conducted to analyze the meso/micro wind
environment at the urban scale and air polluted outcomes.
Ashie et al. used the CFD simulation to explore the effects
of building blocks on the thermal environment in Tokyo.
Their results noted that air temperatures around the park
and river areas are much lower than the bulky building
areas and argued that is just the bulky buildings obstructing wind from the sea [24]. Yu et al. study also found that
agreeing more winds passing through the residential area
would take more advantages from a water body [11].
In this paper: a case study conducted in the Shenzhen
She Kou residential district is illustrated. The study used
CFD simulation to get ΔRi, which is a difference of wind
velocity ratio of windward and leeward. The study employs the ΔRi criterion to judge quality of wind environment due to different buildings layouts. It explored the
influences of various factors relating to the building and
residential design on the wind environment. The results
would propose guidelines for waterside buildings’ layout
to achieve thermal comfort in summer to benefit a waterside residential development.

2. Waterside Residential Area
Layout of waterside buildings usually takes the water
into account especially considering view advantages.
However, with the crisis of energy and global warming,
more attentions have been paid on thermal comfort in
which water advantages on wind environment needs to
consider. For such reason, the layout of waterside buildings should be particularly designed not only to the view
but also on the thermal comfort. In order to figure out design approaches in respect of thermal comfort, this study
takes the Shenzhen She Kou residential district as a case
to investigate the buildings’ layout factors, as such the
density scale, the road and building’s direction, the height
of building, and pattern of buildings’ arrangement, influencing the wind environment.

2.1 She Kou Residential District
Figure 1 shows geographic location of the She Kou residential district, it is in the very south part of the Shenzhen
Nan Shan administration area, its southern side faces the
Shenzhen Bay. The initial development of the district was
in 1979, but most residential blocks were built in the late
1990s and the earlier 2000s. With the area industrial vanishing, the district is gradually renewed by the high-value
residents. Currently, the She Kou residential district is
becoming a big community containing many residential
blocks with high properties. The local topography of landsea contrast in the She Kou causes significant wind variahttps://doi.org/10.30564/jaeser.v4i3.3309
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Table 1. Factors related to the building’s layout of each
block

tions of the district.

Figure 1. Location of the Shenzhen1She Kou residential
district
Figure 2 shows the 3-D model of the district. The district is enclosed by four artery roads that are the R1, R2,
R3, R5, the R1 and R3 are the north-south direction road,
while the R2 and R5 are the east-west direction road.
Besides, there is another artery road with the north-south
direction is the R4. Generally, there are twelve east-west
direction and nine north-south direction roads including
the above five artery roads. This may mostly decide the
district wind environment. In the Figure 2, it can also be
seen there are thirty-four residential blocks with various
urban functions, which are important to define the buildings’ layout.

Figure 2. Location of the Shenzhen1She Kou residential
district

2.2 Layout of the She Kou Residential District
Many design factors related to buildings’ layout could
influence the wind environment of a residential block, in
which the planning parameters and the buildings’ vertical
and horizontal layout are mostly concerned.
In order to analyze wind environment of the She Kou
residential district, factors of planning parameters related
to the layout design of all the blocks in the district have
been studies and shown in the Table 1. The values of the
thirty-four blocks’ buildings, floor area ratio (FAR), aspect
ratio, and distance to the sea to each block have been got.
To the thirty-four blocks, the variation of every factor is
rather large.
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No.

Area (ha)

FAR

Aspect ratio

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

4.90
5.66
9.24
8.02
4.56
7.03
10.4
3.27
3.93
6.00
11.10
9.70
9.31
4.80
4.87
5.55
8.57
7.92
7.60
4.81
14.00
10.61
8.19
5.28
8.21
4.09
4.36
4.91
4.40
4.90
5.08
17.28
13.23
12.87

1.4
2.0
1.3
1.6
2.1
1.3
2.0
1.4
1.8
1.7
1.9
1.7
2.6
2.2
3.5
2.1
1.9
2.1
1.7
1.6
1.8
2.0
1.6
1.5
1.8
2.0
2.1
2.1
1.8
3.2
1.9
1.8
1.5
1.9

0.71
0.76
1.29
1.10
1.06
1.72
0.89
1.20
1.53
2.13
1.14
0.53
0.46
0.30
1.03
1.33
1.41
1.36
0.69
0.71
1.08
0.94
1.62
1.89
3.07
1.71
4.80
2.04
0.32
0.43
2.86
1.00
1.23
0.99

Distance
(km)
1.88
1.97
2.02
1.62
1.70
1.81
1.35
1.45
1.54
1.62
1.37
2.08
1.9
1.64
1.62
1.41
1.14
0.97
0.74
0.83
0.95
0.63
0.56
0.48
0.3
0.36
0.17
0.22
0.41
0.07
0.05
0.28
0.71
0.59

Based on the Table 1, factors of the area, FAR, aspect
ratio, and the distance to the sea of the thirty-four blocks
have been compared in the Figure 3. It is found that many
residential blocks are 4 ~ 6 ha, few has a small area of 2 ~
4 ha although others are larger that have an area above 6
ha, some even larger than 10 ha. It is also found that more
than 50% blocks have a value of 1.5 ~ 2, 30% ones have
2.0~2.5, however, less is either larger than 2.5 or smaller
than 1.5. To the aspect ratio, around 35% blocks have a value
of 0.75 ~ 1.25, less than 30% have a 1.25 ~ 2, slightly more
than 20% have a 0.3 ~ 0.75, less have a value larger than 2.
To distance of the block to the sea, most blocks locate less
than 2 km away from the sea except two.

a) Area
https://doi.org/10.30564/jaeser.v4i3.3309
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b) FAR

rey layout can be further classified as the slab and the slab
& column point, and then the determinant, peripheral, and
the comprehensive. The classification of the vertical and
horizontal layout of all the blocks is shown in the Table
2. To the mixed vertical layout, no determinant horizontal
pattern exists. The slab multi-storey determinant, the multi-storey & sub high-rise comprehensive are the mainly
layouts used in the She Kou residential district. Whereas,
the slab multi-storey comprehensive, the slab & column
point multi-storey comprehensive, the multi-storey & sub
high-rise & high-rise comprehensive, are rare. Only two
blocks have the high-rise vertical layout in different two
horizontal layout, the determinant and the peripheral.
Table 2. The classification of the layout to the She Kou
residentials
Layout
Vertical

c) Aspect

ratio

Horizontal
slab

Multi-storey
slab &
column
point
multi-storey &
high-rise

d) Distance

Figure 3. Proportion distributions in terms of various
layout factors
In addition, vertical and horizontal layout of the buildings according to each block have been studied. Firstly,
classification has been made according to vertical layout
in terms of the buildings’ height variation of a block.
According to the National Standard of the GB 50016 [25],
three classifications were defined to the blocks, namely
the multi-storey block (most buildings in the block having
a height <27m), the high-rise block (most buildings in the
block having a height >54m), and the mixed block (most
buildings having either above heights). Specific classification to the vertical mixed blocks were further made,
which are multi-storey (height <27m ) & high-rise (height
>54m), multi-storey & sub high-rise (27m < height <
54m）& high-rise, and multi-storey & sub high-rise. Only
two blocks can be classified to the high-rise vertical layout. In terms of the horizontal difference, three layouts can
be defined, namely the determinant, peripheral, and the
comprehensive that has both the determinant and the peripheral. According to horizontal difference, the multi-stoDistributed under creative commons license 4.0

Mixed

Numbers

determinant

6

peripheral

2

comprehensive

1

determinant

3

peripheral

2

comprehensive

1

peripheral

2

comprehensive

3

multi-storey & sub
high-rise
& high-rise

peripheral

3

comprehensive

1

multi-storey & sub
high-rise

peripheral

2

comprehensive

6

determinant

1

peripheral

1

High-rise

3. Simulations
CFD simulation is proven effective in analyzing wind
environment [21]. Therefore, this study using the FLUENT
software to analyze the influence of the buildings’ layouts
on wind environment. First, the criterion of assessing the
wind effect has been studied, then the simulation model
has been present and discussed.

3.1 Assessment
There are many criteria to assess wind environment
such as the Beaufort scale, wind speed probability, and
wind velocity ratio [26-27]. As the thermal comfort is not
emphasized in this study, the wind velocity ratio is employed because of intuitionally reflecting the wind effects.
In the study, the wind velocity ratio of the pedestrian
height is calculated to each block using the following
https://doi.org/10.30564/jaeser.v4i3.3309
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formula. R means the wind velocity ratio, Rin represents
the wind velocity ratio of wind entering the block, while
Rout represents the wind velocity ratio of wind leaving the
block, ΔRi means the deferential of Rout and Rin. In the formula, V0 is approaching wind velocity value (usually taking wind value of the pedestrian level without impact of
an obstacle), Vin is the incoming wind velocity value while
Vout is the outgoing wind velocity value.


ment. However, the result made by a Realizable k-ε model
is closer to the wind tunnel experiment if considering the
variation of spatial tendency as shown in the Figure 6 [15].
Therefore, this study used the Realizable k-ε model to do
the simulation.

（1）

Although ΔRi can be used to assess the wind effects of
a block, it is difficult to use for designers. Therefore, a
spatial ratio of wind velocity (SRW) is developed to measure the differential of incoming wind and outgoing wind
of a residential block. As the study is going to provide
good wind environment in summer to subtropic area, it is
supposed that the more the wind blows the better effect
it brings, which means a higher spatial ration of wind
velocity needs. Figure 4a presents the measurement of
spatial ratio of wind velocity according to the incoming
and outgoing wind speed. The result of wind environment
is relied on the differential of the Lout = Ly1 + Ly2 + Ly3 + Ly4
+ Ly5 + Ly6 + Ly7 + Ly8 divided by the whole Lout and the Lin
= Lx1 + Lx2 + Lx3 + Lx4 + Lx5 + Lx6 + Lx7 + Lx8 divided by the
whole Lin. The Figure 4b shows how to calculate an angle
α to present relation of the wind direction and building.

Figure 5. Simulation results of different CFD models vs
tunnel experiment [15]
Figure 6 shows the 3-D model of the She Kou residential district including the nearby mountain. Correspondingly, the computational domain size was set including a
rather larger area than the 3-D model based on the Franke
suggestion for avoiding the airflow disturbance at the
model boundary [28].

Figure 6. Simulation model of the She Kou residential
district

a) Calculation of spatial ratio of wind velocity

Figure 7 shows the computational domain size to the
simulation. H is the highest building’s height of the simulation site. According to the Frank, five times H was set to
the inlet boundary and fifteen times H was set to the outlet
boundary, in which H is the height of the highest building
in the model.

b) Angle of wind projection and building

Figure 4. Measurement of spatial ratio of wind velocity

a) Plan of the

Computational domain

3.2 Simulation
The study used the FLUENT software to simulate wind
environment. Song et al. has found that the RNG k-ε and
the Realizable k-ε model integrated in the FLUENT is
more precise to simulate a waterbody’s wind environ-
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b) Section

of the Computational domain

Figure 7. The computational domain
https://doi.org/10.30564/jaeser.v4i3.3309
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For simulation, the wind speed and direction to the
She Kou residential district have studied. The site-specific wind roses of annual year have been explored using
the fine climatic grid data of the point 1 and 2 nearby the
She Kou district as shown in the Figure 8. According to
the data of the point 1 and 2, the non-typhoon winds in
16 directions of an annual summer were calculated. The
approaching wind velocity is 3.25m/s with a south-west to
south direction. A high-resolution was set to the She Kou
residential district that is 5 m x 5 m of the plan and 0.03 m
of the elevation dimension, a three-dimensional mesh with
a resolution of 30m was set to the nearby mountain.

Figure 8. The fine climatic grid of the Shenzhen She Kou

3.3 Results
Figure 9 presents the simulation result of the She Kou
residential district. The wind environment is not good as
plenty calm wind areas exist. However, the south-north
direction roads have better wind environment, which provides more wind permeability to the district. The wider
the road is the better the wind effect it provides. The further an east-west road away from the sea, the worse wind
effect it gives. Moreover, the two parks inside the district
also provide good wind effect to the district.

4. Analyses
Based on the Figure 9, data of wind velocity collected
for analyses of buildings’ layout factors influencing the
wind environment have been made. Firstly, relations of
the wind environment and the factors of planning parameters, such as the block area, FAR, aspect ratio, and the
distance of the block to the sea have been discussed; then,
the influence of vertical and horizontal layout of a block
on the wind environment has been studied, following by the
study of buildings’ arrangement influence.

4.1 Influence of Planning Parameters
The block area, FAR, aspect ratio, and the distance
of the block to the sea are essential factor to determine
a building’s layout. Therefore, Person correlations of
these factors and ΔRi (differentia of wind velocity ratio
of the outgoing wind and the incoming wind) have been
firstly analyzed. Barely significant correlation has been
found except FAR, which is significantly correlated to
ΔRi with a negative correlation value of 0.43 (p<0.05).
It indicates a dense residential block has worse wind
environment.
Table 3 illustrates the Person correlations of ΔRi and
the FAR, aspect ratio, and distance of a block to the sea in
terms of the area difference. It found that only FAR has
significant influence on ΔRi. However, it is worth noting
that a higher negative correlation value exists to all indicating a dense block has worse wind environment. It is
also interesting to note that only the large area blocks
have a negative correlation of the distance to ΔRi, indicating the farther the large block away the sea, the better wind environment it could get, but not to the small
and the medium blocks. Table 4 illustrates the Person
correlations of ΔRi and the Area, FAR, and distance of a
block to the sea in terms of the aspect ratio difference.
No significant influence exists. Unlike the area and
FAR, the tendency of the distance with ΔRi in terms of
aspect ratio is changed.
Table 3. Person correlations of the factors and ΔRi in
terms of the area

Figure 9. The wind velocity map of the She Kou residential district
Distributed under creative commons license 4.0

Factors

Small (S< 5
ha)

Medium (5 ha <S <10
ha)

Large (S >10
ha)

FAR

-0.61*

-0.21

-0.75

Aspect ratio

0.06

0.01

0.07

Distance

0.19

0.27

-0.55

*. Correlation is significant at the 0.05 level.
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Table 4. Person correlations of the factors and ΔRi in
terms of the aspect ratio
E-W long (the east- Approx. square (0.75 S-N long (the eastwest length/the < the east-west length/ west length/the
Factors
south-north length the south-north length south-north length
> 1.25)
< 1.25)
< 0.75)
Area
0.25
0.25
0.05
FAR
-0.58
-0.33
-0.31
Dis0.42
-0.21
0.51
tance

Table 5 illustrates the Person correlations of ΔRi and
the area, FAR, and aspect ratio in terms of difference of
the block distance to the sea. Except the FAR, no significant correlation exists. A higher significant correlation exists of the FAR to ΔRi but only to the blocks far away from
the sea. The tendency of the area, FAR, aspect ratio influencing ΔRi is not the same due to the different distance,
sometimes is positive sometimes is negative.
Table 5. Person correlations of the factors and ΔRi in
terms of the distance
Factors
Area
FAR
Aspect
ratio

Close (D < 0.5 Middle (0.5 km <D < 1.5 Far (D > 1.5
km)
km)
km)
0.20
-0.09
0.17
-0.62
0.13
-0.64*
0.29

-0.03

0.29

*. Correlation is significant at the 0.05 level.

Summarily, the above factors of planning parameters
have less influence on the wind environment except FAR.
A higher FAR could bring worse wind environment. An
interesting note is that the tendency of the distance with
ΔRi is not same unlike the other factors with ΔRi. If not
considering the distance influence, the area and aspect
ratio is usually positively correlated with ΔRi whereas the
FAR is negatively correlated. Significant negative influence has been found to the blocks having a rather smaller
area also to those far away from the sea. A positive correlation of FAR and ΔRi has been found only to the blocks
having a middle distance to the sea but not reaching significant. But, significant negative correlation of FAR and
ΔRi has been found to the blocks closer or far away from
the sea. The results show that a larger area and higher
aspect ratio is better to wind environment, but a smaller
FAR is better, however, this could change if taking the
distance into account.

Figure 10. ΔRi in terms of vertical layout difference
It is found that the high-rise layout is worse to wind
environment as having the lowest ΔRi although only have
two cases. To the multi-storey and the vertical mixed layout, it is hard to say which one is better as the difference is
small. Therefore, further analyses were made to the mixed
vertical layout. Three types of the mixed vertical layout
were analyzed in the Figure 11. The Type A stands for
the blocks of multi-storey & high-rise mixed, the Type B
for the blocks of multi-storey & sub high-rise & high-rise
mixed, Type C for the blocks of multi-storey & sub highrise mixed. The Type C (blocks of multi-storey & sub
high-rise mixed) has better wind environment as having a
higher ΔRi whereas the Type A (blocks of the sub high-rise
& high-rise mixed) has worse. The Figure 11 also compared the different mixed types with the multi-storeys.
The wind environment of multi-storey is better than that
of the Type A and the Type B but worse than that of the
Type C. A possible reason is that the sub high-rise buildings are usually having column-point horizontal layout to
benefit wind permeability.

Figure 11. ΔRi in terms of mixed vertical layouts and the
multi-storey

4.2 Vertical Layout Influence

4.3 Horizontal Layout Influence

As building height has influence on wind distribution
, the vertical layout on wind environment is studied.
Figure 10 shows the ΔRi changes in terms of different vertical layouts as presented in the Table 2.

Apart from the vertical layout influence on wind environment, variation of the horizontal layout is also influence on wind environment yet. In order to avoid interference of the vertical layout, the horizontal layout influence
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was analyzed in terms of vertical layout. The Figure 12
shows the influence of the horizontal layout due to the
multi-storey ones.

a) the Type A
a) slab

b) the Type
b) slab

B

& column-point mixed

Figure 12. ΔRi of the variation horizontal layout according to the multi-storey
To the slab buildings, the determinant layout has
better wind environment than the peripheral and the
comprehensive, however, this is not correct to the slab
and column-point mixed. To the slab mixed with the column-point buildings, the comprehensive layout has better
wind environment but only having one case. It must point
out that the result to the comprehensive layout is not supported by enough cases, only one case exists no matter
to the slab or the slab mixed with the column-point. In
general, the residential blocks having a determinant layout
have better wind environment than those having a peripheral layout.
To the vertical mixed layout, Figure 13 shows the ΔRi
of the peripheral and comprehensive horizontal layout.
There is not much difference in terms of the different
vertical layout. The comprehensive horizontal layout has
better wind environment than the peripheral, nevertheless, the study cases are rather limited. In terms of the
high-rise vertical layout, only two cases exist. One has the
determinant horizontal layout but the other has the peripheral
horizontal layout. According to ΔRi, the peripheral layout has
better wind environment. Although the study case is quite
limited, the result is an agreement with the previous study [10].
Distributed under creative commons license 4.0

c) the Type C

Figure 13. ΔRi of the various horizontal layout according
to the vertical mixed layouts

4.4 Building Arrangement
In addition to the above factors, other factors also related with the buildings’ layout such as buildings arrangement along the block boundary, the buildings’ height, and
the arrangement of open spaces, likely have influence on
the wind environment.

4.4.1 Buildings along the Boundary
According to the section 3.1, the spatial ratio of wind
velocity (Lout - Lin) related with the buildings’ arrangement
along the block boundary may decide the wind effect.
Person correlations have been made to the Lout - Lin and
ΔRi, a significant positive correlation of 0.78 has been
https://doi.org/10.30564/jaeser.v4i3.3309
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found, indicating the higher the spatial ratio (Lout - Lin), the
better the wind environment is achieved. Enhancing the
difference of the Lout and Lin would provide a better wind
environment.
In addition the spatial ratio, the wind projection angle
to the block is also another determinant on the wind environment. Figure 14 shows the influence of the wind projection angle on the ΔRi. The wind projection angle is the
angle of the windward and building exterior wall normal.
It can be seen the best wind projection angle of the windward and building exterior wall normal is 45° as it has the
highest average ΔRi, which indicates a good wind environment could be got. Whereas, the worst wind projection
angle is 67.5°.

a) East-west direction road

b) South-north direction road

Figure 15. ΔRi due to the angle of the boundary along
building with the road

4.4.2 Buildings’ Height
Figure 14. ΔRi due to the wind projection angle to the
block
According to the wind projection angle, the angle of
the boundary along building with the road must be analyzed. From the Figure 2, it found that most roads in the
She Kou residential district are in either an east-west
or a south-north direction. Then in the Figure 15,
two kinds road situation are included. To the eastwest road, the best angle of the boundary along building with the road is 22.5°as it has a 45°wind projection
angle, however, the worst is the building perpendicular
to the road as it has a 67.5°wind projection angle. To
the south- north road, the worst is the building parallel
to the road as it is a 67.5°wind projection angle, but,
the best angle of the boundary along building with the
road is still 22.5°. Summarily, to the east-west road,
the building is better set parallel to the road rather than
perpendicular, and when the angle is in 0° to 22.5°, the
bigger it has a better wind environment could achieve,
but when the angle is over 22.5° in a range of 22.5°
to 90°, it is just opposite. However, to the south-north
road, the situation is reverse to the east-west road. No
matter how, the best angle of the boundary along building
to the road is 22.5° as it has a 45°wind projection angle.
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Buildings’ height could influence wind environment
too [30]. Therefore, the buildings’ height influence has been
discussed in the study. Figure 16 shows ΔRi due to four
different buildings’ height arrangement, which are A’ –
frontal building low & back high, B’ – frontal building
high & back low, C’ – middle building lower & frontal
and back similar high, D’ – middle building higher & front
and back similar low. Here, the frontal means the building
closer to the sea while the back means the building far
away the sea, the middle means the building is between
the frontal and the back. It can be seen that the best one is
the A’ whereas the worst is the D’, while the B’ is slight
better than the C’. The result indicates that the buildings’
height with the frontal low & back high is better to wind
environment, but the difference is not too much.

Figure 16. ΔRi in terms of the arrangement of buildings’
height of a block
https://doi.org/10.30564/jaeser.v4i3.3309
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4.4.3 Open Spaces
Open spaces usually have benefits on the physical environment without exception of wind [10-11]. Figure 17 shows
the ΔRi according to three setting locations of an open
space in a block based on their location to the sea, which
are the close, the middle, and the far. A rather good wind
environment could achieve when the open space is far
away from the sea except few cases. The close open space
has lower ΔRi indicating it is bad to wind environment although the difference is not much with the middle.

Figure 17. ΔRi due to the distance of an open space to the
water

5. Discussion and Conclusions
In order to provide residential outdoor thermal comfort
in the subtropical region, this paper illustrated the influencing factors correlated with the buildings’ layout design
to a residential block on wind environment through case
study on the Shenzhen She Kou residential district.
The result showed 1) Road design is important as can
attract waterside wind passing through the residential
blocks, the south-north direction roads are better in the
Shenzhen She Kou residential district as the roads direction coincident with wind breezing; 2) Generally, FAR
has significant negative correlation with ΔRi, especially
to the smaller blocks and the blocks closer to the sea. A
smaller FAR block usually has better wind environment;
3) Comparing different vertical layouts, the mixed block
of multi-storey & sub high-rise provides a better wind
environment; 4) Comparing different horizontal layouts,
the determinant layout has best wind environment except
to the high-rise blocks; 5) According to the buildings’
arrangement, the best wind environment is achieved by
the frontal low & back high blocks that means the closer
buildings to the sea should be lower than those farther
away. The best wind projection angle is 45°as having a
higher ΔRi, which needs the boundary along buildings
have a 22.5° to the either E-W or S- N road. To the E-W
road, it is better for buildings parallel to the road, however, it is opposite to the S-N road; 6) It is better to set an
Distributed under creative commons license 4.0

open space farther away from the sea to get a better wind
environment. A reason might be the farther away from the
sea part is the leeward side of the block, which has been
proven to benefit wind spreading [10].
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The periodically repeated pavement irregularities and their effect on the
dynamic behavior of a bridge are the subject of this paper, as well as a new
point of view of how the surface roughness operates on vehicles. The authors observed that the models used so far accept that the wheels are always
in contact with the roughness curve. But in reality the wheels only come in
contact with the peaks of the roughness curve by applying impact forces.
The theoretical formulation is based on a continuous approach that has been
used in literature to analyze such bridge. The procedure is carried out by
the modal superposition method, while the obtained equations are solved
by using Duhamel’s integrals. Important conclusions for structural design
purposes can be drawn through a variety of numerical examples.
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1. Introduction
The influence of a rough deck-surface on the dynamic
response of a bridge depends on various factors. Irregularities, on a deck-surface, may arise due to the roughness
of the deck-surface, or also due to constructed pavement
anomalies for traffic reasons.
The parameter of the road surface (or bridge deck)
roughness, is dealt with excessively in recent literature.
In 1960, Carey and Irick [1] showed that surface roughness was the primary variable needed to explain the driver’s opinion about the quality of the serviceability provided by a pavement surface. Most of the investigations
that followed focused on the study, characterization and
classification of the pavements [2-6].
Numerous studies adopt the Power Spectral Density
(PSD) functions for roughness, as modified by Wang and
Huang [7], or the simpler harmonically varying surface irregularity presented in Cheng et al [8].

Among these, significant contributions by Fatard et al [9],
Chang and Lee [10], Huang and Wang [11], Kou and DeWolf
[12]
as well as by Yang et al [13], must be quoted.
Their findings have shown that the foregoing parameter is one of the most important factors affecting elastic
dynamic response, especially applicable to steel highway
bridges.
Most recent researches have focused on two main subjects.
A number of researchers study the noise and inconvenience caused by pavement roughness [14,15], or the percentage influence of roughness on the vehicle-structure coupled interaction [16,17]. Other researchers try to determine
the bridges’ frequencies by studying the influence of the
road surface roughness on a moving vehicle or on a pair
of vehicles [18-20].
Regarding the deck’s irregularities we can classify
them into individual and periodical repeats. The individual
ones may have been structured to reduce the speed of the

*Corresponding Author:
G.T. Michaltsos,
National Technical University of Athens, Athens, Greece;
Email: michalts@central.ntua.gr
Distributed under creative commons license 4.0

https://doi.org/10.30564/jaeser.v4i3.3312

31

Journal of Architectural Environment & Structural Engineering Research | Volume 04 | Issue 03 | July 2021

cars as they enter a bridge or for other traffic reasons. The
form, the correct position and the lower and upper critical
speeds (which are unique for each irregularity as a vehicle
passes it) have been studied in detail [21,22].
Periodically repeated irregularities and their effect on
the dynamic behavior of a bridge are the subject of this
paper, as well as a new point of view of how the surface
roughness operates on vehicles. The theoretical formulation is
based on a continuous approach that has been used in literature
to analyze such bridge. The procedure is carried out by the
modal superposition method and the obtained equa-tions are
solved by using Duhamel’s integrals.
A variety of numerical examples allow to draw important
conclusions for structural design purposes.

2. Introductory Concepts
2.1 Irregularities
The irregularities have length ranging from 0.20 to 3 or
5 meters. Their usual form is shown in Figure 1a for an
individual case, while Figure 1b refers to periodically
repeated irregularities.

Figure 1. Typical series of irregularity
For easier mathematical manipulation, we suppose that
the form of the deck is expressed for λ repeated
irregularities by the relation of equation 1:
( − )
⋅ ( − )− ( − −
( ) = =1 ℎ ⋅
)

( 1 )

2.2 Roughness
Road roughness is characterized by the quality of the
pavement.
Unlike the irregularities, the roughness has dimensions
ranging from 0.2 to 5 cm, and consists of many small scattered
irregularities with depth, usually, less than 1 cm.
According to ISO-8608 and 4287 standards, road
surface roughness is associated with vehicle speed, using
a formula that defines the relationship between the speed
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and displacement of the PSD function (Power Spectra
Density).
The most general form of the PSD displacement
function or road roughness is expressed in equations (2a
and b):
( )=
( )=

( )
( )

−

−

(

(

= 0.1
=1

/

/ )
)

(2a)
(2b)

where
is the reference spatial frequency, taken to be
0.1
/ . The exponent α is taken as 2 for a vehicle
( ) is found using the
moving at constant speed.
values of table 3 of ISO-8608.
The road roughness function is given in equation (3)
and it is obtained by applying the inverse Fourier transform to equations (2 a,b).
(2 , ⋅ + )
( ) = =1 4 ( , ) ⋅ ⋅
(3)
where
refers to randomly selected phase angles with
normal distribution between 0 and 2π. The coefficient
is
=(
determined by the relation
, where N is the
total number of frequency steps between
.

Figure 2. Vehicle’s model for roughness
The above function w(x) is introduced into the
equations of the vehicle’s motion (see the usual model of
Figure 2), in order to proceed with the analysis. The
wheels of the vehicle are considered to be moving along
the surface given by equation (3).
The above consideration (namely that the vehicle
follows the whole curve of the irregularity since the
wheels are modeled as a point), is the main deficiency of
the method as the real wheel dimensions do not allow the
above model for roughness ranging from 0.2 to 10 cm.
2.3 Loading and Bridge Models
In this study, we use three kinds of moving loads or
vehicles.
https://doi.org/10.30564/jaeser.v4i3.3312
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, +
( − )

The one actual load, is an idealized mass M, moving
with constant speed υ (Figure 3 model 1).

Model 1

Model 2

Model 3

Figure 3. Kinds of moving loads
The second actual load, is an idealized mass M,
moving with constant speed υ, on a spring of constant ko
and on a damper of constant co as it is shown in Figure 3
Model 2. Finally the vehicle’s model used, is shown in
Figure 3 Model 3.
We assume also that the wheels are always in contact
with the deck surface of the bridge while the speed υ is
lower of both critical ones as they are determined in [22].
The studied bridges are of one span with length L,
while are made of homogeneous and isotropic material
with modulus of elasticity E, mass per unit length m and
moment of inertia Iy. The damping coefficient cb is
considered to be constant along the bridge.

3. Moving Damped Mass-load
3.1 Irregularities
Because of the limited length of such an irregularity
(compared to the bridge length), it can be assumed that
the velocity υ of the load remains constant during
crossing the irregularity.
We consider that the form of the irregularity of Figure
4 is given by the following equation:
= ( )
(4)
The above described moving mass M (where M does
not include the mass of the wheels mo) passes from the
beginning of the irregularity at the time = / . Before
the mass M enters the bridge, it moves on the horizontal
axis (a), from which we will measure the movements w
(see Figure 4).
Under the above assumptions and considerations, one
can establish the governing differential equations of the
motion for a slender beam. This equation, after neglecting
the effect of longitudinal motion, and using the Dirac delta
function is given by the following equation:
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,
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∙

−

+
(5a)

Figure 4. Irregularity on the bridge
where
is the impact force that appears when the
load enters the irregularity, that is, when the tangent to the
irregularity at point A (see Figure 4) becomes different
from the tangent of the beam. The associate boundary and
initial conditions are respectively:
(0, ) = ( , ) − ″ (0, ) = ″ ( , ) = 0
(5b)
( , 0) = ( , 0) = 0
From Figure 4 we find that load F is equal to:
= ( − ) + [ − ( − ) = ( − ) + ( − ) (6a)
On the other hand, cutting at point G (Figure 4) and
taking into account the equilibrium of forces we get:
=− [ − ( − )] − [ − ( − )] =−
+
−
−
+
, which leads to:
+2
+ 2 = ( )− 2 ( )
(6b)
where:
( )= 2 ( , )+2
( , )
(6c)
2
ℎ: = /2 ,
= /
In addition we have (see Figure 1):
=0
+ ≤ ≤ +1
(6d)
= ( )" ≤ ≤ +
The solution of equation (6b), with initial conditions
(0) = (0) = 0, is given by the Duhamel’s integral:
1 t 

z (0) 
 e p (t   )[( )   p2w 0 ( x)]sin  p (t   )d  

 p 0


2
2
where :  p   p   p

The Leibnitz’s formula, for ( ) =

( )

= ( , )+

0

( ,)

.

(7a)
( , ) , gives:

0

Because of the above, equation (7a) gives successively:
1
( ) = ⋅ 0 − ( − )[ ( ) − 2 ( )] ⋅ [
( −

)−

1

0

−

(− )

( − )] and finally:
( )= ( )− 2 ( )+

[ ( )−

2

( )] ⋅ [(

2

−

(t   )  2  p p cos  p (t   )d
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)

(7b)
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Because of (6a), the bridge’s equation of motion
becomes:
+

''''

+

+
( −

−

=

−
) ( −

+

−

−
(8)

The impact load inserted in the above equation (8), is
equal to (see Appendix B):
=
=
⋅
(9a)
2
where φ is the angle shown in Figure 5.

and ζ the number of irregularities (see also Figure 1).
The free vibrating beam is governed by the equation
''''
2
−
= 0 , where, due to the conditions of a
=
simply supported one span beam, we have
2

,

=

4 4

.

4

Because of the above, equation (11a) becomes:
2
+
+
= [( +
+

) −

−

⋅

2

=1

] ( − )

( − ) ( −

)

⋅ ( −

)

(11c)

( ), ( ≠ )
Multiplication of equation (11c) by
and integration of resultant quantities from 0 to L, leads to
the following equation:
+
+ 2 = [( + ) −
( )−
+
Figure 5. The developed impact force
In order to determine angle φ, we need to determine the
point A i.e. the ξο. From equation (1) we get ( ) = ℎ ⋅
and therefore:
'

=

( )=

ℎ

(9b)

⋅

=
From Figure 5 we obtain:
'
− ( ),
= ( )=

2−(

−

(

))2 ,

=

which concludes to the following equation:
'
( ) − 2( )
( ) ⋅ [ − ( )] = 2
(9c)
Solving the above arithmetically one can determine ξο,
and finally:
ℎ
= ⋅
(9d)

In order to solve equation (8), we are searching for a
solution under the form:
( , )=
( )⋅ ( )
(10)
where ( ) are the shape functions of the beam and ( )
are the time functions to be determined. Introducing ( , )
from equation (10) into equation (8) and taking into account
equation (9a), we obtain the following equations:
''''
+
+
=
[(

+

+

2

) −

Where:

=

( )−

⋅

2

=

−

2

] ( − )

( − ) ( −

=1

( )+

1

(− )

[(

( )=

( )=

34

−

'

0
2

=

( )[ ( ) −

(

−

2

2

)

+2

( − )]
+

,

=

2

(11a)

)

)

( )]

( − )+

⋅

ℎ

]

: ( )=

=1

( )−

2

( )+

(11d)

1

( )[ ( ) −
( )]
Clearly, a closed form solution of equation (11d) is not
possible. However, one can seek approximate solutions,
based on previous pertinent works [22,23].
A first approximate solution of equation (11d) is
obtained by considering as loading the force = ⋅
and by ignoring the irregularities existence. This leads to
2
⋅
−
=
,
ℎ
=
(11e)
( 2− 2 )
0

Introducing the last expression into the right-hand side
of equation (11d), we obtain:
+
+ 2 = [( + ) −
()
−

+

⋅

]

=1

ℎ: ( )

⋅ ( −

(11 )

(12a)

)

( )=

2

+2
[
]
The solution of equation (12a), due to the initial
conditions (5b), is given by the Duhamel’s integral:
2

=
+

with

0

[(

+

) −

sinn  e

=1

  ( t  )

( )−

sin k (t   )d 
⋅

− (− )

[ H (t  vai )  H (t  vai  i )]

( )
( −

]
)

(12b)

from (11b) and H the unit step function.

3.2 Roughness
(11b)

+
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In §2.2 we noted that the wheel of a vehicle cannot
follow the entire surface of the roughness because of the
wheels’ dimensions and the surface of the roughness. So
the inconvenience caused should be sought for other
reasons. Although some researchers have suspected and
https://doi.org/10.30564/jaeser.v4i3.3312
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reported [24,25] the effect of tire bounce, the study in this
area did not continue further.
In this paper the problem is studied by another point of
view. A possible reason could be the forces developing
during the rolling of the wheels on the abnormal surface
of the deck-road.

Solving the second of equations (15) and following the
procedure of §3.1, we conclude to the following
expressions:
1
( )= ( )+
( )⋅ ( )
0
ℎ

:

−

( )=

+2

=

Figure 6. Wheel on roughness
The roughness is considered as a series of repeated
small irregularities, which the wheel passes without
changing its level of motion but with the development of
impact forces from each small irregularity (Figure 6).
It can easily be found that:
=
=
⋅
⋅
(13)
2
2

with d, determined according to ISO 8608 and 4287.
Figure 6a assumes that the wheel will be undeformed,
and Figure 6b applies when > 3 . In the first case it
= / while in the second one
= /
will be
2 .
Assuming that two successive elevations of roughness
are 2d apart, then when the load enters the ith elevation,
the mathematical formulation will be:
=
⋅ ( − )⋅ ( − )
(14)
th
where is the distance of the i elevation from the left
end of the bridge.
Therefore the corresponding equations of bridge’s
motion are:
''''
+
+
= [( + ) −
−
]
⋅ ( − )+
+

+

=

= /2 ,

=1

( −

( )+

)⋅ ( −

= ⋅2 /

( ),

)

ℎ

(15)
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2

2

[(

2

=

( , )+2
−

2

( , )

)

( − )

( − )

/ ,

2

=

−

(16a)

2

In order to solve the first of equations (15), we are
searching for a solution of the form:
( , )=
( )⋅ ( )
(16b)
where
are the shape functions of the beam and
are the time functions to be determined. Introducing
( , ) from (16b) into the first of equations (15) and
taking into account equation (13), we obtain the following equation:
''''
+
+
= [(

+

) −

+

2

=

ℎ

=1

−

] ( − )

(16 )
( 2 +2

( )
)

−

] ( − )

( − ) ( −

(16c)

)

Because of equations governing the beam’s free
vibration (as they are exposed in §3.1), the first of
equations (16c) becomes:
2
+
+
= [(

+

+

) −
2

=1

( − ) ( −

(16d)

)

where k and are calculated from equations (15).
Multiplying equation (16d) by
( ≠ ) and
integrating the resultant from 0 to L, we obtain the
following equation:
2
+
+ 2 = [( + ) −
−
+

=1

]

(16e)

( −

)

Using as first approximation the expression of equation
(11e), we finally find:

+

35

(− )

/2 ,

( )=

Figure 7. Bridge under the action of a wheel load

( )=

2

0

[(

+

) −

( )−

 Tn ( )]sink  e   ( t  )sink (t   )d
=1

⋅

− ( − )

( −

(17a)
) ( −

)

where = /2 , = ⋅ 2 / .
After the impact of the wheel on the ith irregularity of
the roughness, its influence lasts until its impact on the
(i+1)th one. Then at +1 = + 2 / , the beam vibrates
under the action of
on (i+1)th irregularity and under
the appeared free motion due to the previous action of
https://doi.org/10.30564/jaeser.v4i3.3312
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on the ith irregularity. This last term for the k mode
has the following time function:
)]

( )=

2

− (− )

⋅

[

Using the time conditions
( )=
( ),
( )=
We finally find:
= − ( − −1) ⋅
−1 ⋅
− ( − −1 )
=
⋅
−1 ⋅

( − )+

( −

(17b)
(17c)

( )

( −
( −

4. Damped Vehicle

−1 )

−1 )

(17d)

4.1 Irregularities
Let us now consider the vehicle of Figure 3c.
Assuming that the weight of the vehicle is equally
distributed between the front and back wheels, the forces
applied on the bridge will be:
( − )] ( − )
1 =[ ( − )+
+

2

2

=1

=[ ( − )+

2

+

2

2

=1

( − ) ( −

( − )] ( −

( −

+

)

+

) ( −

)

)

(18a)

where
derives from equation (11d), and De the
wheelbase of the vehicle.
Searching for a solution under the form:
( , )=
( )⋅ ( )
(18b)
using the approximate solution of equation (11e) and
following the known procedure, we determine the time
function ( ) as follows:
=

+

2

=1
2

1

)

2( )

0

=1

1(

0

2

where:

− (− )

− (− )

) −

2( ) = ( 2 +

) −

1

+

=

,

4.2 Roughness

2

=

( −

1)

( −

2)

( − )

− ( − 2)

1( ) = ( +
2

( − )

− ( − 1)

2

( )−

2

( )−

+

+

1)

( −

2)

2

1

+ −

2

,

1

=

,

2

2

( −

=

1

()

2

()

−

(18c)

2

= [ ( − )+
2

=1

= [ ( − )+
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2

=1

( − )] ( − ) +

( − ) ( −

1)

( − )] ( − +

( − +

) ( −

2)

2

)+

=

+

2

2

=1

0

=1

0

1(

2(

)

)

1

− ( − )

− ( − 1)

− (− )

2

− ( − 2)

( − )

+

2

( −

1) ( −

1)

( −

2)

2)

( − )

+

2

( −

(19c)

where and ( ) are calculated from equation (16a),
and 1 ( ), 2 ( ) from (18d).
Finally:
2
2
,
−
(19d)
1 = ⋅
2 = ⋅

5. Numerical Results and Discussion

The purpose of this paper is to study the influence of
some parameters on the dynamic response of a bridge
through a new approach in particular for the case of
roughness. The disorder caused by roughness is taken into
account as a result of the appearance of impact forces.
The paper focuses on the following parameters:
a. The length and the position of a set of consecutive or
distant irregularities.
b. The quality of the deck surface, which means the
size of the roughness gaps and the caused trouble to the
passengers of the car.
Therefore we have studied two types of bridges and
vehicles, which are described below. Note should be
taken of the following:
- The vehicles are supposed to move along the center
line of the bridge. Thus no rotational motion is developed.
- The displacements of the bridge in the middle of the
span are studied.
- Only the first six flexural modes are taken into
account.

5.1 Data
(18d)

Under the assumptions of §4.1, we have the following
loads applied on the bridge:
1

We are looking again for a solution under the form:
( , )=
( )⋅ ( )
(19b)
Using the approximate solution of equation (11e) and
following the known procedure, we determine the time
function ( ) as follows:

(19a)
2
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5.1.1 Bridges
The bridges are made from homogeneous and isotropic
material, having modulus of elasticity = 2.1 ⋅ 1010 /
2
.
Let us consider two kinds of bridges.
- The one, relatively short bridge of length = 20 ,
= 250 / , and moment of
mass per unit length
inertia = 0.01 4
- and the other, relatively long bridge of length =
80 , mass per unit length = 350 / , and moment
of inertia = 0.80 4 .
https://doi.org/10.30564/jaeser.v4i3.3312
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5.1.2 Vehicles
The passage of two types of vehicle is studied. The
constants of the spring ko are taken from the Kraemer and
Freund catalogues and those of the dampers co from the
Sachs-Stabilus ones.
The characteristics of the above two types of vehicles
are:
Light Vehicle
Big Lorry
= 300
= 2500
=8
= 20
=8
= 20
= 0.30
= 0.40
= 6000
/
= 10000
/
= 100
⋅
/
= 500
⋅
/

As it was expected, the use of a relatively more
accurate model shows differences that can be amounted to
more than 10%.
In the following Figure 10 we see the plots showing
the motion of the middle of a short bridge due to the
passage of various models of moving loads with speed 20
m/sec and under the following conditions: successive low
irregularities( = 1.00 , ℎ = 0.05 ), located at the left
end of the bridge with 1 = 1 , 2 = 3 .

5.1.3 Irregularities and Roughness

Two types of irregularities, in relation to their shape, were
taken into consideration. Both have the same length =
1.00 , while their height is 0.05
0.20 respectively.
Their place is on the right end or in the middle of the span.
As for the roughness study three kinds of pavement are
considered. The soft one with = 0.01 , the middle one
with = 0.02 , and the bad one with = 0.035 .
Lastly the case of a cobbled road is studied with =
0.10 .

5.2 Irregularities

1.5

1.6

1.5
Applying the formulae of paragraphs 3.1 and 4.1,
we
obtain the following diagrams related to the motion of the
middle of the bridge, for different irregularities (form and
location), length of the bridge and kind of model (vehicle).

1

1

Figure 8. (high
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3. Bridge with irregularity
0.4

0.4

0.2
1.7

1.6

1.8

Model

1.9

1.7

0.2

A

1.8

Model

1.9

A

5.2.1 Short Bridge – Light Vehicle
In the following Figure 8 we see the plots showing the
motion of the middle of a short bridge due to the passage
of various models of moving loads with speed 20 m/sec
and under the following conditions: successive high
irregularities( = 1.00 , ℎ = 0.20 ), located at the left
end of the bridge with 1 = 1 , 2 = 3 .
As it was expected, the use of a relatively more accurate
model shows differences that can be amounted to more than
1.5
1.6
15%.
In the following Figure 9 we see the plots showing
the
1.5
motion of the middle of a short bridge due to the passage
of various models of moving loads with speed 20 m/sec
and under the following conditions: successive high
irregularities ( = 1.00 , ℎ = 0.20 ) , located in the
middle of the bridge with 1 = 11 , 2 = 13 .
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1

1

Figure 9. (high
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

0.4

We verify also 0.2the necessity to use more accurate
0.2
Model A
1.7
1.8
1.9
models.
Model
In the following
Figure
11 we1.9
see the plots showing
1.6
1.7
1.8
the motion of the middle of a short bridge due to the
passage of various models of moving loads with speed 20
m/sec and under the following conditions: successive low
irregularities ( = 1.00 , ℎ = 0.05 ) , located in the
middle of the bridge with 1 = 11 , 2 = 13 .
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1

1

1

Figure 10. (low
1.4 irregularity), w(in m), t(in
1 sec)

1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3. Bridge with irregularity
0.4

0.4

0.2
1.5

1.6

1.5

1.7

1.8

1.6

Model

1.9

1.7

1.8

0.4

0.2

0.2

A

1

Figure12. (high
1.4 irregularity), w(in m), t(in
1 sec)

1.5

1.6

Model
1.5

1.9

1.7

A

1.8

1.6

Model

1.9

1.7

0.2

A

1.8

Model

1.9

1

A

1

Figure 13. (high
1.4 irregularity), w(in m), t(in
1 sec)
1

1

Figure 11. (low
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3. Bridge with irregularity
0.4

1.5

1.5

1.6

1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3. Bridge with irregularity
0.4

0.4

0.2
The use of accurate
models seems to be also necessary.
0.2
Model A
1.5
1.6
1.7
1.9
In the1.8following
Figure 14 we see the plots showing
0.4
the motion of the middle of a short bridge due Model
to the
0.2
1.5
1.6
1.7
1.8
1.9
5.2.2 Short Bridge – Big
Lorry
0.2
Model A
passage of various models of moving loads with speed 15
1.7
1.8
1.9
m/sec and under the following conditions: successive low
In the following Figure 12 we see the plots showing
Model
A
1.6
1.7
1.8
1.9
the motion of the middle of a short bridge due to the irregularities( = 1.00 , ℎ = 0.05 ), located at the left
passage of various models of moving loads with speed 15 end of the bridge with 1 = 1 , 2 = 3 .
In the following Figure 15 we see the plots showing
m/sec and under the following conditions: successive high
the
motion of the middle of a short bridge due to the
irregularities ( = 1.00 , ℎ = 0.20 ), located at the left
passage
of various models of moving loads with speed 15
end of the bridge with 1 = 1 , 2 = 3 .
As it was expected, the use of a relatively more m/sec and under the following conditions: successive low
accurate model shows differences that can be amounted to irregularities ( = 1.00 , ℎ = 0.05 ) , located in the
middle of the bridge with 1 = 11 , 2 = 13 .
more than 25% for higher speeds.

In the following Figure 13 we see the plots showing
the motion of the middle of a short bridge due to the
passage of various models of moving loads with speed 15
m/sec and under the following conditions: successive high
irregularities ( = 1.00 , ℎ = 0.20 ) , located in the
middle of the bridge with 1 = 11 , 2 = 13 .
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5.2.3 Long Bridge – Light Vehicle

In the following Figure 16 we see the plots showing
the motion of the middle of a long bridge due to the
passage of various models of moving loads with speed 20
m/sec and under the following conditions: successive high

https://doi.org/10.30564/jaeser.v4i3.3312
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In the following Figure 17 we see the plots showing
the motion of the middle of a long bridge due to the
passage of various models of moving loads with speed 20
m/sec and under the following conditions: successive high
irregularities ( = 1.00 , ℎ = 0.20 ) , located in the
middle of the bridge with 1 = 38 , 2 = 41 .

irregularities( = 1.00 , ℎ = 0.20 ), located at the left
end of the bridge with 1 = 1 , 2 = 3 .

1

1

Figure 14. (low
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

1.6

1.5

1.7

1.8

1.6

Model

1.9

1.7

0.2

A

1.8

Model

1.9

1

Figure 17. (high
1.4 irregularity), w(in m), t(in
1 sec)

0.4

0.2
1.5

1

A

1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3. Bridge with irregularity
0.4

0.4

1.5

In the following0.2Figure 18 we see the plots showing
0.2
Model A
1.8 of 1.9
the1.7motion
the middle of a long bridge due to the
Model
passage of various models of moving loads with speed
20
1.6
1.7
1.8
1.9
m/sec and under the following conditions: successive low
irregularities( = 1.00 , ℎ = 0.05 ), located at the left
end of the bridge with 1 = 1 , 2 = 3 .

1.6

1.5

1

1

Figure 15. (low
1.4 irregularity), w(in m), t(in
1 sec)

A

1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3. Bridge with irregularity
0.4

0.4

0.2
1.5

1.6

1.5

1.7

1.8

1.6

Model

1.9

1.7

1.8

0.2

A

Model

1.9

A

1

1

Figure18. (low
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

0.4

1

1

1.5
Figure 16. (high
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

1.5

1.6

391.7
1.6

1.5

0.2

Model A
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1.8

1.9

1.7

1.6

0.4

0.2
1.5

In the following0.2Figure 19 we see the plots showing
0.2
Model A
1.8 of 1.9
the1.7motion
the middle of a long bridge due to the
Model
passage of various models of moving loads with speed
20
1.6
1.7
1.8
1.9
m/sec and under the following conditions: successive low
irregularities ( = 1.00 , ℎ = 0.05 ) , located in the
middle of the bridge with 1 = 38 , 2 = 41 .

1.8

1.9

Model
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irregularities( = 1.00 , ℎ = 0.05 ), located at the left
end of the bridge with 1 = 1 , 2 = 3 .

1

1

Figure 19. (low
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4
0.2

1.5

1.6

1.5

5.2.4 Long Bridge – Big
Lorry
Model A
1.7

1.8

1.9

1

1

Figure 21. (high
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

0.4
0.2

In the following Figure 20 we see the plots showing
Model
A
1.6
1.7
1.8
1.9
the motion of the middle of a long bridge due 1.5
to the1.6
passage of various models of moving loads with speed 15
1.5
m/sec and under the following conditions: successive high
irregularities( = 1.00 , ℎ = 0.20 ), located at the left
end of the bridge with 1 = 1 , 2 = 3 .

0.4

0.2
1.7

1.8

1.6

Model

1.9

1.7

0.2

A

1.8

Model

1.9

1

A

1

Figure 22. (low
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

0.4

1

1

1.5
Figure 20. (high
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4

In the following0.2Figure 23 we see the plots showing
0.2
Model A
1.8 of 1.9
the1.7motion
the middle of a long bridge due to the
Model
passage of various models of moving loads with speed
15
1.6
1.7
1.8
1.9
m/sec and under the following conditions: successive low
irregularities ( = 1.00 , ℎ = 0.05 ) , located in the
middle of the bridge with 1 = 38 , 2 = 41 .
We observe that the differences produced by the different
models of vehicle are very small ranging from 2 to 5%.

1.6

1.5

0.4

1.5

1.5

1.6

In the following0.2Figure 21 we see the plots showing
0.2
Model A
1.8 of1.9
the1.7motion
the middle of a long bridge due to the
Model
passage of various models of moving loads with speed
15
1.6
1.7
1.8
1.9
m/sec and under the following conditions: successive high
irregularities ( = 1.00 , ℎ = 0.20 ) , located in the
middle of the bridge with 1 = 38 , 2 = 41 .
In the following Figure 22 we see the plots showing
the motion of the middle of a long bridge due to the
passage of various models of moving loads with speed 15
m/sec and under the following conditions: successive low
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A

5.3 Roughness
Let us consider now three road surface qualities, the
practically smooth ( ≤ 0.01 ) , the middle (0.01 ≤
≤ 0.03 ) and the bad surface ( ≥ 0.03 ).
Applying the formulae of paragraphs 3.2 and 4.2, we
obtain the following diagrams related to the motion of the
middle of the bridge for a vehicle moving with speed =
https://doi.org/10.30564/jaeser.v4i3.3312
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10 /
, different kind of roughness, length of the
bridge and kind vehicles.

c)

Figure 24. (Roughness 0,01), w(in m), t(in sec)
1

a) Bridge without roughness b) Bridge with roughness
c) Deformation of the bridge due to roughness only

1

Figure 23. (low
1.4 irregularity), w(in m), t(in
1 sec)
1.2 1. Bridge without irregularities,
....... MODEL
0.8
- - - - MODEL1 2. Bridge without irregularities
0.8
MODEL 2. Bridge with irregularities,
0.6
0.6
MODEL
3.
Bridge
with
irregularity
0.4
0.2

1.5

1.5

1.6

5.3.1 Short Bridge – Light
vehicle
Model A
1.7

1.8

1.9

0.4
0.2

In the following Figure 24 we see the plots showing
Model
1.6
1.7
1.8
1.9
the motion of the middle of a short bridge due to the
passage of a light vehicle moving with speed 10 m/sec on
a road surface with smooth roughness ( = 0.01 ).
In the following Figure 25 we see the plots showing
the motion of the middle of a short bridge due to the
passage of a light vehicle moving with speed 10 m/sec on
a road surface with middle roughness ( = 0.02 ).

A

a）

b)

a)

c)

Figure 25. (Roughness 0,02), w(in m), t(in sec)
b）

41

Distributed under creative commons license 4.0
Distributed under creative commons license 4.020

a) Bridge without roughness b) Bridge with roughness
c) Deformation of the bridge due to roughness only
https://doi.org/10.30564/jaeser.v4i3.3312
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In the following Figure 26 we see the plots showing
the motion of the middle of a short bridge due to the
passage of a light vehicle moving with speed 10 m/sec on
a road surface with bad roughness ( = 0.04 ).

b)

a）

c)

Figure 27. (Roughness 0,10), w(in m), t(in sec)
a)Bridge without roughness b) Bridge with roughness
c) Deformation of the bridge due to roughness only
b)

5.3.2 Short Bridge – Big Lorry
In this section we examine the worst case of a road
surface with bad roughness ( = 0.04 ).
Therefore in the following Figure 28 we see the plots
showing the motion of the middle of a short bridge due to
the passage of a big lorry moving with speed 10 m/sec on
a surface with bad roughness.

c)

Figure 26. (Roughness 0,04), w(in m), t(in sec)
a) Bridge without roughness b) Bridge with roughness c)
Deformation of the bridge due to roughness only

In the following Figure 27 we see the plots showing
the motion of the middle of a short bridge due to the
passage of a light vehicle moving with speed 10 m/sec on
a surface of cobbled road ( = 0.10 ).

a)
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b)
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c)

c)

= 15 /

d)

= 20 /

Figure 28. (Roughness 0,04), w(in m), t(in sec)
a) Bridge without roughness b) Bridge with roughness
c) Deformation of the bridge due to roughness only

It is obvious that one can very easily draw analogous
plots for the cases of a Long Bridge-short vehicle and a
Long Bridge-big lorry, applying the formulae of § 3 and 4.
We believe that it is not necessary to show these plots
because the motion of a long bridge due to roughness
alone is much smaller than the corresponding motion of a
short bridge due to roughness alone.
In the contrary, the following study is interesting.
5.3.3 Influence of Speed
We consider that passengers’ trouble can be expressed
by the breadth of the motion due to roughness alone.
Therefore in the plots of Figures 29 and 30 the parts of
Figures 24c to 27c are presented, showing the maximum
motions due to roughness alone, concerning a short and a
long bridge respectively.

Figure 29. (Roughness 0,04), w(in m), t(in sec)
The maximum motion of a short bridge due to the
roughness alone ( = 0.04 )
for a vehicle moving with different speeds

a)
a)

b)
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Motion

braedth

0.000055
0.00005
0.000045
0.00004
0.000035

c)

= 15 /

6

8

10

12

14

b) Long Bridge

16

18

20

v

Figure 31. motion breadth (in m), velocity (in m/sec)
The influence of the speed from the above figures it
can be seen that for higher speeds the problem of
roughness decreases.

6. Conclusions
d)

Considering the results of the above models, the
following conclusions can be drawn:

= 20 /

Figure 30. (Roughness 0,04), w(in m), t(in sec)

6.1 Regarding the Irregularities

The maximum motion of a long bridge due to the
roughness alone ( = 0.04 ) for a vehicle moving with
different speeds.
From the above plots it is obtained the following
Table 1.
Table 1. Motion of short or long bridge for
different velocities

Short
Bridge
Long
Bridge

=
5 /

0.000030
0.000033

= 10 /

0.000080

=
15 /

= 20 /

0.000116

0.000135

0.000054

0.000057

0.000045

The findings of Table 1 can be expressed in diagrams
of Figure 31.
Motion

breadth

0.00012
0.0001
0.00008
0.00006
0.00004
6

8

10

12

14

16

18

20

v

a) Short Bridge
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a. Following the remarks of paper [21] the length of the
irregularities used is 1.00 m.
b. As expected higher irregularities are more effective
than lower ones.
c. In both cases of bridges (short and long bridges), the
most effective position to build an irregularity is in about
the middle length of the bridge.
In particular, οn short bridges with light vehicles we
observe a reduction of deformations up to ~6,5% for
irregularities built in the middle of the bridge compared to
the case of irregularities at the entrance of the bridge.
On short bridges but with big lorries the corresponding
reduction of deformations reaches up to ~10%.
On long bridges with short vehicles or big lorries we
observe a reduction up to ~2%.
On long bridges with short vehicles it is also possible
to observe an increase of deformations instead of a
decrease one due to the impact forces (see Figure 17 in
relation to Figure 16).
d. Regarding the used vehicle model, we note that for
short bridges the real model (model 3) must always be
used, as the differences from other models range from
19% (for light vehicle) to 30% (for big lorries).
The corresponding differences in long bridges are
smaller and range from 0.5 to 2%. Therefore one can even
use the model 1.
https://doi.org/10.30564/jaeser.v4i3.3312
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6.2 Regarding the Roughness
a. The additional motion caused by the roughness even
for bad road surfaces is negligible, for both cases of light
vehicles and big lorries ranging from 0.2 (smooth road) to
1.5% (bad road). However in the case of a cobbled road
(which is a special case of road between roughness and
irregularity) an additional increase of bridge motion of
about 10% is developed.
b. Passengers trouble can be expressed in a number of
ways.
The most usual and easy way is to use either the range
of motion of the bridge or the acceleration of this motion
due to roughness alone, which happens in low periods. In
this paper we follow the first way.
An important factor affecting the passenger’s trouble is
the rapidly changing speed of a vehicle, which moves on
the bridge.
From the relevant diagrams of Figures 31a and 31b we
observe the following:
On short bridges, higher speeds cause more trouble,
but the rate of this trouble augmentation decreases
dramatically as the speed increases.
On long bridges the reduction of the trouble is obvious
as the speed of the vehicle increases.
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Appendix A
When the solid bodies shown in Figure A1, with
angular velocities 1
and rotational inertias
2
are
collided,
after
their
bouncing, the new
1
2
angular velocity of the first body after impact is given by:
1

=

( 1 − 2) 1 +(1+ ) 2 2
1+ 2

(A1)

where ε is the percentage of the energy remaining after
impact (which for regular wheels is between 0.80 and
0.97, depending on the inner pressure of the wheel) and f
and α express the angular velocities before and after
impact.
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Figure A1
Setting into (A1)
2 =−
2 =−

1

= ∞ and

1

= 0, we obtain:

(A2)

Appendix B

A body under the action of a moment for a period of
time
, acquires a torsional momentum (or impulse)
equal to:
= ⋅
(B1)
It is proved that
= ⋅
(B2)
where I the rotational inertia of the body and ω its
angular velocity.
2
A wheel, has rotational inertia =
or finally
2
=
/2
(B3)
where mo is the mass of the wheel, i its inertia radius
and R the radius of the wheel.
According to appendix A, the impact of a wheel with
radius R on a solid plate is expressed by
=

⋅

=

⋅

⋅

= ⋅

=

2

=

⋅

2

2

⋅

and finally
=
/2
(B4)
→0 = ⋅
where N is the force arising from the impact and acting
on the common tangent of two solids at the point of
impact.
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The literature mentions multiple factors that can affect the accuracy
of estimating the project duration in highway construction, such as
weather, location, and soil conditions. However, there are other factors
that have not been explored, yet they can have significant impact on the
accuracy of the project time estimate. Recently, TxDOT raised a concern
regarding the importance of the proper estimating of the lead/lag times
in project schedules. These lead/lag times are often determined based on
the engineer’s experience. However, inaccurate estimates of the lead/lag
time can result in unrealistic project durations. In order to investigate this
claim, the study utilizes four time sensitivity measures (TSM), namely
the Criticality Index (CI), Significance Index (SI), Cruciality Index (CRI),
and the Schedule Sensitivity Index (SSI) to statistically analyze and draw
conclusions regarding the impact of the lead/lag time estimates on the total
duration in highway projects. An Excel-based scheduling software was
developed with Monte Carlo simulation capabilities to calculate these TSM.
The results from this paper show that the variability of some lead/lag times
can significantly impact the accuracy of the estimated total project duration.
It was concluded that the current practices used for estimating the lead/lag
times are insufficient. As such, it is recommended to utilize more robust
methods, such as the time sensitivity measures, to accurately estimate the
lead/lad times in the projects scheduled.

Keywords:
Scheduling
Highway projects
Lead
Lag
Time sensitivity measures

1. Introduction
Developing an accurate work schedule requires high
precision estimates of both work quantities and production
rates. These estimates are used to determine the activity
duration and calculate the total project duration. However,
there are many unforeseen factors, such as weather, traffic, and soil type that can cause changes to the estimated
quantities and production rates resulting in inaccurate

estimated durations. Many of these factors have been
identified and addressed in the literature and discussed
thoroughly as documented by the Federal Highway Administration (FHWA) [1].
One critical factor that is usually underweighted but
can negatively impact the project duration is the estimated lead or lag time between activities [2]. The Texas
Department of Transportation (TxDOT) considers it as a
risk when developing their contract time estimates. It is
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theorized that additional information on the impact of the
lead/lag time can improve the contract time determination
system performance [2]. The Project Management Body of
Knowledge (PMBOK) guide describes the lead time as “an
acceleration of the successor activity,” while the lag is described as “a delay in the successor activity [3].” The lead/
lag time does not occur due to external factors such as
weather or material delay; instead, it occurs as a result of
the nature that the activities have in relation to each other.
Traditionally, the lead/lag time (referred to as lag time
from this point forward) is expressed as a number of days
that needs to be accounted for before starting or ending
the succeeding activity. However, expressing the lag time
as a percentage of the predecessor activity duration is a
common practice in highway projects [2]. For example, a
given activity, “A”, may have a duration of 10 days and
a Start-to-Start relationship with another activity, “B”. If
they had a lag of 50%, activity “B” would not be able to
start until 5 days after activity “A” had begun.
The literature reviewed show that several studies have
addressed various factors that can affect the duration of
construction projects. However, none of these previous
studies addressed the impact of the effect of lag time on
the project total duration. Usually, planners estimate the
lag time using their personal experience [2]. However, inaccurate estimation of the lag times can lead to unrealistic
project durations [2]. Hence, it is essential to investigate the
impact of the estimated lag times on the project duration.
This study presents a thorough analysis of the effect of the
inaccuracy in estimating the lag times on the estimated
project duration in highway construction.

2. Literature Review
The literature reviewed was organized into four different categories. The first category focuses on the most
common factors that affect the production rates of activities in highway projects. The second category discusses
different scheduling methods that are used by various state
Departments of Transportation (DOTs). The third one
discusses the four time sensitivity measures (TSM) that
have been utilized for the analysis performed in this study.
Lastly, the fourth section presents a brief review of the
Monte Carlo simulation since it is essential for calculating
the TSM.

2.1 Factors Affecting the Production Rates of
Highway Projects
The literature includes several studies that addressed
factors that can impact construction productivity and, subsequently, the total project duration. The factors reviewed
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included weather conditions, location, traffic, equipment,
and soil type.
Weather is one of the major factors that can have a major influence on construction operations. Several studied
focused on the effect of different weather attributes, such
as temperature, rain, wind speed etc.., on the production
rates in construction sites [4-10]. For instance, a study by
Koehn and Brown showed that the maximum productivity
can be achieved in a temperature range of 50°F to 80°F [4].
This finding was supported by other studies that reported a
similar range for temperature comfort [5,6]. Other research
focused on the impacts of rainfall; one study showed that
rainfall can affect construction operations for days after it
stops due to the water absorbed by the materials stored on
site [7]. Due to the correlation between the impacts of different weather conditions on production rates, other studies focused on the development of comprehensive models
for assessing the impacts of different weather attributes
collectively including rain, temperature, windspeed, and
snow on different construction operations [8-10].
The type of soil can have a significant impact on the
project duration as production rates tend to vary based on
the soil types encountered in the project. For instance, the
duration of earthmoving activities using the same crew
and equipment can differ based on the soil capability to
absorb or drain water after rainfall events [7]. Also, one
study found that drilling closer to a riverbank can take
longer than drilling in a dry soil [11].
Previous studies have also shown that the project location can affect the duration of construction projects. A
study showed that urban projects in developing countries
take less time than rural projects because of the availability of skilled workers and equipment [12]. However, developed countries like the U.S. have lower productivity in
urban areas due to the higher annual average daily traffic
(AADT). Generally, urban areas experience more congestion, which delays activities and prolongs the project
duration [13].
In reality, location and traffic often correlate with each
other, since AADT rates vary based on location. Specifically, greater traffic flow causes longer activity durations
in asphalt construction when material is delivered [14].
Some studies have discussed and presented tools, such as
simulation models and manuals, that can be used to assess
the impact of traffic on production rates [15].
Contractors also consider labor and equipment as a
significant source of delays in projects [16]. One study
assessed the impact of the equipment on earthmoving
activities in construction projects [17]. Other studies have
discussed the technological advances of equipment for
different construction activities over time [18,19]. Also, some
DOI: https://doi.org/10.30564/jaeser.v4i3.3383
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studies focused on calculating the production rates for
specific equipment. For example, Ok and Sinha presented a model that estimates the productivity of dozers [20].
The consensus in all these studies is that advancement in
equipment technology has led to an increase in productivity and, hence, shorter durations.
Other factors that impact the project time have also
been briefly discussed in different studies. Some studies
have reported that the productivity rates decrease in larger
crew sizes [21,22]. Sanders and Thomas confirm this finding as they have indicated that crews composed of small
number of workers are more efficient [23]. Another study
showed that higher work quantities resulted in higher
productivity due to the recurrence of the activity [21]. Additionally, Riley et al. found that material delivery schedules
can lead to lower production rates, which result in longer
activity durations [24]. Lastly, nighttime operations can
negatively impact the production rate due to the low visibility and fatigued labor [25].

2.2 Scheduling Highway Projects
Construction projects, including highway projects,
require special consideration of the various uncertainties
that can impact the activity durations and the difficulty in
formulating the project schedule given the limitations on
resources [26]. To facilitate project scheduling, many techniques have been adopted by professionals in the industry.
These techniques include deterministic and probabilistic
methods.
The most common scheduling technique used in the
construction industry is the Critical Path Method (CPM)
[26]
. The CPM is easy to use and implement since it only
requires one estimate for each activity duration; that
makes it very convenient for projects with many activities
[27]
. The CPM uses only deterministic durations and focuses on identifying the longest (critical) path in the project
schedule network. However, scheduling construction project with CPM is unrealistic and often results in inaccurate
project schedules given that the nature of the construction
activities is probabilistic.
Although probabilistic scheduling techniques provide
a more feasible alternative for estimating accurate durations in highway projects, they are rarely implemented by
DOTs. This is because obtaining the data needed to establish probability distributions for the project activities, as
the case is in the Program Evaluation and Review Technique (PERT), is a laborious and time-consuming job [28-31].
Therefore, some studies have suggested to utilize only two
time estimates instead of three in the case of PERT [30,32,33].
Other probabilistic techniques, such as Monte Carlo (MC)
Simulation, can be very time consuming and require high
Distributed under creative commons license 4.0

computational skills.
To facilitate and standardize the process of estimating
the activities durations and scheduling highway projects,
many state DOTs have developed contract time determination systems (CTDS), such as Texas, Louisiana, Kentucky,
and Oklahoma [34-38]. Other states have also developed
tools for determining the production rates based on statistical analysis [39,40]. Furthermore, surveys have showed that
some states, including Florida, Wyoming, and New Jersey,
still determine the contract time using Gantt charts and the
CPM [41-43].

2.3 Time Sensitivity Measures
Time sensitivity measures provide further insights
about the uncertainty of a given project duration by deploying four steps, which are: 1) creating the base project
schedule, 2) modeling the activity durations as probability
distributions, 3) scheduling the project using Monte Carlo
simulation, and 4) computing the values of the TSM using
the simulation outputs [44]. The calculations of the TSM are
based on some of the characteristics of the project activities, such as the frequency of their existence on the critical
path, the amount of float available for each activity, and
the variability of the activity duration to reflect the impact
of a given activity on the total project duration, as will be
discussed in the following sections [44-46].
The Criticality Index (CI) was first introduced as the
probability of a given activity being on the project critical
path [44-46]. Further studies utilized different approaches to
determine the criticality of an activity [47-49]. However, it
has been stated that the CI is insufficient for measuring the
project risk since activities with a high CI may not always
have a significant impact on the project duration. This is
due to the fact that such activities -with high CI- may have
a low duration so that their impact on the project duration
is insignificant [46].
Williams identified problems with the CI; thus, he
introduced the Significance Index (SI) to consider the
criticality of the activity along with the activity duration
and available slack (float) [50]. The SI reflects “the relative
importance between the activities.” However, the SI did
not properly evaluate activities in some examples [51]. A
case was shown where two activities were on the same
critical path and had the same SI and CI values, but one of
them should have been more significant due to its longer
duration [51].
The Cruciality Index (CRI) was also introduced by Williams as a more advanced method to assess the relative importance of an activity; it measures the correlation between
the activity duration and the projects duration [50]. The index
can use different correlation methods, such as Pearson’s
DOI: https://doi.org/10.30564/jaeser.v4i3.3383
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product-moment, Spearman’s rank, or Kendall’s tau rank
correlation [44,52]. However, Williams found the CRI to be
counter-intuitive since it measures the risk of the activity in
the project [50]. For example, if an activity is always critical
with no uncertainty in its duration, its CRI value will be 0.
The Schedule Sensitivity Index (SSI) was proposed by
the PMBOK to measure the relative importance of an activity [3]. The measure uses the CI and standard deviations
of the activity and the project durations [44,46]. Similar to
the shortcoming of the CRI, Elshaer noted that the SSI
will be 0 if the activity duration is constant even though
the activity is always critical [52].

2.4 Monte Carlo Simulation
Monte Carlo (M.C.) simulation is often used in project
management to determine possible project outcomes with
respect to a designated objective, such as time or cost,
using a given probability distribution [53]. In construction
projects, M.C. simulation can be deployed using threepoint estimates to represent the pessimistic, most likely,
and optimistic durations of a given activity as a triangular
distribution [54]. A triangular distribution is commonly
used in construction project since the activity durations
follow a beta distribution which can be approximated to a
triangular distribution [55].
The probability distribution is used to randomly select
a duration for each activity to schedule the project and
calculate the total duration. This procedure is repeated
multiples times based on the target precision and the allowed computational time. M.C. simulation is considered
a valuable technique because of its capability to simulate
multiple possible scenarios [56]. This process may cause
a change in the critical path which also changes the total project duration [57]. Because of this capability, it has
been commonly used for risk assessment in project management [58-71]. The complete process of deploying M.C.
simulation to calculate the four time sensitivity indexes is
discussed in the following sections.

3. Problem
The effect of the lag time is usually underestimated;
however, it can be critical and lead to unrealistic estimated project durations. To demonstrate this point, Figure
1-a shows a schedule where all activities are critical. Normally, crashing the duration of an activity that is on the
critical path should shorten the total project duration. This
concept does not always apply when there is an illogically
estimated lag time in the schedule, as shown in this example (Figure 1-a). The normal total project duration is
22 days. When activity “B” is crashed to 12 days instead of
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15, the total duration stays the same due to the effect of the
unjustified lag time between “B” and “C”. However, when
the lag time is excluded, the total project duration decreases
when activity B is crashed to 12 days (Figure 1-b).

4. Methodology
A review of the literature was initially conducted to
gather information regarding the scheduling methods used
for highway projects. Part of the review also focused on
TSM and their application to assess the impact of different types project activities on the estimated total project
duration. To be able to utilize these sensitivity measures,
a modification was introduced in scheduling any project,
where the lag times were modeled as individual dummy
activities. These dummy activities have durations equal to
the lag time and maintain the same relationship between
its original predecessor and successor activities, as shown
in Figure 2.
Additionally, the calculations of the TSM require the
use of Monte Carlo (M.C.) simulations, so an Excel-based
scheduling software was developed to run the simulations
needed to calculate the TSM for the different project
activities. The user inputs the project schedule with the
three-point duration estimates and the software simulates
it depending on the number of runs desired. The program
facilitates importing and exporting information between
the data collection sheets. Ultimately, the four time sensitivity measures are output based on the information from
the M.C. simulation.
Additionally, the calculations of the TSM require the
use of Monte Carlo (M.C.) simulations, so an Excel-based
scheduling software was developed to run the simulations
needed to calculate the TSM for the different project
activities. The user inputs the project schedule with the
three-point duration estimates and the software simulates
it depending on the number of runs desired. The program
facilitates importing and exporting information between
the data collection sheets. Ultimately, the four time sensitivity measures are output based on the information from
the M.C. simulation.
A sample of projects were collected from the Texas
Department of Transportation (TxDOT). A sample of the
most frequent lag activities were chosen for the application and analysis. A set of at least 30 data points were collected for each of the lag activities for statistical justification. Statistical analysis was deployed to draw conclusions
about the effect of the lag time on the project estimated
duration based on the four sensitivity measures previously
discussed. The complete methodology process is illustrated in Figure 3.
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Figure 1. Crashing of activity B when a) there is lag and b) there is no lag.

Figure 2. Modeling 2 activities from a schedule.

Figure 3. Methodology process.
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5. Model Development
The model developed to assess the impact of the lag
time on the project duration is comprised of three main
steps, which are 1) lag time and project activity duration
modeling, 2) software development to run M.C. simulation, and 3) time sensitivity measures calculation.

ally, the durations of all project activities, including the
dummy activities, were represented by probability distributions created using historical data collected from the
selected overlay projects. Activities that had deterministic
values (same values) across all the projects reviewed were
modeled probabilistically by calculating the pessimistic
and optimistic values as ±0.001 the original duration.

5.1 Duration Modeling

5.2 Software Development

To assess the impact of the lag time properly, a sample of
overlay highway project schedules were collected. Overlay
projects involve the leveling up or surfacing of a road using
hot-mix asphalt. After identifying the lag time throughout the
selected projects, they were modeled as dummy lag activities, as shown previously in Figure 2. Identical lags between
the same successor and predecessor were traced throughout
the projects to gather data points for modeling the dummy
lag activity durations as probability distributions. A triangular
distribution was created for each dummy lag activity using
different duration values collected throughout the sample
projects using the R statistics software, as shown in Figure 4.
Dummy Name

Item

Predecessor

Lag (%)

L351354

Flexible Pavement Structure
Repair

Planing and
Texturing Pavement

50, 10, 12, 65,
65, 65, 65, 65,
50, 25

The deployment of the time sensitivity measures to assess
the effect of the lag times on the project duration necessitated
the development of a software that can schedule the selected
projects and simulate them using the Monte Carlo technique.
The outputs of the simulation, such as activity duration,
activity slack, and project duration, are used to calculate
the time sensitivity indexes for the project duration using a
predefined set of equations. The software was created using
Visual Basic Application (VBA) through Microsoft Excel. The
main screen for the scheduling software is shown in Figure 5.
The user first inputs the information needed to schedule the project, such as the list of activities, their three
durations, and the relationships between activities. Once
the information is set, the user may select the “Generate
Runs” button where they specify the number of simulations desired. Next, the M.C. simulation begins, and the
project is scheduled up to the number of simulations set.
The software outputs and organizes information regarding
activity duration, slack, and project duration in the designated sheets. Lastly, the TCM are then calculated using
the formulas retrieved from the literature, as will be discussed in the following section.

5.3 Modeling the Time Sensitivity Measures
The Criticality Index (CI) is calculated by counting
the number of times an activity occurs on the critical path
during the different simulation runs, as shown in Equation
1; the AS stands for activity slack and n is the number of
runs. The CI has a value from 0 to 1; a value closer to 1
shows that the activity is frequently critical [44-49].
Dummy
Name

Item

Predeces- PessimisMost
Optimissor
tic (%) Likely (%) tic (%)

Flexible
PlanPavement ing and
L351354
Structure Texturing
Repair Pavement

65

61.83

10

Figure 4. Creating the triangular distribution for the dummy lag activity.
The project schedules were modified by replacing the
normal lag time with the dummy lag activities. Addition-
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(1)
The Significance Index (SI) is calculated using the formula shown on Equation 2; the AD stands for activity duration, PD is the project duration, and AvgPD is the average
project duration for all runs. The SI is calculated for each
simulation run and the average is used to determine the final SI for the activity. The SI ranges from 0 to 1, where 0
indicates that the activity is not important when compared
to other activities and vice versa. This measure is based
on the amount of the slack an activity has [50 -51].
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Figure 5. The different functions of the Excel-based software.
(2)
The Cruciality Index (CRI) is based on the Pearson’s
product-moment correlation and can be calculated using
Equation 3. The AvgAD is the average activity duration for
all runs. Similar to the SI, the CRI is also calculated at each
simulation to get the average. Since the correlation between
two items can be on the negative side - indicating an inversely proportional relationship- the absolute value of the average
is used to bound the CRI in a range from 0 to 1. A value of
“0” indicates that there is no correlation between the activity
duration and the project duration, and vice versa [44,50,52].
(3)
The Schedule Sensitivity Index (SSI) is calculated using Equation 4. In this formula, the standard deviation of
the activity durations and project durations are used with
the CI previously calculated for the activity. The SSI has
a range of 0 to 1, where a value of closer to 1 signifies the
larger impact that an activity has on the total project duration, and vice versa [44,46,52].
(4)

6. Application and Results
After modeling the project schedules to incorporate the
lag times as separate activities, the M.C. software developed was deployed to schedule the projects and compute
the TSM for all the project activities, as shown in Figure 6.
There were 98 highway projects rescheduled for application of analysis. All projects were of the same type (overlay
Distributed under creative commons license 4.0

projects) to unify the basis of analysis and avoid the impact of any variability due to the nature of the project. Ten
lag times were identified and selected for analysis based
on the frequency of their occurrence throughout the projects; Table 1 lists the selected lag activities.
Table 1. The dummy lag activities used for analysis.
Dummy
Activities

a) Predecessor/ b) Successor

L351354

a) Planning and Texturing
Pavement/
b) Flexible Pavement Structure
Repair

SS

9

L316354

a) Planning and Texturing
Pavement/
b) Seal Coat

SS

11

L540341

a) Dense-Graded Hot-Mix
Asphalt/
b) Metal Beam Guard Fence
(MBGF)

SS

2

L666540

a) Metal Beam Guard Fence
(MBGF)/
b) Pavement Markings

SS

2

L533134

a) Backfilling Pavement Edges/
b) Shoulder Texturing

SS

3

L354508

a) Constructing Detours/
b) Planning and Texturing
Pavement

SS

4

L341316

a) Seal Coat/
b) Dense-Graded Hot-Mix
Asphalt

SS

8

L316351

a) Flexible Pavement Structure
Repair/
b) Seal Coat

SS

7

L247112

a) Subgrade Widening/
b) Flexible Base

SS

4

L134341

a) Dense-Graded Hot-Mix
Asphalt/
b) Backfilling Pavement Edges

SS

3
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7. Analysis
Statistical analysis was conducted for each index calculated for the ten lag activities using the R statistics software. First, descriptive statistical analysis was conducted
to obtain information about the mean, minimum, and
maximum values of the indexes. The empirical cumulative
distribution function (eCDF) was also constructed to estimate the probabilities of obtaining different values indexes. Lastly, confidence intervals were established for each
of the dummy lag activities to determine a range of values
that are likely to cover the true values of the indexes.

7.1 Assessment of a Lag Time
Lag activity L13434, which defines the wait time
between the dense grading of hot-mix asphalt and the
backfilling of the pavement edges activities, was selected
to demonstrate how the assessment of the impact of lag
times on the project duration was performed. As shown
in Table 1, activity L13434 was listed three times in the
sample projects collected from TxDOT. Since at least 30
data points are required for a valid statistical analysis,
the projects in which the selected lag activity (L13434)
occurred were replicated. This was done by changing the
quantities for all the activities in the schedule based on a
random factor between 0.5 and 1.5. This created schedules
that followed the same logic with relationships and predecessors, but with varying durations. Once all projects were
ready, they were scheduled using the Excel-based M.C.
simulation software.

The software generated the CI, SI, CRI, and SSI values
for each activity in the projects, which provided the data
points needed to statistically analyze each measure. The
TSM values were analyzed using statistical analysis software “R”; the obtained results for activity L134341 are
shown in Table 2.
The descriptive statistics show that the means of the CI
and SI are very high for lag activity L134341; the mean
values are greater than 0.8. Additionally, the eCDF indicated that there is a very low probability that the values
of the CI and SI can be less than the mean. The reported
probabilities were less than 33.33% and 36.66% for the CI
or SI, respectively as shown in Table 2. This indicates that
the activity was highly critical in most projects. However,
the confidence interval for the CI for L134341 could not
be determined since all CI results had a value of 1, which
indicates that the lag activity is always on the critical path.
However, the mean CRI had a value of 0, which
showed that this activity did not have a high correlation to
the total project duration. This was true for all the projects
simulated since the maximum CRI value was 0.03. On the
other hand, the SSI had a mean value of 0.37 with a maximum value of 0.71. Although this dummy activity did not
impact the total project duration in most projects, it had
some significant impacts on the total duration in few projects. As such, it is suggested to monitor this lag activity
closely during its execution and until its completion. All
the results of the selected lag activities are shown in Table
2.
100%
90%

Frequency

70%
60%
50%
40%

Percentage (%)

80%

30%
20%
10%
0%
250

750

1250

1750

2250

Duration (Days)

Figure 6. Project durations and CDF obtained by M.C. simulation using the Excel-based software developed.
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Table 2. Analysis on the TSM for the different lag activities selected.
TSM Descriptive Summary
Lag

L351354

L316354

L540341

L666540

L533134

L354508

L341316

L316351

L247112

L134341

eCDF

TSM

n

mean

median

min

max

range

Prob. TSM ≤ mean

CI

40

0.85

1.00

0.00

1.00

1.00

32.50%

Conf. Interval
Lower

Upper
N/A

SI

40

0.89

1.00

0.08

1.00

0.92

20.00%

0.91

1.00

CRI

40

0.07

0.04

0.00

0.99

0.99

77.50%

0.02

0.07

SSI

40

0.06

0.05

0.00

0.46

0.46

77.50%

0.02

0.07

CI

39

0.67

1.00

0.00

1.00

1.00

38.46%

SI

39

0.68

1.00

0.02

1.00

0.98

38.46%

0.10

1.00

CRI

39

0.11

0.07

0.00

0.88

0.88

76.92%

0.04

0.12

SSI

39

0.09

0.00

0.00

0.94

0.94

76.92%

0.00

0.04

CI

45

0.57

0.57

0.43

0.68

0.25

48.88%

0.55

0.57

SI

45

0.72

0.72

0.62

0.83

0.20

51.11%

0.69

0.72

CRI

45

0.38

0.48

0.00

0.80

0.80

33.33%

0.43

0.53

SSI

45

0.49

0.49

0.02

0.73

0.71

48.88%

0.45

0.51

CI

30

0.51

0.55

0.25

0.66

0.41

33.33%

0.49

0.56

N/A

SI

30

0.55

0.55

0.46

0.65

0.19

63.33%

0.54

0.57

CRI

30

0.10

0.11

0.01

0.35

0.34

53.33%

0.06

0.14

SSI

30

0.50

0.50

0.40

0.71

0.31

53.33%

0.44

0.53

CI

40

0.79

1.00

0.27

1.00

0.73

37.50%

SI

40

0.85

1.00

0.47

1.00

0.53

37.50%

0.64

1.00

CRI

40

0.01

0.02

0.00

0.03

0.03

37.50%

0.00

0.02

SSI

40

0.06

0.06

0.00

0.20

0.20

60.00%

0.03

CI

30

1.00

1.00

1.00

1.00

0.00

0.00%*

N/A

SI

30

1.00

1.00

1.00

1.00

0.00

0.00% *

N/A

CRI

30

0.01

0.00

0.00

0.12

0.12

76.67%

0.00

0.00

SSI

30

0.02

0.02

0.01

0.03

0.02

63.33%

0.02

0.02

CI

40

1.00

1.00

0.91

1.00

0.09

10.00%*

N/A

0.08

N/A

SI

40

1.00

1.00

0.98

1.00

0.02

0.08% *

CRI

40

0.12

0.12

0.00

0.36

0.36

52.50%

0.05

N/A
0.17

SSI

40

0.05

0.04

0.00

0.41

0.40

77.50%

0.02

0.06

CI

30

1.00

1.00

0.97

1.00

0.03

6.70%*

N/A

SI

30

0.93

1.00

0.39

1.00

0.61

23.33%

N/A

CRI

30

0.08

0.03

0.00

0.69

0.69

66.67%

0.02

SSI

30

0.18

0.20

0.00

0.37

0.37

87.50%

0.15

CI

30

1.00

1.00

1.00

1.00

0.00

0.00%*

N/AΔ

SI

30

0.95

1.00

0.64

1.00

0.36

30.00%

N/AΔ

CRI

30

0.08

0.08

0.01

0.18

0.18

53.33%

0.04

0.10

SSI

30

0.00

0.00

0.00

0.01

0.01

96.66% ^

0.00

0.01

CI

30

0.83

1.00

0.32

1.00

0.68

33.33%

0.10
0.24

N/A

SI

30

0.90

0.96

0.68

1.00

0.32

36.66%

0.85

0.99

CRI

30

0.00

0.00

0.00

0.03

0.03

66.67%

0.00

0.01

SSI

30

0.37

0.41

0.06

0.71

0.65

46.67%

0.21

0.45

*: Activities where eCDF probability was tested at 0.99 instead of their mean of 1.00
^
: Activities where eCDF probability was tested at 0.01 instead of their mean of 0.00
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7.2 Statistical Analysis of the Indexes
The statistical analysis of the CI of all the lag activities
shows a mean CI above 0.5, which indicates that the lag
activities have appeared on the critical path more than half
the time throughout the simulations. Out of the test sample
(10 lag activities), 40% of them had a minimum CI above
0.5. Since many dummy activities had a maximum CI of
1, the eCDF probability for them was computed at 0.99,
as noted in Table 2. Additionally, the confidence intervals
displayed meaningful values for only two activities. For
the rest of activities, the CI could not be determined –
indicated by N/A in Table 2 - for two main reasons data.
First, for the smaller part of the lag activities investigated,
there were large ranges of CI data. This indicates that
these activities had significant differing criticality values
in the various projects examined, as the example shows
in Figure 7 (a). The second reason is that the majority of
the lag activities investigated had a CI value of 1. This
indicated that almost all the activities are always on the
critical path, as the example shows in Figure 7 (b). The
summary of the descriptive statistics of the CI of all dummy lag activities is shown in Table 2.
All the lag activities had a mean SI greater than 0.5, which
means that most of them had no slack throughout most of the
simulation runs. Fifty percent of the lag activities had a minimum SI above 0.5. Since the SI also measures the criticality
of activities, the results were in conformance with the CI
results discussed above and encountered similar errors in the

eCDF and confidence intervals. From the available intervals,
there is one activity, L666540, that had the narrowest confidence interval and the highest percentage of values smaller
than the mean. This signifies that the median value for this
dummy activity could be low compared to other activities.
The summary for the SI of the dummy lag activities is also
shown in Table 2.
The results show that all the dummy lag activities
had a mean CRI below 0.5, which means their activity
duration did not have a high correlation with the total
project duration. Although 40% of the lag activities that
had a maximum CRI value above 0.5, the medians were
very small value except for one activity. The percentages
computed using the eCDF further showed that most of the
CRI values of many activities were low. Furthermore, the
confidence intervals displayed only one activity with an
upper bound greater than 0.5; this activity was the only
one with a high CRI in many projects. The descriptive statistics summary for the CRI of the dummy lag activities is
shown in Table 2.
The results show that all activities had a mean SSI less
than 0.5. Out of the 10 activities, 40% had a maximum
SSI value above 0.5. The eCDF computations showed that
many dummy activities had low SSI, similar to the CRI.
Additionally, the confidence intervals showed that two
activities impacted the project duration more than others;
their lower bound was much higher than others and the
upper bound was greater than 0.5. The descriptive statistics summary for the SSI is also shown in Table 2.

Figure 7. Histograms and eCDF graphs of the CI data for two of the dummy lag activities.
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8. Validation of Results
The aforementioned results indicate a high criticality
of the lag activities evaluated based on the high values of
the CI and SI obtained. Additionally, higher CRI and SSI
values indicate a larger impact on the total project duration, while a low CRI and SSI signify a lower impact on
the project duration. The results obtained from the TSM
were validated by conducting a one-way sensitivity analysis on a sample of lead and regular activities. Since all
the activities evaluated had high CI and SI, the activities
selected for the sensitivity analysis came from two different groups. The first one is characterized by high CI and
SI, as well as high CRI and SSI, while the second group
is characterized by high CI and SI, but low CRI and SSI.
Additionally, the activities were selected based on their
frequent occurrences throughout the projects. Two lag activities, L540341 and L341316, and two regular activities,
Seal Coat and Flexible Pavement Structure Repair, were
selected to undergo the sensitivity analysis.
To conduct the one-way sensitivity analysis, all project
activities durations were set to deterministic values except
for the duration of the activity under investigation; its
duration was modeled using a triangular distribution, as
previously explained. The selected projects in which the
activities occurred were then simulated using M.C. simulation. Since the activity investigated is the only probabilistic duration in the project, it was feasible to measure its
direct impact on the total project duration by calculating
the standard deviation (SD) of the project time.
In a one-way sensitivity analysis, the SD show how
much the total project duration varies when the duration
of a particular activity changes. Hence, the straightforward pattern of the SD values was obtained from the simulation runs of the one-way sensitivity analysis and was
used to validate the results of the time-sensitivity indexes.
The results obtained using the activities selected for the
sensitivity analysis are shown in Table 3.
The first dummy lag activity, L540341, was characterized by high CI, SI, CRI, and SSI. A one-way sensitivity
analysis confirmed its high impact on the project duration (CRI and SSI) with a standard deviation of 75 days;
the original project duration was 239 days, as shown in
Table 3. This indicates that the aforementioned activity
(L540341) alone can cause a variation in the project duration of ±31%, which can shift the project duration in the
range 164 and 314 days. Similarly, the Seal Coat activity
had high CI, SI, CRI, and SSI. This was also confirmed by
its high SD of 150 days; the project original duration was
720 days. This means that this activity can vary the project duration in the range ±20%.
Distributed under creative commons license 4.0

Alternatively, the other two activities, lag activity
L341316 and Pavement Structure Repair, had a high CI
and SI but a low CRI and SSI. This was reflected by the
relatively low SD of 4 days out of the original project duration of 401 days caused by activity L341316. Similarly,
Flexible Pavement Structure Repair had a low impact on
the project duration reflected by a SD of 1.58 days, as
shown in Table 3.
The one-way sensitivity analysis was further carried
out to assess and compare the impact of 4 additional lag
activities (L351354, L666540, L341316, and L316351)
on the same project duration. The project deterministic
total duration – based on CPM- was 149 days. Information about the CI, SI, CRI, and SSI of the selected lag
activities are given in Table 2. Although the selected lag
activities are characterized by high CI and SI but a low
CRI and SSI, their impact on the project total duration can
be significant, as shown in the Tornado chart in Figure 8.
Table 3. The results for the validation.
CI & SI

CRI &
SSI

High

High

L540341

74.75 0.64 0.81 0.71 0.61

High

High

Seal Coat

150.80 1.00 1.00 0.71 0.70

High

Low

High

Low

Activity

SD

L341316

CI

SI

CRI

SSI

3.56

1.00 1.00 0.02 0.02

Pave. Struct. Repair 1.58

1.00 1.00 0.05 0.01

9. Discussion
The analysis of the CI and SI results showed that most
lag times are highly critical in the projects analyzed. The
SI measures the significance of an activity compared to
other project activities based on the activity duration and
the amount of slack that might be available if the activity
falls off the critical path and becomes non-critical during
a given scenario. Generally, activities that possess higher
slack in the non-critical status are less significant as they
can be delayed for a longer time without them impacting
the total project duration. In other words, the SI is a more
comprehensive measure than the CI since it measures the
relative importance between the project activities based on
their criticality, as well as the amount of slack available.
However, the CI and SI do not measure the impact
of an activity on the total project duration. For example,
some activities may always remain on the critical path,
but they might have a very limited impact on the project
duration because of their very short duration. This is when
the CRI and SSI fill in the gap since they assess the importance of the activities based on not only the previous
measures, but also their overall impact on the project duration.
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The CRI assesses the impact an activity has on the
project duration by measuring the correlation between
the changes that occur in the activity duration and the
corresponding changes in the total project duration. The
project duration might not change, change slightly, change
moderately, or change significantly. Accordingly, the following classification reflects strengths in the correlation in
the range of: none or very weak (0.0-0.1), weak (0.1-0.3),
moderate (0.3-0.5), or strong (0.5-1.0). Similarly, the SSI
relates the changes in the activity duration to the changes
in the total project duration using a value representing the
activity’s impact. In general, activities with a higher duration variability (standard deviation) have a higher SSI.

There are four cases that can occur when comparing the
four TSM: 1) high criticality and high variability, 2) low
criticality and low variability, 3) high criticality and low
variability, and 4) low criticality and high variability. The
criticality depends on the existence of the activity on the
critical path and the available slack, which is reflected by
the CI and SI. Alternatively, the variability is determined
based on the activity duration range, which is captured by
the SSI and CRI. As such, the dummy lag activities investigated were classified according to these four cases using
the mean of the TSM, as shown in Table 4. It should be
noted that none of the lag activities investigated could be
classified as case 2.
Days

75

100

125

150

175

200

225

250

275

149

Lag Activity

L351354

L666540

L341316

Low

L316351

High

Figure 8. Impact of different lag activities on the project total duration.
Table 4. Comparison of the means for all measures.
Case #
1

3

4

58

Lag

Predecessor

L134341 Dense-Grad. Hot-Mix Asph.

Successor

mean (CI) mean (SI) mean (CRI) mean (SSI) mean (SD)

mean
(duration)

Backfilling Pav.
Edges

0.83

0.90

0.00

0.37

40.44

80.00

0.07

0.06

21.99

20.93

L351354

Planning & Texturing Pav.

Flex. Pav. Structure
Repair

0.85

0.89

L316354

Planning & Texturing Pav.

Seal Coat

0.67

0.68

0.11

0.09

28.71

35.00

L533134 Backfilling Pavement Edges Shoulder Texturing

0.79

0.85

0.01

0.06

4.10

12.44

L354508

Constructing Detours

Planning and Texturing Pav.

1.00

1.00

0.01

0.02

2.40

6.00

L341316

Seal Coat

Dense-Grad. HotMix Asph.

1.00

1.00

0.12

0.05

10.12

26.04

L316351

Flex. Pav. Struct. Repair

Seal Coat

1.00

0.93

0.08

0.18

6.23

14.05

L247112

Subgrade Widening

Flexible Base

1.00

0.95

0.08

0.00

0.95

3.67

L540341

Dense-Graded Hot-Mix
Asph.

Metal Beam Guard
Fence

0.57

0.72

0.38

0.49

237.98

362.33

L666540

Metal Beam Guard Fence

Pavement Markings

0.51

0.55

0.10

0.50

5.17

9.83
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The first case (high criticality and high variability)
as well as the second case (low criticality and low variability) provides a definitive assessment of the overall
importance of a given activity. However, the third (high
criticality and low variability) and fourth cases (low
criticality and high variability) are quite inconclusive regarding the overall importance of the activity. Although
the four indexes provide relatively accurate insightful
information about the criticality of the project activities
and their impacts, they should be assessed carefully since
the calculations depend on the accuracy of the project
modeling and the availability of the data. An inaccurate
representation of the data range can result in incorrect
conclusions about the activities. For instance, calculating
the SSI can be tricky since it depends on multiple variables that need to be selected carefully for an accurate
computation.
The inaccuracies in estimating the lag time may be
caused by different factors. One important factor is the
lack of experience of the engineer who is estimating the
lag time in the project schedule [72]. Another factor is that
lag time may be added by contractors when none is necessary just to manipulate the schedule and show activities more critical than they truly are [72]. Also, lag time
may just be added to allow time for procuring materials
before an activity starts [73]. Equipment technology has
also changed throughout the years which has improved
the productivity and expedited the construction operations of highway projects. In turn, this has altered the relationships between the activities, including the lag time
estimates, depending on the equipment and technology
used [74]. As such, the estimation of the lag time should
be conducted with the due diligence.
The impact of the lag time on the project duration
can be significant. In this study, for example, the total
lag time accounted for 31% of the total project duration
in the projects obtained on average. The highest lag duration in a single project was 63% of the total duration,
while the lowest one was 0%. To further demonstrate the
impact of lag times on the highway projects durations, a
project was simulated using M.C. technique. At first, the
durations of all the project activities were simulated, see
Figure 9(a), then the simulation was repeated after the
exclusion of the lag activities to eliminate their impacts
on the total project duration. The results show that number of projects with total durations less than 500 days
tend to increase after excluding the impact of the lag
times, as shown in Figure 9(b).

Distributed under creative commons license 4.0

Figure 9. Histograms and eCDF comparison of the project duration with and without lag time.

10. Conclusions
The results showed that most of the lag times investigated in this study are highly critical. Also, the data
showed that some of the lag activities can have a significant impact on the total duration in some of the projects.
This was reflected by the results from the descriptive statistics that showed high maximum values for the CI and
SI for all lag activities, as well as relatively high CRI and
SSI values for some of the lag activities investigated. As
such, it is important for project managers to have a proper
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and a comprehensive established method when developing their schedules for highway construction projects. An
established method will ensure consistency, reduce the inaccuracies in the project durations estimates caused by the
lag time, and improve the accuracy of the overall project
schedule.
Since the analysis in this research was limited to overlay projects, there may be other highway project activities
that require the use of lag times to maintain the schedule
logic but may not have been included in this study. As
such, it is recommended to conduct further investigation
on the lag times using a larger pool of data from different
work activities in different project types. Lastly, the development of a new overall index may be essential to reflect
the importance of each activity. This can be achieved by
combining the information available from the four TSM
and aggregating it into a single index.
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Bangladesh is enriched with beautiful traditional indigenous cultures.
Different indigenous peoples with their distinctive existences also
considerably create an enhance values and lifestyles to the socio-cultural
sectors of Bangladesh [1]. Habitually, these indigenous communities have
been comparable to live a large combined family to shear their lifestyles
[2]
. Presently the country has 45 indigenous communities who are living in
different locations. All indigenous people within this country have their
own style to build their settlements with special techniques to keep them
safe and sound from all types of natural and environmental vulnerabilities
and also enhance their knowledge of construction techniques and lifestyle.
Rakhain is one of them with very small number of people are still living
in different regions within the country which have their own system
of building techniques. Study found that for several hundreds of years
Rakhains are strictly following their indigenous prescription of house and
settlement pattern. Although like other indigenous people of this country,
they have mountains of problems, such as forced land occupation, lack of
security and minority characteristics. Above all, forced political separation
has gradually drowned them in the abysmal pit of marginal destiny. This
has turned them into exiles in their own land. As a result, many of them are
being forced to leave the country and as a result they misplaced their native
knowledge and technique to construct. Thus, this study will initially focus
on to search for the distinctiveness of their settlement pattern and building
construction techniques and lifestyle. Again, in view of their problems,
knowledge and experiences concerning archetype, built and house pattern,
this study will finally explain how Rakhains accumulate their every
distinctiveness from history and for present and future invention.

Keywords:
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Indigenous
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Distinctiveness

1. Introduction
According to Smith M., (2019), an estuarine territory
of over 36,000 square kilometres, modern-day Rakhine
State or Arakan State (Figure 1) stands on a strategic
crossroads in Asia. Its borders mark three geo-political

meeting-points: between Myanmar, Bangladesh and India;
South and Southeast Asia; and the Buddhist and Muslim
worlds [3]. Although there have been not enough accurate
results about the total population presently living in Myanmar perhaps census shows the population of Rakhine
may be 5.53% of Myanmar’s total population. From the
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16th century several Arakanese were living in the Chittagong Hill Tracts of Bangladesh who are known as Marma. They have been living in this area subsequently the
Arakanese kingdom’s control over the Chittagong region.

Figure 1. Present location of Rakhine or Arakan State;
Source: Smith M., (2019)
However, in 2005, Majid Mustafa explained that in
Bangladesh mostly Rakhaines are anthropologically of
Mongoloid origin. Presently they have been living in
Cox’s Bazar, the coastal areas of greater Patuakhali and
Bandarban area as well. In Cox’s Bazar and Patuakhali
area this Mongoloid tribe calls themselves Rakhaines.
Once again, the same tribe calls themselves Marmas in
Bandarban region. Originally this group of tribes historically came from neighboring Burma (Myanmar) and Manipur area (eastern state of India) [4].
Now this tribe is living with the neighboring villagers
near the sea area as permanent settlers. Although, there
has been lots of arguments and opinions about the history
of their families, living reasons in this area and period
of their settlement. Meanwhile historians explain about
the same background and the processes of their coming
and their settling. Similarly, historians explain that their
anthropological identity and life style are similar but in
certain spheres-especially socio-economic and administra-
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tive-characteristics of dissimilarity are seen, even though
they have the most beautiful, creatively and naturally built
community houses with no use of artificial techniques.
This study believes that these techniques may help them
to enrich their culture and lifestyle and take these rich
assets to furthermore which may introduce them to the
world in contemporary approach. For various reasons currently Rakhaine tribe is on the edge of changing their culture and lifestyle. It is a transitional point to maintain their
ethnicity and comparable to the contemporary techniques
which can take shape in reality. For this reason, they
might lose their own culture and lifestyle, their distinctive
potential of culture and follow the path of self-realization.
Therefore, the study realizes the fact that they are very
special, the way they have merged themselves with nature
and lived there for hundreds of years are the examples
of sustainability in their very own way. The study also
believes that their living, life style should be preserving
for continuing to enrich their heritage which can further
extent our culture and lifestyle.
However, indigenous community like Rakhaines in
Bangladesh was largely built without formally trained
professionals. Buildings were built by local construction
workers, typically consisting of mistris (carpenters, roof
builders), rajmistris (masons) and kamlas (helpers), together with household or community members. Despite
not being the designed product of a professional, such
buildings continued to accommodate and serve the needs
of the great majority of the population. In that sense, and
being such a significant part of the built environment,
such buildings represented a fundamental form of distinctiveness that had evolved according to context-specific characteristics and resources. Therefore, this paper
firstly tries to make out the cultural practice, building
material and technique of this community which they
practiced from hundreds of years. Once again, this paper
creates an opportunity and scope for them to persist and
preserve these distinctive techniques with all valuable
documents.

2. Background of Rakhines in Bangladesh
History discovered that the word “Rakhine” was
mainly originated from pali word “Rakkhapura” or “Rakkhaspuri”. Later the name was changed to “Apovrongsho”
and named Rakhine kingdom [4]. The name Rakhine was
known to Arakan by English, Bengali and Portuguese
people. The Rakhine race is blended with Aryan and Mongolian. Their heritage is also similar with Burmese (Cho,
V., 2017) [5]. Many historians argued that Buddhism was
introduced to Rakhine pray and Lord Buddha visited Rakhine pray in 554 B.C (Tun Shwe Khaing 1995) [6]. HowDOI: https://doi.org/10.30564/jaeser.v4i3.3385
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ever, the Rakhines are considered conservative in order to
preserve their culture and custom but they have their own
independent nation. In addition, Rakhine in Bangladesh
have a rich custom and history that was originated since
3325 B.C. [7]. In 1975, Bangladesh District Gazetteers
described that there was a close commercial relationship
between Chittagong and Arakan and has a frequent communication between them. According to Oo, Saw Tun
(2005), in 1784, the Burmese king Bodofoa took advantage of Rakhaine weakness and won over Rakhaine-Pray
(Arakan) that resulted genocide where many people were
killed [8]. Consequently, many Rakhaines escaped to the
adjacent places controlled by the East India Company. The
consequences lead to growing population of Rakhaines in
Cox’s Bazar, Chittagong, Bandarban, Rangamati, Khagrachari, Patuakhali and Barguna districts. In 2013, Islam Md
Ashadul argued that “the first settlement in Bangladesh,
in 1784 to be free from the oppression of Barmi king 150
families with 50 boats through the Bay of Bangal from an
isolated area under the district of “Swanday” in Arakan‘s
“Meghbarthi” came to Cox‘s Bazar” [9]. In 1964, Hall
explained that Captain Hiram Cox was the first officer
appointed to superintend the Rakhaine settlement at Cox’s
Bazar in July, 1799 [10].
However, in 2000, Ahmed Mohsin showed - “The national struggle of Rakhaine people from 1784 to 1824 was
hardly progressing and, sandwiched between the two invaders, the Burmese feudalists controlled up to the eastern
bank of the Naaf River and the British up to the western
side of it. Both the aggressors had a common interest of
keeping the Rakhaines land as their respective colonies.
The Burmese controlled Rakhaine-Pray along with Assam, Manipur and Tanasserem were annexed to the British Empire after the 1st Anglo-Burmese War in 1825 and
the remaining of part of upper Burma was also annexed
in 1886” [11]. Once again, Khaing T. S. (1994) explained
that the history of Rakhine is depressing due to violence,
treachery, forced distortion and repression by alien vested
quarters and colonialists but even today they are facing
an international conspiracy that with the help of shameful
lies project their homeland as belonging to an alien race
introduced by colonial forces [15]. According to Aung M. B.
(2008), later than British rule over both side of Naaf River
until 14th august, 1947, the people living on the western
side saw a birth of a new nation called East Pakistan and
the subjects there were labeled as East Pakistanis. On the
other hand, the same stock of people living on the east of
Naaf River saw a birth of another nation called Union of
Burma and their subjects were Burmese- irrespective of
race, religion and culture, language, etc [12].
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2.1 Etymology
In 2019 Martin Smith explained that due to its singular geography, Rakhaine,s peoples and politics were
historically isolated from the kingdoms of the Bamar and
Mon peoples who lived in the plains of the Ayeyarwady
(Irrawaddy) and Sittoung river valleys to the south and
east. Rather, protected by the forests and mountains of the
ArakanYoma, most human habitation developed along a
coastal strip of muddy creeks and winding rivers that run
down to the Bay of Bengal [3]. However, conferring to Mohajan and Haradhan in 2018 - the name of Arakan is very
ancient. This word Arakan came from Arabic or Persian
origin, which has same meaning in both of these languages. Early Buddhist missionaries called Arakan “Rekkha
Pura”. In a Latin Geography (1597) by Peta Vino, the
country was referred to as Aracan. Friar Manrique (1628–
1643) mentions the country as Aracan (Ullah, 1997). The
British travelers Relph Fitch (1586) referred to Arakan by
the name of Rocon. Tripura Chronicle Rajmala mentions
the name of Arakan as Roshang. The Muslims who have
long settled at Arakan called the country ‘Rovingaw’ and
called themselves ‘Rohinga’ or native of Arakan. The
Chakmas and Saks of the 18th century called it ‘Roang’.
At present the Muslims of Arakan call the country ‘Rohang’ or ‘Arakan’ and call themselves ‘Rohingya’ or native of Rohang. The Burmans call themselves ‘Rakhine’
and call the country ‘Rakhine Pye,’ or country of Rakhine
(Ullah, 1997) [13]. Following Table 1 shows the number of
Rakhaine in three different countries.
Table 1. Number of Rakhaines in three different countries
Location

Number

Burma / Myanmar

3,107,000

Bangladesh

2,07,000

India

32,000

Source : Smith, 2019

3. Enthropologic Identity of Rakhine in Bangladesh
3.1 Geographical Perspective and Demographic
Status
Presently in Bangladesh Rakhine people settled down
mostly in Cox’s Bazaar, Bandarban, Patuakhli and khagrachari district. Following Figure 2 shows a distinctive rakhaine’s settlement in patuakhali, Bangladesh. Geographically these areas are near to Arakan and Burma (Myanmar) from
where the Rakhine had been migrated since many years. In
addition, the natural landscape, materials and environmental
DOI: https://doi.org/10.30564/jaeser.v4i3.3385
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conditions of these areas is also conducive for their settlements. According to Majid Mustafa in 2005, explained that
this area is surrounded with several hills, rivers and upward
slopes which are the important reason for migrating here.
There are also green deep forests and bushes within this area
which are again key factors for settling here. This reason
is called the Anthropological Museum of the country since
about ethnic minorities groups are living here [4]. Presently
about 13 ethnic groups are living in this area where the number of Rakhine is about 1, 55,854. Following Table 2 shows
the number of statistics of Marma-Rakhaine population in
Bangladesh in different places and years.
Table 2. The statistics of Marma-Rakhaine population in
Bangladesh
Name of the Place

Year

Total Number

Cox's Bazar Town

1799
1872
1982

10,000
3,205
1,012

Bandarban District

1901
1981
1991

16,608
79,518
59,228

Greater Patuakhali

1951
1961
1974
1981
1991

12,278
16,394
4,293
3,668
3250

Source: (Majid Mustafa 2005)

Figure 2. Top view of Rakhaine’s settlement or Para (Satan Para, Patuakhali, Bangladesh)

Source: Goggle Earth

3.2 Socio-economic and Cultural Perspectives
For many years agriculture is the main economy of the
Rakhine people in our country. They used to follow their
own primitive process for cultivation since the beginning
(Baird R., 2008) [14]. The cultivation systems of Rakhine
and Bengalese are similar therefore the settlement pattern
of Rakhine which basically dominated by the cultivation
method are quite similar to Bengalese settlement. Except
their agriculture economy they also have their individual
techniques of weaving cloths by their own handloom.
They produced salt for themselves and molasses as well.
However, the Rakhine were surrounded by river but they
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never took fishing as their profession. They only tried to
manage their economic needs by their own resources and
agriculture production. In spite of confronting many natural disasters and famines, Rakihine people could overcome without any help and support from the past. But in
the late fifties, some Muslim Bengalese within these areas
has been tried to invade their land illegally which disrupted their economic conditions. Rakhine believes in Buddhism mostly. As they were self reliant with both landed
property and wealth therefore, they never hesitate to build
huge temple, cemeteries, and well paved pond in their
community. Rakhine women were used to wear their own
made dresses which were very elegant and ornamentation
in style. To observe and perform the religious festival is
one of the significant parts of their cultural heritage. They
kept themselves busy to perform religious activity and
festivals particularly concerning the full moon (Purnima),
Buddha Purinam, Probarona Purnima, and Magi Purnima.
They also spent money for various ceremonies including
“Naior” (marriage related occasion). Most of their cultural
performances are similar to Hindu Bengalese of Bangladesh (Majid Mustafa 2005) [4].

3.3 Settlement and Custom
Rahaines generally lives in groups where the permission of group leader is mandatory for an individual in order to build new house within their territory. They prefer
flat area as their neighborhood along the river. From the
beginning they have been started to live in a small group
with limited spaces. Now it is very common that within
few years their family members have been increased and
for this reason the settlement become very crowded. Even
traditionally they don’t have backyard and front space like
Bengalese settlement. Due to this lack of space, the luxury
to accommodate separate space for individual gardening
(Basil plant) like Bengali Muslim and Hindu community is absent within their settlement. But every Rakhine
village has its own temple, library and pond within the
community. The space is considered as major community
space or public space for the whole community. People
gather in order to perform their daily household activity
and religious performance. In these reasons the house
pattern of Rakhine is different from Bengalese. Like other
mongoloid races they also make high platform to build
their houses. This kind of distinctive elevated house pattern and unique roofing system make it easy to identify
Rakhine village for very distance. Currently for lack of
local material availability the roof material of their houses
has been altered to tin (corrugated sheet) from leaves of
palm. Figure 3 shows geographical mapping of Rakhaine
settlement in Patuakhali of Bangladesh.
DOI: https://doi.org/10.30564/jaeser.v4i3.3385
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Figure 3. Geographical mapping of Rakhaine settlement in Patuakhali, Bangladesh

Source: Author 2017.

4. House and Settlement Type of Rakhaine in
Bangladesh
Currently the Rakhaines of Bangladesh are settling
down the greater district of Patuakhali and Cox’s Bazar.
But few of them are living in Khagrachari. In this research
the information was collected from different Rakhaine
Para at Kuakata in the greater district of Patuakhali which
is located in the extreme south of Bangladesh. Therefore,
the settlements of some different Rakhaine Para at Kuakata (Amkhola Para, Lathachapali, Misri para, and Satan
Para; Figure 2) in Patuakhali were selected and surveyed
in this study (Figure 3).

4.1 Housing and Custom
Rakhaines have generally built their houses on the
bank of the rivers or in the coastal plain lands. They live
in groups and make their houses alongside, which together make an entity of society. This kind of entity is called
para (Rakhaine village). Before building a house, everyone needs to get the permission of the leader or Mathobbar (head man) of the society. Typically, the area has been
leased in the name of an ancestor. However, typically Rakhaine houses are made of local materials that are easy to
get and available which represents the distinctive features
of architecture and their traditional image.
In every village there is a Buddhist temple, library, big
ponds, etc., which are open for all of the community. But
there is prohibition of using the pond, because they think
that the sanctity of the water becomes violated if one gets
Distributed under creative commons license 4.0

down into it. They consider water as the symbol of purity
as it carries the essence of the power that washes away all
the sins. This next Figure 4 and 05 shows the settlement
pattern of a Rakhaine Para and individual house pattern of
the study area.

4.2 Settlement Pattern
Rakhines prefer land for their settlement where the
topography is comparatively flat. They also have a
preference river site to rest the settlement in order easy
harvesting system. The organization of the settlement is
linear and elongated to east west direction which shown
in Figure 2 and Figure 3. A linear corridor parallel to settlement connects all the houses. Each settlement consists
of a Buddhist Bihara, a tree of God, a school, a reserved
pond where people gather for communal and house hold
activity during religious festival and an area for Headman
where he took the major social decision for the community. Usually, all houses are located on the both side of the
land and create a linear circulation spine.

4.3 House Pattern
Houses are built on stilt which locally called “tong”.
This system gives privacy, protects from wiled beast,
cyclone, flood and also hygienic. Mainly, the Rakhine
house is comprised of two layers and rectangular in shape.
Lifted area is making use of main living space enclosed
by the wooden curtain walls whereas the ground floor is
more open made use of service area and other household
DOI: https://doi.org/10.30564/jaeser.v4i3.3385
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activity (Figure 5). Stair leads to entrance platform attach
two layers. Lower area is connected with main artery of
the settlement which used as handloom area (Photograph
3, Weaving area and family activity area), store, outdoor
sitting and other services. The upper large platform holds
private room, dining area, kitchen, toilet and prayer room.
Prayer room remains separate from another zone but connected with main platform. The dining area, a semi open
space is situated in the north side covered by pitched roof.
Often, they intend to extent semi open space by using offset porches around the built form.

4.4 Roofing
The roofing system is distinctive and different from

traditional Bengalese houses. Rakhines often use pitch or
gable roof is used with different orientations for different activities (interior or exterior) which is made of tin
(corrugated sheet) and leave of palm as well. This style
frequently uses lower pitched gable roofs (Photograph 2)
with front-facing gables. The roof system is more ornamented often emerge in temple with multi storied pitch
roof. This roof consists of double-hung windows, with upper sashes and louvers often broken up into smaller panes.
During extension of built area, they often connect the roof
system through porches (Figure 6). Generally, the roof angle remains within 30 to 35 degrees conducive to protect
from natural storm and heavy rainfall. In order to make
offset porch they use both palm leaves and tin (corrugated
sheet).

Waterfront / River
Linear Pathway
House Form
Porch

Plantation / Green
A'
Extended House Form

A

Rakhaine Settlement

House Form

Section AA'

Semi Green Pathway
outdoor

House Form

Figure: 04 Settlement pattern of a Rakhaine Para; source: Author - 2017

Figure 4. Settlement pattern of a Rakhaine Para

Source: Author - 2017

68

Distributed under creative commons license 4.0

DOI: https://doi.org/10.30564/jaeser.v4i3.3385

Journal of Architectural Environment & Structural Engineering Research | Volume 04 | Issue 03 | July 2021
B'

B'
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B'

( Upper Level )

B'

Rakhaine House Form

Gable Roof
Semi private Area

Private Area
Service Ladder
Handloom
(Working Area)
Fuel Wood
Raised Plinth

Section BB'
Semi Private Area
Level Changes
Raised Platform
Family Activity Area
Wooden Ladder
Working Area

Pitch Roof
Double Hung Windows
Offset Porches
Entry Lobby

Handloom Area
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Figure 5: Spatial sequence and uses pattern of Rakhaine houses and some details of a section and
elevations;
source: Author
2017some details of a section and elevations
Figure 5. Spatial sequence and uses pattern
of Rakhaine
houses- and
Source: Author - 2017
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Figure 6. Traditional roof pattern, orientation and form formulation of Rakhaine houses

Source: Author 2017.

4.5 Archetype of Rakhine’s Settlement
Usually, Rakhines settlement follows a spin like linear
corridor which passes through the middle of the area. It
also has some number of branches of corridors that connected with the main spine corridor. Proportionate pocket

like space at the beginning of every family unit connected
with spine as well. The settlement has also systematized
with a lot of vegetation and plantation around every family unit that makes the area private (Photograph 1). However, individual service facilities some time share with the
adjacent family unit within the area.

Photograph 1. Linier corridor, vegetation and Spine pass through settlement

Photograph 2. Rakhaine house form with different orientation of gable roof
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4.6 Opening
The openings are remarkably different from Bengali
rural houses. Lightweight sliding doors made from bamboo matting can be noted as the main door type in most
settlements under this study. The window is limited to a
large number and set adjacent to ground floor. Ornamented wooden frame is used around veranda and sometimes
it differentiates the functions and activity areas. Generally,
the style of windows is double hung with upper sashes
and the use of louvers often broken up into smaller panels.

4.7 Housing Materials and Construction Technique

Photograph 3. Weaving area and family activity area

Similar to Arakan the vegetation and natural landscape
of Potuakhlai and Cox’s bazar are favorable to grow timber, such as segun (teak), chamble and gurjan. Since these
kinds of timbers are more popular as building materials of
this indigenous community. Usually, the Rakhaine houses
are built on stilts and this stilts basically a post and lintel
structure with the timber walls and a thatched roof. Floors
and walls are made of timber as well. The exterior walls
are non-load-bearing, prefabricated elements with light
weight bamboo and timber. Almost all parts of the house
exhibit the use of timber in different ways which are
shown in Figure 7. They use wooden railing in the semi
outdoor spaces with different kind of ornamentation and
details. The details and ornamentations of the cornice are
highly appreciable. Corrugated steel sheet (tin) is used
as roof materials. Secondary roof is arranged beneath the
main roof to reduce the heat and expresses the activity
area.

4.8 Temple Structure

Photograph 4. Khiongs or Bihara (Rakhaine Temple)
Distributed under creative commons license 4.0

Usually Rakhaine’s temple complex comprises of both
religious and cultural facilities. It is often using as a community school for their children. The main shrine of the
khiongs (Bihara; Rakhaine Temple) shown in Photograph
4 is entered through a semi outdoor pavilion space which
is often used as schooling facilities or shorter prayer. The
main shrine splits into three, chamber for the sculpture
of Lord Buddha, main prayer space and priest rest space
(Figure 8). Sometime service like kitchen is added with
the main shrine. Temple is the largest built form of their
settlement with multiple roofing. The roof height has
gradually increased in order to hold the large statue of
Buddha.
DOI: https://doi.org/10.30564/jaeser.v4i3.3385
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Extended Plinth

Figure: Details of a raised floor
with timber post
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Technique

Figure 7. Sophisticated construction details and techniques of traditional Rakhaine houses
Figure 8: Intricate
construction details and technique of traditional Rakhaine houses, Author - 2017

Source: Author 2017.
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( Top View)
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Rakhaine
Temple
Figure 8: AFigure
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source:
Author - 2017
Source: Author - 2017

5. Conclusions
Indigenous people around the world have their own
distinctive culture and housing pattern that keeps them
safe from all types of natural and environmental hazards
in addition to making a sustainable arrangement with a
wealthy lifestyle [16,17]. This distinctive lifestyle also offers
them to contribute various contemporary methods with local available materials and practices which are significant
in the field of sustainable architecture. Likewise indigenous community like Rakhaine built form in Bangladesh
has certain simplicity with respect to nature within their
settlement pattern and construction technique. Therefore,
this study was carried out in order to identify settlement
pattern and house form of indigenous Rakhaine community and disclose their development style and result inside
their terrain. This study found that they like to build their
settlements adjacent to nature compare to live within cities and growing and making their own household products
which are very simple and functional but distinctive. In
addition, this study also found that Rakhaine has a very
distinctive settlement pattern with a successful community
interactive dwelling space which they learn chronologically from the earlier period. Although, due to availability
of various contemporary materials, rapid changes of environment, environmental hazards and loss of local materials they could misplace their technique and individuality.
Therefore, this study is significant to preserve and protect
Distributed under creative commons license 4.0

their rich cultural identity and tradition. Yet examine their
built form through ethnographic methodology can be
more helpful to know the communication between environment, people and architecture within this particular situation. Finally, we consider that Rakhaine built form and
construction technique that explains on sustainability with
contextual identity may assist everyone to become skilled
at more about indigenous people’s house pattern and built
form technique and their existence in prospect.
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