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COMPARISON OF OMAN SEISMIC CODE WITH INTERNATIONAL
COUNTERPARTS BASED ON REGIONAL SEISMIC HAZARD
1

Muhammad Bilal Waris1*, Khalifa Al-Jabri1, and Issa El-Hussain2
Department of Civil and Architectural Engineering, Sultan Qaboos University, Muscat, Sultanate of Oman.
2
Earthquake Monitoring Center, Sultan Qaboos University, Muscat, Sultanate of Oman.

ABSTRACT: This study compares the Oman Seismic Code (OSC) developed in 2013 with the Uniform Building
Code 1997 (UBC) and the International Building Code 2006 (IBC) that are frequently used for seismic analysis
and design in Oman. Base shear, story shear force distribution, and story drift ratios are compared using the
equivalent static load and the response spectrum analysis methods. The discussion considers reinforced concrete
buildings having a footprint of 25 m × 40 m with heights of 10 m, 19 m, 40 m, and 58 m having 3-, 6-, 13- and 19stories, respectively. The buildings are considered as supported on very dense soil (type C) and have normal
occupancy conditions. The Zone-1 of OSC is compared with the Zone-1 of UBC and IBC considering the low and
the normal ductility class definitions of OSC. For the low ductility class, the values of design base shear for
different building heights from IBC are 82% for the equivalent static method and ranged between 83%-85% for
the response spectrum method compared to OSC. The base shear values by UBC are 73%-81% and 75%-78% for
the equivalent static and the response spectrum methods, respectively, in comparison to OSC. For normal ductility
class, IBC and UBC estimates are higher than OSC for all building heights except for the 3-story building. The
story shear forces and story drift ratios from OSC also compared well with the international counterparts. The
comparison indicates that Zone-1 in OSC is well matched to Zone-1 of UBC and IBC.
Keywords: Oman seismic code; Equivalent static load method; Response spectrum analysis; International
Building Code (IBC); Uniform Building Code (UBC).

ﻣﻘﺎرﻧﺔ ﺑﯿﻦ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ ﻟﺘﺼﻤﯿﻢ اﻟﻤﺒﺎﻧﻲ ﺿﺪ ﻣﺨﺎطﺮ اﻟﺰﻻزل ﻣﻊ ﻧﻈﯿﺮاﺗﮭﺎ اﻟﺪوﻟﯿﺔ ﺑﻨﺎ ًء ﻋﻠﻰ اﻟﻤﺨﺎطﺮ
اﻟﺰﻟﺰاﻟﯿﺔ اﻹﻗﻠﯿﻤﯿﺔ
 ﻋﯿﺴﻰ اﻟﺤﺴﯿﻦ، ﺧﻠﯿﻔﺔ اﻟﺠﺎﺑﺮي،ﻣﺤﻤﺪ ﺑﻼل وارث
- 2013  واﻟﺬي ﺗﻢ ﺗﻄﻮﯾﺮه ﻓﻲ ﻋﺎم- (OSC 2013)  ﺗﻘﺎرن ھﺬه اﻟﺪراﺳﺔ ﺑﯿﻦ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ ﻟﺘﺼﻤﯿﻢ اﻟﻤﺒﺎﻧﻲ ﺿﺪ اﻟﺰﻻزل:اﻟﻤﻠﺨﺺ
( واﻟﻠﺬﯾﻦ ﯾﺴﺘﺨﺪﻣﺎن ﺑﺸﻜﻞ ﺷﺎﺋﻊ ﻓﻲ ﺗﺼﻤﯿﻢ اﻟﻤﺒﺎﻧﻲ ﻟﻤﻘﺎوﻣﺔIBC 2006) ( وﻛﻮد اﻟﺒﻨﺎء اﻟﺪوﻟﻲUBC 1997) ﻣﻊ ﻛﻮد اﻟﺒﻨﺎء اﻟﻤﻮﺣﺪ
ﻣﺒﺎن ﻣﺸﯿﺪة ﻣﻦ اﻟﺨﺮﺳﺎﻧﺔ اﻟﻤﺴﻠﺤﺔ ﺑﺎﺳﺘﺨﺪام طﺮﻗﺘﻲ اﻟﺤﻤﻞ اﻟﺜﺎﺑﺖ اﻟﻤﻜﺎﻓﺊ
ٍ  ﺗﻢ ﺗﺤﻠﯿﻞ، وﻟﺘﺤﻘﯿﻖ اھﺪاف اﻟﺪراﺳﺔ.اﻟﺰﻻزل ﻓﻲ ﺳﻠﻄﻨﺔ ﻋﻤﺎن
19 و13 و6 و3 م وﺗﺘﻜﻮن ﻣﻦ58م و40م و19م و10 م ﺑﺎرﺗﻔﺎع40 × م25  ﺗﺒﻠﻎ ﻣﺴﺎﺣﺔ اﻟﻤﺒﺎﻧﻲ ﺗﺤﺖ اﻟﺪراﺳﺔ.وﺗﺤﻠﯿﻞ طﯿﻒ اﻻﺳﺘﺠﺎﺑﺔ
( وﻓﻲ ظﺮوف إﺷﻐﺎل ﻋﺎدﯾﺔ وﻣﻘﺎرﻧﺔ اﻟﻤﻨﻄﻘﺔC  ﻛﺬﻟﻚ ﺗﻢ اﻓﺘﺮاض أن اﻟﻤﺒﺎﻧﻲ ﻣﺸﯿﺪة ﻋﻠﻰ ﺗﺮﺑﺔ ﺷﺪﯾﺪة اﻟﻜﺜﺎﻓﺔ )ﻧﻮع. ﻋﻠﻰ اﻟﺘﻮاﻟﻲ،طﺎﺑﻘًﺎ
 ﻣﻊ اﻷﺧﺬ ﻓﻲ اﻻﻋﺘﺒﺎر ﺗﻌﺮﯾﻔﺎت ﻓﺌﺔ اﻟﻠﺪوﻧﺔ اﻟﻤﻨﺨﻔﻀﺔ، ﻓﻲ ﻛ ٍﻞ ﻣﻦ ﻛﻮد اﻟﺒﻨﺎء اﻟﻤﻮﺣﺪ وﻛﻮد اﻟﺒﻨﺎء اﻟﺪوﻟﻲ1  ﻣﻦ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ ﺑﺎﻟﻤﻨﻄﻘﺔ1
 وﻧﺴﺐ اﻻزاﺣﺔ، وﺗﻮزﯾﻊ ﻗﻮى اﻟﻘﺺ ﺑﯿﻦ اﻟﻄﻮاﺑﻖ اﻟﻤﺨﺘﻠﻔﺔ، ﺷﻤﻠﺖ اﻟﺪراﺳﺔ ﻣﻘﺎرﻧﺔ ﻗﻮة اﻟﻘﺺ ﻋﻨﺪ اﻟﻘﺎﻋﺪة.واﻟﻌﺎدﯾﺔ ﻓﻲ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ
 ﻓﺈن ﻗﯿﻢ ﻗﻮى اﻟﻘﺺ ﻋﻨﺪ اﻟﻘﺎﻋﺪة ﻻرﺗﻔﺎﻋﺎت اﻟﻤﺒﺎﻧﻲ، أﻧﮫ ﺑﺎﻟﻨﺴﺒﺔ ﻟﻔﺌﺔ اﻟﻠﯿﻮﻧﺔ اﻟﻤﻨﺨﻔﻀﺔ، وﻗﺪ ﺑﯿﻨﺖ ﻧﺘﺎﺋﺞ اﻟﺪراﺳﺔ.ﻟﻠﻄﻮاﺑﻖ اﻟﻤﺨﺘﻠﻔﺔ
 ﻟﻄﺮﯾﻘﺔ طﯿﻒ اﻻﺳﺘﺠﺎﺑﺔ٪85-٪83  ﻟﻠﻄﺮﯾﻘﺔ اﻟﺜﺎﺑﺘﺔ اﻟﻤﻜﺎﻓﺌﺔ وﺗﺮاوﺣﺖ ﺑﯿﻦ٪82 اﻟﻤﺨﺘﻠﻔﺔ اﻟﻤﺤﺴﻮﺑﺔ ﺑﺎﺳﺘﺨﺪام ﻛﻮد اﻟﺒﻨﺎء اﻟﺪوﻟﻲ ﺑﻠﻐﺖ
 ﻋﻨﺪ اﺳﺘﺨﺪام ﻛﻮد، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ، ﻟﻠﻄﺮﯾﻘﺔ اﻟﻤﻜﺎﻓﺌﺔ اﻟﺜﺎﺑﺘﺔ وطﯿﻒ اﻻﺳﺘﺠﺎﺑﺔ٪78-٪75 و٪81-٪73  وﻗﺪ ﺑﻠﻐﺖ.ﻣﻘﺎرﻧﺔً ﺑـﺎﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ
 ﻓﺈن ﻧﺘﺎﺋﺞ ﻛﻮد اﻟﺒﻨﺎء اﻟﺪوﻟﻲ وﻛﻮد اﻟﺒﻨﺎء اﻟﻤﻮﺣﺪ أﻋﻠﻰ ﻣﻦ، وﻓﯿﻤﺎ ﯾﺨﺺ ﻓﺌﺔ اﻟﻠﯿﻮﻧﺔ اﻟﻌﺎدﯾﺔ.اﻟﺒﻨﺎء اﻟﻤﻮﺣﺪ ﺑﺎﻟﻤﻘﺎرﻧﺔ ﻣﻊ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ
 وﻋﻨﺪ ﻣﻘﺎرﻧﺔ ﻧﺘﺎﺋﺞ ﻗﻮى اﻟﻘﺺ وﻧﺴﺐ اﻻزاﺣﺔ ﺑﯿﻦ اﻟﻄﻮاﺑﻖ. طﻮاﺑﻖ3 اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ ﻟﺠﻤﯿﻊ ارﺗﻔﺎﻋﺎت اﻟﻤﺒﺎﻧﻲ ﺑﺎﺳﺘﺜﻨﺎء اﻟﻤﺒﻨﻰ اﻟﻤﻜﻮن ﻣﻦ
 ﻓﻲ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ1  وﻗﺪ ﺧﻠﺼﺖ اﻟﺪراﺳﺔ اﻟﻰ أن اﻟﻤﻨﻄﻘﺔ.اﻟﻤﺨﺘﻠﻔﺔ ﻣﻦ اﻟﻜﻮد اﻟﻌﻤﺎﻧﻲ ﻓﺈﻧﮭﺎ ﺗﺘﻄﺎﺑﻖ ﺑﺸﻜﻞ ﺟﯿﺪ ﻣﻊ ﻧﻈﯿﺮاﺗﮭﺎ اﻟﺪوﻟﯿﺔ
. ﻣﻦ ﻛﻮد اﻟﺒﻨﺎء اﻟﻤﻮﺣﺪ وﻛﻮد اﻟﺒﻨﺎء اﻟﺪوﻟﻲ1 ﻣﻄﺎﺑﻘﺔ ﺑﺸﻜﻞ ﺟﯿﺪ ﻣﻊ اﻟﻤﻨﻄﻘﺔ
. اﻟﻜﻮد اﻟﺰﻟﺰاﻟﻲ اﻟﻌﻤﺎﻧﻲ؛ طﺮﯾﻘﺔ اﻟﺤﻤﻞ اﻟﺜﺎﺑﺖ اﻟﻤﻜﺎﻓﺊ؛ ﺗﺤﻠﯿﻞ طﯿﻒ اﻻﺳﺘﺠﺎﺑﺔ؛ ﻛﻮد اﻟﺒﻨﺎء اﻟﺪوﻟﻲ؛ ﻛﻮد اﻟﺒﻨﺎء اﻟﻤﻮﺣﺪ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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structural design. Due to a wide spectrum of civil
infrastructure, specialized regulations are available for
each category. The highest emphasis is laid on the
seismic design of buildings to avoid catastrophic loss
of life. International and national guidelines are
developed and enforced to ensure life safety and
minimize damage to the building stock. Seismic loads
are very sensitive to regional seismology and
geography, but in the absence of a national code,
designers rely on international guidelines. Once a
national seismic design code is developed, a
comparative study with international standards is
essential to identify the shortcomings in past designs
that are based on international counterparts while also
calibrating the national code. Many countries have
established their seismic specifications and compared
those with international counterparts to investigate and
quantify the differences (Nahhas 2011, Marino et al.
2005, Noor et al. 1997, Fenwick and Davidson 2002,
McIntosh and Pezeshk 1997).
The Sultanate of Oman is part of the Arabian plate,
which includes the continent of Arabia and the oceanic
regions of the Red Sea, the Arabian Sea, the Sea of
Oman, and the Gulf of Aden. No major earthquakes
have been instrumentally recorded in Oman. However,
global databases list an earthquake of magnitude 5.1
(Richter scale) in the Al-Kamil area during 1971
(Qamaruddin and Al-Harthy 2000). Further, there have
been numerous felt earthquakes that were reported by
residents (Qamaruddin and Al-Harthy 2000). Most of
these reports are related to strong earthquakes
occurring at a teleseismic distance (more than 1000
km). Since 2003, the Earthquake Monitoring Center
(EMC) at Sultan Qaboos University has been
monitoring the seismic activity in Oman using the
national seismological network. A summary of the
available data from 2003 to 2017 indicates that on
average 1292 earthquakes were recorded by the
network annually, out of which, 398 were identified as
regional (proximity to Oman). Further, annually an
average of 66 earthquakes was recorded in the Oman
mountains and/or the Gulf of Oman. Among the
earthquakes that originated in the Oman mountains, the
maximum magnitude recorded was 5.3 in the year
2015. Using this recorded data and the global
catalogues of seismic records, EMC carried out
extensive seismic hazard assessment studies for Oman
(Deif et al. 2013, El-Hussain et al. 2012, El-Hussain et
al. 2014). These studies were utilized to develop the
first seismic code for the design of buildings in Oman
to help achieve optimized design and performance of
buildings with the desired level of performance and
safety.
This research compares the Oman Seismic Code
(OSC) with the international counterparts using the
equivalent static method and the response spectrum
analysis method. Based on the current national practice
for seismic design of buildings, the International
Building Code 2006 (IBC) and the Uniform Building
Code 1997 (UBC) are considered for comparison. The

NOMENCLATURE
Ca

Acceleration coefficient for calculation of base
shear in UBC
Deflection amplification factor in IBC
Cd
Coefficient for calculation of base shear in IBC
Cs
Coefficient for calculation of natural period ‘T’
Ct
in OSC
Limiting factor for the natural period in UBC
Cu
Velocity coefficient for calculation of base
Cv
shear in UBC
Acceleration factor based on the type of soil and
Fa
seismic zonation in IBC.
Velocity factor based on the type of soil and
Fv
seismic zonation in IBC.
Additional force at the top story to account for
Ft
higher modes (kN)
Height of the ith-story above ground (m)
hi
Total building height (m)
Hn
I
Importance factor
N
Number of stories in the building
R
Response modification factor in IBC or Overstrength and ductility factor in UBC
Q
Behavior factor
qR(T) Seismic load reduction factor for period ‘T’
S1D 1.0s elastic spectral acceleration (g)
SAE Elastic spectral acceleration (g)
SAR Design (reduced) spectral acceleration (g)
SD1 1.0s design spectral acceleration in IBC (g)
SDS 0.20s design spectral acceleration in IBC (g)
SSD Short period elastic spectral acceleration (g)
T
Prominent natural period of the building (s)
Initial Spectral period (s)
T0
Long spectral period (s)
TL
Short spectral period (s)
TS
Shear force at the ith-story
vi
V
Base shear (kN)
Weight of the ith-story (kN)
wi
W
Total seismic weight of the structure (kN)
ΔFN Additional force at the top story to account for
higher modes in OSC (kN)
System over-strength factor in IBC
Ω0
Seismic force amplification factor in UBC
Ωo

1. INTRODUCTION
Lateral loads due to earthquakes pose a challenge to the
structural design of buildings that principally carry
gravity loads. Seismic events induce forces that are
proportional to the structure's mass, act over a short
duration, and must be resisted by the building without
collapse. Further, minor excitation should not cause
any damage to minimize maintenance costs. The lateral
forces due to earthquakes have a major effect on the
structural integrity that must be ensured under all
circumstances. Experience and research have provided
technical solutions that can minimize loss of life and
damage associated with earthquakes. To ensure desired
behaviour, seismic codes lay down the essential
requirements and procedures for seismic analysis and
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zone equivalence among the codes is based on the level
of seismic hazard. Reinforced concrete momentresisting frame buildings with heights of 10 m, 19 m,
40 m, and 58 m are considered with 3-, 6-, 13- and 19stories, respectively. The study also compares the
codes in terms of the two ductility classes defined in
OSC.

the codes and the building height and type-C is the
most frequently encountered soil in Muscat (ElHussain et al. 2013). For reinforced concrete buildings,
OSC identifies two ductility classes, a Low Ductility
Class (DCL) that represents buildings designed based
on Eurocode (EC2) only without incorporating
provisions of OSC, and a Normal Ductility Class
(DCN) where the provisions of OSC are incorporated
in the design and detailing to ensure proper energy
dissipation and ductile behaviour.

2. OMAN SEISMIC CODE FOR
BUILDINGS

3.1 Structural System
A simple building layout with a footprint of 25 m × 40
m is considered. Figure 1 shows the typical structural
plan with a grid spacing of 5 m in either direction. The
first story has a height of 4.0 m and all subsequent
stories have a height of 3.0 m. The following four
building heights are considered in this study:

The Oman Seismic Code (OSC) divides the Sultanate
of Oman into two seismic zones, referred to as Zone-1
and Zone-2. The zones are defined based on the design
Peak Ground Acceleration (PGA), where Zone-1 is the
high seismic hazard zone (PGA ≥ 50 gals), which
includes Muscat, Sohar, Diba, and Khasab. Zone-2 is
the low seismic hazard zone (PGA < 50 gals), which
includes Nizwa, Sur, and Salalah. OSC defines elastic
spectral accelerations SSD and S1D for the two zones
depending on the type of soil as shown in Table 1.
These parameters are the basis for the estimation of
seismic action using the elastic response spectrum.
OSC provides detailed procedures for the seismic
design of buildings based on equivalent static load,
response spectrum, and response history analysis
methods. The code divides buildings into the following
three categories based on the total building height 'Hn':

●
●
●
●

03-Story Building: G + 02 floors, Hn= 10 m.
06-Story Building: G + 05 floors, Hn = 19 m.
13-Story Building: G + 12 floors, Hn = 40 m.
19-Story Building: G + 18 floors, Hn = 58 m.

where the building height 'Hn' is to be measured from
ground floor level and buildings with heights more than
60.0 m are not covered by the code. The code further
provides guidelines for the detailing and design of
reinforced concrete, steel, composite, and masonry
structures that complement the respective design
provision of the Eurocodes.

All beams have dimensions of 600 mm × 200 mm,
while all columns are 400 mm × 400 mm. Concrete
compressive strength and reinforcement yield strength
are 35 MPa and 460 MPa, respectively. These
dimensions and strength parameters are based on the
norms in the construction industry in Oman. The
structural elements are considered uncracked in all
cases. Typical values of permanent and variable
actions are considered as summarized in Table 2.
ETABS software is used for the numerical modeling of
the buildings. The floors are modeled as rigid
diaphragms and P-∆ effects are considered in the
analysis. As the buildings are symmetric and the
principal goal of this study is to compare the three
codes, the calculated story shear force is applied at the
centre of mass for the respective story level and cases
for ±5 % eccentricity are not included in the discussion.

3. METHODOLOGY

Table 1. Elastic spectral accelerations and seismic zonation
(OSC, 2013).

●

Low-rise Buildings: Hn ≤ 20.0 m.

●
●

Med-rise Buildings: 20.0 m < Hn ≤ 40.0 m.
High-rise Buildings: 40.0 m < Hn ≤60.0 m.

Seismic Zones

This study considers zone equivalence among the
codes based on seismic hazard, which aligns the Zone1 of OSC with Zone-1 of both UBC and IBC. Though
UBC identifies Muscat as a Zone-2A, Waris et al.
(2017) reported that this definition greatly
overestimates the seismic actions using UBC and IBC
compared to OSC for the equivalent static load method.
As Zone-1 is the lowest seismic zone in the respective
international codes, Zone-2 of OSC falls below their
minimum seismic hazard level definition. The study
uses ordinary reinforced concrete moment resisting
frame buildings with normal occupancy conditions
with four building heights, assumed to be resting on
very dense soil (Type-C). A single soil type is
considered in the study as the goal is a comparison of

Local
Soil
Type

Zone-1

Zone-2

SSD (g)

S1D(g)

SSD (g)

S1D(g)

A

0.16

0.064

0.08

0.032

B

0.20

0.08

0.10

0.04

C

0.24

0.136

0.12

0.068

D

0.32

0.192

0.16

0.096

E

0.50

0.28

0.25

0.14

F

Site-specific geotechnical investigation and
dynamic site response analysis required

SSD - Short period elastic spectral acceleration.
S1D – 1.0-second elastic spectral acceleration.
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Figure 1. Typical floor plan for all buildings with the definition of X- and Y-direction.
Table 2. Gravity loads acting on building.
Typical
Floor
Description
(kN/m2)
-Self-weight of 150 mm thick
3.75
slab
2.50
-Finishes and services
6.25
Total Permanent Action
Variable Action
3.0

𝑞𝑞
𝑇𝑇
1 + � − 1�
𝐼𝐼
𝑇𝑇
𝑠𝑠
𝑞𝑞𝑅𝑅 (𝑇𝑇) = �
𝑞𝑞
𝐼𝐼

Roof
(kN/m
2)
3.75
3.60
7.35

3.2 Equivalent Static Load Method
OSC, IBC, and UBC each have their own set of
specifications for the calculation of base shear ‘V’ and
distribution of the lateral storey shear force along the
building height. This section briefly reviews the
equations used in the equivalent static load method by
the three codes. The values of the different seismic
parameters adopted in this study are indicated in their
respective context.

3

𝑇𝑇 = 𝐶𝐶𝑡𝑡 (𝐻𝐻𝑛𝑛 )4

a. Omani Seismic Code (OSC)
The total equivalent seismic load (base shear) – ‘V’ in
the direction of the earthquake is calculated by Eqn.
(1).

𝑇𝑇
𝑇𝑇 ≤ 𝑇𝑇0 ⎫
⎧0.4𝑆𝑆𝑆𝑆𝑆𝑆 + 0.6𝑆𝑆𝑆𝑆𝑆𝑆
𝑇𝑇
0
⎪
⎪
⎪
𝑆𝑆𝑆𝑆𝑆𝑆
𝑇𝑇0 < 𝑇𝑇 ≤ 𝑇𝑇𝑆𝑆 ⎪
𝑆𝑆1𝐷𝐷
𝑆𝑆𝐴𝐴𝐴𝐴 (𝑇𝑇) =
𝑇𝑇𝑆𝑆 < 𝑇𝑇 ≤ 𝑇𝑇𝐿𝐿 ⎬
⎨
𝑇𝑇
⎪
⎪
𝑆𝑆1𝐷𝐷 𝑇𝑇𝐿𝐿 2
⎪
⎪
𝑇𝑇 > 𝑇𝑇𝐿𝐿
⎩
⎭
𝑇𝑇

(1)

where ‘W’ is the total seismic weight of the structure,
‘SAR’ represents design (reduced) spectral acceleration
that is calculated as:
𝑆𝑆𝐴𝐴𝐴𝐴 (𝑇𝑇) =

𝑆𝑆𝐴𝐴𝐴𝐴 (𝑇𝑇)
𝑞𝑞𝑅𝑅 (𝑇𝑇)

𝑇𝑇 ≥ 𝑇𝑇𝑠𝑠

�

(3)

Where ‘q’ is the behaviour factor that depends upon the
ductility class of the reinforced concrete building. The
importance factor ‘I’ is taken as 1.0 for normal
occupancy. The code provides Eqn. (4) for calculation
of the prominent natural period but recommends
verification using the Rayleigh quotient method. The
value of ‘Ct’ is 0.075 for reinforced concrete momentresisting frames. ‘SAE’ is the elastic spectral
acceleration based on the prominent natural period ‘T’
that is calculated using Eqn. (5).

3.0

𝑊𝑊
𝑊𝑊
𝑉𝑉 = 𝑆𝑆𝐴𝐴𝐴𝐴 (𝑇𝑇) ≥ 0.11 𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼
𝑔𝑔
𝑔𝑔

0 < 𝑇𝑇 < 𝑇𝑇𝑠𝑠

𝑇𝑇𝑆𝑆 =

(2)

𝑆𝑆1𝐷𝐷

𝑆𝑆𝑆𝑆𝑆𝑆

; 𝑇𝑇0 = 0.20𝑇𝑇𝑆𝑆

(4)

(5)

(6)

where ‘SSD’ and ‘S1D’ are elastic spectral accelerations
associated with short period ‘TS’ and one-second
elastic spectral acceleration, respectively. ‘SSD’ and

qR(T) is the seismic load reduction factor given as:
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‘S1D’ are based on the geographic location of the
building (seismic zone) and the soil conditions at the
site as shown in Table 1. ‘TL’ is the transition limit of
the response spectrum to the long-period range that is
taken as 8s in OSC. ‘T0’ defines the start of the plateau
in the response spectrum and ‘TS’ defines its end,
calculated using Eqn. (6) based on the zone and the soil
type. A graphical representation of the parameters in
the spectrum and its distinct regions are presented in
Fig. 2. The lateral force ‘vi’ on the ith-story of the
building is calculated using Eqn. (7) and (8).
𝑣𝑣𝑖𝑖 = (𝑉𝑉 − 𝛥𝛥𝐹𝐹𝑁𝑁 )

𝑤𝑤𝑖𝑖 ℎ𝑖𝑖
∑𝑁𝑁
𝑖𝑖=1 𝑤𝑤𝑖𝑖 ℎ𝑖𝑖

where ‘W’ is the building’s seismic weight. ‘SDS’ and
‘SD1’ represent design spectral response accelerations
for short period (0.2-seconds) and a longer period (1.0second), respectively. These are based on spectral
response accelerations ‘SS’ and ‘S1’ associated with the
geographic location of the building and the soil
conditions at the site using Eqn. (11) and (12).
𝑆𝑆𝐷𝐷𝐷𝐷 =

2
𝑆𝑆𝐷𝐷1 = 𝐹𝐹𝑣𝑣 𝑆𝑆1
3

(7)

𝛥𝛥𝐹𝐹𝑁𝑁 = 0.0075𝑁𝑁𝑁𝑁

‘wi’, ‘hi’ are the seismic weight and overall height of
the ith-story, respectively. The seismic mass typically
includes the total weight of the floor, plus half of the
weight of the vertical elements (walls; columns)
located immediately above and below that floor. An
additional seismic force ‘∆FN’ should be considered to
act at the top floor (roof-level) of the building to
account for the contribution of higher modes of
vibration. ‘∆FN’ is estimated using Eqn. (8) and is
based on the total number of stories in the building ‘N’
and the total base shear ‘V’.

𝑇𝑇 = 𝐶𝐶𝑡𝑡 (𝐻𝐻𝑛𝑛 ) 𝑥𝑥

𝑣𝑣𝑖𝑖 = 𝑉𝑉.

(13)

𝑤𝑤𝑖𝑖 ℎ𝑖𝑖𝑘𝑘
𝑛𝑛
∑𝑖𝑖=1 𝑤𝑤𝑖𝑖 ℎ𝑖𝑖𝑘𝑘

(14)

‘wi’, ‘hi’ are the seismic weight and overall height of
the ith-story, In Eqn. (14), the coefficient k=1.0 for
structures with a fundamental period T ≤ 0.50 s, and
k=2.0 for a fundamental period T ≥ 2.50 s. For
structures having a period between 0.5 and 2.5 s,
coefficient k shall be 2.0 or can be determined by linear
interpolation between 1 and 2.

(9)

𝑇𝑇 ≤ 𝑇𝑇𝐿𝐿 ⎫

(12)

where Ct=0.0466 and x=0.9 for moment resisting
reinforced concrete structures, ‘Hn’ represents the total
height of the building. The response modification
factor ‘R’ depends upon the ductility characteristics of
the building and the importance factor ‘I’ depends upon
the type of occupancy. I=1.0 for normal occupancy.
The lateral force ‘vi’ for the ith-story is determined
using Eqn. (14):

b. International Building Code 2006 (IBC)
According to IBC, the base shear is calculated based on
the natural period of the building ‘T’ and is given as:

𝑆𝑆𝐷𝐷𝐷𝐷
𝑆𝑆𝐷𝐷1
,
, 0.01�
⎧𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑅𝑅 ⁄𝐼𝐼 (𝑅𝑅 ⁄𝐼𝐼 )𝑇𝑇
𝐶𝐶𝑠𝑠 =
𝑆𝑆𝐷𝐷1
⎨
⎩
(𝑅𝑅 ⁄𝐼𝐼 )𝑇𝑇 2

(11)

‘Fa’ and ‘Fv’ are based on the type of soil and seismic
zonation. For this study, as per IBC, SS=0.25, S1=0.10
for Zone-I. This gives a value of Fa=1.20 and Fv=1.70.
In IBC, the natural period of a building can be
estimated by:

(8)

𝑉𝑉 = 𝐶𝐶𝑠𝑠 𝑊𝑊

2
𝐹𝐹 𝑆𝑆
3 𝑎𝑎 𝑆𝑆

(10)

𝑇𝑇𝐿𝐿 < 𝑇𝑇 ⎬
⎭

c. Uniform Building Code 1997 (UBC)
In UBC, the calculation of base shear ‘V’ on a building
is done using Eqn. (15), which also defines upper and
lower bound for the value:
𝐶𝐶𝑣𝑣 𝐼𝐼𝐼𝐼
Δ𝑦𝑦
𝑅𝑅𝑅𝑅
�
�
2.5𝐶𝐶𝑎𝑎 𝐼𝐼𝐼𝐼
0.11𝐶𝐶𝑎𝑎 𝐼𝐼𝐼𝐼 ≤ 𝑉𝑉 ≤
𝑅𝑅
𝑉𝑉 =

(15)

where ‘W’ is the seismic weight of the structure, ‘I’ is
the Importance factor that depends on occupancy and
usage of the building, ‘R’ is ductility and overstrength
factor that depends on the basic structural system, and
the lateral-force resisting system of the building. ‘Cv’
and ‘Ca’ are seismic coefficients associated with the
structure’s sensitivity to the velocity and acceleration

Figure 2. Elastic response spectrum in omani seismic code
(OSC, 2013).
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of ground motion, respectively. These are based on the
geographic location of the structure (seismic zone) and
soil conditions at the site. Cv=0.13 and Ca=0.09 are
used for Zone-1 and soil type-C.
The over-strength factor ‘R’ depends upon the
structural ductility and the Importance factor I=1.0 for
normal occupancy. In Eqn. (15), the upper bound for
base shear tends to govern for stiff structures while the
lower bound is applicable for flexible structures. In
UBC, the prominent natural period of a building with
height ‘Hn’ can be calculated as:
3

𝑇𝑇 = 𝐶𝐶𝑡𝑡 (𝐻𝐻𝑛𝑛 )4

based on the energy dissipation ability of the structure.
If the structural design incorporates the detailing and
structural requirements outlined in the OSC code, the
structure is classified as normal ductility class (DCN),
otherwise, it is considered as the low ductility class
(DCL). The behaviour factor ‘q’ in Eqn. (3) is used to
account for the ductility class. The UBC and IBC
define Ordinary Moment Resisting Frames (OMRF)
and Special Moment Resisting Frames (SMRF) using
the same criterion. UBC uses over-strength and
ductility factor ‘R’ and seismic force amplification
factor ‘Ωo’, while IBC uses response modification
coefficient ‘R’, system over-strength factor ‘Ω0’ and
deflection amplification factor ‘Cd’. The factor ‘R’ is
employed to distinguish structural behaviour as given
in Eqn. (10) and (15) for IBC and UBC, respectively.
The values of all these factors for the two classes are
summarized in Table 3. The subsequent discussion
uses low ductility class to refer to DCL and OMRF, and
normal ductility class to indicate DCN and SMRF.

(16)

Ct=0.0731 is used to reinforce concrete momentresisting frames. The lateral force ‘vi’ for the ith-story
of the building is estimated using Eqn. (17):
𝑣𝑣𝑖𝑖 = (𝑉𝑉 − 𝐹𝐹𝑡𝑡 )

𝑤𝑤𝑖𝑖 ℎ𝑖𝑖
𝑛𝑛
∑𝑖𝑖=1 𝑤𝑤𝑖𝑖 ℎ𝑖𝑖

(17)

4. RESULTS AND DISCUSSION

‘wi’, ‘hi’ are the seismic weight and overall height of
the ith-story, respectively. ‘Ft’ is an additional lateral
force assumed to act at the top of the structure. This
force is used to approximate the effect of higher modes
of vibration. The magnitude of ‘Ft’ is determined based
on the natural period of the building ‘T’ and the base
shear ‘V’, as given in Eqn. (18).
0
𝐹𝐹𝑡𝑡 = �0.07𝑇𝑇𝑇𝑇
0.25𝑉𝑉

𝑇𝑇 < 0.70𝑠𝑠𝑠𝑠𝑠𝑠
0.70 𝑠𝑠𝑠𝑠𝑠𝑠 ≤ 𝑇𝑇 ≤ 3.6𝑠𝑠𝑠𝑠𝑠𝑠 �
𝑇𝑇 > 3.6𝑠𝑠𝑠𝑠𝑠𝑠

This section first compares the buildings considered in
the study in terms of their prominent period and how
this may affect their behaviour. The results for the
equivalent static and the response spectrum analysis
methods are then discussed in terms of base shear,
lateral force distribution, and story drift ratios.

(18)

3.3 Response Spectrum Method
Each code defines an elastic response spectrum for use
in the response spectrum analysis. The spectrum is
based on the relationships defined in Eqn. (5), (10),
and (15) for OSC, IBC, and UBC, respectively. Fig. 3
shows the comparison of the elastic response spectrum
for the three codes considering the zone and soil type
considered in the study. The comparison shows that the
selection of zone definitions for international codes
(UBC and IBC) are closely matched with Zone-1 of
OSC. The spectrums as defined in Fig. 3 for the
respective code are employed in the response spectrum
analysis considering the first 30 modes of vibration to
ensure more than 99% modal participation for all
building heights. Direct spectral input using the
parameters of this study is made in ETABS for UBC
and IBC codes, while the spectrum of OSC is generated
using Eqn. (5). The base shear, story shear forces, and
displacements are obtained employing modal response
spectrum analysis in ETABS.

Figure 3. Comparison of elastic response spectrum.
Table 3. Behaviour/ductility factors for ductility classes.
Behaviour / Ductility Factor
Ductility Class

3.4
Structural Ductility
OSC defines two ductility classes; the Low Ductility
Class (DCL) and the Normal Ductility Class (DCN)

6

IBC

UBC

OSC

R

Ω0

Cd

R

Ωο

q

Low Ductility
Class
(OMRF/ DCL)

3

3

2.5

3.5

2.8

1.0

Normal Ductility
Class
(SMRF/ DCN)

8

3

5.5

8.5

2.8

3.5
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defined by Eqn. (16), while IBC recommends a limit of
𝐶𝐶𝑢𝑢 𝑇𝑇 for ‘T’ as defined in Eqn. (13). The factor ‘Cu’
depends upon the ‘SD1’ value and is estimated as 1.67
for this study. OSC does not define any such limit and
recommends using the value estimated by Rayleigh’s
Quotient method. In this study, the base shear
calculation using UBC for the 19-story building is the
only case governed by this provision.
For the low ductility class, the design base shear is
nearly constant for 6-, 13- and 19- story buildings,
while the value for the 3-story building is almost 2/3 of
these values. This is due to the small value of ‘R’
(UBC, IBC) and ‘q’ (OSC). The base shear value is
governed by ‘Cv’ for UBC, ‘Cs’ for IBC, and ‘SAR(T)’
in the case of OSC. For the normal ductility class, a
continuous increase in base shear with building height
is observed. The base shear for the 3-story building is
still nearly 2/3 (~67%) for UBC and IBC, but for OSC
it is 83% of the value for the 6-story building. The base
shear increased by 15%, 5%, and 10% for 6-story to
13-story buildings in IBC, UBC, and OSC
respectively. For, 13-story to 19-story buildings, all the
codes showed an increase of 47%. Due to a large ‘R’
and ‘q’ factor, the base shear for 13- and 19-story
buildings are governed by the minimum limits in the
respective codes, which causes the jump in base shear
for the 19-story building due to larger seismic weight.

4.1. Natural Period and Spectral Acceleration
Table 4 lists the estimated natural periods for the four
building heights based on OSC, IBC, and UBC using
Eqn. (4), (13), and (16), respectively. Rayleigh’s
quotient method is used in ETABS for the estimation
of the natural period. The natural period in the two
directions is nearly the same with the X-direction being
marginally higher. Figure 3 shows these values on the
response spectrum, making it clear that the selected
building heights cover a broad range of the spectrum.
Periods estimated using the codes are very close to the
values using ETABS for small building heights (10 m
and 19 m) but underestimate the period for tall
buildings (40 m and 58 m). It is because this study has
not considered any shear walls that are common in tall
buildings. As the natural period in the two directions is
very close, the subsequent discussion only considers
results for the X-direction.
Table 4 also lists the spectral acceleration to be used
in the equivalent static load method for the respective
building height and code. The spectral accelerations
obtained from UBC are 94%-96% compared to OSC,
while values from IBC are 83% of OSC for all the
building heights. This is because both IBC and OSC
have TS=0.567s while for UBC, the value of TS=0.58s.
Therefore, the response spectrum of OSC is
quantitatively closer to UBC while qualitatively it
resembles IBC.
4.2 Base Shear
Due to the difference in definition, the base shear
calculated using the equivalent static load method or
response spectrum analysis method cannot be directly
compared among the codes. In OSC, Eqn. (1) or the
spectrum is used to directly estimate the design seismic
actions, while in UBC and IBC, the values are
calculated using Eqn. (15) and (10) must be amplified
using ‘Ωo’ and ‘Ω0’, respectively. Therefore, the
comparison is presented in terms of the design base
shear.

(a) Low Ductility Class.

a. Equivalent Static Load Method
The comparison of the design base shear in X-direction
for the two ductility classes using the equivalent static
load method is summarized in Fig. 4. Since the natural
period obtained from the detailed numerical model
differs from the code provided estimate, additional
code provisions must be considered. UBC recommends
that the period should not exceed 1.4 times the ‘T’ as

(b) Normal Ductility Class.
Figure 4. Design Base Shear using Equivalent Static
Method.

Table 4. Prominent natural period of the buildings and spectral acceleration.
Natural Period (s)
Model

Hn
(m)

IBC
Eqn. (13)

UBC
Eqn. (16)

OSC
Eqn. (4)

Spectral Acceleration (g)
ETABS

UBC

OSC

3-Story

10.0

0.37

0.41

0.42

0.200

0.225

0.240

6-Story

19.0

0.66

0.67

0.68

0.76

0.74

0.149

0.171

0.179

13-Story

40.0

1.29

1.16

1.19

1.56

1.51

0.073

0.083

0.087

19-Story

58.0

1.80

1.54

1.58

2.30

2.21

0.049

0.057

0.059
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Y
0.41

IBC

X
0.41
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As the spectral accelerations for the OSC are higher
than the other codes, its base shear values should be
higher than UBC and IBC. This is true in Fig. 4(a) for
the low ductility class, where values of base shear from
OSC are higher for all the building heights. The values
from IBC are nearly 82% of OSC for the respective
building height, which is the same as the ratio of
spectral acceleration among the two codes. For UBC
this value varies between 73%-76% for the 3- to 13story buildings and is 81% for the 19-story building,
which are lower compared to the ratio of spectral
accelerations discussed earlier. For the normal ductility
class in Fig. 4(b), OSC provides marginally smaller
base shear except for the 3-story building, where values
of UBC and IBC are nearly 85% of OSC. For the 6story, both codes provide 10% higher estimates, while
for the 13- and 19-story, IBC and UBC estimates are
13% and 4% higher than OSC, respectively. This is due
to provisions in OSC that relate ‘q’ to the member
design through local ductility requirements thus
ensuring better energy dissipation and higher reduction
in base shear for longer periods.

class, for 13-story building factors are 1.05, 1.02, and
1.003, and for the 19-story building, the factors are
1.53, 1.49, and 1.49 for IBC, UBC, and OSC,
respectively.
4.3. Lateral Force Distribution
Figure 6 presents the story shear force distribution
calculated using Eqn. (7), (14), and (17) for OSC,
IBC, and UBC, respectively. The values from Eqn. (14)
and (17) are scaled using ‘Ω0’ and ‘Ωo’ factors,
respectively, as listed in Table 3. To facilitate the
comparison among building heights, the vertical axis is
normalized using the total building height ‘Hn’, which
is 10 m, 19 m, 40 m, and 58 m for the 3-, 6-, 13- and
19-story buildings, respectively. Since the story force
distribution for the three codes does not consider
ductility classes (Eqn. (7), (14), and (17)), the
distributions only differ in terms of values. For the 3story building, the three codes have almost linear force
distribution, which indicates that the contribution of
higher modes is negligible. The lateral force from UBC
and IBC for intermediate stories has the same constant
ratio with the OSC counterpart as observed for base
shear, while the ratio is different for the top story
(roof). This is due to the similar story shear distribution
model in OSC (Eqn. (7)] and UBC [Eqn. (17)), while
for IBC (Eqn. (14)), the value of ‘k’ is 1.0 for the 3story building. For the 6-story building, only a slight
deviation is observed for the top story in the case of
OSC and UBC, which indicates that for low-rise
buildings ℎ𝑛𝑛 ≤ 20𝑚𝑚, the additional force at the top
story is insignificant in both the codes. For IBC, the
ratios of individual story shear force relative to OSC
increase with story height reflecting the nonlinear
distribution (𝑘𝑘 > 1.0) being utilized in IBC (Eqn. (14))
in contrast to the linear pattern of OSC and UBC.
For the 13-story building (Fig. 6), an additional
force on the top floor to account for higher modes is
observed in UBC and OSC, while the distribution for
IBC becomes nonlinear to account for higher modes.
Compared to OSC, the intermediate story force in UBC
is 74% and 103%, while for the roof level force is 79%
and 110% in low and normal ductility classes,
respectively. For IBC, the shear force for intermediate
floors increases with an increase in building height but
shows a drop at the top due to the additional force (Eqn.
(8) considered in OSC. The trend for the 19-story
building is the same as the 13-story but the ratio of the
lateral force from UBC is 84% and 108% of the OSC
values for the roof and 81% and 103% for other floors
in low and normal ductility classes, respectively. This
indicates that both OSC and UBC account for the
higher modes using a similar approach, but OSC has a
smaller allowance for this additional force (Eqn. (8))
compared to UBC (Eqn. (18)). The allowance in OSC
further does not follow the same trend as UBC with an
increase in building height. For the response spectrum
method, the values as obtained from ETABS are
presented in Fig. 7, after scaling the values for IBC and
UBC using ‘Ω0’ and ‘Ωo’ factors as listed in Table 3.

b. Response Spectrum Method
The base shear using modal response spectrum analysis
for the three codes is shown in Fig. 5. The values are
lower compared to the equivalent static method for
both the ductility classes. In the case of the low
ductility class, the values range between 90%-94% for
IBC, 84%-94% for UBC, and 88%-92% for OSC
compared to the equivalent static method. UBC shows
the largest drop of 84% for the 19-story building
because the base shear in the equivalent static method
is controlled by the limit of 1.4T as defined by Eqn.
(16). The base shear using the response spectrum
analysis gets smaller due to the increased contribution
of higher modes that is overestimated by the equivalent
static load method. For the normal ductility class, the
ratio for the 3- and 6-story values are the same as
observed in the low ductility class. The ratios reduced
to 81%, 88%, and 85% for IBC, UBC, and OSC,
respectively, for 13-story buildings, and 55%, 60%,
and 57% for IBC, UBC, and OSC, respectively, for the
19-story building. This is because base shear in the
equivalent static method is governed by the minimum
limit rather than the response spectrum values for the
19-story building. All the codes (OSC, IBC, UBC)
recommend that the values of base shear calculated
using modal response spectrum method (Figure 5)
should not be less than a certain fraction of the value
calculated using equivalent static method (Figure 4).
The fraction is 0.85 for OSC and IBC, and 0.90 for
UBC. As per OSC, if the ratio is not satisfied, the
response quantities (displacement and internal forces)
should be scaled up corresponding to this factor. A
lighter shade is used in Fig. 5 to extend the bars to this
limit as required. This limit has a significant influence
on the 19-story building for the normal ductility class
only. For the low ductility class, the factor is 1.07 with
UBC for the 19-story building. In the normal ductility
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The values are not corrected for the limit discussed
previously, since it only applies to internal forces. For
the 3- and 6-story buildings, the distribution is almost
linear as observed in the case of the equivalent static
method. This confirms the assumption of minimal
contribution from higher modes in all the codes. OSC,
therefore, rightly recommends only using the
equivalent static method for low rise buildings (ℎ𝑛𝑛 ≤
20𝑚𝑚) that satisfy the structural regularity criterion
outlined in the code. For 13- and 19- story buildings,
the distribution is similar for the three codes having a
clear nonlinear distribution, therefore using the
response spectrum method is more appropriate and is
correctly made mandatory by OSC for medium and
high-rise buildings (20 𝑚𝑚 < ℎ𝑛𝑛 ≤ 60𝑚𝑚).

(a) Low ductility class

4.4 Story Drift Ratio
As discussed in the previous section, IBC, UBC, and
OSC use different factors to account for ductility and
inelastic behaviour of the buildings as listed in Table 3.
This study compares the story drift ratio defined as the
relative displacement of a story level/floor compared to
the floor immediately below divided by the inter-story
height as given in Eqn. (19).
𝛿𝛿𝑖𝑖 =

(b) Normal ductility class
Figure 5. Design base shear using response spectrum
method.

𝛥𝛥𝑖𝑖 − 𝛥𝛥𝑖𝑖−1
ℎ𝑖𝑖

(19)

where ‘𝛥𝛥𝑖𝑖 ’, ‘𝛥𝛥𝑖𝑖−1 ’ are displacements of the ith story and
the story immediately below it and ‘ℎ𝑖𝑖 ’ is the height of
the ith-story. The story drift ratios need to be modified
using ‘Cd/I’, ‘0.7R’, and ‘q/I’ for IBC, UBC, and OSC,
respectively. For the low ductility class, these factors
are 2.5, 2.45, and 1.0, and for the normal ductility class,
these are 5.5, 5.95, and 3.5 for IBC, UBC, and OSC,
respectively.
The distribution of story drift ratios for the
equivalent static method is shown in Fig. 8. The
permissible limit set by the three codes is 2.0%, which
is satisfied for all building heights. It can be observed
that IBC and UBC provide very similar results in all
the cases, while OSC provides higher values.
Comparing the maximum drift ratio, for the low
ductility class, the ratio of IBC/OSC is a constant 69%
for all building heights while UBC/OSC ratio is 66%
for 3-,6- and 13-story and 71% for the 19-story
building. For normal ductility class, IBC/OSC ratio is
45%, 57%, 60% and 60%, and UBC/OSC ratio is 52%,
67%, 63% and 63% for 3-,6-,13- and 19-story
buildings, respectively.
It is further observed that the drift ratios for the two
ductility classes (Low/Normal) have a constant ratio
for all stories in a building for a given code. These
ratios are summarized in Table 5 for the two analysis
methods. For the equivalent static method, this ratio
stays constant for low-rise buildings in IBC and UBC
at 1.21 and 1.00, respectively, and then decreases with
the building height. This drop is because the design
base shear is governed by minimum base shear criteria
for these heights in the normal ductility class.

(a) Low ductility class

(b) Normal ductility class
Figure 6. Shear force distribution along building height
using equivalent static method.
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(a) Low ductility class
(a) Low ductility class

(b) Normal ductility class
(b) Normal ductility class
Figure 7. Shear Force Distribution along building height
using Response Spectrum Method.

Figure 9. Story Drift Distribution along building height
using Response Spectrum Method
Table 5. Comparison of Story Drift ratio among Ductility
Classes (Low/Normal)
Equivalent Load
Response Spectrum
Method
Method
Building
OS
IBC UBC OSC
IBC
UBC
C
Story-03 1.21
1.00
0.80
0.80
Story-06

1.21

1.00

1.00

Story-13

1.09

0.98

0.95

Story-19

0.73

0.72

0.64

1.21

1.00

1.00

(a) Low ductility class

In OSC, the ratio first increases from 0.8 to 1.0 from
3-story to 6-story building and then start to decrease
like IBC and UBC but at a higher rate. This is because
OSC uses a variable value of 𝑞𝑞𝑅𝑅 (𝑇𝑇) for 𝑇𝑇 < 𝑇𝑇𝑆𝑆 as listed
in Eqn. (3) and for the 3-story building 𝑞𝑞𝑅𝑅 (𝑇𝑇) = 0.80𝑞𝑞.
Figure 9 shows the drift ratios using the response
spectrum method. The response spectrum method
provides similar drift values for the 3- and 6-story
buildings, while it has smaller values for 13- and 19story buildings, due to the smaller shear forces. The
comparison of the two ductility classes remains the
same as discussed for the equivalent static method,
which further extends to 13- and 19-story buildings, as
listed in Table 5. This verifies that the difference
observed among the ductility classes in the equivalent
static method for the 19-story building is due to the

(c) Normal ductility class
Figure 8.

Story drift distribution along building height
using equivalent static method.
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minimum base shear criteria.
The drift ratios in OSC are higher because the same
factor ‘q’ is used for response modification and
deflection amplification (𝑞𝑞/𝑞𝑞 =1). On the other hand,
in IBC the 𝐶𝐶𝑑𝑑 /𝑅𝑅 ratio is 0.833 and 0.688 for low and
normal ductility classes, respectively, whereas in UBC
the factor is 0.70 for both ductility classes. Therefore,
the drift ratio estimated using OSC will always be
higher compared to its counterparts. Since OSC uses
the same allowable limit of 2%, it will require a stiffer
design compared to IBC and UBC to satisfy this limit.
A comparison of Fig. 8 and Fig. 9 shows that the
equivalent static load method provides good agreement
of drift ratios with the response spectrum method for 3and 6-story buildings but higher estimates for 13- and
19-story buildings. This means that using an equivalent
static method for medium and high-rise buildings will
lead to stiffer designs in all the codes.

showed the clear contribution of higher modes.
• Story drift ratios from the response spectrum
method indicate that the two ductility classes in all
codes provide the same deformation of the structure
while the normal ductility class targets better
energy dissipation through proper detailing.
• The use of the response spectrum method for
medium and high-rise buildings suggested by OSC
will lead to a better economy in design due to lower
values of loads and smaller drift ratio estimates that
control the stiffness of the structure.
The study concludes that the Zone-1 of OSC is closely
matched to Zone-1 of UBC and IBC contrary to the
recommendation of UBC that defines Muscat (Zone-1
of OSC) as Zone-2A.

5. CONCLUSION
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MODELING AND TESTING OF A MAINTENANCE PROJECT USING SIMPHONY:
CASE STUDY
Mubarak Al Alawi*, Mohammed Al Shahri, and Zainab Bacal
Department of Civil and Architectural Engineering, Sultan Qaboos University, Muscat, Oman

ABSTRACT: Unlike building a new project, the maintenance and rehabilitation of an existing project are
complex. The complexity is driven by different factors such as limited access to the site, limited working hours,
restricted storage area, a limited number of allowed crews to work simultaneously, etc. Considering all of these
factors is essential for construction process planning. Hence, testing the maintenance project under different project
scenarios will help to identify the optimum resources configuration. In this paper, we present a case study of a
maintenance project located in Al Khodh, Oman. It is required to model and simulate the maintenance operation,
given many client-based work constraints. The project was modelled using a Simphony simulation environment.
The simulation model was tested in different resource configurations, including several floor accesses, other tiles
breaking and tiles installation teams, and a different number of waterproofing teams. This study demonstrated that
the tiles installation team is the most influencing resource in the project. Given one floor access at a time and
using two tiles installation produces the most economical resources configuration. Three tiles installation teams
are the best selection for two-floor accesses, and seven tiles installation teams selection is best for three floors.
Keywords: Construction Operation; Simulation; Simphony; Maintenance project; Discrete Event Simulation

دراﺳﺔ ﺣﺎﻟﺔ: SIMPHONY ﻧﻤﺬﺟﺔ واﺧﺘﺒﺎر ﻣﺸﺮوع ﺻﯿﺎﻧﺔ ﺑﺎﺳﺘﺨﺪام
ﻣﺒﺎرك اﻟﻌﻠﻮي* وﻣﺤﻤﺪ اﻟﺸﺤﺮي وزﯾﻨﺐ ﺑﻘﺎل

 ﯾﺮﺟﻊ اﻟﺘﻌﻘﯿﺪ إﻟﻰ ﻋﻮاﻣﻞ ﻣﺨﺘﻠﻔﺔ ﻣﺜﻞ. ﺻﯿﺎﻧﺔ وإﻋﺎدة ﺗﺄھﯿﻞ ﻣﺸﺮوع ﻗﺎﺋﻢ ﺗﻌﺘﺒﺮ ﻋﻤﻠﯿﺔ ﻣﻌﻘﺪة، ﻋﻠﻰ ﻋﻜﺲ ﺑﻨﺎء ﻣﺸﺮوع ﺟﺪﯾﺪ:اﻟﻤﻠﺨﺺ
 وﻋﺪد أطﻘﻢ اﻟﻌﻤﻞ اﻟﻤﺴﻤﻮح ﺑﮭﺎ، وﻣﺤﺪودﯾﺔ ﻣﺴﺎﺣﺔ اﻟﺘﺨﺰﯾﻦ، وإﻟﻰ ﺳﺎﻋﺎت اﻟﻌﻤﻞ اﻟﻤﺤﺪودة،ﺻﻌﻮﺑﺔ ﺣﺮﻛﺔ اﻟﻤﻌﺪات اﻟﺜﻘﯿﻠﺔ ﻓﻲ اﻟﻤﻮﻗﻊ
 وﺑﺎﻟﺘﺎﻟﻲ ﻣﻦ، ﯾﻌﺘﺒﺮ اﻟﻨﻈﺮ ﻓﻲ ﻛﻞ ھﺬه اﻟﻌﻮاﻣﻞ ﺿﺮورﯾًﺎ ﻟﺘﺨﻄﯿﻂ وﺗﻘﺪﯾﺮ ﻣﺘﻄﻠﺒﺎت ﻣﺸﺮوع اﻟﺼﯿﺎﻧﺔ.ﻟﻠﻌﻤﻞ ﻓﻲ وﻗﺖ واﺣﺪ وﻣﺎ إﻟﻰ ذﻟﻚ
 ﺗﺒﺤﺚ ھﺬه اﻟﺪراﺳﺔ ﻋﻤﻠﯿﺔ ﻧﻤﺬﺟﺔ ﻟﻤﺸﺮوع ﺻﯿﺎﻧﺔ ﻣﻨﺰل ﺳﻜﻨﻲ ﯾﻘﻊ ﻓﻲ.اﻟﻤﮭﻢ اﺧﺘﺒﺎر ﻣﺸﺮوع اﻟﺼﯿﺎﻧﺔ ﻓﻲ ظﻞ ﺳﯿﻨﺎرﯾﻮھﺎت ﻋﻤﻞ ﻣﺨﺘﻠﻔﺔ
،ﻣﺪﯾﻨﺔ اﻟﺨﻮض ﻓﻲ ﺳﻠﻄﻨﺔ ﻋﻤﺎن وﺗﮭﺪف إﻟﻰ ﻣﺤﺎﻛﺎة ﻋﻤﻠﯿﺔ اﻟﺼﯿﺎﻧﺔ ﻓﻲ ﺿﻮء اﻟﻌﺪﯾﺪ ﻣﻦ ﻗﯿﻮد اﻟﻌﻤﻞ اﻟﻤﺤﺪدة ﻣﻦ ﻗﺒﻞ ﺻﺎﺣﺐ اﻟﻤﺸﺮوع
 ﺗﻢ ﺗﺼﻤﯿﻢ.وﺗﺴﻌﻰ ھﺬه اﻟﺪراﺳﺔ إﻟﻰ ﺗﺤﺪﯾﺪ ﺧﯿﺎرات اﻟﻤﻮارد اﻟﺒﺸﺮﯾﺔ اﻟﻤﺜﻠﻰ ﻹﺗﻤﺎم اﻟﻤﺸﺮوع ﺧﻼل ﻓﺘﺮة زﻣﻨﯿﺔ ﻗﺼﯿﺮة وﺑﺘﻜﻠﻔﺔ ﻣﺎﻟﯿﺔ ﻣﺜﺎﻟﯿﺔ
. وﺗﻢ ﺗﻮﻓﯿﺮ ﻣﺪﺧﻼت اﻟﻨﻤﻮذج ﻣﻦ ﻗﺒﻞ ﺷﺮﻛﺔ اﻟﺒﻨﺎء اﻟﺘﻲ ﺗﻌﻤﻞ ﻓﻲ اﻟﻤﺸﺮوعSimphony ﻧﻤﻮذج ﻣﺤﺎﻛﺎة اﻟﻤﺸﺮوع ﺑﺎﺳﺘﺨﺪام ﺑﯿﺌﺔ ﻣﺤﺎﻛﺎة
 وﻋﺪد،أﯾﻀﺎ ﺗﻢ اﺧﺘﺒﺎر ﻧﻤﻮذج اﻟﻤﺤﺎﻛﺎة ﻓﻲ ظﻞ ﻣﺪﺧﻼت ﻣﺨﺘﻠﻔﺔ ﻛﻌﺪد اﻟﻄﻮاﺑﻖ اﻟﻤﺴﻤﻮح اﻟﻌﻤﻞ ﺑﮭﺎ وﻋﺪد ﻓﺮق إزاﻟﺔ وﺗﺮﻛﯿﺐ اﻟﺒﻼط
 ﻟﻘﺪ وﺟﺪ أن اﺳﺘﺨﺪام ﻓﺮﯾﻘﯿﻦ ﻟﺘﺮﻛﯿﺐ اﻟﺒﻼط ھﻮ أﻓﻀﻞ اﺧﺘﯿﺎر ﻓﻲ ﺣﺎﻟﺔ اﻟﺴﻤﺎح ﺑﺎﻟﻌﻤﻞ ﻓﻲ اﻟﻄﻮاﺑﻖ ﺑﺼﻮرة.ﻣﺨﺘﻠﻒ ﻣﻦ ﻓﺮق اﻟﻌﺰل اﻟﻤﺎﺋﻲ
ﻣﺘﺴﻠﺴﻠﺔ ووﺟﺪ أﯾﻀﺎ اﺳﺘﺨﺪام ﺛﻼﺛﺔ ﻓﺮق ﺗﺮﻛﯿﺐ اﻟﺒﻼط ھﻲ أﻓﻀﻞ اﺧﺘﯿﺎر ﻓﻲ ﺣﺎﻟﺔ اﻟﻌﻤﻞ ﻓﻲ طﺎﺑﻘﯿﻦ ﺑﺼﻮرة ﻣﺘﺰاﻣﻨﺔ وﯾﻔﻀﻞ اﺳﺘﺨﺪام
.ﺳﺒﻌﺔ ﻓﺮق ﺗﺮﻛﯿﺐ اﻟﺒﻼط ﻓﻲ ﺣﺎﻟﺔ اﻟﻌﻤﻞ ﻓﻲ ﺛﻼث طﻮاﺑﻖ ﺑﺼﻮرة ﻣﺘﺰاﻣﻨﺔ
. أﻋﻤﺎل ﺑﻨﺎء؛ ﻣﺤﺎﻛﺎة؛ ﺳﯿﻤﻔﻮﻧﻲ؛ أﻋﻤﺎل ﺻﯿﺎﻧﺔ؛ ﻣﺤﺎﻛﺎة اﻷﺣﺪاث اﻟﻤﻨﻔﺼﻠﺔ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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by introducing a brief overview of the simulation. The
maintenance project overview and its process
description were presented. The testing scenarios were
explained, and their results were discussed.

1. INTRODUCTION
Construction activities pose complexity driven by the
complex nature of the construction resources required.
Construction productivity may be subjected to
different factors that hinder the optimum uses of
resources such as work environment, project nature,
project resources, and project management (Al Alawi,
2021). Labour, material, equipment, and budget should
be utilized efficiently to maintain the project
milestones. Construction resources must work in
harmony to achieve the projected cost, time, and
quality defined for the project. Therefore, it is vital to
understand the work of the construction activities,
build a model, and simulate the construction operation
to identify the optimum number of resources to utilize.
Many optimization research studies covering different
areas in construction were covered in the literature. For
example, Osama and Alshibani (2009) optimized
construction equipment using the genetic algorithm
technique. Alavi and AbouRizk (2017) and Zhou et al.
(2009) integrated genetic algorithms with simulation to
optimize construction site layout variables. AlBataineh et al. (2013) used a scenario-based simulation
analysis for project planning and decision support for a
tunnelling construction project.
Lu et al. (2008) optimized the project schedule using a
simplified simulation-based scheduling system. The
system combined a discrete event simulation approach
(SDESA) and particle swarm optimizer (PSO). It
formulates resources scenarios and finds the shortest
project duration. Zahraee et al. (2013) used discrete
event simulation to model a concrete pouring process
and identify the optimum resources. Similarly, Hassan
and Gruber (2008) used discrete event simulation to
model concrete paving operations. The model was used
to study the impacts of the resources on the flow of
operation and the construction process's costeffectiveness. Al-Alawi, Bouferguene, and Mohamed
(2018) applied distributed simulation with HLA to
integrate weather effects in simulating earthmoving
operations. Riga, et al. (2020) used mixed integer
programming to optimize the tower crane and storage
areas on construction sites. Yassin et al. (2020) used
agent-based modelling to optimize the workflow of
robotic steel and concrete 3D printers.
The selection of the best simulation method or the
optimization algorithm to be used depends on many
factors, such as the type of project, data availability,
total operation time, and costs. The simulation allows
replicating a system's behaviour, and forecasted
changes may exert if tested under different testing
scenarios. In this study, a maintenance project in Al
Khodh Oman is modelled to find the optimum number
of resources required to finish. Different work plans are
to be tested and a different number of resources
configurations. The project poses sequential nature,
and thus discrete-event simulation has been selected to
build the simulation model. A Symphony simulation
environment was adopted in this study. The study starts

2. SIMULATION OVERVIEW
The simulation system can be either monolithic or
distributed. The monolithic simulation models contain
components that are executed and terminated
simultaneously. Meanwhile, the simulation component
in the distributed simulation model has its start and end
simulation time. It interacts with the other simulation
components by sharing information to replicate a real
system (AbouRizk, Hague, and Ekyalimpa, 2016). In
addition, depending on its characteristics, a real system
can be simulated using different simulation techniques
such as continuous simulation, time-based discrete
simulation, and discrete event simulation. The
difference between the discrete event simulation and
the other two techniques is that the model's state is
affected/changed by the state's change. Meanwhile, the
continuous and time-based discrete simulation state of
the model depends on the progress of time (Brito and
Botrter, 2011).
Different simulation environments have been
introduced and used in research; some are listed as
follow:
- ABC (Beaumont et al., 2002)
- Symphony (AbouRizk and Hajjar, 1998)
- SLAM (Pritsker and O'Reilly, 1997)
- STROBOSCOPE (Martinez, 1996)
- Micro CYCLONE (Halpin, 1977)
Symphony is a simulation tool developed by AbouRizk
and Hajjar (1998). It has built-in simulation elements,
see Table 1, used to construct the operation flow of
events. Furthermore, it allows system development to
introduce simulation templates. A simulation model in
Simphony starts with identifying and abstracting the
case study and its overall process. Then the sequences
diagram is plotted, and the time parameters for each
event's duration are collected from the real operation.
One of the main challenges in developing a reliable
simulation model is collecting real-time data of the
modelled process. However, most companies keep
records of durations, productivity rate, and other
information, which reduces the time required for model
building. If no data exists, the studied problem shall be
surveyed, and data recording tools such as cameras can
collect the necessary data.

3. MAINTENANCE PROJECT OVERVIEW
The maintenance project scope of work is to change all
the tiles, waterproof, and heat insulation for a villa
located in a residential compound in Al Khodh city,
Sultanate of Oman. The selected case study is situated
within a residential compound with eight typical
occupied villas, as shown in Fig. 1.
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Table 1. Symphony simulation elements names and
description.
Element

Name

Description

“Create”

A “Create” element is
responsible for creating
entities and introducing
them into the model

“Resource”

“Preempt”

“Capture”

“Release”

A Resource element is
responsible for defining
a shared resource.
The Preempt element
force capture the
servers of a resource to
an entity
The Capture element is
responsible for granting
the exclusive use of one
or more servers of a
Resource to an entity
The Release element
allows an entity to
return servers it has
previously captured to
the pool of available
servers.

“File”

A File element is
responsible for defining
a queue in which
entities wait for a
shared resource.

“Task

A Task element is
responsible for
modelling an activity. It
achieves this by holding
the entity for a while, as
specified in its duration
property”

“Batch”

“Unlatch”

“Generate”

“Consolidate”

“Counter”

The project maintenance operation is conducted on
all three floors of the project (ground floor, first floor,
and roof floor). The complexity associated with this
project is related to the operational constraints set by
the client. The residential complex is fully occupied
except for the studied villa. Time constraints such as
the number of working hours and the start and end time
of the workday have been set by the client. Due to
limitations at the construction site, construction was
allowed only during the daytime for eight hours. The
project shall also be fully covered with a green mesh to
protect the surrounding from dust pollution. The
project's working clearance was set to be one meter
from all sides except for the backside of the villa,
which was set to be 2 meters to allow for construction
waste storing before moving it outside of the residential
compound, loading it on the hauling truck. The
contractor decides to allocate a construction waste
collection area on each floor, see Fig. 2 and fix a
construction waste dumping tube extending from the
roof floor to the ground floor. The contractor also
decided to use part of the backside of the project to
store some of the construction materials.
In addition to the constraints mentioned above, no
trucks were allowed to enter the residential compound
because of the client's request to provide minimum
disturbance to the occupants and the limited
manoeuvring area available on the project site. As a
result, the contractor allocates another construction
waste collection point for the trucks outside the project
location. The construction waste transportation from
the construction site to the landfill is subcontracted to
a different contractor by the primary contractor. It is
because of the limited accessibility of the truck to the
site and to focus the contractor’s resources in the
maintenance operation only.

A Batch element
aggregate n number of
entities and release
them as one entity
The Unbatch element
breaks down the entity
to its original number
of entities.
A Generate element
creates one or more
clones of a passing
entity.
A Consolidate element
blocks an entity
arriving via the upper
branch until one or
more entities arrive via
the lower branch.
A Counter element is
used to record
important milestones in
the lifecycle of an
entity”

Figure 1. Top view of the residential compound (Google
Earth-2021)
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Three crews were added to the simulation model to
perform the maintenance activities: the breaking team,
waterproofing team, and tiles installation team. The
selection of those three resources is based on the
contractor request. It is worth mentioning that the local
contractors classify their work according to the local
construction trades in the market.
The definition of the breaking work role set by the
contractor is that the breaking team shall stop breaking
when four m2 are completed and shall transport the
construction waste to the dump pipe before starting the
breaking work again. Once all tiles breaking is
complete, the breaking team shall prepare the roof floor
for waterproofing and clean and put concrete screeds
on all edges. The waterproofing activity comes next
and will acquire the waterproof crew to do the work.
Once the waterproofing process is complete, the roof
floor will be filled with water for 48 hours for testing
purposes. Heat boards and tiles installation are
combined in one task in the project and will be
performed by the tiles installation team.
The first-floor maintenance operation is similar to the
roof floors; however, the main difference is the
resources' priority role. The model will test the
operation under different resources and start work
scenarios, and higher priorities are given to the upper
floors. For example, if two-floor accesses are provided,
the roof floor and first floor will start concurrently. If
only one breaking team is available, it will be assigned
to the roof floor because of its high priority. Although
the project has rooms and bathrooms, which can be
modelled individually, the construction engineer
prefers to finish the task because of the limited
workspace. The ground floor work is no different from
the previous floors. However, the main difference is
that no waterproofing is required, but concrete screeds
on all ground floor areas will be added before the start
of tiles works.
Table 2 shows all simulation elements’ initial
properties, such as individual task's duration and the
number of crews in each element. The construction
engineers specify the time of each task extracted from
the historical database. A uniform distribution function
for all activities durations was implemented. It is
noteworthy that the contractor measures and records
the productivity of the resources in a daily manner.
However, this study is converted to an hourly rate by
dividing the daily output by eight working hours. In
addition, the waterproof installation and testing are
considered constant because of the project's small
scale, and their values are one day and two days,
respectively.

Figure 2. First-floor project layout

4.

MAINTENANCE PROJECT
PROCESS DESCRIPTION

The modelled maintenance operation is built in
collaboration with the contractor’s construction
engineer. The maintenance operation is split into three
sub-processes: roof floor process, first-floor process,
and the second-floor process. This splitting process is
mainly designed to allow the model to test the
operation under different work start operations. For
example, one floor at a time, two floors at a time, or
three floors at a time scenarios. To achieve the
flexibility to test the project operation under different
work start times scenarios, a resource called “Floor
Access” was created in the model.
The roof floor is the first to start the maintenance
operation because the preempt element “Get Roof
Floor Access”, as shown in Fig. 3, is a higher priority
than the same element in the first and ground floors
sub-processes. Once the floor access is granted, the
generated element “Generate 116 m2” will generate the
total area of the roof, 116 m2. The 116 m2 will undergo
six significant activities, which are:
1. Breaking roof tiles
2. Transporting and dumping the construction
waste through waste dump tube
3. Cleaning the roof to prepare for the
waterproofing
4. Waterproofing
5. Waterproof testing
6. Heat boards and tiles insulation.

5. DISCUSSION OF RESULTS
The maintenance project was tested under different
testing scenarios. In the first scenario, the contractor
has only one-floor access. The contractor shall perform
the maintenance activities sequentially, starting from
the roof and ending at the ground.
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Table. 2. Simulation processes and their initial parameters
Floor
Process
Time (min)

First
floor

Ground
floor

Uniform (19.5, 24)
4
480 min (one day work)
480 min (one day work)
2880 min (left for six
days)
Uniform (19.5, 24)
Uniform (12,16)
4
480 min (one day work)
1440 min
2880 min (left for six
days)

60

Uniform (30,40)

55

Uniform (12,16)

Duration (d)

Roof
floor

Breaking 1 m2 of roof
tiles
Transporting every 4 m2
broken roof tiles to
dump pipe
Cleaning the roof
Waterproofing the roof
Testing the waterproof
of the roof
Installation of roof tiles
Breaking 1 m2 of roof
tiles
Transporting every 4 m2
broken roof tiles to
dump pipe
Clean all rooms
Waterproofing wet areas
Testing the waterproof
of the roof
Installation of first-floor
tiles
Breaking 1 m2 of
ground floor tiles
Cleaning every 4 m2
Clean all floor
Concrete screed
Installation of ground
floor tiles

tiles installation team is expanded to seven, the project
duration can be reduced to 39 days with no extra
reduction if more tiles installation teams are employed.
Figure 5 shows the simulation model results when
tested under two-floor accesses and a different number
of resources. The original project duration was found
in this case to be equal to 39 days. This means that the
freedom to move from one floor to another has
drastically improved the total project duration. Similar
to the first testing scenario's findings, the increase in
the waterproofing team number does not affect the
project duration. The project duration can be reduced
to 33 days if six tiles breaking teams are employed and
can be reduced to 24 days if eight tiles installation
teams are utilized. It is worth mentioning that the
model is tested by fixing the number of resources of
two teams and changing one team at a time.

4
480 min (one day work)
480 min (one day work)
Uniform (30,40)

50
45
40
35
30

Furthermore, a different number of resources were
applied in this scenario to examine their sensitivity
correlation with the project duration. For example, the
tiles breaking team number of resources were increased
by one resource in each simulation run, and the total
project duration was recorded. Similarly, the total
project duration was recorded when the same steps
were repeated in the waterproofing and tiles
installation teams.
In the second scenario, two roof accesses were
granted to the contractor, which means that the
contractor can work on two floors simultaneously
conditioned by the availability of resources. Similarly,
each type's number was increased by one, and the total
project duration was recorded. The third testing
scenario is similar to the second scenario. The main
difference is that the third scenario allows the
contractor to work on all floors simultaneously and is
conditioned by resources' availability. Also, the
priority of utilizing the resources is given in the
following sequence: the roof floor has the highest
priority, the first floor is the second, and the ground is
placed last.
Figure 4 shows the maintenance total project
duration based on one-floor access and a different
number of resources. The total project duration has
demonstrated a sensitivity to an increase in the number
of resources except for the waterproofing team. This
might be due to the fact that this team is called for a
specific job task during the operation, and its work
duration is generally constant. The original project
duration was 58 days, given only one team is used for
each process. However, it is reduced to 46 days if the
breaking team number is increased to 6, and no more
reduction in the duration can be achieved further. If the

1

3

5

7

9

Number of resources
Project Duration (day) under different number of
breaking team members
Project Duration (day) under different number of
water proofing team members
Project Duration (day) under different number of
tiles installation team members

Figure 4. Project duration based on one-floor access and
under different number of resources scenarios
45

Duration (d)

40
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1
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6

7

8
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10

Number of resources
Project Duration (day) under different number of
breaking team members
Project Duration (day) under different number of
water proofing team members
Project Duration (day) under different number of
tiles installation team members

Figure 5. Project duration based on two-floor accesses and
under different number of resources scenarios.
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Figure 6 shows the third testing scenario results,
which include three floors accesses. The original
project duration in this scenario is 39 days. The project
duration can be reduced to 11 days if nine breaking
teams are employed and 19 days if seven tiles
installation teams are utilized. Similar to the first two
testing scenarios, no effect on the total project duration
is reported despite more waterproofing teams being
employed in the project. In addition to analyzing the
project duration under different floor accesses and a
different number of team numbers, the direct labour
cost was also analyzed. The analysis investigated the
direct labour cost's sensitivity under different floor
accesses and different team numbers. The rate for each
team is given by the contractor and listed in Table 3.
Figure 7 shows the total labour direct cost is given
one-floor access and a different number of teams. The
original total labour cost was OMR 1987, with a total
project duration equal to 58 days. The minimum labour
direct cost under a different number of breaking teams
was OMR 1986. It was achieved by utilizing six
breaking teams and resulted in a total project duration
of 46 days. Using two tiles installation teams and onefloor access further reduced the direct labour cost to
OMR 1864 and the project duration to 44 days.

45
40
Duration (d)

35
30
25
20
15
10
1

2

3

4

5

6

7

8

9

10

Number of resources

Project Duration (day) under different number
of breaking team members
Project Duration (day) under different number
of water proofing team members
Project Duration (day) under different number
of tiles installation team members

Figure 6. Project duration based on three-floor accesses
and under different number of resources
scenarios

Based on the above findings, the contractor
recommended the following to achieve the lowest total
direct cost given the construction works constraints
defined by the client:

Table. 3. Maintenance teams rates.

- One-floor access optimum: use two tiles,
installation teams.
- Two floors access: use three tiles installation
accesses.
- Three floors access: use seven tiles, installation
teams.

Price rate
(OMR/h)

Mosaic tiles breaking (roof tiles)
Tiles breaking
Mosaic tiles installation (roof tiles)
Tiles installation

5
5
3.375
4.375

Waterproof operation

12

Total labour cost (OMR)

Figure 8 shows the direct labour cost given twofloor access and under a different number of breaking
and tiles installation teams. Like the previous testing
scenario, employing six breaking teams will provide
the minimum cost, OMR 1982, and allow the project to
finish in 33 days. However, the project duration can be
further reduced to 28 days with the exact cost if three
tiles installation teams are utilized.
Figure 9 shows the total labour direct cost given
three-floor accesses and under different teams
numbers. The minimum labour cost can be reduced to
OMR 847 from OMR 1991 if ten breaking teams are
utilized, and it will allow the project to finish in 19
days. On the other hand, assigning seven tiles
installation teams will result in a labour direct cost
equal to OMR 1631 and allow the project to finish in
19 days.

Maintenance activity
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1600
1
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9 10

Number of resources
Total labour cost under different breaking team
number
Total labour cost under different tiles
installation team number
Figure 7. Total labour cost under different number of
resources given one-floor access.
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Employing nine tiles breaking teams and allowing the
contractor to work on all floors simultaneously can
further reduce the total project duration. The total
labour direct cost was also analyzed to select the
optimum project duration. The analysis that using two
tiles installation teams and given one-floor access will
produce the optimum cost. Three tiles installation
teams are the best selection for two-floor accesses, and
seven tiles installation teams’ selection is best for three
floors. The project considered direct labour cost;
however, the indirect cost may also influence the
sensitivity analysis. Also, the time and cost analyses
were performed independently from each other.
Therefore, the future direction for the project is to
perform a time-cost tradeoff analysis.
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6. CONCLUSION
A maintenance project located in Al Khod was
modelled using discrete event simulation. The model
was built using the Simphony simulation environment.
The simulation model was built using input given by
the construction engineer of the maintenance project.
The project was tested under different resource
configurations, including floor accesses, other tiles
breaking and tiles installation teams, and a different
number of waterproofing teams. The total project
duration was 58 days, given one resource in each
resources category. It was found that the project
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two floors access are available to the contractor.
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INVESTIGATION OF NOISE EXPOSURES, PERCEPTION, AND HEALTH
EFFECTS IN DIFFERENT MICROENVIRONMENTS IN A UNIVERSITY
COMMUNITY
Patrick Amoatey1*, Issa Al-Harthy 1, Khalifa Al-Jabri 1, Abdullah Al-Mamun1, and Mahad
Said Baawain2
1
Department of Civil and Architectural Engineering, College of Engineering, Sultan Qaboos
University, Muscat, Oman.
2
Ministry of Labour, Muscat, Oman
ABSTRACT: This study aims to assess noise levels in selected outdoor and indoor microenvironments in a
University community in Oman. The perception of noise levels within the Sultan Qaboos University campus was
investigated through a survey study. Also, the effect of exposed noise levels on annoyance and sleep disturbance
were predicted including their potential risk on cardiovascular health. Among all the measured parameters, it was
found that outdoor (41.6%-50%) and indoor (38.5%-46.2%) microenvironments have exceeded the critical levels
of 55 dB during morning and afternoon periods. The respondents (698 people) identified traffic and indoor
building-related activities as the main sources of noise levels but the majority (44%) of them rated their impact as
low. However, more than 30% of the respondents considered traffic as the main contributor to University noise
levels. The percentage of highly annoyed persons was predicted to be high in outdoor areas especially in the
residential (25%) and near the hospital (13%) areas. However, indoor environments including construction
materials and structures labs (14%) showed similar annoyance rates. Also, the percentage of high sleep disturbed
persons was found higher in residential areas (7.4%) areas compared to hospital areas (5.3%) locations. The study
concluded that there might be an association between the exposed noise levels and the risk of developing
cardiovascular diseases. This is the first study that has provided a high spatial variability noise exposure levels
across a University environment in Oman, this will contribute to designing future sustainable mitigation strategies
to improve the health and well-being of the exposed population. The study has provided a baseline knowledge
needed for future epidemiological studies.
Keywords: Noise levels; annoyance; sleep disturbance; health effects; University campus; Oman.

 واﻵﺛﺎر اﻟﺼﺤﯿﺔ اﻟﻨﺎﺗﺠﺔ ﻋﻨﮫ ﺑﺒﯿﺌﺎت داﺧﻠﯿﺔ وﺧﺎرﺟﯿﺔ ﻓﻲ ﺣﺮم،دراﺳﺔ ﺗﺄﺛﯿﺮ اﻟﻀﻮﺿﺎء ﻋﻠﻰ اﻻدراك
ﺟﺎﻣﻌﻲ
 ﻣﺤﺎد ﺑﺎﻋﻮﯾﻦ، ﻋﺒﺪ� اﻟﻤﺄﻣﻮن، ﺧﻠﯿﻔﺔ اﻟﺠﺎﺑﺮي،* ﻋﯿﺴﻰ اﻟﺤﺎرﺛﻲ،ﺑﺎﺗﺮﯾﻚ أﻣﻮاﺗﻲ
 وﻟﺘﺤﻘﯿﻖ. ﺗﮭﺪف ھﺬه اﻟﺪراﺳﺔ إﻟﻰ دراﺳﺔ ﺗﺄﺛﯿﺮ ﻣﺴﺘﻮﯾﺎت اﻟﻀﻮﺿﺎء ﻓﻲ ﺑﯿﺌﺎت داﺧﻠﯿﺔ وﺧﺎرﺟﯿﺔ ﻓﻲ ﺣﺮم ﺟﺎﻣﻌﺔ اﻟﺴﻠﻄﺎن ﻗﺎﺑﻮس:اﻟﻤﻠﺨﺺ
 ﻛﻤﺎ ﺗﻢ اﻟﺘﻨﺒﺆ ﺑﺘﺄﺛﯿﺮ ﻣﺴﺘﻮﯾﺎت اﻟﻀﻮﺿﺎء ﻋﻠﻰ اﻻﻧﺰﻋﺎج واﺿﻄﺮاب، ﺗﻢ اﺳﺘﺨﺪام ﻧﻈﺎم اﻻﺳﺘﺒﯿﺎن ﻻﺳﺘﻘﺼﺎء رأي اﻟﻤﺠﺘﻤﻊ اﻟﺠﺎﻣﻌﻲ،أھﺪاﻓﮭﺎ
 ﺣﻮاﻟﻲ، و أظﮭﺮت اﻟﻨﺘﺎﺋﺞ أن ﻣﻦ ﺑﯿﻦ ﺟﻤﯿﻊ اﻟﻌﻮاﻣﻞ اﻟﺘﻲ ﺗﻢ ﻗﯿﺎﺳﮭﺎ.اﻟﻨﻮم وﻣﺨﺎطﺮھﻤﺎ اﻟﻤﺤﺘﻤﻠﺔ ﻋﻠﻰ ﺻﺤﺔ اﻟﻘﻠﺐ واﻷوﻋﯿﺔ اﻟﺪﻣﻮﯾﺔ
( ﻓﻲ اﻟﺒﯿﺌﺎت اﻟﺪاﺧﻠﯿﺔ ﻗﺪ ﺗﺠﺎوزت اﻟﺤﺪود اﻟﻤﺴﻤﻮﺣﺔ٪46.2 و٪38.5)( ﻣﻦ ﻣﺴﺘﻮﯾﺎت اﻟﻀﻮﺿﺎء ﻓﻲ اﻟﺒﯿﺌﺎت اﻟﺨﺎرﺟﯿﺔ و٪50 و٪41.6)
ﺼﺎ( اﻷﻧﺸﻄﺔ اﻟﻤﺘﻌﻠﻘﺔ ﺑﺤﺮﻛﺔ اﻟﻤﺮور واﻟﻤﺒﺎﻧﻲ
ً  ﺷﺨ698)  ﺣﺪد اﻟﻤﺸﺎرﻛﻮن. دﯾﺴﯿﺒﻞ( ﻓﻲ أوﻗﺎت اﻟﺼﺒﺎح وﺑﻌﺪ اﻟﻈﮭﺮ55) ﻟﻠﻀﻮﺿﺎء ﻋﺎﻟﻤﯿﺎ
(٪30)  ﻓﺈن أﻛﺜﺮ ﻣﻦ، وﻣﻊ ذﻟﻚ.(٪44) اﻟﺪاﺧﻠﯿﺔ ﻛﻤﺼﺎدر رﺋﯿﺴﯿﺔ ﻟﻤﺴﺘﻮﯾﺎت اﻟﻀﻮﺿﺎء وﻟﻜﻦ ﺗﻢ ﺗﺼﻨﯿﻒ ﺗﺄﺛﯿﺮھﺎ ﻣﻨﺨﻔﺾ ﻣﻦ ﻗﺒﻞ اﻟﻐﺎﻟﺒﯿﺔ
 وﺑﯿﻨﺖ اﻟﺪراﺳﺔ ﻛﺬﻟﻚ أن ﻧﺴﺒﺔ.ﻣﻦ اﻟﻤﺸﺎرﻛﯿﻦ ﯾﺮون أن ﺣﺮﻛﺔ اﻟﻤﺮور ھﻲ اﻟﺴﺒﺐ اﻟﺮﺋﯿﺴﻲ ﻟﺮﻓﻊ ﻣﺴﺘﻮﯾﺎت اﻟﻀﻮﺿﺎء ﻓﻲ اﻟﺠﺎﻣﻌﺔ
 وﺧﺎﺻﺔ ﻓﻲ اﻟﻤﻨﺎطﻖ اﻟﺴﻜﻨﯿﺔ )ﻧﺴﺒﺔ اﻻﻧﺰﻋﺎج،اﻷﺷﺨﺎص اﻟﺬﯾﻦ ﯾﻌﺎﻧﻮن ﻣﻦ اﻧﺰﻋﺎج ﺷﺪﯾﺪ ﻛﺎﻧﺖ ﻣﺮﺗﻔﻌﺔ ﺑﺸﻜﻞ ﻋﺎم ﻓﻲ اﻟﺒﯿﺌﺎت اﻟﺨﺎرﺟﯿﺔ
 ﻓﻘﺪ أظﮭﺮت ﻣﻌﺎﻣﻞ ﻣﻮاد، اﻣﺎ ﻓﯿﻤﺎ ﯾﺘﻌﻠﻖ ﺑﺎﻟﺒﯿﺌﺎت اﻟﺪاﺧﻠﯿﺔ.(٪13 = ( وﺑﺎﻟﻘﺮب ﻣﺴﺘﺸﻔﻰ اﻟﺠﺎﻣﻌﺔ )ﻧﺴﺒﺔ اﻻﻧﺰﻋﺎج اﻟﺸﺪﯾﺪ٪25 =اﻟﺸﺪﯾﺪ
 ﻟﺪى ﺑﻌﺾ اﻟﻤﺸﺎرﻛﯿﻦ ﻓﻲ-  ﻛﻤﺎ وﺟﺪ أن اﺿﻄﺮاب اﻟﻨﻮم.(٪14 = اﻟﺒﻨﺎء واﻻﻧﺸﺎءات ﻧﺴﺐ ﻣﻤﺎﺛﻠﺔ ﻣﻦ اﻟﻨﺘﺎﺋﺞ )ﻧﺴﺒﺔ اﻻﻧﺰﻋﺎج اﻟﺸﺪﯾﺪ
 وﻗﺪ ﺧﻠﺼﺖ اﻟﺪراﺳﺔ اﻟﻰ أﻧﮫ ﻗﺪ ﯾﻜﻮن ھﻨﺎك.(٪5.3) ( ﺑﺎﻟﻤﻘﺎرﻧﺔ ﻣﻊ اﻟﻤﺴﺘﺸﻔﻰ اﻟﺠﺎﻣﻌﻲ٪7.4)  ﻣﺮﺗﻔﻌﺔ ﻓﻲ اﻟﻤﻨﺎطﻖ اﻟﺴﻜﻨﯿﺔ- اﻟﺪراﺳﺔ
( واﻟﻤﺴﺘﺸﻔﻰ1.11 = ارﺗﺒﺎطﺎ ﺑﯿﻦ ﻣﺴﺘﻮﯾﺎت اﻟﻀﻮﺿﺎء وﺣﺪوث أﻣﺮاض اﻟﻘﻠﺐ واﻷوﻋﯿﺔ اﻟﺪﻣﻮﯾﺔ ﻓﻲ اﻟﻤﻨﺎطﻖ اﻟﺴﻜﻨﯿﺔ )اﻟﻨﺴﺐ اﻟﻔﺮدﯾﺔ
.(1.02 = اﻟﺠﺎﻣﻌﻲ )اﻟﻨﺴﺐ اﻟﻔﺮدﯾﺔ
. ﻣﺴﺘﻮﯾﺎت اﻟﻀﺠﯿﺞ؛ إزﻋﺎج؛ اﺿﻄﺮاب اﻟﻨﻮم؛ آﺛﺎر ﺻﺤﯿﺔ؛ ﺣﺮم اﻟﺠﺎﻣﻌﮫ؛ ﺳﻠﻄﻨﺔ ﻋﻤﺎن:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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(RR=1.62), hyperactivity (RR=1.69), and emotional
symptoms (RR=1.69) among the students. In Spain,
Díaz et al. (2020) observed that an increase in 1 dBA
of traffic noise with median Leqday levels of 61.9 dBA
was associated with emergency hospital admissions
from anxiety and depression. A cohort study involving
a total of 52,758 residents was conducted across two
major cities (Aarhus and Copenhagen) in Denmark to
determine how road traffic noise exposures affect
cardiovascular health among the population (Thacher
et al. 2020). It was estimated that, per increase in noise
levels at the interquartile range of 10 dBA, there was
an increase in the risk of incidence of stroke with a
hazard ratio of 1.11, and 1.06 for ischemic heart
diseases, and 1.13 for cardiovascular diseases among
the exposed population (Thacher et al. 2020). There is
also evidence from recent studies that multi-pollutants
exposures including noise and air pollutants could
result in several health impacts including the effect on
mental health performance levels (Klompmaker et al.
2019), childhood obesity (Bloemsma et al. 2019), and
stillbirth (Smith et al. 2020). Over the recent years,
noise pollution was recognized as one of the serious
public health concerns in schools including health care
environments as they could have profound effects on
the quality of learning and exacerbate the health
conditions of patients, especially those with underlying
chronic health conditions (Al-Dorzi et al. 2020; AlKhanjari et al. 2014).
A noise exposure study involving monitoring of
more than 34 different locations across a University
campus in Nigeria showed daily noise levels ranging
from 42 to 97 dB. It was concluded that these high
noise levels were attributed mostly to high road traffic,
the existence of several car parks, and commercial
activities occurring in closer proximity to the
University campus (Okolie et al. 2020). This is deemed
as a major occupational risk factor to cause noise to
induce hearing loss problems to University staff, and
students who spend most of their time in such
environments. It was found in Kuwait that a maximum
8-hour noise exposure level of more than 100 dBA in a
school environment was greater than the recommended
National Institute of Occupational Safety and Health
standard of 90 dBA (Yassin et al. 2016). The study
found that 38%, 63%, and 30% of the teachers have
complained about poor sleep quality, vocal problems
due to excessive shouting during teaching as a result of
high background outdoor noise levels, and headache
problems, respectively. In Qatar, Shaaban and
Abouzaid (2021) reported a positive association
between traffic volume and noise levels of 61-72 dBA
near school environments during the daytime which
was higher than Qatar and WHO (1999) permissible
limit of 55 dBA. According to Caviola et al. (2021),
noise can have a long-term effect on mathematics
performance levels of school-age children as result of
listening difficulties caused by frequent exposure to
environmental noise. However, as the child grows,
these cognitive effects can reduce significantly.

NOMENCLATURE
CVD
dB
dBA
IMEs
IPD
OMEs
OR
SLM
SQU
SQUH
WHO
%HA
%HSD

Cardiovascular disease
Decibel
Decibel average
Indoor microenvironments
In-patients department
Outdoor microenvironments
Odds ratios
Sound level meter
Sultan Qaboos University
Sultan Qaboos University Hospital
World Health Organization
Percentage of highly annoyed
Percentage of high sleep disturbed

1. INTRODUCTION
According to the World Health Organization (WHO),
community noise exposure is one of the serious
environmental health problems facing the general
population especially among the vulnerable group
(WHO 1999). This is attributed to the diverse sources
of these noise levels including traffic, railways,
industries, and the nearby neighbourhoods, thereby
making it difficult to control (Al-Mansour 2006; Liu et
al. 2017; Sieber et al. 2018). Also, indoor activities in
construction, religious and recreational areas were
recognized as another source of noise pollution (Ali
2013; Pierrette et al. 2012; Ramazani et al. 2018). The
health impacts of noise may be exacerbated especially
in microenvironments such as schools and hospitals
where the population (i.e. students, staff, patients)
spend a substantial amount of time (i.e. average of 7 12 hours) (Rogers et al. 2004). In the case of health
facilities, in-patients could spend > 90% of their time
(> 100 hours) in indoor environments especially in
hospital wards (Amoatey et al. 2018; Henshall et al.
2018; UPSO 2017). Thus, considering the longer
durations and high frequency of noise exposures from
multiple sources, it is therefore expected that its
adverse health impact and annoyance levels may
worsen (Al Harthy 2006; Kamal et al. 2020). In a
systematic review study involving more than 5 million
subjects, an association was observed between
residential noise exposures (median noise levels of
56.7 dBA) and an increase in the risk of hypertension
among the adult population (Dzhambov and Dimitrova
2018). Similar studies have also reported an increase in
diabetes mellitus (Zare Sakhvidi et al. 2018), blood
pressure in children (Dzhambov and Dimitrova 2017),
and arterial stiffness (Foraster et al. 2017) due to
community noise exposures.
The health effect of noise levels from multiple
sources including traffic, aircraft, railways,
neighbourhood,
sports
facilities,
construction
activities, and hospitality industries was investigated
(Dreger et al. 2015) among a total of 1,185 school
children in Germany by estimating their relative risks
(RR). The study found a risk of incidence of mental
health problems (e.g. inability to conduct themselves
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Therefore, it has been recommended that application of
effective mitigation measures including the use of
acoustic barriers, and growing of vegetation near
buildings can improve the learning performances of
school children (Margaritis et al. 2018; Ow and Ghosh
2017; Umbas et al. 2021).
Most arid Middle East countries including, Oman
have a high outdoor temperature (> 30ºC) and humidity
(> 90%) levels especially during the summer seasons.
Therefore, to reduce exposure to such harsh
environmental conditions, many road networks have
been constructed to ease the transportation of people to
their residences, schools, hospitals, and shopping
malls. However, the presence of these road networks
could also serve as potential sources of community
noise levels. Also, due to the limited public
transportation systems in these countries, there has
been an increase in the number of private vehicle users,
and this could potentially increase community noise
levels (Abdul-Wahab and Fadlallah 2014). To date,
there are limited studies assessing noise levels and the
potential adverse health effects in most schools,
academic institutions, and hospital facilities in Oman.
Therefore, the objective of this study is to conduct a
comprehensive assessment of indoor and out exposure
levels noise levels in different microenvironments of a
University community in Oman. The annoyance and
health impact assessment of the noise levels was
evaluated using both social survey and dose-response
model. It is expected that this study will provide
valuable datasets for future community noise
mitigation policies and also as a model for similar
studies across the globe.

public transportation systems in Oman, most of the
staff and students use private vehicles thereby
increasing road traffic volumes in the university and
consequently causing environmental problems (noise
and air pollution). It is estimated that the average
number of vehicles entering the SQU community is
about ˃16,000 per day (Abdul-Wahab and Fadlallah
2014). This high influx of vehicles during the day is
deemed as a major source of environmental noise
exposure.
Study Population
The overall estimated number of exposed population in
the SQU community is 58,997 people consisting of
students, administrative staff, academic staff, hospital
staff. Out of this, the majority are within SQUH
(31,987 people) with hospital in-patient population
contributing to the highest number of people within the
SQU community (UPSO 2017). The large population
size of these vulnerable groups shows that potential
noise levels near and within the SQUH area are an
important public health concern. The high number of
undergraduates (66.3%) in the SQU campus also
indicates how excessive noise levels may cause
difficulties in learning and cognitive performance
levels among them (Woolner and Hall 2010). Table 1
shows a detailed breakdown of the proportion of
different population categories found within the SQU
community.
Noise Assessment Areas
To accurately assess noise levels in areas where the
majority of people spend most of their time and also
take into consideration the closer proximity to
roads/streets to these areas,
noise levels were
measured across residential facilities, student
apartments, lecture theatres, libraries, and in-patients
department (IPD) within the SQU community. In
addition, to better understand the noise exposure levels,
the 25 measurements were taken from both indoor and
outdoor
locations
across
twenty-five
(25)
microenvironments within the SQU community within
two months (Febuary and April 2018) duration. The
detailed description of all the measured noise points
and their corresponding locations are shown in Table 2
and Figure 1, respectively. The noise level in each of
the locations was measured three times daily: morning
(7:30-8:00 am), noon(1:00-2:00 pm), and evening
(6:00-8:00 pm) time.

2. RESEARCH METHODOLOGY
Study Area
The study was carried out within Sultan Qaboos
University (SQU) and
SQU Hospital (SQUH)
communities in Muscat (23° 36' 51.5808 ''N, 58° 32'
43.0224'' E), the capital city of Oman (Amoatey et al.
2020).SQU is the oldest and the largest University in
the country. The rapid growth of the University
community was partly due to an increase in the number
of residential buildings as most female students are
offered on-campus accommodation throughout their
entire study duration. Also, since SQU does not
currently have any other campuses, there has been an
increase in the density of students, staff population, and
residential buildings over the years. Currently, SQU
has a total of nine (9) colleges, 1 teaching hospital
(SQUH) and thirteen (13) research centres, which are
involved in providing teaching, research, and
consultancy services at both local and international
levels. Figure 1 illustrates the map of Muscat and an
aerial view of SQU. SQU community has one of the
effective on-campus transportation systems with
several buses transporting students within and outside
the University campus. In addition, due to limited

Noise measurements
At each of the 25 microenvironments (Figure 1), noise
levels were measured with a sound level meter (SLM)
(EXTECH®, Model HD 600) installed on a triploid
stand at a height of 1.6 meters (EXTECH 2015). SLM
was equipped with a high precision microphone
(electret condenser) with a precision of ± 1.4 dB and
could measure sound pressure levels within a specified
minimum (30 dB) and maximum (130 dB) range at the
highest frequency of 8 kHz (Chew and Wu 2016).
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The SLM used in this study was certified by
International Electrotechnical Commission (IEC) as
Class II and American National Standards Institute
(ANI) as a Type II noise measurement instrument
(Zaw et al. 2020). In-house calibration was done on
SLM before and after monitoring each selected
location and the instrument was operated continuously
for 1 min as start-up time. The device was controlled to
measure a resolution of 10 seconds continuously for 3
minutes where the readings of the noise were
automatically recorded and saved in the device
memory. In each location (L1-L25), measurements
were taken 2 times. At the end of each measurement,
the average weighted noise value (LAeq) was
considered as a representative noise level.

Figure 1. Location of Muscat and the measured
microenvironments in the SQU community.
Table 1. A detailed description of sub-population data of
SQU community, Source: UPSO (2017).
(A) SQU
Undergraduates
Postgraduates
SQU Teaching staff
SQUH Staff
Total
(B) SQUH
Medical Doctors
Nursing Staff
Technical Staff
Administrative Staff
Total
(C) Number of In-Patients

(N)
15,878
1,652
3,364
3,058
23952
(N)
454
1,371
579
654
3058
31,987

The Social Survey
SQU community noise perception levels were assessed
across all the university populations including students,
academic staff, and administrative personnel. Based on
the total number of the SQU population n= 58,997 and
considering a sample error of 5% at a 95% confidence
interval, a sample size of 852 people was estimated
(Paiva et al. 2019). The questionnaires were designed
using google Forms in both Arabic and English. The
questionnaires were distributed to the respondents
through the SQU email system to the target
respondents. A 4-point Likert scale was used to assess
the respondent's perception about the degree of sources
of noise levels for both the selected indoor and outdoor
microenvironments (Table 2). When the question of
"How would you rate each of the following; Trucks,
Buses, Traffic Horns, Speed Vehicles, Aircraft as
sources of outdoor noise in SQU, responses were
evaluated by using simple metrics such as "very high",
"high", "low " and " very low”. A similar question was
also asked about the perception about the degree of
potential sources of indoor noise levels in the
University community. Respondents were asked “
What is the degree of noise levels from Air
Conditioning, Laboratory Instruments, Vacuum
Cleaners, and Maintenance Activities in indoor
environments in SQU”. These questions were also
evaluated by using the same 4-scale points responses
such as "very high", "high", "low " and " very low”.

(%)
66.3
6.9
14.0
12.8
100.0
(%)
14.8
44.8
18.9
21.4
100.00

Table 2. Detailed all measured noise locations within SQU
community.
Indoor microenvironments
L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12
L13

College of Science: Corridors
College of Science: Computer labs
College of Science: Chemical labs
Classrooms corridors block (A)
Classrooms at Block (A)
Conference Hall
Exhibition Hall
Classrooms at Block ( E )
Block (E) Corridors
Inside the main Library
Civil Engineering Construction lab
Civil Engineering Computer lab
Student Service area
Outdoor microenvironments

L14
L15
L16
L17
L18
L19
L20
L21
L22
L23
L24
L25

Road opposite to the College of Science
Road opposite to the Block (A)
Road opposite to the Building (C)
Out of Conference Hall
Botanical garden
The road between the Mosque and the
College of Economy and Political Science
Around Block (E)
Around the Cultural Center
Al Andalus Garden
Around the SQU Hospital
SQU Residential Area
Main Entrance

Health Impact Assessment
In this study, the percentage of highly annoyed (%HA)
and high sleep disturbed (%HSD) persons were
quantified
using
exposure-response
models
recommended by WHO (2011). These models were
developed based on the results of a meta-analysis from
several epidemiological studies conducted across the
globe. The %HA model Eqn. (1) was based on Lden and
noise exposure levels ≥ 45 dB and ≤ 75 dB, noise
levels that do not fall within these ranges were
excluded due to the risk associated with limited very
high, and low noise data. Also, %HSD dose-response
model was developed as a function of Lnight noise
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exposure levels Eqn. (2) and was based on noise data
within the range of 45-65 dBA only due to high levels
uncertainties associated with noise levels that do not
fall within these defined ranges (WHO 2011).
In addition, the association between exposure to
noise levels and incidence of cardiovascular disease
(CVD) was determined using the odds ratio (OR)
estimates as indicated by Eqn.3. This model was
developed from studies where day (Lday) noise levels
were limited to 55-80 dBA (WHO 2011). The above
health impact assessments were focused on the
population living near SQU residential and SQUH
areas due to the longer durations people spend in these
areas at night times (Table 2).

(L14-L25) outdoor microenvironments (OMEs)
consisting of near roads, around staff residential
apartments, SQU hospital areas, gardens, and forecourt
of buildings were considered. This is due to the
presence of several road networks around these
locations which are deemed as one of the main sources
of community noise levels. During the morning and
daytime, the noise levels near the majority of the roads
(L14= 59.6 and 61.2 dB, L16= 61.8 and 56 dB) within
the University were high, this was similar to the
evening noise levels observed near the various roads
(i.e L14 and L16) as indicated in Table 4. However,
near the hospital (L23= 67.9 and 60.4 dB), residential
apartments (L24= 62.3 and 67.8 dB) and the University
entrance (L25 = 64.5 and 62.8 dB) areas showed the
highest noise levels during the morning and day times
(Table 4). All these locations have exceeded the
WHO’s limits of 55 dB indicating that noise levels
from road sources and around most residential
locations including hospital areas pose serious
environmental health concerns to the University
community. The study also found that the majority of
the noise levels during the evening times were very
low, and were found below the thresholds limits (Table
4). While noise level was high in the aforementioned
areas, most of the remaining OMEs including L17,
L18, L19, L21, and L22 had very low noise levels and
were found acceptable per WHO limits with average
noise pressure levels across all the OMSEs slightly
beyond the WHO limits of 55 dB.

%HA = 9.868*10-4 (Lden-42)3 – 1.436*10-2 (Lden-42)2
(1)
+ 0.5118 (Lden-42)
%HSD = 20.8 -1.05 (Lnight) + 0.01486 (Lnight)2

(2)

CVDOR = 1.63-0.000613* (Lday)2 + 0.00000736*(Lday)3
(3)
where, Lden = Lday +2.3 dB, and Lnight = Levening - 4.4 dB
according to conversion formulae developed by Brink
et al. (2017).

3. RESULTS
Measured Noise Levels in Indoor microenvironments
The study assessed environmental noise exposure
levels within the SQU community by focusing on
indoor microenvironments (IMEs) considering the
longer durations spent by the students and staff. As
detailed in Table 2, IMEs (L1-L13) include
laboratories, classrooms, libraries, and enclosed
corridors. Table 3 indicates all the measured noise
levels observed across the selected IMEs in SQU for
the morning, day, and evening times. Out of the
thirteen (13) selected IMEs (L1-L13), both morning
and daytime noise levels in most laboratories (L3 = 57
and 56.7dB, L11= 62.9 and 61.2 dB) exceeded the
WHO critical limits of 55 dBA (Table 3). Similarly,
noise produced in building corridors (L4 = 58.8 and
57.1dB) and student services buildings (L13 = 57.3 and
58.1dB) were also observed to be high. Overall, all the
measured IME noise levels at evening times satisfied
the WHO's threshold of 55 dB compared to
morning/day times (Table 3). The lower noise levels at
the latter are due to the closure of university activities
such as lectures, laboratories, and student services.
Overall, the average noise levels of all IMEs for the
morning (53.8 dB), noon (54.9 dB), and evening (42.6
dB) durations were very low compared to WHO's
acceptable threshold limits (55 dB).

Perception of Noise Exposures
A total of 698 individuals participated in the online
noise survey, representing a response rate of 82% when
compared to the estimated sample size of 852 people.
Table 5 indicates a brief socio-demographic profile and
respondent perception about sources of noise within
SQU. In this study, the age range of the respondents
who took part in the survey was within 18-65 years.
The study found that majority of respondents were
males (58.4%), students (73.5%) with about 25.9%
representing employees/staff (Table 5). Regarding
perception about outdoor noise levels within the SQU
community, an average of 29.8% are of the view that
noise levels from traffic-related activities are high
while 35.8% considered it to be low. Out of these, the
sources of noise levels due to both car speeding
(33.8%) and intercampus bus activities (30.6%)
including traffic horning (26.8%) were reported to be
high and very high, respectively (Table 5).
Contrastingly, the majority of the interviewees agreed
that the contribution of noise from aircraft (35.3%) and
buses (43.1%) within the SQU community was low as
provided in Table 5. Regarding noise levels from
indoor environments, 27% and 23.7% of the
respondents reported that indoor noise levels from
maintenance and vacuum cleaners’ activities,
respectively are high. However, noise generated as a
result of the operation of laboratory equipment (49.9%)
was found to be low and that of air conditions (30.6%)
was very low.

Measured Noise Levels in Outdoor Microenvironments
The study also estimated the outdoor noise exposure
levels with the University community. Twelve selected
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High Annoyed Persons
Results of %HA persons due to noise exposures within
the two main microenvironments (IMEs and OMEs)
using WHO’s exposure-response relationships are
shown in Figures 2 and 3. Overall, the highest %HA
persons were found in OMEs compared to IMEs which
may be attributed to high noise levels produced by road
traffic. In IMEs, the highest %HA persons were mostly
in exhibition areas (L9 =15%), construction materials
and structures laboratories (L11=14%), and student
service centres (L13 =11%). Interestingly, in
microenvironments that require sedentary activities
and which subsequently tend to produce low noise
levels, especially in computer laboratory (L12), and
library (L10), the lowest %HA persons were 4% and
5%, respectively. For OMEs, residential areas (L24
=25%) and near the University entrance (L25=16%)
which serve as main hotspots of vehicular noise
revealed the highest %HA persons. This was followed
by the hospital (L23 =13%) and near other individual
road networks (L14 = 14%, L15=12%) linking to the
various SQU facilities. The study found that most
OMEs especially L21 (3.3%), L18 (3.8%), L19 (3.8%)
showed the lowest %HA persons compared to several
IMEs as illustrated in Figures 2 and 3.

30.0

%HA

20.0

14.1 14.2

%HA

10.0
5.0

9.4 9.8
5.7 6.0

6.1

8.5 8.2 7.3

4.7

15.0
10.0

14.2
11.9
8.5

13.2
6.7

5.0
0.0

3.8 3.8

6.9

16.3

3.3 4.4

L14L15L16L17L18L19L20L21L22L23L24L25
Locations of Outdoor microenvironments

Figure 3. Percentage of highly annoyed (%HA) persons in
the outdoor microenvironments.
Table 3.
Code
L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12
L13
Average

Sleep Disturbance and Cardiovascular Disease
As indicated in Table 6, the %HDS persons were
estimated using WHO’s exposure-response model in
some specific OMEs such as near the hospital (L23)
and residential areas (L24) of the University. The
assessment of %HDS persons was limited to only L23
and L24 since they serve as homes for the university
staff/students and hospitalization of patients (i.e IPD
capacity is about 31,436 patients) (Table 1). The
developed model revealed that %HDS persons were
7.4% and 5.32%, for L24 and L23, respectively. The
%HDS person estimates were consistent with the
measured noise levels observed in L24 (58.4 dB) and
L23 (54.1) during the evening times. The association
between noise exposures and the incidence of
cardiovascular diseases was also determined based on
WHO's exposure-response model (Table 6). The odds
ratio (OR) estimates from the model showed that the
current noise levels at L24 may be associated with the
incidence of cardiovascular diseases with an OR of
1.11. However, in the case of L23 (OR = 1.02), the
exposure may not show an association with the
incidence of cardiovascular diseases (Table 6).
15.0

24.9

25.0

a

Measured noise levels at different indoor
microenvironments (IMEs)
a LAeq (dB)
Morning
50.3
51.2
57.0
58.8
54.2
48.1
56.0
52.7
52.9
48.3
62.9
49.8
57.3
53.8

Noon
51.6
52.1
56.7
57.1
52.3
55.6
55.0
54.1
61.1
49.8
61.2
48.6
58.1
54.9

Evening
42.5
39.2
46.8
38.8
43.3
41.9
38.6
46.9
46.8
37.8
38.6
46
46.9
42.6

The italicized noise levels exceeded the WHO limits of 55
dB

Table 4. Measured noise levels at different outdoor
microenvironments (OMEs).
a LAeq (dB)
Code
L14
L15
L16
L17
L18
L19
L20
L21
L22
L23
L24
L25
Average

10.7

4.1

L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12
L13

0.0
Locations of indoor microenvironments

a

Morning

Noon

Evening

59.6
52.6
61.8
47.0
48.3
50.0
51.6
48.5
55.0
67.9
62.3
64.5

61.2
59.3
56.0
53.2
48.0
48.0
53.4
46.9
49.2
60.4
67.8
62.8

56.3
56.3
49.0
42.1
44.0
45.0
46.2
47.6
43.9
54.1
58.4
50.9

56.0

56.0

49.5

The italicized noise levels exceeded the WHO limits of 55
dB
bItalics indicates values above the WHO limits

Figure 2. Percentage of highly annoyed (%HA) persons in
the indoor microenvironments.
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Table 5. Respondents profiles, outdoor and indoor noise
perceptions.
Number Percentage
Indicators
(n)
(%)
Gender
Male
408
58.4
Female
290
41.6
Total
698
100
Exposed
groups
Students
513
73.5
Employees
181
25.9
Other
residents
4
0.6
Total
698
100
Perception
of noise
A. Outdoor
Responses
Very
Traffic
Very
Low
low
high (%)
High (%)
(%)
(%)
Trucks
19.3
31.9
36
12.8
Buses
15.1
30.6
43.1
11.2
Traffic
Horns
26.8
29.4
30.5
13.4
Speed of
Vehicles
21
33.8
34.1
11.2
Aircraft
21
23.3
35.3
20.3
Average
20.64
29.8
35.8 13.78
B. Indoor
Responses
Very
Very
Low
low
High (%)
(%)
(%)
None-traffic high (%)
Air
10.8
21
37.6
30.6
Conditioning
Lab
6.4
19.5
49.9
24.3
instruments
Vacuum
11.4
23.7
39.5
25.4
cleaners
Maintenance
22.6
27
36.8
13.6
activities
Average
12.22
22.3
41.46 24.06

community. A similar study carried out on a University
campus in Brazil also reported that more than 80% of
the measured noise points exceeding the recommended
limits (Zannin et al. 2013). Another noise exposure
level exceeding 76 dB was observed following oneweek continuous monitoring of noise in the University
of Jos, Nigeria. The exceedance of about excees 21dB
of noise level compared to WHO’s limit of 55 dB
shows that noise is an important public health problem
that requires urgent mitigation measures (Akintunde et
al. 2020). Similar results were also found in a
University campus in Turkey where the average levels
( 62.7 dBA) slightly exceeded the critical limits (Ozer
et al. 2014). The evidence from these studies calls for
urgent needs for effective urban planning and
sustainable land use management policies in schools,
hospitals, and residential areas to manage the burden of
community noise exposures.
To reduce the impact of environmental noise levels
on the general public, it is imperative to employ an
acoustic mapping tool (Zytoon 2016). This approach
could show the dispersion of noise levels across several
locations including sensitive areas such as schools and
hospitals. Thus, a noise map is deemed as an effective
tool for noise pollution management as it could forecast
and give alerts about current and future acoustic
conditions of a particular location thereby safeguarding
the health of the exposed population. Although
community noise is difficult to control due to its
diverse sources (including road traffic, railway,
aircraft, industries, etc), it is, therefore, important to
adhere to the specific noise control guidelines that are
established by WHO to help reduce health impacts
relating to speech interference, sleeping difficulties,
and disruption of tranquil environments (WHO 1999).
In the case of this study, among the evaluated points,
about 38.5% and 46.2% of indoor locations and 41.6%
and 50% for outdoor areas for morning and afternoon
times, respectively exceeded the critical levels of 55
dB. It is therefore important for continuous evaluation
of environment-specific (e.g. laboratories, corridors,
residential apartments) noise exposure levels in
University communities to aid in the reduction of
source-specific noise pollution levels.
The survey study among the SQU community
revealed that noise pollution from traffic (30%) and
indoor activities (22%) was viewed as high, while
about 44% of the respondents considered them as low.
The 80% response rate mostly among students is an
indication that community noise issues were well
received. This is an important indicator for the
successful implementation of future noise mitigation
programs. Thus, environmental regulations that could
reduce vehicle population levels within the SQU
community may substantially reduce noise levels. The
application of indoor building noise abatement
technologies could also reduce noise levels in most
buildings (Garg et al. 2013).
Annoyance and sleeping difficulties due to
community noise exposures have been recognized as

Table 6. Estimates of the percentage of highly disturbed
sleep and the incidence of cardiovascular diseases
from noise exposures.
Microenvironment
%HSD
Odds Ratio (OR)
CVD
Around the SQU
Hospital (L23)
5.32
1.02
SQU Residential
Area (L24)
7.43
1.11

4. DISCUSSION OF RESULTS
The measured noise levels across the different
microenvironments in the SQU community showed
relatively high levels ranging from 56 - 68 dB for both
morning and noon times. Thus on average, closer to
50% of the individual University environments
exceeded the critical levels of 55 dB. The exceedance
of these current noise levels has the potential of
creating acoustic discomfort to the University
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serious environmental health concerns. This is
because, in an academic environment, excessive
annoyance from noise exposures could interfere with
comprehension in learning and cognitive performance
levels of students (Klatte et al. 2015). In University
communities where there are kindergartens, despite
children having well-developed psychophysiological
reaction levels compared to adults, annoyance could
disrupt their communication, reading, singing and can
also affect their sleep (Tesoriere et al. 2018). A study
evaluated students' activity levels and academic
achievements among 336 residence and 450 nonresidence students who have been exposed to > 60.3
dBA (Leq24h) of noise (Onchang and Hawker 2018).
The study concluded that students’ overall grade point
average scores were adversely affected by noise
exposures due to frequent sleeping disturbances,
reading difficulties, and poor cognitive performance
levels compared to off-campus students.
This study found that the %HA persons in the SQU
community were generally high in OMEs especially at
the University residence (%HA = 25%) and hospital
areas (%HA = 13%). In the same locations, sleep
disturbances were highly affected by the former
compared to the latter. However, IMEs in construction
materials and structures laboratories (%HA = 14%)
showed a similar % of high annoyance persons.
Community noise annoyance is attributed to
discomfort, irritation, anxiety, and stress (Di and Xu
2017; Khaiwal et al. 2016; Pohl et al. 2018; WHO
1999), and these effects are also influenced by the
economic and sociodemographic factors of the
exposed population. A study conducted by (Ahmed
and Ali 2017) assessed annoyance levels and hearing
impairment problems in College campuses where
maximum noise levels were in the range of 67-79 dBA.
The findings showed that the majority (80%) of
students have faced some levels of annoyance
problems. Out of this, more than half reported some
degree of hearing difficulties. Based on these
aforementioned health impacts, several studies have
recommended acoustic control techniques and
sustainable measures to control community noise
exposure levels (Ahmadi and Dianat 2019; Mukate
2013; Tristán-Hernández et al. 2016).
Furthermore, there is a growing body of evidence
revealing the incidence of cardiovascular diseases
(Khosravipour and Khanlari 2020), respiratory
diseases (Recio et al. 2016), and an increase in
adiposity (An et al. 2018) from long-term exposure to
the noise level. The health risk estimates from this
study show that the current noise exposures levels are
likely to cause the incidence of cardiovascular diseases
in SQU residential areas, however, no association or
health risk was established within the hospital areas,
despite being recognized as the most sensitive areas in
the University community as far as noise pollution is a
concern. These findings imply that most staff who
have lived in SQU for several years may be vulnerable
to noise pollution-related health problems. While this

study has assessed the noise exposure levels in both
indoor and outdoor environments including,
annoyance levels, sleep disturbances, and incidence of
cardiovascular diseases, there are several limitations
associated with this study. Thus, the noise exposure
assessment was short-term, and could not account for
noise levels during vacations and school sessions to
understand the temporal noise levels within the
University. In addition, the dose-response model used
in this study was developed from meta-analysis, the
population of those studies may have different socioeconomic and demographic profiles compared to the
exposed population under this study. These factors are
therefore considered as important indicators for a
particular noise exposure health outcome, sensitivity,
irritation, annoyance, and sleep disturbance levels. It is
expected that future studies would utilize
clinical/health data including potential cofounders (e.g.
meteorological factors, green space, economic, and
socio-demographic data) to better understand the
burden of environmental noise exposures among
populations within University campuses and other
communities where noise levels are considered as an
important environmental health issue.

5. CONCLUSION
Community noise exposures are recognized as a
serious public health concern considering the
annoyance, irritation, sleeping difficulties including
cardiovascular and cardiometabolic diseases it poses to
the general population. In this study, noise exposure
assessment via field measurement was conducted
across various indoor and outdoor environments in the
SQU community. Perceptions of sources of noise
levels, annoyance, sleep difficulties, and their effect on
cardiovascular health were also assessed using both
field survey and dose-response models. On average,
about half of the measured points in both indoor and
outdoor environments have exceeded the critical
threshold levels. A significant number of the
respondents identified traffic and indoor buildingrelated activities as main sources of noise levels but
their impact was rated as low by the majority.
However, more than a quarter of the respondents view
traffic as the main contributor to University noise
levels. The study found that highly annoyed persons
were high in most indoor and outdoor
microenvironments especially in residential areas and
in construction materials and structures laboratories of
the University. It was also revealed that persons who
were affected by sleep disturbances were higher in
residential areas compared to that of the hospital
vicinity. This study also found an association between
noise levels and incidence of cardiovascular diseases in
residential areas of the University, however, no
association was established within the hospital areas.
This is the first study that has provided a high spatial
variability noise exposure levels across a University
environment in Oman, this will contribute to designing
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future mitigation strategies to improve the health and
well-being of the exposed population.
It is expected that future studies will employ a
comprehensive epidemiological approach including
the use of clinical/health data and their potential
cofounders to better understand the health effects due
to noise exposures. This will provide more reliable
datasets to design mitigation techniques and
intervention policies for reducing the burden of health
impacts from community noise exposures.
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ABSTRACT: Construction projects are unique and influenced by many external and internal factors hindering
the efficiencies of operations. Different construction companies may have different influencing productivity
factors depending on the company’s scale. Large construction companies have better resource management
systems than the construction small and medium enterprises (SME). The construction SMEs work in small scale
projects, and the amount and type of the required resources are different from the large construction companies.
Therefore, identifying the factors affecting construction productivity is essential to determine the best action to
avoid any unforeseen productivity reduction. This study aims to rank the most influencing productivity factors in
small and medium construction (SME) companies. A questionnaire survey was used to collect data from small and
medium construction companies registered in Oman Tender Board. The relative importance index (RII) was used
to evaluate the responses. Sixty-five companies out of the 207 targeted population participated in the survey. It
was found that - incomplete drawings and drawing omissions, poor site condition and management, delay in
payment, unavailability of proper tools and equipment, and workers absenteeism and turnover were found as the
top factors that influence construction productivity.

Keywords: Construction; Productivity; RII; Oman; SMEs

 دراﺳﺔ اﺳﺘﻜﺸﺎﻓﯿﺔ-ﻋﻮاﻣﻞ اﻹﻧﺘﺎج ﻓﻲ اﻟﻤﻘﺎوﻻت اﻟﺼﻐﺮى واﻟﻤﺘﻮﺳﻄﺔ ﻓﻲ ﻋﻤﺎن
أﻣواج اﻟﻌﺑدﻟﻲ ﻣﺑﺎرك اﻟﻌﻠوي* ﻣﺣﻣد اﻟﺷﺣري وﺷﺎدي اﻟطوﯾل
 وﻗﺪ ﯾﻜﻮن ﻟﺸﺮﻛﺎت اﻟﺒﻨﺎء اﻟﻤﺨﺘﻠﻔﺔ. ﺗﺘﺄﺛﺮ ﻣﺸﺎرﯾﻊ اﻟﺒﻨﺎء ﺑﺎﻟﻌﺪﯾﺪ ﻣﻦ اﻟﻌﻮاﻣﻞ اﻟﺪاﺧﻠﯿﺔ واﻟﺨﺎرﺟﯿﺔ اﻟﺘﻲ ﺗﻌﻮق ﻛﻔﺎءة ﻋﻤﻠﯿﺎت اﻟﺒﻨﺎء:اﻟﻤﻠﺨﺺ
 ﻛﻤﺎ أن ﻛﻤﯿﺔ وﻧﻮع،ﺗﺄﺛﯿﺮ ﻣﺨﺘﻠﻒ ﻟﻜﻮن ﺷﺮﻛﺎت اﻟﺒﻨﺎء اﻟﻜﺒﺮى ﻟﺪﯾﮭﺎ أﻧﻈﻤﺔ ﻹدارة اﻟﻤﻮارد أﻓﻀﻞ ﻣﻦ اﻟﻤﺆﺳﺴﺎت اﻟﺼﻐﯿﺮة واﻟﻤﺘﻮﺳﻄﺔ
 ﯾﻌﺪ ﺗﺤﺪﯾﺪ ھﺬه اﻟﻌﻮاﻣﻞ ﺿﺮورﯾًﺎ ﻟﺘﺤﺪﯾﺪ أﻓﻀﻞ اﻟﻤﻤﺎرﺳﺎت ﻟﺘﺠﻨﺐ أي اﻧﺨﻔﺎض ﻏﯿﺮ.اﻟﻤﻮارد اﻟﻤﻄﻠﻮﺑﺔ ﺗﺨﺘﻠﻒ ﺑﺤﺴﺐ إﻣﻜﺎﻧﺎت اﻟﺸﺮﻛﺔ
 ﺗﻢ. ھﺪﻓﺖ ھﺬه اﻟﺪراﺳﺔ إﻟﻰ ﺗﺼﻨﯿﻒ ﻋﻮاﻣﻞ اﻹﻧﺘﺎﺟﯿﺔ اﻷﻛﺜﺮ ﺗﺄﺛﯿﺮا ً ﻋﻠﻰ ﺷﺮﻛﺎت اﻟﻤﻘﺎوﻻت اﻟﺼﻐﯿﺮة واﻟﻤﺘﻮﺳﻄﺔ.ﻣﺘﻮﻗﻊ ﻓﻲ إﻧﺘﺎﺟﯿﺔ اﻟﺒﻨﺎء
 ﺗﻢ اﺳﺘﺨﺪام ﻣﺆﺷﺮ.اﺳﺘﺨﺪام اﺳﺘﺒﯿﺎن ﻟﺠﻤﻊ اﻟﺒﯿﺎﻧﺎت ﻣﻦ ﺷﺮﻛﺎت اﻟﻤﻘﺎوﻻت اﻟﺼﻐﯿﺮة واﻟﻤﺘﻮﺳﻄﺔ اﻟﻤﺴﺠﻠﺔ ﻓﻲ ﻣﺠﻠﺲ اﻟﻤﻨﺎﻗﺼﺎت اﻟﻌﻤﺎﻧﻲ
 ﺗﺒﯿﻦ أن اﻟﺮﺳﻮﻣﺎت ﻏﯿﺮ اﻟﻤﻜﺘﻤﻠﺔ. ﻣﺠﻤﻮﻋﺔ ﻣﺴﺘﮭﺪﻓﺔ207  ﺷﺮﻛﺔ ﻣﻦ أﺻﻞ65  ﺷﺎرك ﻓﻲ اﻟﻤﺴﺢ.( ﻟﺘﻘﯿﯿﻢ اﻟﺮدودRII) اﻷھﻤﯿﺔ اﻟﻨﺴﺒﯿﺔ
 ﻣﻦ أﻛﺜﺮ، وﺗﻐﯿﺐ اﻟﻌﻤﺎل واﺳﺘﻘﺎﻻﺗﮭﻢ، وﻧﻘﺺ اﻷدوات واﻟﻤﻌﺪات، واﻟﺘﺄﺧﯿﺮ ﻓﻲ اﻟﺪﻓﻊ، وﺳﻮء ﺣﺎﻟﺔ اﻟﻤﻮﻗﻊ وإدارﺗﮫ،واﻷﺧﻄﺎء ﻓﻲ اﻟﺮﺳﻢ
.اﻟﻌﻮاﻣﻞ اﻟﺘﻲ ﺗﺆﺛﺮ ﻋﻠﻰ إﻧﺘﺎﺟﯿﺔ اﻟﺒﻨﺎء ﻓﻲ ﻣﺸﺎرﯾﻊ اﻟﺸﺮﻛﺎت اﻟﺼﻐﯿﺮة واﻟﻤﺘﻮﺳﻄﺔ اﻟﻌﺎﻣﻠﺔ ﻓﻲ ﻗﻄﺎع اﻟﺘﺸﯿﯿﺪ
 ؛ ﺳﻠﻄﻨﺔ ﻋﻤﺎن؛ اﻟﺸﺮﻛﺎت اﻟﺼﻐﯿﺮة واﻟﻤﺘﻮﺳﻄﺔRII  ﺑﻨﺎء؛ إﻧﺘﺎﺟﯿﺔ؛:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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industry is when workers are expected to complete a
defined task given a set of resources (Guntuk and
Koehn, 2009). The production rate depends on the time
at which workers are expected to finish the assigned
task according to the work specification. Thus, the
evaluation and analysis of the productivity factors help
develop the construction industry by averting low
productivity project environments.
The construction industry in many different
countries is experiencing growth and challenges at the
same time. Some of the challenges are related to
maintaining a production rate suitable to achieve the
project's goals. However, construction productivity
performance is controlled by different factors, and it is
essential to identify these factors to allow for better
development in project planning and control.
Therefore, this study aims to investigate the
construction productivity factors in Omani
construction SMEs.

1. INTRODUCTION
The construction industry has a substantial impact on
the international and local economies. In Australia, the
construction industry contributes about $360 billion in
revenue and grows around 9% of the Gross Domestic
Product (GDP). It has a projected annual growth rate of
2.4% from 2020 until 2025 (Australian Industry and
Skills Committee, 2020). In Malaysia, the industry has
been contributing between 3 to 5 % of the GDP (Ali
Khan, Shahir Liew, and Bin Ghazali, 2014). Also,
India's construction industry (real estate and urban
development) produced about $ 5 billion in revenues,
and its contribution to the Indian GDP was 9% (Padia,
2020). While the Omani construction market is
expected to generate 6% of the compound annual
growth rate (CAGR) over the period between 2019 and
2024 (Intelligence, 2020). This forecast is translated by
the 2,410 active construction projects in Oman, with a
value of over USD 190 billion (Intelligence, 2020).
Omani Construction industry market varies in
enterprises standards and contributing to the industry.
Mainly, the dominant enterprises in the Omani market
are the small and medium (SMEs).
The prominent appearance of SMEs in the
construction industry is due to their low investment
head compared to other enterprises (Bevan and Yung,
2015). SMEs presents a pivotal role in the economic
growth of the country, and it also contributes toward
improving the quality of life and living standards.
The construction industry SMEs face many
challenges. The challenges may be related to different
project characteristics and requirements such as the
project location, project complexity, required
resources, project time requirements etc. (Azis,
Memon, Abdul Rahman, Nagapan, and Qadir, 2012).
Also, high competition opposes some challenges, such
as the shrinkage of the profit margins. Some other
challenges can be related to some groups with different
controlling factors such as labour and human-related
factors, financial, administrative/managerial, and
planning groups (Almathami et al., 2017). All of these
groups have a direct relationship with construction
productivity. It may negatively affect construction
productivity and may negatively influence the
construction project cost, time, and quality.
Occupational health and safety practices can also affect
construction productivity (Al Mawil et al., 2021).
Thus, SMEs are characterized by a high failure rate
caused by many factors, such as low productivity
(Adebowale and Agumba, 2021). Therefore, it is
essential to identify productivity controlling factors.
The construction productivity term is defined as the
ratio of production output to what is required to
produce, such as resources used to generate the
production output (Intergraph, 2012). In addition,
productivity is defined as the total output ratio to the
entire input (Whiteside, 2006). The production rates
help to conduct a relative level of productivity
determination. A production rate in the construction

2. LITERATURE REVIEW
Many researchers agree that productivity is one of the
essential variables at which production activities are
evaluated and monitored. Several researchers have also
declared that to maintain a competitive production
level. This section discusses different previous
researches in the area of construction productivity. The
resources collected are semi-structured according to
the geographical location of the study.
Hughes and Thorpe (2014) investigated the
construction productivity enabling factors in the
Australian construction industry. A structured
questionnaire survey was used in the study and was
distributed to construction project managers. The study
concluded that the rework was the most construction
productivity-hindering factor followed by an
incompetent supervisor, incomplete drawings. The
investigation was conducted by a structured
questionnaire survey sent to several random
construction project managers. They concluded that
rework, incompetent supervisor, incomplete drawing,
labours work overload and unavailability of materials
are the most influencing productivity factor.
Factors relating the labour productivity to the
project schedule performance in Indonesia were
studied by Soekiman (2011), who investigated the
labour productivity factors that affect the project
schedules in the Indonesian construction industry. The
study was made through a questionnaire survey
distributed to respondents who manage various types
of construction projects within large, medium and
small companies. The results showed that incompetent
supervisors issuing unclear instructions to labours is
the most influencing productivity factor. The
unavailability of materials, the financial status of the
client, and the unavailability of definite schedules are
also major productivity factors.
Jaafar (2005) investigated the factors affecting
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construction labour productivity in Malaysian
residential projects. The data were obtained through a
questionnaire survey, and a total of 100 respondents
were collected from contractors, developers, and
consultants. It was found that the unavailability of
materials was the most critical productivity factor
followed by the delay in payment, late issuing of shop
drawings, and poor construction management.
Pornthepkasemsant
and
Charoenpornpattana
(2019) identified the factors affecting construction
productivity in Thailand’s construction industry. They
identified the following factors as the most influential
productivity factors: (1) lack of labour, (2) lack of
experienced labours, (3) incomplete drawings, (4)
inefficient communication with the engineer, and (5)
financial difficulties.
On the other hand, Tuan Hai (2019) analysed the
affecting factors on construction productivity in
Vietnam. The data were obtained through a survey and
recognized the following vital determinants:
construction workers’ motivations, working tools, the
organization and management of the onsite production
and labour safety.
Dixit (2017, 2018) investigated the construction
productivity factors in the Indian construction industry.
The data were collected by a structured questionnaire
survey distributed to a group of professionals working
in the Indian construction industry. It was found the
company’s management lack of decision-making skills
was a crucial productivity determinant. Also, poor
planning and controlling, inefficient logistics and
supply chaining management systems, and
unavailability of labours have a substantial effect on
construction.
Golchin and Kim (2018) studied factors affecting
the construction labour productivity in the Iranian
construction industry. The study found that rework was
the most influencing productivity factor. Delay in
payment, unavailability of equipment and tools and
incomplete drawings were also major construction
productivity factors. Similarly, Ghoddousi and
Poorafshar (2015) investigated labour productivity in
Iranian construction projects. The study targeted sixty
chief executive officers. It was found that the salary
and incentives, delay in payment, and the ethical
behaviour of managers influence construction
productivity.
Al-Rubaye and Mahjoob (2020) identified the main
factors affecting labour productivity in different Iraqi
construction companies. It was found that construction
site management, site accessibility, terrorist attacks,
and the financial challenges of the contractor are major
construction productivity factors. Khaleel and Nassar
(2018) also studied and analysed the factors affecting
labour productivity in the Iraqi construction industry.
Data were collected from different sources such as site
surveys, interviews with engineers and experts, and
previous research in the Arab region. The
unavailability of materials was found the most
influencing productivity factor followed by weather

conditions, political issues, and stability and security.
In the Jordanian construction industry, the
construction productivity factors were investigated by
Hiyassat et al. (2016). A questionnaire survey was sent
to 200 engineers/foremen who work in the construction
industry—the most influencing productivity factor
labours experience. Financial challenges, inefficient
communication between engineers and labours, and
poor work scheduling were also considered major
construction productivity factors.
Shurrab (2018) conducted a questionnaire survey to
evaluate the effect of a motivational factor on the
construction project managers in Jordan. Shurrab
(2018) found that the wage rate, personal development
opportunities, and rewards have a direct relationship
with construction productivity. Al-Abbadi and
Agyekum-Mensah (2019), on the other hand, also
evaluated the effects of motivational factors on the
construction professional’s productivity in the
Jordanian construction industry. A questionnaire
survey and semi-structured interviews were used to
collect the data. It was found that personal/career
development and on-time payment and rewards and
incentives, wage rate, and respect contributes
positively toward improving construction productivity.
El-Gohary and Aziz (2014) explored the
influencing factors to construction labour productivity
in the Egyptian construction industry, and it was found
that the labour skill and experience, competence of
construction manager, incentive programs and the
availability of materials are major construction
productivity factors.
Factors influencing productivity in the construction
industry in Saudi Arabia's kingdom were studied by
Almathami et al. (2017). The results showed that the
financial situation of the client and the contractor,
project site-related factors and the availability of
materials and equipment are influencing construction
productivity factors.
Mahamid (2013) investigated the contractor’s
perspective toward factors affecting labour
productivity in building construction in Palestine. A
structured questionnaire survey was used to collect
data from contractors working in building construction.
The results showed rework as the most influencing
construction productivity factor followed by the
communication between the project's parties, the
client's financial status, labour experience, and lack of
materials.
Enshassi (2014) investigated the productivity
factors of the Palestinian construction craftsmen. A
structured questionnaire survey was distributed to
many of the construction craftsmen. The results
indicated that the highest-ranking productivity factors
are the availability of materials, safety, delay in
payment, inspection delays, low wages, and lack of
craftsmen experience.
In the context of the Yemeni construction industry,
Alaghbari et al. (2018) studied labours construction
productivity. It was found that the experiences level of
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labour, materials availability, site management, and
political stability were considered the most influencing
construction productivity factors.
Jarkas et al. (2015), on the other hand, explored the
labours productivity factors in Bahrain's construction
industry. A structured questionnaire survey was used
to collect the data. It was found that the coordination
between different design disciplines, incompetent site
supervisors, design errors and omissions, delay in
responding to contractor’s requests for information and
labour skills and experience are the most influencing
construction productivity factors. Similarly, Jarkas and
Bitar (2012) studied the construction labour
productivity factors in Kuwait and used a structured
questionnaire survey to collect the data from a group of
contractors. The analyses of the data recognized that
the clarity of specifications, coordination among
different design disciplines, the proportion of work
subcontracted, change orders, and lack of labour
supervision were the most influencing construction
productivity factors.
Jarkas et al. (2015) investigated the construction
labour productivity in Oman. A questionnaire survey
was distributed to the top contractors registered in
Oman’s Tender Board. It was found that change orders,
design errors and omission, incompetent labour
supervision, delay in responding to requests for
information contribute to construction productivity.
Jarkas et al. (2012) studied the same in the context of
the Qatari construction industry. A structured
questionnaire survey was also used to collect data and
concluded that the communication between site
management and labour, labours experience and skills,
availability of materials are the productivity
influencing factors.
Factors affecting employee productivity In the
United Arab Emirates (UAE) construction industry
were investigated by Ailabouni et al. (2009). The study
was carried out by distributing a questionnaire survey.
The results identified the following factors as most
significant: proper work timings, balancing work and
recreation, time with family, leadership skills of
supervisors, payment, and technical competency.
Based on the above literature review, the
construction productivity factor area of research was
well established globally and regionally. However, the
study didn’t take into consideration small and medium
construction companies. The reason is maybe because
of the challenge related to the communication with
these companies.

efficiency are affected by various factors such as
rework, incompetent supervisor and drawing, work
overload, and lack of material, increasing the
construction project's financial risks. Hence,
improving construction productivity can be performed
through the identification of the productivity retaining
factors. Besides, it is essential to identify these factors
and rank them according to their effectiveness on
construction productivity. Therefore, this study aims to
identify factors affecting the productivity of the Omani
construction industry. This study aims to identify the
acquirer construction companies' productivity factors
and contractors who contribute locally in the small and
medium construction projects. Analysing the
productivity factors, challenges and consequences for
these companies and contractors will produce a clear
insight into the Omani construction market.

4. METHODOLOGY
The relevant data for this investigation were collected
based on related previous studies on construction
productivity. See Table 1; twenty-one factors were
collected from those studies. The selection of these
factors was based on their frequency of appearance in
the literature. This fact is considered a limitation, and
the future direction of the study is to identify the
predominant productivities factors affecting the
construction SMEs.
A questionnaire survey was prepared using
“Google Form”, and it contains two parts. The first part
covers the participant's demographic information, and
the second part captures the participant's perception of
the construction productivity factors surveyed.
Table 1. Productivity factors surveyed.
No.

3. PROBLEM STATEMENT
Construction is a crucial activity within any economy,
given its contribution to any economic prospects' gross
domestic product. Fulfilling good quality construction
projects within the required period is accomplished by
maintaining a high productivity working environment.
Productivity is a significant determinant in
construction industry projects. Productivity level and
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Productivity Factors

1
2
3
4

Delay in payment
Construction method
Unrealistic time and cost estimate
Work supervision

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Effectiveness of communication protocol (i.e.
clarity of instructions, delay in responding to
Request for Information (RFI) )
Incomplete drawings or drawings omission
Overcrowding
Lack of materials
Lack of proper material handling and storage
Lack of tools and equipment
Accidents
Change orders
Inspection delay
Workers absenteeism and turnover
Poor site conditions and management
Site accessibility
Planning and workflow
Labours skills and experiences
Weather effect
Project specifications
Rework
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Five points Likert scale is used in the questionnaire
survey. These points are (5) Extreme Effect, (4)
Substantial Effect, (3) Moderate Effect, (2) Minor
Effect, and (1) No Effect. The data collected will be
analysed using the relative importance index (RII)
technique. The relative importance index is calculated
using the following formula:
RII =

5(𝑛𝑛5 )+4(𝑛𝑛4 )+3(𝑛𝑛3 )+2(𝑛𝑛2 )+𝑛𝑛1
5(𝑛𝑛1 +𝑛𝑛2 +𝑛𝑛3 +𝑛𝑛4 +𝑛𝑛5 )

× 100

sample. Table 2 below shows the demographic
information of the respondents. The majority were
Omanis, and males represent 86% of the total
respondents. Fifty-one per cent of the respondents are
within the 25-35 age range, and the majority hold a BSc
degree. Also, 57% of the respondents represent the job
title “Manager”. However, some of the respondents
have written their job title as “Company Owner”, and
it is known that it is not a job title. The majority of the
small and medium construction companies’ owners run
their businesses. Therefore, it is assumed that the
company owners are considered managers. Regarding
the working experiences, the majority of the
respondent’s work experience is under 15 years.
Figure 1 below shows the relative importance
indexes (RII) for the surveyed construction
productivity factors. The higher the value of the RII,
the more the influence of the construction productivity
factor is considered by the small and medium
construction companies. Incomplete drawings or
drawings omissions were found the most productive
factor influencing the construction work, and work
supervision were found the least influencing
productivity factor. Incomplete drawings or drawing
omissions are managerial aspects and are supposed to
be resolved during the cost estimating. The contractor
is expected to inquire about any missing information;
however, the small and medium construction
companies use a unit rate cost estimating technique to
price the project without even looking into the
drawing’s specifications. That is why the incomplete
drawings and drawings omissions scored high, from
the authors' point of view.

(1)

where: n1, n2, n3, n4, and n5 = the number of respondents
who selected: 1, for No Effect; 2, for Minor Effect; 3,
for Moderate Effect; 4, for Substantial Effect; and 5,
for Extreme Effect, respectively.
The target population of the study are the
construction companies registered in Oman Tender
Board. The other criterion used is that the registered
construction company should be classified as small and
medium-sized enterprises (SME). Accordingly, the
number of construction SMEs registered in the Oman
Tender Board were 207(2020). To obtain a statistically
representative sample of the population, Eqn. (2) was
used as follows:
𝑛𝑛 =

𝑚𝑚

𝑚𝑚−1
)
𝑁𝑁

1+(

(2)

where,
n= the sample size of the limited population,
m= the sample size of the unlimited population
N = the sample size of the available population,
respectively. m is estimated by Eqn. (3):
𝑧𝑧 2 ×𝜌𝜌×(1−𝜌𝜌)

𝑚𝑚 =

𝜀𝜀 2

(3)

Table 2. Demographic information.
No

where,
z = the statistic value for the confidence level
p = the value of the population proportion that is being
estimated, obtained to be 0.50.
ε = the sampling error of the point estimate.
m, is approximated as follows:
𝑚𝑚 =

1

(1.96)2 × 0.5 × (1 − 0.5)
≈ 385
(0.05)2

Demographic Information
Omani
Nationality
Non-Omani

2

Gender

3

Age

Accordingly, the representative sample size of the
population required is determined as shown below:
𝑛𝑛 =

385
≈ 135
385 − 1
1+(
)
207

5

5. DISCUSSION OF RESULTS
The questionnaire survey was distributed to 207 small
and medium construction companies registered in the
Oman tender board. The data collection processes
extended for three months, and Sixty-five responses
were received, representing 48% of the representative
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Job title

Work
experience
(years)

Male
Female
25-35
36-46
46-55
>55
MSc/MEng
BSc
Diploma
Other (Primary
education and high
school)
Manager
Engineer
Site superintendent
Other (Company
Owner)
<5
5-10
11-15
16-20
>20

%
97
3
86
14
51
29
18
2
8
49
37
6
57
25
5
14
23
29
20
15
12
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Relative Importance Index (RII)

Productivity factors

60.00

65.00

70.00

75.00

80.00

85.00

Incomplete drawings or drawings omission
Poor site conditions and management
Delay in payment
Lack of tools and equipment
Workers absenteeism and turnover
Planning and work flow
Rework
Lack of materials
Unrealistic time and cost estimate
Overcrowding
Inspection delay
Lack of proper material handling and storage
Labours skills and experiences
Effectiveness of communication protocol (i.e. clarity…
Change orders
Weather effect
Construction method
Site accessibility
Project specifications
Accidents
Work supervision

Figure 1. Relative importance indexes (RII) for the surveyed productivity factors.

6. CONCLUSION

Poor site conditions and management, lack tools
and equipment, workers’ absenteeism and turnover,
and planning and workflow are among the top
influencing construction productivity factors, which
can be correlated to the delay in payment. Small and
medium construction companies rely on subcontractors
to do some specialized work such as repairing,
mechanical, electrical and plumbing (MEP), and
finishing works. Suppose poor management of
resources and delay in payment is experienced in the
project. In that case, it is expected these factors will
exert a dominos effect, which means that all be affected
and may express the same results.
Many different factors usually cause rework. For
example, drawing omissions, lack of proper quality
control, and lack of supervision may cause rework. The
rework scored high (above 80%). This result is driven
by the fact that incomplete drawings and drawings
omission were ranked first.
The lack of materials, unrealistic time and cost
estimate, and overcrowding 8th, 9th, and 10th,
respectively. These factors are related to resources
management, and it can be seen that the small and
medium construction companies may have
management issues.
The weather effect, construction method, site
accessibility, project specification, accidents were
found among the least influencing construction
productivity factors. This result is expected since the
small and medium construction companies usually
involve building small manageable projects. Also, they
are sometimes managed by a primary large
construction company in case they work as
subcontractors.

Maintaining planned construction productivity levels is
essential to achieve the projects’ milestones. However,
construction productivity is influenced by many factors,
including managerial, technological, or labour factors. It
is necessary to identify the most influencing construction
productivity factors to better plan construction activities.
Many previous studies identified the most influencing
construction productivity factors affecting large
construction companies, and this study focused on small
and medium construction companies working in the
Omani construction industry. The study found that
incomplete drawings and drawing omissions most
influence construction productivity, followed by poor
site conditions and management. The delay in payment,
the financial aspect of the construction productivity
factor, was ranked third.
The technical problem in drawings omissions is the
dominant productivity hindering factor for construction
SMEs; however, most of the highly ranked factors
belong to the management aspect. This finding highlights
the need for construction SMEs to improve their
organizational management efficiency. The future
extension of this study is to cover more small and
medium construction companies to allow the findings of
this study to be generalized in the Oman construction
industry.
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RECENT CNN-BASED TECHNIQUES FOR BREAST CANCER HISTOLOGY
IMAGE CLASSIFICATION
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ABSTRACT: Histology images are extensively used by pathologists to assess abnormalities and detect
malignancy in breast tissues. On the other hand, Convolutional Neural Networks (CNN) are by far, the privileged
models for image classification and interpretation. Based on these two facts, we surveyed the recent CNN-based
methods for breast cancer histology image analysis. The survey focuses on two major issues usually faced by
CNN-based methods namely the design of an appropriate CNN architecture and the lack of a sufficient labelled
dataset for training the model. Regarding the design of the CNN architecture, methods examining breast histology
images adopt three main approaches: Designing manually from scratch the CNN architecture, using pre-trained
models and adopting an automatic architecture design. Methods addressing the lack of labelled datasets are
grouped into four categories: methods using pre-trained models, methods using data augmentation, methods
adopting weakly supervised learning and those adopting feedforward filter learning. Research works from each
category and reported performance are presented in this paper. We conclude the paper by indicating some future
research directions related to the analysis of histology images.
Keywords: Breast cancer; CNN; Deep learning; Histology image Classification; Machine learning.

 ﻟﺗﺻﻧﯾف ﺻور ﺳرطﺎن اﻟﺛديCNN اﻟﺗﻘﻧﯾﺎت اﻟﺣدﯾﺛﺔ اﻟﻣﻌﺗﻣدة ﻋﻠﻰ ﺷﺑﻛﺔ
آرون دﯾﻔﻲ ﻛرﺑوﺳﺎﻣﻲ* و ﻋﺑداﻟﺣﻣﯾد ﻋﺑداﻟﺳﻼم و راﺷد ﺣﺟﺎم و ﺣﻣزة زﯾدوم و ﻣﯾﺎ اﻟﺑﺣري
 ﻣﻦ. ﯾﺴﺘﺨﺪم ﻋﻠﻤﺎء اﻷﻣﺮاض ﺻﻮر اﻷﻧﺴﺠﺔ ﻋﻠﻰ ﻧﻄﺎق واﺳﻊ ﻟﺘﻘﯿﯿﻢ اﻟﺘﺸﻮھﺎت واﻛﺘﺸﺎف اﻷورام اﻟﺨﺒﯿﺜﺔ ﻓﻲ أﻧﺴﺠﺔ اﻟﺜﺪي:اﻟﻤﻠﺨﺺ
ﻧﺎﺣﯿﺔ أﺧﺮى ﺗﻌﺪ اﻟﺸﺒﻜﺎت اﻟﻌﺼﺒﯿﺔ اﻟﺘﻼﻓﯿﻔﯿﺔ إﻟﻰ ﺣﺪ ﺑﻌﯿﺪ اﻟﻨﻤﺎذج اﻟﻤﻤﯿﺰة ﻟﺘﺼﻨﯿﻒ اﻟﺼﻮر وﺗﻔﺴﯿﺮھﺎ؛ ﺑﻨﺎ ًء ﻋﻠﻰ ھﺎﺗﯿﻦ اﻟﺤﻘﯿﻘﺘﯿﻦ ﻗﻤﻨﺎ
 ﯾﺮﻛﺰ اﻟﻤﺴﺢ ﻋﻠﻰ ﻣﺸﻜﻠﺘﯿﻦ رﺋﯿﺴﯿﺘﯿﻦ ﻋﺎدة ﻣﺎ ﺗﻮاﺟﮭﮭﻤﺎ. ﻟﺘﺤﻠﯿﻞ ﺻﻮرة أﻧﺴﺠﺔ ﺳﺮطﺎن اﻟﺜﺪيCNN ﺑﻤﺴﺢ اﻟﻄﺮق اﻟﺤﺪﯾﺜﺔ اﻟﻤﻌﺘﻤﺪة ﻋﻠﻰ
 ﻓﯿﻤﺎ ﯾﺘﻌﻠﻖ. اﻟﻤﻨﺎﺳﺒﺔ وﻋﺪم وﺟﻮد ﻣﺠﻤﻮﻋﺔ ﺑﯿﺎﻧﺎت ﻣﺼﻨﻔﺔ ﻛﺎﻓﯿﺔ ﻟﺘﺪرﯾﺐ اﻟﻨﻤﻮذجCNN  وھﻤﺎ ﺗﺼﻤﯿﻢ ﺑﻨﯿﺔCNN اﻷﺳﺎﻟﯿﺐ اﻟﻤﻌﺘﻤﺪة ﻋﻠﻰ
 اﺳﺘﺨﺪام ﻧﻤﺎذج ﻣﺪرﺑﺔ،CNN  اﻟﺘﺼﻤﯿﻢ اﻟﯿﺪوي ﻟﮭﻨﺪﺳﺔ: ﺗﺘﺒﻨﻰ طﺮق ﻓﺤﺺ ﺻﻮر أﻧﺴﺠﺔ اﻟﺜﺪي ﺛﻼﺛﺔ ﻣﻨﺎھﺞ رﺋﯿﺴﯿﺔ،CNN ﺑﺘﺼﻤﯿﻢ ﺑﻨﯿﺔ
 اﻷﺳﺎﻟﯿﺐ اﻟﺘﻲ: ﯾﺘﻢ ﺗﺠﻤﯿﻊ اﻟﻄﺮق اﻟﺘﻲ ﺗﻌﺎﻟﺞ ﻧﻘﺺ ﻣﺠﻤﻮﻋﺎت اﻟﺒﯿﺎﻧﺎت اﻟﻤﺼﻨﻔﺔ ﻓﻲ أرﺑﻊ ﻓﺌﺎت.ﻣﺴﺒﻘًﺎ واﻋﺘﻤﺎد ﺗﺼﻤﯿﻢ ھﻨﺪﺳﻲ ﺗﻠﻘﺎﺋﻲ
 وﺗﻠﻚ اﻟﺘﻲ، واﻟﻄﺮق اﻟﺘﻲ ﺗﻌﺘﻤﺪ اﻟﺘﻌﻠﻢ اﻟﺨﺎﺿﻊ ﻟﻺﺷﺮاف اﻟﻀﻌﯿﻒ، واﻟﻄﺮق اﻟﺘﻲ ﺗﺴﺘﺨﺪم زﯾﺎدة اﻟﺒﯿﺎﻧﺎت،ﺗﺴﺘﺨﺪم اﻟﻨﻤﺎذج اﻟﻤﺪرﺑﺔ ﻣﺴﺒﻘًﺎ
 ﻧﺨﺘﻢ اﻟﻮرﻗﺔ ﺑﺎﻹﺷﺎرة إﻟﻰ ﺑﻌﺾ. ﻧﻘﻮم ﺑﻌﺮض اﻷﻋﻤﺎل اﻟﺒﺤﺜﯿﺔ ﻣﻦ ﻛﻞ ﻓﺌﺔ واﻷداء اﻟﻤﺒﻠﻎ ﻋﻨﮫ، ﻓﻲ ھﺬه اﻟﻮرﻗﺔ.ﺗﺘﺒﻨﻰ اﻟﺘﻌﻠﻢ اﻟﺘﻮﺿﯿﺤﻲ
.اﺗﺠﺎھﺎت اﻟﺒﺤﺚ اﻟﻤﺴﺘﻘﺒﻠﯿﺔ اﻟﻤﺘﻌﻠﻘﺔ ﺑﺘﺤﻠﯿﻞ ﺻﻮر اﻷﻧﺴﺠﺔ
. ﺳﺮطﺎن اﻟﺜﺪي؛ اﻟﺸﺒﻜﺎت اﻟﻌﺼﺒﯿﺔ اﻟﺘﻼﻓﯿﻔﯿﺔ؛ ﺗﺼﻨﯿﻒ ﺻﻮر اﻷﻧﺴﺠﺔ؛ ﺗﻌﻠﻢ اﻵﻟﺔ؛ اﻟﺘﻌﻠﻢ اﻷﻟﻲ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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(iv) Haar-like features and Gaussian filters features
(Vink et al., 2013), and (v) local binary patterns,
morphometric features, entropy features and grayLevel co-occurrence matrix (Tashk et al., 2015) (Bruno
et al., 2016), (Peikari et al., 2017).
With the advent of Deep Learning (DL), image
classification and object recognition achieved
unprecedented levels of accuracy (Lecun et al., 2015).
Similarly, its application to healthcare especially for
analyzing medical images
showed
excellent
performance in solving various problems such as
segmentation, interpretation and registration (Kim M et
al. 2019). The success of DL is mainly due to the
ability of modern computers to process huge amounts
of data, and extract features automatically at different
abstraction levels. Convolutional Neural Network
(CNN), is a DL technique specially adapted to process
images and videos. The first CNN, LeNet (Y. LeCun
et al., 1998) was proposed in 1998 to classify
handwritten digits, but the real surge in CNN
popularity started with AlexNet (Krizhevsky et al.,
2012) when it won the ImageNet challenge 2012 and
since then several deeper and more performant CNNs
were developed (VGG16 (K. Simonyan and A.
Zisserman, 2014), GoogleNet (C. Szegedy et al., 2015
and 2016), and ResNet(He et al., 2016).

1. INTRODUCTION
Breast cancer is the most common cancer among
women in developed countries (IARC, 2020)
(Intercollegiate and Network, 2005) (Sickles, 1997).
Currently, pathologists examine histology images to
interpret the tissue appearance and detect abnormal
conditions. These images usually have a large
resolution, different magnification scales, various
acquisition processes, and different staining methods,
which set them apart from other medical images (See
Figure 1). Besides, the result of a histology image
analysis may vary from different pathologists, and
sometimes from different analyses done by the same
pathologist (Gurcan et al., 2009, Germain, 2017),
which leads to inter-observer and intra-observer
variability and uncertainties in the decision-making
process. Hence, there is a need for developing effective
and efficient computer-aided techniques to analyze and
interpret histology images.
Machine Learning (ML) is a discipline of Artificial
Intelligence that has proven to be very efficient in
solving classification problems. It allows computers to
learn from data without being explicitly programmed.
Supervised learning is an ML category in which a
model is trained on a set of inputs (features) with
known outcomes (labels). Once the training is
completed, the defined model will be capable of
making predictions when fed with new unseen data.
Traditionally, features are explicitly selected and
extracted by the user (see Figure 2).
Extracted features are mostly related to intensity,
morphology, and texture (Boucheron, 2008)
(Dundar et al., 2011) (Liu et al., 2011). Examples of
these features include: (i) Gabor-wavelet filters, and
density measures features (Marugame et al., 2009), (ii)
Gaussian Markov random field and fractal dimension
features (Al-Kadi, 2010), (iii) intensity, morphological,
co-occurrence, and run-length features (Irshad, 2013),

Figure 1. Benign and malignant samples from BreaKHis
dataset of various magnification (F. Spanhol,
2016).

Figure 2. The traditional machine learning process for breast cancer histology image classification.
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Publication

CNNs are capable of learning automatically features
from raw input data. They consist of several feature
extraction layers where the first layers extract basic
features such as edges and blobs and deeper layers
extract more complex and abstract features. A CNN
includes three main building blocks: (i) Convolutional
and pooling layers, (ii) Fully-Connected layers and (iii)
a classification layer (See Figure 4). The convolution
operation is the most expensive computation of a CNN,
it extracts information by convolving the input data
with a set of filters. A feature map is obtained by
applying an activation function to the output of the
convolution operation. This ensures non-linearity and
enforces a sparse representation of the feature map.
Early models used Sigmoid and hyperbolic tangent
functions as activation functions (LeCun et al., 2012).
Recent works adopted other activation functions such
as ReLU (Krizhevsky et al., 2012), Leaky
ReLU(LReLU) (Maas et al., 2013), ParametricReLU(PReLU) (He et al., 2015), Randomised-ReLU
(RReLU) (Xu et al., 2015), S-shaped ReLU(S-ReLU)
(Jin et al., 2016), Maxout (Goodfellow et al., 2013),
and Exponential Linear Unit (ELU) (Trottier et al.,
2017). A pooling operation usually follows
convolutional and activation operations to reduce the
size of the feature maps. There are different pooling
types in CNN (Maas et al., 2013) such as max-pooling,
mean-pooling, stochastic pooling, spatial pyramid
pooling, and deformation pooling. Max pooling
(Boureau, Bach, et al., 2010)(Boureau, Ponce, et al.,
2010) is the most used method; it consists of replacing
a pooling window by the maximum value in the
window. Then come a set of fully-connected layers,
where each neuron in a layer is connected to all neurons
of the following layer. The last feature map is
passed to the first fully connected layer in a form of
a 1-D vector (Kröse et al., 1993) to produce an output
more appropriate to the classification task that is
performed either by applying a function like a Softmax
for multi-label classification or a Sigmoid for binary
classification. One of the traditional classification
models such as Logistic Regression (LR), Support
Vector Machines (SVM) or Random Forests (RF) can
also perform the classification.

Year
Figure 3. The number of papers addressing the problem of
breast cancer histology image classification
published between 2013 and 2021.

CNN-based methods, including those addressing
histopathology image classification, usually face two
major challenges: 1)- there is no systematic approach
for designing an appropriate CNN architecture and 2)there is a need for large-scale training dataset that is,
unfortunately not available for many real-world
problems, including those related to the medical field.
This review aims at exploring how these two major
challenges have been addressed in the literature,
especially by those research works using breast cancer
histopathological images. To the best of our
knowledge, this is the first article conducting such a
study.
The selection of the reviewed papers is based on the
search keywords “Deep Learning, Histopathology and
Breast cancer” in Springer, ScienceDirect, and IEEE
Explore during the period 2013-2021. The total
number of publications in the breast cancer
histopathology classification gradually increased
during that period (See Figure3). The search returned
with 987 research papers, then we removed 136
duplications, and reported only the papers related to the
classification of breast cancer using CNN.
The remainder of the paper is organized as follows:
Section 2 describes the main components of a CNN
model and introduces the datasets used by the methods
included in this survey.
Section 3 describes the proposed models for breast
cancer histology image classification and categorizes
them based on the way their architecture is designed.
Section 4 describes methods proposed to address
the problem of the lack of labelled datasets. The
performance, in terms of accuracy and training time, of
all surveyed works, were reported.
The paper concludes by summarizing the main
characteristics of the proposed approaches and
presenting some future research directions related to
the analysis of histology images.

Figure 4. Convolutional neural network for breast cancer
histology image classification.
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Table 1. Dataset and links for breast cancer histology
classification.
Dataset
Links
ICPR-2012
TUPAC2016

http://ludo17.free.fr/mitos_2012/
http://tupac.tue-image.nl/

BreakHis 2016

https://web.inf.ufpr.br/vri/databases/
breastcancer-histopathologicalhttps://camelyon16.grandchallenge.org/
https://patchcamelyon.grandchallenge.org/Download/
https://iciar2018-challenge.grandchallenge
https://www.kaggle.com/c/histopatho
logic-cancer-detection

Camelyon16
Patchcamelyon
BACH-ICIAR18
Kaggle data
repository

learning. They are trained mostly on datasets of limited
size using a limited number of epochs and achieve
moderate to good levels of performance.
(Cirecsan et al., 2013) proposed a 6-layer CNN
(four Convolutional and pooling layers and two fullyconnected layers) to detect mitosis in a dataset of 50
images. It was trained for one day with less than 30
epochs in an optimized GPU implementation. This
method won the ICPR2012 competition by achieving
an F1-score of 0.78. (Cruz-Roa et al., 2014) designed a
3-layer CNN to automatically detect invasive ductal
carcinoma from whole-slide images (WSI) of breast
cancer. The dataset consists of 162 WSIs from which
about 165000 patches of size 100x100 were extracted
and used for model training and testing. The proposed
CNN was trained with 25 epochs and achieved an F1score of 0.71. (Wang et al., 2014) proposed a cascade
ensemble that combines hand-crafted features
(morphology, colour, and texture features) with
features extracted from a 3-layer CNN. These two
feature sets were passed to a random forest classifier to
detect mitotic nuclei on the ICPR dataset consisting of
50 High Power Field images (scanned into 2084x2084
pixels RGB images). The model was trained for 9
epochs and it required nearly 18 hours without GPU
implementation. They reported an F1-score of 0.73.
(Litjens et al., 2016) proposed a patch-based CNN
model to classify prostate cancer and detect micrometastases and macro-metastases breast cancer in
sentinel lymph nodes. Their dataset consists of 271
WSIs from which 2.6 million patches of size 128x128
were obtained through data augmentation. For
metastases detection, the CNN was trained with 12
epochs, each epoch requiring 200 minutes on GeForce
GTX970, and obtained an AUC of 0.88. (Araújo et al.,
2017) proposed an 8-layer CNN model that classifies
histology images into four categories: i) normal tissue,
ii) benign lesion, iii) in situ carcinoma, and iv) invasive
carcinoma. Their dataset consists of 269 high
resolution images (2049x1536 pixels) obtained from
the Bio-imaging 2015 breast histology classification
challenge dataset from which 70000 (512x512) patches
were extracted. The CNN model was trained with 50
epochs and achieved a validation accuracy of 80.6%
for binary classification (non-carcinoma and
carcinoma). The accuracy improved to 83.3% when
using the CNN as a feature selection tool and an SVM
as a classifier. (Bayramoglu et al., 2017), proposed
two 6-layer CNN architectures for breast cancer
histology image classification characterized by their
independence of the magnification level. A single task
CNN (3 convolutional layers followed by 3 fully
connected layers) was used to predict malignancy and
a multi-task CNN (3 convolutional layers followed by
two sequential fully connected layers) is used to predict
both malignancy and image magnification level
simultaneously. The CNNs were trained with images
from different magnification levels (40x, 100x, 200x,
and 400x) of BreaKHis dataset.

Most of the models discussed in this paper are
trained and tested on breast cancer datasets publicly
available on the Internet. Their links are shown in
Table 1.
Three main performance metrics are used by the
methods surveyed in this paper. Classification
accuracy, F-score metric and
Area Under Curve
(AUC), where
# 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

1.

Accuracy= 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

2.

F-Score= =

2 X Precision x Recall
Precision+Recall

,

(1)

(2)

where precision is the fraction of correctly classified
images among those labelled as positive, and recall is
the fraction correctly classified images out of all
positive images in the test dataset.
3.

Area Under the Curve (AUC) indicates how well
the positive classes are classified compared to
negative classes.
(3)

F-score and AUC are more appropriate for
evaluating the classification performance on datasets
with imbalanced classes.

3. CNN ARCHITECTURE DESIGN
Based on the way architectures are designed, we can
categorize CNN-based methods for classifying cancer
histology images into three categories: (i) Manuallydesigned CNN architectures, (ii) Pre-trained CNN
architectures, and (iii) Automatically-designed CNN
architectures.

• Manually-Designed CNN Architectures
Most CNN-based histology image classification
methods are of this category as shown in Table 2. They
use relatively shallow architectures (small number of
layers) and backpropagation algorithms for filter
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Table 2. Overview of manually-designed cnn architectures used in breast cancer histology image classification.
Reference

CNN Architecture

Dataset

Performance

(Cirecsan et al., 2013)

6-layer CNN(4-Convolutional
ICPR2012(50 images)
layers and 2 Fully-connected layers)

F1-score :0.78

(Cruz-Roa et al., 2014)

3-layer CNN (2-Convolutional
layers and 1-Fully-connected layer)

Hospital of University of
Pennsylvania and The cancer
Institute of New Jersey dataset
(162 images )

F-score : 0.71
Acc: 84.23%

(Wang et al., 2014)

3-layer CNN (2-Convolutional
layers and a Fully-connected layer)

ICPR dataset (50 images)

F-score: 0.73

(Litjens et al., 2016)

6-layer CNN(4-Convolutional
Radboud University Medical
layers and 2 Fully-connected layers ) Center dataset(173 images)

AUC: 0.88

(Araújo et al., 2017)

8-layer CNN(5 Convolutional layers Bioimaging 2015 breast histology
and 3 Fully-Connected layers)
classification challenge dataset
(269 images)

Acc:
multi-class:77.8% and
binary-class: 83.3%

(Bayramoglu et al., 2017) Two 6-layer CNNs

BreakHis dataset (7909 images)

Average recognition
rate:83.25%

(Wahab et al., 2017)

Two-Phase CNN model

ICPR2012 dataset(50 images) and
TUPAC16 dataset(73 images)

F-score : 0.79

(Cruz-Roa et al., 2018)

2-layer CNN

Hospital of the Univ. of
Acc: 0.90
Pennsylvania(239 images), Case
Dice Coefficient: 76%
Western Reserve Univ(110 images),
Cancer Institute of New Jersey(52
images), and The Cancer Genome
Atlas(195 images)

(Roy et al., 2019)

Patch-Based classifier with CNN
(6-convolutional layers and 2-fully
connected layers)

ICIAR-2018 Dataset (500 images)

The authors reported an average recognition accuracy
of 83.25% for single CNN and averages of 82.13% and
80.10% for benign or malignant classification and
magnification detection respectively. (Wahab et al.,
2017) proposed a two-phase
CNN to handle
imbalanced histology data. The first phase of the CNN
was trained with 80x80 pixels non-mitosis patches to
classify them into three imbalanced classes: easy,
normal and hard using 5 epochs. The resulting classes
are then balanced and combined with augmented
mitosis patches to be used for retraining the CNN with
25 additional epochs during 15 hours on i7-3770 CPU
of 3.4GHz to classify the patches into mitotic and nonmitotic nuclei. The patches were extracted from two
datasets (50 HPFs(high-power fields) from the
ICPR2012 context dataset and 73 HPFs from the
TUPAC16 dataset). The authors reported an F1-score
of 0.79. (Cruz-Roa et al., 2018) proposed a framework
called HASHI for invasive breast cancer detection in
WSI. The training data is obtained by applying a
regular sampling on 600 labelled WSIs. The patches
resulting from a pseudorandom sampling of the new
unseen WSIs are passed to a 2-layer CNN classifier;
resulting predictions are used to build an interpolated
probability map. Dense sampling is further applied to
regions with high uncertainty, which produces an
improved probability map estimation. The authors
reported an

Acc:
Binay-class: 92.5%
Multi-Class:90%

AUC of 0.90. (Roy et al., 2019) proposed an 8-layer
CNN model for binary (Non-Malignant and
Malignant) and multi-class (normal, benign, in-situ and
invasive) classification on the ICIAR-2018 dataset,
which consists of 500 images (400 for training and 100
for testing) of size 2048x1536. The model was trained
with about 70 epochs on 128GB RAM of CPU based
system with Xenon processor to yield an accuracy of
92.5% and 90% for binary classification and multiclassification, respectively.

• Pre-trained CNN Architectures
This category of methods implements transfer learning,
where features learned to solve a problem from one
domain constitute the baseline for the features used to
solve a problem from a different but related domain
(Mehra, 2018). These techniques take an existing CNN
architecture usually trained on a large dataset, and retrain it on a smaller dataset related to the problem under
investigation. During the training, only the weights of
the last few layers are updated using the
backpropagation approach for filter learning. These
CNNs are usually deep (more than seven layers),
initially trained for a long time and with a large number
of epochs which make them very performant in solving
the original problem. Retraining takes usually, much
less time (less
epochs) on much smaller datasets and resulting models
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Table 3. Overview of pre-trained CNN architectures used in breast cancer histology image classification.
Reference

CNN Architecture

Dataset

Performance

(Fabio Alexandre
Spanhol et al., 2016)

AlexNet

BreakHis dataset (7909 images)

Acc:85.6 (40x),
83.0(100x),
83.1(200x),
80.8 (400x)

(Fabio A Spanhol et al., BVLC CaffeNet model (pre-trained BreakHis dataset (7909 images)
2017)
AlexNet as a CNN) along with DeCaf
features

Acc: 84.3 (40x),
84.7 (100x),
84.1(200x),
81.6 (400x)

(Song et al., 2017)

Component Selective Encoding CNN BreakHis dataset (7909 images)
(combination of Fisher vector and
VggNet19)

Acc: 87.5 (40x),
88.6(100x),
85.5(200x),
85.0(400x)

(Bejnordi et al., 2017)

CAS-CNN( a combination of wideResNet and VggNet)

Radboud University
AUC: 0.96(Binary)
Medical Centre Dataset(224 images) Acc: 89%(Binary)
Acc: 81.3%(multiclass)

(Han et al., 2017)

Class Structure-based Deep
Convolutional Neural Network
(GoogleNet)

BreakHis dataset (7909 images)

Acc: 95.8 (40x),
96.9 (100x),
96.7 (200x),
94.9 (400x)

(Vang et al., 2018)

InceptionV3 and Dual-path network

ICIAR-2018 Dataset(400 images)

Acc: 87.5%

(Motlagh et al., 2018)

ResNet152

TMA database(6,402) and
BreakHis dataset(7909 images)

TMA - Acc:99.8%
BreakHis
Acc:98.7%(Binary)
Acc:94.6%(multiclass)

(Vesal et al., 2018)

ResNet50

BACH-2018 dataset (320 images)

Acc: 97.50%

(Kausar et al., 2019)

VggNet16

ICIAR 2018 (400 images) and
BreaKHis dataset(7909 images)

Acc:
98.2%(ICIAR2018)
96.85%(40xBreaKHis)

Budak et al. (2019)

FCN based on AlexNet and
BreaKHis dataset(7909 images)
Bi-LSTM (Bidirectional Long ShortTerm Memory)

Acc: 95.69(40x),
93.61(100x),
96.32(200x),
94.29(400x).

Alom et al. (2019)

Inception Recurrent Residual CNN
(IRRCNN)

Bioimaging
Challenge 2015

Acc: 99.05% (for
binary) and
98.59%(for multi)

Vo et al. (2019)

Inception and
Gradient boosting trees

BreaKHis dataset(7909 images)

Acc: 93.5(40x),
95.3(100x),
96.1(200x),
91.1(400x)

(Anwar et al., 2020)

ResNet50,HoG,WPD

BreakHis dataset (7909 images)

Acc: 97.10(40x),
97.56(100x),
96.41(200x),
94.32(400x)
Acc:96.48%
F1-score:96.32%

(Chakraborty et al., 2020) ResNet50

Kaggle data repository (220,025
patches of images)

Laxmisagar and
MobileNet2.10ex
Hanumantharaju (2021)

Bioimaging
Challenge 2015

Acc: 88.92%

Munien and Viriri (2021) EfficientNet

ICIAR2018 dataset

Acc: 98.33%
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are usually of high performance. The most re-used
CNN architectures are AlexNet (Krizhevsky et al.,
2012), VggNet (Simonyan and Zisserman, 2014),
GoogLeNet (Szegedy et al., 2015), and ResNet (He et
al., 2016) (See Table 3).
AlexNet is an 8-layer CNN trained on an ILSVRC
dataset (Deng et al., 2009). The dataset consists of
images of 1000 different classes. 1.2 million images are
used for training, 50,000 images for validation and
150,000 images for testing. It took 6 days for a 90epoch training and achieved a winning error rate of
15.3%. The second version of AlexNet trained on
CIFAR-10 dataset that contains 60000 images (50000
for training and 10000 for testing) from 10-classes has
also been used as a pre-trained model (Krizhevsky and
Hinton, 2010) (Krizhevsky, 2009). VggNet is available
in two architectures, 16 layers and 19 layers; they were
trained on the ILSVRC14 challenge dataset for 74
epochs and won second place by obtaining an error rate
of 14.7% and 7.3% respectively. GoogLeNet is a 22layer architecture also trained on the ILSVRC14
challenge dataset and won the competition by
obtaining an error rate of 6.7%. ResNet is a deep
network that is available in different versions, the most
common ones have 50, 101, and 152 layers
respectively. The ResNet50 was trained on the
ImageNet dataset and achieved an error rate of
5.25%. The ResNet101 model was trained using 80k
iterations for detection and segmentation of the COCO
2015 challenge dataset and won the COCO 2015
competitions by achieving a 28% relative improvement
on object detection. The ResNet152 model was trained
on the ILSVRC15 challenge dataset for 60 × 104
iterations and won the ILSVRC15 competitions by
achieving an error rate of 3.57%. Classification of
histology images with pre-trained networks yields
better performance compared with manually designed
CNNs.
Fabio Alexandre Spanhol et al. (2016) applied the
AlexNet pre-trained on the CIFAR-10 dataset on a
multi- magnification dataset called BreaKHis that was
introduced by (Fabio A Spanhol et al., 2015). A subset
of 1000 patches of size 64x64 was used to train the
model for about 80,000 iterations to obtain image-level
accuracy of 85.6 ± 4.8% (40x), 83.0 ± 3.9% (100x),
83.1 ± 1.9% (200x), and 80.8 ± 3 % (400x). (Fabio A
Spanhol et al., 2017) applied a modified version of
AlexNet (the order of pooling and normalization layer
was exchanged) pre-trained on the ImageNet dataset.
On the breaks dataset their model achieved an imagelevel accuracy of 84.3 ± 2.9% (40x), 84.7 ± 4.4%
(100x), 84.1 ± 1.5% (200x), and 81.6 ± 3.7% (400x).
(Song et al., 2017) proposed a model, which extracts
features from the final convolutional layer of
VggNet19, encoded by a fisher-vector to feed an SVM
classifier. The proposed model was evaluated on the
BreaKHis dataset and obtained a binary classification
accuracy of 87.5 ± 1.6 (40x), 88.6 ± 3.6 (100x), 85.5 ± 2.0
(200x), and 85.0 ± 4.6 (400x). (Bejnordi et al., 2017)
proposed a cascaded CNN (CAS-CNN) model, which

is a combination of a modified version of ResNet called
Wide-ResNet (Zagoruyko and Komodakis, 2016) and
VggNet. The proposed CAS-CNN model was trained
and tested on 224 WSI (100 normal/benign, 69 DCIS,
and 55 IDC WSIs) from Radboud University Medical
Center, Netherland. An Accuracy of 89% was obtained
for binary classification (Benign and Cancer) and 81%
for multi-classification (Benign, Ductal Carcinoma,
and Invasive Ductal Carcinoma). (Han et al., 2017)
proposed a Class Structure-based Deep CNN
(CSDCNN), which is based on a pre-trained
GoogLeNet for binary and multi-classification. The
data augmentation method was applied on BreaKHis
dataset to increase the training images. Moreover, an
over-sampling based on Gaussian distribution was
applied to deal with the imbalance of the classes. The
training took 10 hours on the augmented dataset on
Intel i7- NIVIDIA Quadro K22200 GPU and achieved
image-level accuracies of (95.8 ± 3.1 (40x), 96.9 ± 1.9
(100x), 96.7 ± 2.0 (200x), and 94.9 ± 2.8 (400x)).
(Vang et al., 2018) used the pre-trained GoogLeNet
model on the ICIAR-2018 challenge dataset, which
contains 400 microscopy images of size 2040x1536
pixels. The training was conducted on 4 GPUs (2
NIVIDIA TitanX GPUs and 2 NIVIDIA GTX 1080Ti)
for 30 epochs to achieve an accuracy of 87.5% for a
multi-classification (normal, benign, in-situ carcinoma
and invasive carcinoma). (Motlagh et al., 2018) used
the pre-trained ResNet152 to extract hierarchical
features on TMA (Tissue Micro Array) and BreaKHis
datasets. The model was trained on ASUS GeForce
GTX1080 for 3000 epochs. It achieved an accuracy of
98.7% and 96.4%, for binary and multi-classification,
respectively. (Vesal et al., 2018) applied ResNet50 on
the BACH-2018 challenge dataset, which consists of
400 WSI of size 2040x1536 pixels. From the 320
training images, 67,200 patches of size 512x512 were
extracted for training. The model was trained for about
100 epochs and achieved an accuracy of 97.5%.
(Kausar et al., 2019) proposed a modified version of
VggNet16 by replacing the last three fully connected
layers with a global pooling layer. The input of the
model consists of Haar wavelet-decomposed images.
ICIAR2018 and BreaKHis datasets have been used to
train the model for about 150 epochs on NVIDIA Tesla
M40 GPU to achieve an accuracy of 98.2% and 96.85%
on the two datasets, respectively. (Budak et al., 2019)
used an integrated model combining AlexNet, and BiLSTM (Bidirectional Long Short-Term Memory) to
classify BreaKHis dataset. The authors reported that
pre-trained AlexNet was re-trained for 20 epochs in the
NVIDIA Quadro P6000 GPU, and achieved the
accuracy of
95.69% (40x), 93.61% (100x),
96.31%(200x), and 94.29%(400x). (Alom et al., 2019)
proposed a model that combines Inception-V4, ResNet
and Recurrent CNN. The model was re-trained for 150
epochs on the BreaKHis dataset using a 56G of RAM
GPU with NVIDIA GeForce GTX-980 Ti. It achieved
an accuracy of 97.95% (40x), 97.57% (100x), 97.32
(200x), and 97.36 % (400x). (Vo et al., 2019) proposed
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a model based on Inception-v3 and ResNet-152. It was
trained on BreaKHis dataset for 50 epochs on GeForce
GTX 1080 Ti that yields an accuracy of 93.5% (40x),
95.3(100x), 96.1%(200x), and 91.1%(400x). (Anwar
et al., 2020) proposed a model that combines features
produced
by
ResNet50,
wavelets
packet
decomposition, and histograms of the gradient. PCA is
then applied to reduce the feature dimensionality. A
Data Augmentation was applied to the BreaKHis
dataset to obtain 237270 training patches. The authors
reported accuracies of 97.10 (40x), 97.56 (100x), 96.41
(200x), and 94.32 (400x). (Chakraborty et al., 2020)
proposed a Dual Channel Residual CNN (DCRCNN)
which decomposes input images into two separate stain
channels (Eosin and Hemotoxylin) (Ruifrok, 2019).
Stain channels are fed into two separate ResNet50;
resulting features are then fused for classification. The
proposed model was applied on Kaggle data repository
(Kaggle Dataset, 2018), which contains nearly 220,025
images of size 96x96. The authors trained the model
for 50 epochs and achieved an accuracy, and F1-score
of 96.48% and 96.32%, respectively. Laxmisagar and
Hanumantharaju (2021) proposed a model that
incorporated MobileNet2.10e with fully convolutional
deep neural network on bio-imaging challenge 2015
dataset. This model was trained for 280 epochs in
Google colab with GPU 2496 CUDA, and achieved an
accuracy of 88.92%. (Munien and Viriri, 2021)
proposed a model based on EfficientNet-B2 trained for
50 epochs in Google colab with NVIDIA Tesla K80
GPU, and achieved an accuracy of 98.3% in
ICIAR2018 dataset.

optimized model was used to detect metastasis on
CAMELYON16 dataset that consists of 400 WSI (270
WSI for training and 130 WSI for testing). The authors
reported an AUC of 0.99. (Oyelade and Ezugwu, 2021)
proposed a NAS based model using Ebola
Optimization Search Algorithm for search space to
optimize the hyper-parameters of deep neural networks
that applied on the breast cancer histopathology images
of BreaKHis and BACH dataset. The optimized model
trained for 500 epochs on both datasets and attained a
100% accuracy

4. LACK OF LABELED HISTOLOGY
DATASETS
To achieve high prediction performance, a CNN model
requires large labelled training datasets which is,
unfortunately, not available for many problem domains
including the medical domain. There are two main
reasons behind the lack of labelled histology image
datasets: 1) Labeling histology images is timeconsuming and requires medical experts, which make
the task very expensive. 2) Medical data, in general, are
usually confidential and therefore not easily available
to the research community. Several approaches have
been adopted to address this problem; the most
common methods used for histology image
classification are patch generation, data augmentation
and pre-trained CNNs. The two other methods
addressing this problem are weakly supervised
learning and feed-forward filter learning.

• Commonly Used Approaches Dealing with
Small Histology Datasets

• Automatically-Designed CNN Architecture
Network Architecture Search (NAS) is a state-of-theart approach for designing efficient CNN-based
solutions; It was recently introduced to automate and
optimize the hyper-parameters and the architecture
design of neural networks (Zoph and Le,
2017)(Wistuba, 2019). NAS methods can be
categorized according to three dimensions (Elsken et
al. 2019): search space, search strategies and
performance evaluation strategies. The search space
defines which architectures a NAS method might
discover, the search strategy defines the way the search
space is explored to discover an optimized architecture
in terms of some parameters such as number of layers,
number of filters, size of the filters and pooling
window, and strides while a performance evaluation
strategy aims at estimating the performance of a neural
network architecture in terms of predefined criteria
such as the accuracy. The reader is referred to (Elsken
et al. 2019) for more details on these strategies.
(Koohbanani et al., 2018) proposed a model that
applies the NAS approach to design a neural network
for breast cancer histology image classification. In this
work, a Bayesian optimization approach (Zoph and Le,
2017) was applied to estimate the optimal values of the
main hyper-parameters of the model (filter size,
dropout layer, learning rate, and momentum). The

Histology images are in general of large size (Wide
Slide Images 2040 x 1536 pixels) which allows
increasing the number of the dataset samples by
generating thousands of smaller labelled images
(patches) from the original WSI dataset (Litjens et al.,
2016) (Araújo et al., 2017) (Wahab et al., 2017) (Vesal
et al., 2018). Data augmentation is another commonly
adopted method for increasing the size of image
datasets. It consists of generating additional labelled
images by applying various image transformations,
such as rotation, translation, zooming, and cropping, to
the original dataset. (Fabio Alexandre Spanhol et al.,
2016) (Vang et al., 2018) (Anwar et al., 2020). Finally,
pre-trained models are often adopted because they can
lead to high accuracy even when re-trained on
relatively small datasets (Song et al., 2017) (Bejnordi
et al., 2017).

• CNN using Weakly-Supervised Learning
Weakly supervised learning includes three categories
(Zhou, 2018): 1) incomplete supervision, in which only
a subset of training data is given with labels; 2)inexact
supervision, in which the training data are given with
only coarse-grained labels, and 3) inaccurate
supervision, in which the given labels are not always
ground truth (Albarqouni et al., 2016).
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Table 3. Overview of methods dealing with the lack of large labelled datasets in breast cancer histology classification.
Reference
Supervision/
Dataset
Performance
Filter Learning
(Albarqouni et al., 2016)

Inaccurate supervision

MICCAI-AMIDA13 challenge dataset
(311 images)

F1-Score: 0.74
AUC: 0.869

(Das et al., 2018)

Inexact supervision
(MIL)

BreakHis dataset
(7909 Images)

(Sudharshan et al., 2019)

Inexact supervision
(MIL)

BreakHis dataset
(7909 Images)

Acc:89.52(40x),
89.06 (100x),
88.84(200x),
87.67(400x)
Acc:86.9(40x),
85.7 (100x),
85.7 (200x),
83.4 (400x)

(Jaiswal et al., 2019)

Incomplete supervision

(Shi et al., 2016)

PCA

PatchCamelyon (327680 patches of
images)
MGH dataset
(66 images)

(Huang et al., 2017)

PCA

AUC: 0.98
AUC: 0.88
Acc: 81.51±2.91

Netherland Cancer Institute (778 images), Acc: 85%
Vancouver General Hospital (664 images)
and Public dataset. [Stanford Tissue
Microarray Consortium Web Portal and
The UCSB Bio-Segmentation Benchmark
dataset] (45 images)

Incomplete supervision is implemented via two
major techniques, namely active learning which
involves a human expert to label selected unlabeled
instances considered as the most valuable, and semisupervised learning that makes use of labelled data and
some basic assumptions about data distribution to
predict labels of unlabeled data. For more details, the
reader is referred to (Zhou, 2018). Inexact supervision
uses the multiple-instance learning (MIL) technique
introduced by (Dietterich et al., 1997). In MIL, CNNs
inputs consist of multiple instances of images (called a
bag of images), and the bag labels are obtained using
two methods that are instance-based and bag-based
methods. For more details, the reader is referred to
(Herrera et al., 2016). In inaccurate supervision,
training data may contain erroneous labelling. A
typical scenario is when some of the labels are obtained
through the crowdsourcing technique introduced by
(Brabham, 2008). In this technique, non-expert users
registered to a common platform provide labels for the
unlabeled data. All published works applying methods
grouped under this category are using the
backpropagation approach for filter learning.
Albarqouni et al. (2016) proposed a 5-layer CNN
model (AggNet) for mitotic detection. A
crowdsourcing platform, called Crowdflower was
developed to annotate the unlabeled images. Users
registered on this platform are able to access the
samples of labelled images and participate in the
annotation process. This model was trained for 100
epochs in GeForce GT 750M on the MICCAIAMIDA13 challenge dataset that consists of 318 HPF
images for training and 22 HPF images for testing,
along with 5500 labelled patches from the
Crowdflower platform (550 patches annotated by 10

participants). The authors reported an AUC of 0.87.
(Das et al., 2018) proposed a MIL-CNN with new
multiple instance-pooling layers that extract features
from the final fully connected layer for classification.
A bag with multiple instances is obtained by extracting
regions of interest (ROI) from WSI. Each patient is
assigned a bag containing 25 to 60 randomly chosen
patches of size 224x224 extracted from the BreaKHis
dataset. Their model achieved patient-level accuracies
of 89.52% (40x), 89.6% (100x), 88.4% (200x) and
87.67 (400x). (Sudharshan et al., 2019) applied on
BreakHis dataset MILCNN model initially proposed
by (Sun et al. 2016). In their work, they considered two
different settings; in the first set, each patient is
considered as a bag which is labelled by its diagnosis
while in the second set 1000 patches are randomly
extracted from each image to constitute bags assigned
the image label. The model was trained for 80 to120
epochs and achieved patient-level accuracies of 86.9 ±
5.4% (40x), 85.7 ± 4.8% (100x), 85.9 ± 3.9% (200x),
and 83.4 ± 5.3% (400x) and image-level accuracies of
86.1 ± 4.2% (40x), 83.8 ± 3.1% (100x), 80.2 ± 2.6%
(200x), and 80.6 ± 4.6% (400x). (Jaiswal et al., 2019)
applied a modified DenseNet-201 proposed by (G.
Huang and Weinberger, 2018) where they substituted
the last two fully connected layers with a global-max
and global-average pooling layers. The model was
trained with a small labelled dataset then the trained
model is applied on a batch of the unlabeled dataset to
obtain a pseudo-labelled dataset that was used to
explore discriminating features of the unlabeled
dataset. During the training, the backpropagation
algorithm optimizes the objective function that
combines the loss from the predictions of the pseudolabelled dataset with that from the labelled dataset.
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Their model was applied to PCam (PatchCamelyon)
dataset that includes labelled and unlabeled images
consisting of 327,680 patches of size 96x96 pixels.
They trained the model for 5 to 7 epochs on NVIDIA
Tesla P100 and reported an AUC of 0.98.

ResNet (152 layers), transfer learning became the
preferred approach for designing image classifiers. The
proposed methods attained better accuracies on breast
cancer histology images (from mid-80% to mid-90%)
with much less design effort, as most of the time the
design consists of retraining and /or modifying the few
last layers of a predesigned CNN architecture. The
main drawback of these methods is the large number of
learned weights that have to be stored. Very recently
Network Architecture Search (NAS) techniques have
been proposed. They aim to automatically design
optimized CNN architectures with efficient
hyperparameter setting that suits the dataset under
consideration. Designed CNN can achieve very high
classification accuracies, the only work we found
addressing breast cancer histology image classification
reported an accuracy of 99%. The main drawback of
these methods resides in the significant search time
required to identify the appropriate architecture.
Regarding the acquisition of an adequate labelled
dataset, the survey showed that proposed breast cancer
histology image classification methods addressed the
problem in different ways. Some methods make use of
the large size of the Whole-Slide Images or WSI (about
2040 x 1536) to extract a significant number of small
labelled patches of a few hundred pixels in each
dimension. The resulting images are then used to train
and test the designed CNN models which lead to
achieving accuracies in the range of mid-80% to mid90%. Other methods use pre-trained models that
usually do not need a large number of images for
training because of the huge size of the dataset used to
design the pre-trained CNN. When there is a need to
further increase the size of the dataset, two approaches
are applied: data augmentation and weakly supervised
learning. In data augmentation, new images/patches
are generated from collected labelled data by applying
image transformations such as rotations, zooming,
illumination variations, cropping etc. Obtained
classification accuracies are usually very high (from
85% to 99%). Weakly supervised learning acquires
labelled
images
through
three
techniques
crowdsourcing, bagging or the semi-supervised
technique proposed by Chapelle et al. Methods
adopting these techniques achieved good classification
accuracies (from 83% to 89%). Recently, feedforward
approaches for learning filters were proposed to
overcome the drawbacks of the traditional
backpropagation method including the need for large
labelled datasets. Proposed methods achieve good
accuracy levels (from 81% to 85%) with a few layers
and reasonable size of labelled datasets.

• Methods Using Forward Filter Learning
In this approach, predefined filters are used in the
convolutional layers instead of learning them through
the traditional backpropagation algorithm. These
methods are trained for a short period at a low
computational cost and they can perform well with
small-sized datasets. Two pioneer research works have
adopted this approach for learning filters, namely
ScatNet (Bruna, J. and Mallat, S. 2013) and PCANet
(Chan et al., 2015). The formerly used wavelet
operators to define the filters while the latter used PCA
method to define them.
Shi et al. (2016) proposed a method inspired by
PCANet called Color pattern Random Binary HashingBased PCANet (C-RBH-PCANet). In this method,
filters learned using a PCA-based technique were
applied to a 2-block CNN (each including a
convolutional layer, non-linearity layer and a pooling
layer). They reported an AUC and accuracy of 0.88 and
81.51%, respectively on a dataset that consists of 1000
patches from 66 WSI of size 800x1800 from the MGH
(Massachusetts General Hospital) dataset. (Huang et
al., 2017) proposed a 5-layer CNN model. The filters
were learned using principal component analysis on the
public datasets (University of Pittsburgh School of
Medicine,UPSM and the UCSB Bio-Segmentation,
UCSB-BS Benchmark dataset), and a sample of
different types of histology images obtained through
the Google search engine. They achieved an accuracy
of 85% on randomly selected 12,000 patches of size
50x50 pixels from three datasets (Netherland Cancer
Institute dataset, Vancouver General Hospital dataset,
and the UPSM and UCSB-BS public datasets).

5. DISCUSSION
In this paper, the focus was on how CNN-based
methods addressed the two major challenges faced by
any CNN-based model namely the design of an
appropriate CNN architecture and the acquisition of an
adequate labelled dataset.
Regarding the CNN architecture design, the survey
showed that the early methods adopted a handcrafted
approach that builds from scratch the adequate CNN
architecture based on trial and error. These methods are
characterized by their relatively small depths (mostly
less than 7 layers), reasonable training time and epoch
number and moderate to good accuracy (mostly from
70% to 90%). Tuning the values of the CNN
hyperparameters such as the number of layers, number
of filters and their sizes, etc. is tedious and timeconsuming. Besides, the identified architectures are
difficult to adapt to new datasets. With the event of
performant deep CNNs such as AlexNet (8 layers),
VggNet (16 and 19 layers), GoogleNet (22 layers) and

6. CONCLUSION
In this paper, we surveyed recent CNN-based methods
for breast cancer histology image classification. The
surge in high-performance GPU computing coupled
with the availability of a large amount of training data
has made CNN achieve state-of-the-art performance in
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the classification tasks. Although the feature
representation from pre-trained models has been
learned from natural images, these models achieve
high classification accuracy on histological images and
therefore are widely applied. Recently, training with
few samples is getting more attention from the research
community using histology images because of the
limited size of this type of dataset. This survey showed
that the use of automatic architecture design and
feedforward filter learning approaches have not been
fully explored for the analysis of breast histology
images despite the impressive results obtained by the
former in classifying images and the promising
perspectives offered by the latter to deal with the lack
of labelled histology image datasets. Therefore, we
believe these two directions need to be further explored
and could be of great potential and value in the future.
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ABSTRACT: This paper presents the hydrodynamics on the western coast of Libya. The investigated area, which
is a part of the Mediterranean Sea, is one of the most critical and active coastal regions in the country. A 2DH
process-based model for flow based on the Delft3D modelling system from Deltares is constructed for the study
area. Extensive field data concerning the tidal constituents were used. The flow model that is necessary to
understand the hydrodynamics of the area was calibrated and validated using field measurements. In this paper,
only the water levels and tidal components for the astronomical tide are presented. Calibration and validation of
the numerical flow model show that the results of the water level represent the field conditions well. The present
study gives insight into the basic hydrodynamic processes of the investigated area. It should help designers and
the decision-makers maintain the region for any other economic and social activities. The flow model for the
investigated area can be also coupled with any other models like wave, sediment transport, morphodynamic and
water quality.
Keywords: Western coast Libya, Hydrodynamics, Astronomical tide, and Process-based model.

 ﻟﯾﺑﯾﺎ- ﻧﻣوذج رﻗﻣﻲ ﻟﻠﺗﯾﺎرات اﻟﻣﺎﺋﯾﺔ ﻟﻠﺳﺎﺣل اﻟﻐرﺑﻲ
طﻼل ﻋﺎﺷور اﻟﻌﺗري و أﺣﻣد ﻓرج ﻗدﯾرة و ﻋﺑد اﻟرﺣﻣن ﻋﺛﻣﺎن اﻟﻌطﺎ ﺣﻣزة
 ﺣﯿﺚ ﺗﻌﺪ ﻣﻨﻄﻘﺔ اﻟﺪراﺳﺔ ﺟﺰء ﻣﻦ اﻟﺒﺤﺮ اﻷﺑﯿﺾ اﻟﻤﺘﻮﺳﻂ وواﺣﺪة. ﺗﻌﺮض ھﺬه اﻟﻮرﻗﺔ ھﺎﯾﺪرودﯾﻨﺎﻣﯿﻜﯿﺔ اﻟﺴﺎﺣﻞ اﻟﻐﺮﺑﻲ ﻟﻠﯿﺒﯿﺎ:اﻟﻤﻠﺨﺺ
ً ﻣﻦ أﻛﺜﺮ اﻟﻤﻨﺎطﻖ اﻟﺴﺎﺣﻠﯿﺔ ﻧﺸﺎ
( ﻟﻤﻨﻄﻘﺔ اﻟﺪراﺳﺔ ﻟﺪراﺳﺔ اﻟﺘﯿﺎرات2DH)  ﺗﻢ إﻧﺸﺎء ﻧﻤﻮذج ﻟﻠﻤﺤﺎﻛﺎة اﻟﺮﻗﻤﯿﺔ ﺛﻨﺎﺋﻲ اﻻﺑﻌﺎد.طﺎ ﻓﻲ اﻟﺒﻼد
 ﺗﻢ اﺳﺘﺨﺪام ﻗﯿﺎﺳﺎت ﻣﯿﺪاﻧﯿﺔ واﺳﻌﺔ اﻟﻨﻄﺎق ﺗﺘﻌﻠﻖ ﺑﻤﻜﻮﻧﺎت اﻟﻤﺪ واﻟﺠﺰر ﻟﻠﺘﯿﺎرات.Deltares  ﻣﻦDelft3D اﻟﻤﺎﺋﯿﺔ ﺑﺎﺳﺘﺨﺪام ﻧﻈﺎم اﻟﻨﻤﺬﺟﺔ
 ﻓﻲ. وﻟﻔﮭﻢ ھﺬه اﻟﺘﯿﺎرات اﻟﻤﺎﺋﯿﺔ ﻓﻲ ﻣﻨﻄﻘﺔ اﻟﺪراﺳﺔ ﺗﻢ ﻣﻌﺎﯾﺮة اﻟﻨﻤﻮذج اﻟﺮﻗﻤﻲ واﻟﺘﺤﻘﻖ ﻣﻦ ﺻﺤﺘﮫ ﺑﻤﻘﺎرﻧﺘﮭﺎ ﺑﺎﻟﻘﯿﺎﺳﺎت اﻟﻤﯿﺪاﻧﯿﺔ.اﻟﻤﺎﺋﯿﺔ
 ﺗُﻈﮭﺮ ﻣﻌﺎﯾﺮة اﻟﻨﻤﻮذج أن ﻧﺘﺎﺋﺞ. ﺗﻢ دراﺳﺔ ﻣﺴﺘﻮﯾﺎت اﻟﻤﯿﺎه وﻣﻜﻮﻧﺎت اﻟﻤﺪ واﻟﺠﺰر ﻓﻘﻂ ﺑﺪون اﻻﺧﺬ ﻓﻲ اﻻﻋﺘﺒﺎر ﺗﺄﺛﯿﺮ اﻟﺮﯾﺎح،ھﺬه اﻟﺪراﺳﺔ
 وﻣﻦ أھﻢ اﺳﺘﺨﺪاﻣﺎت ﻧﺘﺎﺋﺞ ھﺬه اﻟﺪراﺳﺔ أﻧﮭﺎ ﺗﻌﻄﻲ ﻧﻈﺮة أﻛﺜﺮ.ﻣﺴﺘﻮى اﻟﻤﺎء اﻟﻤﺘﺤﺼﻞ ﻋﻠﯿﮭﺎ ﻣﺘﻄﺎﺑﻘﺔ ﺑﺸﻜﻞ ﺟﯿﺪ ﻣﻊ اﻟﻘﯿﺎﺳﺎت اﻟﻤﯿﺪاﻧﯿﺔ
 ھﺬه اﻟﻨﺘﺎﺋﺞ ﯾﻤﻜﻦ أن.دﻗﺔ ﻋﻠﻰ اﻟﻌﻤﻠﯿﺎت اﻟﮭﯿﺪرودﯾﻨﺎﻣﯿﻜﯿﺔ اﻷﺳﺎﺳﯿﺔ ﻟﻠﻤﻨﻄﻘﺔ اﻟﺘﻲ ﺗﻢ ﻓﺤﺼﮭﺎ واﻟﻤﺘﻤﺜﻠﺔ ﻓﻲ اﻟﺘﯿﺎرات اﻟﻤﺎﺋﯿﺔ ﻟﻠﻤﺪ واﻟﺠﺰ
 ﻛﺬﻟﻚ ﯾﻤﻜﻦ أن ﯾﻘﺘﺮن.ﺗﺴﺎﻋﺪ اﻟﻤﺼﻤﻤﯿﻦ وﺻﻨﺎع اﻟﻘﺮار ﻓﻲ اﻟﺤﻔﺎظ ﻋﻠﻰ اﻟﻤﻨﻄﻘﺔ ﻓﻲ ﺣﺎﻟﺔ اﻟﺘﻮﺳﻊ ﻷي أﻧﺸﻄﺔ اﻗﺘﺼﺎدﯾﺔ واﺟﺘﻤﺎﻋﯿﺔ أﺧﺮى
ﻧﻤﻮذج اﻟﺘﺪﻓﻖ اﻟﺮﻗﻤﻲ اﻟﻤﺴﺘﺨﺪم ﺑﺄي ﻣﻦ ﻧﻤﺎذج اﻟﻤﺤﺎﻛﺎة اﻷﺧﺮى ﻟﺪراﺳﺔ ﺗﺄﺛﯿﺮ اﻟﺘﯿﺎرات اﻟﻤﺎﺋﯿﺔ اﻟﻨﺎﺗﺠﺔ ﻋﻦ اﻷﻣﻮاج أو ﺗﻠﻚ اﻟﺘﻲ ﺗﺴﺒﺐ ﻓﻲ
.ﻧﻘﻞ اﻟﺮواﺳﺐ وﺗﻐﯿﯿﺮ طﺒﻮﻏﺮاﻓﯿﺔ ﻗﺎع اﻟﺒﺤﺮ ﺑﺎﻹﺿﺎﻓﺔ اﻟﻰ دراﺳﺔ ﻣﺪى ﺟﻮدة اﻟﻤﯿﺎه ﻓﻲ ﻣﻨﻄﻘﺔ اﻟﺪراﺳﺔ
. اﻟﺴﺎﺣﻞ اﻟﻐﺮﺑﻲ ﻟﻠﯿﺒﯿﺎ؛ ھﺎﯾﺪرودﯾﻨﺎﻣﯿﻜﯿﺔ؛ اﻟﺘﯿﺎرات اﻟﻤﺎﺋﯿﺔ؛ ﺗﯿﺎرات اﻟﻤﺪ واﻟﺠﺰ؛ ﻧﻤﺎذج اﻟﻤﺤﺎﻛﺎة اﻟﺮﻗﻤﯿﺔ اﻟﺤﺪﯾﺜﺔ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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A Tidal Flow Model of the Western Coast of Libya

The goal of this paper is to develop a highresolution model that can describe the hydrodynamics
of the Tripoli Marina located in western coastal Libya
using Delft3D. This model should be able to predict the
tidal and water level as appropriately as possible.
It should also be able to deal with wet and dry
computations. In other words, the model can handle the
wet/drylands concerning the water depth.

1. INTRODUCTION
The Libyan coast is of great importance to the
population. Approximately 90% of the population lives
in an area of only 10% of the total area of the country
(World Bank, 2012). Most of the people are living on
the Mediterranean coast, providing the use of many
commercial, industrial and tourist activities. Tripoli, as
the capital of Libya and is located on the western coast,
represents an important research area. This considers
the activities built on it from the port of Tripoli, sea and
many of the investment, which is the destination of the
local population. Also added facilities such as
conference centre, luxury hotels and a cruise station.
where the area was reclaimed from the coast of
Andalusia to establish the Marina within the luxury
tourist facilities. The small harbour is located near
outlet pipes of wastewater and the fall of a valley.
Moreover, heavy traffic and pollution close to the sea
give extra importance to the study area. All these
factors make the modelling of the tide as a primary
database an essential work. It is also critical to identify
some biological and ecological aspects in the region.
Therefore, the Tripoli coast is extremely important to
both the economy and the ecology of the region. At the
same time, the model, which is based on free source
code Delft3D from Deltares, and freely available data
sets, will support researchers, scientists and institutions
to understand the coastal processes. This kind of
numerical model would give a good understanding not
only of the hydrodynamics of the region but also of the
environment. This will lead to help in making decisions
that will affect the ecology of the study area.
To achieve a good understanding of the biological
and water quality in the region, a very well-calibrated
and validated hydrodynamic model is required. This
includes the information on the velocity, water level,
and fluxes for each grid cell within the domain under
discussion. Then the quantitative analysis of the water
quality would be easy to perform by the researchers. It
also provides an understanding of the behaviour of the
environment, including determining the fate of
different compounds.
In this paper, a hydrodynamic flow model using
Delft3D software developed by Deltares in Delft, the
Netherlands is set up. The modelling used the tidal
movement in Tripoli station. Moreover, the modelling
will be evaluated and calibrated for a one-year
evaluation. However, the grid was conducted and
distributed by 14 monitoring stations. The Tripoli tidal
station was with high concern in the study area.
The data has taken from Delft Dashboard (DDB),
which provided the Open-source Project for a Network
Data Access Protocol. Also, the topography of the bed
and the open boundary is defined by the general
bathymetric chart of the ocean from the General
Bathymetric Charts of the Ocean (GEBCO 08 Grid).
The hydrodynamic flow model was validated,
calibrated and evaluated with observations, which is
reliable and useful for further model studies.

2. AREA OF STUDY
The Andalusia marina is a luxury hotel and cruise
station. It is situated in Tripoli on the west coast of
Libya. The study area is a part and is located at the
southern of the Mediterranean Sea (Fig. 1). The
Mediterranean Sea is a semi-enclosed sea that leads to
high salinities, temperatures, and densities. The only
connection to the Atlantic Ocean in the west is through
about 13km wide Gibraltar strait. The other connection
in the northeast is through the Dardanelles to the Sea of
Marmara and Black sea. The rivers from the northern
shores are bringing about 92% (15000 m3/s) of the input
water (Bryden et al., 1994). On the southern shore, the
Nile River drains water where most of the water
evaporates. On the other hand, the drainage basin of the
southern-eastern Mediterranean, including a big part of
the Libyan coast, is mostly desert with low water inputs
(Ludwig et al. 2009).
This amount of water is about one-third of the
amount of water that it loses by evaporation. The water
balance will have approximately 3250 km3/year losses
but also the Atlantic waters (Bryden et al., 1994). This
also will not have a significant effect on the hydrology
of the study area. Close to the study area, the exchange
will be limited due to the shallow Sicily Stairs which
has a depth of about 500m (Crise et al., 1999).
In the study area (arid and semi-arid) is common to have
floods due to lasting rainfall during spring and fall,
affecting small coastal catchments (UNEP/MAP/MED
POL, 2003).

3. PURPOSE AND METHODOLOGY OF
THE PRESENT STUDY
Studies of hydrodynamics in the western Libyan coast
so far have been exploratory and detailed study is
required for the functioning of the Andalusia marina.
This paper presents a 2DH model for flow based on
Delft3D software developed by Deltares.

Figure 1. Area of study.
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The flow model was used to compute current
velocities, water levels at several locations on the
western coast of Libya. The flow model was set up for
astronomical conditions, calibrated and validated using
relevant tide gauges’ measurements at different
locations in the area.
This paper confines itself to the presentation of
results relevant to the flow field in the area of
investigation.
The flow model when it is completed should be useful
to set up sediment transport, morphodynamic, and
water quality models in arriving at decisions pertaining
to the Andalusia marina operation.

Stokes’ drift components (Lesser G.R., et al., 2004).
The hydrostatic pressure is based on the assumption
of shallow water equations where the vertical
momentum equation is expressed only with the
hydrostatic pressure. At the same time, the vertical
component for the acceleration will be neglected.
Therefore, the final description for the hydrostatic
pressure will be
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

(2)

where σ is the vertical layer thickness as a ratio of total
depth, his the total depth, and 𝜌𝜌 is the local fluid density
(including salinity, temperature and sediment).
The horizontal momentum equations can be described
in two equations

4. DELFT3D FLOW MODEL
The use of the FLOW model is to simulate the
multidimensional hydrodynamic flow and transport
phenomena, including sediments (Deltares, 2018).
Delft3D flow model solves the two-dimensional
(depth-averaged or 2DH) or three-dimensional (3D)
unsteady shallow water equations by applying the
hydrostatic pressure assumption.
Transport and deposition of sediments are
computed simultaneously with the hydrodynamics,
creating direct feedback between hydro- and
morphodynamics (Deltares, 2018).
Delft3D flow model calculates non-steady flow
resulting from tidal and meteorological forcing. The
main purpose is the two-dimensional (2DH, depthaveraged) and three-dimensional (3D) simulation of
tidal and wind-driven flow by solving the unsteady
shallow water equations.
Usually, the purpose of the model affects the
choice of the grid and the bathymetry resolutions, and
the period of the simulation. The model designed in
this research is to link data and model in real-time.
The Delft3D modelling system is designed to
simulate wind shear, wave forces, tidal forces,
density-driven flows and stratification due to salinity
and temperature gradients and atmospheric pressure
changes in coastal, river and estuarine areas (Lesser
G.R., et al., 2004).
Delft3D flow model is suited with a flooding and
drying algorithm. Grid cells are activated when water
levels exceed a flooding threshold, while grid cells
are de-activated when local water levels drop below
half this threshold (Deltares, 2018). The flow model
equations could be normally solved on a Cartesian or
spherical staggered grid. It is using the Generalized
Lagrangian Mean (GLM) in the same way as the
Eulerian equations (Lesser G.R., et al., 2004).
Lesser G.R., et al., 2004 described the governing
equations of the flow model as the following:
𝑈𝑈 = 𝑢𝑢 + 𝑢𝑢𝑠𝑠
�
𝑉𝑉 = 𝑣𝑣 + 𝑣𝑣𝑠𝑠
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where 𝜔𝜔 is the vertical velocity, f is Coriolis
parameter, 𝑣𝑣𝑈𝑈 and 𝑣𝑣𝑉𝑉 are the Eulerian velocity
components in Cartesian coordinates (x and y), 𝑀𝑀𝑥𝑥 and
𝑀𝑀𝑦𝑦 are the external sources or sinks of momentum, and
the horizontal pressure Px and Py are given by using
Boussinesq approximations
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where 𝜌𝜌𝑜𝑜 is the reference density of water, 𝜎𝜎 ′ is the
scaled vertical coordinate, and the horizontal Reynold’s
stress Fx and Fy are determined by the eddy viscosity
concept with simplification, as shown in Eqn. (5).
𝐹𝐹𝑥𝑥 = 𝑣𝑣𝐻𝐻 �
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�

(5)

Mx and My are describing any external sources or
subside of momentum like external forces due to
hydraulic structures, discharge or withdrawal of water
waves stress, etc.
The continuity equation will be defined as depthaveraged in Eqn. (6).
𝑆𝑆 =

(1)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+

�]
𝜕𝜕[ℎ𝑈𝑈
𝜕𝜕𝜕𝜕

+

�]
𝜕𝜕[ℎ𝑉𝑉
𝜕𝜕𝜕𝜕

(6)

where S is the discharge or withdrawal of water,
evaporation and precipitation per unit area, 𝜁𝜁 is the
water level above some horizontal plane, and t is the

where U and V are GLM velocity components, u and v
are Eulerian velocity components and we and vs are the
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time. For details and verification of the described
equation, it is better to refer to the paper from Walstra
et. al., 2000.
To solve the continuity and momentum equations
for the Flow model from Delft3D, the alternating
direction implicit (ADI) is used (Leendertse, 1987).
The most important advantage form the ADI
method is that a system of equations with a small
bandwidth will be developed. Many improvements
have been done by Stelling and Leendertse, 1991
makes the method used to solve the equations
computationally efficiently. This stability can be seen
at a courant number of up to about ten and most the
second-order accurate (Lesser G.R., et al., 2004).

between the southern part of Italian and the Tunisian
coast (West boundary).
The northern open boundary is located between
southern Italy and the eastern Libyan coast
(Northboundary) (Fig. 2). Thirteen astronomical
components, from the DDB tool, have been applied
along the open boundaries using the TPXO tide
model. The TPXO models include complex
amplitudes of MSL relative sea surface elevations and
transports/currents for eight primaries (M2, S2, N2, K2,
K1, O1, P1 and Q1), two long periods (Mf and Mm) and
3 non-linear (M4, MS4 and MN4) harmonic
constituents (Egbert and Erofeeva, 2002). Where M2
is the main semi-diurnal component, S2 is the main
solar semidiurnal component, N2 is the Lunar
component due to monthly variation in moon’s
distance from the earth, K2 is the Soil-lunar
constituent due to changes in declination of sun and
moon throughout their orbital cycle, K1 is the Soillunar component, O1 is the main lunar diurnal
component, P1 is the main solar diurnal component,
Q1 is the larger lunar elliptic component, Mf is Moon’s
biweekly component, Mm is Lunar monthly
component, M4, MS4 and MN4 are the non-linear tidal
components described as functions of M2, S2, and N2.
All the tidal components along the open
boundaries have been modified, the amplitude and the
phase, to improve the flow model performance (more
details will be described in detail in the calibration
section).

5. FLOW MODEL SET UP
The domain definition is the first and the most
important step for the model setup. It should be taken
into account the area of interest and the location of the
open sea boundaries.
On the other hand, the computational requirements
in terms of stability should be fulfilled. Figure 1 shows
the entire western Libyan coast and also the area of
interest.
The open sea boundaries have been selected away
from the area of interest to ensure that the
hydrodynamics is well captured. Moreover, any
fluctuations will not affect the area of interest.
To set up the flow model, the tool Delft Dashboard
(DDB) from Deltares is used. The DDB is a MATLAB
based tool and several open-source datasets are
embedded. These datasets include tidal information in
many locations around the world (including the area
of interest). It is also including the General
Bathymetric Chart of the Ocean (GEBCO)
bathymetric dataset. This dataset is controlled by the
support of the International Hydrographic
Organization (IHO) and the Intergovernmental
Oceanographic Commission (IOC) of UNESCO (van
Ormondt et al., 2020). The grid for the domain is
generated also using the mentioned DDB tool.
The numerical model domain, as it is shown in
Figure 2, is about 472976 km2. It consists of a
rectangular grid with about 564 km cross-shore by
about 1204 km longshore at the western coast of
Libya. The upper boundary is located just south of
Italy and the lower boundary is West of Tunisia from
the study area in Libya.
The grid spacing is about 4 km, in both directions,
with about 32164 total number of active cells
(301×141 cells total cells).
The bathymetry, that has been used for the flow
model was generated using the DDB tool with
GEBCO bathymetric dataset. The maximum depth is
about 4000 m close to the north open boundary (the
deepest point in the Mediterranean Sea is about 5267
m) and about 500 m in the area of interest.
Two main open boundaries have been defined for
the flow model. The West open boundary is located

6. EVALUATING THE PERFORMANCE
OF THE FLOW MODEL
Any numerical model requires several sequential
input parameters tuning steps (numerical and
physical). These steps should lead to an acceptable
and trusted model.
To ensure a good model performance, sensitivity,
validation and calibration processes should be taken
place. The sensitivity studies for the flow model is
dealing with input parameters and their degree of
effect on the model results. Any tuned parameters will
not be included in the evaluation concerning the model
quality. The importance of this stage is in the
definition of the parameters to be calibrated.

Figure 2. Domain, open boundaries, and observation points.
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The calibration procedure includes the defined
parameters during the sensitivity analysis. These
parameters will be tuned again within the physical
limits to get a better agreement between the model
results and measured data.
The last step of the model evaluation is the
validation for the model concerning different data sets
in terms of time. This includes longer and different
simulation periods but without changing any of the
calibrated parameters.
To evaluate the model performance properly, 14
observation stations will be used during the
sensitivity, calibration, and validation processes (Fig.
2).
For the sensitivity analysis, no model quality will
be investigated but only the water levels as time series
will be considered. From the above-described
evaluation performance steps, the grid spacing, time
step, bottom roughness parameters have been
investigated for the sensitivity study of the one month
(spring and neap tide) during June 2016. This period
has been used to avoid the effect of the wave due to
wind (calm wind conditions, no storms no high waves
and no wave-induced currents).
Three grid sets, 2×2 km, 4×4 km, and 6×6 km
(fine, medium, and coarse) have been investigated.
The model results for the three conditions do not
show major differences in terms of water level. The
only difference that has been noted is the
computational time. The finer grid set makes the
longer computational time. Therefore, the medium
grid set will be the optimal choice. It will have
reasonable computing time and a good representation
of the domain and observation stations.
Five-time steps 5, 10, 20, 60 and 120 minutes have
been tested. All of them showed small differences in
the water level results with longer computation time
for the 5 minutes time step and less for the coarse one.
In this study, a 10 minutes time step will be used
to have reasonable computation time with fewer
numerical errors.
The bottom roughness for the flow model has
been taken into account using Chezy formula,
uniform across the domain. Also, three sets of
uniform values of the bottom roughness (55, 65, and
70) are investigated. The results showed no effect
would be observed with changing the bottom
roughness. Therefore, the value set 65 (default from
Deltars flow model) is used. Table 1 concludes the
final setting for the model sensitivity study, which
will be used during the calibration and the validation
procedures.
The simulation period for the calibration has also
been chosen like the sensitivity analysis. The
sensitivity analysis showed that the most significant
parameter, which should be taken in detail during the
calibration study, is the open boundaries. Therefore,
the calibration procedure will only be focusing on the
modification of the tidal components in terms of
amplitude and phase.

June 2016 will be considered for the calibration
study (the comparison between the model results and
the measurements).
In this study, the quality of the flow model
simulations was evaluated by using the mean square
error (MSE) and mean absolute error (MAE), as shown
in Eqns. (7) and (8). The MAE is more suitable and
practical to evaluate the hydrodynamic models
(Sutherland et al., 2004). Therefore, the MAE will be
used mainly in this paper to evaluate the model
performance and the MSE with the scatter diagrams
will be used to assist the evaluations.
𝑀𝑀𝑀𝑀𝑀𝑀 = 〈|𝐻𝐻𝑐𝑐 − 𝐻𝐻𝑚𝑚 |〉

𝑀𝑀𝑀𝑀𝑀𝑀 = 〈(𝐻𝐻𝑐𝑐 − 𝐻𝐻𝑚𝑚 )2 〉

(7)
(8)

where, Hc is computed (modelled) water level, and Hm
is measured water level.
As a result of the sensitivity analysis, the calibration
analysis will focus on the modification of the open
boundaries in terms of phase and amplitude. Since it is
difficult to adjust the two open boundaries at the same
time, the modification by several attempts of both
boundaries will take place. These modifications will be
by using different percentages (increase or decrease) of
the amplitude and the phase till the model results, and
the measurements in most of the observation points will
have a good agreement.
To simplify the adjustment of the open boundaries, an
increase and decrease in the phase with a different
percentage for each tidal component (Semi-diurnal and
diurnal components only) are applied.
Table 2 shows a summary of the modified open
boundaries. It can be seen that the adjustments for the
amplitude (meter) were required only by adding 10 to
35% to the open boundaries. But less modification for
the phase (degree) is required (between 6 to 17%).
The simulations also showed that the modification
of the semi-diurnal and diurnal tidal components have
major effects on the simulated water level.
This is because the tide in the area of interest is a
semi-diurnal tide (M2, S2, N2 and K2 components).
On the other hand, less influence from the
remaining tidal components has been seen.
Table 1. Flow model settings.
Parameter value Description

∆t

10

Computational time step (minute)

ρw

1025

Water density (kg/m3)

ρair

1

Air density (kg/m3)

g

9.81

Gravitational acceleration (m/s2)

ν

1

Horizontal eddy viscosity (m2/s)

C

65

Chezy roughness coefficient

Threshold
0.1
depth
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Threshold depth for exposure and
flooding (m)
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Table 2. Adjustment of the northern open boundary.

Diurnal

Semi-diurnal

Component Amplitude (%)

At the same time for the same station, the scatter
diagram showed a high to the perfect correlation
between the modelled and the measured water levels
(Fig. 4).
The same conclusion can be conducted for the
observation point Turgoenessmarsa (185 km west from
Tripoli station) where the MAE and MSE are about 27
mm and 0.0008 m2, respectively.
Sfax and El Abassia stations are located about 250
and 220 km west of Tripoli station, respectively. Both
of the stations showed fewer results in an agreement
between the modelled and the measured water levels,
but still acceptable for the MAE 94 mm for Sfax and 58
mm for El Abassia.
From the scatter diagram, the Sfax observation
station showed some deviation in the model results for
high and low tides. About 38% less deviation at the El
Abassia observation station have been seen. Moreover,
the deviation in El Abassia station has been observed in
the low tide more than in the high tide. The possible
reason for these observed results in Sfax and El Abassia
could be due to the locations of the two stations where
both of them are located in a protected coastal region.
This reveals that the more open sea stations have
fewer errors to the more protected stations. The results
for the stations close to the open boundaries, as is
expected, have very good agreements between the
model and the measurements. In some of them, the
calculated MAE and MSE were about 1mm and zero,
respectively (Table 3 and Figure 2). This leads to that
the model is well-calibrated and no more improvements
are required.

Phase (%)

M2

+35

+9

S2

+35

+8

N2

+35

+9

K2

+35

+8

K1

+10

+11

O1

+10

+17

P1

+10

+11

Q1

+10

+6

In this study, the evaluation for the model
performances during the calibration period will be
only for the time series, the model qualification using
MAE and MSE (Eqns. (7) and (8)), and the scatter
diagrams for water levels from the model results and
the measurements. The comparison between the
modelled and measured tidal components (semidiurnal and diurnal) will be inefficient for one month
(too short).
The model results for the 14 observation stations
(Fig. 2) showed a very good agreement with the
measurements in most of the stations. Table 3 shows
the quality of the model results using the MSE and
MAE qualifications described before using Eqns. (7)
and (8).
The results from the modelled and the measured
water level in most of the observation stations showed
good quality. But in some observation points (Adjim,
Gabs, and humtsuk) some differences in the results
between the modelled and the measured water levels
can be seen. This could be due to the location of the
observation points, where the three stations are
located in a protected and relatively shallow area (1.4
to 5.6m water depth).
On the other hand, the observation points close to
the open boundaries showed very good agreements
(like Capopassero and Mazzaradelvallo). The results
showed for these observation points MAE is in the
order of a few millimetres. Moreover, the results in
the area of interest (Tripoli station) showed clear
excellent model results compared to the
measurements in terms of water level, where the
MAE is about 11mm MAE and no phase lag.
In this paper, only four observation stations will
be shown including Tripoli station and three close
stations (Sfax, El Abassia and Turgoenssmarsa).
Figure 3 shows the comparison between the
modelled and measured water levels in the four stations
and Fig. 4 shows the scatter diagrams for the same
stations. From both of the mentioned figures, it can be
seen that Tripoli station showed very good agreements
without phase lag with MAE about 11 mm and MSE
almost zero (Fig. 3 and Table 3).

Table 3. Quality of the flow model during the calibration
period.
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Station No.

Station

MAE (m)

MSE (m2)

1

Tripoli

0.011

0.0001

2

Sfax

0.094

0.0089

3

El Abassia

0.057

0.0033

4

Turgoenessmarsa

0.027

0.0008

5

Valetta Harbour

0.002

0.0000

6

Adjim

0.284

0.0808

7

Zarzis

0.030

0.0009

8

Gabs

0.127

0.0162

9

Humtsuk

0.104

0.0110

10

Marsala

0.025

0.0006

11

Mersaelbrega

0.013

0.0002

12

Porto Empedocle

0.014

0.0002

13

Capopassero

0.001

0.0000

14

Mazzaradelvallo

0.008

0.0001
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Figure 4. Scatter diagram for modelled and measured water
level.

To understand the possible errors in the model
results due to the effect of the spring-neap tides for
different months in one year, simulation for one year
(2016) has been taken place.
Moreover, a longer simulation period will
minimize the effect of the wind on the model results.
These simulations have been conducted using the
well-calibrated model. This process is defined as the
validation of the model.
Since the simulation is for one year, the evaluation
of the model will be for measured and the modelled
tidal constituents (diurnal and semi-diurnal
components) in Tripoli station only (area of interest).
Therefore, the time series evaluation using MAE or
MSE will not be applicable.
The tidal components for the model results have
been generated using the tool Tide from (Deltares
systems) where this tool is a major part of the Delft3D
from Deltares.
Figure 5 shows the results for the validated model
for 2016 (January till December) in terms of tidal
components at the Tripoli observation point.
The agreement between the modelled and the
measured tidal components are very good for both the
amplitude and the phase. This good agreement can be
seen for the semi-diurnal tidal constituents (M2, S2, N2
and K2) for both tide amplitude and phase. The
differences in the amplitude for measured and
modelled semi-diurnal components were in the order
of 1cm for one-year model results.
Also, the phase results showed the same
conclusion, where the differences were in the order of
2 to 4 degrees except N2, the Lunar component due

to monthly variation in the moon’s distance from
the earth tidal component (20 degrees). But it is still
in the acceptable range. The results, for the semidiurnal tidal constituents, clearly show that the
considered calibration period is much better than the
diurnal tidal constituents.

Figure 3. Modelled vs measured water level.
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calm meteorological conditions.
The results of the simulations serve to improve
our understating of the underlying physical processes
in the area of interest due to tides. Although a good
understanding of hydrodynamics was achieved, the
application of the model to the wind from different
years and different seasons may help to improve our
understanding of storm effects on the hydrodynamic
and morphological evolution.
Although it was found that the 2DH
approximation seems to be appropriate for describing
the water level, comparisons of the results for the
current velocities with those using a 3D
approximation and field measurements are
recommended.
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INVESTIGATION OF THE THERMAL COMFORT AND PRODUCTIVITY IN
JAPANESE MIXED-MODE OFFICE BUILDINGS
Supriya Khadka*, Mishan Shrestha, and Hom B. Rijal
Graduate School of Environmental and
Information Studies, Tokyo City University,
Yokohama, Japan
ABSTRACT: This study investigates the overall comfort and productivity of Japanese office workers in mixedmode office buildings. The indoor thermal environment is adjusted using the air-conditioning in Japanese office
buildings to maintain thermal comfort and productivity. Thus, it is necessary to research thermal comfort and
productivity to understand how occupants prepare themselves to be at a comfortable temperature and perform their
daily tasks under mixed-mode (MM) and free-running (FR) modes. Environmental parameters such as air
temperature, relative humidity, and so on were measured in 17 Japanese office buildings with the help of digital
instruments, and thermal comfort transverse surveys were conducted for two years in Tokyo, Yokohama, and
Odawara of Japan. The data were collected every once a month for a day visiting each building with the
measurement instruments, together with the questionnaires. Almost 3000 votes were collected. This paper
evaluates the overall comfort discussions followed by how the occupant could achieve their productivity. The
occupants were found to be thermally comfortable and productive in the office. The most suitable comfortable
temperature range for MM mode was found to be 22–26 °C and 23–25 °C for FR mode. The workers' productivity
range is defined by the globe temperature range of 21–27 °C for MM and 20–27 °C for FR mode. The findings
should be useful to suggest that whenever new office buildings are designed, these factors always need to be taken
into consideration.
Keywords: Field Survey; Free Running Mode; Japanese office buildings; Mixed Mode; Productivity; Thermal
Comfort.

اﻟﺘﺤﻘﯿﻖ ﻓﻲ اﻟﺮاﺣﺔ اﻟﺤﺮارﯾﺔ واﻹﻧﺘﺎﺟﯿﺔ ﻓﻲ اﻟﻤﺒﺎﻧﻲ اﻟﻤﻜﺘﺒﯿﺔ اﻟﯿﺎﺑﺎﻧﯿﺔ اﻟﻤﺨﺘﻠﻄﺔ
ﺳﻮﺑﺮﯾﺎ ﺧﺎدﻛﺎ* و ﻣﯿﺸﺎن ﺷﺮﯾﺴﺘﺎ و ھﻮم رﯾﺠﺎل

 ﯾﺘﻢ. ﺗﺒﺤﺚ ھﺬه اﻟﺪراﺳﺔ ﻓﻲ اﻟﺮاﺣﺔ اﻟﻌﺎﻣﺔ واﻹﻧﺘﺎﺟﯿﺔ ﻟﻠﻌﺎﻣﻠﯿﻦ ﻓﻲ اﻟﻤﻜﺎﺗﺐ اﻟﯿﺎﺑﺎﻧﯿﺔ ﻓﻲ ﻣﺒﺎﻧﻲ اﻟﻤﻜﺎﺗﺐ ذات اﻟﻮﺿﻊ اﻟﻤﺨﺘﻠﻂ:اﻟﻤﻠﺨﺺ
 ﻣﻦ، وﺑﺎﻟﺘﺎﻟﻲ.ﺿﺒﻂ اﻟﺒﯿﺌﺔ اﻟﺤﺮارﯾﺔ اﻟﺪاﺧﻠﯿﺔ ﺑﺎﺳﺘﺨﺪام ﺗﻜﯿﯿﻒ اﻟﮭﻮاء ﻓﻲ ﻣﺒﺎﻧﻲ اﻟﻤﻜﺎﺗﺐ اﻟﯿﺎﺑﺎﻧﯿﺔ ﻟﻠﺤﻔﺎظ ﻋﻠﻰ اﻟﺮاﺣﺔ اﻟﺤﺮارﯾﺔ واﻹﻧﺘﺎﺟﯿﺔ
اﻟﻀﺮوري إﺟﺮاء ﺑﺤﺚ ﺣﻮل اﻟﺮاﺣﺔ اﻟﺤﺮارﯾﺔ واﻹﻧﺘﺎﺟﯿﺔ ﻟﻔﮭﻢ ﻛﯿﻔﯿﺔ إﻋﺪاد أﺻﺤﺎب اﻟﻤﻜﺎﺗﺐ ﻷﻧﻔﺴﮭﻢ ﻟﯿﻜﻮﻧﻮا ﻓﻲ درﺟﺔ ﺣﺮارة ﻣﺮﯾﺤﺔ
 ﺗﻢ ﻗﯿﺎس ﻣﻌﺎﯾﯿﺮ اﻟﺒﯿﺌﺔ ﻣﺜﻞ درﺟﺔ ﺣﺮارة اﻟﮭﻮاء واﻟﺮطﻮﺑﺔ.(FR) ( ووﺿﻊ اﻟﺘﺸﻐﯿﻞ اﻟﺤﺮMM) وأداء ﻣﮭﺎﻣﮭﻢ اﻟﯿﻮﻣﯿﺔ ﻓﻲ اﻟﻮﺿﻊ اﻟﻤﺨﺘﻠﻂ
 وأﺟﺮﯾﺖ اﺳﺘﻄﻼﻋﺎت ﻋﺮﺿﯿﺔ ﻟﻠﺮاﺣﺔ اﻟﺤﺮارﯾﺔ ﻟﻤﺪة ﻋﺎﻣﯿﻦ،  ﻣﺒﻨﻰ ﻣﻜﺎﺗﺐ ﯾﺎﺑﺎﻧﯿًﺎ ﺑﻤﺴﺎﻋﺪة اﻷدوات اﻟﺮﻗﻤﯿﺔ17 اﻟﻨﺴﺒﯿﺔ وﻣﺎ إﻟﻰ ذﻟﻚ ﻓﻲ
 ﺗﻢ ﺟﻤﻊ اﻟﺒﯿﺎﻧﺎت ﻣﺮة واﺣﺪة ﺷﮭﺮﯾًﺎ ﻟﻤﺪة ﯾﻮم ﻟﺰﯾﺎرة ﻛﻞ ﻣﺒﻨﻰ ﺑﺎﺳﺘﺨﺪام أدوات اﻟﻘﯿﺎس ﺑﺎﻹﺿﺎﻓﺔ.ﻓﻲ طﻮﻛﯿﻮ وﯾﻮﻛﻮھﺎﻣﺎ وأوداوارا ﻓﻲ اﻟﯿﺎﺑﺎن
. ﺗﻘﯿّﻢ ھﺬه اﻟﻮرﻗﺔ ﻣﻨﺎﻗﺸﺎت اﻟﺮاﺣﺔ اﻟﺸﺎﻣﻠﺔ ﻣﺘﺒﻮﻋﺔ ﺑﻜﯿﻔﯿﺔ ﺗﺤﻘﯿﻖ اﻟﻤﻮظﻒ ﻹﻧﺘﺎﺟﯿﺘﮫ. ﻣﺮة3000 إﻟﻰ اﻻﺳﺘﺒﯿﺎﻧﺎت اﻟﺘﻲ ﺗﻢ ﻣﻠﺆھﺎ ﻟﻤﺎ ﯾﻘﺎرب
 ﺗﻢ اﻟﻌﺜﻮر ﻋﻠﻰ أﻧﺴﺐ ﻧﻄﺎق درﺟﺔ ﺣﺮارة ﻣﺮﯾﺤﺔ ﻟﻠﻮﺿﻊ اﻟﻤﺨﺘﻠﻂ.ﺗﻢ اﻟﻌﺜﻮر ﻋﻠﻰ ﺷﺎﻏﻠﻲ اﻟﻤﻜﺘﺐ ﻣﺮﺗﺎﺣﯿﻦ ﺣﺮارﯾﺎ ً وﻣﻨﺘﺠﯿﻦ ﻓﻲ اﻟﻤﻜﺘﺐ
 ﯾﺘﻢ ﺗﺤﺪﯾﺪ ﻧﻄﺎق إﻧﺘﺎﺟﯿﺔ اﻟﻌﻤﺎل ﻣﻦ ﺧﻼل ﻧﻄﺎق.(FR)  درﺟﺔ ﻣﺌﻮﯾﺔ ﻟﻮﺿﻊ اﻟﺘﺸﻐﯿﻞ اﻟﺤﺮ25–23  درﺟﺔ ﻣﺌﻮﯾﺔ و26–22 ( ھﻮMM)
 ﯾﻤﻜﻦ. درﺟﺔ ﻣﺌﻮﯾﺔ ﻟﻮﺿﻊ اﻟﺘﺸﻐﯿﻞ اﻟﺤﺮ27–20  درﺟﺔ ﻣﺌﻮﯾﺔ ﻟـﻮﺿﻊ اﻟﺘﺸﻐﯿﻞ اﻟﻤﺨﺘﻠﻂ و27  إﻟﻰ21 درﺟﺔ ﺣﺮارة اﻟﻜﺮة اﻷرﺿﯿﺔ ﻣﻦ
.اﻻﺳﺘﻔﺎدة ﻣﻦ ﻧﺘﺎﺋﺞ ھﺬه اﻟﺪراﺳﺔ ﻷﺧﺬھﺎ ﻓﻲ ﻋﯿﻦ اﻻﻋﺘﺒﺎر ﻋﻨﺪ ﺗﺼﻤﯿﻢ ﻣﺒﺎﻧﻲ ﺟﺪﯾﺪة
 اﻟﺪراﺳﺔ اﻻﺳﺘﻘﺼﺎﺋﯿﺔ اﻟﻤﯿﺪاﻧﯿﺔ؛ ﻧﻤﻂ اﻟﺘﺸﻐﯿﻞ اﻟﺤﺮ؛ ﻣﺒﺎﻧﻲ اﻟﻤﻜﺎﺗﺐ اﻟﯿﺎﺑﺎﻧﯿﺔ؛ اﻟﻨﻤﻂ اﻟﻤﺨﺘﻠﻂ؛ اﻹﻧﺘﺎﺟﯿﺔ؛ اﻟﺮاﺣﺔ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
.اﻟﺤﺮارﯾﺔ
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different optimal temperatures for their productivity at
work. Rasheed et al. (2021) found that there were
significant differences in perceptions of comfort and
productivity for those who spent less time and those
who spent more time at work. Ngarmpornprasert and
Koetsinchai (2010) found a satisfactory thermal
condition for office workers by maintaining the
temperature at 26–28 °C for morning periods and 24.5–
26 °C for afternoon and evening periods.
Based on field surveys, the comfort temperatures in
Japanese offices have been investigated by several
researchers (Rijal et al., 2017). However, not much
research has been conducted to investigate the
relationship between thermal comfort and productivity
in Japanese office buildings as compared to other
countries. Comfortable temperatures are important to
investigate because the indoor temperatures chosen
affect the energy used in the building, and people in
thermal comfort are generally more productive.
Thermal discomfort caused by high or low air
temperature had a negative influence on office workers'
productivity, and the subjective rating scales were
important
supplements
of
neurobehavioral
performance measures when evaluating the effects of
indoor environmental quality on productivity (Lan et
al., 2012). However, most of the previous studies are
conducted in summer, and thus thermal comfort for
other seasons and in mixed-modes office buildings is
still unknown.
The basic principles are largely universal, but
thermal comfort varies from person to person.
Therefore, long-term data are required to fully describe
the occupants’ perceptions and behavioural responses
to the thermal environment in their offices (Rijal et al.,
2017). The more control over the thermal comfort, the
better a person can feel and more productive at work
they will become. According to Tanabe et al. (2007),
evaluating the productivity of office workers promotes
the effort for energy conservation. The short data
collection periods and few samples’ collections are
also the major drawbacks of not having significant
research on this topic so far.
We conducted a transverse survey to record the
thermal comfort and productivity responses of the
Japanese office workers. Furthermore, the responses
were analyzed to determine the occupants' overall
comfort and productivity under mixed-mode (MM)
and free-running (FR) mode. This research holds 3000
votes from 17 different mixed-mode office buildings
located in Tokyo, Yokohama, and Odawara and the
data are collected for two years.

1. INTRODUCTION
Thermal comfort is a person’s perception of how they
feel related to the air temperature, radiant temperature,
relative humidity, and air movement of their
surroundings. According to ASHRAE (2017), “thermal
comfort is defined as the condition of mind that
expresses satisfaction with the thermal environment
and is assessed by subjective evaluation.” The fact is
that the relationship between the individual and the
environment is very complex and active due to the
presence of various factors like climate, buildings,
social, economic, and some other factors. Today,
people spend more and more time indoors, where they
expect a level of thermal comfort that ensures comfort
and wellbeing. Even gentle fluctuations can cause
discomfort, which may lead to a sudden change in the
behaviour or the activity of the occupant. Therefore, it
is important to provide better working thermal
environments, so-called “comfortable environments”.
Japanese office buildings are well equipped with airconditioning (AC) systems to help in creating thermal
comfort. Although the Japanese office buildings do
have AC systems, it seems that the various practices,
such as opening doors and windows to allow air
movement as much as possible, enable the occupants
to be at their required thermal comfort while at work.
The Japanese government introduced the “Cool Biz”
and “Warm Biz” programs that recommend an indoor
temperature of 28 °C for cooling and 20 °C for heating
in the year 2005 (Enomoto et al., 2009).
Productivity is defined as the extent to which
activities result in the achievement of the system goals
(Parsons 2003). Individuals always have different
thermal expectations, which will differ from individual
to individual. People have different thermal
expectations, and thus thermal comfort is likely to vary
according to the month, season, and mode. According
to Seppanen et al. (2006), the productivity increases
with air temperature up to 21–22 °C. They found that
the highest productivity is achieved at an air
temperature of around 22 °C. For example, at the air
temperature of 30 °C, the productivity is only 91.1% of
the maximum, i.e., the reduction in performance is
8.9%. Horr et al. (2016) reviewed a broad range of
literature and found that many factors affect occupant
comfort and productivity. Vimalanathan and Ramesh
Babu (2014) investigated the significant effects of
indoor room temperature and illumination on the office
worker’s performance. It was found that the suitable
optimum level for indoor room temperature was 21°C.
An experimental study conducted by Ismail et al.
(2014) found that along with temperature, illuminance
and relative humidity also dominated the productivity
of workers. Based on a review of existing literature by
Fisk et al. (1997), there is strong evidence that
characteristics of buildings and indoor environments
significantly influence rates of workers’ productivity.
The experimental results in Tsay et al.’s (2022)
study showed that male and female workers have

2. METHODOLOGY
2.1 Investigated areas and buildings
This field survey was carried out in 17 different office
buildings located in Tokyo, Yokohama, and Odawara
of Japan from August 2014 to October 2015 and from
August 2017 to November 2018 (Fig. 1). Table 1
shows the description of the investigated buildings,
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including locations and investigated floors. The
investigated buildings were of change-over mixedmode types. The change-over mixed-mode buildings
have openable windows and doors, or can be airconditioning mode depending on the seasons or time of
the day (CBE, 2021). The survey was carried out for
two years to ensure collecting as much information as
possible for different months and different seasons
(Rijal et al., 2019, 2022).
2.2 Thermal measurement survey
Indoor and outdoor environmental variables were
measured, including air temperature, globe
temperature, relative humidity, and air movement.
They were collected at 1.1 m height above floor level,
away from direct sunlight, using digital instruments as
shown in Fig. 2. Climatic data were obtained from the
nearest meteorological stations (Table 1). Table 2
shows the characteristics of the instruments used in the
survey. A globe thermometer with a diameter of 75 mm
or 40 mm rather than 150 mm is widely used for
thermal comfort field surveys (Nicol et al., 1994, de
Dear et al. 1997, Nicol et al. 1999, Brager et al. 2004,
Humphreys and Nicol 2007, Rijal et al., 2019a). The
time constant for the globe thermometer with the 150
mm diameter is about 20 minutes (Spagnolo and de
Dear 2003, Rijal et al. 2003) but it is less for the globe
thermometer with the diameter of 75 mm which would
be sufficient to stabilize in the indoor space.
Furthermore, the response time for temperature
measurement in practical life is higher for smaller ones
because of the smaller surface (Humphreys 1977,
Nicol et al., 2012). Recently, d’Ambrosio Alfano et al.
(2021) found that the globe thermometer with a 50 mm
diameter showed lower errors than 38 mm diameter.
They also indicated that it is still unclear whether small
globes, characterized by low response times, exhibit
the same accuracy as the standard 150 mm in
predicting the mean radiant temperature. The measured
data was recorded 15–20 minutes after the instruments
were set to ensure a stable measurement as shown in
Rijal et al. (2017).

Figure 2. Digital instrument set up (Rijal et al. 2017)
Table 1. Description of the investigated buildings
Building code Location*
Investigated floor**
B2
B4

Yokohama
Yokohama

1F, 3F~5F
1F, 2F

B5

Yokohama

3F~7F

B6

Yokohama

1F

B7

Tokyo

1F, 4F

B8

Tokyo

1F, 2F

B13

Tokyo

2F~5F

B14

Tokyo

1F, 3F, 4F

B15

Tokyo

1F

B16

Tokyo

1F~3F

B17

Tokyo

1F

B18

Tokyo

2F,3F

B19

Tokyo

1F, 4F

B20

Tokyo

2F~4F

B21

Tokyo

4F

B22

Tokyo

4F

B23

Odawara

2F

*: Meteorological station, **: The floor is counted by the
American system, F: Floor
Table 2. Description of the instruments used.
Range
Accuracy
Parameter
Trade
measured
name
Air temp.,
TR-76Ui 0 to 55 °C, 10%
±0.5 °C,
Humidity
to 95% RH
±5%RH,

Figure 1. General view of one of the investigated office
buildings in Yokohama.
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Tr-52i

−60 to 155 °C

±0.3 °C

Globe
temp.

SIBATA
08034075

Black painted 75
mm diameter
globe

-

Air
movement

Kanoma
x, 654321

0.01 to 5.00 m/s

±0.02
m/s

Illuminance

TR-74Ui

0 to 130 klx

±5%
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2.3 Thermal comfort and productivity survey
Each investigated building was visited for one day each
month to collect the instruments’ measurements and
subjects’ filled questionnaires. The reading was taken
just once for each group on each visit to each office.
The survey methods are given in Rijal et al. (2017). To
collect the data, the instruments were planned and set
up on the office table, and the questionnaires were
distributed among the occupants seated near the
instruments, as shown in Fig. 3. When people were
filling up the questionnaire, the researcher recorded the
common environmental controls and the physical data
from them. After collecting the data for that group, the
instruments were moved to the next group and, so on.
This process was repeated every month. The data
includes overall comfort and productivity.
Table 3 shows the scale used in the survey. We have
used a six-point unidirectional scale as it is widely
accepted for thermal comfort and productivity surveys
(McCartney and Nicol, 2002). In particular, it provides
more categories for the thermal comfort scale than the
scale given in ISO (1995). The survey was carried out
in the Japanese language. We have collected the data
from the healthy office workers.

Figure 3. Thermal comfort and productivity survey (Rijal
et al., 2019).
Table 3. Overall comfort and productivity scale.
Scale Overall comfort
Productivity
1
2

Very uncomfortable
Moderately
uncomfortable
Slightly uncomfortable
Slightly comfortable
Comfortable
Very comfortable

3
4
5
6

Globe temperature (°C )

3. RESULTS AND DISCUSSION
3.1 Thermal environment during the survey
The relationship between the indoor and outdoor
thermal environment was investigated by statistical
analysis. It was found that the range of indoor globe
temperature is similar to the indoor air temperature.
Globe temperature is highly correlated with the indoor
air temperature for mixed-mode (r = 0.76) and freerunning mode (r = 0.71), so the globe temperature was
used for further analysis. Moreover, the globe
temperature measures the combined effects of radiant
heat, air temperature, and wind speed. The mean indoor
air temperature in MM was maintained at 22.8 °C
during winter and 26.5 °C during summer. It is slightly
close to the recommendation of the Japanese
government that the indoor temperature is at 20 °C in
winter and 28 °C in summer. The mean outdoor
temperatures were 8.5 °C during winter and 28.0 °C
during summer for MM conditions. Figure 4 shows the
relationship between the indoor globe and the outdoor
air temperatures for MM and FR modes. The mean
globe temperature during the voting was 24.8 °C,
25.0 °C for the MM and FR, respectively. Although
there is seasonal variation in the monthly outdoor
temperature as shown in Table 4, the changes in the
globe's temperature are quite small. A probable reason
is that the workers used heating and cooling during
winter and summer to maintain the working thermal
environment in MM.

Very difficult to work
Difficult to work
Slightly difficult to work
Slightly easy to work
Easy to work
Very easy to work

R2=0.58

Outdoor air temperature (°C )

(a) MM

Globe temperature (°C )

R2=0.51

Outdoor air temperature (°C )

(b) FR
Figure 4. Relationship between the globe temperature and
outdoor air temperature: (a) MM and (b) FR
mode.
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as shown in Fig. 5. Both of them are very close to “4.
slightly comfortable”. This suggests that the occupants
are comfortable with their thermal environment at the
office building under both modes.

3.2 Overall comfort and productivity
3.2.1 Distribution of overall comfort
To investigate how office workers’ perceive overall
comfort under the environmental conditions (i.e.
temperature, humidity, and air movement), the overall
comfort votes were obtained from the questionnaires.
Most of the occupants voted for “3. slightly
comfortable”, as shown in Figure 5. Very limited
responses were obtained at “1. very uncomfortable”, “2.
moderately uncomfortable”, and “6. very comfortable”.
The reasons might be that the MM created a
comfortable indoor environment and thereby fewer
responses at “1. very uncomfortable” and “2.
moderately uncomfortable”. As for FR mode, they may
use clothing adjustment to feel comfortable. The mean
overall comfort for the MM and FR was 3.91 and 3.99,

3.2.2 Distribution of productivity
The productivity responses were obtained by
considering the air temperature, humidity, air
movement, lighting, indoor air quality, and overall
comfort. Figure 6 shows the distribution of
productivity in MM and FR modes. The mean
productivity for the MM and FR were 4.0 and 4.1. Most
of the responses were at “4. slightly easy to work” and
then at “5. easy to work” for both modes. Very limited
responses were obtained at “6. very easy to work” in
both modes.

Table 4. Seasonal differences of outdoor temperature and globe temperature.
Mode

Description

MM

N
Mean
S.D.
N
Mean
S.D.

FR

Winter
Spring
Summer
Autumn
All
Tout (°C)
Tg (°C) Tout (°C)
Tg (°C) Tout (°C) Tg (°C) Tout (°C) Tg (°C) Tout (°C) Tg (°C)
680
680
579
579
848
848
839
837
2946
2944
8.5
22.7
19.4
25.0
28.0
26.3
20.1
24.9
19.6
24.8
3.4
1.7
4.4
1.7
4.8
1.0
4.9
1.7
8.3
2.0
45
45
313
313
153
153
438
436
949
947
10.1
22.9
21.0
25.4
22.7
26.1
19.5
24.6
20.1
25.0
1.3
2.2
2.5
1.9
3.4
1.0
4.3
1.9
4.3
1.9

Tout: Outdoor air temperature, Tg: Globe temperature, N: Number of records, S.D.: Standard deviation.

(a) MM

(a) MM

(b) FR

(b) FR

Figure 6. Distribution of productivity: (a) MM and (b) FR
mode.

Figure 5. Distribution of overall comfort: (a) MM and (b)
FR mode.

67

Investigation of the Thermal Comfort and Productivity in Japanese Mixed-mode Office Buildings

3.2.3 Relationship between overall comfort and
productivity
Figure 7 shows the relationship between overall
comfort and the productivity of the occupant. The
results showed that the higher the overall comfort, the
higher the productivity (p<0.001) in both MM and FR
modes. A study by Leaman and Bordass (1999) report
that comfort and perceived productivity is greater in
buildings where occupants have more control over the
environment and in MM buildings that have both
natural ventilation and air conditioning.
Accordingly, further analysis was conducted to
confirm the relationship between overall comfort and
productivity responses with the globe temperature,
which determines the comfortable temperature range
for MM and FR modes.

(a) MM

3.3 Relation between overall comfort and globe
temperature
Figures 8(a) and 8(b) show the relationship between
overall comfort and globe temperature in the MM
and FR modes. The majority of responses were
within the temperature range of 20–28 °C in both
modes. The regression equations obtained are shown in
Table 5. To find the globe temperature, which
corresponds to the peak value of overall comfort, it is
necessary to estimate where the curve is horizontal (has
a slope of zero). This can be found by equating the
equation to zero and differentiating the quadratic
equation concerning globe temperature.

(b) FR

(c) MM

(a) MM

(d) FR
Figure 8. Relationship between overall comfort and globe
temperature: (a) MM and (b) FR mode using raw
data, and (c) MM and (d) FR mode using binary
data.

(b) FR
Figure 7. Relationship between overall comfort and
productivity: (a) MM, and (b) FR mode.
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The optimum globe temperatures for MM and FR
modes are 24.0 °C and 20.3 °C, respectively. Beyond
the optimum globe temperature, uncomfortable
increases because of a decrease or increase in
temperature.
The overall comfort scale was modified into binary
form for the proportion of comfortable PMM(0,1) for
MM mode and proportion of comfortable PFR(0,1) for
FR mode. The scales of “1. very uncomfortable”, “2.
moderately uncomfortable”, and “3. slightly
uncomfortable” are classified as uncomfortable and
codded by 0. The rest of the scales are classified as
comfortable codded by 1. Figures 8 (c) and (d) show
the quadratic regression analysis conducted between
the binary overall comfort data and the globe
temperature. The quadratic equations are as shown in
Table 5.
At 0.8 proportion of comfort, the comfortable range
is 22–26 °C for MM and 23–25 °C for FR mode. The
derivatives of the equations give the optimum globe
temperatures of 28.0 °C for MM and 27.0 °C for FR
mode.

temperature is similar to the overall comfort case.
Beyond the optimum globe temperature, productivity
decreases because of a decrease or increase in
temperature.
To calculate the temperature for a given proportion,
the productivity scale was modified to binary form.
The scales of “1. very difficult to work”, “2. difficult to
work”, and “3. slightly difficult to work” are classified
as nonproductive and codded as 0. The rest of the
scales are classified as productive, codded as 1. Figures
9(c) and 9(d) show the quadratic regression analysis
between the proportion of productivity and the globe
temperature. The equations are shown in Table 6.
At 0.75 proportion of productive responses, the
globe temperature ranges of 21–27 °C for MM and 20–
27 °C for FR mode were obtained. Above or below the
mentioned globe temperature, occupants feel slightly
difficult to work. In FR mode, the temperature range is
slightly wider than in MM. The derivatives of the
equations give the optimum globe temperatures of
23.7 °C for MM and 25.0 °C for FR mode.
Table 7 compares the optimum temperature with
those found in previous studies. In the field study, the
globe temperature is considered to be close to the
operative temperature (Nicol et al., 1999, Humphreys
et al., 2013). According to our study, the indoor air
temperature is close to the globe temperature. Based on
this evidence, we made some possible comparisons.
Even though the analyzing index temperatures are
different in the previous studies, there are some
similarities between them.

3.4 Relation between productivity and globe
temperature
To identify the comfortable range for productivity,
Figs. 9(a) and 9(b) show the regression analysis
between productivity and the globe temperature. The
quadratic regression equations are as shown in Table 6.
The optimum globe temperatures for MM and FR
modes are 24.3 °C and 23.1 °C. The optimum globe

Table 5. Quadratic regression equations for overall comfort and globe temperature.
Mode
Equation
N
R2
S.E.1

S.E.2

p

MM

PMM = -0.02Tg2+0.96Tg -7.61

2946

0.021

0.003

0.122

<0.001

FR

PFR =-0.02Tg2+0.81Tg -5.37

949

0.024

0.005

0.23

<0.001

MM(0,1)

PMM =-0.01Tg2+0.56Tg -5.95

2946

0.022

0.001

0.07

<0.001

949

0.034

0.003

0.13

<0.001

FR(0,1)

2+0.54T

PFR =-0.01Tg

g

-5.55

R2:

N: Number of responses,
Coefficient of determination, S.E.1 and S.E.2: Standard errors of the regression
coefficient of Tg2 and Tg, p: Significance level of the regression coefficient.

Table 6. Quadratic regression equations for productivity and globe temperature.
Mode
MM

Equation
2+0.729T

PMM = -0.015 Tg

2+0.693T

g

-4.55

R2

S.E.1

S.E.2

p

2946

0.013

0.003

0.127

<0.001

949

0.018

0.005

0.236

0.002

FR

PFR = -0.015 Tg

MM(0,1)

PMM = -0.0082 Tg2+0.39Tg -3.86

2946

0.013

0.001

0.07

<0.001

FR(0,1)

PFR = -0.009 Tg2+0.45Tg -4.53

949

0.020

0.002

0.12

<0.001

g

-3.85

N

N: Number of responses, R2: Coefficient of determination, S.E.1 and S.E.2: Standard errors of the regression
coefficient of Tg2 and Tg, p: Significance level of regression coefficient.
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(a) MM

(b) FR

(c) MM
(d) FR
Figure 9. Relationship between productivity and globe temperature: (a) MM and (b) FR mode using raw data, and (c) MM
and (d) FR mode using binary data.

Table 7. Comparison of optimum productivity temperature with previous studies
References

Country

Building type

Method

Index temperature
(°C)

Optimum temperature
for productivity (°C)

This study

Japan

MM

Field

Tg

Ti

India

MV

Literature
Review
Field

MM: 24
FR: 23
MM range: 22–26
FR range: 22–25
21–22

Ti

21

Japan

MV

Field

Top

Below 27

Malaysia

MV

Climate
chamber

TWBGT

24

Taiwan
(ROC)

MV

Climate
chamber

Ti

27(Male), 25
(Female)

Seppänen et al.
2006
Vimalanathan
& Ramesh
Babu 2014
Tanabe et al.
2013
Ismail et al.
2014
Tsay et al. 2022

Tg : Globe temperature, Ti: Indoor air temperature, Top: Operative temperature, TWBGT: Wet bulb globe
temperature, MV: Mechanically Ventilated.
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CBE
(2021),
Mixed
mode,
https://cbe.
berkeley .edu/mixedmode/index.html.
d’Ambrosio Alfano F R, Ficco G, Frattolillo A, Palella
The thermal comfort survey was conducted for two
B I, Riccio G (2021) Mean radiant temperature
years in Tokyo, Yokohama, and Odawara of Japan.
measurements through small black globes under
The study evaluated the overall comfort and
forced convection conditions, Atmosphere 12 (5),
productivity of the Japanese office workers both
621.
qualitatively and quantitatively by using the responses
de
Dear
R, Brager G S, Cooper D (1997), Developing
and measuring indoor globe temperature. The
an
Adaptive
Model of Thermal Comfort and
following results were found.
Preference.
Final
report ASHRAE RP- 884.
1. The indoor globe temperature ± standard deviation
Enomoto
H,
Ikeda
K,
Azuma K, Tochihara, Y (2009),
is maintained at 24.8±2.0 °C in MM. Therefore, the
Observation
of
the
thermal conditions of the
fluctuation of the indoor globe temperature was
workers
in
the
‘cool
biz’ implemented office,
small.
Journal
of
Occupational
Safety and Health Japan,
2. The analysis showed that the occupants were highly
2
(1),
5-10.
comfortable and productive in the indoor thermal
Fisk W J, Rosenfeld A H (1997), Estimates of
environment of the office buildings.
Improved Productivity and Health from Better
3. The productivity increases with increasing the
Indoor Environments; 7 (3): 158-172.
overall comfort and vice-versa.
Horr
Y A, Arif M, Kaushik A, Mazroei A,
4. The most suitable comfortable temperature range
Katafygiotou
M, Elsarrag E (2016), Occupant
was found to be 22–26 °C for MM and 23–25 °C
productivity
and
office indoor environment quality:
for FR mode. The workers’ productivity range is
a
review
of
the literature, Building and
defined by the globe temperature range of 21–27 °C
Environment
105:
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BI-OPTIMIZATION OF DURABILITY AND RHEOLOGICAL
PERFORMANCE OF OIL WELL CEMENT SLURRY USING
LOCALLY SOURCED EXTENDER
A. O. Arinkoola, S.O Alagbe, K.K. Salam*, and B.M. Ajagbe
Department of Chemical Engineering, P.M.B. 4000,
Ladoke Akintola University of Technology (LAUTECH), Ogbomoso. Oyo State. Nigeria

ABSTRACT: Bentonite used during drilling and cementing operations in Nigeria are imported into the country
despite the availability of this raw material, which will increase the Gross Domestic Products (GDP) of this country
if properly processed and utilized instead of imported bentonite. This investigation evaluated the performance of
three selected Nigerian bentonites sourced from the South-Western part of Nigeria for oil well-cementing
operation. The raw and beneficiated samples from each location were prepared and characterized using X-ray
Fluorescence (IVT-20 XRF) to determine the elemental composition of each sample pre and post beneficiation.
The beneficiated sample with properties close to that of Wyoming bentonite was chosen for the oil well cement
slurry analysis. The measured parameters used in the analysis of the suitability of local samples used in oil wellcementing operation were compressive strength and rheological properties. Box-Behnken Design (BBD) was used
for the study of the optimum quantity of bentonite required for cementing specification and bi-optimization values
for both the comprehensive and rheological properties. The results of this investigation showed that all local clay
samples in raw form failed the specification of the American Petroleum Institute (API). After beneficiation, Ibeshe
Bentonite (IB) had the highest sodium content and the ratio of the exchangeable cations, 190% increment in
sodium-ion was recorded in IB after beneficiation and the slurry yield of IB (2.7 ft3 per sack) was greater than that
of Wyoming Bentonite 1.9 ft3 per sack) when both are subjected to the same experimental condition. Bioptimization models predicted optimum experimental conditions with an accuracy of between 0.35 and, 1.26 %
for both comprehensive and rheological parameters
Keywords: Rheology; cement slurry; extender; compressive strength; beneficiation, clay.

اﻟﺗﺣﺳﯾن اﻟﺛﻧﺎﺋﻲ ﻟﻠﻣﺗﺎﻧﺔ واﻷداء اﻹﻧﺳﯾﺎﺑﻲ ﻟﻣﻼط اﻷﺳﻣﻧت اﻟﻧﻔطﻲ ﺑﺎﺳﺗﺧدام ﻣوﺳﻊ ﻣن ﻣﺻﺎدر ﻣﺣﻠﯾﺔ
 اﺟﺎﺑﻲ. ﺳﻼم* و ب. اﻻﺟﺑﻲ و ك. ارﯾﻧﻛوﻻ و س.أ
 ﻣﻤﺎ ﯾﺰﯾﺪ ﻣﻦ،  ﯾﺘﻢ اﺳﺘﯿﺮاد اﻟﺒﻨﺘﻮﻧﯿﺖ اﻟﻤﺴﺘﺨﺪم أﺛﻨﺎء ﻋﻤﻠﯿﺎت اﻟﺤﻔﺮ واﻟﺘﺪﻋﯿﻢ ﻓﻲ ﻧﯿﺠﯿﺮﯾﺎ ﻋﻠﻰ اﻟﺮﻏﻢ ﻣﻦ ﺗﻮﻓﺮ اﻟﻤﺎدة اﻟﺨﺎم:اﻟﻤﻠﺨﺺ
 ﻗﯿﻢ ھﺬا اﻟﺘﺤﻘﯿﻖ أداء ﺛﻼﺛﺔ.اﻟﻨﺎﺗﺞ اﻟﻤﺤﻠﻲ اﻹﺟﻤﺎﻟﻲ ﻟﮭﺬا اﻟﺒﻠﺪ إذا ﺗﻤﺖ ﻣﻌﺎﻟﺠﺘﮫ واﺳﺘﺨﺪاﻣﮫ ﺑﺸﻜﻞ ﺻﺤﯿﺢ ﺑﺪﻻً ﻣﻦ اﻟﺒﻨﺘﻮﻧﯿﺖ اﻟﻤﺴﺘﻮرد
 ﺗﻢ ﺗﺤﻀﯿﺮ اﻟﻌﯿﻨﺎت.ﺑﻨﺘﻮﻧﺎﯾﺖ ﻧﯿﺠﯿﺮﯾﺔ ﻣﺨﺘﺎرة ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﯿﮭﺎ ﻣﻦ اﻟﺠﺰء اﻟﺠﻨﻮﺑﻲ اﻟﻐﺮﺑﻲ ﻣﻦ ﻧﯿﺠﯿﺮﯾﺎ ﻟﻌﻤﻠﯿﺔ ﺗﺪﻋﯿﻢ آﺑﺎر اﻟﻨﻔﻂ ﺑﺎﻻﺳﻤﻨﺖ
( ﻟﺘﺤﺪﯾﺪ اﻟﺘﺮﻛﯿﺐ اﻷوﻟﻲ ﻟﻜﻞ ﻋﯿﻨﺔ ﻗﺒﻞ وﺑﻌﺪIVT-20 XRF) اﻟﺨﺎم واﻟﻤﺴﺘﻔﯿﺪة ﻣﻦ ﻛﻞ ﻣﻮﻗﻊ وﺗﻤﯿﯿﺰھﺎ ﺑﺎﺳﺘﺨﺪام اﻷﺷﻌﺔ اﻟﺴﯿﻨﯿﺔ اﻟﻔﻠﻮرﯾﺔ
 ﻛﺎﻧﺖ. ﻟﺘﺤﻠﯿﻞ ﻣﻼط أﺳﻤﻨﺖ آﺑﺎر اﻟﻨﻔﻂWyoming  ﺗﻢ اﺧﺘﯿﺎر اﻟﻌﯿﻨﺔ اﻟﻤﺴﺘﻔﯿﺪة ﻣﻊ ﺧﺼﺎﺋﺺ ﻗﺮﯾﺒﺔ ﻣﻦ ﺗﻠﻚ اﻟﺨﺎﺻﺔ ﺑﺒﻨﺘﻮﻧﺎﯾﺖ.اﻟﺘﺨﺼﯿﺐ
اﻟﻤﻌﺎﯾﯿﺮ اﻟﻤﻘﺎﺳﺔ اﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ ﺗﺤﻠﯿﻞ ﻣﺪى ﻣﻼءﻣﺔ اﻟﻌﯿﻨﺎت اﻟﻤﺤﻠﯿﺔ اﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ ﻋﻤﻠﯿﺔ ﺗﺪﻋﯿﻢ آﺑﺎر اﻟﺰﯾﺖ ھﻲ ﻣﻘﺎوﻣﺔ اﻻﻧﻀﻐﺎط
 ﻟﺪراﺳﺔ اﻟﻜﻤﯿﺔ اﻟﻤﺜﻠﻰ ﻣﻦ اﻟﺒﻨﺘﻮﻧﺎﯾﺖ اﻟﻤﻄﻠﻮب ﻟﺘﺪﻋﯿﻢBox-Behnken Design (BBD)  ﺗﻢ اﺳﺘﺨﺪام.واﻟﺨﺼﺎﺋﺺ اﻻﻧﺴﯿﺎﺑﯿﺔ
 أظﮭﺮت ﻧﺘﺎﺋﺞ ھﺬا اﻟﺘﺤﻘﯿﻖ أن ﺟﻤﯿﻊ ﻋﯿﻨﺎت اﻟﻄﯿﻦ اﻟﻤﺤﻠﯿﺔ ﻓﻲ.اﻟﻤﻮاﺻﻔﺎت وﻗﯿﻢ اﻟﺘﺤﺴﯿﻦ اﻟﺜﻨﺎﺋﻲ ﻟﻜﻞ ﻣﻦ اﻟﺨﺼﺎﺋﺺ اﻟﺸﺎﻣﻠﺔ واﻟﺮﯾﻮﻟﻮﺟﯿﺔ
 أﻋﻠﻰ ﻣﺤﺘﻮىIbeshe Bentonite (IB)  ﻛﺎن ﻟﺪى،  ﺑﻌﺪ اﻟﺘﺨﺼﯿﺐ.(API) ﺷﻜﻠﮭﺎ اﻟﺨﺎم ﻓﺸﻠﺖ ﻓﻲ ﻣﻮاﺻﻔﺔ ﻣﻌﮭﺪ اﻟﺒﺘﺮول اﻷﻣﺮﯾﻜﻲ
 ﺑﻌﺪ اﻟﺘﺨﺼﯿﺐ وإﻧﺘﺎج اﻟﻤﻼطIB  ﻓﻲ أﯾﻮن اﻟﺼﻮدﯾﻮم ﻓﻲ٪190  وﺗﻢ ﺗﺴﺠﯿﻞ زﯾﺎدة ﺑﻨﺴﺒﺔ، ﻣﻦ اﻟﺼﻮدﯾﻮم وﻧﺴﺒﺔ اﻟﻜﺎﺗﯿﻮﻧﺎت اﻟﻘﺎﺑﻠﺔ ﻟﻠﺘﺒﺎدل
 ﻛﯿﺲ( ﻋﻨﺪﻣﺎ ﯾﺨﻀﻊ ﻛﻼھﻤﺎ ﻟﻨﻔﺲ44  ﻗﺪم ﻣﻜﻌﺐ ﻟﻜﻞ1.9) Wyoming Bentonite  ﻛﯿﺲ( أﻛﺒﺮ ﻣﻦ33  ﻗﺪم ﻣﻜﻌﺐ ﻟﻜﻞ2.7) IB ﻟـ
 ﻟﻜﻞ ﻣﻦ اﻟﻤﻌﺎﯾﯿﺮ اﻟﺸﺎﻣﻠﺔ٪1.26  و0.35  ﺗﻨﺒﺄت ﻧﻤﺎذج اﻟﺘﺤﺴﯿﻦ اﻟﺜﻨﺎﺋﻲ ﺑﺎﻟﻈﺮوف اﻟﺘﺠﺮﯾﺒﯿﺔ اﻟﻤﺜﻠﻰ ﺑﺪﻗﺔ ﺗﺘﺮاوح ﺑﯿﻦ.اﻟﺤﺎﻟﺔ اﻟﺘﺠﺮﯾﺒﯿﺔ
واﻻﻧﺴﯿﺎﺑﯿﺔ
. اﻻﻧﺴﯿﺎﺑﯿﺔ؛ ﻣﻼط اﻷﺳﻤﻨﺖ؛ ﻣﻮﺳﻊ؛ ﻗﻮة اﻟﻀﻐﻂ؛ إﺛﺮاء؛ ﻣﻼط:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
*Corresponding author’s e-mail: kksalam@lautech.edu.ng
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Bi-Optimization of Durability and Rheological Performance of Oil Well Cement Slurry Using Locally Sourced
Extender
without compromising the comprehensive strength
while the cement formulation also resisted sulphate
attack. Oriji et al. (2014) tested the suitability of
Nigerian Bentonite as an additive in both fresh and
saltwater and the results show that in freshwater
Nigerian Bentonite promising results are obtained. The
performance of Nigerian Bentonite cement slurry
produced using freshwater can be improved provided
cement slurry designs are tailored towards specific
operational requirements while in saltwater (Xantham
is a good substitute for bentonite in seawater), the
properties of cement slurry are not compatible with the
standard set by API.
Cement extenders are routine additives used for
reducing slurry density and increasing the yield of
cement slurry. Bentonite is a common material used as
an extender and the one used for cement in Nigeria is
imported despite the under-utilization of deposits of
bentonitic clay in Nigeria. The estimates of bentonitic
clay deposits discovered in several towns in Nigeria
was placed above 700 million metric tons (Afolabi et
al., 2017). For just this reason and due to the vast
resources employed in the importation of foreign
bentonite, the Federal Government placed an embargo
on the importation of foreign bentonite in 2003 and
mandated that locally sourced bentonite be used. As a
result, there has been increased research into the
possibility of using Nigerian local bentonite as a
substitute for the imported clays in oil well operations
while still maintaining the standards of the oil
industry(Abdullahi et al., 2011; Nweke et al., 2015;
Oriji et al., 2014). Bentonitic clay obtained from
deposits around the country has been tested in an
attempt to find one that meets API specifications. Most
of the local clays tested generally have proven to be
Calcium based and did not meet with API rheological
values. However, their properties are improved with
beneficiation (Boniface and Appah, 2014; Dewu et al.,
2011; Mesubi et al., 2008).
Apart from bentonite, the suitability of other
cheaper materials that can be produced locally and
compete with replaced commercially sourced additives
without compromising slurry produced have been
subjected to experimental investigation. Performance
of sodium silicate extracted from coal fly ash from
south Africa and imported sodium silicate was
compared by Kaduku et al. (2015) and the comparison
showed that cement slurry produced using locally
sourced sodium silicate have a slightly lower density,
is easier to pump and have high compressive strength.
Similar research on the use of local raw materials
instead of imported was conducted by (Boniface and
Appah, 2014) in Nigeria and Algeria (Oualit et al.,
2018). Both investigations targeted locally cement for
the formulation of oil well cement slurry. These two
investigations agreed that their respective sourced
cement can be deplored for cementing operation
provided appropriate additives are added. The
optimization of various additives are not investigated
(Boniface and Appah, 2014) while the influence of

NOMENCLATURE
A
API
B
BBD
BHCT
BHST
BIB
BWOC
BWOW
BE,I, L
C
CS
D
FL
OWCS
RE,I, L
PV
UCA
XRF
YP

Extender, %
American Petroleum Institute
Accelerator, %
Box Behken Design
Bottom Hole Circulating Temperature,
°F
Bottom Hole Static Temperature, °F
Beneficiated Ibeshe Bentonite
By Weight of Cement
By Weight of Water
Beneficiated samples from Ewuobi,
Ibeshe and Lukosi
Antifoam, %
Comprehensive Strength, psi
Disoersant, %
Fluid loss, ml
Oil Well Cement Slurry
Raw samples from Ewuobi, Ibeshe and
Lukosi
Plastic viscosity, cp
Ultrasonic Cement Analyser
X-ray Fluorescence
Yield point, lb/100ft2

1. INTRODUCTION
Cementing operation is a key operation in both
exploration and exploitation activities due to the
support it gives during the isolation of zones. During
this operation, the annular space between the casing
and the drilled well is filled with cement slurry which
is allowed to set and solidify thereby joining the casing
to the formation(Falode et al., 2013). Oil well cement
slurry is primarily designed to pass some tests before it
can be pumped downhole and these tests vary
depending on the type of designed formulation (Salam
et al., 2013, 2015). Depending on the operational
design to be implemented, suitable additives are added
to cement slurry to enhance its properties in order to
achieve the desired performance and some of these
additives serve as a retardant, viscosifier, extender,
antifoam among others.
Bentonite is one of the additives used to improve
cement slurry performance, it is capable of performing
more than one function such as the increase in slurry
yield, density, rheology, thickening time and
compressive strength (Boniface and Appah, 2014).
Optimizing the use of bentonite by locally sourcing it
instead of importing will reduce the cost of cement
operation and the possibility of replacing cement with
locally sourced bentonite without compromising
comprehensive strength was demonstrated in the
experimental investigation conducted by Ahmad et al.
(2011) where the quantity of bentonite in cement slurry
formulation was varied. The research proved that only
30% of the cement can be replaced with bentonite
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various additives on the performance of cement slurry
was not investigated (Oualit et al., 2018). Statistical
optimization strategies have been applied for optimal
use of variables and influence of each of the variables
considered(Adeleye et al., 2009; Salam et al., 2010,
2015).
Bentonite is one of the crucial materials needed
during cementing operation due to the different
characteristics it exhibited (thixotropic, swelling and
absorption properties). Wyoming bentonite is the most
commonly available commercial bentonite for
cementing and drilling fluid applications (Dewu et al.,
2011). The importation of Wyoming Bentonite for oil
and gas well-cementing operation has continued to
divert some large amount of foreign exchange while
Nigeria is having a large reserve of Bentonitic clay
deposit which can be beneficiated to upgrade the
properties of the clay to that of the standard
commercial bentonite for oil well cementing and other
industrial uses (Abdullahi et al., 2011). It is therefore
of interest to investigate the suitability of Nigeria
bentonite as an extender in the design of oil wellcementing slurry and its influence concerning other
cement additives on cement slurry performance.

54.828'' E) in Lagos State, all in South-West, Nigeria.
The class G cement, accelerator, antifoam and mix
water that were used were sourced from the cement
laboratory of SOWSCO Well Services (Nig.) Ltd, Plot
212, Trans-Amadi Industrial Layout, Port-Harcourt,
River State, Nigeria.
2.2 Beneficiation of Clay Samples
From each of the three clay samples, ten sets of 100 g
of each sample were set aside for beneficiation using
sodium carbonate (Na2CO3) as shown in Table 1. To
each of the samples (sample with Na2CO3), 50 ml of
distilled water was added, kneaded and were allowed
to stay for 24 h for ion exchange to take place. After
allowing the kneaded samples to stay for 24 h each of
the samples were oven-dried at 75° for 8 h. The
beneficiated samples were re-grounded and sieved
again to achieve the 63μm before characterization. The
chemical composition of the beneficiated samples was
analyzed by using IVT-20 computer-automated X-ray
Fluorescence (XRF) spectrometer.
2.3 Cement Slurry Formulation and Design of
Experiment
Class G cement (Moderate Sulphate Resistant type)
was the primary cement used while the accelerator,
antifoam, and extender are added as additives. All the
additives used are in house additives used by
SOWSCO Nigeria limited except the extender, which
was replaced by BIB. Cement slurry was prepared
based on the formulation tabulated in Table 2.

2. MATERIALS AND METHODS
2.1 Materials Acquisition
The selected Nigerian bentonites that were used for this
study were sourced from Lukosi (7° 7' 50.952'' N, 3°
22' 2.1'' E) in Ogun State, Ibeshe (6° 33' 54.504'' N, 3°
28' 56.82'' E) and Ewu Ebi (6° 32' 51.54'' N, 3° 30'

Table 1. Composition of Beneficiated Samples
Quantity of each sample of the
Quantity of Beneficiating Agent (Na2CO3(aq))
S/N
Nigeria Bentonite (g)
(g)
01
100
1.0
02
100
2.0
03
100
3.0
04
100
4.0
05
100
5.0
06
100
6.0
07
100
7.0
08
100
8.0
09
100
9.0
10
100
10.0

Total Weight of each sample
(g)
101.0
102.0
103.0
104.0
105.0
106.0
107.0
108.0
109.0
110.0

Table 2. Formulation of Class G Cement Slurry.
Lab.
Qty

Unit

Dry
Components

Material

Per
cent

Pounds

Absolute
Volume

Volume
(Gallons)

Specific Gravity

482

g

#1 Cement

Class G

100

94

0.0382

3.5908

3.14

77

g

#2 Bentonite

16

15.04

0.0454

0.6828

2.65

36

g

#3 CaCl2

7.5

7.05

0.0685

0.4829

1.75

4.2
4
389

ml
ml
ml

Liquid Components
#1 Antifoam
#2 Dispersant
#3 Fresh Water

0.9
1
80.7
Total

0.821
0.787
75.803
193.502

0.099
0.0801
9.1
14.0356

0.996
1.18
1

Imported
Bentonite
CaCl2
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Slurry Yield
(ft3/sack)
Slurry Density
(lb/gal)
Total Fluid, %
Total Fluid, gals

1.9
13.8
82.35%
9.3
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to the measured data used in model development and
validation.

The design of the slurry was carried out according to
API standard and desired density, thickening time,
fluid loss, and rheological behaviour at the time of
pumping, appropriate transition time and enough
strength at the time of set were achieved. The
concentrations of most solid cement additives were
expressed as a percentage by weight of cement
(BWOC) while liquid additive concentrations were
expressed in gallons per sack of cement as tabulated in
Table 2. The calculations for the mass of the
components was made according to the
recommendations of the API practices and also the
slurry density and the slurry yield of the design of
cement slurry for each of the runs of the experiments
was calculated using the Eqns. (1) to (5).
Slurry Density �

lb

gal

Slurry Yield (ft 3 )

�=

=

Total Weight (lb)

(1)

Total Volume (gal)

(2 )

Total Volume (gal)
7.48 (gal/ft3 )

𝑉𝑉olume (gal) =
Weight of the component in gallon (lb) ∗
The absolute volume of component
Total Weight (lb) =
∑ Weight of all the slurry components

Total Volume(gal) =
∑ volume of all the slurry components

2.4 Rheological properties measurement
A 12-speed rotational Viscometer was used according
to API specifications (API 10A, 2010) to evaluate the
rheological properties of OWC slurry using the locally
sourced beneficiated clay as an extender for each run
of the experiment. The slurry was first conditioned to
Bottom Hole Circulating Temperature (BHCT) of 100o
F using an atmospheric Consistometer. The Plastic
Viscosity (PV) and Yield Point (YP) of the cement
slurry were computed at both ambient and test
temperatures using Eqns. (6) and (7), respectively:
𝑃𝑃𝑃𝑃(𝑐𝑐𝑐𝑐) = 1.5 ∗ (𝛾𝛾300 − 𝛾𝛾100 )
𝑌𝑌𝑌𝑌 (

Dispersant

(7)

2.5 Compressive strength test Determination
The method that was adopted in this study was nondestructive. In this method, Ultrasonic Cement
Analyzer (UCA) (model 4265) was used to analyze the
compressive strength of the cement slurry for each run
of the experiment at 12 and 24 h. For this research
work, the curing condition was at the downhole
pressure of 3,500 psi, BHST of 115o F, and BHCT of
100o F.

(3)
(4)
(5)

3. RESULTS AND DISCUSSION
3.1 Characterization of Beneficiated Nigerian
Bentonite
The XRF results obtained before and after the
beneficiation of the selected Nigerian bentonites using
4.0 g of Na2CO3(aq) were presented in Table 4. The
effect of each dose of Na2CO3(aq) on each clay sample
was monitored and it was observed that after the
beneficiation using 4.0 g of Na2CO3(aq), Ibeshe clay
sample was selected for the cement slurry analysis
because it has the highest value of the sodium ion
content in order to meet API specifications of
bentonite. The results of other concentrations (1.0, 2.0,
3.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 g of sodium
carbonate) are not shown because of space constraint.
The ratio of Si/Al of the raw sample was less than the
3.1 recommended by API (API 10B) which justified
the need for beneficiation as shown in Table 4.

The density of each of the samples of BIB was first
determined using mud balance. The cement and solid
additives were weighed and uniformly dry blended
before mixing with fresh water in the stainless-steel
container of the constant speed mixer (4000 rpm). The
mixer motor was turned on and maintained at 4000 rpm
at a uniform rate, for 25 s and then liquid additives were
added. Thereafter, the mixing speed was increased to
12000 for 35 s. The slurries were prepared and kept at
room temperature under atmospheric pressure. The
process of slurry preparation was adopted for mixing
of (17) different formulations based on the change in
values of variables tabulated in Table 3 using BBD.
The individual and interaction effect of the variables
that formed OWC were evaluated, R-square was used
to determine how close the model developed values are

4

) = 𝑃𝑃𝑃𝑃 − 𝛾𝛾100

where 𝛾𝛾300 and 𝛾𝛾100 are viscometer dial readings at 300
and 100 rpm, respectively.

where 7.48(𝑔𝑔𝑔𝑔𝑔𝑔 ⁄𝑓𝑓𝑓𝑓 3 ) is the conversion factor for
slurry yield.
Beneficiating Agent = Na2CO3 (aq)

Table 3. The levels of the variables.
Independent Variable
1
Extender (BIB)
2
Accelerator
3
Antifoam

𝐼𝐼𝐼𝐼𝐼𝐼

100𝑓𝑓𝑓𝑓 3

(6)

Coded variable
A
B
C
D
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Low (wt %)
16
5
0.5

High (wt %)
31
10
1.4

0.7

1.1
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- 15.8 lb/gal and yield ranges from 1.14 – 2.85 ft3/sk
are acceptable for cement slurry design (Nelson, 1990).
The results obtained showed that the Beneficiated
Ibeshe Clay (BIC) can be used as an alternative for the
imported Wyoming bentonite.

The highest sodium content which is responsible for
swelling in the cement slurry was 1.74 wt% which
corresponded to that of Ibeshe clay. This value is in a
close range to the value reported for the imported
bentonite (2.19 wt %) (James et al., 2008). All the clay
samples are known to contain alumina (Al2O3) and
silica (SiO2); and this is also true of feldspars which
decompose to form clays by hydrothermal activities
(Mark, 2010). Therefore, after beneficiation, the
alumina content and other associated oxides were
changed and met the requirements for oil well
cementing. Ibeshe clay showed the highest promising
potential. The ratio of the exchangeable cations,
Calcium / Magnesium for the three selected bentonite
[X: (1.30/0.86 = 1.51), Y(0.67/0.43 = 1.55), Z
(3.37/2.12 = 1.58)] is greater than 1.0, which shows the
three samples are stable as the minimum ratio of
Calcium /Magnesium required by the standard is 0.5
(Dontsova and Norton, 2001).

3.3 BIB and CS of OWCS
The results obtained for the CS at 12 and 24 h for 17
different runs for OWCSs oil well cement slurries
formulated using BBD were presented in Table 5. The
values of CS obtained at 12 and 24 h using Wyoming
bentonite was 650 and 730 psi, respectively (Table 5).
The slurry formulation for run 13 in this study
exhibited higher CS of 670 and 770 psi at 12 and 24 h,
respectively when compared with that of imported
bentonite. Careful observation showed that dispersant,
slurry stability and inter fluid chemical reactivity have
a tremendous influence on compressive strength.
Generally, there is no universal agreement on strength
requirement for oil well cement except the minimum
values; however, values of compressive strength after
24 h are often requested to ascertain cement slurry set
under the borehole condition and for the reason that at
24 h the slurry will have a better strength development.
The one-factor effect of the four variables BIB (A),
accelerator (B), antifoam (C) and dispersant (D) with
the experimental range set in Table 3 was used to the
response CS at 12 and 24 h to change in each of the
variables was presented in Fig. 1. In Fig. 1(a), the
influence of each of the variables on CS at 12 h was
presented. The result showed all the variables
individually decreased the value of CS when their
values were increased from minimum to maximum as
set in Table 5. Similar behaviour can observed later in
Fig. 1(b) for CS at 24 h, all the variables decreased the
CS with an increase in their values except for D. In the
case of D, CS increased with an increase in its value
from 0.7 to 1.1.

3.2 Slurry density and yield
Slurry density is significant to wellbore hydrostatic
pressure. However, deviations from design density
may cause changes in all other slurry properties which
may cause well problems. The reason why extenders
are needed is to maintain optimal cement properties
when decreasing the density of the cement slurry to
accommodate formation limitations during the cement
placement process. The slurry density and yield
obtained from the various formulations were presented
in Table 5 using the selected beneficiated bentonitic
clay sample from the Ibeshe deposit. It was observed
that the density ranged from 12.1 – 14 lb/gal while the
slurry yield ranged from 1.9 – 2.9 ft3/sk. The basis of
this experiment was the results obtained using the
imported Wyoming bentonite as presented in Table 5
which revealed a slurry density and yield of 13.8 lb/gal
and 1.9ft3/sk, respectively. According to API
recommendation, the value of density ranged from 11.9

Table 4. XRF Results of the Analysis of Beneficiated Nigerian Bentonites with 4.0 g of Na2CO3.

48.8

Lukosi (wt%)
RL
BL
42.95
55.18

Ibeshe (wt%)
RI
BI
45.5
56.72

Al

15.54

36.25

20.19

29.85

20.11

27.55

14.84

Fe
Mn
Mg
Ca

6.44
0.07
3.5
5.22

0.15
0.02
1.4
0.9

0.07
0.02
0.86
1.3

1.5
0.001
0.95
0.45

1.96
0.01
0.43
0.67

3.5
0.1
2.5
3.12

1.43
0.09
2.12
3.37

Na2O

Na

2.19

0.4

1.7

0.6

1.74

0.15

0.7

K2O

K

0.75

0.65

0.41

0.35

0.32

0.12

0.36

TiO2

Ti

0.49

0.01

0.01

0.15

0.09

0.25

0.08

P2O5

P

0.13

0.01

0.01

0.03

0.04

0.13

0.01

LOI

LOI

15.73

17.25

20.15

20.15

17.83

22.5

19.5

Oxides

Elements

SiO2

Si

Al2O3
Fe2O3
MnO
MgO
CaO

(James et al., 2008)

Ewuobi (wt%)
RE
BE
40
57.8

Where RL, RI and RE are raw results for Lukosi, Ibeshe and Ewuobi clay samples while BL, BI and BE are beneficiated results
for Lukosi, Ibeshe and Ewuobi clay samples.
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911.25

793.44

D
A

B
687.5

CS at 24 h

C

CS at 12 h

D

750

C
675.63

B

557.81

AB
C
C

625

BA

562.5

A
D

D
440.00

500

-1.00

-0.50

0.00

0.50

1.00

-1.00

Dev iation f rom Ref erence Point

-0.50

0.00

0.50

1.00

Dev iation f rom Ref erence Point

(a)

(b)

Figure 1. Effect of individual factors (A, B, C & D) on CS at 12 h (a) and at 24 h (b), respectively.

The interactive effect of two variables at a time
while the two other variables are kept at their mid-point
was used to study the influence of variables on CS.
Figs. 2(a) and 2(b) are interactive effects for CS at 12
h while Figs. 2(c) and 2(d) are the interactive effects
for CS at 24 h. Fig. 2(a) shows the effect of a
simultaneous increase in A and D while B and C are
kept constant at their midpoint (7.5 and 0.95,
respectively). The figure showed that at a minimum
value of D (0.7), an increase in A from 16 to 31 lead to
a decrease in CS from 1362 to 460. 39. At the
maximum value of D (1.1), an increase in A led to an
increase in CS at 12 h from 428.5 to 607.48. At a
minimum value of A (16), CS decreased with an
increase in D from 0.7 to 1.1 while at a maximum value
of a (31), CS increased with an increase in D from 0.7
to 1.1 respectively. Other behaviours of simultaneous
change in variables values on CS at both 12 and 24 h
are presented in Figs. 2(b), 2(c), and 2(d).
Based on the behaviour of variables both at
individual and interactive levels, an empirical model
was developed for CS at 12 and 24 hours as presented
in Eqns. (6) and (7), respectively.
𝐶𝐶𝐶𝐶12 = 714.67 − 180.73𝐴𝐴 − 75𝐵𝐵 − 17.21𝐶𝐶 −
196.58𝐷𝐷 + 270.13𝐴𝐴𝐴𝐴 + 69.45𝐵𝐵𝐵𝐵

development (model terms are significant to model
development provided their Prob>F value is less than
0.05). They are A, B, D, AD, and BD respectively. The
lower the Prob>F value, the more influential the model
term to the model developed.
AD has the most influential effect on the developed
model and that was why its coefficient value in Eqn.
(1) has the most numerical strength out of all the
coefficient values in that equation. For CS at 24 h, five
out of the six model terms are significant to the model
developed and D has the most influential effect on the
prediction of CS at 24 h.
3.4 Effects of BIB and other Additives on
Rheological Properties of OWCS
The laboratory results of replacing imported extenders
with BIB in determining PV and yield points for
different experimental runs were presented in Table 5
while the result of the experiment conducted with
Wyoming bentonite (imported) is presented in Table 7
(control experiment). It was observed from the table
the PV of all the OWCS mixed in the laboratory were
below 100 (cp) and with the equivalent slurry yield
which can be considered as a desirable result to keep
cement slurry pumpable within the pre-determined
thickening time according to (API RP 10B-2, 2009).
No premature gelation of cement slurry is observed for
all the cement samples and the values of the YP
calculated show that all the slurries are pumpable
(Abbas et al., 2014).
The individual effect of the change in additives
values on PV and YP of the OWCS is presented in Fig.
3. PV increased with an increase in the values of both
B (accelerator) and C (antifoam), respectively, while
PV decreased with an increase in A (BIB) and D
(dispersant), respectively. In the case of YP, an
increase in values of additives A and D (dispersant)
decreased the YP of OWCS in this research while the
increase in the values of additives B (accelerator) and
C (antifoam) increased the value of YP. While C and
D have influential effects on YP, both A and B have a
mild influence on YP.

(8)

𝐶𝐶𝐶𝐶24 = 637.32 − 39.72𝐴𝐴 − 43.45𝐵𝐵 − 15.40𝐶𝐶 +
110.77𝐷𝐷 + 10.11𝐶𝐶𝐶𝐶 + 40.21𝐴𝐴𝐶𝐶 2
(9)

The R-square values of the empirical models
presented CS at 12 and 24 h are 0. 956 and 0.994,
respectively. The Analysis of Variance (ANOVA) of
the two models for CS at 12 and 24 h was presented in
Table 6. The respective model F-value of 18.08 and
82.37 implied that the selected modified model for CS
at 12 and 24 h are significant with P-value of 0.3% and
0.2% respectively. The result of the F-values shows
that there is a small likelihood that the F- value
obtained was due to noise in the data used for this
study. It was discovered that for CS at 12 h, four out of
the six model terms are significant to model

78

A. O. Arinkoola, S.O Alagbe, K.K. Salam, and B.M. Ajagbe

1055.70
919.91

1128.76

784.12

CS at 12 h

1362.11

CS at 12 h

895.40
662.05
428.70

648.33
512.54

1.10
1.10

10.00
31.00

1.00

1.00

8.75

27.25
0.90

D

0.90

7.50

23.50

D

0.80

0.80

19.75

6.25

B

A
0.70

0.70

16.00

(a)

5.00

(b)

788.80
706.22

788.80

623.64

CS at 24 h

706.22

CS at 24 h

623.64
541.06

541.06
458.48

458.48

1.10
1.40

1.40
1.00

31.00
1.17

1.17
27.25
0.95

C

0.90

0.95

23.50

D: Disp

0.72

0.80

0.72

19.75

C

A
0.50

0.70

16.00

(c)

0.50

(d)

Figure 2. Interaction effect of CS at 12 (a) and 24 h (b), respectively

29.22

D

49.33

A

D

C

21.36

40.37

B

C

Yp

PV

25.29

B

31.42

A
B

B
A

C

C
A

17.43

22.46

D
D
13.50

13.51

-1.00

-0.50

0.00

0.50

1.00

-1.000

Dev iation f rom Ref erence Point

-0.500

0.000

0.500

Dev iation f rom Ref erence Point

(a)

(b)

Figure 3. One factor plot of variables against PV: (a), and YP (b), respectively.
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Table 5. Cement slurry properties based on an experimental design using BIB as an extender.
A

B

C

D

Slurry
Density

Slurry
Yield

CS at CS at
12 h 24 h

Plastic
Viscosity

Yield Point

(lbs/100ft2 )
29

St Order

Run

(%)

(%)

(%)

(%)

(lb/gal)

(ft3/sk)

(psi)

9

1

31

5

0.9

0.9

12.5

2.7

600

650

(cp)
18

8

2

16

7.5

0.5

1

13.8

1.9

670

700

15

37

2
7
3

3
4
5

23.5
16
31

7.5
5
7.5

0.9
0.9
1.4

1
0.9
0.7

13.6
13.8
12.7

2
1.9
2.6

580
620
440

600
660
500

15
21
22.5

23
33
27.7

13

6

23.5

7.5

0.9

1.1

14

1.9

520

580

16.5

20.5

15

7

23.5

7.5

0.9

1

14

1.9

550

600

22.5

29.5

10

8

23.5

5

1.4

1

13.8

2

650

720

24

22

(psi)

4

9

23.5

10

1.4

1

14

1.9

630

700

13.5

25.5

11
14
6
12
5
17
16

10
11
12
13
14
15
16

16
16
23.5
23.5
23.5
31
31

7.5
10
5
7.5
7.5
10
7.5

1.4
0.9
0.5
0.9
0.9
0.9
0.5

1
1
1
1
1
0.9
0.8

13.6
13.8
13.6
13.8
13.8
12.7
12.1

1.9
1.9
2
2
2
2.6
3

600
660
670
640
640
450
530

680
700
750
770
770
560
600

22.5
21
16.5
19.5
19.5
16.5
16.5

22.5
32
24.5
22.5
22.5
29.5
21.5

1

17

23.5

10

0.5

1

13.7

2.1

600

650

22.5

26.5

Table 6. ANOVA table of CS at 12 and 24 h.
CS at 12 h

CS at 24 h

Terms

F-Value

Prob > F

Terms

F-Value

Prob > F

Model

18.08

0.003

Model

82.37

0.002

A

32.4

0.0023

A

30.41

0.0117

B

17.83

0.0083

B

92.08

0.0024

C

1.97

0.219

C

11.04

0.0449

D

13.19

0.015

D

67.93

0.0037

AD

18.39

0.0078

CD

1.8

0.2722

0.2054

AC2

17.55

0.0248

BD

2.12

Table 7. Cement slurry properties using Wyoming bentonite as an extender.

Thickening Time (mins)

50 Bc

70 Bc

290

325

Rheology (rpm)

PV (cp)

100Bc

600

300

200

100

6

3

345

50

45

40

35

10

10

80

YP

(lb/100ft2)

Compressive
Strength (psi)

12 h
15

30

650

Fluid
loss
(ml/30
mins)

24 h
730

20
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Table 8. ANOVA table of PV and YP.
PV
F-Value
Prob > F
Model
275.51
0.0003
A
452.26
0.0002
B
73.13
0.0034
C
413.02
0.0003
D
299.93
0.0004
AB
230.55
0.0006
AC
464.19
0.0002
AD
246.5
0.0006
BC
1383.54
< 0.0001
BD
123.82
0.0016
CD
434.18
0.0002

Model
A
B
C
D
AC
AD
CD

YP
F-Value
16.26
1.5
1.84
11.97
46.49
19.51
6.63
12.87

Prob > F
0.0008
0.2608
0.2173
0.0106
0.0002
0.0031
0.0368
0.0089

𝑌𝑌𝑌𝑌 = 31.42 − 1.32𝐴𝐴 + 0.88𝐵𝐵 + 6.30𝐶𝐶 − 14.06𝐷𝐷 +
6.42𝐴𝐴𝐴𝐴 − 8.47𝐴𝐴𝐴𝐴 − 14.29𝐶𝐶𝐶𝐶
(11)

The interaction plots of the combinations of the
four additives and their corresponding influence on
both the PV and YP were presented in Figs. 4(a), 4(b),
and 4(c) describe the interactions of additives and their
response on the PV calculated while Fig. 4 (d), 4e, and
4(f) described the interactions of additives on YP. The
simultaneous effect of change in values of A and B on
PV was presented in Fig. 4(a). In this plot, PV values
were reduced with an increase in A from 16 to 31 at
both minimum and maximum values of B (5 and 10).
However, the values of PV increased from 22.41 to
33.28 when B was varied from 5 to 10 for a minimum
value of A (16). For interaction between a variety of
values of C and D shown in Fig. 4(b), PV significantly
increased with an increase in D from 15 to 43.45 at a
minimum value of C (0.7). At maximum value of C
(1.1), PV values decreased from 21.17 to 10.65 when
D was increased from 0.5 to 1.4. The response of PV
to an interaction between B and C was presented in
Fig.4 (c). Figures 4(d), 4(e), and 4(f) describe the
interactions of additives and corresponding response
on the YP calculated from the experimental data
obtained from the laboratory. The simultaneous effect
of change in values of A and C on YP was presented in
Fig. 4(d). In this 3-D plot, the values of YP values
decreased with an increase in A from 16 to 31 at both
minimum and maximum values of C (0.7 and 1.1).
However, at a maximum value of A (31), YP increased
with an increase in C from 17.38 to 42.82. In the case
of simultaneous variation of A and D shown in Fig.
4(e), YP increased from 38.33 to 52.62 for an increase
in A from 16 to 31 at a minimum value of D (0.7) while
at a maximum value of D (1.1), YP decreased with
increase in A. For interaction between variation in
values of C and D shown in Fig. 4(f), a minimum value
of D favour increase in YP while YP decreased with an
increase in C at maximum D. Based on the behaviour
of variables both at the individual and interactive level,
empirical models were developed for PV and YP as
presented in Eqns. (10) and (11), respectively.

The analysis of the empirical models developed for
both PV and YP shows that their R-square values are
0.99 and 0.94, respectively. The adequate precision of
both PV and YP are 53.37 and 15.48, values that show
that the values are adequate for the developed models
since the values are greater than four (4). The ANOVA
of PV and YP was tabulated in Table 8. The respective
model F-values of 275.51 and 16.26 implied that the
selected modified models for PV and YP are
significant to the developed models with 0.3% and
0.8% likelihood of the F- values reported was due to
noise. The model terms. A, B, C, D, AB, AC, AD, BC,
BD and CD are significant model terms for the
empirical model developed for the prediction of PV
while terms C, D, AC, AD, and CD (five out of seven
model terms) are significant model terms used for the
empirical model developed for the prediction of YP,
respectively.
3.5 Bi-Optimization Studies
A numerical optimization technique based on
desirability function was carried out to determine the
workable optimum conditions for the design of oil well
cement slurry using BIB as an extender in OWCS
formulation. In order to provide an ideal case for oil
well cementing, the additives were set in range based
upon the requirements of the design. The values for the
lower and upper limits of the additives were stated in
Table 3. The desirability value was 1. The simulated
(predicted), experimental and control experimental
results are tabulated in the simulated result was
achieved using the specified values of the variables: A
(30.17), B (5.4), C (1.17) and D (0.9).
The
experimental and the simulated values for the
properties tested in this study are close which
suggested that the models developed are predictive and
can determine to a high degree of accuracy the
rheological and mechanical properties of class G
OWC.

𝑃𝑃𝑃𝑃 = 22.57 − 5.28𝐴𝐴 + 2.11𝐵𝐵 + 4.48𝐶𝐶 − 6.66𝐷𝐷 −
3.32𝐴𝐴𝐴𝐴 − 4.14𝐴𝐴𝐴𝐴 + 11.53𝐴𝐴𝐴𝐴 − 4.13𝐵𝐵𝐵𝐵 −
6.47𝐵𝐵𝐵𝐵 − 9.74𝐶𝐶𝐶𝐶
(10)
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Figure 4. 3D surface plots of PV (a, b, and c), and YP (d, e, and f), respectively.
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Table 9. Validation of developed models.
CS (psi)
at 12 h

PV (cp)

YP (lb/100ft2)

at 24 h

Simulation value

592

640

16

29

Measured value

601±1.44

637±1.26

15±1.01

30±0.35

730

15

30

Control (100% cement) 650

Amadi Industrial Layout, Port-Harcourt, River State,
Nigeria, for providing class G cement, accelerator,
antifoam and, mix water and for allowing Alagbe B to
use their laboratory for data gathering.

4. CONCLUSION
For the utilization of locally sourced bentonite as an
extender during oil well-cementing operation, the
following deductions were drawn:
• The sodium ion concentration of BIB increased
from 0.6 to 1.74 wt% when beneficiated with 4 g of
sodium carbonate and it was the highest for the
three clay samples beneficiated.
• All the seventeen (17) formulated cement slurries
designed Box-Behnken design proved to have
required rheological properties according to API
standard using BIB as an extender.
• The thickening time and fluid loss values obtained
for all experimental runs are within the acceptable
range according to the API standard.
• All the values obtained from laboratory analysis for
compressive strength after 24 h periods can
structurally hold casings at BHST of 115F and
BHCT 100 F.
• The slurry yield of 2.7 ft3 per sack was recorded
using BIB and was greater than that of Wyoming
imported bentonite (1.9 ft3 per sack) when both
formulations are subjected to the same
experimental condition (run 1).
• The model developed from the bi-optimization
studies predicted both the comprehensive and
rheological parameters within 1.44%, 1.26%,
1.01% and 0.35% for CS at 12 h, CS at 24 h, PV
and YP, respectively.
• All the submissions are laboratory-scale
deductions; therefore, it is recommended that this
research be subjected to practical placement
modelling for confirmation of the results presented.

REFERENCES
Abdullahi, A. S., Ibrahim, A. A., Muhammad, M.
A., Kwaya, M. Y., and Mustapha, S. (2011).
Comparative Evaluation of Rheological Properties of
Standard Commercial Bentonite and a Locally
Beneficiated Bentonitic Clay from a Marine Deposit in
Upper Benue Basin, Nigeria. British Journal of
Applied Science and Technology, 1(4), 211–221.
Adeleye, J. O., Salam, K. K., and Adetunde, I. A.
(2009). Analysis of rheological properties of treated
Nigerian clay using factorial design. European Journal
of Scientific Research, 37(3).
Afolabi, R. O., Orodu, O. D., and Efeovbokhan, V.
E. (2017). Applied Clay Science Properties and
application of Nigerian bentonite clay deposits for
drilling mud formulation : Recent advances and future
prospects. Applied Clay Science, 143, 39–49.
https://doi.org/10.1016/j.clay.2017.03.009
Ahmad, S., Barbhuiya, S. A., and Elahi, A. (2011).
Effect of Pakistani bentonite on properties of mortar
and
concrete.
February
2019.
https://doi.org/10.1180/claymin.2011.046.1.85
Boniface, O. A., and Appah, D. (2014). Analysis of
Nigerian Local Cement for Slurry Design in Oil and
Gas Well Cementation. 5, 176–181.
Dewu, B. B. M., Arabi, S. A., Oladipo, M. O. A.,
Funtua, I. I., Mohammed-Dabo, I. . A., and
Muhammad, M. A. (2011). Improvement of
Rheological Properties of Bentonitic Clays Using
Sodium Carbonate and a Synthetic Viscosifier.
International Archive of Applied Sciences and
Technology, 2, 43–52.
Dontsova, K., and Norton, L. D. (2001). Effects of
Exchangeable Ca : Mg Ratio on Soil Clay Flocculation,
Infiltration and Erosion. Sustaining the Global Farm.
Selected Papers from The10th International Soil
Conservation Organization Meeting at Purdue
University, PP 571–578.
Falode, O. A., Salam, K. K., Arinkoola, A. O., and
Ajagbe, B. M. (2013). Prediction of compressive
strength of oil field class G cement slurry using
factorial design. Journal of Petroleum Exploration and
Production
Technology,
3(4).
https://doi.org

CONFLICT OF INTEREST
The authors declare that there is no conflict of the
interaction of any form on this manuscript.

FUNDING
No funding was received for this research.

ACKNOWLEDGMENT
The author wishes to acknowledge the management of
SOWSCO Well Services (Nig.) Ltd, Plot 212, Trans-

83

Bi-Optimization of Durability and Rheological Performance of Oil Well Cement Slurry Using Locally Sourced
Extender
/10.1007/s13202-013-0071-0
James, O. O., Adediran, M. M., Adekola, F. A.,
Odebunmi, E. O., and Adekeye, J. I. D. (2008).
Beneficiation and Characterisation of a Bentonite
From North-Eastern Nigeria. Journal of the North
Carolina Academy of Science, 124(4), 154–158.
Kaduku, T., Daramola, M. O., Obazu, F. O., and
Iyuke, S. E. (2015). Synthesis of sodium silicate from
South African coal fly ash and its use as an extender in
oil well cement applications. June 1175–1182.
Mark, U. (2010). Characterization of Ibere and
Oboro clay deposits in Abia state, Nigeria for
refractory applications. International Journal of
Natural and Applied Sciences, 6(3), 296–305.
Mesubi, M. A., Adekola, F. A., Odebunmi, E. O.,
Adekeye, J. I. D., State, O., and Science, M. (2008).
BENEFICIATION AND CHARACTERISATION OF
A BENTONITE FROM NORTH-EASTERN
NIGERIA. Journal of the North Carolina Academy of
Science, 124(4), 154–158.
Nweke, O. M., Igwe, E. O., and Nnabo, P. N.
(2015). Comparative evaluation of clays from
Abakaliki Formation with commercial bentonite clays

for use as drilling mud. African Journal of
Environmental Science and Technology, 9 (June), 508–
518. https://doi.org/10.5897/AJEST2015.1904
Oriji, A. B., Lawal, F. S., Bala, Z., and Engineering,
G. (2014). Evaluating the Efficiency of Nigerian Local
Bentonite as an Extender in Oil Well Cementation. 28,
78–88.
Oualit, M., Irekti, A., and Hami, B. (2018).
Evaluation of the performance of local cement for oil
well-cementing operations in Algeria. 5, 5–13.
Salam, K. K., Adeleye, O. J., and Arinkoola, A. O.
(2010). Evaluation of rheological properties of
beneficiated locally sourced mud using factorial
design. International Journal of Oil, Gas and Coal
Technology,
3(2).
https://doi.org/10.1504/IJOGCT.2010.033561
Salam, K. K., Arinkoola, A. O., Ajagbe, B. M., and
Sanni, O. (2015). Modeling of rheological properties of
class G cement slurry. Petroleum and Coal, 57(5).
Salam, K. K., Arinkoola, A. O., Ajagbe, B., and
Sanni, O. (2013). Evaluation of Thickening Time of Oil
Field Class G Cement Slurry at High Temperature and
Pressure using Experimental Design. 2, 361–367.

84

ﻣﺠﻠﺔ اﻟﺒﺤﻮث اﻟﮭﻨﺪﺳﯿﺔ
ﻣﺠﻠﺲ اﻟﻨﺸﺮ اﻷﻛﺎدﯾﻤﻲ

د .ﷴ اﻟﺼﻘﺮي
أ.د .إﺑﺮاھﯿﻢ ﻣﺘﻮﻟﻲ
أ.د .ﷴ ﺻﻼح اﻟﺪﯾﻦ ﺧﺎن
اﻟﻔﺎﺿﻞ ﺟﻤﺎل اﻟﻐﯿﻼﻧﻲ

د .ﻋﺎﻣﺮ ﺑﻦ ﺳﯿﻒ اﻟﮭﻨﺎﺋﻲ ,رﺋﯿس ﻣﺠﻠﺲ اﻟﻨﺸﺮ اﻷﻛﺎدﯾﻤﻲ
د .ﻏﺎزي ﺑﻦ ﻋﻠﻲ اﻟﺮواس
أ.د .ﺳﻤﯿﺮ اﻟﻌﺪوي
أ.د .ﺳﻌﯿﺪ اﻟﻈﻔﺮي
أ.د .ﺷﻔور ﺮﺣﻤاﻦ

ﻣﺠﻠﺲ اﻟﺘﺤﺮﯾﺮ
رﺋﯿﺲ ھﯿﺌﺔ اﻟﺘﺤﺮﯾﺮ
أ.د .إﺑﺮاھﯿﻢ ﻣﺘﻮﻟﻲ
ﻗﺴﻢ ھﻨﺪﺳﺔ اﻟﻜﮭﺮﺑﺎء واﻟﺤﺎﺳﺐ اﻵﻟﻲ
ﺟﺎﻣﻌﺔ اﻟﺴﻠﻄﺎن ﻗﺎﺑﻮس ،ﺳﻠﻄﻨﺔ ﻋﻤﺎن
ﻤﺤﺮر
أ.د .ﻓﺎروق ﺻﺒﺮي ﻣﺠﻠﻲ
ﻗﺴﻢ ھﻨﺪﺳﺔ اﻟﻨﻔﻂ واﻟﻜﯿﻤﯿﺎء ﺟﺎﻣﻌﺔ
اﻟﺴﻠﻄﺎن ﻗﺎﺑﻮس ،ﺳﻠﻄﻨﺔ ﻋﻤﺎن

ھﯿﺌﺔ اﻟﺘﺤﺮﯾﺮ )ﺟﺎﻣﻌﺔ اﻟﺴﻠﻄﺎن ﻗﺎﺑﻮس ،ﺳﻠﻄﻨﺔ ﻋﻤﺎن(

ﻗﺴﻢ اﻟﮭﻨﺪﺳﺔ اﻟﻤﺪﻧﯿﺔ واﻟﻤﻌﻤﺎرﯾﺔ
د .ﯾﺤﯿﻰ ﻣﺤﻤﺪ زﯾﻦ
د .اﺣﻤﺪ ﺳﻨﺎ
د .ﺣﻨﺎن اﻟﺨﺎطﺮي
د .ﻣﺤﻤﺪ رﺿﺎ
د .ﻛﺎزي ﺳﮭﯿﻞ

ﻗﺴﻢ ھﻨﺪﺳﺔ اﻟﻜﮭﺮﺑﺎء واﻟﺤﺎﺳﺐ اﻵﻟﻲ
أ.د .ﻋﺒﺪﷲ ﺑﻦ ﺣﻤﺪ اﻟﺒﺎدي
د .أﺣﻤﺪ ﺷﮭﺎب ﻋﻤﺎري
د .ﺣﺴﻦ ﯾﻮﺳﻒ
د .اﻷزھﺮ ﺧﺮﯾﺠﻲ
د .ﻣﺤﻤﺪ ﺑﯿﺖ ﺳﻮﯾﻠﻢ

ﻗﺴﻢ اﻟﮭﻨﺪﺳﺔ اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ واﻟﺼﻨﺎﻋﯿﺔ
د .ﺧﺎﻟﺪ اﻟﺰﺑﺪة
د .ﻓﺘﻮي ھﺎﺟﻮس
د .ﺳﻠﯿﻤﺎن اﻟﻌﺒﯿﺪاﻧﻲ
د .ﺣﺴﻦ اﻟﻮﻗﺎد
د .ﻣﺎﺟﺪ اﻟﻤﺤﺎرﺑﻲ

ﻗﺴﻢ ھﻨﺪﺳﺔ اﻟﻨﻔﻂ واﻟﻜﯿﻤﯿﺎء
أ.د .راﺷﺪ ﺑﻦ ﺳﺎﻟﻢ اﻟﻤﻌﻤﺮي
أ.د .ﻏﻼم رﺿﺎ ﻓﻜﯿﻠﻲ ﻧﺠﺎد
د .ﻋﻼء ﺣﺎﻣﺪ اﻟﻤﺤﺘﺴﺐ
د .ﻣﺎﺟﺪ ﺑﻦ أﺣﻤﺪ اﻟﻮﺿﺎﺣﻲ

ﻣﺠﻠﺲ اﻟﺘﺤﺮﯾﺮ اﻻﺳﺘﺸﺎري اﻟﺪوﻟﻲ
ﻗﺴﻢ اﻟﮭﻨﺪﺳﺔ اﻟﻤﺪﻧﯿﺔ واﻟﻤﻌﻤﺎرﯾﺔ
أ.د .ﻋﻤﺎد اﻟﻘﺎﺿﻲ ،اﻟﻮﻻﯾﺎت اﻟﻤﺘﺤﺪة اﻷﻣﺮﯾﻜﯿﺔ
أ.د .ﻟﺆي ﷴ ،اﻟﻮﻻﯾﺎت اﻟﻤﺘﺤﺪة اﻷﻣﺮﯾﻜﯿﺔ
أ.د .ﻓﺠﺎﯾﺎ راﻧﻜﺎن ،أﺳﺘﺮاﻟﯿﺎ

ﻗﺴﻢ ھﻨﺪﺳﺔ اﻟﻜﮭﺮﺑﺎء واﻟﺤﺎﺳﺐ اﻵﻟﻲ
أ.د .ﺷﻢ ﻧﺎﯾﺮ ،أﺳﺘﺮاﻟﯿﺎ
أ.د .ﻣﺤﻤﻮد داوود ،اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﯿﺔ اﻟﺴﻌﻮدﯾﺔ
أ.د .ﻧﻮﺑﯿﻮﻛﻲ ﻣﺎﺗﺴﻮ ،اﻟﯿﺎﺑﺎن

ﻗﺴﻢ اﻟﮭﻨﺪﺳﺔ اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ واﻟﺼﻨﺎﻋﯿﺔ
أ.د .أﻓﺸﻦ ﻏﺠﺎر ،اﻟﻮﻻﯾﺎت اﻟﻤﺘﺤﺪة اﻷﻣﺮﯾﻜﯿﺔ
أ.د .اﺣﻤﺪ اﻟﻘﺮﻧﻲ ،اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﯿﺔ اﻟﺴﻌﻮدﯾﺔ
ا.د .ﺑﺴﺎم ﺟﺒﺮان ،ﻛﻨﺪا
أ.د .ﻣﺎرﺗﻦ ﺑﺶ-ﻛﺎﻧﻮل ،اﻟﻤﻜﺴﯿﻚ
أ.د .ﻣﺤﻤﺖ ﺳﻔﺴﺎر ،اﻟﻜﻮﯾﺖ
أ.د .ﻣﺼﻄﻔﻰ ﯾﻌﻘﻮب ،ﻛﻨﺪا
أ.د .ﯾﻠﺪﯾﺮم ﻋﻤﺮﺗﺎك ،اﻟﻮﻻﯾﺎت اﻟﻤﺘﺤﺪة اﻷﻣﺮﯾﻜﯿﺔ

ﻗﺴﻢ ھﻨﺪﺳﺔ اﻟﻨﻔﻂ واﻟﻜﯿﻤﯿﺎء
أ.د .ﺟﻲ ﻛﻮﺑﺘﺎ ،اﻟﮭﻨﺪ
أ.د .ﻣﺤﻤﺖ ھﺎﺳﺘﻜﻠﻮ ،ﺗﺮﻛﯿﺎ
أ.د .رﻣﻀﺎن ﻛﮭﺮﻣﺎن ،اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﯿﺔ اﻟﺴﻌﻮدﯾﺔ
أ.د .رﯾﺘﺸﺎرد ﻛﻮرف ،أﻟﻤﺎﻧﯿﺎ
أ.د .ﺻﺎﻣﻮﯾﻞ ﻛﻮزﯾﺘﺰ ،اﻟﻮﻻﯾﺎت اﻟﻤﺘﺤﺪة اﻷﻣﺮﯾﻜﯿﺔ
أ.د .ﺗﺮﺟﯿﻲ إرﺗﻜﻦ ،اﻟﻮﻻﯾﺎت اﻟﻤﺘﺤﺪة اﻷﻣﺮﯾﻜﯿﺔ

إدارة اﻟﻤﺠﻠﺔ
اﻟﻔﺎﺿﻞ ﻋﺒﺪاﻟﺤﻤﯿﺪ ﻋﺒﺪﷲ اﻟﻨﻈﯿﺮي

