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Key words: tunneling, grouting, field meas-
urements, Abaqus, Al-Azhar twin tunnel

Introduction

The construction of two closely dis-
tant tunnels under an existing tunnel can 
cause greater deformation for the exist-
ing tunnel and the ground due to the dual 
disturbances caused by the tunneling 
process (Jin, Yuan, Li & Zheng, 2018). 
Several studies have estimated the ground 
movements as well as the deformation 
has induced in the existing tunnels by 
the construction of a new tunnel (Fang, 
Zhang, Li & Wong, 2015; Zhang, Liu, 
Kang, Zhong & Chen, 2018; Lin, Chen, 
Wu & Cheng, 2019). Grout technology 
is widely used for strengthening the soil 
and protecting the existing structures in 
shield tunneling. Li, Zhang and Yuan 
(2013) presented the case of using jack-

ing as the tunnel protection methodology 
in case of the tunnel excavation under 
the existing one. Kimpritis, Smon, Pan-
drea and Vukotic (2014) explained how 
jet grouting could be used as the integral 
part of the complex tunneling projects. 
They summarized the basic framework 
for the design and execution of jet-grout-
ing in tunneling.

In this research, the case history of 
the intersection of Al-Azhar twin tunnel 
with the CWO sewer is idealized using 
the three-dimensional numerical model.

Consequently, in this study, a series 
of parametric studies are conducting by 
utilizing the verified model of the case 
history to evaluate the effect of other 
different protection techniques. The key 
part of this paper is to investigate the 
best configuration technique to mini-
mize the tunneling effect on an adjacent 
structure.
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Problem statement

Al-Azhar twin road tunnels were con-
structed to provide the fast link between 
the congested parts of downtown Cairo 
with the eastern parts of the city under the 
area of old Fatimid Cairo. The intersec-
tion of Al-Azhar Road Tunnels was with 
excavated diameters of 9.40 and 18.70 m 
spaced, and the CWO sewer 5 m external 
diameter at Port Said Street as shown in 
Figure 1. Table 1 summarizes the param-
eters of soil at the intersection point. Ac-
cording to El-Nahhas (1992), the sewer 
tunnel was constructed in 1988 with 
a bentonite slurry shield. Table 2 summa-
rizes the parameters of the twin tunnels 

and the CWO sewer. Several measure-
ments were conducted to the several sec-
tions of Al-Azhar road tunnels (Abu-Kri-
sha, 2001; El-Sayed, 2001; Ezzeldine & 
Darrag, 2006). According to Campenon 
Bernard SGE report (1999), the ground-
water table reported at 3.40 m below the 
ground surface.

Grouting techniques are highly 
evolved methods used in most tunneling 
projects as a stabilization method or 
as sealing to the structures. Before the 
launch of tunneling work, two slurry 
walls were injected to confine the sides 
of the CWO and the road tunnel. The 
characteristics of the grouted wall are 
summarized in Table 3. According to 

FIGURE 1. Subsurface conditions at the site of the intersection (El-Sayed, 2001)

TABLE 1. Soil properties (Abu-Krisha, 2001)

Layer Thickness [m] γ [kN·m–3] φ [°] C [kPa] E [kN·m–2] ν Ψ [°]
Fill 6.70 16.50–6.50 23 0.20 8 300 0.40 0
Silty clay 5.00 8.00 15 10.50 11 000 0.35 0
Silty sand 3.40 9.00 30 – 50 000 0.35 0
Sand 5.50 9.50 35 – 75 000 0.30 5
Gravelly sand extend 9.50 41 – 80 000 0.30 11
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Campenon Bernard SGE report (1999), 
the required instrumentation to evaluate 

the tunnel effect on the adjacent CWO 
sewer shown in Figure 2.

TABLE 2. Twin tunnel and CWO sewer properties (Abu-Krisha, 2001)

Twin 
tunnel

geometry
outer diameter 9.40 m shield thickness 50 mm
inner diameter 8.35 m gap thickness 75 mm

lining thickness 0.40 m grouting thickness 125 mm

mechanical 
properties

type E [kN·m–2] ν γ [kN·m–3]
lining 1.4·107 0.15 25
shield 2.1·108 0.3 78
gap 1 000 0.3 –

grouting vary 0.15 25

CWO 
sewer

geometry
outer diameter 5.00 m limning thickness 32.80 cm
inner diameter 4.15 m grouting thickness 26.20 mm

mechanical 
properties

type E [kN·m–2] ν γ [kN·m–3]
lining 1.4·107 0.20 25

grouting 1·105 0.15 25

TABLE 3. Grouted walls geometry and properties (Abu-Krisha, 2001)

Height = 20.30 m Length = 38.50 m Thickness = 2.00 m ν = 0.23
E = 250·103 kN·m–2 C = 100 kN·m–2 φ = 35° qc = 1.5 MPa

 

Point (A) 

FIGURE 2. Instrumentation layout (Ezzeldine & Darrag, 2006)
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Numerical model

To investigate the tunneling effect 
on the induced ground response, a three-
-dimensional model with a circular twin-
tunnel configuration was developed by 
using the general-purpose finite element 
suite Abaqus/CAE (Dassault Systèmes 
Simulia, 2016).

Soil section with five distinct lay-
ers and grout components modeled as 
solid element, the material utilized in 
this model is employing elastic-perfectly 
plastic (the Mohr–Coulomb criterion), 
while lining, grouting, gap, shield and 
CWO elements are modeled as solid ele-
ment by adopting elastic material.

The choice of sufficient mesh di-
mensions should not affect the tunneling 
process Moller (2006). Accordingly, the 
scope of the model was chosen to be in 
the transverse direction is 100 m, 76 m 
in the longitudinal direction, and 60 m 
in the depth. Figure 3 shows the three-
-dimensional model for the numerical 
analysis considered in this study.

The typical excavation of tunneling 
activities is simulated step by step by 
taking into consideration the rate of tun-

nel advancement as 0.5 to 1.5 m·h–1. 
This simultaneousness of tunneling is as 
following:

Removing the length of soil equal 
to 1.5 m per step, conducting TBM 
shield with surrounding gap and ap-
plying excess face pressure 160 kPa 
to sustain the shield length of 9 m.
Deactivating the TBM shield with 
surrounding gap element and the 
face pressure.
Activating lining and grout elements 
with pressure of 300 kPa taking into 
consideration the setting time of the 
grout. The initial stiffness of the grout 
is 1,000 kPa. This stiffness increases 
with the rate which is depending on 
the time from the liquid state to the 
harding state. It is also relating to 
the compression strength by the de-
veloped empirical formula (Eq. 1), 
according to ACI 318-11 Building 
Code (American Concrete Institute 
[ACI], 2011).

 (1)

Numerical model results

Results from the finite element study 
were compared with the field monitoring 
data to evaluate the capability of the pro-
posed model to simulate the complex be-
tween the soil – CWO sewer – tunneling 
interaction.

Prediction of deformation field

The observed deformation trend of 
the soil was well depicted by the Abaqus 
model after the execution of the north tun-
nel and after the respective execution of 
both tunnels as shown in Figures 4 and 5.

–

–

–

  
100 m 

60 m 

76 m 

FIGURE 3. The three-dimensional finite element 
model for the intersection point
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It can be noted that the soil deformation 
increases towards the tunnel vicinity as 
a result of tunnel cutting over.

Settlement trough

Figure 6 shows that the surface set-
tlement was estimated in the region of 
the untreated zone after running the 

north tunnel. The results indicated that 
the computed ground surface displace-
ment was about 14% more than that of 
field displacement.

Also, the ordinate of surface settle-
ment trough was not symmetrical about 
the tunnel vicinity due to the existence 
of CWO in the global interaction system. 

FIGURE 4. Vertical deformation after the execution of the north tunnel

FIGURE 5. Vertical deformation after the execution of south tunnel

FIGURE 6. Surface settlement trough of the untreated ground
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Generally, the comparison indicated the 
good signs of the agreement between 
the computed ordinates and the meas-
ured values. However, the idealization 
of the second tunnel after setting up the 
final field of the ground movements as-
sociated with the construction of the 
first tunnel as shown in Figure 5. Also, 
the settlement through has estimated 
and represented in the same figure from 
another numerical model adopted by El-
-Sayed (2001).

It can be noticed that the through has 
reported the maximum settlement of ap-
proximately 8 mm as it was compared 
with the estimated one by El-Sayed 
(2001). The general trend of the dis-
placement curve appears to agree with 
the other finite element model simu-
lation conducted by El-Sayed (2001) 
about 15%. Furthermore, the maximum 
computed settlement is 24% less than the 
allowable settlement documented by the 
Campenon Bernard SGE report (1999) 
as no more than 8 mm.

Parametric study

A series of parametric studies were 
carried out to investigate the most effec-
tive technique in reducing the tunneling 
effect, as an alternative technique instead 
of using the two grouted wall method. 
Table 4 summarized all cases of the pro-
tection techniques conducted in the para-
metric studies to reduce the tunneling 
effects.

Analysis 1 is the reference case that 
is developed without any protection 
method which indicates efficiency of all 
other techniques used to minimize the 
tunneling effect.

Analysis 2 investigates the effect of 
using two grouted walls. The develop-
ment of the two grouted wall is based on 
the case study, as shown in Figure 7.

Figure 8 illustrates the protection 
method of the third analysis by using 38 
adjacent slurry piles of diameter 1.0 m
distributed in two rows around CWO 
sewer with length of 35 m from the 
ground level. The distance between piles 
C.L. to C.L. is about 2.00 m. The slurry 
piles are modeled by adopting Mohr–
–Coulomb with E = 7.9·105 kN·m–2, 
ν = 0.26, C = 780 kPa, and φ = 30°.

Analysis 4 investigates the effect 
of using a total 34 reinforced concrete 
piles with slurry piles (secant piles) with 
length of 24 m. The distance between 
piles C.L. to C.L. is about 2.00 m with 
a diameter of 1.00 m. The pile’s tip level 
is approximately 0.5 m above the tunnel 
crown to avoid the damage of the piles 
when TBM advance. The concrete piles 
are modeled as an elastic material with 
E = 140·105 kN·m–2, ν = 0.15. The slurry 
piles modeled like (Analysis 3) as shown 
in Figure 9.

Analysis 5 demonstrates the use of 
the grouted block. It confines the twin 
tunnels with the following dimension 
38.50 × 14.50 × 9.00 m. The grouted 
block is modeled as elastic perfectly 

TABLE 4. The protection techniques used in para-
metric studies

Analysis Protection technique
1 No protective method
2 Two grouted walls (executed case)
3 Slurry piles
4 Secant piles wall 

5 Grouted block of slurry beneath the 
CWO sewer
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plastic Mohr–Coulomb material like 
the two grouted walls as shown in 
Figure 10.

Results of numerical models 
and discussion

The results of numerical models clar-
ified the effect of the different protection 
technique on the surficial settlement, 
CWO sewer settlement, CWO sewer 
cross-section, longitudinal deformations, 
principles stresses, bending moment de-
veloped on CWO sewer.

Surficial settlement

Figure 11 illustrates the induced 
maximum surficial settlement curves 
which are presented for different protec-
tion configurations. The figure indicates 
that using a deep grouted wall or grouted 
block had almost the same effect on the 
surficial ground settlement. Also, the in-
duced surface settlement in the case of 
(Analysis 4) is less than that induced in 
(Analysis 1) by about 60%. This may be 
due to the upper portion of the tunnel. 
It has a larger over-cutting than that of 
the lower portion. The restraining effect 
takes place at the lower portion by the 
restrained secant piles.

Figure 12 demonstrates a comparison 
between the induced surficial settlements 
in different analyses associated with the 
tunnel advancement at the location of the 
points (A). The maximum settlement is 
detected after the TBM has passed the 
point A by the distance of 22.5 m. Also, 
the results indicate that the ground surface 
vertical movements measured at the point 
A start to take place when the TBM ap-

FIGURE 7. Analysis 2

FIGURE 8. Analysis 3

FIGURE 9. Analysis 4

FIGURE 10. Analysis 5
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proaches before point A by the distance 
of about 1.2 times tunnel diameter, after 
that the rate increases up to distance 1.2 
times tunnel diameter. However, after the 
distance of 2 times tunnel diameter, there 
is no increase in the rate of settlement as-
sociated with the tunnel advancement.

CWO sewer settlement
Determining the displacement in-

duced from the tunnel is an important pa-
rameter to evaluate the construction qual-

ity and the structural stability of the CWO 
sewer. Figure 13 shows the induced set-
tlement at the level of the crown of CWO 
at point A, as shown in Figure 2 after the 
excavation of the north tunnel.

Using the secant piles and the grouted 
block (Analyses 4 and 5) are more effec-
tive method in reducing the CWO sewer 
settlement by approximately 63% more 
than that induced in Analysis 1. Gener-
ally using any protection methods reduce 
the CWO settlement less than the allow-

FIGURE 11. Induced surficial settlement relative to different protection configuration

FIGURE 12. Induced vertical settlement at point A for all protection techniques

FIGURE 13. Induced CWO sewer settlement after excavation of north tunnel at section C–C



Minimizing of tunneling effect on existing infrastructure in Egypt 11

able settlement (8 cm). According to the 
economic view, using the adjacent slurry 
pile (Analysis 3) is saving time and cost 
regardless the settlement.

CWO sewer cross section 
deformation

Figure 14 shows the crown, invert, 
and spring line deformations. Realisti-
cally, the shape of CWO oval due to 
the effect of the soil own weight. Away 
from the CWO shape, the tunneling pro-
cess causes additional displacement in 
the CWO sewer. The maximum offset of 
the CWO sewer is pushed in the diagonal 
axis which is detected when the tunnel face 
advancement is ahead of the point A by ap-
proximately 24 m or 39 m behind the tun-
nel. The observed trend of the CWO defor-
mation matched with the documented by 
Jin, Yuan, Li and Zheng (2018).

Also, there is a difference between 
the left and right springline deforma-
tion caused by the effect of the tunnel 
face pressure pushing the CWO sewer 
away from the tunnel. This pushing force 
causes left springline moves laterally 
more than the right springline. This 
can be attributed to the restraining ef-
fect of soil against the right springline 
movement.

The invert deformation of CWO is 
heave when the TBM head is behind the 
CWO by 15 m. Then the invert defor-
mation changes from the inward to the 
outward deformation as the tunnel exca-
vation proceeded. This change in defor-
mation is due to the soil losses resulted 
from the TBM over-cutting.

Vertical and lateral stresses developed 
on CWO sewer

Figure 15 sheds light on all changes 
in the vertical and lateral stresses induced 
after the tunneling process concerning 
(Analysis 1). By comparing, the induced 
lateral and vertical stresses developed in 
the crown, invert, and springline by that 
are developed in the un protected case, it 
can be detected that the maximum reduc-
tion about 33% is developed in crown 
vertical in case of employing the grouted 
bock (Analysis 5). While conducting 
adjacent slurry piles (Analysis 3) cause 
an increase in crown stress about 104%. 
This change in crown stress can be at-
tributed to the rigidity of the confining 
method around either tunnel vicinity or 
CWO.

On the other hand, conducting se-
cant pile is more effective technique in 
reducing the lateral stress induced along 
crown, invert, and springline by approxi-
mately 15%, 15%, and 19% of that devel-
oped in Analysis 1. While utilizing other 
methods causes an increase in spring line 
lateral stresses. This can be attributed to 
the decrease in crown force, which is 
transferred by arch action to spring line.

Summary and conclusions

The effects of tunneling on the in-
frastructure have great concern of this 
research by developing a 3-D numerical 
model using the finite element program 
Abaqus (ver. 6.16).
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FIGURE 14. Deformation of the CWO sewer at the intersection with the north tunnel: a – before tun-
neling process; b – after executing of the north tunnel
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The gained surficial settlement from 
the numerical model fairly agree with 
field data obtained from monitoring 
the advanced Al-Azhar twin tunnel 
during crossing the main sewer of 
Cairo.
Modeling such complicated interac-
tion features is a typical 4D problem
A set of parametric studies is con-

ducting with the same model of the 
verified case to investigate the effective 
sealing method of the CWO sewer from 
the tunneling effect regarding the sealing 
configuration. 4-different types of miti-
gation methods were adopted to seal the 
CWO sewer from the tunneling effect.  
Based on the results of parametric stud-
ies the following may be concluded:

By comparing the displacement re-
sulted in (Analyses 2 and 3), it can 
be demonstrated that using the slurry 
piles (Analysis 3) increases the de-
veloped CWO displacements at the 
crown and invert by 2%, and 34% 
respectively of that are recorded in 
(Analysis 2). However, all protection 
methods are effective in reducing the 
CWO settlement less than that are 

1.

2.

–

developed in Analysis (1) by 50%, 
35%, 60%, 25% in the crown, invert, 
springline right, and springline left 
respectively.
The comparative analyses of the 
CWO stresses show that using the 
slurry piles as protection technique 
reduces the invert stress by 81% of 
that are induced in the (Analysis 1). 
While the TBM face pressure, as 
well as grouted pressure is trans-
ferred by the arch action to the CWO 
crown causing an increase in stresses 
by 104% of that is induced in Analy-
sis 1.
Using of the adjacent slurry pile to 
reduce the tunneling may be consid-
ered an effective method in reducing 
the tunneling effect by the careful 
selection of the shield. In addition, 
from an economic view, it is con-
sidered that the most sophisticated 
method (regarding saving time and 
cost) as the CWO deformation does 
not exceeded the permissible value.
Using the grouted block and secant 
pile (Analyses 4 and 5) are the most 
effective technique in reducing the 

–

–

–

FIGURE 15. The percentage of vertical stress and lateral stresses induced on CWO sewer with respect 
to Analysis 1
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tunneling effect regarding the CWO 
displacement and stresses.
The only negative result of using 
the grouted block below the CWO 
is increasing spring line vertical and 
lateral stress by 122% and 110% re-
spectively of that induced in Analy-
sis 1.
The induced axial stress in the CWO 
sewer is unexpectedly large in the 
crown than that induced in the invert. 
The tensile stress is developed in in-
vert is due to hanging and sagging 
moments. However, the rigid lining 
face support can resist the separation 
force.
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Summary

Minimizing of tunneling effect on 
existing infrastructure in Egypt. A set of 
parametric studies by using the Abaqus soft-
ware is conducting to investigate the effec-
tive method to seal the CWO sewer from the 
tunneling process. These methods include: 
(i) two deep grouted walls, (ii) adjacent 
slurry piles, (iii) bored reinforced concrete 
piles assisted with slurry piles, and (iv) 
grouted block confining the twin tunnel wall. 
Based on the results of parametric studies. 
Most of the protective studied technique was 
effective on reducing the tunneling effect on 
the ground movements.
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Introduction

With modern construction, the pas-
sage of utility connections (electricity, 
communication, etc.) through structural 
members has become a common tech-
nique. The process of transferring ser-
vice tubes through the structural ele-
ments is done by making holes in the 
body of the structural element. Numer-
ous researches have been carried out to 
investigate these openings effects and the 
factors affecting them on the behavior of 
structural elements. The openings can 
be categorized according to their shape 
(rectangular, circular, etc.), their size 
(small or large), their location within the 
element, and their direction (transverse 
or longitudinal). Different studies have 
considered these properties experimen-
tally (Prentzas, 1968; Somes & Corley, 
1974; Mansur, Tan & Lee, 1984; Ha-

snat & Akhtanizzaman, 1987; Herrera, 
Anacleto-Lupianez & Lemnitzer, 2017; 
Al-Khekany, Al-Yassri & Abbas, 2018; 
Al-Yasri, Al-Khekany & Abbas, 2018; 
Makki, Jassem & Jassem, 2018).

Ashour and Rishi (2000) investi-
gated the effect of web reinforcement, 
size, and position of the rectangular 
opening using 16 two-span continuous 
deep beams. Two positions of rectangu-
lar openings were considered, with outer 
and inner shear span.

The opening location controlled 
mainly the failure mode where the maxi-
mum decrease in the load capacity oc-
curred when the opening was in the in-
terior shear span. Yang, Eun and Chung 
(2006) investigated the effect of the rec-
tangular opening with different sizes on 
the performance of reinforced concrete 
(RC) deep beams. Different concrete 
compressive strength was considered in 
the study. Different shear span-to-depth 
(a/d) ratios were considered in this study. 
The effect of vertical web reinforce-
ment was found to have more impact 
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on the load-carrying capacity of deep 
beam than the horizontal reinforcement. 
Amin, Agarwal and Aziz (2013) stud-
ied the opening properties on the shear 
strength behavior of deep beams with 
the lack of web reinforcement. Their re-
sults showed that the location of open-
ings has a significant effect when open-
ings are located at shear zone where the 
ultimate shear strength was significantly 
decreased. However, the opening located 
at mid-span of the beam had a slight ef-
fect where the shear strength increased 
with the decrease of the openings size. 
Campione and Minafò (2012) investi-
gated the behavior of RC deep beams 
with different positions of openings and 
low shear span-to-depth ratio. The exper-
imental results showed that the position 
of the opening along the beam length af-
fected the structural behavior of the deep 
beam.

The presence of openings in differ-
ent building structural members is im-
portant in some cases, but most of codes 
of practice (Canadian Standard Associa-
tion [CSA], 2004; Arya, 2009; Ameri-
can Concrete Institute [ACI], 2014) do 
not suggest any procedure for the design 
of such type of members. Most inves-
tigational experiments in the literature 
conducted experimental researches on 
beams with the transverse opening only.

Few studies considered the effect of 
the longitudinal openings on the struc-
tural behavior where beams with an 
opening along the longitudinal axis has 
a constant section. Since these open-
ings are considered a weak property, 
the plane of failure usually goes within 
these openings. Therefore, in this study, 
a test of RC beams with steel pipe as 
main reinforcement as an equivalent to 

the traditional reinforcement and have 
a constant cross-section along the beam 
was presented. The equivalency of rein-
forcement based on the moment equiva-
lent under the service load between the 
two types of reinforcing from beam sec-
tion analysis. Therefore, the reinforcing 
pipes were employed also as ducts to al-
low all services to pass through the beam 
without any need to cover the utilities by 
a suspended ceiling. Moreover, the over-
all weight of building can be reduced by 
adopting a large steel pipe as a main re-
inforcement especially for a multistory 
building.

Design and experimental work

Four beams were prepared. Two of 
them were manufactured with traditional 
reinforcement while the other two beams 
were manufactures with equivalent cir-
cular pipes. The pipes geometries were 
selected based on the equivalent sectional 
moment. From the sectional analysis, the 
nominal moment at tensile reinforcement 
was calculated first for the traditional 
reinforcement based on section equi-
librium, and then the resulted moment 
was used for the designing of the steel 
pipe reinforced beams. The cross sec-
tion of all tested beams were 200X and 
250 mm (b, h) and overall length (L) was 
1,500 mm. The selection of reinforcing 
bars was based on the target of the fail-
ure mode which is set to be a flexural 
tensile failure. The first traditional rein-
forced beam TRB1 was reinforced with 3 
ø12 mm as the main reinforcement. The 
second traditional reinforced beam TRB2 
was mainly reinforced with 2 ø12 mm 
and 1 ø16 mm. The first pipe reinforced 
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beam PRB1 was reinforced with 2 ø50 
mm as the main reinforcement while it 
was reinforced with 1 ø75 mm for the 
second pipe reinforced beams (PRB2). 
The thickness of all pipes was 3 mm. 
All four beams were reinforced with ø10 
mm@150 mm c/c for the shear reinforce-
ment. All beams were reinforced with 
ø12 mm top reinforcement for practical 
consideration. Table 1, Figures 1 and 2 
show the tested beam details. To prevent 
the bond failure of the steel pipes, the 
smooth surface of the pipes was welded 
with around the outer diameter and along 
the beam to create a coarse surface to 
work as mechanical ribs and ensure the 
interaction between and concrete and 
pipes as shown in Figure 3.

All beams were cast using a propor-
tion of 1 : 1.5 : 3 (cement : sand : ag-
gregate). Locally produced commercial 
Portland cement (PC) type I the follows 
the the standard IQS 5/1984 requirements 
(Central Organization for Standardization 
and Quality Control [COSQC], 1984a). 
The fine and the coarse aggregate were se-
lected to satisfy the standard IQS 45/1984 
(COSQC 1984b). The 19 mm size rounded 
gravel were used as coarse aggregate with 
2.64 specific gravity. Natural sand of 2.60 
specific gravity was used. The mechanical 
properties of reinforcing bars used in this 
research are listed in Table 2. The beams 
were cast using pre-cleaned ply-wood 
molds as shown in Figure 4. Finally, af-
ter demolding, the samples were painted 

TABLE 1. Beam reinforcement details

Beam 
symbol

Opening size
[mm] Longitudinal bar Transverse bar Equivalent beam

TRB1 – 3 ø12 ø10@150 mm –
TRB2 – 2 ø12 + 1 ø16 ø10@150 mm –
PRB1 2 ø50 2 ø50 steel pipe ø10@150 mm TRB1
PRB2 1 ø75 1 ø75 steel pipe ø10@150 mm TRB2

FIGURE 1. Details of tested beams
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prior to the test to easily recognize the for-
mulation of cracks during different load-
ing stages along the beam. The average 
28-day concrete compressive strengths 
was 30.6 MPa based on 150 × 150 × 150 
cubes.

All beams were loaded monotonically 
until failure using a universal testing ma-
chine with a capacity of 1,000 kN as shown 

in Figure 5. All beams were tested using a 
four-point load configuration under load-
ing control. The preparation, curing, and 
test were conducted at the Concrete Lab 
of Civil Engineering Department in Al-
-Qadisiyah University. The mid-span dis-
placement was recorded using an LVDT 
connected to a data logger system with 
a sampling frequency of 2 Hz.

FIGURE 3. Welded points along the pipe

FIGURE 2. Reinforcement arrangement of the tested beams

TABLE 2. Reinforcement properties

Reinforcement type Diameter
[mm]

Yield strength
[MPa]

Ultimate strength
[MPa]

ø12 mm steel bar 11.93 423 637
ø16 mm steel bar 15.88 450 666
ø50 mm steel pipe 50.00 268 396
ø75 mm steel pipe 75.00 268 396
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Results and discussion

From a typical load-deflection rela-
tionship, usually, three stages can be ob-
served. In the first stage which is known 
as cracking stage, as the specimens are 
loaded monotonically, a linear increase 
in the vertical displacement is recorded. 
After that, there is a curvature in a load-
-displacement curve up to failure where 
the slope of the load-deflection curve 
will be decreased significantly with 
a large increment in displacement and 
a small increase in the applied loading up 
to failure. The flexural cracks were de-

tected initially in middle region between 
the applied loads. These flexural cracks 
were speared along the shear span as the 
load increased.

The mode of failure of all tested 
beams was a flexural tension except for 
PRB2 where the failure mode was an-
chorage failure at the left support. Final 
failure was occurred by the opening and 
widening of flexural cracks due to reach-
ing the ultimate tensile strain by the main 
reinforcement. Horizontal cracks ap-
peared first on the tension reinforcement 
level and then expanded to the beam end 
with loading increase. This failure mode 

FIGURE 5. Test set up

FIGURE 4. Samples preparation
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has specified a diagonal tension crack 
which is described as a main crack rang-
ing from bottom main reinforcement 
to the loading point (Sethunarayanan, 
1960). Table 3 summarizes the results in 
terms of load and deflection at cracking 
and ultimate stages.

The first visible crack for TRB1 was 
recorded in the zero-shear area at a load 
level of 30 kN. With loading increase, 
additional flexural cracks initiated, and 
diagonal shear cracks appeared close to 
the supports. At the load level of 165 kN, 
the cracks between loading points at the 
tension face of the beam began to widen. 
After that, cracks continued to develop 

and widen with a loss in the beam stiff-
ness. The dominant failure mode as 
mentioned was the yielding of tension 
reinforcing steel, following by the con-
crete crushing under points load at the 
ultimate load about 192 kN. The load-
-displacement relationship for TRB1 and 

crack pattern at ultimate load are shown 
in Figures 6 and 7, respectively.

Beam PRB1 was fabricated as an 
equivalent for TRB1 based on the mo-
ment from the sectional analysis. As 
mentioned earlier, it was reinforced with 
a 2 ø50 mm steel pipe as the main re-
inforcement. The visible crack was re-
corded as a load level of 25 kN. It can be 

TABLE 3. Summary of results

Beam
Load [kN] Deflection

[mm] Mode of failure
cracking ultimate

TRB1 30 192 8.49 flexural tensile
TRB2 30 204 8.50 flexural tensile
PRB1 25 161 8.30 flexural tensile
PRB2 22 184 8.01 end anchorage

FIGURE 6. Load-displacement for TRB1
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observed there is a reduction in cracking 
load of about 5 kN comparing to TRB1. 
The reason behind this reduction is due 
to the decrease in uncracked moment of 
inertia (gross moment of inertia) due to 
the presence of opening. More flexural 
and diagonal shear cracks began to initi-
ate with the increasing of a load on the 
tension face throughout the beam. As the 
load increased, a major crack widened 
and propagated to the compression top 
fiber and flexural tensile failure occurred 
at a load level of about 161 kN. Figures 

8 and 9 show the load-displacement rela-
tionship and crack pattern at the ultimate 
load for PRB1, respectively. Figure 10 
shows the comparison between TRB1 
and PRB1. As shown from Figure 10, 
it can be noticed, there is a decrease in 
the ultimate load of PRB1 compared to 
TRB1 about 16% due to the smooth-
ness of the pipe that led to the decrease 
in the strength of the beam. Also, it can 
be observed from Figure 10 that the after 
cracking stiffness of PRB1 larger than 
the reference TRB1 this behavior can 

FIGURE 7. Crack pattern at ultimate load for TRB1
 

FIGURE 8. Load-displacement for PRB1
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be attributed to the increase in stiffness 
of steel pipes with respect to traditional 
steel bars as well as the bond strength 
along the steel pipes is larger than the 
bond strength along the traditional steel 
rebars due to the surface area.

The first visible crack for the sec-
ond traditional reinforced beam TRB2 
was also recorded between the two-point 

load at a load level of 30 kN. In the same 
manner to TRB1, more flexural cracks 
initiated with the increase of the applied 
load. At the load level of 80 kN, the di-
agonal shear cracks started to appear in 
the shear span. After that, cracks contin-
ued to develop and widen with a loss in 
the beam stiffness. The load-displace-
ment relationship for TRB2 is shown in 

FIGURE 10. Comparison of TRB1 and PRB1

FIGURE 9. Crack pattern at ultimate load for PRB1
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Figure 11. The failure mode for this beam 
was the flexural tensile failure followed 
by the crushing of concrete in extreme 
compression fiber at a load level of 
203 kN as shown in Figure 12.

Beam PRB2 which is equivalent to 
TRB2 based on the same concept above 
was reinforced with 1 ø75 mm steel pipe 
as the main reinforcement. The visible 
crack was recorded as a load level of 
22 kN which is less by 25% compared to 
TRB2. This difference is related also to 

the fact that the beam with an open sec-
tion has a lower gross moment of inertia 
and an effective moment of inertia that led 
to a decrease in the strength of the beam. 
At the load level of 184, an anchorage 

failure occurred in the right support of 
the beam led to a beam failure. This fail-
ure is due to the large size of the opening 
with respect to the section’s width that 
provided insufficient surrounding con-
crete around the steel pipe. Figures 13 
and 14 show the load-displacement rela-

FIGURE 11. Load-displacement for TRB2

 
FIGURE 12. Crack pattern at ultimate load for TRB2
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tionship and crack pattern at the ultimate 
load for PRB2, respectively.

As shown from Figure 15, which rep-
resents the comparison between TRB2 and 
PRB2, a good agreement in the behavior 
of the two beams prior to the failure of 
PRB2. The difference in the ultimate load 
was about 10% which is due to anchorage 
failure in PRB2. It can be observed from 
Figure 15, that after cracking, the stiffness 
of PRB2 larger than the reference TRB2. 
This behavior can be attributed to the 
larger stiffness of steel pipes with respect 

to the traditional reinforcement as well as 
the bond strength along the steel pipes is 
larger than the bond strength along the tra-
ditional steel rebars which have a smaller 
surface area.

Conclusions

Based on the results and observa-
tions of current study that implemented 
for the tested RC beam, the following 
conclusions can be drawn:

FIGURE 13. Load-displacement for PRB2

FIGURE 14. Crack pattern at ultimate load for PRB2
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Replacement of traditional rebars by 
an equivalent steel pipe with respect 
to flexural capacity shows a promis-
ing result of ductility, cracking pat-
tern, ultimate strength and mode of 
failure compared to the reference 
beam with traditional reinforcement 
with the benefit from all advantages 
of longitudinal voids mentioned pre-
viously.
The difference in ultimate strength 
capacity between specimens rein-
forced with traditional rebars and 
with those reinforced with steel pipes 
may be related to the difference in 
elastic properties between the used 
reinforcements.
The steel pipe reinforce beam stiff-
ness after cracking stage is larger 
than the stiffness of equivalent beams 
reinforced with rebars because of the 
large stiffness of steel pipes with 
respect to traditional rebars as well 
as the bond strength along the steel 

–

–

–

pipes is larger than the bond strength 
along the traditional steel rebars 
which have a smaller surface area. 
Large size openings provided by 
large size steel pipes need more con-
finement by either increasing sur-
rounding concrete or increasing of 
stirrups at the ends.
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Summary

Experimental investigations on con-
crete beams reinforced with equivalent 
service steel pipe. Different techniques were 
employed for the passage of different utili-
ties through structural elements. The reduc-
tion of the overall building weight was the 
main concern that needs to be achieved, es-
pecially for a multistory building. It can be 
done with the eliminating of a suspended 
ceiling with a portion of the beam’s weight 
by taking the advantages of the hollow sec-
tions. In this study, an equivalent reinforce-
ment to the traditional ribbed reinforcement 
was employed to fabricate a reinforced con-
crete (RC) beam with a hollow section along 
the length of the beam. A steel pipe was used 
based on the equivalent moment from sec-
tion analysis. Two diameters were selected of 
steel pipes as an equivalent to the commer-
cial reinforcement. A total of four RC beams 
were cast and tested, two of them with tradi-
tional reinforcement and the other with steel 
pipe reinforcement. The comparison showed 
a promising result in terms of ductility, crack-
ing pattern, ultimate strength, and mode of 
failure compared to the reference beam. The 
peak loads for the specimens with steel pipe 
were 160.6 kN and 184 kN, while they were 
192 kN and 203.5 kN for the beams with tra-
ditional reinforcement.
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Introduction

Reinforced concrete flat slabs are 
slabs that rest directly on columns with-
out beams. Flat slabs are widely used in 
multi-storey buildings such as garages 
and office buildings, due to their many 
benefits, including ease of construction, 
simple reinforcements and freedom of 
architectural design, etc. The slab-col-
umn connection regions are the most im-
portant part due to its failure by punch-
ing shear. Punching shear failure occurs 
suddenly without any signs due to the 
transmission of high loads and moments 
greater than the design resistance which 
comes from the change in design or us-
ing bad constructions materials. Some 
of these loads are eccentric due to the 
influence of winds, creep, unbalanced 
loads, different shrinkage and unequal 
spans. Punching shear can be avoided 

by increasing the ultimate strength of the 
slab.

Different methods have been em-
ployed to increase the ultimate strength 
of flat slabs, including internal and ex-
ternal strengthening (Al-Khekany, Al-
-Ramahee & Al-Yassri, 2020). The in-
ternal strengthening involves; increas-
ing the thickness of the slab, increasing 
the flexural reinforcement, and using the 
shear reinforcement. On the other hand, 
the external strengthening includes the 
use of fiber reinforced polymer (FRP) 
strips, the use of drop panel or the col-
umn capitals, and the use of steel plates 
(Al-Ramahee, Chan, Mackie, Ghasemi 
& Mirmiran, 2017). Shaaban (2013), 
Abbas, Abadel, Almusallam & Al-Sal-
loum (2015), Meisami, Mostofinejad 
and Nakamura (2015) investigated the 
effect of using FRP strips as a strength-
ening method with different shapes and 
numbers. This method was effective to 
increasing the ultimate capacity of flat 
slab. Marzouk, Emam and Sameh Hilal 
(1998), Inácio, Ramos, Lùcio and Faria 
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(2013) experimentally studied the effect 
of increasing the concrete strength on the 
behavior of flat slab through using high 
concrete strength. This method was good 
for increasing the stiffness of flat plates. 
Alam and Amanat (2013), Inácio et al. 
(2013), Jang and Kang (2019) investi-
gated the effect of increasing the flexural 
reinforcement of flat slab with different 
ratios. They concluded that the increas-
ing in the flexural reinforcements has 
a good effect on the behavior of flat 
plates. Abdelaziz, El-Nawawy, El-Kar-
moty and Abu-Beah (2019) investigated 
the behavior of RC flat slab that strength-
ened with added of ultra-high strength 
concrete drop panel with different di-
mensions of drop panels. This method 
showed a good result, where when the 
thickness of drop panel was increased, 
the ultimate load and stiffness increased. 
Ebead and Marzouk (2002) investigated 
the effect of using steel plates and steel 
bolts with different numbers of steel 
bolts and shapes on the ultimate capac-
ity of slabs. Their results showed the 
using of steel plates is a good effective 
strengthening technique. Elbakry and 
Allam (2015) studied the effect of us-
ing externally bonded steel plates with 
different thickness and different num-
bers of shear studs on the slab behavior. 
The use of this method was considered 
a good method to strengthened flat slab 
against punching shear stresses. Kadhim 
and Ammash (2019) investigated the ef-
fect of using steel stiffeners and column 
capital with different dimensions and dif-
ferent numbers of stiffeners. They found 
that the using of steel plates improve the 
behavior of slab-column connection.

Available literature shows that the 
strengthening of slab-columns connec-

tions using steel plates and steel stiffeners 
has not got enough attention previously. 
Also, there was very little researchers 
studied the effect of bi-axial loads on 
punching shear behavior of slab-columns 
connections. This paper investigates the 
enhancing the punching shear strength 
of slab-column connection by using steel 
plates and stiffeners under the bi-axial 
loads. Different plates and stiffeners 
sizes were included in this study.

Experimental program

The experimental program includ-
ed testing of four RC slabs under bi-
-axial load. One slab was tested as con-
trol slab without strengthening, and other 
three RC slabs were test with the benefit 
of applying steel plate and stiffeners to 
enhance the slab-column region against 
punching shear failure. The dimensions 
of slabs are 1,600 × 1,600 mm with 
a total thickness of 100 mm. The RC 
column dimensions are 200 × 200 mm 
with a height of 300 mm. A column cap 
is used at the top of the column to avoid 
crushing the columns and highlighting 
the biaxial loads. A column cap dimen-
sions are 500 × 500 mm with thickness 
of 200 mm. The flexural reinforcement 
ratio was used to be 1.26%. The details 
of tested specimens are shown in Table 1.
The letters SS referred to strengthened 
slab. The first number (0, 6, and 8) that 
follow the letter S refers to the steel 
plates dimensions (0, 600 and 800 mm). 
The second number (0, 2 and 3) refers to 
number of stiffeners. The reinforcement 
details for slab, column and column’s 
cap for SS00 slab are shown in Figure 1.
These details are identical for other 
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TABLE 1. Specimens details

Symbol
Compressive 

strength
[MPa]

Flexural 
reinforcement 

ratio
[%]

Total dimensions 
of slab plates

[mm]

Number 
of stiffeners

Stiffener’s 
dimensions

[mm]

SS00

33 1.26

– – –
SS62 600 × 600 2 200 × 200
SS63 600 × 600 3 200 × 200
SS83 800 × 800 3 300 × 300

SS00 

SS62 

SS83 

FIGURE 1. Specimens geometry and reinforcement details (all dimensions in mm)

SS83 
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specimens. Three slabs are strength-
ened using steel plates and steel stiffen-
ers. The thickness of the steel plates is 
6 mm. The dimensions of the steel plate 
was 600 × 600 and 800 × 800 mm in the 
slab-column connection region and it was 
fixed to the slab using steel bolts. The 
steel stiffeners are cut in the form of a 
right-angled triangle with dimensions of 
200 × 200 and 300 × 300 mm. Figure 2
shows the sketch of the steel plate and 
stiffeners. The stiffeners are placed and 
welded to link the column plates and the 
slab plates.

Experimental test

A total of four simply supported 
specimens of RC slab-column connec-
tion under biaxial load were tested in this 
study. One of these slabs was examined 
as a reference slab (SS00), and the other 
three slabs were strengthened using steel 
plates and stiffeners. The specimens 
are rested along the four edges on knife 
edges placed on steel frames. The load 
was applied on 40-mm thick steel plate 
using load-controlled hydraulic jack with 
a capacity of 1,000 kN. A linear variable 

FIGURE 2. Details of steel plate and stiffeners (all dimensions in mm): a – plate with two stiffeners; 
b – plate with three stiffeners

FIGURE 3. Test set-up under biaxial load: a – test set-up; b – top view sketch (all dimensions in mm)
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displacement transformer (LVDT) was 
used to record the central deflection of 
the slabs. The top and bottom face of 
all specimens were observed for cracks 
development. The test continued until 
an excessive deflection was recorded 
and the column had penetrated the slab. 
A computerized data acquisition de-
vice was used to record the test results. 
The test setup and sketch for bi-axially 
loaded slabs is shown in Figure 3.

Results and discussion

Ultimate load and deflection

The results obtained from experi-
mental tests of the slab column connec-
tions strengthened with steel plates and 
stiffeners under bi-axial load showed 
that the ultimate loads for SS62, SS63 
and SS83 increased by about 71, 72 and 
111%, respectively when compared with 
SS00. Also, the steel plate and stiffen-
ers delayed the first crack load 114% 
for SS62, 90% for SS63 and 29% for 
SS83 as shown in Table 2. This enhance-
ment can be related to the fact that the 
strengthening method was effective 
to increase the critical section which 
mean increased area that resist the high 
stresses. Also, it increases the flexural 

rigidity for the connection region. The 
deflection at ultimate load there was an 
increasing by about 54% for SS62, 75% 
for SS63 and by about 94% for slab 
SS83. Also, the deflection at cracking 
load level there was increased by about 
252%, 148% and 44% for SS62, SS63 
and SS83, respectively when compared 
with SS00.

Failure mode

All slabs in this study have the same 
behavior of the failure. As the applied 
load increased, the cracks begin to form, 
and they extended from the edges of the 
specimens towards the center and it is 
intersected with the locations of bolts 
in the strengthened specimens. It can be 
observed that the failure of strengthened 
specimens became more ductile than the 
reference slab SS00 (Figs. 3 and 4). Also, 
the slabs strengthened with steel plates 
(SS62, SS63 and SS83) have cracks 
width less than the reference slab.

Load deflection relationship

The load-deflection curves for the 
slabs SS62, SS63, SS83 compared to 
SS00 are shown in Figures 5 and 6, 
respectively. It can be shown that the 
specimens strengthened with steel plates 
have more stiffness, more ductile fail-

TABLE 2. Summary of test results

Slab
First crack 

load
[kN]

Cracking 
deflection 

[mm]

Ultimate load
[kN]

Ultimate 
deflection

[mm]

Increasing in 
ultimate load

[%]

Increasing 
in ultimate 
deflection

[%]

SS00 21 0.64 103 15.42 – –
SS62 45 2.27 176 23.73 71 54
SS63 40 1.59 177 26.94 72 75
SS83 27 0.93 217 29.91 111 94
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ure, and higher ultimate load compared 
to reference specimens (SS00). The in-
creasing in the number of stiffeners from 
two stiffeners in SS62 to three stiffen-
ers in SS63 has no significant effect on 
the behavior of specimens for 600 mm 
steel plate strengthened specimens. Fig-
ure 7 shows the comparison between the 
strengthened slab column connection 
behavior using 600- and 800-mm steel 
plate. It can be noticed that when steel 
plates dimensions increased, the ulti-
mate load increased by about 23% for 
SS83 when compared with slab SS62 
and SS63. Also, when the dimensions of 
steel plates increased, the stiffness and 
ductility of connection region increased. 

This enhancement of strengthening be-
cause of steel plates worked as a col-
umn capital which lead to an increasing 
in the critical sections of column which 
mean increasing the area that resist the 
high stresses transformed form column 
to slab.

Conclusions

Strengthened slab-column connec-
tion with the steel plates and stiffeners 
enhanced both the stiffness, also the fail-
ure mode of the slab-columns connection 
became more ductile.

The connection region that subjected 
to bi-axial load and strengthened with 

FIGURE 4. Cracks patterns



Strengthening of bi-axially loaded RC slab-column connection... 35

steel plate and stiffeners have ultimate 
capacity more than the reference speci-
men by about 71% for SS62, 72% SS63 
and 111% for SS83.

It can noticed that the connection with 
steel plates dimensions 800 × 800 mm 

(SS83), the ultimate load and deflection 
increased by about 23% and 26%, respec-
tively when compared to SS62 and by 
about 23% and 11%, respectively when 
compared to SS63 which they strength-
ened by a 600 × 600 mm steel plate.

FIGURE 5. Comparison results of 600-mm steel plate

FIGURE 6. Comparison results of 800-mm steel plate
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It can be observed from the results 
that the larger steel plate (SS83), the less 
the cracks width compared to the speci-
men with 600 × 600 mm steel plate de-
spite of the number of stiffeners.

The results showed the using three 
stiffeners instead of two stiffeners with 
600 × 600 mm plate has no significant 
effect on the ultimate load and the be-
havior of slab column connection.
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Summary

Strengthening of bi-axially loaded 
RC slab-column connection using steel 
plates and stiffeners. This paper presented 
a strengthening technique for enhancement 
reinforced concrete (RC) slab-column con-
nection behavior using steel plates and steel 

stiffeners. A bi-axial load was applied with 
an eccentricity of 150 mm in both x and z di-
rections. Four specimens with dimensions of 
1,600 × 1,600 × 100 mm were tested in this 
research. The steel plate dimensions were 
chosen to be 600 × 600 and 800 × 800 mm 
with 6 mm thickness. The steel stiffeners are 
used to support and enhance the steel plate 
that it is extended from column to the slab-
-column connection with different dimen-
sion. The results showed an improvement 
in the stiffness of slab and increasing in the 
ultimate capacity. Also, when the steel plates 
dimensions increased, the ultimate capacity 
and stiffness increased.
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Introduction

An important direction for transport 
problems solving is the formation of cit-
ies’ road networks with increased capacity, 
improvement, and provision of conditions 
for public transport movement (separate 
lanes allocation and provision the prior-
ity in movement). It is quite hard to take 
into account simultaneously these factors, 
especially for cities with a historical road 
network. It is possible to solve this prob-
lem with the help of the implementation 
of modern technologies, automated traffic 
control systems, in particular, to improve 
the traffic light control system at the in-
tersections (pedestrian crosswalks). Such 
management should satisfy the requests 
of road users, based on objective func-
tions – safety and speed of movement.

Traffic light control systems at the 
intersections in existing conditions have 
limited time parameters by regulatory 
documents, although they operate both 
in adaptive (flexible) and fixed-time re-
gimes. Such systems mainly consider the 
needs of traffic flows, giving minimal 
duration for serving pedestrian flows. 
The existing approach to the balancing 
of traffic light duration does not always 
take into account the peculiarities of the 
pedestrian movement who try to cross the 
roadway in every convenient moment in 
time, even in conditions of risk. As re-
sult, traffic safety at grade level pedes-
trian crosswalks reduces (deteriorates).

Analysis of literature and problem 
statement

During the design of the traffic light 
cycle duration, to determine the rational 
control regime, minimal time, which 
provides crossing the roadway by pedes-

Scientific Review – Engineering and Environmental Sciences (2021), 30 (1), 38–50
Sci. Rev. Eng. Env. Sci. (2021), 30 (1)
Przegląd Naukowy – Inżynieria i Kształtowanie Środowiska (2021), 30 (1), 38–50
Prz. Nauk. Inż. Kszt. Środ. (2021), 30 (1)
http://iks.pn.sggw.pl
DOI 10.22630/PNIKS.2021.30.1.4

Yevhen FORNALCHYK1, Ivan KERNYTSKYY2, Oleh HRYTSUN1, 
Yuriy ROYKO1

1Lviv Polytechnic National University, Transport Technology Department
2Warsaw University of Life Sciences – SGGW, Institute of Civil Engineering

Choice of the rational regimes of traffic light control 
for traffic and pedestrian flows



Choice of the rational regimes of traffic light control for traffic and pedestrian flows 39

trians, takes into account. In recommen-
dations, the methodology for determin-
ing the duration of crossing the roadway 
by pedestrians is given. The majority of 
these methodologies are based on as-
sumptions about the average speed of 
pedestrian movement. That way, in rec-
ommendations of the Transportation Re-
search Board (2000), the speed of pedes-
trian movement is considered 1.2 m·s–1; 
in the manual of Japan Society of Traffic 
Engineers (2006), the speed is 1.0 m·s–1; 
in the studies of Ukrainian researchers 
– 1.3–1.4 m·s–1.

For the investigation of the speed of 
pedestrian flows at the grade crosswalks, 
several techniques are developed, but 
the majority of them do not consider the 
impact of counterflow. Various authors 
developed the model of the duration of 
crossing the roadway by pedestrians, 
considering the length and width of the 
crosswalk, and also the density of con-
flicting flow (Alhajyaseen, Nakamura 
& Catbagan, 2008; Alhajyaseen & Na-
kamura, 2010; Iryo-Asano & Alhajya-
seen, 2017; Wang, Zhao, Cao, Lu & 
Chen, 2017). During pedestrian flows 
simulation, the method was used which 
considers pedestrian delays which had 
formed in result of counterflow impact 
(the group of pedestrians with a maximal 
density which had formed at pedestrian 
crosswalks). The investigation showed 
that with the intensity approximately 
equal at each side of the crosswalk 
(dense flow), pedestrian speed decreases 
to one third with the comparison to the 
flow, which moves in one direction. As 
result, the conclusion was that the impact 
of conflicting flows is significant and 
should be reviewed during the design of 
traffic light control systems to determine 

the optimal time needed for crossing the 
roadway by the groups of pedestrians.

In the study by Alhajyaseen and Na-
kamura (2012), the method of the deter-
mination of traffic light cycle duration 
taking into account the length of the pe-
destrian crosswalk, which allows mini-
mizing traffic and pedestrian delays, is 
given. This method considers the den-
sity, intensity, speed of traffic and pedes-
trian flows, and geometric parameters of 
the roadway. During the calculation of 
the traffic light cycle duration, two limi-
tations are considered: optimal duration 
of permissive signal for traffic flow and 
minimal duration for the pedestrian.

The main restrictions, which are used 
during the calculation of traffic light sys-
tem, are the minimal duration of permis-
sive signal for traffic flow and maximal 
duration of restrictive signal for pedes-
trian flow (Transportation Research 
Board [TRB], 2000; Vrubel, 2003; Le-
vashev, Mykhailov & Holovnykh, 2007; 
Vasylieva, 2007; Polishchuk & Bakulich, 
2012). An experience of the investigation 
of pedestrian behavior at signalized in-
tersections shows that the duration of pa-
tient waiting of green signal by them can 
be within 30–90 s (Vrubel, 2003; Xiong, 
Xiong, Deng & Wang, 2014). With such 
values of restrictive signal, the number 
of violators is no more 15% (Gong, Xiao 
& Xu, 2019; Ma, Lu & Zhang, 2020). 
By the duration of the patient waiting for 
a green traffic light signal by pedestrians 
means maximal time, which the pedes-
trian is ready to spend to wait for such 
signal.

Many researchers establish the val-
ues of limits of traffic light cycle dura-
tion by empirical dependencies. Vrubel 
(2003) investigated that the cycle du-
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ration should be no less than 70 s for 
two-phase control; no less than 90 s for 
three-phase control; no less than 110 s 
for four-phase control.

In recommendations by Polishchuk 
and Bakulich (2012), the limitations of 
minimal duration of the traffic light cy-
cle are given (no less than 25 s). It is ex-
plained by the fact that with a short cycle 
duration, delays in traffic flow increases 
and capacity decreases.

Analysis of literature data established 
many factors: minimal time, needed to 
pedestrians for crossing the roadway, the 
duration of the permissive and restric-
tive signal of the traffic light, intensity, 
density, speed of traffic an pedestrian 
flows, geometric parameters of intersec-
tion – crosswalk (Zhyvohliadov, 2012). 
However, such factors are not taken into 
account as a pedestrian discipline, lo-
cation of the crosswalk relatively func-
tional zone of the city, the designed pur-
pose of pedestrian movement, climate 
conditions, and determination the dis-
tance between pedestrian crosswalks. 
Given factors, determine the behavior of 
pedestrians in compliance with the traf-
fic rules.

Based on the above, the problem of 
choosing the rational regimes of traffic 
light control for traffic and pedestrian 
flows remains topical.

Aim and tasks of the research

The aim of the study is an investiga-
tion of traffic and pedestrian flows for 
choosing the rational regimes of traffic 
light control.

To achieve the goal, such tasks are 
formed to:

reveal the regularities and methods 
of research of road users indicators;
investigate road users indicators and 
pedestrian behavior at signalized in-
tersections;
choose rational regimes of traffic 
light control for traffic and pedes-
trian flows;
justify the recommendations about 
the choice of rational regimes of traf-
fic light control for signalized inter-
sections of different types.

Research techniques

Experimental determination 
technique

To evaluate quantitatively the dura-
tion of patient waiting by pedestrians it 
is necessary to research the process of 
crossing the roadway by pedestrians. 
Obtained results will allow determining 
the factors, which have a direct impact 
on the time of pedestrians’ patient wait-
ing. But, it is necessary to consider such 
indicators as traffic intensity, density, and 
composition, traffic light control regime, 
roadway geometric parameters, district 
type where the intersection is located 
(residential, central, and suburb district 
of the city), climate conditions, etc.

To measure the duration of pedestri-
ans’ patient waiting, we used the method, 
which is based on the investigation of 
pedestrian behavior during crossing the 
roadway by them.

On the primary stage of the research 
conduction, we determined:

geometric parameters of the road-
way (crosswalk), and the duration of 
permissive and restriction signals of 
a traffic light;

–

–

–

–

–
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recorded the number of pedestrians 
who crossed the crosswalk in such 
sequence: recorded the number of 
persons who crossed the roadway 
while turning on the permissive sig-
nal of the traffic light; recorded the 
moment of the crossing of the last 
pedestrian on the permissive signal; 
recorded the number of pedestrians 
who crowded during the restrictive 
signal of a traffic light; recorded the 
number of pedestrians who crossed 
the roadway during the restrictive 
signal;
while turning on the permissive sig-
nal of a traffic light for transport, we 
recorded the number of vehicles that 
cross the stop-line.
In the next stage, we determined the 

type of traffic light control (fixed-time or 
adaptive) and climate conditions.

In the final stage, we determined 
the speed, with which the pedestrians 
cross the roadway. To obtain this indica-
tor (speed of pedestrians), we recorded 
the time which pedestrians spent cross-
ing the roadway with the help of a stop-
watch. The experiment was carried out 
no less than 20 times for different age 
categories of pedestrians (young, middle 
age, and old) on each of the investigated 
objects, and after we calculated the aver-
age speed of pedestrian flow.

It was established that the dura-
tion, necessary for pedestrians to cross 
the roadway depends on the length and 
width of the crosswalk, and pedestrian 
flow intensity.

Simulation modeling technique 

To evaluate operation regimes of 
traffic and pedestrian flows, there are 
many foreign and domestic programs 

–

–

and projects, within which the research, 
modeling, and analysis of cities’ road 
network condition are carried out. Both 
powerful software package PTV Vissim 
and simple mathematical models can be 
distinguished.

To develop a transport model in 
PTV Vissim software, it is necessary to 
carry out such operations:

to calibrate the map of research ob-
jects, build streets which approach 
the research objects, set the appropri-
ate widths and the number of lanes;
due to the results of field research, to 
create incoming traffic flows on every 
approach to the intersection (cross-
walk), specify respectively their com-
position and allowed movement di-
rections. Speed of vehicle movement 
is specified separately for every type, 
and restrictions on turns are set;
as the movement of traffic and pedes-
trian flows is controlled by the traffic 
light signalization, it is necessary to 
create signal groups and specify the 
duration of permissive and restric-
tive signals for each phase;
while crossing the traffic flows in 
one control phase, it is necessary to 
enter appropriate priorities for spe-
cific flows;
to determine traffic flow delays (in 
s·vehicle–1) and vehicle queue length 
(in m), it is necessary to set measur-
ing points on each approach to the 
intersection (crosswalk).
At signalized intersections (cross-

walks), it is necessary to carry out pe-
destrian flow simulation similarly to the 
traffic flow. For the proper operation of 
such model, it is necessary to set the in-
coming pedestrian flow and (for needs) 
pedestrian routes of movement. 

–

–

–

–

–
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The main parameters of pedestrian 
movement within at-grade crosswalks are 
intensity, density, and speed of pedestri-
an movement; the number of crosswalks; 
the presence of points of attraction near 
the investigated research object.

Research results 

Pedestrian behavior model depending 
on the movement intensity and 
crosswalk length

Experimental measurements of traf-
fic and pedestrian flow indicators were 
carried out on sections of road network 
of Lviv city. In the primary stage of this 
research, the range of objects was chosen 
– signalized intersections and crosswalks 
beyond intersections. Chosen objects 
differed by the width of the roadway on 

approaches to the stop-line (from lane 
to three lanes on the direction), distance 
between adjacent stop-lines (about from 
50 to 700 m) and signalized intersections 
– by the number of pedestrians (from 
3 to 5). Intersections, where pedestrian 
behavior was investigated, were consid-
ered with fixed-time traffic light cycle. 
All investigated intersections were con-
ditionally divided into three types rela-
tive to their location on the city territory: 
type I – near transport junctions; type II 
– central zone; type III – residential zone 
(Table 1).

Based on the goal, task, and meth-
od of experimental measurement, eight 
signalized intersections and pedestrian 
crosswalks of each type were chosen for 
its conduction. Taking into account the 
fact that indicators of traffic and pedestri-
an flows are characteristic for the change 
during the day, measurements were car-

TABLE 1. Types of signalized intersections and pedestrian flows relative to their location on the city 
territory

Intersec-
tion type

Location on the 
city territory

Peculiarities 
of pedestrian flow 

movement

Peculiarities of traffic 
flow movement

Presence of flows 
generation center

І near transport 
junctions

permanent intensive 
in peak periods; ori-
ented in the direction 
to and from genera-

tion centers

large heterogeneity 
of traffic flow (up to 
70% of cars); signifi-
cant share of urban 

public transport, 
maneuverability at 

the car parking

trade establishments, 
bus stations, and 
railway stations

ІІ central zone permanent intensive 
during daylight

significant homoge-
neity of traffic flow 
(up to 95% of cars)

precise generation 
center is absent, 

distribution of pe-
destrian flows by the 

territory is steady

ІІІ residential zone changeable, evenly 
directed in all zone

share of cars is 
80–85%, urban pub-
lic transport – up to 

10%, freight transport 
almost absent

stopping points of ur-
ban public transport
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ried out for peak (morning and evening) 
and inter-peak periods. For each period, 
appropriate indicators were fixed dur-
ing 50 traffic light cycles. It is important 
that during these measurements record-
ings from surveillance cameras from the 
Center of traffic management of Lviv 
city were used, which allowed fixating 
traffic indicators and pedestrian behavior 
(number of violations) simultaneously 
with involvement of small number of re-
searchers. We consider this as an advan-
tage of this method.

The operation of signalized intersec-
tions and crosswalks was analyzed to in-
vestigate pedestrian behavior taking into 
account their intensity and crosswalk 
width. On such intersections, the dura-
tion of restrictive signal for pedestrians 

changed from 26 to 115 s. Results of this 
research are processed in the MS Of-
fice Excel software. Experimental de-
pendencies of the number of violations 
of the traffic rules by pedestrians, which 
cross the roadway in risk conditions 
from traffic flow intensity, expressed 
through the volume-capacity ratio, are 
obtained (Fig. 1). Volume-capacity ra-
tio (z) was determined as interrelation 
of traffic intensity (N) to capacity (P): 
z = N / P. Maximum permissible capac-
ity of one lane on intersections of type I is 
750–850 pcu·h–1; for type II – 800–900 
pcu·h–1; for type III – 800–1,000 pcu·h–1.
Traffic intensity determines by results 
of experimental measurements. Here, 
it is not indicated how the number of vio-
lations of traffic rules by pedestrians will 

FIGURE 1. Experimental and approximated dependencies of the number of violations the traffic rules 
by pedestrians from street volume-capacity ratio before stop-line for intersections types (trest – duration 
of the restrictive signal of a traffic light for pedestrians)
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change depending from the lane width as 
it lays within 3.0–4.0 m. Lane width has 
no impact on pedestrian behavior but it 
depends from the roadway width (pedes-
trian crosswalk length). Average values 
of the number of violations the traffic 
rules by pedestrians for different day 
periods (with the aim to investigate the 
change of violations at the intersection 
with different volume-capacity ratio) is 
given on Figure 1.

Based on the obtained results, the ten-
dency of decrease of the number of vio-
lations by pedestrians while crossing the 
roadway by street volume-capacity ratios 
is established: 0.50–65 for intersections 
of type I (duration of restrictive signal 
for pedestrians is 20–40 s); 0.40–0.65 
for type II (duration of restrictive signal 
for pedestrians is 40–100 s); 0.45–0.55 
for type III (duration of restrictive sig-
nal for pedestrians is 40–100 s). For the 
intersection of type III, with the duration 
of the restrictive signal of a traffic light 
for pedestrians is 100–120 s, an increase 
of the number of violations of the traffic 
rules by pedestrians regardless of road-
way volume-capacity ratio is observed.

Research showed that street vol-
ume-capacity ratio and control regime 
are determinant factors in making a de-
cision by pedestrians about crossing the 
roadway in risk conditions. With road-
way volume-capacity ratios from 0.20 
to 0.40, large intervals between vehicles 
are observed, pedestrians, feeling their 
relative safety, cross the roadway in risk 
conditions (especially such thing is ob-
served during long restrictive signal). 
With the increase of roadway volume-
-capacity ratios (0.40–0.60), intervals be-
tween vehicles density, vehicles structure 
by composition on the lanes. This leads 

to that pedestrians do not risk violating 
the traffic rules (cross the roadway on 
the restrictive traffic light signal). With 
volume-capacity ratios 0.80–0.95 (vehi-
cle movement due to traffic jams is al-
most absent), the prevailing majority of 
persons decide to cross the roadway on 
the restrictive signal. In these conditions, 
the number of persons who wait for safe 
roadway crossing, i.e. with abidance of 
traffic rules, decreases.

Dependence of the number of viola-
tions of the traffic rules by pedestrians 
(Nviolations), i.e. crossing the roadway 
during restrictive signal, from roadway 
volume-capacity ratio (z) is non-linear 
and can be described by the quadratic 
equation:

Nviolations = a · z2 + b · z + c [person·h–1]

where:
a, b, c – coefficients of the power 
function.

Numerical values of coefficients are 
determined in the MATLAB software. 
Obtained results of the dependence of 
the number of violations the traffic rules 
by pedestrians from streets volume-ca-
pacity ratio for three types of intersec-
tions are given in Table 2.

Based on obtained dependencies for 
the second and third intersection types, 
we can confirm that the largest number 
of violators is observed with the duration 
of restrictive signal for pedestrians above 
80 s – respectively about Nviolations is 90 
and 50 person·h–1. This phenomenon ap-
pears for several reasons. The first is that 
due to the long waiting time for permis-
sive signal, pedestrians decide crossing 
the roadway in risk conditions because 
at the intersection three or four-phase 
traffic light cycle operates. The second 
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is that with the increase of the number of 
persons which crowded near traffic light 
object waiting for the permissive signal 
most frequently a situation appears when 
one of the pedestrians decide crossing 
the roadway on the restrictive signal and 
a group of other pedestrians follows after 
him.

Determination of rational control 
parameters

Based on the results of field research 
indicators of traffic and pedestrian flows, 
and road network parameters, the choice 
of rational control regimes is justified. 
The rational regime of traffic light con-
trol was determined by such indicators 
as a share of the restrictive signal on the 
lane in traffic light cycle for traffic flow 
(respectively, permissive for pedestri-
ans), street volume-capacity ratio, and 
maximal queue length on the approach 

to the stop-line. Maximal queue length 
was determined to determine the poten-
tial impact of traffic flow delay on the 
adjacent intersections. We carried out 
the verification of correctness of listed 
indicators using the PTV Vissim soft-
ware. Besides, we considered pedestrian 
behavior (number of violations the traf-
fic rues by them) for three intersection 
types. With this aim, the model of a one-
-lane segment on the approach to the in-
tersection (crosswalk) was created.

The research was carried out in the 
PTV Vissim software, where a one-lane 
roadway (3.75 m) was built with the 
length of 1,000 m, mixed traffic flow 
with the share of cars (for intersection 
type I – 70%; for II – 95%; for III – 80–
–85%) was created.

Primary data for traffic simulation 
were set, the intensity of vehicles in 
passenger car units changed from 50 to 

TABLE 2. Dependence of the number of violations of the traffic rules by pedestrians in the zone of 
signalized intersections operation

Duration of the restrictive 
signal of the pedestrian 

traffic light
[s]

Formulas R2
Number 
of for-
mula

Intersection type І
20–40 Nviolations = 1 341.3 · z2 – 1 562.6 · z + 527.55 0.89 2

Intersection type ІІ
40–60 Nviolations = 135.64 · z2 – 160.43 · z + 83.757 0.78 3
60–80 Nviolations = 156.23 · z2 – 184.17 · z + 95.505 0.74 4
80–100 Nviolations = 257.28 · z2 – 290.76 · z + 126.83 0.71 5
100–120 Nviolations = 318.14 · z2 – 360.83 · z + 154.7 0.70 6

Intersection type ІІІ
40–60 Nviolations = 175.21 · z2 – 183.32 · z + 60.92 0.79 7
60–80 Nviolations = 162.68 · z2 – 171.22 · z + 62.09 0.77 8
80–100 Nviolations = 148.25 · z2 – 146.81 · z + 59.96 0.74 9
100–120 Nviolations = 75.63 · z2 – 67.45 · z + 49.01 0.73 10
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700 pcu·h–1. Lane capacity on the ap-
proach to the intersection was accepted 
800 pcu·h–1.

Traffic light object was created with 
one group of signals and the duration of 
the cycle was set 120 s with the structure 
red-green. The share of restrictive signal 
for traffic flow on the lane in the control 
cycle was determined by the equation 
– β = tg / Tc (the duration of restrictive 
signal changed from 10 to 105 s). Be-
sides, normative restriction 25 ≤ Tc 120 s 
was taken into account, and the value 
of the main time duration for transport 
was no less than tg ≥ 7 s. The transitional 
interval of the pedestrian phase did not 
change, as the geometric parameters of 
the roadway are constant.

To determine the maximal queue length 
of vehicles before stop-line in different 
traffic light control regimes, we simulated 
traffic and pedestrian flows at intersections 
of three types (types I, II, and III).

Changes of the maximal queue 
length of vehicles depending on street 
volume-capacity ratio before stop-line 
and the share of restrictive signal dura-
tion on the lane in the control cycle are 
given in Figure 2.

Interrelation between satisfactions of 
pedestrian needs, based on the criterion of 
minimal number of violations, and traffic 
flow condition (by the criterion of vehicle 
queue length), based on planning features 
of roadway and traffic light control indi-
cators for each type of signalized intersec-
tions and crosswalks is given in Figure 2.

Share of pedestrians that cross the 
roadway on the restrictive signal of a 
traffic light for intersections type I in-
creases with the increase of restrictive 
signal duration. It indicates the need for 

adjustment of traffic light cycle duration 
near the places of a large generation of 
pedestrian flow. Besides, reduction of 
permissive signal duration for pedes-
trians reduces waiting time for traffic 
flow what, within the intensity above 
500 pcu·h–1 by one lane, causes the for-
mation of the vehicular queue by the 
length of more than 100 m with the re-
strictive signal 40 s (point A, Fig. 2).

As simulation results show of the 
change of maximal queue length of ve-
hicles before stop-line for different inter-
section types (Fig. 2), its maximal value 
is observed for intersection type I (near 
transport junctions) – 504.56 m with 
roadway volume-capacity ratio – 0.88 
and the share of the restrictive signal on 
the lane in control cycle – 0.83 (point B 
in Fig. 2). If in analogical traffic light 
control regimes to compare the values 
of maximal queue length for intersection 
type II (central zone) and type III (resi-
dential zone), then we can confirm that 
vehicular queue length reduces and is re-
spectively 353.65 m (point C in Fig. 2) 
and 257.88 m (point D in Fig. 2).

Discussion

While choosing the rational regime 
of traffic light control, the necessary 
condition is considering psychophysio-
logical and physical properties of people 
and forecasting their behavior.

Based on the results of experimental 
research (Fig. 1), simulation modeling 
(Fig. 2), and on the criterion of optimiza-
tion of traffic flow delays, we developed 
recommendations about the choice of 
rational regimes of traffic light control 
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FIGURE 2. Changes of maximal queue length of vehicles depending on roadway volume-capacity ratio 
before stop-line and the share of restrictive signal duration on the lane in the control cycle
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(duration of restrictive signal for pedes-
trians) taking into account pedestrian be-
havior (Table 3).

Based on the data, given in Table 3, 
the least amount of violations of the traf-
fic rules by pedestrians while crossing the 
roadway and the average vehicular queue 
length on one approach to the signalized 
intersection will be observed under the 
condition of limitation of the duration of 
restrictive signal for pedestrians:

for two-phase control: intersection 
type I – to 30 s, type II – to 55 s, type 
III – to 65 s;
for three-phase control: intersection 
type I – to 40 s, type II – to 65 s, type 
III – to 90 s;

–

–

for four-phase control: intersection 
type I – to 50 s, type II – to 90 s, type 
III – to 110 s.
Such recommendations are advised 

to provide in current regulatory docu-
ments about the regulation of traffic 
light control implementation at the in-
tersections of city streets and roads, as 
for today only minimal and maximal 
limitations of traffic light cycle duration 
operate, which are 25 s and 120 s respec-
tively. It should be noted that principles 
of design of traffic and pedestrian phases 
are justified only by criteria of absence 
of conflict and limitations of minimal 
traffic intensity (to 120 pcu·h–1) and pe-
destrian intensity (to 900 person·h–1).

–

TABLE 3. Recommendations about the choice of rational regimes of traffic light control depending on 
traffic delay and pedestrian behavior

Street 
volume-capacity
ratio (z)

Recommended duration of the restrictive signal of a traffic light 
for pedestrians

[s]
intersection type І intersection type ІІ intersection type ІІІ

Two phases
z < 0.2 10–15 10–20 10–25
0.2 ≤ z < 0.45 10–20 10–30 10–30
0.45 ≤ z < 0.7 15–30 30–50 30–50
0.7 ≤ z < 1.0 25–30 45–55 50–65

Three phases
z < 0.2 10–20 10–30 10–30
0.2 ≤ z < 0.45 15–25 20–45 25–50
0.45 ≤ z < 0.7 20–35 35–50 40–60
0.7 ≤ z < 1.0 35–40 40–65 60–90

Four phases
z < 0.2 10–20 10–35 10–40
0.2 ≤ z < 0.45 20–30 25–50 40–75
0.45 ≤ z < 0.7 30–40 40–60 60–95
0.7 ≤ z < 1.0 40–50 60–90 75–110
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Conclusions

For signalized intersections with dif-
ferent conditions of traffic and pe-
destrian flows, it is established that 
these conditions depend on the lo-
cation relative to the territory of the 
city. Considering this, intersections 
are grouped by movement peculiari-
ties (traffic flow intensity and com-
position, the existence of centers of 
pedestrian flow generation) on three 
types: type I – near transport junc-
tions; type II – central zone; type III 
– residential zone.
It is determined by results of experi-
mental measurements that for dif-
ferent intersection types in existing 
movement conditions, the smallest 
number of violators among pedes-
trians with the duration of restrictive 
traffic light signal for pedestrians 40–
–60 s is by roadway volume-capacity 
ratio 0.50–0.65 for intersection type I;
0.40–0.65 for type II; 0.45–0.55 for 
type III.
By results of simulation results, it 
is determined for intersection type 
I that the largest vehicular queue is 
504.56 m by roadway volume-ca-
pacity ratio 0.88 and the share of re-
strictive signal for traffic on the lane 
– 0.83. If at these traffic light control 
regimes, to compare the values of 
maximal queue length for intersec-
tion type II (central zone) and type 
III (residential zone), then queue 
length reduces and is about 353.65 m 
and 257.78 m respectively.
By results of experimental research 
and simulation of the passage signal-
ized sections of city streets by traffic 
flow (using the PTV Vissim and the 

1.

2.

3.

4.

MATLAB software) considering the 
needs for pedestrian movement, and, 
taking into account the regularities of 
vehicular queue formation, it is es-
tablished that limitation of restrictive 
signal for pedestrians, regardless of 
the number of control phases, should 
not be more than: on the sections of 
type I – 50 s; type II – 90 s; type III – 
110 s. Such time limitations of traffic 
light control parameters meet the cri-
teria of delay minimization for traffic 
flows and the least amount of viola-
tions the traffic rules by pedestrians.
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Summary

Choice of the rational regimes of traf-
fic light control for traffic and pedestrian 
flows. The method for the choice of rational 
regimes of traffic light control is developed 
based on the minimization of the number of 
violations the requirements of traffic light 

signals by pedestrians depending on the vol-
ume-capacity ratio of traffic lanes and con-
trol of vehicular queue on the approach to the 
stop-line. Assessment of rationality is carried 
out considering the simultaneous impact of 
such factors as roadway volume-capacity 
ratio, traffic light restrictive signal duration, 
the number of violations of the traffic rules 
by pedestrians, and maximal queue length 
of vehicles. The model of the change of the 
number of violations of the rules of crossing 
the roadway by pedestrians depending on 
the volume-capacity ratio of different inter-
section types is developed in this paper. The 
model of determining the maximal vehicular 
queue length before intersections depending 
on the volume-capacity ratio and the share of 
the restrictive signal on the lane in the control 
cycle is developed. Recommendations about 
the choice of rational regimes of traffic light 
control depending on traffic delay, planning 
parameters of the road network, and pedes-
trian behavior are proposed.
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Introduction

The SN RK 2.01-01-2013 standard 
(Komitet tekhnicheskogo regulirov-
aniya i metrologii Ministerstva torgovli 
i integratsii Respubliki Kazakhstan 
[KTRM MIR RK], 2013) regulate anti-
-corrosion protection of piles in aggres-
sive soils with optimally viscous and 
maintaining continuity materials (bitu-
men, polymer materials, petrolatum, fuel 
oil). The use of these recommendations 
is hampered by the inevitable decreas-
ing of the bearing capacity of the pile 
along its lateral surface when arrang-
ing the coating. So, for example, when 
coating with bitumen piles immersed to 
the depth of 13.3–22.7 m, their bearing 
capacity decreases from 30 to 80% de-

pending on fluctuations in soil and the 
air temperature. In addition, over time, 
bitumen so-called aging is observed, 
which is accompanied by delamination, 
crumbling and loss of the coating water-
proofing (Ongarbayev, Imanbayev, Ti-
leuberdi, Krivtsov & Golovko, 2019).

The specifics of manufacturing cast-
-in-situ and bored pile foundations using 
traditional technologies makes it diffi-
cult to solve the issues of their anti-cor-
rosion protection, because in the course 
of arranging it is difficult to maintain the 
continuity of the coating and concrete 
of the structure or sufficient density of 
concrete and the integrity of the film pro-
tection along the barrel of the cast-in-situ 
bored pile.

The construction of buildings and 
structures (BS) on territories composed 
of saline silty-clayey soils (SSCS) (Iman-
bayev et al., 2017; Tileuberdi, Akkazyn, 
Ongarbayev, Imanbayev & Mansurov, 

Scientific Review – Engineering and Environmental Sciences (2021), 30 (1), 51–61
Sci. Rev. Eng. Env. Sci. (2021), 30 (1)
Przegląd Naukowy – Inżynieria i Kształtowanie Środowiska (2021), 30 (1), 51–61
Prz. Nauk. Inż. Kszt. Środ. (2021), 30 (1)
http://iks.pn.sggw.pl
DOI 10.22630/PNIKS.2021.30.1.5

Bulat Zh. UNAIBAYEV1, Bulat B. UNAIBAYEV2, 
Violetta ANDREYACHSHENKO1

1Ekibastuz technical and engineering institute named after the academician K. Satpayev, 
Faculty of Engineering and Economics 
2Karaganda Technical University, Faculty of Architecture and Construction

Cast-in-situ piles encasements based on oil-bituminous rocks 
(kirs) in saline soils



52 B.Zh. Unaibayev, B.B. Unaibayev, V. Andreyachshenko

2018), in accordance with the current 
regulatory and legislative framework, 
is accompanied by inevitable increasing 
the costs by 5–25%, which are dictated 
by the danger of SSCS manifestation and 
the absence of reliable and effective con-
structive-technological solutions (CTS) 
within the framework of construction 
and operation of the geotechnical sys-
tem “base–foundation–structure” (BFS) 
in changing conditions under the impact 
of natural and man-made factors. Con-
sequently, construction and operation of 
the gas station on SSCS is not provided 
with a proper quality. This is confirmed 
by the numerous emergency subsidence 
of BS on SSCS in the cities of Yerevan, 
Volgodonsk, Novy Uzen, Zhezkazgan, 
Balkhash, Karaganda, etc. The expenses 
for restoration, repair and reinforcement 
of emergency facilities are often 1.5–2 
times higher than the initial estimated 
cost of construction.

To increase the bearing capacity 
and durability of the pile foundation in 
SSCS, there were developed a number of 
new geotechnologies based on combin-
ing well-known but fundamentally dif-
ferent approaches to solving the problem 
(Fig. 1), namely:

formation of a protective and sup-
porting shell (encasement) around 
the pile (Zaharov, 1999; Unaibayev 
& Zhussupbekova, 2001; Unaibayev, 
Arsenin & Unbayev, 2018; Un-
aibayev & Unbayev, 2018);
compaction or consolidation of sa-
line soil around the pile in order to 
increase its strength and deformation 
characteristics, structural and suf-
fusion resistance, water resistance, 
etc. (Gimmerling, 1986; Komitet 
po delam stroitel’stva, zhilishch-
no-kommunal’nogo khozyaystva 
i upravleniya zemel’nymi resur-
sami Ministerstva national’noy 
ekonomiki Respubliki Kazakhstan 
[KDSiZhKKh MNE RK], 2011);
increasing the density and corrosion 
resistance of the pile structure con-
crete by means of using modified 
additives in concrete, etc. (Gavshin 
& Dzektser, 1982; Unaibayev & Un-
bayev, 2019).
The proposed CTS, in addition to 

increasing the bearing capacity and cor-
rosion resistance of the pile foundation 
on SSCS, are also relatively economical 
solutions, since they suggest the use of 
substandard materials (kirs, natural bitu-
men, fly ash, etc.).

–

–

–

FIGURE 1. Working hypothesis for solving the problem of increasing the bearing capacity and durabil-
ity of the pile in SSCS
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Methods

It seems efficient to arrange a pro-
tective and load-bearing shell for cast-
-in-situ piles in punched and drilled 
wells and foundations in rammed pits 
(Figs. 2 and 3). So when driving a well 
or foundation pit by periodically drop-
ping the dredge, in contrast to drilling 
a well with an auger, soil compaction is 
observed around the structure. Compac-
tion leads to improving the physical and 
mechanical properties of the soil, and 
consequently to increasing the bearing 
capacity of the foundation. In this case, 
water permeability of the compacted soil 
layer around the structure, depending on 
the type of compacted soil, decreases 
tens and hundreds times.

It should be noted that when arrang-
ing a bored pile, soil compaction around 
the structure does not occur; at best, its 
natural structure is preserved, and at 
worst, if the technology is violated, the 
filtration and mechanical properties of 
the soil around the pile deteriorate, be-
cause during “dry” drilling or construc-
tion widening, loosened soil crumbles 
into the well face. In this case, in the 
well face and therefore, under the bored 
pile a highly compressible soil layer with 
increased permeability is formed, which 
leads to decreasing the bearing capac-
ity of the foundation. It seems efficient 
the proposed formation of a protective 
shell of the foundation in the rammed 
foundation pit and a punched hole by 
additional ramming into the walls and 
base of the punched hole or foundation 
pit of waterproof and corrosion-resistant 
materials (kirs) or applying heated natu-
ral bitumen to their surface by spraying 
for additional protection of the structure 

from corrosion (Figs. 2 and 3). In this 
case, after placing and shaping the con-
crete, the protective coating turns out to 
be hermetically packed between the re-
inforced concrete monolithic foundation 

1 – OVK-2 equipment in combination with EO-
-2621; 2 – loader based on MTZ-80; 3 – rammer; 
4 – crushed stone; 5 – kirs; 6 – rammed founda-
tion pit; 7 – the protective shell made of kirs

FIGURE 2. Fragment of testing the technology of 
arranging a foundation structure with a protective 
and supporting shell made of kirs in SSCS of the 
Kulsary urban-type settlement, microdistrict 3: 
a – general view of the work production; b – fill-
ing the rammed pit with kirs; c – a type of the 
protective shell

a

b

c
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structure and the dense waterproof layer 
of soil around it compacted by ramming. 
The latter contributes to the continuity, 
long-term preservation and durability of 
the protective coating and consequently, 
durability and corrosion resistance of the 
concrete foundation structure.

Protection of a pile foundation struc-
ture in contact with an aggressive wa-
ter-salt soil environment (AWSSE) in 
the base made of SSCS, by using for 
this purpose various corrosion-resistant 
coatings and materials made on the ba-
sis of substandard oil-bituminous rocks 
and natural bitumen extracted from it, 
significantly reduces the material con-
sumption. The use of natural bitumen 
as a coating, which in comparison with 
industrial bitumen has a higher chemi-
cal resistance, adhesion value, low cost 

and non-scarcity, as well as good adhe-
sion, penetrating ability, etc., can signifi-
cantly increase the structure durability 
(Mahsimov, 1986). The technology of 
extracting bitumen from kirs and techni-
cal specifications for the use of kirs for 
construction purposes were tested by us 
in industrial conditions and proved to be 
positive (Ahmetov & Zhurikov, 1988).

Experiments on the extraction of 
natural bitumen from kirs for construc-
tion purposes were carried out with 
oil-bituminous rocks: kirs from the Mu-
nayly-Mola field of the Atyrau region in 
Kazakhstan with the organic content of 
14–22%. The mineral part of the kirs is 
mainly represented by fine-grained sand 
with the fraction of 0.1–0.25 mm. The 
initial raw materials (kirs) were ground 
in an aqueous medium, and the concen-

1 – pile driver; 2 – tip; 3 – dredge; 4 – nozzle; 5 – unit for applying bitumen mastic; 6 – protective shell; 
7 – vibratory tub; 8 – receiving funnel; 9 – reinforcing cage; 10 – pile

FIGURE 3. Technological diagram of the arranging cast-in-situ piles in drilled wells with the use of 
a protective shell made of natural bitumen to the well walls: a – immersion and extraction of the dredge; 
b – applying natural bitumen mastic to the borehole walls; c – reinforcing and concreting the well; 
d – finished pile

 

                             a                                b                                   c                                  d



Cast-in-situ piles encasements based on oil-bituminous rocks (kirs) in saline soils 55

tration of the pulp with modifiers and 
flotation of the organic component was 
carried out at an elevated temperature. 
Grinding the feedstock was carried out 
by mixing the pulp in a Na2CO3 solution 
at an elevated temperature.

In contrast to the traditional technol-
ogies of grinding kirs based on impact, 
compression, rupture or cutting, there 
was used the ability of kirs in aqueous 
salt solutions to self-grind or disinte-
grate into small pieces at elevated tem-
peratures. This process is especially in-
tense with stirring in aqueous solutions 
of salts. The experiment has shown that 
in solutions the self-grinding of kirs pro-
ceeds 5–6 times more intensely than in 
water, and the grinding speed increases 
with the increased concentration.

The process is carried out as follows. 
Oil-bituminous rock and Na2CO3 are 
loaded into the pneumo-mechanical lab-
oratory flotation machine with the cham-
ber capacity of 1.0 l, filled with water in 
the required proportions at an appropri-
ate temperature and mixed within 20–
–30 min; the organic component of kirs 
(natural bitumen) is floated. The process 
is controlled by the organic matter con-
tent in the sands (tailings) and in the or-
ganic component (bitumen concentrate), 
which is determined by the combustion 
method after drying the samples at the 
constant temperature of 85°С.

The resulting natural bitumen was 
used to prepare a bitumen emulsion 
paste. Mastics are a mixture of bitumen 
emulsion pastes with mineral powdered 
fillers and various additives. Thus, a 
bitumen paste serves as the main com-
ponent of the protective composition 
manufactured at the factory. The mastic 

itself is prepared at the construction site 
immediately before its application.

Bitumen emulsion pastes consist of 
the main organic binder, natural bitumen, 
an emulsifier, a finely dispersed mineral 
powder and various additives to water as 
a dispersed medium in which natural bi-
tumen is dispersed. To prepare a bitumen 
paste, a laboratory paddle mixer is used.

At first, the emulsifier suspension 
heated to 80–90°С is loaded into the 
paste-mixer, and then natural bitumen and 
water are alternately fed: at first natural 
bitumen until the mixture thickens, and 
then water to liquefy it, and so gradually 
there is introduced the estimated amount 
of bitumen and water. Bitumen should 
be evaporated or dehydrated, cleaned of 
dirt and debris and heated to the operat-
ing temperature of 150–160°С. Quick-
lime, screening from the Temirtau Elec-
trometallurgical Plant and carbide powder 
lime, waste of the same plant were used 
as emulsifiers. Before use, the quicklime 
lump was slaked into powder lime.

The compositions of bitumen pastes 
based on this lime do not meet the re-
quirements to bitumen pastes for water-
proofing purposes, namely, the pastes 
are not stable and quickly exfoliate, there 
is no complete emulsification of bitu-
men. In lump quicklime there are many 
impurities in the form of unquenched 
grains, clay inclusions, etc. To obtain 
high-quality bituminous pastes based 
on such lime, additional processing of 
lime is needed, increasing its dispersion 
by additional grinding, vibration grind-
ing, or introducing additives of highly 
plastic clays. All these activities require 
additional costs, so we refused working 
with this emulsifier. Another emulsifier 
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used in the work was carbide fluff lime, 
waste of the Temirtau Electrometallurgi-
cal Plant JSC.

When selecting the compositions of 
bitumen pastes based on natural bitu-
men, the known paste compositions that 
are widely used in practice were taken 
as the base. Since we used waste as an 
emulsifier, we had to adjust the compo-
sitions of bitumen pastes. The results of 
this work are shown in Table 1.

Table 1 shows that the most high-
-quality bitumen paste based on natural 
bitumen is composition number 7. Since 
the paste of composition number 7 is 
stable, homogeneous, does not delami-
nate. Carbide powder lime is the waste 
that has some impurities, the activity of 
lime does not exceed 70% therefore, to 
obtain a stable paste and to increase the 
bitumen content in the paste, the emulsi-
fier is taken in a larger amount than is 
needed theoretically.

In the future, the optimal composi-
tion of the paste will be marked as fol-
lows: BL-42 (bitumen–lime paste with 
the 42% content of natural bitumen. 

BL-42 lime–bitumen paste has the fol-
lowing characteristics:

cone mobility according to Stroy-
-CNIL – 13–15 cm;
the paste density – 1.42 g·cm–3;
the ability to dilute with water – 10 
times the amount;
water absorption of dried paste – 
5–7%;
swelling of the dried paste by vol-
ume – 3–5% by weight.
Cold bitumen mastics prepared by 

mixing bitumen paste with fillers are rec-
ommended for applying to the surface of 
punched and drilled wells for piles, coat-
ing strip prefabricated foundations and 
grillage on pile heads. Lime powder was 
used as fillers, fly ash of KarGRES-1, 
Portland cement M-400.

The method of selecting the com-
positions of cold asphalt mastics was 
as follows. First, the composition of the 
bitumen paste was selected, on which 
base the mastic was prepared. The fin-
ished mastic in the liquid and solidified 
form was tested according to the known 
technique.

–

–
–

–

–

ТАBLE 1. Characteristics of the bitumen pastes compositions based on natural bitumen

Compo-
sition

Natural 
bitument

[%]

Powder 
lime
[%]

Water
[%] Note

1 45 12 43 Water separation 1 h after preparation

2 48 15 37
Delamination of the paste, not all bitumen has been 

emulsified

3 50 16 34 Coagulation of bitumen has occurred

4 48 18 34 Partial delamination

5 40 20 40 Water separation

6 35 25 40 Water separation

7 42 24 34 The paste is stable, homogeneous, does not delaminate

8 40 25 35 Partial delamination
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In the liquid state cold asphalt mas-
tics are tested like bituminous pastes: 
their density, cone mobility according 
to the StroyCNIL, and heterogeneity are 
determined. However, when selecting 
the composition of the mastic, it is nec-
essary to test them additionally for sta-
bility during storage. In the plastic state 
for cold asphalt mastics the bulk density, 
porosity, water absorption and swelling 
are determined. In addition, when select-
ing the composition of the mastic, the 
samples dried to constant weight at 40°C 
within 5 days were subjected to all the 
above tests.

For these samples, water resistance 
is determined when they are kept in wa-
ter within 30 days. Finally, by monitor-
ing the composition of the cold asphalt 
mastic coating, its moisture and bitumen 
content are determined.

The bulk density of cold asphalt mas-
tics is determined on samples 5 × 5 cm
in size and 1–1.5 cm thick by weighing 
in air and water.

Determining the bulk density is the 
main method of the laboratory quality 
control of the finished coatings, mastic 
composition and coating density. Water 
absorption of cold asphalt mastic sam-
ples is determined in the accelerated 
way by saturating them with water dur-
ing evacuation or keeping the samples in 
water within 15 days with the constant 
increasing of the water level within the 
first three days by one third of the sam-
ple per day.

Water resistance of mastics is deter-
mined only by a control test when select-
ing the composition of the mastic. The 
tests are carried out on standard instru-
ments for determining water resistance 
of concrete. On the basis of the obtained 

BL-42 lime–bitumen paste, the compo-
sitions of mastics with various types of 
fillers were selected.

The already known compositions 
of waterproofing mastics were taken as 
a base. Mastics based on lime–bitumen 
paste and II-20 lime filler have a dense 
structure after drying and stabilization. 
Testing the mastics has shown that their 
properties are not inferior to the mastics 
already used in construction practice.

To increase mechanical strength of 
the mastic, Portland cement M-400 and 
fly ash were introduced into its composi-
tion. The compositions of mastics IIC-20, 
IZ-20, IZC-20, IIC-25 were obtained.

Stabilization of mastics with Portland 
cement occurs faster due to the reaction 
of cement hydration with water that is 
a part of the bitumen paste. Indeed, these 
mastics with two binders, organic and 
hydraulic, are characterized by increased 
strength and elastic brittle properties.

Results and discussion

The results of experiments on extrac-
tion of natural bitumen from kirs indicate 
that in an aqueous medium without the 
addition of Na2CO3, the oil-bituminous 
rock separation into organic and mineral 
components is low in terms of the qual-
ity of the product being reduced. The 
optimal technological parameters were 
obtained experimentally and are as fol-
lows: the concentration of Na2CO3 is 7–
–10 g·l–1, the stirring time is 20–30 min, 
the temperature with stirring is 80–85°C, 
the flotation time is 5 min. The ratio of 
solid to liquid is 1 : 20. It is undesir-
able to increase the time for more than 
30 min, since the indicators of the qual-
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ity of the extracted product do not im-
prove, and increasing the time leads to 
decreasing the productivity of the pro-
cess as a whole.

The improved protective properties 
of cold bitumen compositions based on 
natural bitumen extracted by the pro-
posed method, when compared with 
compositions based on industrial bitu-
men, are explained by the fact that no 
paraffin was found in these bitumen, 
which is known to reduce the adhesion 
properties of the protective coating.

Due to the fact that bitumen mastics 
are the simplest and most effective tra-
ditional means of protecting reinforced 
concrete structures against corrosion in 
soils, one of the cold asphalt mastics 
proposed is a mixture of bitumen mas-
tic based on natural bitumen with min-
eral powder fillers. Cold asphalt mastics 
fundamentally differ in their properties 
from traditional hot asphalts in that af-
ter preparing they have increased water 
absorption compared to the original bi-
tumen or hot asphalt mastics. Long-term 
tests of bitumen mastics based on natural 
bitumen indicate that in these mastics the 
process of water absorption gradually 
fades over time, and after two to three 
years of operation these mastics become 
more waterproof than traditional mastics 
based on industrial bitumen.

Cold asphalt mastics based on natu-
ral bitumen due to good waterproofing 
properties, such as resistance to water, 
heat, frost, weather and corrosion, as 
well as sufficiently high strength under 
static and dynamic loads, reliable adhe-
sion to concrete can be recommended 
for anticorrosive protection of concrete, 
building structures in the conditions of 
SSCS leaching, marine, sulfate, magne-

sian, carbonic and alkaline aggressive-
ness of water-environment, as well as 
for anti-corrosion protection of overhead 
metal structures.

The compositions of the obtained 
cold asphalt mastics and their main 
characteristics are shown in Table 2. 
The compositions of cold mastics were 
selected by the method of mathematical 
planning of the experiment.

Waterproofing coatings made of mas-
tic based on natural bitumen were tested, 
applied by spraying onto the walls of 
drilled wells and rammed pits (Fig. 1) as 
the secondary protection of cast-in-situ 
piles in punched and drilled wells and 
foundations in rammed pits from the ag-
gressive effects of saline soils and saline 
waters in Atyrau and Kulsary urban-type 
settlement.

The following composition of cold 
bitumen mastic is recommended, in per-
centage by weight:

natural bitumen – 40%;
powder lime – 12%;
asbestos, VI–VII grade – 8%;
solar (diesel) – 40%.
The efficiency of the developed 

CTSs is confirmed by technical and eco-
nomic calculations and experimental and 
industrial testing. However, the main cri-
terion that determines the efficiency of 
the proposed CTSs is reducing the sub-
sequent operating costs. Post-construc-
tion subsidence of BSs on traditional 
prefabricated strip foundations and driv-
en piles without a protective shell exceed 
the subsidence of similar buildings on 
foundations and piles with a protective 
shell. This is due to the fact that BSs on 
strip foundations are not protected from 
suffusion and deformation processes and 
therefore, during operation, they require 

–
–
–
–
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annual post-construction repairs. When 
using foundations and piles in punched 
and drilled wells with a protective and 
bearing shell, BSs do not practically un-
dergo post-construction subsidence. This 
is evidenced by many years of experience 
in construction and operation of BSs on 
foundations and piles with a protective 
and load-bearing shell in Karaganda, 
Atyrau, Aktobe, Temirtau, Kulsary ur-
ban-type settlement, Tengiz and others.

The proposed list of technologi-
cally advanced (Figs. 1, 2 and 3) that 
have passed approbation in the industrial 
conditions allows reliable and efficient 
erecting BSs in the territories formed by 
SSCS.

Conclusions

1. A comprehensive technology of 
arranging foundations and piles in drilled 
wells in SSCS with a protective and 

bearing shell based on natural bitumen-
-containing materials has been proposed, 
which makes it possible to increase the 
durability and bearing capacity of the 
foundation structure.

2. A method of extracting natural 
bitumen from kirs has been developed. 
The use of this method makes it possible 
to exclude the difficult operation of me-
chanical grinding the feedstock, which is 
expensive and energy-intense, as well as 
to reduce the reagents consumption and 
to improve the quality of the extracted 
natural bitumen. The copyright, the nov-
elty and efficiency of the technology are 
confirmed by A.C. No 16867550 dated 
24 November 1988.

3. The compositions of cold mastics 
based on natural bitumen with the addi-
tion of industrial waste have been devel-
oped. The compositions of the obtained 
mastics based on natural bitumen are not 
inferior in their properties to the known 

TABLE 2. Compositions of cold asphalt mastics (based on natural bitumen extracted from kirs) and 
their main characteristics

Mastic 
type

Mastic composition in percent 
by weight

Density

[g·сm–3]

Residual 
moisture

[%]

Water 
absorption

[%]

Swelling

[%]

II-20 Lime–bitumen paste BI-42 – 80
Limestone powder – 20 1.38 7.0 6.0 0.5

IIC-20

Lime–bitumen paste
BI-42 – 70

Limestone powder – 20
Portland cement М400 – 10

1.4 5.0 3.3 1.1

IZ-20 Lime–bitumen paste BI-42 – 80
Fly ash – 20 1.1 4.0 10.0 2.5

IZC-20

Lime–bitumen paste BI-42 – 75
Fly ash – 15

Portland cement М400 – 10
Water (over 100%) – 5

1.3 6.0 8.0 0.6

IIC-25

Lime–bitumen paste BI-42 – 55
Limestone powder – 20

Portland cement М400 – 25
Water (over 100%) – 5

1.5 7.0 5.0 0.5
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compositions of waterproofing cold mas-
tics based on industrial bitumen, and the 
use of waste reduces their cost.
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Summary

Cast-in-situ piles encasements based 
on oil-bituminous rocks (kirs) in saline 
soils. A technology of building a pile foun-
dation in saline soils with a protective and 
load-bearing shell based on bituminous rocks 
(kirs) is proposed that makes it possible to 
eliminate water permeability, to increase 
suffusion resistance and bearing capacity of 
the soil, as well as durability. The method of 
extracting natural bitumen from bituminous 
rocks (kirs) is based on the ability of kirs to 
self-grind or disintegrate into small parts at 
elevated temperatures in aqueous salt solu-
tions. The proposed method excludes me-
chanical grinding and allows reducing the 
consumption of reagents and improving the 
quality of extracted natural bitumen. The 
compositions of the obtained mastics based 
on natural bitumen are not inferior in their 
properties to the known compositions of wa-
terproofing cold mastics based on industrial 
bitumen at a lower cost.
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Key words: soil stabilization, eco-friendly 
binder, ordinary Portland cement, ground gran-
ulated blast furnace slag, cement kiln dust, ce-
ment replacement

Introduction

The use of cement, in the treatment 
of weak soils, induces chemical reac-
tions that improve the geomechnical 
properties of the treated soils signifi-
cantly. Hence it has been widely used 
for soil stabilization. It can be utilized 
for the stabilization of any type of soil 
apart from those with pH values less 
that 5.3 or organic contents of more than 
2% (Saride, Puppala & Chikyala, 2013; 
Ma, Chen & Chen, 2016). The demand 
for ordinary Portland cement (OPC) is 
increasing on a daily bases because of 
the industrialization and urbanization. 
Consequently, the cement industry has 
grown significantly in recent years. It 

has been reported by van Ruijven et al. 
(2016) that the global cement production 
is predicted to grow annually by 5%. 
However, the OPC manufacturing have 
several environmental issues particularly 
the carbon dioxide (CO2) emission and 
intensive energy consumption (Jafer, 
Atherton, Sadique, Ruddock & Loffill, 
2018a).

Worldwide nowadays, the global 
warming as well as the climate changes 
represent a major concern to the mankind. 
These phenomenon are related to the 
green-house gases produced by different 
sectors of industry which their increased 
emissions adversely impacting the envi-
ronment. The carbon dioxide represents 
one of the main gases contributing to the 
harmful gasses, being normally emit-
ted by the process of incineration from 
various industrial factories (Hermawan, 
Marzuki, Abduh & Driejana, 2015). 
Meanwhile, the manufacturing of cement 
is a major sector of industry contributing 
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to the emission of carbon dioxide, with 
a global CO2 emission of 7–9% (Zain-
ab, Zainab, Jafer, Dulaimi & Atherton, 
2018). Hence, to minimize the environ-
mental influences of cement, researches 
have investigated the possibilities of 
utilizing new materials as alternative to 
cement. These materials substitute ce-
ment partially or totally to make binders 
used in various construction sectors such 
as mortars, concrete and soil stabiliza-
tion (Jafer, Atherton, Ruddock & Loffill, 
2017; Jafer, Atherton, Sadique, Ruddock 
& Loffill, 2018b; Majdi et al., 2020).

Supplementary cementitous materi-
als (SCMs) are the named given to these 
materials that are wastes or by-products 
incorporated partially as cement substitu-
ents. Supplementary cementitous materi-
als have been utilized since approximate 
300 years before century in Roma when 
volcanic ash was incorporated with lime 
in building roads (Aïtcin, 2016). Supple-
mentary cementitous materials either in-
duce pozzolanic activity due to having a 
significant amount of silica such as palm 
oil fly ash (POFA), rice husk ash (RHA), 
and fly ash (FA) (Aprianti, 2017), or 
possess considerable contents of calcium 
oxide to work like cement while being 
blended with water such as ground gran-
ulated blast furnace slag (GGBFS), sew-
age sludge ash (SSA) and cement kiln 
dust (CKD) (Majdi et al., 2020).

Ground granulated blast furnace slag 
(GGBFS) is a by-product produced from 
the manufacturing processes of iron in-
dustry. In terms of the chemical com-
positions, GGBFS has chemical oxides 
such as lime, aluminates and silicates 
similar to those available in the Port-
land cement but in different proportions 
(Oner & Akyuz, 2007). It was reported 

that most of mineral phases of GGBFS 
are in the glass phases making them easy 
to react with water during the hydra-
tion process (Zhao, Wang, Yan, Zhao & 
Zhang, 2016). Despite of that GGBFS 
was highly utilized in soil stabilization. 
It was confirmed by previous research 
that GGBFS in its own have low cemen-
titous reactivity. Hence, lime or OPC are 
mixed with GGBFS in order to acceler-
ate the hydration of GGBFS via activa-
tion that involves supplying enough al-
kalinity (Higgins, 2005).

Cement kiln dust (CKD) is produced 
as a by-product during cement manufac-
turing retrained in the incineration gas-
ses transferred via the kiln. The chemical 
composition of CKD consists primary of 
non-calcined and calcined raw and feed 
materials used in the processes of cement 
manufacturing in addition to fine clinker 
and rich alkali compositions (Kunal, Sid-
dique & Rajor, 2014). In spite of the fact 
that the CKD resulted from cement in-
dustry has been lowered subs-considered 
due to the utilization of new advanced 
methods in cement manufacture, the dis-
card of CKD is a considerable issues in 
term of environmental and economic as-
pects in cement industry (Wild, Kinuthia, 
Robinson & Humphreys, 1996).

Based on the literatures, there is 
a limited number of researches investi-
gated the effect of cement replacement 
using binary blending of GGBFS and 
CKD on the performance of the pro-
duced binders, particularly for the use 
in fine grained soil stabilization. In this 
research, GGBFS and CKD were incor-
porated as replacements to the conven-
tional binder (OPC). Hence, the OPC 
was replaced at different levels: 15, 30, 
45, 60 and 75%. The Atterberg limits, 
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compaction parameters, and uncon-
fined compressive strength (UCS) tests 
were employed to evaluate the produced 
mixtures and compare to the reference 
mixture (soil – 100% OPC binder). To 
understand the improvement gained in 
different soil geotechnical properties, 
the scanning electron microscopy (SEM) 
technique was utilized by examining the 
microstructure of the paste of the most 
logical mixture that exhibited a closed 
performance to the reference binder.

Materials and methods

Soil samples

The soil samples were obtained from 
the main campus of University of Baby-
lon, Babylon, Iraq. They were collected 
from a depth of about 0.5 m below natural 
ground surface. The particle size distribu-
tion curve obtained from carrying out both 
sieve and hydrometer analysis is shown in 
Figure 1. This curve shows that the main 
fraction of the soil is clay while; the silt 
falls in the second order. Table 1 recapitu-
lates some geotechnical properties of the 

soil, while the soil micrograph image ob-
tained from the SEM test. It appeared as 
flocks and platy shape particles reflecting 
the existance of clay minerals.

Binder materials

The materials used to produce the 
binders were: OPC which was obtained 
from a local factory located in Babylon 

FIGURE 1. Grain size distribution curve for obtained soil

TABLE 1. Some geotechnical properties of the 
soil

Property Unit Value
Liquid limit (LL) % 42
Plastic limit (PL) % 21.5
Plasticity index (PI) – 20.5
Sand % 11
Silt % 41
Clay % 48
Specific gravity (Gs) – 2.66
Maximum dry density 
(MDD) Mg·m–3 1.61

Optimum moisture content 
(OMC) % 21.5

Unconfined compressive 
strength (UCS) kPa 144
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Province, Iraq, ground granulated blast 
furnace slag (GGBFS); supplied from 
Hanson Heidelberg Cement Group, 
Skuthorpe, UK, and cement kiln dust 
(CKD) which was provided by local ce-
ment factory.

The chemical compositions of the 
candidate materials are listed in Table 2.
These compositions were obtained by 
conducting X-ray fluorescence (XRF) 
analysis using Shimadzu’s EDX-720 
Energy Dispersive X-Ray Fluorescence 
Spectrometer. It is important to observe 
that the percentages of calcium oxide 
CaO in GGBFS and CKD were more 
than 42% and 57% respectively, which 
are considerable values for the desired 
objective. On the other hand, the content 
of silica oxide (SiO2) available in the 
composition of GGBFS was high enough 
to be an alternative pozzolanic source of 
the replaced cement. In the same view, 
the source of alumina (Al2O3) provided 
by GGBFS and CKD surpassed that 
available in cement.

Figure 2 presents the SEM images of 
binder materials along with virgin soil in 
their powder states. The EDX Oxford In-

ca x-act detector and FEI SEM models 
Inspect S instrument was employed for 
SEM imaging using voltages accelera-
tion of 5–20 kV. For utmost image clar-
ity, a sputter cater was used to coat the 
specimen by palladium thin layer. It 
can be seen that the GGBFS appeared 
as irregular shapes, while CKD shows 
agglomerated particles. An instrument 
used laser particle size analyzer was 
employed to disclose the gradation of 
binder materials. The grain size distribu-
tion curves of OPC and the replacement 
materials used are illustrated in Figure 3. 
It can be perceived that GGBFS is finer 
than the OPC which gave an opportunity 
to make the chemical reaction faster and 
more reactive.

Laboratory program

The laboratory program involved 
three main stages: The untreated soil 
classification experiments in addition, 
the unconfined compression test (UCS) 
were carried out in the first stage. The 
second stage included the process of pre-
paring the specimens of the soil treated 
with different binder mixtures contained 
OPC, GGBFS, and CKD with different 
proportions as illustarted in Table 3. At 
this stage, Atterberg limits, compaction 
parameters, and UCS test were conduc-
ted. In all complementary mixtures, the 
strategy of replacement comprised using 
GGBFS of two folds of CKD so that the 
total replacement began with 15% from 
the total OPC. Then, the 15% was in-
creased to be 30, 45, 60 and 75%. 

Tests of Atterberg limits were made 
according to standard BS 1377-2:1990 
(British Standard Institution [BSI], 
1990a). The adopted procedure of stand-
ard Proctor compaction test matched with 

TABLE 2. The major chemical compositions of 
the candidate materials

Item OPC GGBFS CKD
CaO [%] 65.89 42.27 57.23
SiO2 [%] 24.71 41.29 16.52

Al2O3 [%] 1.71 5.14 4.2
Fe2O3 [%] 1.61 – 3.8
MgO [%] 1.32 4.06 0.8
Na2O [%] 1.36 3.13 0.23
K2O [%] 0.83 0.72 6.72
SO3 [%] 2.54 1.29 4.31
TiO2 [%] – 1.01 0.21

pH [-] 12.93 11.65 12.75



66 H. Jafer et al.

a b 

c d 

FIGURE 2. SEM magnification of (a) virgin soil, (b) OPC, (c) GGBFS and (d) CKD

FIGURE 3. Gradations of GGBSF, CKD and OPC



The development of an ecofriendly binder containing high volume... 67

standard BS 1377-4 (BSI, 1990b). Strain 
controlled triaxial testing machine with 
zero lateral stress (σ3) was employed to 
performed UCS in which the standard 
BS 1377-7 (BSI, 1990c) was adopted for 
UCS test. The samples prepared for this 
test were made at densities and moisture 
contents corresponding to maximum dry 
density and optimum moisture content 
obtained for each mixture. All speci-
mens were prepared with dimensions of 
38 and 76 mm in diameter and height re-
spectivily, then wrapped by polyethylene 
plastic film to maintain the moisture of 
soil sample while stored during the cur-
ing time.

At the third stage, and to identify 
some mechanisms of treatment along 
chemical reactions took place over cur-
ing periods, a series of scanning electron 
magnification analyses, for specimens 
of the most promising binder, after each 
curing time was performed. Same appa-
ratus and procedure mentioned in section 
2.3 were used for this purpose.

Results and discussion

Atterberg limits

The results obtained from Atterberg 
limits test for the virgin soil (US) were 
42, 21.5 and 20.5% for LL, PL, and PI 
respectively. Since the PI is greater than 
17, US is considered as a high plastic-
ity soil. The results experienced some 
increase in LL and PL in the case of RF 
specimen whereas, a noticeable reduc-
tion in PI was obtained, and the PI was 
lowered towered 13.8%. These results 
agreed with the previous studies (Al-Zou-
bi, 2008; Jafer et al., 2018b) where the 
increments in LL and PL were justified 
by the increase in the water demand nec-
essary for the cement hydration. Table 4
shows the results of Atterberg limits of 
primary and complementary mixtures. In 
the view of this table, it can be inferred 
that partially replacement of OPC by 
GGBFS and CKD induced slightly in-
creases in the values of both LL and PL 
for all mixtures tested in this study. On 

TABLE 3. Mixing procedure adopted in this project

No Replacement
[%] Mix. ID

Percentages by the total binder 
[%]

OPC GGBFS CKD
1 0 US 0 0 0
2 0 RF 100 0 0
3 15 OGC1 85 10 5
4 30 OGC2 70 20 10
5 45 OGC3 55 30 15
6 60 OGC4 40 40 20
7 75 OGC5 25 50 25
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the other hands, PI values were seeing 
to slightly increase in the case of OGC1 
and then little decrease for the other mix-
tures when compared with those of RF. 
It should be noted that the binder OGC5 
indicated the lowest value of PI (13.2) 
among all other mixtures.

Compaction parameters

Regarding the results of compaction, 
the MDD and OMC for US were 1.61 
gm·cm–3 and 20.5% respectively. Due to 
adding OPC in the case of RF mixture, 
a reduction took place in the value of 
MDD to be 1.52 gm·cm–3. Furthermore, 

a considerable growth in the value of 
OMC can be observed for RF specimen 
which became 27%. The reduction in 
MDD is due to flocculation and agglom-
eration in clay particles to make them 
coarser leading to increase the void ra-
tio (Hayano, Dong & Morikawa, 2013). 
Moreover, the formation and crystal-
lization of cementitious gel after a se-
ries of chemical reactions between soil 
minerals and OPC components formed 
needle structures which were in turn 
forms rough texture. This texture charac-
terized by void ratio greater than that in 
US and less density (Hayano et al., 2013). 
Figure 4 presents the change in MDD 
and OMC for all studied mixtures. The 
results of compaction tests also indicated 
an increase in the MDD accompanied 
with a reduction in the OMC after the in-
clusion of GGBFS and CKD particularly 
with the use of OGC1. This could be at-
tributed to the reduction in the water de-
mand due to the decrease occurred in the 
active lime after the cement replacement 
as well as the high fineness of GGBFS 
replaced the OPC in the aforementioned 

TABLE 4. Results of Atterberg limits

No Mix ID LL PL PI
1 US 42 21.5 20.5
2 RF 46.8 33 13.8
3 OGC1 46 32 14
4 OGC2 46.3 32.7 13.6
5 OGC3 47 33.6 13.4
6 OGC4 47.6 34 13.6
7 OGC5 48.4 35.2 13.2

FIGURE 4. Dry densities – moisture contents for US, RF, and all complementary mixtures
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binder (Eyo, Ng’ambi & Abbey, 2020). 
However, the values of MMD then de-
creased and OMC increased with the 
continuous increase the portion of ce-
ment replacement in the used binder as 
shown in Figure 4.

Results of UCS test

Figure 5 illustrates the outcomes of 
unconfined compressive strength tests. 
Based on the obtained results, the strength 
of US specimens was 144 kN·m–2. As 
per the UCS test results, the strength of 
treated soil after cement replacement ex-
perienced significant growth compared 
with the RF strength. The partial replace-
ment of OPC using 2 : 1 mixing propor-
tions of GGBFS and CKD succeed in 
generating the cementitious gel which 
plays the main role of strength evolu-
tion. This inference is clarified from Fig-
ure 5, where UCS developed generally 
in the same trend over curing time for 
the mixtures OGC1, OGC2, and OGC3. 
However, the strength gain demonstrat-

ed lower trends in the OGC4 and OGC5 
mixtures. This significant growth in the 
strength can be attributed to the forma-
tion of cementitious gel which bonded 
soil particles together in one side and 
crystallized more and more over time on 
the other side (Pourakbar, Asadi, Huat & 
Fasihnikoutalab, 2015; Eyo et al., 2020). 
These two mechanisms make the soil 
strength developed over curing period.

Moreover, the strength of the first 
three mixtures gained at rate higher than 
that of the other mixtures particularly at 
the short and medium term curing pe-
riods. Where, the UCS reached values 
between 1,300 and 1,281 kN·m–2 at the 
age of 28 days. At the long term curing, 
the results hovered from 1,376 to 1,350 
kN·m–2 at age of 90 days which almost 
closed to that of RF. But the results 
showed noticeable reduction particularly 
in the case OGC5 for all curing periods 
compared with RF strength. This is may 
be due to the OPC as activator became 
not enough for chemical reaction of 
GGBFS and CKD and in turns induced 

FIGURE 5. Strength developments over curing periods for all mixtures
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low creation of cementitious gel (Rah-
man, Abo-El-Enein, Aboul-Fetouh & 
Shehata, 2016; Shubbar et al., 2020).

These results of UCS indicated that 
the OPC can be replaced up to 45% by 
GGBFS and CKD (2 : 1) and got almost 
same results of strength of the soil – 100% 
OPC mixture. However, the replacement 
of OPC with 60% using the combination 
of GGBFS and CKD (OGC4) indicated 
accepted results to improve most of the 
geotechnical properties of the stabilized 
soil in this study in comparison to those 
gained from using the binder 100% 
OPC. The proper percentages of calcium 
oxide, alumina, and silica included in the 
chemical composition of GGBFS and 
CKD gave appropriateness to partial ex-
change the OPC.

SEM analysis results

Figure 6 presents the results of mi-
croscopic analysis and images of SEM 
of 45% replacement mixture (OGC3) 
after 6 periods of curing; 1, 3, 7, 28, 52, 
and 90 days. The analysis pursued the 
products of chemical reaction results 
over the mentioned curing periods. The 
reaction in the short term (in the first 
day up to 7 days) produced a texture of 
needle like shape which belongs to et-
tringite material. Hexagonal shape par-
ticles can be detected in the mentioned 
ages of reaction which were Portlandite 
production (CH). In addition, at 3 and 7 
days of curing, calcium silicate hydrate 
(C-S-H) can be observed which is the es-
sential cementitious gel responsible for 
binding the soil particles to each other 
and strengthen the whole mass of soil. 
The formation of these materials reflects 
the reactivity of the proposed materials 
(CKD and GGBSF) to produce the de-

sired cement characteristics (Sadique, 
Al-Nageim, Atherton, Seton & Demp-
ster, 2013). At the medium age of curing, 
the Ettringite and CH disappeared under 
SEM microscope which revealed that 
they were consumed in chemical reac-
tions at this age to produce more C-S-H 
gel to be the only materials covered the 
scene. Similar findings were reported by 
Jha and Sivapullaiah (2015) and Shubbar 
et al. (2020). Finally, the long term aging 
(52 and 90 days of curing) showed that 
the C-S-H gel began to get high crys-
tallization so that it became solid and 
very dense matrix. The formation of this 
dense crystal matrix explains the gain of 
compressive strength of soil – cement 
mixture along the curing periods.

Conclusions

In view of previous results, the fol-
lowing conclusions can be extracted:

The plasticity index decreased sig-
nificantly when adding 9.0% OPC 
compared with untreated soil. Ce-
ment replacement using GGBFS and 
CKD as waste materials can give 
relatively same reduction in plastic-
ity of soil.
A reduction in maximum dry den-
sity and increment in optimum mois-
ture content were experienced in the 
treated soil by OPC and similar trend 
of results was found in the mixtures 
where replacement was made.
The outcomes of strength evolution 
showed that the strength of OGC1, 
OGC2, and OGC3 mixtures gained 
at a rate higher than that of OGC4 
and OGC5 particularly at the short 
and medium term of curing periods. 

–

–

–
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FIGURE 6. SEM microphotographs of binder paste containing 45% cement replacement
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Furthermore, the first three mixtures 
got strength values close to that of 
RF specimen even in the long term 
curing.
The SEM microscopic analysis re-
sults of 45% replacement binder 
showed that formation of needle like 
shape of Ettringite production and 
plate like shape of Portlandite for-
mation at the short term curing (1–7 
days). The formation of calcium 
silicate hydrate (C-S-H) can be ob-
served at this age as well. At the me-
dium and long term curing time, the 
images of SEM presented the only 
C-S-H formation and absence of 
CH and Etringite reflected dramatic 
changes in the microstructure of the 
hydrated paste of the tested binder 
along the time of curing. Moreover 
SEM images indicated that the C-S-
-H got more and more crystallisation 
over time.
Finally, the outcomes of this study 
revealed that GGBFS and CKD can 
comfortably be used for cement re-
placement at levels between 45 and 
60% with grantee results close to 
those that could be obtained from the 
conventional binder; cement.
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Summary

The development of an ecofriendly 
binder containing high volume of cement 
replacement by incorporating two by-
-product materials for the use in soil stabi-
lization. The development of an ecofriendly 
binder containing high volume of cement 
replacement by incorporating two waste ma-
terials for the use in soil stabilization. This 
paper investigates the possibility of replac-
ing ordinary Portland cement (OPC) by two 
waste and by-product materials for the use of 
a silty clay soil stabilization purpose. The soil 
was treated by 9.0% OPC where this mixture 
was used as a reference for all tests. Two by-
-product materials: ground granulated blast 
furnace slag and cement kiln dust were used 
as replacement materials. Consistency lim-
its, compaction and unconfined compression 
strength (UCS) tests were conducted. Scan-
ning electron microscopy (SEM) analysis 
was carried out for the proposed binder to 
investigate the reaction of products over cur-
ing time. Seven curing periods were adopted 
for all mixtures; 1, 3, 7, 14, 28, 52, and 90 
days. The results showed that the strength 
development over curing periods after ce-

ment replacement up to 45–60% was closed 
to those of the reference specimens. The 
microphotographs of SEM analysis showed 
that the formation of Ettringite and Portladite 
as well as to calcium silicate hydrate gel was 
obvious at curing periods longer than 7 days 
reflected that the replacing materials succeed 
to produce the main products necessary for 
binder formation.
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Key words: technical properties, traditional 
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Introduction

The matter of ecology of urbanised 
areas appeared in the 1970s, but recently 
the interest in the issue has consider-
ably increased. Currently, the subject of 
scientific and social consideration is at-
mospheric air pollution associated with 
so-called low emissions. Concrete is 
a building material that predominantly 
shapes the urban landscape. Increas-
ingly, it is also replacing asphalt used on 
road surfaces. Concrete paving stones 
are used on lower-ranking roads and pe-
destrian traffic routes. According to Łój 
(2007), cement is responsible for most of 
the properties of concrete. At the begin-
ning of the 2000s, the cement developed 
by the HeidelbergCement Group called 
TioCem® was launched on the market. 
The product is characterized by pho-

tocatalytic properties owing to the use 
of nanometric titanium dioxide (TiO2), 
which affects the removal of harmful 
compounds from the air and self-clean-
ing of concrete (Bolte, 2005; Sokołowski 
& Dziuk, 2008; Sokołowski, Kaczmarek 
& Szerszeń, 2010).

There are many examples of research 
on TioCem® cement itself (initial setting 
time, end of setting time, compressive 
strength after 2 and 28 days) and prod-
ucts based on it (Brylicki, 2004; Grupa 
Górażdże, n.d.; Sokołowski, 2008; 
Sokołowski & Dziuk, 2008; Sokołowski 
& Kaczmarek, 2009; Lucas, Ferreira & 
Barroso de Aguiar, 2013; Langier & Pie-
trzak, 2017). The research is focused on 
reducing pollution (Bolte, Dienemann 
& Smolik, 2008; Sokołowski & Dziuk, 
2008; Giergiczny & Sokołowski, 2009). 
Unfortunately, there are not many tests 
carried out on materials that have been 
exploited. Most amount to foreign ex-
amples from Germany, the United King-
dom or Italy (Ente Italiano di Normazi-
one [UNI], 2007; Sokołowski, 2008; 
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Sokołowski, 2010; Jackiewicz-Rek, 
2019). There is a need to check not only 
reduction of pollution over time, but 
also technical properties of the paving 
blocks.

The aim of the analysis

The aim of the research is to deter-
mine the main technical characteristics, 
i.e. absorbability, frost resistance, abra-
sion and splitting tensile strength con-
crete materials used for walking and 
driving routes in cities. The aim of the 
analysis is to compare the results ob-
tained for traditional and photocatalytic 
paving stones. In addition, an attempt has 
been made to determine whether atmos-
pheric conditions and air pollution affect 
the characteristics of these products.

The analysis was based on the provi-
sions of the PN-EN 1338:2005 standard 
(Polski Komitet Normalizacyjny [PKN], 
2005) and the requirements for concrete 
paving stones.

Material and methods

It was assumed that test material 
would be prefabricated paving blocks. 
The choice of the material for analyses 
was primarily dictated by various air 
pollution reduction properties of selec-
ted products. They were finally selected 
for the research:

rectangular concrete pavement block 
Mini Trio by Libet from the Mono-
color line with nominal area dimen-
sions of 9 × 18 cm and thickness of 
6 cm in anthracite colour, made of 
unreinforced concrete using the 

–

vibro-press method, composed of an 
abrasive layer with minimum thick-
ness of 5 mm and a construction 
layer, used according to the manu-
facturer, among others for: private 
properties, public space, terraces, 
pavements, alleyways, garden paths, 
passages, squares, footpaths with 
a possibility of entry up to 3.5 t and 
car parks and driveways with light 
traffic up to 3.5 t;
rectangular concrete pavement 
block HOLLAND by ZIEL-BRUK 
with nominal surface dimensions of 
10 × 20 cm and thickness of 6 cm in 
graphite, made in TX Active® tech-
nology with the use of TioCem® ce-
ment, according to the manufacturer 
it is used both on private properties, 
on pavements and municipal car 
parks, as well as on surfaces of in-
dustrial facilities.
The research material described 

above was divided into two parts. Half 
of the paving blocks were stored under 
laboratory conditions, while the second 
half was exposed to weather conditions 
and pollution between December 2018 
and March 2019 being stored near the 
S8 expressway at the Radzymin South 
junction.

Laboratory tests were carried out in 
a construction laboratory of the Faculty 
of Civil and Environmental Engineering 
of the Warsaw University of Life Sci-
ences – SGGW. The absorbency test of 
concrete paving stones was carried out in 
accordance with the PN-EN 1338:2005 
standard. Samples were cleaned with 
a brush at the temperature of 20°C and 
then immersed in a vessel filled with 
drinking water at 20°C until mass M1 
was determined. The period of immer-

–
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sion of samples lasted for 7 days. After 
that two successive weighting rounds 
were carried out, within an interval of 
24 h. The result of weighting between 
the above mentioned rounds showed no 
difference of more than 0.1%. In order to 
remove excess water, surface of samples 
was cleaned with a damp cloth before 
each weighing. Then the samples were 
placed in a dryer and dried at 105°C un-
til constant mass M2 was obtained. The 
samples were cooled to room tempera-
ture before each weighing.

Test of frost resistance of concrete 
paving stones was carried out in ac-
cordance with Annex N of the PN-B-
-06256:2018-10 standard (PKN, 2018). 
All samples were saturated with water 
until constant mass was obtained. For 
10 days the samples were placed in 
a vessel filled with water at 18°C. The 
ones intended for freezing were wiped 
and placed in a freezing chamber. Freez-
ing took place at –18°C. Each freezing 
period of samples lasted for 5 h, while 
the thawing period of samples immersed 
in water at 18°C lasted for 3 h. The study 
included 25 freeze–thaw cycles.

Abrasion measurement was per-
formed in accordance with Annex H 
of the PN-EN 1338:2005 standard. 
The study was carried out on Boehme 
shield. Square cubes with side length of 
71.0 ±1.5 mm were used for the test. 
The samples were dried at 105°C before 
testing to constant weight. The samples 
were loaded with force of 294 N and 
tested in 16 cycles, each of which con-
sisted of 22 rotations. The abrasiveness 
was measured by volume loss according 
to the PN-EN 1338:2005 standard.

Measurement of the splitting tensile 
strength of concrete paving stones was 

carried out in accordance with Annex 
F of the PN-EN 1338:2005 standard. 
The test was carried out with the use of 
a testing machine type ZD 40 and wash-
ers with width of 15 mm and thickness of 
4 mm. Before the beginning of the test, 
the samples were immersed in water at 
20°C for 24 h, then dried and immedia-
tely tested. Correction factor for concrete 
paving blocks amounted to t = 60 mm, 
thickness added up to k = 0.87.

Results

The above-described tests were car-
ried out in March 2019. Preparation of 
the samples for the absorption test was 
carried out by systematic pouring of wa-
ter in a cuvette, after maximum water 
saturation. The samples were graded and 
then dried in a dryer (Fig. 1). The ob-
tained results are presented in Table 1.

The frost resistance tests were car-
ried out with the use of a chamber 
(Fig. 2), in which 25 cycles of freezing 
and defrosting of the samples were per-
formed. The obtained results are present-
ed in Table 2.

The abrasion process was carried out 
on a Boehme disc (Fig. 3). The samples 
prepared in accordance with the stand-
ard were successively subjected to abra-
sion cycles. After each completed cycle, 
shields were cleaned, corundum was 
poured again and sample was rotated 
90°. Each sample was measured along 
straight lines perpendicular to adopted 
base and weighted. Loss of height was 
given as the arithmetic mean height 
measured at assumed points. The results 
of the test and of the measurement of 
abrasion are presented in Table 3.
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Splitting tensile strength was tested 
on five specimens from each test group 
prepared in accordance with the require-
ments. The results of the breaking load 
and strength T are shown in Table 4 and 
the failure moment and appearance of 
the sample after the test are shown in 
Figure 4.

FIGURE 1. Stages of absorption testing – saturating samples, drying of samples (own photo)

TABLE 1. The results of measurements of water absorption (own study)

Sample

Initial 
sample 
weight

[kg]

Final 
sample 
weight

[kg]

Water 
absorption

[%]
Sample

Initial 
sample 
weight

[kg]

Final 
sample 
weight

[kg]

Water 
absorption

[%]

Traditional paving stones
stored in laboratory conditions stored near the S8 expressway

1 2.149 2.099 2.38 21 2.166 2.100 3.14
2 2.206 2.160 2.13 22 2.180 2.115 3.07
3 2.169 2.121 2.26 23 2.167 2.096 3.39

Photocatalytic paving stones
stored in laboratory conditions stored near the S8 expressway

11 2.572 2.498 2.96 31 2.594 2.504 3.59
12 2.507 2.430 3.17 32 2.613 2.518 3.77
13 2.490 2.415 3.11 33 2.566 2.468 3.97

FIGURE 2. Frost resistance test chamber (own 
photo)
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Discussion of the results

The comparative analysis boiled 
down to presenting the differences in the 
results of the examined properties in two 

directions: between different types of 
paving stones (traditional and photocata-
lytic) and between paving stones stored 
under different conditions (stabilized in 
the laboratory and exposed to weather 

TABLE 2. Weight loss after testing for frost resistance of paving stones (own study)

Sample

Weight of the sample before their 
first freezing, in a state of saturation 

with water
[g]

Weight of samples after their last 
thawing, in a state of saturation 

with water
[g]

Weight loss 
after the test 

[%]

Traditional paving stones stored in laboratory conditions
1 2 202 2 176 1.19
2 2 263 2 240 1.02
3 2 220 2 196 1.09

Traditional paving stones stored near the S8 expressway
21 2 200 2 178 1.01
22 2 215 2 193 1.00
23 2 200 2 178 1.00

Photocatalytic paving stones stored in laboratory conditions
11 2 633 2 532 3.99
12 2 583 2 547 1.41
13 2 606 2 572 1.32

Photocatalytic paving stones stored near the S8 expressway
31 2 632 2 608 0.92
32 2 655 2 629 0.99
33 2 603 2 582 0.81

FIGURE 3. Abrasion test on the Boehme disk, sample before and after the test (own photo)
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TABLE 3. Loss of weight, height and volume after 16 wear cycles of paving stones (own study)

Sample 
Average height 

loss (Δh)
[mm]

Loss of weight 
after 16 wear 
cycles (Δm)

[g]

Density (ρ)
[g·mm–3]

Loss of volume 
after 16 wear 
cycles (ΔV)

[mm3]

Loss of volume 
after 16 wear 
cycles (ΔV)

[cm3]

Traditional paving stones stored in laboratory conditions

7 A 2.12 22 0.002288 9 615.38 9.62

7 B 1.77 20 0.002288 8 741.26 8.74

10 A 2.28 23 0.002297 10 013.06 10.01

10 B 2.17 25 0.002297 10 883.76 10.88

Traditional paving stones stored near the S8 expressway

28 A 2.41 23 0.002294 10 026.16 10.03

28 B 2.47 24 0.002294 10 462.07 10.46

30 A 1.53 17 0.002313 7 349.76 7.35

30 B 1.57 18 0.002313 7 782.10 7.78

Photocatalytic paving stones stored in laboratory conditions

18 A 1.16 13 0.002202 5 903.72 5.90

18 B 1.22 14 0.002202 6 357.86 6.36

19 A 1.89 16 0.002243 7 133.30 7.13

19 B 1.62 16 0.002243 7 133.30 7.13

Photocatalytic paving stones stored near the S8 expressway

36 A 1.16 14 0.002284 6 129.60 6.13

36 B 1.46 16 0.002284 7 005.25 7.01

39 A 1.21 13 0.002268 5 731.92 5.73

39 B 1.16 12 0.002268 5 291.01 5.29

TABLE 4. Results of the measurement of characteristic tensile strength at splitting (own study)

Sample Destructive force (P)
[N]

Cracking surface (S)
[mm2]

Correction
factor (k)

[-]

Splitting tensile
strength (T)

[MPa]

Traditional paving stones stored in laboratory conditions
4 66 000 10 426

0.87

3.51
5 100 000 10 603 5.23
6 85 000 10 541 4.47
8 120 000 10 634 6.25
9 80 000 10 525 4.21
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conditions and pollution). Additionally, 
the obtained results were confronted with 
the standard requirements (Table 5).

It can be observed that no sam-
ple of paving stones exceeded the 6% 
limit value. Traditional paving stones 

TABLE 4 cont.

Sample Destructive force (P)
[N]

Cracking surface (S)
[mm2]

Correction
factor (k)

[-]

Splitting tensile
strength (T)

[MPa]
Traditional paving stones stored near the S8 expressway

24 92 000 10 603

0.87

4.81
25 117 000 10 642 6.09
26 120 000 10 698 6.22
27 112 000 10 609 5.85
29 84 000 10 540 4.42

Photocatalytic paving stones stored in laboratory conditions
14 96 000 11 787

0.87

4.51
15 94 000 11 644 4.47
16 110 000 11 919 5.11
17 93 000 11 641 4.43
20 95 000 11 769 4.47

Photocatalytic paving stones stored near the S8 expressway
34 108 000 11 847

0.87

5.05
35 116 000 11 872 5.41
37 109 000 11 850 5.10
38 102 000 11 810 4.79
40 115 000 11 870 5.37

FIGURE 4. Tensile strength cracking test, sample of traditional and photocatalytic cubes after the test 
(own photo)
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achieved the minimum of absorbability, 
both for samples stored in the laboratory 
and along the S8 route. It should also be 
stressed that the samples stored by the 
expressway were slightly more absorb-
ent than those stored in the laboratory. 
This may be due to atmospheric factors, 
mainly low temperatures and precipita-
tion. The frost resistance test of concrete 
paving stones, carried out in accordance 
with the PN-B-06265:2018-10 standard 
for concrete, may be a sure proof of that. 
This was due to the fact that it was not 
possible to carry out the test by the meth-
od of determining resistance to freeze/
/thawing with de-icing salt recommended 
by the PN-EN 1338:2005 standard. The 
analysis of the data from Tables 2 and 5 
shows that there has been a loss of mass, 
which may result in greater absorbabil-
ity. Regardless of the type and place of 
storage of the cubes, the loss in mass is 
1%, which is negligible in relation to the 
allowed 5%.

The wear resistance of paving blocks 
according to the standard for class 4 should 
be less than 18 cm3 per 50 cm3 sample. For 
all samples the loss in volume shall not 
exceed the maximum value. Interestingly, 
samples exposed to weathering show less 
volume loss after 16 abrasion cycles than 
samples from the laboratory. The weight 
of the samples of traditional paving stones 
after 16 test cycles decreases on average 
by 22 g, while that of photocatalytic pav-
ing stones by 14 g.

With regard to the tensile strength 
at splitting, the test material met the 
standard expectations. In all types of the 
samples the average strength was greater 
than 3.6 MPa and no single result was 
less than 2.9 MPa. The average break-
ing load was twice as high as the mini-
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mum required by the PN-EN 1338:2005 
standard. The strength of traditional pav-
ing stones and of photocatalytic paving 
stones were very similar.

The studies carried out and, above 
all, the obtained results confirmed the 
views expressed so far. Compared to 
the tests carried out by Sokołowski 
(2010), slightly less absorbability, bet-
ter abrasiveness, but also less destructive 
load was obtained when testing tensile 
strength in splitting. Similarly, in com-
parison with the experimental results 
presented by Adamus, Janic and Pietrzak 
(2016), also the absorbability of the ana-
lysed subjects was about 1.5% lower, 
and the weight loss after frost resist-
ance testing was about 0.5% lower. The 
authors did not check abrasiveness and 
tensile strength at splitting in these tests. 
It should be stressed that research on 
real material, not experimental material, 
produced better results. This shows that 
current manufacturers of paving blocks, 
including those using TioCem® cement, 

try to meet the conditions for such prod-
ucts at a high level.

Conclusions

On the basis of the carried out re-
search synthetic conclusions can be 
drawn:

traditional paving stones in the abra-
sion test were characterized by a 
higher volume loss than photocata-
lytic paving stones about 32%;
based on the average values of split 
tensile strength, slight increase in the 
values of strength of the samples used 
in the vicinity of the S8 expressway 
can be observed compared to paving 
blocks stored in the laboratory con-
ditions, regardless of their type;
the frost resistance of traditional and 
photocatalytic paving stones is at 
comparable level, oscillating around 
1% weight loss after 25 freeze–thaw 
cycles;

–

–

–

FIGURE 5. Summary of test results depending on the type of paving blocks and their storage method 
(own study)
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the absorbability of the samples that 
were exposed to weather and pollu-
tion between December 2018 and 
March 2019 increased by about 1% 
in comparison to the test material 
stored in the laboratory.
Environmental problems contrib-

uted to the creation of a modern product 
containing nanometric titanium dioxide 
with photocatalytic properties that re-
duce harmful substances present in the 
air and have self-cleaning properties. 
The production technology of photocata-
lytic products is identical to the standard 
version of the products. TX Active® 
production technology is definitely the 
technology of the future. The aim of the 
article, which was to compare selected 
properties of traditional paving stones 
and photocatalytic paving stones, was 
achieved. The laboratory tests show that 
in analogous storage methods photocata-
lytic paving blocks slightly exceed the 
properties of traditional paving blocks. 
Therefore, it can be assumed that, tak-
ing into account the additional properties 
of pollution reduction and self-cleaning, 
photocatalytic paving block will replace 
the traditional one as walking and driv-
ing on roads material.
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Summary

Comparative analysis of selected fea-
tures of traditional and photocatalytical 
paving stones. Nature friendly technologies 
in today’s world are the subject of scientific 
research and the interest of local authorities 
and the residents themselves. In the context 
of the city, one of the most important issues 
is the neutralization of air pollution generated 
by transport and heating of the premises with 
the use of solid fuels. The article analyses 
differences of the response of traditional and 
photocatalytic paving stones. We analysed 
water absorption, frost resistance, tensile 
strength at splitting and abrasion of paving 
stones. It has been proved that paving stones 
exposed to atmospheric factors and pollution 
during one heating season met the assumed 
quality criteria. In addition, the results ob-
tained for the characteristics analysed were 
higher than the results of samples tested in 
laboratory conditions. The results also in-
dicate a slight advantage of photocatalytic 
cubes in terms of their resistance to abrasion 
and tensile strength at splitting. Traditional 
and photocatalytic paving stones withstand 
well the operating conditions. It seems that 
products based on TioCem® cement are the 
future implementation of pedestrian and traf-
fic routes.
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Introduction

The environment of the planet of 
Earth is deteriorating severely nowadays 
because of the increase in human ac-
tivities, including industries and agricul-
ture, which results in the production of 
enormous gaseous and liquid pollutants 
(Grmasha, Al-Sareji, Salman, Hashim 
& Jasim, 2020; Zubaidi et al., 2020). 
For example, the cement industry pol-
lutes the air with a wide range of gases 
and particulates (Kadhim, Sadique, Al-
-Mufti & Hashim, 2020) that led to glo-
bal warming (Salah, Abdulkareem et al., 
2020; Zubaidi, Al-Bugharbee, Muhsin, 
Hashim & Alkhaddar, 2020) and climate 
change (Salah, Ortega-Martorell et al., 
2020). However, water sources are se-
verely polluted due to the recent growth 
in industrial activities, where several 
contaminants, including petroleum hy-
drocarbons, have polluted many water 

bodies from various industries, such as 
textile, petroleum, and fertilizers indus-
tries (Hashim, Al-Saati, Hussein & Al-
-Saati, 2018; Omran et al., 2019). Ben-
zene is the commonest compound used 
for fractions of petroleum in a number 
of applications, such as raw materials 
in a number of industries and solvents 
in a number of industrial processes 
(Bakather, 2020); nevertheless, benzene 
is a toxic groundwater pollutant that has 
adverse impacts on the environment and 
hence endangers on the health of human. 
Based on the reports of the U.S. Environ-
mental Protection Agency (EPA), ben-
zene does not exceed 5 μg·L–1. There-
fore, safe, effective methods are needed 
to remove benzene from water. Benzene 
and organic matter were removed from 
water by a number of methods as wet air 
oxidation, photocatalytic degradation, 
and adsorption (Elsayed et al., 2017; 
Alquzweeni & Alkizwini, 2020). Ad-
sorption is one of the areas of surface 
chemistry that relies on the aggregation 
of contaminants called adsorbates on the 
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surface of adsorbents (Bakather, 2020). 
The literature demonstrates that adsorp-
tion is the most powerful and widespread 
way to remove water contaminants, 
such as electro-chemical methods (Mo-
hammed et al., 2020; Abdulhadi et al., 
2021; Hashim, Shaw, AlKhaddar, Kot & 
Al-Shamma’a, 2021), coagulation and 
electrocoagulation (Aqeel et al., 2020; 
Emamjomeh, Kakavand et al., 2020; 
Emamjomeh, Mousazadeh et al., 2020; 
Hashim, Kot et al., 2020), and hybrid 
methods (Alnaimi et al., 2020; Al-Marri 
et al., 2020; Zanki et al., 2020). Several 
adsorbents were used adsorb benzene 
and components from water, including 
beer bran (Legrouri et al., 2018), raw 
and thermally modified lignite (Aivali-
oti, Pothoulaki, Papoulias & Gidarakas, 
2012; Abdulla et al., 2020), and acti-
vated carbon (Perrich, 2018; Alyafei et 
al., 2020), and zeolite (Alenezi et al., 
2020; Alhendal et al., 2020), natural 
adsorbents (Abdulraheem et al., 2020; 
Alenazi et al., 2020), and industrial by-
products (Hashim, Ewadh et al., 2020). 
However, various waste materials (e.g. 
biomass and sewage of sludge) were 
effectively used to minimize the cost 
of processing nanoporous carbon and 
controlling the accumulation of atmos-
pheric waste materials (Abdulraheem et 
al., 2020). Adsorption may, therefore, be 
used to remove aromatic compounds dis-
solved in water. With the current trend of 
using methods that minimize losses and 
are sufficiently efficient, research has 
been conducted to evaluate the use of 
waste or by-products, in particular those 
generated by industrial processes among 
the various solid wastes. The prospect of 
using construction by-products (from the 
demolition process) as adsorbents would 

be a significant point for the present study 
to assess how suitable it is for removing 
benzene from aqueous solutions.

Materials and methods

Adsorbent and contaminant

The building materials waste from 
bricks used in this study has been col-
lected and grinded, and then in the oven, 
drying is done for 24 h at 80°C. The 
powder was placed in a container for fur-
ther use. Distilled water is polluted with 
refined benzene (C6H6) at room temper-
ature (purity > 99.5%, produced at a spe-
cific concentration by Sinopharm Chem-
ical Reagent Co., Ltd.). This benzene’s 
physical properties are 1,750 mg·L–1 
water solubility, 0.88 specific gravity, 
and 35 dynes per 1 cm interfacial tension 
(Elsayed et al., 2017).

Characterization of building material 
waste

Figure 1 shows the results of X-ray 
diffraction, which indicates that O–H 
ranges from 3,700 to 3,000 cm–1. The 
very strong and sharp band appearing 
at 3,644 cm–1 corresponds to calcium 
hydroxide stretching vibrations. The 
C–H stretching bands measure 3,300–
–2,800 cm–1. In water solution, how-
ever, the C–H vibration frequency is 
much lower than in non-polar solution. 
Extending vibration frequencies be-
tween hydrogen and other heteroatoms 
are 2,600–2,000 cm–1, including 2,250–
–2,100 cm–1 Si–H. Regions from 1,300 
to 910 cm–1 also have skeleton C–O and 
C–C a contribution to vibration, provid-
ing additional molecular structural de-
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tails relevant to higher frequency regions. 
Bands between 450 and 600 cm–1 are 
typical features of oxides not detected as 
major constituents. Due to the complex 
structure of building material waste, ad-
ditional structural knowledge from this 
spectrum area is very difficult to obtain, 
as the bands characteristic of the various 
components overlap.

Batch experimental study

It is put in place to get the afore-
mentioned single benzene equilibrium 
and kinetic data with prepared sorbents. 
This data will define the best-operating 
conditions such as initial pH, sorbent 
dose, and shaking speed for some ini-
tial concentration (Co) that achieves the 
high performance of the process of treat-
ment. Batch experiments are required for 
preparing a series of 250 mL flasks, and 
100 mL of the contaminated water must 
be put in every flask with an initial 
300 ppm concentration. Different 
doses of sorbent were applied and the 
flasks were kept agitated for 180 min at 
250 rpm. Then each flask solution was 
filtered to isolate the water from the solid 
particles. High-performance liquid chro-
matography can be used to calculate the 

residual concentration (Ce) of benzene 
in the supernatant (HPLC, Shimadzu 
2010 Japan). The principle of mass bal-
ance can be applied to locate the con-
taminant sorbed quantity per unit mass 
of the sorbent. Sorption analysis with pH 
levels of 3.0–7.0, contact time of 0–180 
min and finally Co at 300–700 mg·L–1 
was performed. The amounts of pollut-
ants sorbed onto the sorbent (qe) have 
been calculated for the best conditions as 
follows:

 (1)

where:
V – volume of water in a flask [L],
m – sorbent mass in a flask [g].

The adsorption isotherm is plotted 
between calculated qe and Ce.

Equilibrium sorption process 
models

The model of sorption is the relation-
ship between the quantities of the chemi-
cals sorbed on solids (qe mg·g–1) and fi-
nal concentrations of the compound (Ce 
mg·L–1). At a certain temperature and 

FIGURE 1. XRD and FTIR analysis for natural building material waste 
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pH values were determined; however, 
several isothermal models, including 
Freundlich and Langmuir, were fitted.

Freundlich model

The present model may cover mul-
tilayer sorption and heterogeneous sur-
faces but may, generally, be the follow-
ing (Alquzweeni & Alkizwini, 2020):

 (2)

where:
KF – maximum quantities of contami-
nant sorbed on reactive material,
1/n (< 1) – indicated by the intensity of 
the sorption.

Langmuir model

Langmuir developed the following 
relationship for monolayer sorption and 
homogeneous surfaces (Alquzweeni & 
Alkizwini, 2020):

 (3)

where:
qmax – maximum capacity of adsorption 
[mg·g–1],
b – intensity of contaminants to the solid 
phase.

Kinetic models

For the design of the appropriate 
sorption process, the rate of transfer is 
used from the watery to the solid phase. 
The following kinetic models predict 
this rate:

Pseudo-first order model

It has a formula to explain sorption 
rates as a function of time (Alquzweeni 
& Alkizwini, 2020):

 (4)

By applying qt = qe at t = t and qt = 0 
at t = 0, Eq. (2) is integrated to produce 
the following model:

 

 (5)
where:
qt, qe – amounts of contaminant sorbed 
on the solid matrix in time t [mg·g–1],
t – time of equilibrium [min],
k1 – rate constant [min–1].

Pseudo-second order model

The same energy of sorption for un-
interacted sorbents and sorbed chemi-
cal species, as well as the contaminant’s 
monolayer attached to the sorbent sur-
face, are the general assumptions to 
guide this model as in Eq. (4):

 (6)

where:
k2 – rate constant [g·mg–1·min–1].

Eq. (5) is integrated under the same 
conditions as the previous model, and the 
equation will take the forms in Eq. (5):

(7)
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Results and discussion

Effect of adsorbent dosage

The adsorbent dose effect on the ad-
sorption of a fixed benzene concentra-
tion is shown in Figure 2a. As the sol-
vent dose increased over the range of 
0.4–2.4 g per 100 mL, the percentage of 
benzene sorbent increased reached 98%. 
The number of available adsorption sites 
increases by raising the adsorbent dose, 
which increases the removal efficiency 
(Alquzweeni & Alkizwini, 2020). High-
er adsorption with the sorbent dose may 
also be due to increased surface area. 
These frequent findings with Langmuir’s 
theories that the adsorbent particle is in-
creasingly compatible with organic ma-
terial with a growing amount of adsorb-
ent particles per unit volume.

Effect of the time of contact

Determining the time of contact 
needed to achieve an equilibrium status 
takes into account the possible point of 
the batch study. Accordingly, as a func-
tion of the time of contact, the sorption 
of benzene on sorbents was controlled, 
and results were plotted in Figure 2b. 
Operational conditions include Co, agi-
tation rate of 300 ppm, and 250 rpm, re-
spectively, adsorbent dose of 1.2 g added 
at room temperature to 100 mL of pol-
luted water. Figure 2b shows that the 
removal will increase in the early times 
of the rapid rate significantly with the 
contact time, and this rate slows after ap-
proximately 150 min. The explanation 
for slower sorption may be the decline 
in vacant sites for adopting sorbent. Ki-
netic data shows that 1 h is sufficient for 

benzene removal. After this equilibrium 
period, there is no noticeable shift in the 
final concentration up to 180 min (Faisal 
& Naji, 2019).

Effect of initial pH

Effects of the initial pH on ben-
zene’s adsorption by the adsorbent were 
measured at a pH range of 3.0–7.0. As 
shown in Figure 2b, the pH influences 
significantly on adsorption of benzene 
by the adsorbent of 3–6. This means the 
adsorbent has absorbed benzene. It can 
be shown that the adsorbent’s adsorption 
capacity decreased rapidly to pH 7.0. It 
can decrease the driving force of ben-
zene, including the force of van der Waal 
to the adsorbent’s active sites.

Effect of initial benzene concentration

The effect of the initial concentra-
tion on benzene’s sorption efficiency 
within the range of 300–700 mg·L–1 has 
been investigated. Figures 2c showed 
that the removal efficiencies of benzene 
on a sorbent at (pH 7.0) decreased from 
(> 90%) to lower values (> 50%) as a re-
sult of an increase in the Co within the 
range described. The primary explana-
tion for this activity may be the presence 
of sufficient sites to absorb even more 
benzene from an aqueous solution. The 
benzene present in the solution is capa-
ble of interacting with lower concentra-
tions of vacant binding sites and, there-
fore, has been high intake performance 
relative to higher rates. Thus, the treat-
ment yield can be improved by diluting 
the water polluted with high benzene 
concentrations.
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FIGURE 2. The relationship between benzene removal efficiency: a – dose of the adsorbent; b – time 
of contact, initial pH; c – initial concentration

a 

b  

c  
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Kinetic and isotherm analysis

Figure 3 shows the pseudo-first, sec-
ond-order, and Weber–Morris models that 
are fitted with kinetic data. For this reason, 
Microsoft Excel 2016 used the nonlinear 
regression approach to find the models’ 
constants. The benzene sorption is compat-
ible with (pseudo-first order kinetic) mod-
el. This indicates that physical sorption is 
the primary Sorption mechanism under 
consideration (Alquzweeni & Alkizwini, 
2020). Sorption mechanisms are difficult 
to characterize based on the previously 
described kinetic models. This function 
was thus performed based on (intra-parti-
cle diffusion) model concepts. As shown 
in Eq. (8), the model would be represent-
ed empirically where the sorbed quantity 
changing as a function of t0.5 instead of t.

 (8)

where:
ki – constant rate of stage i [mg·g–1·h–0.5],
and is equal to the related slope of qt to 
t0.5.

The intercept for stage i is also ex-
pressed by the value of ci and reflects the 
boundary layer’s thickness. This implies 
the greater boundary layer effect can be 
recognized with the greater intercept 
value. The intra-particle diffusion oc-
curs if the relationship is associate lin-
early between qt and t0.5. If the linear 
plot passes through the origin, the rate-
-limiting mechanism is defined as the 
only intra-particle diffusion. Otherwise, 
other processes of intra-particle diffu-
sion must be considered. The adsorption 
mechanism is usually considered to in-
clude: (i) the mass transfer of adsorbents 
from bulk to the particulate surface, (ii) 

surface adsorption, finally (iii) intra-par-
ticle diffusion of the adsorbed molecules 
to an adsorption site through a pore dif-
fusion and/or surface diffusion mecha-
nism. Step (ii) is always presumed to be 
extremely fast; hence the adsorption of 
large molecules with long periods of con-
tact to equilibrium is often considered to 
be regulated by diffusion through exter-
nal film resistance and/or internal mass 
transfer of diffusion or intra-particle dif-
fusion. A classical method for evaluating 
whether intra-particle diffusion regulates 
an adsorption mechanism is to plot the 
amount adsorbed versus the square root 
of time (t0.5); when the plot is linear and 
passes through the origin, it implies that 
the adsorption rate is regulated by intra-
-particle diffusion. So, Figure 3 shows 
the amount of benzene adsorbed for the 
adsorbents as a function of t0.5. It can 
be shown that the experimental data are 
satisfactorily fitted by the intra-particle 
diffusion model, obtaining a linear sec-
tion that does not pass through the ori-
gin, suggesting that benzene adsorption 
on these adsorbents is not controlled by 
intra-particle diffusion. Sorption tests 
are carried out for various concentra-
tions under conditions of pH 7.0, dose =
= 1.2 g per 100 mL, speed of 250 rpm, 
and contact time of 3 h. Freundlich and 
Langmuir isotherms are shown graphi-
cally in Figure 3, and the table lists their 
constants, which were determined us-
ing non-linear fitting of these models 
with sorption measurements using the 
Microsoft Excel 2016 Solver option 
(Alquzweeni & Alkizwini, 2020). Based 
on Figure 3 and determination coefficient 
(R2) in the table, in the definition of sorp-
tion measurements, Freundlich model is 
better than Langmuir one.
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a 

b 

c 

FIGURE 3. Experimental data on sorption fitted with (a) pseudo-first, pseudo-second order models, (b) 
intra-particle diffusion model, and (c) the isotherm models for the benzene’s sorption
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Conclusion

This has been researched the possi-
ble use of building material waste as an 
adsorbent to benzene. Building mate-
rial was found to be more effective for 
removing benzene from the solution; 
the maximum benzene’s adsorption ef-
ficiency was 31.601 mg·g–1. The per-
centage of removal depended strongly 
on the contact time, the solution’s initial 
pH, and adsorbent dose. Initial pH, con-
tact time, and sorbent dose must be 6, 
1 h and 1.2 mg per 100 mL for Co of 
300 mg·L–1 and a speed of agitation of 
200 rpm, respectively, are the best condi-
tions for achieving these effects. Sorption 
results are well illustrated by the Freun-
dlich model for the interaction of ben-

zene–water contaminated with sorbent. 
Finally, the kinetic process is consistent 
with the pseudo-second order equation.
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Summary

A novel application of building dem-
olition waste for removal benzene from 
aqueous solutions. A novel application 
of building demolition waste for removal 
benzene from aqueous solutions. In this re-
search, demolition waste from buildings has 
been studied for possible use as benzene re-
moval adsorbent from aquatic solution. The 
effect of adsorbent dosage, contact time, 
initial benzene concentration, and initial pH 
on benzene adsorption capacity have been 
investigated in the batch adsorption experi-
ments. The adsorption effects initially hap-
pened very rapidly and achieved equilib-
rium within 180 min. Benzene removal was 
observed to decrease by an increase in the 
initial concentration of benzene of 300–700 
mg·L–1, an increase in the adsorbent dose of 
0.4–2.4 g per 100 mL, where an optimum ad-
sorbent dose equal to 1.2 g per 100 mL was 
found. The potential of adsorption increases 
with pH 3.0–7.0 to reach the maximum re-
moval efficiency at pH 6.0. The findings 
showed that equilibrium data were adequate-

ly adapted and correlated with the Freundlich 
isotherm models. The average percentage of 
the removal at room temperature was about 
98%. Results suggest that building demoli-
tion waste can be used effectively in indus-
trial wastewater treatment for the removal of 
aromatic hydrocarbon, benzene, as a low-
-cost option.
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Introduction

A scientist, developed electrode 
membranes at the beginning of the 
twentieth century with the discovery of 
the glass electrode, which is one of the 
important tools in laboratories, as it re-
sponse to hydrogen ions (Skoog, Holler 
& Nieman, 1998). Among the different 
analytical techniques (Mahajan, Kaur, 
Sharma & Kumar, 2002) and as a re-
sult of the development of research, ad-
vances in this area began in the 1960s, 
when Rokosing and Pungor developed 
a new type of solid sensor (Cattral, 1997). 
The field of ion-selective electrodes has 
experienced rapid growth since the past 
two decades (Arida, Ahmed & El-Saied, 
2003), and chemical sensors are mini-
ature analytical devices that can pro-
vide information about the presence of 
specific compounds or ions in complex 

samples (Wroblewski, 2009), which are 
dependent on the development of static 
electricity potential difference across 
a membrane. It separates two phases. 
When placed in a solution containing 
ions (Cattral, 1997), it is one of the most 
importantly fast and simple modern elec-
trolysis techniques that require the cur-
rent passing through them to be equal to 
zero (Othmer, 1981).

The use of ion-selective membrane 
electrodes is a good analytical technique. 
Due to its several advantages over con-
ventional analysis methods for example 
they provide accurate, repeatable, fast, 
and often selective identification of dif-
ferent ions (Liu, Zhao, Chen & Che, 
2000). Sulfide is an anion that is widely 
present in both natural, wastewater, and 
industrial waters, and it is one of the most 
important factors to monitor in water due 
to its high toxicity to aquatic organisms. 
The sulfide toxicity is attributed to the re-
lease of hydrogen sulfide (H2S) (Huang 
et al., 2010) and hydrogen sulfide (H2S) 
is one of the most dangerous highly cor-
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rosive media (Lusk, Gupta, Boinapally 
& Cao, 2008). Because sulfide solutions 
can attack metals and concrete causing 
corrosion problems (Shao, Ying & Ping, 
2020). It is now known that corrosion can 
have some effects on the chemistry of the 
specific process, and the product of cor-
rosion can affect the reaction and purity 
of the reaction products (Popoola, Gre-
ma, Latinwo, Gutti & Balogun, 2013). 
Recent industrial disasters indicate that 
many industries have lost several billion 
dollars as a result of corrosion (Oyelami 
& Asere, 2011).

The ion-selective sulfide electrode 
has been applied to monitor sulfide in 
industrial waters, and Ag/Ag2S elec-
trode is the solid-state that uses this type 
of ion-selective electrode (S–2) (Zaidan, 
2007; Ding, Pan, Huang, Chen & Ye, 
2015). These electrodes contain in their 
crystal membranes only two crystalline 
compounds, they are the responsible ma-
terials for the electrochemical behavior 
of the membranes, and they are mono-
crystalline, where the membrane can be 
got by pressing or dissolving salt pow-
der and then attaching it to the end of the 
electrode body made so it is not affected 
by air temperatures and is not subjected 
to cracking because of heat or rag and re-
sists chemical changes such as the selec-
tive fluoride electrode (LaF3). The other 
such electrodes are the polycrystalline 
which can be prepared from Ag2S, CuS, 
CdS, AgCl, AgI, or AgBr powder selec-
tive for sulfide ions, chloride, iodide, or 
bromide respectively (Anfalt & Jagner, 
1969; Vesely et al., 1972). These films 
have been developed to prepare ion-sen-
sitive selective membranes, where they 
are used to identifying many of the same 
ions as an internal solution for a con-

ductor (Dulkiewicz, 1989; Bűhlmann, 
Pretsch & Bakker, 1998).

The aim of this study is to manufac-
ture a selective electrode to determine 
the sulfur ions prepared from the reac-
tion of sodium sulfide with silver nitrate 
to form silver sulfide by sedimentation 
method and apply it to measure sulfur 
ions in industrial waters in the produc-
tion units of oil refineries of North Oil 
Refineries Company, Iraq, and compared 
with sensitivity and response of Sindie 
sulfur analyzer (model 7039 G3).

Material and methods

Instrumentations

The following instruments were 
used: pH/mV meter (3310 Jenway); sil-
ver-silver chloride electrode as working 
electrode (Jenway); reference calomel 
electrode (Hanna); PVC tubing; bal-
ance (BL 210S Sartorius); magnetic stir-
rer with hotplate (LMS-1003 LabTech); 
drying oven (Memmert); test sieve 
(analysensieb) (200 mm, dia. ×50 mm, 
ASTM E1175 micron) (D-42781 Haan); 
sulfur analyzer (7039 G3 Sindie).

Reagents and solutions

All reagents were of high purity grade 
supplied by Fluka, BDH, and MUMBAI. 
Sodium sulfide 0.1M Na2S was used 
to prepare the standard solution, nitric 
acid HNO3, NaOH. The sulfide anti-
-oxidant buffer SAOB containing 2M 
NaOH, 0.2M ascorbic acid, and 0.2M 
disodium EDTA (Dulkiewicz, 1989). 
Standard staggered ionic solutions were 
prepared at a concentration of 0.1M of 
KBr, BaCl2, SnCl2·2H2O, CuSO4·5H2O, 
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Pb(NO3)2, CrCl3 in a volume of 100 ml 
distilled water.

Preparation of Ag2S electrodes

The Ag2S electrodes used in this 
study were fabricated by slow addition 
of 200 ml of 0.5 ml of silver nitrate solu-
tion using a burette, at a rate of 100 drops 
per minute to 100 ml of 0.5M sodium 
sulfide solution with continuous stirring, 
and after completing the addition pro-
cess, it was filtered. The resulting sedi-
ment was washed several times with dis-
tilled water, and then with diluted 0.1M 
nitric acid, the sediment was dried in an 
oven at 120°C for 3 h. The sediment was 
collected, milled, and homogenized us-
ing ceramic mortar until it became a very 
fine powder and it was made using a 
300 μm sieve, the material was pressed 
in the form of hard disks using a medici-
nal pill making machine and it became 
a compact hard disk with a thickness 
of 0.7 mm, a diameter of 11.9 mm and 
a weight of 0.8639 g.

Construction of ion-selective 
electrodes 

A PVC diameter was cut into 3–4 cm 
long pieces. An Ag2S disk was placed in 
one end and the other end of the PVC 
tube was connected to an empty and 
open Ag/AgCl (Fig. 1).

Cell design and calculation of 
electrode potential

The selective electrode potential can 
be calculated depending on the voltage 
of the membrane that separated different 
solutions containing the same concen-
trations of the metal since the response 
of these membranes depends on the ion 

exchanges present in them and has a se-
lectivity of the desired ion. Without the 
other ions, depending on two main fac-
tors the size and charge of the ion, and 
given that the current passing through 
these electrodes is equal to zero, the cell 
used to measure the voltage of this type 
of electrode is shown in the following: 

Ag/AgCl | internal solution of Na2S 
(10–6M) | membrane (Ag2S) | external 
solution of Na2S (X M) | SCE

Results and discussion

In this study, the sedimentation 
method was used to prepare silver sulfide 
(Ag2S), which is the material from which 
the membrane electrode is made, because 
this method works to accomplish chemi-
cal reactions in a fast, simple, and highly 
efficient way Energy and less time con-
suming and the properties as shown in 
Table 1.

FIGURE 1. The installation of the manufactured 
electrode
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Effect of temperature 

The best range of temperature with-
out significantly affecting the electrode 
voltage was 25–35°C, and there is an 
increase in the voltage difference values 
at higher temperatures of 35°C, which 
may occur because of the increase in the 
movement of S–2 in and out of the elec-
trode and the increase in the surface area 
of the fabricated electrode membrane as 
the increase in the movement of the solu-
tion particles is directly proportional to 
the increase in the surface area directly 
with the temperature (Fig. 2).

Response time

Figure 3 shows the response time of 
the electrode, it could be noticed that the 
response time within a range of concen-
trations between 10–2 and 10–6M was be-

tween 5 and 17 s, and it is noticed that the 
response time is inversely proportional 
to the concentration of ions in the exter-
nal solution. The concentration of ions 
increases in the external test solution, 
the response time decreases due to the 
easy access of the ions to the outer mem-
brane of the electrode, and vice versa, as 
the concentration of ions decreases, the 
number of ions in the external solution 
will decrease, so it takes longer to reach 
a state of equilibrium in the electrode 
voltage.

Calibration curve

The standard calibration curve can 
be measured by preparing a series of 
solutions in question at concentrations 
ranging from 0.1·10–1 to 0.1·10–6M, then 
measuring the voltage by the prepared 

TABLE 1. Properties of the prepared electrode

Lifetime/
/month

Response 
time
[s]

Slope
[mv·decade–1]

Detection 
limit
[M]

Working 
pH range

Linear 
range
[M]

Working 
pH range

4 5-17 28.229 2.28·10–7 6.0–12.0 10–1–10–6 S–2

FIGURE 2. Effect of temperature on electrode response
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selective electrode and drawing the re-
lationship between the electrode volt-
age versus –log[S–2], while observing 
the movement of the model to affect the 
state of equilibrium. Figure 4 shows the 
effect of the concentration of the internal 
filling solution on the electrode response 

after fixing the other conditions, tem-
perature and pH where it was observed 
that the concentrations less than 10–6M 
did not show any linear response and it 
was neglected in the subsequent experi-
ments, and the internal filling solution 
was at concentration 10–6M is the best 
internal packing solution because the 
best Nernst slope response 28.229 mv 

per decade, which was close to the theo-
retical value 29.58 mv per decade, to be 
the concentration, and the electrode cali-
bration curve the linear response of the 
opposites ranged between 1.00·10–6 and 
1.00·10–1M and the minimum Nernst re-
sponse 2.28·10–7.

Selectivity

Selectivity is the most important 
characteristic that determines the nature 
of an electrode and the extent to which it 
can be used successfully. The values of 
the selectivity coefficient (Table 2) were 
determined against the number of in-
terfering ions, using the mixed solution 
method, the selectivity coefficient can be 

FIGURE 3. The response time of the electrode

FIGURE 4. Standard curve of an electrode
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expressed by the relative error and con-
centration of the ion to be analyzed to the 
interfering ion by Eq. (1):

 (1)

 – selectivity coefficient of the ion 
selection electrode (A) in the presence of 
the interfering ion (B),

CAmin– the lowest expected concentra-
tion of the ion to be analyzed,
CBmax– maximum expected concentra-
tion of the interfering ion,
P – permissible relative error when ana-
lyzing the ion (A) due to ion interference 
(B).

Accuracy and precision

Table 3 shows the accuracy and 
agreement of the results of the standard 
curve of the electrode, noting that the 
extent of convergence between the real 
value and the laboratory values of the 
concentrations: 10–2, 10–4, 10–6M, and 
that the percentage recoverable values in 

TABLE 2. Selectivity values of 

Concentrations of Na2S 
[M] Interfering species 

10–2M values
10–4 10–2

0.0470 0.0390 K+1

0.0046 0.0320 Cu+2

0.0081 0.0300 Zn+2

0.0069 0.0490 Pb+2

0.0053 0.0082 Cr+3

0.0048 0.0270 Cl–1

0.0064 0.0880 Br–1

0.0710 0.0540 SO4
–2

TABLE 3. Accuracy and compatibility of the re-
sults of the standard curve of the electrode

%REC %RE %RSD

Concen-
tration 

thoughtful
[M]

Elec-
trode

99.9 –0.1 0.5772 10–2
S–2

103.7 3.7 0.7430 10–4

98.0 2.0 0.6352 10–6 –

TABLE 4. Comparison method between the electrode and sulfur analyzer

%RE
Concentration of S–2 [mol·l–1]

Sample
Ag2S electrode sulfur analyzer

3.92 2.69·10–2 2.8·10–2 S1
3.44 3.00·10–2 2.9·10–2 S2
–5.66 2.83·10–3 3.0·10–3 S3
0.50 1.47·10–2 1.4·10–2 S4
–3.25 3.87·10–4 4.0·10–4 S5
–5.68 8.96·10–4 9.5·10–4 S6
–3.88 3.46·10–4 3.6·10–4 S7
4.25 8.32·10–4 8.0·10–4 S8
6.15 1.38·10–3 1.3·10–3 S9
5.38 2.74·10–4 2.6·10–4 S10
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the range of 98–103.7% for the concen-
trations chosen from the standard curve, 
and the highest value of the relative 
standard deviation (0.7430%). These 
results indicate high precision and elec-
trode compatibility.

Applications

The method of comparison with the 
sulfur ion analyzer and the electrode that 
was the results was very close and the 
relative error was very small between the 
two methods, and this gives evidence of 
good selectivity and high sensitivity of 
the electrode as shown in Table 4.

Conclusion

The Ag/Ag2S electrode proved to be 
a suitable tool for measuring the concen-
trations of sulfur ions in solutions as well 
as in industrial water that used in the pe-
troleum industries. It is characterized by 
ease of manufacturing and use, and it has 
a fast response time, long life, good se-
lectivity, and high sensitivity.
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Summary

Modified solid ion-selective electrode 
for potentiometric determination of sulfide 
in oil refineries water. A selective electrode 
was manufactured to determine the sulfur 
ions by sedimentation method in industrial 
waters in oil refineries of North Refineries 
Company, Baiji, Iraq. The linear response 
on a wide range of concentration (from 

1.0·10–1 to 1.0·10–6M) Na2S with a Nernst 
response of 28.229 mv per decade, theoreti-
cal value for slope of 29.58 mv per decade, 
correlation factor of 0.9998, detection limit 
of 2.287·10–7 at 25–35°C, pH 6.0–12.0, and 
the best concentration of the filling solution 
of 10–6M with a fast response time (5–13 s). 
The direct method were %RSD for 0.5772–
–0.7430, %RE for –0.1, 3.7 and %REC for 
99.9, 103.7.
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Introduction

Wastewater is residual water from 
either or both industrial activities and 
non-industrial activities. Non-industrial 
wastewater such as domestic wastewater 
is derived from human daily life activi-
ties related to water use according to the 
Indonesian Regulation of the Minister of 
Environment and Forestry No 68 of 2016 
concerning domestic wastewater quality 
standards (Peraturan Menteri Lingkun-
gan Hidup tentang baku mutu air limbah, 
BNRI No 1323, 2016). Domestic waste-
water (greywater) is wastewater originat-
ing from kitchen activities, toilets, sinks, 
and more, which will cause water pollu-

tion and impact on the aquatic life when 
directly discharged into the environment 
without any prior treatment.

The characteristics of domestic 
wastewater are generally grouped into 
physical, chemical, and biological char-
acteristics. The physical characteristics 
of domestic wastewater include TSS 
(suspended residue), chemical character-
istics include pH, ammonium, COD, and 
BOD, while organic chemistry includes 
oil and grease, and biological character-
istics such as total coliform according to 
the aforementioned regulation.

Wastewaters with those parameters 
are prohibited from being discharged 
into water bodies if they do not meet the 
predetermined quality standards. Waste-
water quality standards are a tolerable 
limit or level of pollution in the waste-
water that will be disposed or released 
into the water bodies as a result of either 
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or both industrial activities and non-in-
dustrial activities, according to the afore-
mentioned regulation.

Currently, the most dominant pollut-
ant in water bodies is domestic wastewa-
ter with a percentage that can reach up 
to 60–70%. Domestic wastewater con-
sists of parameters such as BOD, TSS, 
pH, oil, and grease, when all these pa-
rameters are discharged directly into the 
water body it will cause water pollution 
(Faulconer & Mazyck, 2017).

Oil and grease are one source of con-
taminants that have not been handled 
properly in Indonesia (Abuzar, Afrianita 
& Notrilauvia, 2012). Oil and grease are 
one of the parameters with a number of 
maximum concentrations determined as 
a requirement for the discharge of indus-
trial wastewater and surface water (Rah-
mi, 2016). High concentrations of oil and 
grease can damage aquatic ecosystems 
(Abuzar et al., 2012). Oil and grease con-
tained in water bodies will form a layer 
on the surface because the density of oil 
is lower than the density of water. The 
layers of oil and grease will block the 
entry of sunlight thus the aquatic plants 
could not process photosynthesis. For 
that, the wastewater should be treated 
first to meet the predetermined quality 
standards.

Based on the quality standards used 
for domestic wastewater, namely the 
aforementioned regulation concerning 
the domestic wastewater quality stand-
ards, the quality standard for organic 
chemical wastewater for oil and grease 
is 5 mg·L–1. This regulation must be ap-
plied by the wastewater producer, both 
industrial wastewater or domestic waste-
water producer (Putu & Nieke, 2012).

PT. Sipatex Putri Lestari is a textile 
industry that facilitates a canteen in the 
company, the canteen operates every 
day at 11.00–13.00 Western Indonesian 
Time, as a result, PT. Sipatex Putri Le-
stari produces domestic wastewater as 
a residue of canteen kitchen activities. In 
February 2020 a laboratory test has been 
carried out to find out the concentration 
of oil and grease from the wastewater 
of residual kitchen activities with a re-
sult of oil and grease as 10.40 mg·L–1. 
The examination was carried out by the 
West Java Provincial Laboratory us-
ing the gravimetric method based on 
the SNI 6989.10:2011 standard (Badan 
Standardisasi Nasional [BSN], 2011).

Based on the result, the concentration 
of oil and grease from the wastewater of 
residual kitchen activities at PT. Sipatex 
Putri Lestari does not meet the predeter-
mined quality standards on the aforemen-
tioned regulation concerning domestic 
wastewater quality standards, the quality 
standard for organic chemical waste for 
oil and grease is 5 mg·L–1. Therefore, it 
is necessary to carry out a wastewater 
treatment before discharging it into the 
water body.

Rahmi (2016) conducted research 
related to the reduction of oil and grease 
levels using various activated carbon, 
such as by using coconut shells, palm 
kernel shells, rice husks, and sawdust, 
with a thickness of 10 cm each. This ac-
tivated carbon is used as an adsorption 
medium for domestic wastewater. The 
results of the research have stated that 
coconut shells and rice husks activated 
carbon was able to reduce oil and grease 
by 66.66%. Meanwhile, palm kernel 
shells activated carbon was only able 
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to reduce oil and grease by 29.16% and 
sawdust activated carbon was very inef-
fective because it was unable to reduce 
oil and grease (Rahmi, 2016).

Zaharah, Nurlina and Moelyani 
(2017) have also conducted research in 
2017 related to reducing oil and grease 
levels using activated carbon modified 
grease traps. The results of the research 
stated that there was a decrease in oil and 
grease level, which was more effective, 
compared to simple grease traps with-
out modification of activated carbon. 
The oil and grease in the wastewater that 
has passed through the grease trap will 
be passed through the container contain-
ing activated carbon and the output will 
be stored into a container. When passing 
through a 20 cm PVC pipe containing 
activated carbon, organic matter from oil 
and grease is reduced based on the prin-
ciple of adsorption by activated carbon 
which can occur due to the pores that the 
adsorbent.

Activated carbon will be in contact 
with pollutants, where activated carbon 
will adsorb pollutant molecules until 
equilibrium conditions are reached. In 
this process, particles or molecules of 
pollutants will attach to the surface of 
activated carbon, which happened due 
to the difference in the weak charge be-
tween the two, this occurs due to the van 
der Waals Force (Zaharah et al., 2017). 
The van der Waals force is founded on 
the recognition that spontaneous, tran-
sient electric polarization can arise at 
a center due to the motion of electrons, 
molecular distortion, or molecular orien-
tation. This polarization will act on the 
surrounding region to perturb spontane-
ous fluctuations elsewhere (Ninham & 
Parsegian, 1970). According to Wongth-

anate, Mapracha, Prapagdee and Arun-
lertaree (2014), modified oil traps have 
a higher efficiency of reducing TSS, 
BOD, oil, and grease than simple grease 
traps.

Based on this research, the research-
ers are interested in researching the dif-
ferences in the thickness variation of ac-
tivated carbon to reduce oil and grease 
levels using a modified grease trap on the 
canteen wastewater of PT. Sipatex Putri 
Lestari because the wastewater contains 
quite high levels of oil and grease. The 
modified grease trap is a grease trap re-
actor modified with activated carbon 
added to one of its parts, the purpose of 
modification or adding activated carbon 
is to increase the amount of reduction in 
oil and grease levels.

Rahmi (2016) conducted research 
using various variations of activated car-
bon with a thickness of 10 cm, the results 
of the study stated that it could reduce 
oil and grease levels by 66%. Zaharah 
et al. (2017) also conducted research us-
ing activated carbon, the thickness used 
was adjusted to the length of the PVC 
pipe used, which was 20 cm, the results 
showed the effectiveness in reducing 
oil and grease levels. Kasman, Riyanti, 
Sy and Ridwan (2018) also used addi-
tional activated carbon in reducing oil 
and grease levels by using water jasmine 
(Echinodorus palaefolius) with a thick-
ness of activated carbon of 5 cm, but the 
results showed that the reduction in oil 
and grease levels was ineffective and it 
has still exceeded the determined quality 
standard.

Based on this, the thickness variations 
that will be used by the researcher are 10, 
20 (that has been suggested by previous 
researchers) and 30 cm because Umar, 
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Baiquni and Ritohardoyo (2011) have 
stated that the thicker the media the bet-
ter the results will be obtained s thus if 
the thickness is added to the arrangement 
of the media, it will be better in decreas-
ing the oil and grease levels (Umar et 
al., 2011). Kasman et al. (2018) research 
stated that the lower the thickness of the 
activated carbon used, the less effective 
it is to reduce the existing oil and grease 
levels. As a result, the oil and grease lev-
els produced are below the quality stand-
ard values that have been determined in 
the aforementioned regulation concerning 
domestic wastewater quality standards.

The type of activated carbon that 
will be used in this research is activated 
carbon from coconut shells. According 
to Rahmi (2016), the effective activated 
carbon in reducing the oil and grease is 
by using the coconut shell charcoal and 
rice husk charcoal. Tamado et al. (2013) 
stated that the use of basic material from 
coconut shells is not only used because 
of the affordable price and it’s easy to 
obtain, but also because of the proper-
ties and characteristics of the content in 
the coconut shells both chemically and 
physically, coconut shells have a high 
carbon content thus they have the poten-
tial to become an alternative renewable 
energy source. A good coconut shell for 
activated carbon is an old and dry shell 
because its carbon content is higher than 
that of younger ones.

The utilization choice of activated 
carbon made from coconut shells is be-
cause coconut shells activated carbon 
has a wide surface, lightweight, and it 
has many pores thus it supports the at-
taching process of pollutants in the 
wastewater (Wardhani, Dirgawati & dan 
Alvina, 2013).

Material and methods

The type of research used is ex-
perimental research, which aims to de-
termine the difference in the thickness 
variations of activated carbon to reduce 
oil and grease levels using a modified 
grease trap on the canteen wastewater 
of PT. Sipatex Putri Lestari. Concentrate 
on research used true experiment pretest 
posttest without control. The modified 
grease trap is a grease trap reactor with 
activated carbon added to one of its parts, 
the purpose of modification of activated 
carbon added is to increase the amount 
of reduction in oil and grease levels.

Work procedures

Table 1 lists tools and materials 
used for the research. The wastewater is 
passed through the modified grease trap 
with a thickness variation of activated 
carbon as 10, 20 and 30 cm.

Data processing

The data processing stage is carried 
out by doing the editing process, such 

TABLE 1. Preparation of tools and materials used 
for research

Tools/Materials Size Quantity

Grease trap 
90 × 30 × 40

(30 × 30 × 40 of 
each chamber)

1

Pipe 0.0254 m 1 m
Pipe 0.0508 m 1 m
T-pipe 0.0508 m 2
Grill plat – 0.5 m
Jerrycan 5 L 10
Activated carbon 10 kg –
Canteen waste-
water sample 100 L –
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as rechecking the measurement results 
of the data, the coding process which 
is coding the measurement data, the 
data entry process which is entering the 
measurement results of the data into the 
data analysis software called SPSS for 
further analysis and the cleaning process 
which is the re-checking process of the 
measured data that has been entered to 
see any possibility of coding errors and 
incomplete measurement data for further 
correction process.

The data analysis used in this re-
search is the univariate analysis and bi-
variate analysis. In this study, univariate 
analysis was used to determine the nor-
mality of the data using the Shapiro–Wilk 
test, the mean, minimum and maximum 
values and standard deviation values of 
the decreasing levels results in the meas-
urements of oil and grease levels while 
the bivariate analysis was carried out 
using the one-way ANOVA test because 
the data results from the measurement of 
decreasing oil and grease levels is in the 
normal distribution.

Results and discussion

Temperature test result

The results obtained in measuring the 
temperature of the canteen wastewater 
before and after the treatment was rang-
ing from 24 to 27°C (Fig. 2). The higher 
the temperature, the lower the viscosity, 
and density which will cause the liquid 
to flow quickly. The viscosity of a liq-
uid will cause a certain amount of fric-
tion between parts or layers of fluid that 
move one against another. The friction or 
resistance that occurs is due to the cohe-
sion force in the liquid, thus the viscosity 
of a liquid is due to the cohesion force 
between particles or molecules of the 
liquid. The change in temperature of the 
reaction causes the motion of the mole-
cules to accelerate (collisions between 
reactant molecules increases) (Wahyuni, 
2015).

The reduction in oil and grease level 
is affected by the room temperature that 
will transform grease into a solid form 

FIGURE 1. Modified grease trap (Zaharah et al., 2017)
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and oil into a liquid form. When this situ-
ation occurs, it will make the adsorption 
process carried out by activated carbon 
easier. The temperature measured in this 
study corresponds to room temperature, 
which is in the range of 24–27°C.

The pH test result

The pH of wastewater from PT. Sipa-
tex Putri Lestari ranges at 7.0–8.5, thus 
it can be concluded that the pH of the 
canteen wastewater tends to be alkaline 
due to the process of dish-washing using 
soap. The pH is one of the factors that 
affect the rate and ability of adsorption. 
At pH conditions greater than or equal 
to 7.0, the efficiency of reducing oil and 
grease concentration increases (Valen-
cia, 2017). The pH of the wastewater is 
measured from PT. Sipatex Putri Lestari 
ranges from 7.0–8.5 with that result that 
the adsorption process to reduce oil and 
grease levels runs optimally (Fig. 3).

Measurement result of oil and grease 
levels of the wastewater

The oil and grease levels of the can-
teen wastewater before given treatment 
was at an average result of 27.4 mg·L–1, 
and after being treated with a thick-
ness variation of activated carbon using 
a modified grease trap, the oil and grease 
levels of activated carbon with a thick-
ness of 10 cm was at an average of 
15 mg·L–1, activated carbon with 
a thickness of 20 cm was at an average of 

 
FIGURE 2. The temperature of canteen wastewater in PT. Sipatex Puti Lestari

 
FIGURE 3. The pH test result
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11.5 mg·L–1, and activated carbon with 
a thickness of 30 cm was at 3.7 mg·L–1 
(Table 3).

The average result of the reduction 
in oil and grease levels with a thickness 
variation of 10 cm was at 12.32 mg·L–1 
with a percentage of 49%, an average 
reduction in oil and grease levels with 
a thickness variation of 20 cm was at 
15.98 mg·L–1 with a percentage of 62% 
and an average reduction in oil and 
grease levels of 13 cm thickness was at 
23.67 mg·L–1. The highest percent-

age reduction in oil and grease lev-
els occurred in the third treatment 
variation, which was the thick-
ness variation of activated carbon at 
30 cm with an average result of 86% in 
the reduction of oil and grease levels 
(Fig. 4).

Besides, the results of statistical tests, 
namely the post hoc test, have shown 
that activated carbon with a thickness of 
30 cm obtained the greatest p-value 
0.001) at 11.35 (95% CI = 8.65 – 14.04), 
which means that there is a very optimal 

TABLE 3. Measurement result of oil and grease level on each activated carbon thickness

Specification

10 cm activated carbon 
thickness

20 cm activated carbon 
thickness

30 cm activated carbon 
thickness

pretest posttest pretest posttest pretest posttest
mg·L–1

Repitition 1 31.8 18.8 31.5 12.7 31.7 4.2
Repitition 2 23.1 13.2 23.4 11.6 23.8 2.2
Repitition 3 26.6 13.8 26.8 10.8 26.7 3.1
Repitition 4 25.5 12.9 25.7 9.7 25.8 2.8
Repitition 5 29.3 17.3 29.5 11.9 28.8 4
Repitition 6 27.8 14.2 27.9 12.2 27.3 3.5
Average 27.4 15.0 27.5 11.5 27.4 3.7
Max 31.8 18.8 31.5 12.7 31.7 4.5
Min 23.1 12.9 23.4 9.7 23.8 2.2
SD 3.03 2.43 2.85 1.08 2.70 0.66

FIGURE 4. Percentage of reduction in oil and grease level
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difference in this variation. The reduc-
tion that occurs after the treatment with 
the thickness variation of activated car-
bon using a modified grease trap hap-
pened due to the sedimentation process 
where oil and grease particles will rise to 
the surface and then followed by the ad-
sorption process where activated carbon 
will be in contact with the pollutants, 
activated carbon will adsorb pollutant 
molecules until equilibrium conditions 
are reached. The reduction in oil and 
grease levels of PT. Sipatex Putri Lestari 
occurs because of the physical process-
ing, namely the sedimentation and ad-
sorption process with activated carbon 
adsorbents using a modified grease trap. 
Sedimentation is a deposition process in 
which these oils and grease will float to 
the surface of the water because the oil 
density is lower than the water density. 
Adsorption is either or both physical and 
chemical processes in which the sub-
stance accumulates on a surface layer of 
the absorbent substance.

In this process, particles or molecules 
of pollutants will attach to the surface of 
the activated carbon which is caused by 
the difference of the weak charge be-
tween the two, this occurs due to the van 
der Waals force (Zaharah et al., 2017).

Activated carbon is a carbon-based 
material that has a broad surface and in-
ternal porous structure with a pore dis-
tribution that varies in size, and a broad 
spectrum of oxygenated functional 
groups (Wardhani et al., 2013; Faulconer 
& Mazyck, 2017; Valencia, 2017). The 
type of activated carbon used in this study 
is coconut shell-based activated carbon. 
Because coconut shells are very easy to 
obtain and they are one of the abundant 
renewable resources, one of the efforts 

made to utilize them is by processing 
coconut shells into activated carbon. 
This activated carbon material is widely 
used in industry, especially in the field of 
oil, water treatment, gas, food, beverage, 
medicine, and chemical industry (Rizky, 
2017). According to Rahmi (2016), the 
effective type of activated carbon used in 
the filtration in reducing the value of oil 
and grease is coconut shell charcoal and 
rice husk charcoal.

The particle size of activated car-
bon used in this study was 8–16 mesh, 
the type of activated carbon used was 
coconut shell. In the research of Putu 
and Nieke (2012), activated carbon with 
a diameter of 1.19 mm (16 mesh) had 
the best removal efficiency to reduce oil 
levels. The smaller the media diameter, 
the greater the effective surface area, 
which will increase the ability to absorb 
organic pollutants. The thicker the acti-
vated carbon used, the more activated 
carbon particles will absorb the levels of 
oil and grease in the canteen wastewater 
of PT. Sipatex Putri Lestari, this also af-
fects the increase of contact time of pol-
lutants with activated carbon particles. 
Therefore, the thickness of activated 
carbon affects the reduction in oil and 
grease levels of PT. Sipatex Putri Lestari. 
The reduction that occurred in the 30 cm 
thickness variation of activated carbon 
reached the most optimal and effective 
point in reducing oil and grease levels 
of the canteen wastewater at PT. Sipatex 
Putri Lestari has finally met the require-
ments whereas the result was follow-
ing the quality standard because it does 
not exceed the maximum of 5 mg·L–1 
based on the aforementioned regulation 
concerning domestic wastewater quality 
standards.
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The flow rate used in the research 
was 2.22 L·min–1 which is adjusted to 
the existing flow rate conditions in the 
industry so that the condition or char-
acteristics of the flowing water will be 
similar to as it was in the industry.

Conclusions

The reduction in oil and grease level 
that has occurred was at an average of 
12.32 mg·L–1 and the percentage of re-
duction in oil and grease levels of can-
teen wastewater with thickness variation 
of activated carbon at 10 cm was 49%, 
20 cm was 62% (average: 15.98 mg·L–1),
and 30 cm was 89% (average: 23.67 
mg·L–1).

Based on the result the most effective 
reduction of oil and greases levels using 
the modified grease trap in the canteen 
wastewater of PT. Sipatex Putri Lestari, 
was a variation thickness of activated 
carbon at 30 cm. Because it can reduce 
the oil and grease levels of the waste-
water with a percentage of 89% and 
the result has met the quality standards 
which is maximum at 5 mg·L–1 based 
on with the aforementioned regulation 
concerning domestic wastewater quality 
standards.
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Summary

Differences in thickness variations 
of activated carbon in decreasing oil and 
grease levels using modified grease trap 
on the canteen wastewater. Wastewater is 
residual water of industrial activities and do-
mestic wastewater that is derived from daily 
activities of human life related to water usage, 
such wastewater should not be discharged 
into water bodies if it has not met the stand-
ards based on the regulation. Oil and grease 
contained in the water bodies will form a lay-
er on the surface because the density of oil is 
lower than the density of water. The layer of 
oil and grease will block the entry of sunlight 
and cause the inability in the photosynthesis 
process of aquatic plants. The textile indus-
try facilitates canteens within the company 
which operates daily at 11.00–13.00 Western 
Indonesian Time, resulting in the domestic 
wastewater from the canteen kitchen activi-
ties. The purpose of this study was to deter-
mine differences in the thickness variations 
of activated carbon to reduce oil and grease 
levels using modified grease traps on the 
canteen wastewater at PT. Sipatex Putri Les-
tari. The type of study used was categorized 
as a field experiment with a pretest–posttest 
research design. The population of the study 
was the entire canteen wastewater of PT. Si-
patex Putri Lestari. The sampling technique 
used the time composite method. The uni-
variate analysis of the study showed the av-
erage number of decreases in oil and grease 
levels in the treatment as 12.32, 15.98 and 
23.67 mg·L–1. The bivariate data analysis 
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used the one-way ANOVA test. The results 
of the experiment on the three thickness vari-
ations of activated carbon within six times 
repetitions resulted in a decrease of oil and 
grease levels, which is 49% at 10 cm, 62% 
at 20 cm, and 88% at 30 cm. The conclusion 
of the study showed differences in the thick-
ness variations of activated carbon to reduce 
oil and grease levels using a modified grease 
trap on the canteen wastewater at PT. Sipa-
tex Putri Lestari. Furthur suggestions for this 
study are to determine the saturation period 
of activated carbon and periodic maintenance 
of the tool.
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Introduction

People spend 86.9% of the day liv-
ing, working, and relaxing in indoor 
environments (Klepeis et al., 2001). Ac-
cordingly, indoor thermal comfort is re-
garded as one of the most significant fac-
tors affecting environmental satisfaction 
(Nasrollahi, Knight & Jones, 2008). Un-
desirable thermal conditions can lead to 
occupant dissatisfaction which, in turn, 
has an adverse effect on their productiv-
ity, performance (Budaiwi, 2006). Ther-
mal comfort is also critical to planning 
for energy efficient building design and 
overall post-occupancy evaluations.

The ANSI/ASHRAE 55-2017 stand-
ard defines the term thermal comfort as 
the condition of mind that expresses sat-
isfaction with the thermal environment 
and is assessed by subjective evaluation 

(American National Standards Institute/
/American Society of Heating, Refrig-
erating and Air-Conditioning Engineers 
[ANSI/ASHRAE], 2017). The factors 
affecting thermal comfort is normally 
dependent on four environmental param-
eters (dry bulb temperature, air humidity, 
air velocity and mean-radiant tempera-
ture) and two personal (clothing-insula-
tion and physical activity) parameters 
(Szokolay, 2004). In office buildings, 
indoor temperature is one of the main 
influencing factors: direct (when ther-
mal comfort is not obtained) as well as 
indirect (when sick building syndrome 
symptoms occur).

Overview of common assessment 
measures for thermal comfort 
worldwide

Initially, the definition of thermal 
comfort stems from effective temperature 
(ET), proposed by Houghten and Yagloi 
(1923). The effective temperature inte-
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grates air temperature, air humidity, and 
wind velocity into one unique environ-
mental indicator. In 1932, the ASHRAE 
published a nomogram representing the 
index of effective temperature (ET). 
They used the ET, which would be used 
extensively over the next 50 years.

From the early 1960s there were 
many researchers working in the field 
of thermal comfort. The best-known and 
most influential theory was Fanger’s new 
model (1970). It is the model of thermal 
comfort – the predicted mean vote (PMV), 
focusing on the relationship between the 
physical parameters of the environment, 
the physiological parameters of people 
and the perception of comfort expressed 
by people themselves. The PMV indica-
tor predicts the level of thermal comfort 
on a seven-grade sensation scale (−3: 
cold, −2: cool, −1: slightly cool, 0: neu-
tral, +1: slightly warm, +2: warm, +3: 
hot). As a follow-up to the PMV index, 
Fanger introduced the index of predicted 
percentage of dissatisfied (PPD), includ-

ing the human factor, showing the major-
ity percentage of respondents who feel 
either satisfied or unsatisfied with their 
working or living environment (Fig. 1). 
This PMV is used in the ISO 7730-2005 
(International Organization for Stand-
ardization [ISO], 2005) and the ANSI/
/ASHRAE 55-2017 standard. This mod-
el is often applied to buildings using air 
conditioning systems when building oc-
cupants are allowed to adjust the indoor 
environmental conditions to the desired 
level of thermal balance.

During the 1980s, Michael Hum-
phreys initiated discussion about adap-
tive principles related to thermal com-
fort. De Dear, Brager and Cooper (1997) 
developed an adaptive model of thermal 
comfort: they predicted the temperature 
of comfort based on new findings of self-
-regulation of human bodies and applied 
that to naturally ventilated buildings. 
This research was subsequently included 
in both the ANSI/ASHRAE 55-2017 and 
the BS EN 16798-1:2019 standard (Brit-

FIGURE 1. The predicted percentage of dissatisfied index (PPD) as function of the predicted mean 
vote index (PMV)
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ish Standards Institution [BSI], 2019). 
De Dear and Brager (2002) discussed 
the process of publishing a new adap-
tive comfort standard incorporated into 
the ANSI/ASHRAE 55-2017 standard 
that allows warmer indoor temperatures 
for naturally ventilated buildings during 
summer and in warmer climate zones.

Various field studies on the concept 
of thermal comfort have been carried out 
on office buildings with ducted air-con-
ditioning systems by different objectives, 
methods, and in different climate zone 
in recent years. Bakhtiari, Akander and 
Cehlin (2020) study on thermal comfort 
by on-site measurements, BMS data log-
ging and standardized questionnaire in 
the historic City Hall of Gävle, Sweden. 
Szabo and Kajtar (2018) carried on-site 
measurements in office buildings with 
different air-conditioning systems during 
the summer season for thermal comfort 
analysis, using PMV, PPD model and 
the local discomfort based on draught 
rate (DR). De Vecchi, Candido, de Dear 
and Lamberts (2017) carried the indoor 
climatic field studies by measurements 
and online questionnaires in three of-
fice buildings with two different envi-
ronmental control strategies (two with 
mixed-mode ventilation and one with 
permanent air-conditioning). The re-
sults obtained in this study are used as a 
baseline for a Brazilian thermal comfort 
standard. Simons, Koranteng, Adinyira 
and Ayarkwa (2014) used quantitative 
survey along with questionnaires to as-
sess the thermal comfort in multi storey 
(naturally and mechanically ventilated) 
office buildings in Accra, Ghana, using 
the PMV and the PPD models. Tao, Li, 
Qiu and Zhang (2014) studied the indoor 
air environmental conditions of three 

different typical office buildings in Xi’an 
(China) by actual measurement and ques-
tionnaire survey. This study noticed that 
there was a remarkable difference be-
tween the PMV index and actual-meas-
urement thermal sensation vote (TSV) in 
evaluating indoor thermal environments 
in typical office buildings.

Overview of studies on thermal 
comfort for Vietnamese people 

In the 1960s and 1980s, many sci-
entists in Vietnam conducted research 
projects on human thermal comfort in 
houses and low-rise office buildings. Ta-
bles 1 and 2 summarize the results.

Dung (1995) in research of human 
thermal comfort in Vietnam found that 
the relationship between temperature 
and humidity greatly impacts human 
comfort under hot and humid climate 
conditions. Nguyen (2002) carried out 
several tests regarding thermal comfort 
on some students in Hanoi and Vinh city. 
However, his research outcomes were 
just about an assessment of an expansion 
of the thermal comfort zone, especially 
towards higher air humidity and wind 
velocity. The research results published 
by Nguyen, Singh and Reiter (2013) 
showed a neutral level of temperature in 
ASEAN countries would be 27.1°C for 
a naturally ventilated room and 25.9°C 
for an air-conditioned room, these val-
ues approximate those shown in Table 
2. In recent years, there were some stud-
ies on micro-climate conditions in edu-
cational and residential buildings in Ho 
Chi Minh City and Da Nang and in few 
office buildings in Hanoi (e.g. Huong, 
2001; Khanh, 2011; Nguyen, Singh 
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& Reiter, 2012; Tuan & Le, 2015; Tuan, 
Dung & Vinh, 2016; Nguyen & Tran, 
2017). Dung and Kien (2019) provides 
an overview of situation of energy con-
sumption and indoor conditions of office 
buildings in major cities of Vietnam, and 
gives some ideas for improving the en-
ergy efficiency and indoor comfort of 
office buildings.

In Vietnam, there has been so far 
only one standard – the TCXDVN 
306:2004, which determines standard 
micro-climatic specifications applicable 
to office workplaces (Ministry of Con-

struction of Vietnam, 2004). Neverthe-
less, in fact, this standard is rarely used, 
because of the following shortcomings 
and disadvantages:

It specifies the standard values for 
micro-climate parameters on the ba-
sis of the “Scale of thermal comfort 
for Vietnamese people” proposed by 
Dang (1981) (as presented in Tables 
1 and 2). That comes from an experi-
mental study on 1,100 participants 
conducted by Dang (1981) in 1966–
–1967. This scale of thermal comfort 
corresponds to the 50% probability 

–

TABLE 1. Effective temperature-based limit indicators of thermal comfort in research projects in Viet-
nam from the 1960s to 1980s

Researcher Season
Cold Slightly 

cold

Comfortable

Slightly 
hot Hotlower 

limit

com-
pletely 

comfort-
able

upper 
limit

°C

Dang (1981)* 
summer – – – 24.4 27.0 28.5 ≥ 29.2
winter ≤ 17.3 18.5 20.0 23.3 26.5 – –

Con (1985)
summer – – 18.8 23.0 27.0 – –
winter – – 16.7 21.0 24.7 – –

Anh (1984) – – – 20.0 23.7 27.5 – –

*The ET values investigated by Dang (1981) can be determined by means of ET nomogram of the 
American Society of Heating and Ventilating Engineers (ASHVE).

TABLE 2. Limit values of thermal comfort subject to air temperature in studies in Vietnam from the 
1960s to the 1980s 

Researcher Season

Air temperature [°C]
Air humid-

ity [%]

Wind 
velocity 
[m·s–1]

lower limit 
of comfort

completely 
comfort-

able

upper level 
of comfort

Dang (1981)
summer – 25.5 29.5 80

0.3–0.5
winter 21.5 24.5 29.0 80

Thiem (1984) – 23.0 24.0–25.0 26.0–27.0 60–80 0.1
Phong, Uyen, Lanh 
& Anh (1984) – – – 28.9 84 –
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of the total number of participants in 
the PMV experiment regarding their 
thermal comfort, while according to 
the requirement of the ISO 7730-
-2005, the ANSI/ASHRAE 55-2017, 
the standard micro-climate parame-
ters are divided into three categories: 
Category A (PMV = 90%), Category 
B (PMV = 80%), and Category C 
(PMV = 70%). 
It does not specify clearly what kind 
of indoor environment it should be: 
natural or artificial;
It was formulated primarity in refer-
ence to Russian standard the GOST 
30494-1996 (Standartinform, 1996), 
while the climate conditions in Rus-
sia are very different from those in 
Vietnam.
Most of the office buildings in Vi-

etnam today are equipped with air-con-
ditioning systems, either local or cen-
tral systems with various design and 
installation concepts. Technically, this 
is the best solution to control the indoor 
climate in office buildings in a hot and 
humid tropical country. For this reason, 
it is necessary to investigate the current 
situation of indoor climate conditions 
of workplaces in office buildings in all 
three regions of Vietnam: North, Central 
and South, so that the aforementioned 
Vietnamese standard can be properly ad-
justed to meet the real demand for ther-
mal comfort as well as for energy effi-
ciency required in a highly comfortable 
built environment.

Material and methods

In order to evaluate the current situ-
ation of indoor climate conditions and 
thermal comfort in closed office work-

–

–

places, the two methods were used as fol-
lows: physical measurements and ques-
tionnaires survey. More specifically:

Area of survey: Five office build-
ings, of which two buildings are 
located in Hanoi, one in Da Nang, 
and two in Ho Chi Minh City. The 
pictures and data for these five office 
buildings are shown in Table 3 (ex-
emplary measuring points location in 
Fig. 2). In each office building, two 
rooms were selected, one on a mid-
dle floor and one on an upper floor, 
or two on the same floor but facing 
different directions.
Time of surveys: In Hanoi, there are 
two distinct seasons (winter and sum-
mer) and the worst case time for sur-
veying in Hanoi is during the hottest 
months of the year (July and August) 
as well as in the coldest months of 
the year (January and February). In 
Da Nang and Ho Chi Minh City, it is 
warm throughout the year, therefore 
the time for surveying should also 
be in July for Da Nang and in April 
for Ho Chi Minh City. Each office 
building was measured within one 
day, during five time intervals: 8:00–
–8:30, 10:00–10:30, 12:00–12:30, 
14:00–14:30, 16:00–16:30.
One paper questionnaire had been 
prepared beforehand to evaluate the 
quality of indoor climate subject to 
the individual feelings of the occu-
pants working in a room selected for 
survey.
Measurement data: Indoor climate 
conditions, including air temperature 
– Tin [°C], indoor air humidity – φin 
[%], indoor air velocity – vin [m·s–1] 
and mean-radiant room surface tem-
peratures – TR [°C]; outdoor weather 

–

–

–

–
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conditions, including air temperature 
– Tout [°C], air humidity – φout [°C] 
and air velocity – vout [m·s–1]. The 
measurements of indoor and out-
door climate conditions were taken 
in accordance with the TCXDVN 
306:2004 standard.
Measurement positions: The fol-
lowing parameters Tin, φin, vin were 
measured at least five points evenly 
distributed in the room workplaces, 
at the level of 1.2 m from the floor; 
parameter TR was measured at the 
middle point of the room. Outdoor 
weather conditions were measured 
one point only, representing the sur-
rounding area of the building, also at 
1.5 m level from the ground.
In order to assess thermal comfort, 

the ET and the PMV indicators were 
used. The ASHRAE ET nomogram was 
used to calculate the ET indicators. A 
program called CBE Thermal Comfort 
Tool (Tartarini, Schiavon, Cheung & 
Hoyt, 2020), was used to calculate the 
PMV indicators.

–

Results and discussion

Outdoor and indoor climate 
conditions 

In Hanoi, two surveys were conduc-
ted in winter of 2018: on January 18th 
(A1 Building at the NUCE) and on Feb-
ruary 5th (GELEX Building) and two 
surveys were conducted in summer of 
2018: on August 21st (A1 Building at the 
NUCE) and on July 5th (GELEX Build-
ing) during working hours (from 8 am to 
5 pm).

In Da Nang, a survey was conducted 
on July 27th 2018 during working hours 
in EVNCPC Building.

In Ho Chi Minh City, two surveys 
were conducted in 2018: on April 12th 
(Bitexco Nam Long Building) and on 
April 13th (IPC Building) during work-
ing hours.

Tables 4, 5 and 6 illustrate the results 
of outdoor and indoor climate condi-
tions (air temperature, air humidity and 
air velocity) during working hours in 
measuring days in Hanoi, Danang and 

 
 

FIGURE 2. Location of measuring points in: a – room 205 of A1-NUCE building; b – room of 5th floor 
of EVNCPC building

a                                                         b
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Ho Chi Minh City. These micro-climatic 
survey measurement results have been 
transformed into ET values and PMV, 
PPD indicators. Because the office oc-
cupants all use computers at work, the 
research team estimated human metabo-
lic heat to be 1.1 met (typing) as speci-
fied in the BS EN 16798-1:2019 and the 
ANSI/ASHRAE 55-2017 standard while 
calculating PMV and PPD indicators. 
Clothes heat resistance would be 0.5 clo 
during summer, and 1.0 clo during win-
ter, in office rooms with heating systems 
(GELEX Building), and 1.2 clo in of-
fice rooms without heating systems (A1 
Building at the NUCE).

The number of questionnaires col-
lected corresponded with the number of 
officers/staffs working in those office 
workplaces on their respective survey 
days. One hundred thirty-two question-
naires were collected. Figure 5 compares 
results of thermal comfort subject to tem-
perature expressed by the staffs in meas-
ured office workplaces during winter and 
summer times. With regard to air humid-
ity: in office rooms with relative humid-
ity lower than 60%: 87.2% of the staff 
said that air humidity was at a moderate 
level, 12.8% felt too dry. In rooms with 
relative humidity between 60 and 75%: 

85% of the staff said that air humidity 
was at a moderate level while 15% felt 
too dry. Also with regard to wind veloc-
ity: 72.6% said that wind velocity was at 
a moderate level; 25% said that it lacked 
air movement, while 2.4% felt that it was 
windy.

The study results showed that:
Average relative humidity in office 
workplaces in buildings with air con-
ditioning systems varied between 46 
and 64%. Air velocity distributed 
within 0.05–0.2 m·s–1 (most cases 
approximately 0.1 m·s–1), this value 
is similar to the average air veloc-
ity (0.04 m·s–1) of the indoor ther-
mal environments survey in three 
office buildings in the city of Xi’an 
(Tao et al., 2014). In the meantime, 
the TCXDVN 306:2004 standard 
requires that wind velocity should 
be 0.3–0.5 m·s–1 for 80% humid-
ity. Thus, humidity and wind veloc-
ity values in the mentioned standard 
should not apply to air-conditioned 
buildings.
Due to adaptation to very humid en-
vironment in hot and humid tropical 
climates, 85% of the staff in rooms 
with air humidity between 60 and 
75% felt comfortable with this hu-

–

–

TABLE 5. The results of outdoor and indoor climate conditions in measuring day in Da Nang

July 27th 2018 – hot day
(EVNCPC, with cooling systems)

Outdoor Room of 3rd floor Room of 5th floor
Tout = 28.0–29.8°C Tin = 26.6–27.1°C Tin = 25.5–26.4°C
φout = 69.5–80.7% φin = 59.5–63.8% φin = 53.5–60.5%

vout(mean) = 0.3 m·s–1 vin = 0.05–0.1 m·s–1 vin = 0.05–0.1 m·s–1

×
ET = 23.5–24.1 ET = 22.1–23.1

PMV = 0.66–0.76 PMV = 0.08–0.58
PPD = 14–17% PPD = 5–12%
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midity, while 60% air humidity is the 
upper limit of the ASHRAE comfort 
zone.
The assessment results based on ET 
and PMV indicators in A1 Building 
at the NUCE (without heating) on 
January 18th 2018 (cold winter day) 
brought thermal comfort to build-
ing occupants. The opinion survey 
revealed that most of the staff felt 
comfortable, in accordance with the 
ET and PMV-based evaluation.
The assessment results based on the 
ET indicator in GELEX Building 
(with heating) on February 5th 2018 
(very cold winter day) exceeded the 
comfort zone for winter time (slight-
ly cold). Nevertheless, the assess-
ment results based on PMV indicator 
stayed entirely within comfort zone, 
also in accordance with the opinion 
survey results of building occupants. 
It is possible to see that ET-based 
thermal comfort in the TCXDVN 
306:2004 standard does not always 
correspond well to perceived (sur-
veyed) thermal comfort.
Average daily ET values during 
summer time in office rooms varied 
between 20.5°C and 23.8°C. These 
values are lower than ET value for 
completely comfortable 24.4°C in 
summer months with reference to the 
mentioned standard.
Results of the PMV-based assess-
ment during summer months in-
dicated that except room 602 with 
average daily PMV = 1.16, beyond 
comfort zone (rather warm), in re-
maining rooms the PMV-based val-
ues all fell within the comfort zone. 
However, the opinion survey under-
taken by staff working in room 602 

–

–

–

–
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FIGURE 4. Average daily predicted mean vote value in surveyed rooms in five office buildings (in 
winter and summer)

FIGURE 3. Average daily effective temperature value in surveyed rooms in five office buildings (in 
winter and summer)
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revealed that more than 90% of oc-
cupants felt comfortable. Therefore, 
ET thermal comfort during summer 
time following mentioned stand-
ard would be more appropriate for 
thermal comfort among Vietnamese 
people than a thermal comfort scale 
based on PMV indicators.
Although these investigations did not 
have sufficient samples to establish 
the confidence level as expected, the 
survey and measurement results also 
demonstrate that some micro-climat-
ic parameters in mentioned standard 
should be adjusted and updated for 
current use.

Recommendations to update current 
standards in micro-climate  

The TCXDVN 306:2004 specifies 
standard values of micro-climate on 
the basis of “Scale of thermal comfort 
for Vietnamese people” as proposed 
by Dang (1981). The curve in Figure 6 
represents the relationship between the 

–

level of thermal comfort (% probabil-
ity of thermal comfort) for Vietnamese 
people based on experiments by Dang 
(1981). The authors add three thermal 
comfort zones A, B and C to “Scale of 
thermal comfort for Vietnamese people”. 
This graph considers metabolic heat of 
a healthy person (reading books, doing 
office paperwork, undertaking research, 
etc.) is 1.1 met, and heat resistance for 
normal clothes is 0.4–0.5 clo during 
summer, and 0.9–1.0 clo during winter.

Comment on Figure 6: If we extend 
the winter comfort curve and summer 
comfort curves in Figure 6 and compare 
this graph to the curve representing the re-
lationship between PPD and PMV sensa-
tion scale, following theoretical calcula-
tions in the ISO 7730-2005 standard from 
Figure 1, it is possible to see that the two 
curves are exponentials and quite simi-
lar in variability. There is only one dif-
ference: one is convex while the other is 
concave. The reason is given as follows: 
PPD is measured in % according to the 

FIGURE 5. Interview results of thermal comfort subject to temperature among the staff working in of-
fice rooms measured in winter and summer time 
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ISO 7730-2005 standard, and the graph 
proposed by Dang (1981) uses PMV unit 
[%], whereas PPD [%] = 100% − PMV 
[%]. Thus, the graph showing the rela-
tionship between ET and probability of 
feeling hot or cold by Vietnamese people 
proposed by Dang (1981) can be used as a 
foundation reference to establish the lim-
its of micro-climatic comfort and modify 
the TCXDVN 306:2004 standard wher-
ever possible, as more comprehensive ex-
perimental studies on thermal comfort of 
Vietnamese people are not available.

As required by the ISO 7730-2005, 
the ANSI/ASHRAE 55-2017, the BS EN 
16798-1:2019 and the GOST 30494-1996 
standard, the limits of thermal comfort to 
be included in building micro-climatic 

regulations depend on the function of the 
building and should be divided in three cat-
egories A, B and C, corresponding to three 
levels of comfort: 90, 80 and 70%.

The research team analysed the ex-
perimental outcomes by Dang (1981) 
in the graphic “Relationship between 
ET and probability of feeling hot or 
cold by Vietnamese people” in Figure 6
by means of the ISO 7730 method in 
order to differentiate the levels of ther-
mal comfort on the basis of probability 
of thermal comfort in categories A, B, C 
(90, 80 and 70%, respectively). It aims to 
standardize micro-climatic conditions in 
consideration of different levels of quali-
ty and comfort. The results are presented 
in Table 7.

FIGURE 6. Relationship between effective temperature and probability of feeling hot or cold by Viet-
namese people (Note: Thermal comfort zones A, B, C have been added)
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Conclusions

This research paper reports physi-
cal measurements and opinion surveys 
of current indoor climatic conditions in 
office workplaces for five representative 
office buildings in three cities, repre-
senting three climate zones in Vietnam: 
Hanoi, Da Nang and Ho Chi Minh City. 
Based on the survey and measurement 
results, and experimental results previ-
ously conducted by Dang (1981) the au-
thors propose that the limits of thermal 
comfort for Vietnamese people should 
be established by using the classification 
of comfort of the ISO and the ASHRAE 
standard (in three levels of comfort: 90, 
80 and 70%), in order to standardize 
micro-climatic conditions in air-condi-
tioned office buildings at different levels 
of comfort. In future, more experimental 
investigations into thermal comfort on 
a larger scale will help validate scales 
of thermal comfort appropriate for use 
throughout all climate zones in Vietnam.

Acknowledgements

This research is funded by Na-
tional University of Civil Engineering 
(NUCE), Hanoi, Vietnam under grant 

09-2019/KHXD-TĐ and by Ministry of 
Construction of Vietnam under grant MT 
08-17. The authors are deeply thankful to 
Prof. Dr Pham Ngoc Dang and Dr Glenn 
Sweitzer for their support and advice.

References

American National Standards Institute/American 
Society of Heating, Refrigerating and Air-
-Conditioning Engineers [ANSI/ASHRAE] 
(2017). Thermal environmental conditions 
for human occupancy (ANSI/ASHRAE 
55-2017). Atlanta: American Society of 
Heating, Refrigerating and Air-Conditioning 
Engineers.

Anh, N.H. (1984). Bioclimate diagram applied in 
the design of dwelling house. In Proceedings 
of Vietnam-Sweden Symposium: Vietnam 
Building Climatology. Hanoi (pp. B33-B41) 
[unpublished].

Bakhtiari, H., Akander, J. & Cehlin, M. (2020). 
Evaluation of thermal comfort in a historic 
building refurbished to an office building 
with modernized HVAC systems. Advances 
in Building Energy Research, 14(2), 218-
-237. https://doi.org/10.1080/17512549.201
9.1604428

British Standards Institution [BSI] (2019). Energy 
performance of buildings. Part 1: Ventilation 
for buildings. Indoor environmental input pa-
rameters for design and assessment of energy 
performance of buildings addressing indoor 

TABLE 7. Limits of thermal comfort for Vietnamese people on the basis of effective temperature (ET) 
and combination of parameters of air temperature (T), humidity (φ) and wind velocity (v) for air-con-
ditioned office rooms

Level of thermal 
comfort
– Probability of 
thermal comfort 

ET [°C]
T [°C]

(φ = 60%,
v = 0.05–0.2 m·s–1)

T [°C]
(φ = 65%,

v = 0.05–0.2 m·s–1)

T [°C]
(φ = 70%,

v = 0.05–0.2 m·s–1)

Comfort at 97% 23.8 27.1 26.7 26.3
Grade A, 90% 22.6–25.0 25.8–28.4 25.4–28.0 25.0–27.6
Grade B, 80% 22.0–25.5 25.2–29.0 24.8–28.5 24.4–28.1
Grade C, 70% 21.5–26.0 24.7–29.5 24.3–29.0 23.9–28.6



Simple method to improve the TCXDVN 306:2004 indoor climate standard... 131

air quality, thermal environment, lighting 
and acoustics. Module M1-6 (BS EN 16798-
-1:2019). London: British Standards Institu-
tion.

Budaiwi, I.M. (2006). An approach to investi-
gate and remedy thermal-comfort problems 
in buildings. Building and Environment, 
42(5), 2124-2131. https://doi.org/10.1016/
j.buildenv.2006.03.010

Con, N.H. (1985). Climatic, Architecture and 
Human. Hanoi: Science and Technology 
Publisher.

Dang, P.N. (1981). Climatic fundamentals of 
architectural design. Hanoi: Science and 
Technology Publisher.

De Vecchi, R.D., Candido, C., Dear, R. de, Lam-
berts, R. (2017). Thermal comfort in office 
buildings: Findings from a field study in 
mixed-mode and fully-air conditioning envi-
ronments under humid subtropical conditions. 
Building and Environment, 123, 672-683. ht-
tps://doi.org/10.1016/j.buildenv.2017.07.029

Dear, R.J. de & Brager, G.S. (2002). Thermal 
comfort in naturally ventilated buildings: 
revisions to ASHRAE Standard 55. Energy 
and Buildings, 34(6), 549-561.

Dear, R. de, Brager, G. & Cooper, D. (1997). 
Developing and adaptive model of ther-
mal comfort and preference (final report 
ASHRAE RP-884). American Society of 
Heating, Refrigerating and Air Conditioning 
Engineers/Macquarie Research.

Dung, N.H. (1995). Discussions of human 
thermal comfort in Vietnam. In F. Nicol, 
M. Humphreys, O. Sykes, S. Roaf (eds.), 
Standards for Thermal Comfort: Indoor air 
temperatures for the 21st century (pp. 143-
-148). London: E & FN Spon. 

Dung, N.H.N. & Kien, N.T. (2019). Recommen-
dations for the design of an energy-efficient 
and indoor comfortable office building in Vi-
etnam. In E. Motoasca, A. Agarwal, H. Bree-
sch (eds.), Energy Sustainability in Built and 
Urban Environments. Energy, Environment, 
and Sustainability (pp. 67-90). Singapore: 
Springer. https://doi.org/10.1007/978-981-
13-3284-5_4

Fanger, P.O. (1970). Thermal comfort: analysis 
and applications in environmental engineer-
ing. Vanloese: Danish Technical Press.

Houghten, F.C. & Yaglou, C.P. (1923). Determina-
tion of the comfort zone. Transactions of the 
American Society of Heating and Ventilating 
Engineers, 29, 165-176.

Huong, N.T. (2001). Report on research project 
“Initially assessing the factors which can 
cause the SBS disease in the offices in Vietnam 
and proposing solutions to improve the work-
ing environment”. Hanoi [unpublished].

International Organization for Standardization 
[ISO] (2005). Ergonomics of the thermal 
environment. Analytical determination and 
interpretation of thermal comfort using cal-
culation of the PMV and PPD indices and 
local thermal comfort criteria (ISO 7730-
-2005). Geneva: International Organization 
for Standardization.

Khanh, N.Q. (2011). Report on research project 
“Investigating and assessing the indoor envi-
ronment quality of the working environment 
and the health of workers in office buildings. 
Proposing solutions” [unpublished].

Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, 
J.P., Tsang, A.M., Switzer, P., Behar, J.V., 
Hern, S.C. & Engelmann, W.H. (2001). The 
National Human Activity Pattern Survey 
(NHAPS): a resource for assessing expo-
sure to environmental pollutants. Journal 
of Exposure Science and Environmental 
Epidemiology, 11(3), 231-252. https://doi.
org/10.1038/sj.jea.7500165

Ministry of Construction of Vietnam (2004). Nhà 
ở và công trình công cộng – Các thông số 
vi khí hậu trong phòng [Dwelling and public 
buildings – Parameters for micro-climates 
in the rooms] (TCXDVN 306:2004). Hanoi: 
Ministry of Construction of Vietnam [transl. 
from Vietnamese].

Nasrollahi, N., Knight, I. & Jones, P. (2008). Work-
place satisfaction and thermal comfort in air 
conditioned office buildings: Findings from a 
summer survey and field experiments in Iran. 
Indoor and Built Environment, 17(1), 69-79. 
https://doi.org/10.1177/1420326X07086945

Nguyen, P.D. (2002). Report on research project 
„Building databank for architectural design 
in tropical climate” [unpublished].

Nguyen, A.T., Singh, M.K. & Reiter, S. (2012). 
An adaptive thermal comfort model for hot 
humid south-east Asia. Building and Environ-



132 P.T.H. Ha, N.T. Hoa, P.T. Binh

ment, 56, 291-300. https://doi.org/10.1016/
j.buildenv.2012.03.021

Nguyen, N.T.Q. & Tran, T.C. (2017). Assessing 
the thermal comfort in non-air conditioned 
classrooms in Ho Chi Minh City. Science and 
Technology Development Journal – Natu-
ral Sciences, 1(T4), 232-240. https://doi.
org/10.32508/stdjns.v1iT4.473

Phong, D.N., Uyen, L.T., Lanh, N.N., Anh, N.H. 
(1984). Impacts of hot and humid climate 
on youths in residential buildings, physio-
-biologically considered. In Proceedings 
of Vietnam-Sweden Symposium: Vietnam 
Building Climatology. Hanoi (pp. C32-C43) 
[unpublished].

Simons, B., Koranteng, C., Adinyira, E. & 
Ayarkwa, J. (2014). An assessment of ther-
mal comfort in multi storey office buildings 
in Ghana. Journal of Building Construction 
and Planning Research, 2(1), 30-38. https://
doi.org/10.4236/jbcpr.2014.21003

Standartinform (1996). Zdaniya zhilyye i obsh-
chestvennyye. Parametry mikroklimata v 
pomeshcheniyakh [Residential and public 
buildings. Microclimate parameters for indoor 
enclosures] (GOST 30494-1996). Moskva: 
FHUP Standartinform [transl. from Russian].

Szabo, J. & Kajtar, L. (2018). Thermal comfort 
analysis in office buildings with different air-
-conditioning systems. International Review 
of Applied Sciences and Engineering, 9(1), 59-
-63. https://doi.org/10.1556/1848.2018.9.1.8

Szokolay, S.V. (2004). Introduction to architec-
tural science: the basis of sustainable design. 
Oxford: Architectural Press. 

Tao, P., Li, A., Qiu, G. & Zhang, J. (2014). Field 
measurement, survey and evaluation on in-
door thermal environments in typical office 
buildings. In A. Li, Y. Zhu, Y. Li (eds.), Pro-
ceedings of the 8th International Symposium 
on Heating, Ventilation and Air Conditioning 
(pp. 77-86). Berlin: Springer.

Tartarini, F., Schiavon, S., Cheung, T. & Hoyt, 
T. (2020). CBE Thermal Comfort Tool: 
online tool for thermal comfort calculations 
and visualizations. SoftwareX 12, 100563. 
https://doi.org/10.1016/j.softx.2020.100563

Thiem, T.H. (1984). The comfortable microcli-
mate parameters in hot humid conditions. In 
Proceedings of Vietnam-Sweden Symposium: 

Vietnam Building Climatology. Hanoi (pp. 
C21-C26) [unpublished].

Tuan, N.A, Dung, L.T.K. & Vinh, P.T. (2016). As-
sessment the indoor environmental quality 
in low-income apartments in Danang in the 
summer. Journal of Architectural and Build-
ing Sciences, 23, 20-24.

Tuan, N.A. & Le, T.K. (2015). Thermal comfort 
in some naturally-ventilated lecture halls. 
Journal of Science and Technology – Danang 
University, 1, 84-88.

Summary

Simple method to improve the TCXD-
VN 306:2004 indoor climate standard for 
closed office workplaces in Vietnam. Ther-
mal comfort is an important parameter of 
indoor climate, which affects office worker 
health and productivity, and also aids plan-
ning for energy efficient building design and 
operation. To provide satisfactory thermal 
comfort in office workplaces under hot and 
humid outdoor conditions, most contem-
porary office buildings in Vietnam are fit-
ted with ducted air-conditioning systems. 
The current Vietnamese standard TCXDVN 
306:2004 for indoor climate was derived 
from thermal comfort research conducted be-
tween the 1960s and 1980s. This standard is 
limited by various drawbacks, including no 
distinction between natural or artificial en-
vironments. In response, this 2018 research 
provides physical measurements and opinion 
surveys of current indoor climatic condi-
tions in representative office workplaces in 
three regions of Vietnam: North, Central and 
South. The measurement results have been 
transformed into ET, PMV and PPD indica-
tors, which value demonstrate the shortcom-
ings of the TCXDVN 306:2004 standard, 
while providing a baseline input for updat-
ing this standard to meet the thermal comfort 
needs of air-conditioned office workplaces, 
based on the concept of probability com-
fort, which are integral with the ISO and the 
ASHRAE standard.
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Introduction

The quality of air is the most vital in-
sight that supports human existence on 
earth. Some cities of the world are facing 
the issues related with smog and imper-
ceptible air pollution which are detrimen-
tal to the public’s health (Al-Dabbous 
et al., 2019). For instance, particulate 
matter which is an arrangement of solid 
bits and liquid droplets measures 10 μm 
can easily inhaled deep into the respira-
tional system (Shahid et al., 2019). The 
particulate matter size less than 2.5 μm 
are considered as fine particles. How-
ever, there may create a health risk, if 
a large portion of these particulates is 
inhaled (Aung et al., 2019). These par-

ticles patent from an assortment of dif-
ferent sources and may be emitted by the 
conversion of gaseous emissions. How 
these dangerous fine particles travel 
through the atmosphere is caused by dis-
persion creating a plume which spreads 
over a specific area, hence dropping the 
concentration of the air contaminants it 
covers (Behrooz et al., 2017). The com-
mon technique use for the gaseous diffu-
sion is the Gaussian dispersion, in which 
air contaminants disseminated and are 
supposed to disclose ideal gas perform-
ance (Chang et al., 2019). The major 
force in air pollution transference is the 
wind causing the air pollutants to move 
downwind while the highest absorption 
of air contaminant molecules move lat-
erally the plume centerline (Fernández, 
2019). Since these molecules diffuse 
freely from upper to lower concentration 
regions, hence the air pollutants emitted 
constantly making the dispersion and 

Scientific Review – Engineering and Environmental Sciences (2021), 30 (1), 134–147
Sci. Rev. Eng. Env. Sci. (2021), 30 (1)
Przegląd Naukowy – Inżynieria i Kształtowanie Środowiska (2021), 30 (1), 134–147
Prz. Nauk. Inż. Kszt. Środ. (2021), 30 (1)
http://iks.pn.sggw.pl
DOI 10.22630/PNIKS.2021.30.1.12

Zahid HUSSAIN1, Muhammad Siyab KHAN1, Hamza KUNDI2,
Kashif ALAM1, Yasir ULLAH1

1 Sarhad University of Science and Information Technology, Faculty of Engineering
2 University of Engineering and Technology, Faculty of Civil Engineering

Assessment of integrated indoor environmental air quality 
parameters in selected church buildings of Faisalabad city:
a statistical based comparative study



Assessment of integrated indoor environmental air quality parameters... 135

emission process at a constant rate (Sou-
dagar et al., 2019). Figure 1 shows the 
mechanism and arrangement of plume 
and wind sources related to the Gaus-
sian dispersion. Looking through the 
Cartesian coordinate arrangement, the 
emission source is located at the start-
ing point while the wind direction at the 
x-axis. Similarly, the vertical and hori-
zontal dispersion are located the y-axis 
and z-axis respectively. For instance, as 
the plume travels downwind, it extents 
both crosswise and straight up away from 
the centerline allowing the air molecules 
to travel from upper to lower concentra-
tions (Kelly & Fussell, 2019). Transec-
tion of the air pollutant concentration at 
both the y and z axes thus take the nor-
mal bell shape of Gaussian distribution 
curves as illustrated in Figure 1. The to-
tal effective height (H) is the sum of the 
vertical distance (h) and the symmetrical 
heap height (hs) respectively. The cause 
of the pollutant spiral is in consequence 
a source raised above the ground at alti-
tude follows Eq. (1).

z = H  (1)

The downwind attentiveness coming 
from this prominent source may be writ-
ten using Eq. (2) (Filbet & Jin, 2010).

 

 (2)
here:
C(x, y, z) – concentration with coordi-
nates x, y, z, 
Q – emission rate [gm·s–1],
v – normal wind speed [m·s–1],
σy – standard non-conformity of the 
plume in the horizontal flow [m],
σz – standard non-conformity of the 
plume in the z trend [m] (Gao et al., 
2017). 

Since particulates matter concentra-
tion is normally restrained at earth level 
(z = 0) therefore, Eq. (2) diminishes to:

FIGURE 1. Fundamental layout of the Gaussian dispersion
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 (3)

However, the higher value of the 
concentration in any desired direction is 
the point of interest hence when y = 0, 
then Eq. (3) reduces to:

 (4)

As a final point, in case when H = 0 
and the concentration at ground level for 
the air pollutants moving down along the 
centerline becomes equal to:

 (5)

Rendering to the surveys of the World 
Health Organization (WHO), people 
spend around 90% of their time indoors 
however according to the statement of 
the EPA, the level of unhealthy con-
centrations is complex than the outdoor 
(Chang et al., 2019). Those related to the 
human contribution include a variety of 
sources such as industrial processes, ap-
parel of road dust into the air, burning 
of fossil and wood fuels, demolition and 
construction activities (Ramírez et al., 
2019). The most significant in this case 
include nitrogen dioxide (NO2), sulphur 
dioxide (SO2), ozone (O3), carbon mon-
oxide (CO), radon (Rn) and a variety of 
concentrations (Van den Heede & De Be-
lie, 2012). In church buildings, pollutant 
matter from different sources affects the 
comfort, health and routine work of the 
people in a negative manner (Mitcham & 

Briggle, 2009). It is also noticeable that 
the rank of the quality of air in a church 
building is significantly influenced by 
the topographical latitude of the building 
(Ruffolo et al., 2015). The people who 
normally stay in the church buildings are 
pastors, administration staff, secretary, 
treasurer, Sunday schooling staff, music 
department staff, and visitors. Making 
sure that these individuals feel contented 
with the existing environment, a study 
on indoor air quality has been needed 
to be highlighted at church buildings 
where religious activities are performed 
(Wang et al., 2018). The environments of 
church buildings under this study are ex-
tremely polluted due to the reasons such 
as crowded halls, low ventilation during 
rituals, insufficiency in fresh air supply, 
lack of ventilation system, presence of 
impervious windows, and great levels of 
radon gas.

According to the 2018 world air 
quality reports based on air quality data 
from public monitoring sources, Paki-
stan had been placed at the next utmost 
contaminated country with an annual 
PM2.5 average of 74.3 μg·m–3 (Sultan 
et al., 2019). There is quite a lack of in-
vestigations for studying the particulate 
matter contaminants in the church build-
ings located in Faisalabad-Pakistan. In 
2019, Faisalabad’s air pollution ranked 
number 3 while the recorded exposure of 
PM2.5 is 274.7 μg·m–3 on averages (Alvi 
et al., 2019). There are additional factors 
which contribute to increasing the rate of 
air pollution including huge scale losses 
of forests and tree for new buildings and 
furniture (Behrooz et al., 2017). During 
the summer, the kinetics of O3 with other 
organic compound increases which leads 
to minimizing the O3 concentrations in 
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indoor air. Conversely, the concentra-
tions of NO2, remain similar both in the 
summer and winter to the concentrations 
in the air surrounded by the church build-
ings (Stamp et al., 2020). However, the 
concentration was normally 2–3 times 
greater in the winter due to increased 
emissions from additional sources in-
cluding agricultural fields’ burning. The 
concentrations of NO2 were also found 
higher due to the influence of burn-
ing candles inside the church buildings 
(Yin et al., 2019). During the study on 
air quality in church buildings, it was ob-
served that the concentration of particu-
lates matter is determined by establish-
ing relationships between them.

Materials and methods

Faisalabad is the third largest city in 
Pakistan with latitude and longitude co-
ordinates as (31°41’8.7”N, 73°4’35”E) 
(Ahmad & Nizami, 2015). Figure 2 
shows the location of Faisalabad with 
the surrounding provinces of Pakistan 
(Muqaddas et al., 2019). Conversely, in 
January the average lowest and highest 
temperatures are 3.89°C (39.00°F) and 

18.8°C (65.84°F), respectively. On the 
other hand, ranking between the topmost 
10 peak contaminated cities in the world, 
the quality of air of Faisalabad is inferior 
to what is deliberated safe by worldwide 
standards for harmless air quality (Na-
waz et al., 2020). The Jesus Pentecostal 
Church building is located in Faisalabad 
city. There is a light stream of traffic 
around the church building as it is loc-
ated 15 km away from the main city. In the 
main hall, air circulation is done through 
electric fans and natural sources.

The tables and benches in the main 
hall are made up of medium density fibers 
(MDF) concealed chipboards and two-
-fold glazed windows in size 140 × 45 cm. 
The windows are skylight models with 
an aluminum frame. The covered area of 
the building is 460 m2 and for 270 pub-
lics. On the other hand, the St. Joseph’s 
Cathedral church building is selected be-
cause it is located on the main mall road 
which is considered as one of the most 
crowded and commercial area of Fais-
alabad city. Hence, the church building 
is highly exposed to particulate matter, 
dust, smog and air pollution due to dis-
sipating gases from traffic flow affecting 
the indoor air quality. The building has 

FIGURE 2. Location of Faisalabad with the surrounding provinces
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single glazed windows in size 120 × 50 
cm. Tables and benches are made up of 
medium density fibers (MDF) concealed 
chipboards, wooden doors, classical sky-
light models windows with steel frame 
and precast slabs flooring. The covered 
area of the building is 445 m2 and 250 
publics. Based on study visits, different 
air quality parameters were investigated 
and analyzed to explore which specific 
church building has an extreme level of 
indoor contaminants.

Data collection and methodology

Comparing the air quality of Faisal-
abad city with the WHO guidelines, con-
centrations of different pollutant mat-
ter used in this work are represented in 
Table 1.

The measurements were performed 
in the middle of October–December 
2019 which is the main smog period in 
Faisalabad city. The physical measure-
ment was carried out in both church 
buildings at different time periods. The 
measurements were completed after ac-
knowledged complaints associated with 
indoor air quality at the church buildings, 
based on the investigational process as 
shown in Figure 3. These values confirm 

that the hourly concentrations level of 
different pollutant matter reached 6–7 
times the limit set by the WHO guide-
lines (Colbeck, Nasir & Ali, 2010). Sim-
ilarly, the level of PM2.5, which is mainly 
from combustion sources, has reached 
an alarming level, 8–9 times greater than 
the safe limit (according to the WHO 
guidelines annual mean of 10 μg·m–3and 
24-hour mean of 25 μg·m–3). It further 
confirms that the air quality of Faisal-
abad city is very unhealthy. The method-
ical data collections are extended further 
by determining the contents of air pollut-
ants and particulate matter accompanied 
by sampling progression. The specific 
equipment used includes PCE/RCM-12 
for measuring temperature in the range 
between –20°C and +70°C, humid-
ity level from 0–100%, volatile organic 
compounds (VOCs) level from 0.00–
–5.00 mg·m–3 and CO2 level between 
0 and 9,999 ppm respectively. Measure-
ment point was selected near the main 
halls as the most significant to indoor 
air pollutants come from the outdoor air. 
Indicators were set aside at a distance of 
around 25 cm from the wall and 2.5 m 
high from the floor. Total numbers of 92 
samples were obtained. The measure-
ments were carried out in the course of 
the normal operating hour, starting from 

TABLE 1. Comparison of air quality of Faisalabad with the World Health Organization guidelines

Data collecting 
time

Temperature
[°C]

Humidity
[%]

NO2
[μg·m–3]

SO2
[μg·m–3]

CO
[μg·m–3]

O3
[μg·m–3]

PM2.5
[μg·m–3]

00.05–08.00 27 63 89 55 1 342 70 198
08.05–16.00 32 60 101 78 1 470 72 235
16.05–24.00 25 69 95 59 1 370 71 203
24-hour average 28 64 95 64 1 394 71 212
WHO values – – 70 20 20 60 25
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8 am and finished at 5 pm, for six days. 
The data were analyzed considering dif-
ferent air quality parameters.

For data analysis, Minitab 18 and 
Statgraphics Centurion XVII mathemati-
cal software packages were used accord-
ingly. For establishing a mathematical 
comparison between air quality factors, 
the Pearson correlation coefficient (r) 
is used using Eq. (6). This comparison 
is helpful to scrutinize the existence 
of a linear correlation among different 
parameters given that positive norms 
around the data are contented (Koo & Li, 
2016).

 (6)

Being a quantitative extent of the 
strength of the correlation between the 
two random variables x and y, if the pa-

rameters have a linear correlation with 
a positive slant, then Rxy = 1 however 
Rxy = –1 will show a negative correlation 
among the two parameters (Larsen et al., 
2007).

Results and discussion

Table 2 shows the descriptive statis-
tics of the measured data. The descrip-
tive statistics parameters based on 92 
counts, the mean, standard deviation, 
minimum, median, maximum and range 
values were determined. Mean indoor 
temperature of both the church buildings 
was recorded as 19.71°C as well as the 
corresponding range was 9.00°C (such 
that 24.00 – 15.00 = 9.00°C).

Figure 4 shows that these values are 
lower than the standards specified by 
the American National Standards Insti-
tute (ANSI) and the American Society 
of Heating, Refrigerating and Air-Con-

 
FIGURE 3. Indoor air quality complaints and exploration process flow chart
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ditioning Engineers (ASHRAE). Mean 
indoor relative humidity was measured 
as 41.61% and the corresponding range 
was 56.00% (such that 75.00 – 19.00 =
= 56.00%). According to the Figure 5, it 
was established that the relative humid-
ity conforms with the ASHRAE stand-
ards which take a range of 30–60%.

The mean CO2 values were deter-
mined as 1,459.5 ppm and the corre-
sponding range was 2,410 ppm such that 
(2,900 – 490 = 2,410 ppm). As per find-
ings of Figure 6, for short-term expo-

sure, the acceptable CO2 concentration 
is 1,000 parts per million (ppm). It is ob-
served that the mean CO2 value is above 
the ASHRAE standards. Consequently, 
the air quality standards in St. Joseph’s 
Cathedral church building was more ag-
gressive than that of Jesus Pentecostal 
Church building. In this regard, human 
respiration and combustion are joint 
sources of CO2 ranks. St. Joseph’s Cathe-
dral church is also a prevalent destination 
for tourists. Due to its prime location and 
historical background, the church build-

TABLE 2. Descriptive statistics of the measured data

Parameter Mean Standard 
deviation Minimum Median Maximum Range

Temperature 
[°C] 19.71 2.71 15.00 20.00 24.00 9.00

Relative 
humidity [%] 41.61 15.01 19.00 40.00 75.00 56.00

Carbon dioxide 
[ppm] 1 459.5 714.3 490.00 1300.0 2 900.00 2 410.00

Nitrogen dioxide 
[ppm] 215.98 36.86 105.00 215.00 300.00 195.00

Sulphur dioxide 
[ppm] 125 64.73 5.00 110.00 350.00 345.00

PM2.5 [μg·m–3] 69.04 28.42 10.00 70.00 130.00 120.00

FIGURE 4. Mean indoor temperature: a – Jesus Pentecostal Church building; b – St. Joseph’s Cathedral 
church building

a                                                                        b
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ing receives fairly a massive number of 
visitors every year. As a result, the CO2 
concentration for St. Joseph’s Cathedral 
church building is much higher and extra 
polluted as compared to the indoor air 
quality of carbon dioxide for Jesus Pen-
tecostal Church building. 

The mean NO2 values were deter-
mined as 200 μg·m–3 and the corre-
sponding range was 195 μg·m–3 such 
that (300 – 105 = 195 μg·m–3). Based 
on Figure 7 rendering to the WHO, 
for a short-term exposure for an hour, 
the acceptable NO2 concentration is 
200 μg·m–3. It is noticeable that both 
church buildings had surpassed the ac-
ceptable range of concentration. How-

ever, the NO2 concentration for 
St. Joseph’s Cathedral church building 
is much greater and more contaminated 
compared to indoor air quality levels 
for Jesus Pentecostal Church building. 
Due to its central location, a heavy traf-
fic flow is observed all the time. Moreo-
ver, the church building is much closer 
to the main road while Jesus Pentecos-
tal Church building is located about 250 
m from the main road. Hence it is con-
firmed that the distance of building from 
the roadway can affect the quality of air 
with respect to the levels of NO2. 

The mean SO2 values were deter-
mined as 125 μg·m–3 and the corre-
sponding range was 345 μg·m–3 (such 

FIGURE 5. Mean indoor relative humidity: a – Jesus Pentecostal Church building; b – St. Joseph’s 
Cathedral church building

FIGURE 6. Carbon dioxide indoor concentration comparison

  a                                                                        b
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that 350 – 5 = 345 μg·m–3). According 
to the WHO and based on Figure 8 for 
a short-term SO2 exposure is 10 min, 
the acceptable concentration for SO2 is 
500 μg·m–3. It is observed that both the 
church buildings are quiet safe and de-
liver a well indoor atmosphere. It is due 
to the fact that the church buildings are 
located in the city area where no power 
generation stations and industries are 
located close to these buildings. Con-
versely, there still exists the presence 
of SO2 pollutants in the indoor atmos-
phere owing to the means of transporta-

tion factor. Considering the distance of 
the church buildings from roadside and 
different means of transportations, it is 
confirmed that the SO2 concentration at 
St. Joseph’s Cathedral church building 
are higher compared to indoor air qual-
ity levels of SO2 at Jesus Pentecostal 
Church building because a heavy flow of 
traffic is experienced throughout the day 
due its prime location in central part of 
the Faisalabad city.

The mean indoor PM2.5 concen-
tration values were determined as 
69.04 μg·m–3 and the correspond-

FIGURE 7. Nitrogen dioxide indoor concentration comparison

FIGURE 8. Sulphur dioxide indoor concentration comparison



Assessment of integrated indoor environmental air quality parameters... 143

ing range was 120 μg·m–3 (such that 
130 – 10 = 120 μg·m–3). According to the 
WHO and based on Figure 9, for a limited 
PM2.5 vulnerability for a 24-hour period 
of the adequate PM2.5 concentration is 
25 μg·m–3. However, it observed that the 
PM2.5 concentration for both the church 
buildings is higher than the satisfactory 
level. Rendering to the WHO, there are 
several bases of particulates matter con-
nected with natural means which dif-
fer in conformation, concentration, and 
size. Still, there are human activities, for 
example, source gain from manufactur-
ing, infrastructure, construction spots, 
landfills, agricultural fields and trans-
portation means which intensely affect 
human health, visibility, climate, and 
biogeochemical cycling. Indoor air qual-
ity levels of environmental pollutants are 
usually a function of outdoor and indoor 
causes, where great outdoor portions 
are initiating from different combustion 
means and indigenous traffic sources 
impact indoor air quality. This factor and 
also considering the distance of church 
buildings from roadside, it revealed that 

PM2.5 concentration for St. Joseph’s Ca-
thedral church building are higher and 
more contaminated compared to indoor 
air quality levels of PM2.5 for Jesus Pen-
tecostal Church building because a heavy 
flow of traffic is experienced throughout 
the day due its prime location in central 
part of the Faisalabad city. Yet, there was 
some likelihood that indoor PM2.5 may 
be generated through inadequate ven-
tilation, combustion events such as the 
use of fireplaces, burning of candles, 
use of unvented and space-heaters and 
pulverized dust that added to indoor air 
quality levels of PM2.5 in both church 
buildings.

Establishing statistical significance 
of parameters

To confirm whether the correlation 
among variables is significant, compar-
ing the p-value to the significance level 
(α). The significance level (α) is chosen as 
0.05 which will show that the risk of con-
cluding that a correlation occurs while, 

FIGURE 9. Particulate matter PM2.5 concentration comparison
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essentially, no correlation exists is 5%. 
Similarly, the p-value confirms whether 
the Pearson correlation coefficient (r) 
is significantly different from 0. Pear-
son correlation coefficient (r) between 
indoor CO2 extent and general public is 
0.640 which indicates a strong positive 
correlation between the two variables. 
It is observed that since door and win-
dows are closed especially in the winter 
season, there is a substantial growth in 
CO2 concentration reliant on the number 
of people. Pearson correlation coeffi-
cients (r) between the number of peo-
ple and indoor PM2.5 values is 0.278. It 
can be understood that different actions 
of people and their movement increase 
the percentage of particulates matter. It 
means that the church buildings are not 

ventilated adequately. Pearson correla-
tion coefficients (r) between indoor CO2 
extent and indoor temperature is –0.567. 
It is because there is normal ventilation 
when the doors and windows are open. 
There is a slight increase in temperature 
generally in spring season hence carbon 
dioxide concentration declines which 
generates graphical instabilities. Pearson 
correlation coefficients (r) between in-
door air temperature and indoor relative 
humidity is –0.6332. It is because as the 
concentrated humidity extent increases 
with an increase in air temperature, rela-
tive humidity rate decreases when air 
temperature increases. These different 
correlations among the parameters are 
given in Figure 10.

FIGURE 10. Parameters comparison: a – carbon dioxide indoor concentration and number of public; 
b – particulate matter PM2.5 indoor concentration and number of public; c – carbon dioxide indoor 
extent and indoor temperature; d – indoor relative humidity and indoor temperature

a                                                                             b

c                                                                           d
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Conclusions

This study seems to be innovative 
in Pakistan because the air quality of 
church buildings under study was not 
safe to the public as it may take harm-
ful impact towards them. The result of 
this study specified that the distance of 
building from roads performs to have 
an impression on indoor air quality lev-
els, particularly for CO2, SO2, NO2, and 
PM2.5. It was recognized that only gase-
ous particulates matter such as SO2 did 
not surpass the satisfactory level com-
pared to other particulates matter. It can 
be established that St. Joseph’s Cathe-
dral church building is more contami-
nated for indoor air quality parameters of 
CO2, SO2, NO2, and PM2.5 compared to 
Jesus Pentecostal Church building since 
location of St. Joseph’s Cathedral church 
building is much nearer to the main road 
compare to Jesus Pentecostal Church 
building. The average indoor CO2 level 
is greater. This is normally affected due 
to closed doors and windows especially 
in winter. The reduction in CO2 level in 
spring confirms that there is typical air 
ventilation in church buildings although 
it is not adequate, hence a proper venti-
lation system should be installed to stop 
the exceeding indoor CO2 levels. For 
determining the relationships among in-
door air quality parameters, Pearson cor-
relation coefficients (r) and significance 
level (α = 0.05) were considered. Pear-
son correlation coefficient (r) of 0.640 
acknowledged that there is a solid pro-
gression between the indoor CO2 level 
and number of people. Pearson correla-
tion (r) coefficients between number of 
people and indoor PM2.5 values of 0.278 
confirmed a moderate positive relation-

ship. It can be concluded that different 
activities of people upsurge the percent-
age of particulates matter. At present, the 
average PM2.5 concentrations in Fais-
alabad city is 69.04 μg·m–3, hence for 
controlling the extent of indoor particu-
lates matter some necessary measures of 
ventilation must be taken into considera-
tion. A value of Pearson correlation co-
efficients (r) is –0.567 established that 
due to the increase in temperature in the 
spring season, the concentration of CO2 
decreased. Pearson correlation coeffi-
cients (r) value of –0.6332 indicated that 
as the air temperature increases relative 
humidity rate decreases as well. It is 
also noticeable that at significance level 
(α = 0.05) the relationship between other 
parameters and radon values could not 
be established. Since the concentration 
of indoor radon is likely changing from 
place to place. Additionally, the radon 
concentration level is continuously be-
low a definite value. This difference may 
be recognized as climatic conditions, 
temperature, humidity, air circulation, 
ventilation, and soil penetrability.
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Summary

Assessment of integrated indoor en-
vironmental air quality parameters in se-
lected church buildings of Faisalabad city: 
a statistical based comparative study. The 
objective of this study is to control the air 
quality parameters for a selected range of 
different particulate matters. A comprehen-
sive experimental approach is established to 
regulate the quality of air about a selected 
range of different air pollutants being in-
vestigated in the indoor atmosphere of the 
church building. Relative humidity, tem-
perature, carbon dioxide, particulate matter 
and radon were considered as the factors of 
air quality extents. For establishing the as-
sociation among the selected parameters, 
the data were mathematically analyzed. The 
correlation coefficient confirmed a strong 
relationship between the indoor CO2 level 
and the number of public. A negative rela-
tionship between the indoor CO2 extent and 
indoor temperature confirmed that due to the 
increase in temperature the concentration of 
CO2 decreased as well. A solid adverse con-
nection among indoor relative humidity and 
indoor air temperature showed that due to the 
increase in air temperature, the level of the 
relative humidity decreased. Some recom-
mendations were proposed for the treatment 
of air quality in church buildings for human 
well-being.
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Introduction

Salinization is a serious environmen-
tal risk and is the main factor leading 
to land degradation and desertification. 
Soil surface salinity occurs as a result 
of superfluous irrigation and increased 
agricultural vitality (Machado & Ser-
ralheiro, 2017). As a result of the irriga-
tion process in excess of the need, this 
increase led to the dissolution of salts 
in the soil, which after the water evapo-
rates, the salts accumulate in the ground 
or spread out on the surface of the earth 
(Rafiq, Blaschke & Ur Rehman, 2014).

Provides remote sensing by satellite, 
an opportunity to discover the soil affect-
ed by salinity and sediments for specific 
features using reflected and emitted elec-
tromagnetic energy. The spectral reflec-
tion of the salt properties studied on the 

soil surface was addressed and mapped. 
In addition, it provides an indirect indi-
cation of vegetation in order to detect 
soil salinity and mapping (Al-Khakani 
& Sa’ad, 2019). It has become possible 
to estimate the changes by salinity land 
affected by and the vegetation cover 
through the use of multispectral satellite 
imagery (Allbed & Kumar, 2013).

Saline soils can be detected in two 
ways. The first method is directly from 
the multi-spectral image bands, which 
can be applied through high spectral 
reflection in the visible and near infra-
red range of the electromagnetic spec-
trum and the second method, indirectly 
through changes in the state of crops and 
loss of agricultural productivity in the 
agricultural lands (Taghadosi & Hasan-
lou, 2017).

Rapid improvements in remote 
sensing technologies in recent decades 
through integration with the geographic 
information system (GIS), greatly en-
able assessment and mapping of salin-
ity processes, and thus are considered 
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the most beneficial economic methods 
(Azabdaftari & Sunarb, 2016). Many 
vegetation indices are using in several 
studies, such as the normalized differ-
ence vegetation index (NDVI), the en-
hanced vegetation index (EVI), and the 
soil adjusted vegetation index (SAVI). 
The NDVI is the index most common 
assessment and control of differences in 
vegetation cover (Ke, Im, Lee, Gong & 
Ryu, 2015).

In this paper, image differencing 
technology was used to generate a differ-
ence image in order to capture changes 
in the study area. This study aimed to 
develop an effective change detection 
method for assessing vegetation change 
and soil salinity in measured the NDVI 
and the SI values, to estimate the rela-
tionship between the NDVI and the SI. 
In order to know the damages caused by 
increasing salinity, which have a great 
role in reducing the economic losses 
caused by increased salinity in Diyala 
Governorate.

Material and methods

Study area and data acquisition

Diyala Governorate is located in the 
central part of eastern Iraq, which is lo-
cated at latitude (33°46′23″ N) and longi-
tude (45°08′58″ E) and covers an area of 
about 17,685 km2 as shown in Figure 1.
It is bordered to the northeast by Sulay-
maniyah Governorate, to the west by 
Salahuddin, to the east by Iran, to the 
south by Baghdad Governorate, and to 
the southeast by Wasit Governorate. 
Diyala Province differs from other prov-
inces of Iraq, as it is located within two 
different regions, the northeastern part is 
located within the semi-mountainous re-
gion, the southern and southwestern part, 
located within the sedimentary region, 
so it has climatic properties that combine 
the characteristics of the arid and semi-
-arid regions. This location makes Diya-
la climate transitional between the desert 
climate and the Mediterranean climate, 

FIGURE 1. The geographical location of the study area (Diyala)
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which is a continental climate character-
ized by drought and high temperatures in 
summer exceed 40°C and low with little 
rainfall in winter (Hussein, 2019).

The four images of Landsat, which 
path was 168 and row was 37, have been 
downloaded from the U.S. Geological 
Survey server (www.earthexplorer.com). 
The first image was Landsat 5 thematic 
mapper acquired on 14 March 2005, the 
second image was acquired on 29 April 
2010, the third image was in 27 April 
2015, while the fourth image was taken 
in 23 March 2020. The preprocessing of 
the images included geometric correc-
tions. All images were geographically 
corrected to Universal Transverse Mer-
cator (UTM) coordinate system utilizing 
the World Geodetic System (WGS) 1984 
datum, Zone 38 by using ArcGIS 10.4 
software. Including atmospheric cor-
rection for cloud pixel removal, and en-
gineering data correction, while Excel 
2010 software was used to achieve the 
Pearson correlation relationship between 
vegetation and salinity.

Differencing images technique

The change in the studied area can 
be detected using the image differences 
technique. Subtracting pixel values to 
the same position as two pictures in-
cludes two different time periods (Tan 
& Hao, 2017). The two images recorded 
jointly are compared to pixels, and pix-
els that indicate changing areas produce 
values that are distinctly different from 
those pixels accompanying regions that 
have not changed (Al-Khakani & Sa’ad, 
2019). Mathematically, the image varia-
tion can be represented as follows:

ID = I(T1) − I(T2) (1)

Where ID represents difference im-
age and I(T1) and I(T2) represents the 
captured images during two different 
time periods. Hence, the variable im-
ages are classified into three categories. 
The zero value is assigned to the areas 
of no change, and value range from 1 to 
–1 for the areas of increase and decrease, 
respectively.

The normalized difference vegetation 
index

The vegetation indicators are a great 
way to detect changes in land use by 
interpreting remote sensing images in 
multiple time data and assessing the den-
sity of vegetation (Al-Doski, Mansor & 
Shafri, 2013). In general, it is calculated 
as a ratio of the red and the NIR bands 
depending on the type of sensor, and is 
characterized by the following equation:

 (2)

Vegetation are limited to values 0.1 
and 1 of the NDVI. While non-vegetative 
surfaces such as water bodies, have nega-
tive NDVI values according to the ability 
of the water to absorb energy, whereas 
the bare soil regions have zero values for 
NDVI, due to the high reflection in the 
visible parts and the NIR (Usman, Yelwa 
& Gulumbe, 2012). In this study, the 
NDVI was used to monitor and evaluate 
changes in vegetation during the peri-
ods under study, in addition to the usage 
the value of the NDVI difference image 
that was calculated by subtraction of the 
NDVI image of the first date from the 
NDVI image of second date as follow:

DNDVI = NDVI(t1) – NDVI(t2) (3)
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Salinity index

Among the various salinity indices, 
the SI was used to assess soil salinity 
based on two SWIR bands, because of 
the ability of these two ranges to com-
pletely distinguish in salinity areas, as 
follows:

 (4)

Soil salinity is calculated to enhance 
the spectral contribution of saline soils 
that cause the reduction and reduction of 
spectra associated with vegetation (Us-
man et al., 2012; Allbed & Kumar 2013; 
Al-Doski et al., 2013; Ke et al., 2015; 
Azabdaftari & Sunarb, 2016; Bannari, 
Guédon & El-Ghmari, 2016; Taghadosi 
& Hasanlou, 2017; Tan & Hao, 2017; 
Hussein, 2019). In the current search, the 
SI values were calculated for the different 
years 2005, 2010, 2015 and 2020, then the 
variation, the SI image (DSI) is calculated 
for the two change periods by subtracting 
the SI image for the first date from the SI 
image corresponding to the second date 
as shown in the following formula:

DSI = SI(t1) − SI(t2) (5)

Positive and negative values of pix-
els are associated with increasing and 
decreasing salinity rates respectively, 
while zero values are indicated for salin-
ity regions that do not change between 
the two change periods.

Results and discussion

Normalized difference vegetation 
index (NDVI) and salinity index (SI) 
were derived from Landsat images. Fig-

ure 2 illustrates the spatial variation of 
vegetation cover derived from the NDVI 
over the study area for the period 2005–
–2020. It can be seen that the vegeta-
tion cover varied from place to another, 
also from year to year in Diyala Prov-
ince. The NDVI ranges between –0.6 and 
1 in 2005, between –0.4 and 0.7 in 2010, 
between –0.7 and 0.5 in 2015, and also 
between –0.7 and 0.8 in 2020. The value 
more than 0.1 refers to vegetation cover, 
while the values from –1 to 0.1 represent 
the non-vegetation features as a bare sur-
face, built-up area, and water body.

Table 1 data revealed the related 
statistics which included, the amount 
of area, and the percentage of area. The 
NDVI results showed that the vegeta-
tion cover in the year 2005, which was 
10,454.796 km2, accounted for 56% of 
the entire study area (17,685 km2). On 
the other hand, the total coverage of the 
vegetation cover decreased in 2010 and 
2015 to be 22% (4,066.21 km2) and 19% 
(3,528.08 km2), respectively. As for the 
year 2020, an increase in vegetation that 
cover most of Diyala regions of 41% 
(7,617.21 km2) was seen.

Salinity index was applied to the 
TM and OLI images to extract the salin-
ity information for the study area. Fig-
ure 3 shows the spatial variation of the 
soil salinity for the period from 2005 to 
2020. Soil salinity analysis showed that 
estimated salinity lands were decreased 
gradually from 2005 to 2015, then it can 
be seen an increase in soil salinity in 
2020.

Table 2 shows that area and percent-
age of soil salinity, in the year 2005 was 
42.74% (7,940.74 km2), while they de-
creased in 2010 and 2015 to be 22.5% 
(4,191.9 km2) and 17.60% (3,270.1 km2),
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FIGURE 2. Spatial variation of the the normalized difference vegetation index based vegetation in 
2005–2020 in Diyala Governorate

TABLE 1. Areas and percentages of change in the the normalized difference vegetation index values 
during for 2005–2020 periods

Classes
2005 2010 2015 2020

km % km % km % km %
Non-vegetation 8 124.77 44 14 513.34 78 15 051.48 81 10 962.35 59

Vegetation 10 454.796 56 4 066.21 22 3 528.08 19 7 617.21 41
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FIGURE 3. Spatial variation of the soil salinity in 2005–2020 in Diyala Governorate

  

  

TABLE 2. Areas and percentages of change in soil salinity index values during for 2005–2020 periods

Classes
2005 2010 2015 2020

km % km % km % km %
Non-salinity 10 638.83 57.26 1 487.66 77.44 15 309.42 82.40 12 096.63 65.11

Salinity 7 940.74 42.74 4 191.90 22.56 3270.15 17.60 6 482.93 34.89
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respectively. Then it can be seen an 
increase in coverage in soil salinity 
(6,482.9 km2) about 34.89% stationed in 
the northwestern part of the study area in 
2020. It can be seen that the highest salin-
ity value was recorded in the year 2005 
and the lowest salinity value recorded in 
the year 2015. Map of change detection 
for the NDVI and the SI illustrated in 
Figures 4 and 5. The change non-change 
maps of the DNDVI and DSI images 
for the change periods (2005–2010 and 
2015–2020). The areas where changes 
occurred were displayed in red and blue 
to indicate the increase and decrease in 
vegetation or soil, respectively, while the 
areas that unchanged were shown in color 
yellow during the two study periods.

Figures 4 and 5 show a remark-
able change in vegetation over a period 
of 20 years, mostly in the northern and 

southwestern regions of the study area 
between the two change periods. For 
the period 2005–2010, the increase in 
vegetation areas was clear in the small 
concentrated parts in the northern part 
of the study area. While, for the period 
2015–2020, the increase in vegetation 
was more spread in the north and along 
the western side part of the study area. 
The decrease in vegetation has occurred 
in the southwestern and some eastern 
parts of Diyala Governorate for the pe-
riod 2005–2020. Whereas, the decrease 
was mostly towards the northern part be-
tween in 2015–2020.

Table 3 summarizes the area and per-
centage change in the NDVI values be-
tween years 2005–2010 and 2015–2020. 
About 10% of the total study area expe-
rienced positive change that is increas-
ing vegetation cover between 2005 and 

a  b 

FIGURE 4. Change/no-change maps of the normalized difference vegetation index images: a – for 
2005–2010 periods; b – for 2015–2020 periods
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2010, whereas nearly 27% of showed 
negative change, that is decline in veg-
etation cover for the same period. How-
ever, in the 2015–2020 period, the posi-
tive changes increased to 24%, while the 
negative changes declined to 10%, indi-
cating much vegetation increase during 
this period in the study area.

As for salinity changes, it can be 
observed that the period study attended 

a rise in saline areas from 7.2% in 2005–
–2010 to 27.03% in 2015–2020. It can be 
seen the increase in northwest and some 
southwestern parts of Diyala, while de-
clining areas of salinity decreased from 
27.4% in 2005–2010 to 7.8% in 2015–
–2020. This decrease is observed in 
southwestern and some eastern parts 
from Diyala Governorate. These results 
represent a significant increase in the sa-

FIGURE 5. Change/no-change maps of the soil salinity index images: a – for 2005–2010 periods; 
b – for 2015–2020 periods

a  b 
 

 

TABLE 3. Change area of the normalized difference vegetation index and the soil salinity index for the 
two change periods

Change classes
NDVI SI

2005–2010 2015–2020 2005–2010 2015–2020
km % km % km % km %

Change decrease 4 941.18 27 4 511.61 10 5 099 27.44 1 451 7.81
No change 11 751.85 63 12 229.18 66 12 131 65.29 12 107 65.16

Change increase 1 863.12 10 1 838.78 24 1 350 7.27 5 022 27.03
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linity of the soil and its negative effects 
on plant growth. In addition to higher 
temperatures, the study period (2005–
–2015) experienced a significant de-
crease in rainfall levels which led to an 
increase in evaporation rates (Al-Khaka-
ni & Sa’ad, 2019).

This has led to a reduction in the 
cultivated area and hence a rise in soil 
salinity levels. There are several reasons 
for vegetation degradation, such as the 
reluctance of a large number of farmers’ 
to farm and practice in other works, as 
well as the conversion of some agricul-
tural land into residential areas. Conse-
quently, the study results showed that the 
decrease in vegetative regions often does 
not coincide with the increased salinity 
of the soil. The relationship between soil 
salinity and vegetation cover change has 
been calculated. Figures 6 and 7 show the 

scatter plot between the NDVI and the SI. 
It can be seen that there is a high inverse 
correlation between the soil salinity and 
vegetation cover change for 2005–2010 
and 2015–2020 periods. It is found the 
correlation coefficient between the SI 
and the NDVI at R2 equal to 0.82, 0.95, 
0.81 and 0.9 respectively.

Conclusions

Soil salinization is a complex process 
that changes over time and has adverse 
effects on agriculture, and so knowledge 
of the change in soil salinity dynamics 
over time and its impact on vegetation is 
required to help decision-makers work-
ing on the various steps needed to man-
age soil salinity and sustain vegetation. 
The purpose of this paper is to analyze 

FIGURE 7. The correlation between vegetation cover and soil salinity changes in 2015–2020 change 
period

FIGURE 6. The correlation between vegetation cover and soil salinity changes in 2005–2010 change 
period
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the possibility of salinity mapping and 
vegetation cover using different soil sa-
linity and normalized vegetation differ-
ence indicators for part of Diyala Gover-
norate. Overall, the soil salinity level has 
undergone remarkable changes in the 
study area over the past 20 years prob-
ably due to improper land use.

The findings suggest that the satel-
lite imagery used in detection technolo-
gies can provide sufficient information 
on changes in vegetation and salinity in 
the soil. During the study period, it was 
discovered that there have been a strong 
changes in vegetation and soil salinity. 
The paper results showed a strong in-
verse correlation between the normal-
ized difference vegetation index and 
salinity index values, and this confirms 
that changes in vegetation have a strong 
correlation with changes in salinity in the 
soil. Overall, during the research period 
the study region observed significant 
changes in soil salinity. This may be due 
to the high temperature and low average 
rainfall which, in addition to weak irriga-
tion system and land misuse, all of which 
helped change the salinity levels in the 
soil.
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Summary

Change on detection of vegetation 
cover and soil salinity using GIS technique 
in Diyala Governorate, Iraq. Soil salinity 
is one of the most important problems of 
land degradation, that threatening the envi-
ronmental, economic and social system. The 
aim of this study to detect the changes in soil 
salinity and vegetation cover for Diyala Gov-
ernorate over the period from 2005 to 2020, 
through the use of remote sensing techniques 
and geographic information system. The nor-
malized difference vegetation index (NDVI) 
and salinity index (SI) were used, which 
were applied to four of the Landsat ETM+ 
and Landsat OLI satellite imagery. The re-
sults showed an increase in soil salinity from 
7.27% in the period 2005–2010 to 27.03% in 
2015–2020, as well as an increase in vegeta-
tion from 10% to 24% in the same period. 
Also the strong inverse correlation between 
the NDVI and the SI showed that vegetation 
is significantly affected and directly influ-
enced by soil salinity changes 
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Introduction

Global climate change has the po-
tential to increase the frequency of eco-
system disturbances such as fire and 
drought, threatening the terrestrial eco-
logical environment and food security 
(Yuan, Wu, Hou, Xu & Lu, 2019). Most 
of the Euphrates–Tigris basin, especial-
ly in southeastern Turkey as well as in 
northern Syria and Iraq (the lower Ti-
gris basin), has a Mediterranean climate 
that is characterized by wet winters and 
dry summers (Food and Agriculture Or-
ganization of the United Nations [FAO], 
2009). Hence, the vegetation of the re-
gion is highly sensitive to climatic varia-
bility (Alhumaima & Abdullaev, 2019).

Since the 1970s, monitoring vegeta-
tion has been improved using several re-
mote sensing-based indices. The normal-
ized difference vegetation index (NDVI) 

(Tucker, 1979), specifically, is the most 
popular and has been used successfully 
to detect vegetation and climate condi-
tions interactions worldwide at various 
temporal and spatial scales (Wu et al., 
2015; Xu, Yang & Chen, 2016; Yuan et 
al., 2019; Luo, Mao, Wen & Liu, 2020). 
In the study of Luo et al. (2020), the dy-
namic characteristics of drought charac-
terized using the standardized precipita-
tion evapotranspiration index (SPEI) and 
the NDVI were investigated and evalu-
ated on an interannual scale from 1998 
to 2015. Two NDVI datasets were used 
in the work of Xu et al. (2016) to study 
vegetation growth and its response to 
climate change reflected by the precipi-
tation, minimum, maximum, and mean 
temperatures at yearly and monthly time 
scales from 1982 to 2013. Yuan et al. 
(2019) established the trend of NDVI 
vegetation change in the past three dec-
ades (1982–2013) and examined the ef-
fect of climate (monthly temperature and 
precipitation) and non-climate (popula-
tion, gross domestic product, and live-
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stock) factors on vegetation growth. Note 
that the temporal delay in the vegeta-
tion response to environmental changes 
should be considered when looking for 
the sensitivity of ecosystems to climate 
variability (Wu et al., 2015). However, 
in our recent work (Alhumaima & Ab-
dullaev, 2019), found that the maximum 
biological productivity during the grow-
ing season for Diyala river basin, a tribu-
tary of Tigris, is controlled by seasonal 
winter precipitation and January–March 
mean temperatures. Also showed that the 
neural network-based prediction of the 
spatiotemporal NDVI can be improved 
by using additional zonal landscape in-
put predictor or by constructing an indi-
vidual predicting model for each one of 
the zonal landscapes.

The two main aims of this study are 
(a) to establish the temporal vegetation 
change during the maximum biologi-
cal productivity season and (b) to ex-
plore the vegetation sensitivity to recent 
(2000–2016) climate variability. How-
ever, direct regional observations of 
precipitation and temperatures are very 
rare and sparse, i.e. they cannot provide 
the needed spatiotemporal series. A par-
ticularly attractive option is to use the 
available different climate factors from 
several global gridded datasets. In this 
work, we compared the NDVI response 
to precipitation and temperature time 
series derived from seven observational 
and reanalysis datasets. These data have 
rarely been used for the lower Tigris ba-
sin; therefore, it would be beneficial to 
assess their performance in reflecting the 
vegetation variability in the region. The 
significant differences in climatic con-
ditions of the different datasets led us, 

first, to use normalized versions of them, 
and second, to refuse the using of Köp-
pen–Trewartha bioclimatic classifica-
tion. Instead, landscapes were classified 
based on land cover/use categories and 
altitude levels. To compensate for the ab-
sence of some other factors on which the 
biological productivity of the landscapes 
depends, such as wind speed, cloudiness, 
etc., the impact of global weather-form-
ing factors, expressed in global circula-
tion indices, has been assessed also.

Materials and methods

Study area

The study area of approx. 251,400 km2 
(41°05′–48°07′E and 38°38′–48°07′N) 
illustrated in Figure 1; is distributed 
mainly between Iraq, Iran and Turkey 
and includes the basins of the five ma-
jor tributaries of Tigris: Fesh Khabour, 
Greater Zab, Lesser Zab, Al-Adhaim and 
Diyala. The region has diverse landforms 
(Fig. 1b) and land cover patterns (Fig. 1c) 
that are expected to be very sensitive to 
climate variability. From the total study 
area, 22% are plains with heights of up to 
300 m, 32% are foothills with elevations 
from 300 to 900 m and the remaining 
46% are mountainous regions. From the 
land cover map, 47% of the study area 
is occupied by natural vegetation (NV: 
grasslands, trees, shrubs, and herbaceous 
vegetation), 33% is attributed to agricul-
tural croplands which are classified into 
agricultural rainfed lands (AR: 25%) and 
agricultural irrigated lands (AI: 8%), and 
low vegetation lands (LV: sparse vegeta-
tion, barren, water bodies and urban).
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Datasets

Ten gridded datasets were used in this 
study. The MODIS 16-day NDVI maps 
of 250 × 250 m spatial resolution and 16 
days temporal resolution (MOD13Q1) 
(Didan, 2015) for March and April grow-
ing months were directly downloaded 
from NASA’s Earth Observing System. 
In addition, we used the ASTER GDEM 
version 2 (Ministry of Economy, Trade 
and Industry of Japan / United States 
National Aeronautics and Space Admin-
istration [METI/NASA], 2011) and FAO 
Global Land Cover-SHARE version 
2014 (Latham, Cumani, Rosati & Bloise, 
2014) datasets to delineate the different 
terrains and land cover types, and thus 
construct study area landscapes.

The monthly precipitation and tem-
perature data used over the period 1981–
–2016 were obtained from two obser-
vational and five atmospheric rean-
alysis datasets: CRU-TS4.01 (Harris, 
Jones, Osborn, & Lister, 2014), UD-
V5.01 (Willmott & Matsuura, 2019), 
ERA-Interim (Dee et al., 2011), Mod-
ern-Era Reanalysis 2 (Gelaro et al., 
2017), NСEP-DOE AMIP-II Reanalysis 

(Kanamitsu et al., 2002), JRA-55 (Koba-
yashi et al., 2015) and NСEP-CFSR 
(Saha et al., 2014), hereafter CRU, UD, 
ERA, MERRA, NCEP, JRA and CFSR, 
respectively.

In addition, non-gridded datasets 
of global circulation indices: El-Nińo-
-Southern Oscillation (ENSO), Atlantic 
Multidecadal Oscillation (AMO), North 
Atlantic Oscillation (NAO) and Dipole 
Mode Index (DMI), obtained from the 
National Oceanic and Atmospheric Ad-
ministration (NOAA), were also used in 
this study.

Study area landscapes

From the above description, the 
study area has diverse ecosystems and 
land cover categories, and one could 
easily expect that their vegetation sen-
sitivity to climate will be different. For 
this reason and in order to examine the 
effect of climate variability on the differ-
ent NDVI landscapes, we classified our 
study area into 10 smaller landscapes 
(Fig. 2a): plains with NV, AR, AI and LV 
(PNV, PAR, PAI and PLV, respectively), 
foothills with NV, AR and LV (FNV, 

FIGURE 1. Study area (a) with elevation levels (b) and land cover map (c)
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FAR and FLV, respectively), and finally 
mountains with NV, AR and LV (MNV, 
MAR and MLV, respectively). The mean 
altitude and area percentage of each in-
dividual landscape are illustrated in Fig-
ures 2b and 2c. Note that, in our analysis, 
LV landscapes, urban, and water areas 
were not considered.

Methods

NDVI data processing

The maximum value compositing 
(MVC) method was used to produce 
monthly NDVI maps and minimize the 
effects of atmospheric, cloud contamina-
tion, and solar zenith angle (Alhumaima 
& Abdullaev, 2019). Additionally, NDVI 
pixels less than 0.1 were excluded from 
the analysis and considered as non-veg-

etated (Xu et al., 2016; Alhumaima & 
Abdullaev, 2019).

Standardized precipitation index 
and z-score

To minimize the significant variance 
in the original amplitudes of the climate 
factors between the different datasets, 
only normalized time series of monthly 

precipitation and temperatures have been 
used in this study. Therefore, we con-
structed for each individual landscape, 
seven pairs (based on the seven climate 
datasets) of 35-years (1981–2016) based 
time series of six-months (October–
–March) the standardized precipitation 
index (SPI) (Mckee, Doesken, & Kleist, 
1993; Alhumaima & Abdullaev, 2018) and 
three-months (January–March) tempera-
ture z-score (Alhumaima & Abdullaev, 
2018; Li, Li, Lu, Zhang & Kim, 2019).

FIGURE 2. Study area landscapes (a) with their mean altitudes (b) and area percentages (c)
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Pearson correlation analysis

Since the indices time series for the 
NDVI, global circulations, precipitation 
and temperatures meet the basic assump-
tions of parametric linear analysis, we 
decided to use the Pearson correlation 
coefficient (PCC) (Luo et al., 2020) to 
give a clear picture of the strength of the 
relationships among them. The prelimi-
nary correlation analysis showed that 
the NDVI vegetation of both March and 
April, averaged over the entire region, 
have the highest correlation (0.5 ≤ PCC 
< 0.8) to the same cumulative amounts 
of October–March period total precipi-
tation and January–March period mean 
temperatures according to the seven cli-
mate datasets. Similarly, the coefficients 
of determination (Kamble, Kilic & Hub-

bard, 2013), denoted R2, were to meas-
ure the proportion of variability in the 
landscapes’ NDVI that can be explained 
by the other independent variables in the 
linear regression model.

Results and discussion

Landscapes’ NDVI change

The NDVI time series for six region-
al landscapes during March and April 
growing months are illustrated in Fig-
ure 3. These time series are not regular 
over the study period with the presence 
of almost significant lack in vegetation 
during 2000, 2006, 2008, 2009, 2011 
and 2012. In fact, many previous studies 
reported that the Euphrates–Tigris basin 

FIGURE 3. March and April mean NDVI of PAR and PAI (a and b), FNV and FAR (c and d), and MNV 
and MAR (e and f), respectively
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experienced significant drought events 
during these years (Alhumaima & Ab-
dullaev, 2018; Mathbout, Lopez-Bustins, 
Martin-Vide, Bech & Rodrigo, 2018). At 
the same time, the moderate–high cor-
relations between March NDVI time se-
ries of all regional landscapes with each 
other (0.5 ≤ PCC < 1), confirm the effect 
of drought on all landscapes simultane-
ously. The correlations between land-
scapes’ March NDVI and those of April 
were moderate to high (0.5 ≤ PCC < 1) 
also. On the other hand, these correla-
tions indicate different responses from 
different landscape types.

The NDVI change in the agricultural 
rainfed landscapes (PAR for example, 
Fig. 3a) during both March and April 
were more prominent and less stable 
(std = 0.103 and 0.066) compared to that 
of the agricultural irrigated landscape 
(PAI, Fig. 3b) which was more stable but 
also observable (std = 0.062 and 0.032, 
respectively). This indicates that the cro-
plands are also affected by climatic vari-
ability, but human management, such 
as; irrigation could mitigate the negative 
effects.

Landscapes sensitivity to climate

The 35-years based mean monthly 
precipitations averaged over the whole 
study area (Fig. 4a) show that UD, ERA, 
JRA, and CFSR, with annual precipita-
tions of 451, 462, 620 and 470 mm, were 
wetter than CRU, MERRA and NCEP 
of 375, 257 and 395 mm, respectively. 
At the same time and with respect to 
the temperatures (Fig. 4b), the mean 
annual values were ranged between 
17.8 and 18.4°C, except for NCEP and 
JRA datasets of only 12.8 and 14.3°C, 
respectively.

Several studies showed that signifi-
cant differences exist in precipitation 
estimates between the different datasets 
and their performance may vary depend-
ing on the geographic location and cli-
matic zone (Essou, Sabarly, Lucas-Pith-
er, Brisette & Poulin, 2016; Chen, Gan, 
Tan, Shao & Zhu, 2019). We demonstrat-
ed in Alhumaima and Abdullaev (2018) 
that despite their relative simplicity, the 
SPI and z-score are good indicators of 
regional drought/wet and cold/warm 
cases, respectively. The 17 out of the 
35-years based z-score time series of 
January–March period temperatures 
(ZJM) calculated over three of the re-
gional landscapes and analogous six-
month SPI time series of October–March 
period precipitation (SPIOM) are shown 
in Figures 4c, 4d, 4e, 4f, 4g and 4h.

However, we examined the correla-
tions between NDVI in March and April 
of each individual landscape and the cor-
responding normalized climate factors 
and found that there are large variances in 
these relationships (0.17 ≤ PCC < 0.91) 
depending on dataset used and landscape 
type. For example, March NDVI in of the 
foothills’ natural vegetation landscape 
(FNV, Fig. 3e) has weak correlations 
(PCC < 0.5) with SPIOM according to 
UD and JRA datasets, moderate correla-
tions (0.5 ≤ PCC < 0.75) according to 
CRU, ERA, NCEP and CFSR datasets, 
and high correlation (PCC ≥ 0.75) ac-
cording to MERRA dataset. The correla-
tions between March NDVI of the same 
landscape and ZJM were moderate (high) 
according to CRU, UD, ERA, MERRA, 
NCEP and CFSR (JRA).

To estimate how much March NDVI 
variability is associated with both SPIOM 
and ZJM according to the seven datasets, 



The sensitivity of vegetation in the lower Tigris basin landscapes... 165

we calculated the coefficients of deter-
mination (R2). The R2 values, presented 
in the table, are directly interpreted as 
follows. If the value of R2 is 0.40, as in 
the case of PNV landscape (depending 
on SPIOM and ZJM of JRA reanalysis), 
this means that 40% of the original vari-
ability of NDVI can be explained by the 
corresponding hydrothermal regime, 

and 60% of residual variability remains 
unexplained.

The table indicates that the vari-
ability of landscapes’ NDVI, explained 
using two normalized climatic factors 
of the same dataset, is varied between 
28 and 83% depending on the dataset 
used. However, using the time series of 
ERA and CFSR, we can explain from 

FIGURE 4. Study area mean annual precipitations and temperatures (a and b); normalized monthly 
precipitations and temperatures of PAR, FNV and MNV landscapes (c-d, e-f and g-h), respectively, 
according to seven datasets
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77 to 83% of NDVI variability on low-
land plains’ landscapes and from 63 to 
75% on higher landscapes. The MERRA 
dataset is poorest to describe the vari-
ability of the semi-desert plains’ vegeta-
tion (28–45%) but it is the best predictor 
for foothills’ and mountains’ vegetation 
(77–80%). Thus, the consideration of the 
combined effects of normalized seasonal 
precipitation and temperature exposure 
to vegetation explains much of NDVI 
variability, regardless of geographic lo-
cation and land cover type.

To obtain better predictions, we cal-
culated R2 for each individual landscape 
based on all possible combinations of 
SPIOM and ZJM time series from the 
different datasets. The results (the table) 
showed that the explanation of NDVI 
variability of four out of the five land-
scapes, located in plains and foothills 
(PNV, PAR, PAI and FNV), optimized 
by 2.4–3.5% using ZJM time series of 
CFSR and UD datasets, while the com-
bination of SPIOM and ZJM time series 
of CFSR and MERRA datasets, respec-
tively, to explain NDVI variability of 
the FAR landscape has increased R2 by 
7.2%. This clearly indicates that better 

predictions of vegetation variability can 
be obtained when relying on more than 
one dataset simultaneously.

From the above analysis, vegeta-
tion of the region is highly dependent 
on climate. Therefore, it makes sense to 
link factors that affect the regional cli-
mate with the vegetation. On the other 
hand, these factors could compensate for 
the absence of other factors like wind 
speed, total cloud cover, evaporation, 
soil moisture and many others that have 
an effect on plant growth. However, in 
this work, we decided to verify from the 
states of ENSO, AMO, NAO and DMI as 
it has been found in several studies (Cul-
len, Kaplan, Arkin & de Menocal, 2002; 
Karabörk & Kahya, 2009; Khidher & 
Pilesjö, 2015; Pourasghar, Oliver & Hol-
brook, 2019) that they have a significant 
influence on climate and rivers’ stream-
flow in the surrounding areas.

The analysis showed that the study 
area’s averaged SPIOM according to all 
datasets are moderately correlated (0.55 
≤ PCC ≤ 0.7) to both: SON, OND, NDJ 
and DJF states of ENSO and Decem-
ber state of DMI, while the correlations 
were weak with both NAO and AMO. 

TABLE. Relative part of landscapes’ NDVI variability described by variations of normalized seasonal 
precipitation and temperatures

LS
Resulted R2 values based on SPIOM/ZJM of the same 

dataset Using mixed datasets

CRU UD ERA MERRA NCEP JRA CFSR SPIOM/ZJM R2

PNV 0.48 0.62 0.80 0.45 0.48 0.40 0.69 ERA/CFSR 0.82
PAR 0.55 0.65 0.74 0.52 0.69 0.49 0.77 CFSR/UD 0.79
PAI 0.40 0.46 0.83 0.28 0.53 0.34 0.77 ERA/UD 0.86
FNV 0.54 0.56 0.65 0.78 0.61 0.61 0.72 MERRA/UD 0.80
FAR 0.61 0.71 0.71 0.77 0.72 0.67 0.75 CFSR/MERRA 0.83
MNV 0.54 0.58 0.63 0.78 0.61 0.69 0.69 MERRA 0.78
MAR 0.63 0.61 0.68 0.80 0.65 0.71 0.72 MERRA 0.80
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We found that the ZJM temperatures are 
moderately correlated (0.5 ≤ PCC ≤ 0.6) 
to SON state of AMO, while the correla-
tions were weak with other indices.

As expected, the correlation analysis 
between March NDVI and the four glo-
bal circulation indices showed that the 
most positive responses of landscapes 
were also to the SON-DJF states of 
ENSO (0.55 ≤ PCC ≤ 0.70) and Decem-
ber state of DMI (0.37 ≤ PCC ≤ 0.72). 
With respect to the SON state of AMO 
and NAO, the responses of all landscapes 
were weakly positive (0.17 ≤ PCC ≤ 
0.36) and weakly negative (–0.34 ≤ PCC 
≤ –0.1), respectively. For the correlations 
with the next April, almost the same de-
scription above has noted but with less 
sensitivity compared to March.

As with the NDVI, SPIOM and ZJM, 
we calculated the coefficients of deter-
mination based on all possible combi-
nations of the four circulation indices 
in order to find out the best predictors 
for each of the regional landscapes. The 
analysis showed that using the combined 
effect of three sets of circulation indices 
(ENSO, AMO and NAO; ENSO, DMI and 
NAO; ENSO, DMI and AMO) we can 
explain 30–55, 70–78, and 60–64% of 
landscapes’ NDVI variability on plains, 
foothills, and mountains, respectively.

Thus, it can be concluded from the 
results that the consideration of the com-
bined effects of the global circulation in-
dices and climate factors can enhance the 
explanation of vegetation variation. To 
prove this, we recalculated R2 based on 
five input predictors consisting of land-
scapes’ best combinations of normalized 
climate factors (the table) and climate 
indices, and found that the relative ex-
planations of NDVI variability for all 

landscapes have increased by 4.5–9.5% 
compared to the values presented in the 
table. Here, R2 of: plains’ landscapes 
(PNV, PAR and PAI) have increased to 
be 86, 84 and 93% with increasing rates 
of 4.7, 6.0 and 7.5%, foothills’ land-
scapes (FNV, FAR) have increased to 
be 88 and 89% with increasing rates of 
9.1 and 6.7%, and finally, mountainous 
landscapes (MNV, MAR) have increased 
to be 86 and 88% with increasing rates of 
9.3 and 9.1%, respectively.

Conclusions

In this work, the study area of the 
lower Tigris basin was classified based 
on the landforms (plains, foothills, and 
mountains) and land cover patterns (nat-
ural vegetation, agricultural rainfed, and 
agricultural irrigated) into 10 smaller 
natural and agricultural landscapes. The 
variation of remote sensing MODIS 
NDVI data was then examined during 
the maximum biological productivity 
season (March and April) as a response 
to the current regional and global climate 
variability. These latter are reflected by 
monthly precipitation and temperature 
time series derived from two observa-
tional and five reanalysis climate data-
sets (CRU, UD, ERA, MERRA, NCEP, 
JRA and CFSR) and four circulation in-
dices (ENSO, АМО, NAO and DMI). The 
preliminary analysis showed the NDVI 
of both March and April are strongly 
correlated with the cumulative win-
ter precipitation (October–March) and 
mean temperatures of January–March 
period. The significant differences in 
precipitation and temperature estimates 
between the different datasets led us to 
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use normalized versions of the climate 
factors (SPI and z-score) in searching 
for the landscapes’ vegetation response 
to climate variability. The multiple cor-
relation analysis showed that combining 
the normalized seasonal climate factors 
from different datasets can explain much 
of the landscapes’ NDVI variability re-
gardless of the geographic location and 
land cover category. It is also found that 
the predictability of landscapes’ vegeta-
tion conditions can be enhanced by com-
bining climate factors with global circu-
lation indices that are found to influence 
the regional climate as well.
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Summary

The sensitivity of vegetation in the 
lower Tigris basin landscapes to regional 
and global climate variability. This study 
investigates the lower Tigris basin’s the nor-
malized difference vegetation index (NDVI) 
sensitivity in 2000–2016 to regional climate 
variability reflected by the monthly precipi-
tation and temperature time series of seven 
global datasets as well as to four global cir-
culation indices. To examine the effect of 
climate variability on the different ecosys-
tems, the study area has been classified into 
10 smaller natural and anthropogenic land-
scapes based on landforms and land cover 
patterns. The preliminary analysis showed 
that the maximum biological productivity re-
flected by the NDVI of March and April has 
the highest correlation (0.5–0.8) to the same 
cumulative amounts of October–March pe-
riod total precipitation and January–March 
period mean temperatures according to all 
datasets. In addition, this article showed 
there is a correlation between landscapes’ 
NDVI and global modulation represented by 

the September–February state of El Nińo-
-Southern Oscillation (ENSO) (0.55–0.70) 
and December state of the dipole mode in-
dex (DMI) (0.35–0.72). The significant dif-
ferences in the original precipitation and 
temperature levels according to the differ-
ent datasets have urged the use of normal-
ized time series: z-score of temperatures and 
analogous six-months the standardized pre-
cipitation index (SPI). However, the multiple 
correlation analysis showed that using ERA-
-Interim and NСEP-CFSR (MERRA-2) 
based climate factors can explain from 77 
to 83% of the NDVI variability on lowland 
plains (on higher foothills and mountainous 
lands). We found also that these prediction 
percentages can be increased by 2.4–7.2% 
when using time series of precipitation and 
temperatures derived from different data-
sets, in addition to 4.5–9.5% increasing rates 
when using the global circulation indices as 
additional predictors.
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Introduction

The determination of both zero-dis-
placement height (Zd) and roughness ele-
ment height (ZH) has special importance 
in micrometeorology when calculating 
surface roughness length (Zo). These 
aerodynamic parameters in urban areas 
are important in many applications, such 
as air pollution modelling, wind-engi-
neering activities, and can be considered 
as the main factors in describing the de-
velopment of urban cities (Grimmond, 
King, Roth & Oke, 1998).

The surface roughness length is the 
height wind speed becomes zero in the 
logarithmic wind-speed profile, in the 
absence of Zd (Al-Jiboori, 2010). Thus, 
any single object research that did not 
rely on the value of Zd in estimating the 
values of roughness length was consid-
ered unacceptable. When the roughness 

elements (e.g. buildings, trees, bridges, 
etc.) are closely aligned to the surface it 
appears to have displaced the surface of 
the earth to some height. For example, 
some forests where trees are very close 
make a block of circumference size that 
blocks the wind when colliding with it 
(Hicks, Hyson & Moore, 1975).

The methods for analysing any natu-
ral and manmade surfaces can be clas-
sified into two major methods. The first 
classification requires observations of 
wind, and the second is based on the 
morphology and spatial arrangement 
of surface roughness elements, and this 
is referred to as morphometric analysis 
(Grimmond et al., 1998). The changes 
in the surface feature over a certain time 
can lead to changing micrometeorologi-
cal parameters, such as Reynolds stresses 
and heat fluxes for the mean wind speed 
profile; and consequently, alter the verti-
cal wind shear in both velocity and direc-
tion (Bradford, 2015).

The methods used in calculating the 
urban roughness that dependent on mor-
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phometric parameters have improved 
radically because the anemometer equip-
ment depends has limited observation in 
certain directions. These are considered 
the most accurate and active. However, 
installing the devices and designing the 
site experiment is complex and costly. 
On the other hand, morphometric meth-
ods are easy to operate and less costly. 
Remote sensing and geographic infor-
mation system (GIS) techniques have 
reduced the complexity associated with 
these methods, and helps us to decrease 
time and exertion in calculating Zd and 
ZH (Jhaldiyal, 2015).

Remote sensing refers to various 
observation and exploration activities 
of the Earth’s surface, through satellites 
and aircrafts fitted with sensors to cap-
ture images of Earth’s surface. Those 
images are used to generate digital el-
evation model (DEM) and digital sur-
face model (DSM), among others (Guo, 
Alessandro & Goodchild, 2019). Digital 
elevation model is defined as the altitude 
above mean sea level, measured in me-
ters. When the surface is bare, the values 
of minimum and maximum elevation are 
equal. For scarce vegetation structures, 
the depth of the vegetation canopy re-
sults in the difference between the low-
est and highest elevations. Therefore, it 
is possible to separate the land surface 
topography, represented by the DEM, 
from an elevation of the top of the veg-
etation canopy. Digital surface model 
refers to the altitude of features/objects 
on the surface of the earth. Both digital 
models have spatial resolution of 30 m 
(Desbarats, Logan, Hinton & Sharpe, 
2002). The difference between DEM and 
DSM is that the first one is a land surface 
model that assuming the surface is bare 

while the second is an elevation model 
that contains the top of surfaces or fea-
tures on earth such as treetops, towers, 
buildings, and ground (Zhou, 2016).

Many researchers and authors have 
studied the surface roughness param-
eters of different sites. For example, 
Grimmond and Oke (1999) studied the 
characteristics of wind movement on the 
urban surface and analysed the shape of 
the surface by the morphometric meth-
od. The displacement height was defined 
using one of the methods for evaluating 
displacement height from velocity profile 
measurement (Petersen & Parce, 1994). 
Al-Draji & Al-Jiboori (2010) calculated 
Zd for the Baghdad city center (Bab Al-
-Mhadham area) using the standard cri-
teria and through the Bottema formula, 
found that Zd ranged from 4 to 17.9 m 
with a mean value of 7.5 m.

In a recent study conducted by Haraj 
and Al-Jiboori (2019), utilizing three-
dimensional ultrasonic anemometer in-
stalled at Mustansiriyah University to 
calculate zero-displacement length on 
eight sections, the results ZH (9.2–13.8 m)
and Zd (4.3–8.1 m). Previous studies 
have focused on Zd for most cities of the 
world, including Baghdad city centre and 
at Mustansiriyah University. However, 
no study has estimated the surface height 
of roughness element and zero-displace-
ment height elements for the city. This 
study sought to estimate zero-displace-
ment height and the height of roughness 
element over Baghdad, and for each mu-
nicipality using GIS tools and techniques 
(ArcGIS 10.4.1 software). The study also 
analysed the relationship between ZH 
and Zd. The study estimated the rough-
ness parameters for all municipalities of 
Baghdad.
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Study area

Baghdad is the capital of the Repub-
lic of Iraq and is located in the central 
region on the banks of the Tigris river. 
Geographically, Baghdad is situated 
at latitude 33.22°–33.48° N, longitude 
44.17°–44.50° E and 30–38 m above 
mean sea level. The area of the munici-
pality of Baghdad city 877 km2 (Al-
-Salihi, 2018). The borders of the munic-
ipality of Baghdad include 15 municipal-
ities, seven in Karkh east of Tigris and 
eight in Rusafa west of Tigris as shown 
in Figure 1. The architecture of Baghdad 
ranges from traditional two or three story 
brick houses to modern steel, glass and 
concrete structures, and has about 12 
bridges spanning the river-joining the 
east and west of the city (Hashim & Sul-
tan, 2010). The climate of Baghdad can 
be described as subtropical, continental, 
and semiarid, characterized by cool win-
ter, short springs as well as hot, dry and 
long summer. For the last 30 years, the 

average maximum temperature has been 
31.95°C, and the average minimum tem-
perature has been 18.05°C. The annual 
range of mean daily sunshine duration is 
about 10–14 h, with a mean of 7 h. Rain-
fall has never been recorded in summer 
and annual rainfall is almost restricted to 
the period of November–April (Saleh, 
2011).

Data source

Data was acquired from three sour-
ces. Digital elevation model image for 
Baghdad, as shown in Figure 2, was 
acquired from the USGS earth explorer 
website, while DSM image for Baghdad, 
as shown in Figure 3, was obtained from 
the satellite global digital surface model 
“ALOS World 3D – 30M” (AW3D30) on 
2 July 2019. Shapefile of the boundary of 
the municipality of Baghdad city, which 
comprises fifteen municipalities, was 
obtained from Baghdad municipality.

FIGURE 1. Maps of Iraq, Baghdad city and the site of study
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Pre-processing

Models of digital elevation and surface 
were extracted from the respective origi-
nal images by masking them out using the 
shapefile for Baghdad city (Fig. 4). 

The height was derived by comput-
ing the difference between DSM and 

DEM following Eq. (1) using GIS. The 
height is referred to as digital height 
model (DHM), and is shown in Figure 5.
Digital height model represents the 
height of roughness element – ZH (Dutra 
et al., 2006).

DSM – DEM = DHM (1)

FIGURE 2. Digital elevation model image of 
Baghdad city

FIGURE 3. Digital surface model image of Bagh-
dad city FIGURE 4. Baghdad city after extraction: a – dig-

ital elevation model; b – digital surface model
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Processing

There are several methods based on 
geometric analysis of the surface, which 
are related to the air dynamic scale. The 
method adopted in this study depends 
on the plan aerial index (λP), which de-
scribes the density of the fraction of the 
plan area. Plan aerial index is the ratio of 
the horizontal area occupied by rough-
ness elements (‘roof’ or vegetative cano-
py) to the total area under consideration 
(Kent, Grimmond & Gatey, 2017), and is 
expressed using the following equation:

 (2)

where:
AP – plan surface of the roughness ele-
ments [m2],
AT – total surface area [m2].

The plan area index is attached to the 
significance of interfering space between 
the roughness elements. For an array of 

the equivalent height of roughness ele-
ment, an excess of λP can lead to the ex-
cess of the displacement height and a re-
duction of the roughness of the obstacle 
array as λP, tends to 1. This means that 
the elements are so close that they merge 
to form a new surface (Chen, Fröhlich, 
Matzarakis & Lin, 2017). The ratio of 
displacement height over the roughness 
element height is given as:

 (3)

where:
Zd – displacement height, which is main-
ly a function of λP [m],
ZH – height of roughness element height 
[m],
α – empirical coefficient equal to 4.43 
(Grimmond & Oke, 1999).

Figure 6 presents the flow chart of 
the calculation method for DHM (= ZH) 
and Zd.

Results and discussion

Average roughness height

The average height values for satel-
lite image varies from one municipality 
to another, due to the presence of build-
ings, trees and towers, and their differ-
ent spatial distributions in Baghdad. The 
height values of DSM are greater than 
DEM, where DEM includes the height 
of the land and does not take into con-
sideration the height of the towers, trees 
and buildings, while DSM includes the 
height of the surface and everything on 
it. Digital height model is the result of 

FIGURE 5. Digital height model of Baghdad city
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difference between them which repre-
sent ZH.

Figure 7 and the values shown in Ta-
ble 1 show the height of the roughness 
elements of every municipality were 
calculated from Eq. (1) by ArcGIS. It 
should be noted that the highest value 

was in Mansour with 28.7 m because of 
the many numbers of tall buildings and 
trees in this municipality, and the low-
est value in Sader1 with 8.6 m due to 
the lack of tall buildings. It is also found 
that there are municipalities with al-
most similar values such as Sader 1 and 

FIGURE 6. Flow chart of methodology

FIGURE 7. Average heights for each municipality of Baghdad
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Sader 2, Dora, Adhamiyah and Kad-
humiya. Shaab, Shulaa and Baghdad 
Aljadeedah municipalities are approxi-
mately similar in value, and finally Kar-
rada, Algadeer and Green zone are found 
to close to the same values for roughness 
element heights.

Zero-displacement height

The zero-displacement values based 
on the ZH and λP values are computed 
using Eq. (3) should previously calcu-
lated ZH values and then λP. First step, 
the plan area (AP) of roughness element 
which represents the area occupied by 
objects on the surface of the earth, such 
as buildings and trees calculated through 
ArcGIS. The height data was classified 

from DHM images for the roughness el-
ements with heights greater or equal to 
2. This classification was chosen ensur-
ing that low-level street furniture (e.g. 
signage), vehicles, etc. are removed, to 
determine the plan area index consist-
ent with the study of (Kent, Grimmond, 
Gatey & Hirano, 2019). Areas of pixels 
with heights equal to or greater than 2 
were calculated for each municipality. 
This was followed by calculation of the 
total area (AT) and packing density of the 
roughness elements λP for each munici-
pality was determined by using Eq. (2).

Figure 8 shows the reclassified 
roughness heights for each municipality. 
The black colour shows areas of height 
values ≥ 2 which represents AP distribu-
tions, and green colour shows the area of 
height values < 2.

As stated in Table 2, the values of 
AP, AT, and the results of both λP and Zd 
shows that the values of λP ranged from 
0.17 to 0.63. The largest value of λP was 
in Sader 1 which means it has high-den-
sity roughness elements and the lowest 
value was in the green zone. The average 
value of λP was 0.35 for the entire Bagh-
dad. Zero-displacement height ranges 
from 4.5 to 15.8 m, with an average 
value of 8.4 m for the whole Baghdad.

Figure 9 shows the relationship 
between the length of zero-displace-
ment and the average of the rough-
ness elements height. There was a very 
strong positive correlation between 
the two parameters, with R2 = 0.7484, 
p < 0.05. It was noted that the values of 
Zd increases with increasing height of 
buildings in an area. The highest value 
of the length of the zero-displacement 
height Zd was 15.8 m with ZH of 24.2 m 

TABLE 1. Average of height values for satellite 
images of digital surface and elevation models 
and roughness element height

Municipality DSM 
[m]

DEM 
[m]

ZH 
[m]

Rasheed 35.8 35 18.4
Mansour 38.3 37.4 28.7
Shulaa 36.7 35.7 10
Karrada 37.2 36.5 14.1
Shaab 38.3 36.9 10.2
Adhamiyah 40.8 39.9 12.1
Sadre 2 39.2 37 8.6
Sadre 1 40.3 37.6 8.7
Rusafa 40.9 38.8 24.2
Alghadeer 39.1 36.8 14.6
Baghdad 
Aljadeedah 38.5 38 9.5

Karkh 39.8 39.5 18.5
Kadhumiya 40 39.1 12.6
Green zone 38.2 38 14.5
Dora 36.1 35.9 12.2
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FIGURE 8. Maps present the distributions of plan area for Baghdad and each municipality
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in Rusafa, while least value of the length of 
zero-displacement was 4.7 m with 12.2 
m ZH in Dora.

The following observations were 
noted in the study. The average ZH was 
14.5 m and Zd was 8.4 m. Comparing 

ZH values among all municipalities, the 
highest value is for Mansour (28.6 m), 
and the least value is for Sader 2 (8.6 m). 
This is due to the presence of high build-
ings in Mansour municipality, unlike in 
Sader 2 municipality. Zero-displacement 
height varies from 4.7 to 15.8 m across 
the municipality. The results of this re-
search differ from the results of the pre-
vious two studies (Al-Draji & Al-Jiboori, 
2010; Haraj & Al-Jiboori, 2019) which 
conducted for Bab Al-Muadham and 
Mustansiriya University, which these are 
part of the Rusafa municipality of Bagh-
dad and with study areas of 1 km2, while 
this study covered a very large area of 
877 km2 and 15 study points. Depending 
on the values of Zd and ZH, Baghdad city 
can be classified as having a medium 
height with a density of the urban sur-
face consistent with results obtained by 
Grimmond and Oke (1999).

Conclusions

The determination of urban surface 
aerodynamic parameters is an important 
question in the researches of urban wind 

TABLE 2. Values of plan area, total area, plan aer-
ial index and zero-displacement height for each 
municipality in Baghdad

Municipal AP
[km2]

AT
[km2]

λP
[-]

Zd
[m]

Rasheed 36.3 123.3 0.29 10.0
Mansour 36.3 123.3 0.29 15.6
Shulaa 4.6 90.2 0.27 5.1
Karrada 18.6 69.3 0.27 7.2
Shaab 35.6 99.2 0.36 6.3
Adhamiyah 8.3 27.3 0.3 6.7
Sadre 2 10.7 20.9 0.51 6.7
Sadre 1 14.5 23 0.63 7.5
Rusafa 9.1 23.7 0.38 15.8
Alghadeer 27.2 51.5 0.53 11.5
Baghdad 
Aljadeedah 29.9 65.3 0.46 6.9

Karkh 3.9 14.8 0.26 9.2
Kadhumiya 16.3 56.1 0.29 6.8
Green zone 2.8 16.7 0.17 5.1
Dora 15.2 82.1 0.19 4.7

FIGURE 9. Variation of zero-displacement height with roughness element height
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field characters, planning for vital areas, 
and microclimate. Using remote sens-
ing and GIS resources and techniques, 
the study estimated zero-displacement 
height (Zd) and roughness element height 
(ZH) for each municipality in Baghdad 
city. Therefore, the importance of this 
study lies in the development of a sim-
ple method for estimating the roughness 
parameters (ZH, Zd). Besides, the use of 
GIS technology in this study contributed 
to obtaining more accurate results than 
the results of previous studies. Accord-
ing to our final results we recommended 
using another parameter such as frontal 
index to calculate zero-displacement and 
surface roughness lengths for municipal-
ities of Baghdad.
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Summary

Estimation of roughness and zero-dis-
placement heights over Baghdad utilizing 
remote sensing and GIS techniques. The 
objective of this study was to estimate the 
height of roughness element (ZH) and zero-
-displacement length (Zd) for Baghdad city 

using remote sensing and GIS techniques 
and resources such as DEM, DSM, and 
shapefile. The difference between DEM and 
DSM produced digital height model which 
represents the height of the roughness ele-
ment for the region, which was used to de-
termine the zero-displacement height. The 
results showed that the variations in Zd val-
ues depend strongly on ZH. Rusafa had the 
highest Zd (15.8 m) while Dora had the low-
est values (4.7 m). Thus, Baghdad city has 
medium density classification according to 
the results of Zd and ZH values.
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Introduction

In recent years, new technologies in 
archaeology have emerged to get reliable 
data easily and at a lower cost. Unmanned 
aerial vehicles (UAVs) or drones have 
become advanced technological devices 
that archaeologists use and aim to add 
to their survey and gravure kits. Drones 
used for 3D documentation and analysis 
of landmarks and historical structures, 
aerial mapping, and forest archaeologi-
cal analysis. Drones used now instead 
of the conventional field walking ap-
proach known as the pedestrian survey, 
which was historically used by archae-
ologists and archaeology students (Hill, 
Laugier & Casana, 2020). While satellite 
imagery offers wider coverage for any 
surveys (Bi, 2020), but at considerable 
expense and with little spatial precision 

compared to the cost and precision of 
drones’ spatial discrimination, which 
flies at a relatively low altitude, provid-
ing a precise view of the archaeological 
region being surveyed. Satellite images 
vary in their spatial resolution and by 
the satellite used, which means they can 
cover an area of one kilometer per pixel 
in the image, or hundreds of meters, or at 
best tens of meters per pixel. This little 
precision has limited applications to un-
cover archaeologist’s tiny archaeological 
features. Though these satellite images 
can be obtained free of charge, such as 
the satellite launched by the European 
Space Agency called Sentinel, which 
provides excellent spectral bands with 
a spatial accuracy of 10 m per pixel, it 
is not considered effective in the study 
of often small monuments and archaeo-
logical areas (Noor, Abdullah & Hashim, 
2018). In addition to restrictions on the 
use of satellites such as the large height 
of the satellites and the distance between 
the satellites and the earth, this means 
that the emission signal entering the sen-
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sor is affected by water vapor, the ozone 
layer, and clouds that adversely affect the 
quality and accuracy of the data (Agudo, 
Pajas, Pérez-Cabello, Redón & Lebrón, 
2018). Therefore, drones images are the 
solution and providing archaeologists 
and students with very high capabili-
ties, as they provide us with photos with 
a spatial resolution of up to a few cen-
timeters per pixel and depending on the 
visual characteristics of the various sen-
sors that these drones can bear. Further-
more, these drones offer a solution to the 
cloud problem and other weather effects 
induced by the satellite altitude on data 
quality, since drones fly at very low alti-
tudes of 100 m or fewer. Besides the low 
cost of these planes, it has the possibility 
to repeat the survey process to record a 
higher time accuracy that reaches mul-
tiple times daily. However, it is still an 
up-to-date technology and as many for-
malities and security regulations have 
applied to its use, policy limitations on 
its use are growing (Brooke & Clutter-
buck, 2019).

Unsupervised machine learning and 
classification techniques have been used 
in archaeological research (Jaimala & 
Sarita, 2020). In this research, the pro-
posed approach uses a k-means cluster-
ing technique for image analysis which 
has been used broadly in image analysis. 
This unsupervised clustering does not 
use labels that define the classes. There 
are no information presents regarding 
the category or class label which dif-
ferentiates the unsupervised classifica-
tion concept. Clustering is a technique 
that analysis data objects then split them 
into a number of subgroups based on the 
information found in data that describes 
the objects and relationships among them 

(Aggarwal & Aggarwal, 2012). k-Means 
algorithm firstly select k-objects as ini-
tial cluster centers, then calculate the 
distance between each cluster center and 
each object, and assign it to the nearest 
cluster, update the averages of all clus-
ters, repeat this process until the criterion 
function converged (Vora & Oza, 2013).

The general objective of this research 
is to demonstrate the feasibility of using 
drones to maintain and track important 
archaeological sites that appeared to 
have been largely neglected and affected 
by thieves and looting in Iraq, as well as 
civil excesses and the random construc-
tion that occurs on the archaeological 
areas, particularly after 2003. An aerial 
surveillance system, which consists of 
modern DJI Phantom 4 drones in com-
bination with the advanced Pix4D pro-
gram, was used. The Pix4D’s capabili-
ties to analyze captured images, conduct 
processing operations, and generating 
image mosaics have been illustrated. 
k-Mean clustering algorithm was used to 
classify the resulting data to clarify the 
morphological changes and updates that 
happen in the archaeological sites. Ex-
pecting that this new system will be used 
and adapted by other local archaeologi-
cal teams to protect our cultural heritage 
from neglect, damage, and theft.

Material and methods

Study area and devices used

The archaeological region of Nin-
eveh was chosen as a case study, posi-
tioned in Mosul’s city center and on the 
eastern side of the river Tigris (Fig. 1), 
near the University of Mosul, was cho-
sen for its historical importance and be-
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ing the capital of the ancient Assyrian 
Empire (Scardozzi, 2011). Where it was 
established during King Sennacherib’s 
period and made it a defensive line to 
protect the empire from foreign military 
attacks. It also included archaeological 
evidence of weapons in several camps 
and stores (Ur, 2005).

Many drone flight trips were done in 
November 2018 after obtaining official 
approvals and in collaboration with the 
Nineveh Directorate of Archaeology and 
Heritage, security forces co-operation 
and accompaniment were necessary to 
cover the field experiment. An aerial sur-
vey was performed on four separate lo-

cations throughout the region where the 
drone type DJI Phantom 4 Pro was used 
(Fig. 2), this drone is one of the modern 
drones that contains the autopilot’s ca-
pabilities and decides the GPS ground 
points that will be used in the mosaic 
picture collection phase (DJI, n.d.).

Despite the historical and archaeo-
logical importance of the region, it has 
been noted in recent years that more and 
more abuses have taken place, such as 
the construction of residential areas, ce-
ramic and stone warehouses (Fig. 3).

Utilizing the advanced Pix4Dfields 
software, drone images were upload-
ed and analyzed. Where the software 

  
FIGURE 1. The study area, the Nineveh archaeological city, in the center of Mosul, the four survey 
locations were explained by red color
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FIGURE 2. DJI Phantom 4 Pro, the drone used in this research

FIGURE 3. An indicator of the violations in the field of research has risen over the years from 2003 to 
2018 by using satellite and drone images
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includes the possibilities for the use of 
geographical coordinates and the spe-
cific overlapping mosaic function for the 
region being surveyed. The software also 
includes the possibility of using math-
ematical equations to apply engineer-
ing indicators to gain more engineering 
measures from the images (Pix4D, n.d.).

Acquisition and processing pipeline 
for drone images

Every traditional drone air survey 
needs some main phases which sum up 
in this paragraph (Fig. 4) (Colomina, 
Blázquez, Molina, Paréz & Wis, 2004). 
The first stage is the planning stage, 
where this stage reflects the key prepa-
ration for the entire process, including 
deciding the devices available for the 
survey and choosing the optimal flight 
time and date.

The second step consists of the im-
ages-taken process, which includes the 
preparation and orientation of the camera, 

its calibration, its location on the drone. 
After capturing the images, the stage of 
gathering these images begins, which is 
known as mosaic process, where we take 
advantage of the interference process 
that we mentioned in the previous stage 
in order to have a single visualization. 
All images taken from one location are 
included in one single visualization. In 
the final stage, the approach of extract-
ing the information we need from the 
completed scene and the application of 
digital processing and photogrammetry 
processes to find measurements in engi-
neering. For instance, areas and bound-
aries, characteristics extraction, 3D 
modeling, or digital and surface model 
extraction (Nex & Remondino, 2014).

At the mission planning stage, the 
flight parameter was adjusted and set at 
100 m altitude for the control of a drone 
to achieve a resolution of approximately 
less than 10 cm per pixel. The pictures 
were taken in a serial manner and are 

FIGURE 4. Typical acquisition and processing pipeline for drone images
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stored in the memory accompanying the 
drone according to their digital sequence 
and with an interruption allowing the 
mosaic phase to be performed. In the in-
formation storage area for every image, 
the geographical location information 
and geographical coordinates are also 
stored. Figure 5 gives an example of the 

serial photos taken with a drone portable 
camera at the first location. After the 
scanning process was complete, the cap-
tured images will be moved to the com-
puter for the preparation and processing 
of the entire location show.

Figure 6 shows the use of the pro-
ficient Pix4Dfields software to access 

FIGURE 6. Processing of the collection images using a mosaic mechanism, projected onto its true 
geographical coordinates, the direction of route and number of flight lines is clarifies

FIGURE 5. Sample of a serial picture captured using a drone



188 A. Qubaa, S. Al-Hamdani

the sample photos taken for the photo-
graphy’s first location, where the system 
performs the spatial return process ac-
cording to the information stored in the 
pictures. The figure also demonstrates 
the direction of the route and number of 
lines covered by the survey (which were 
here eight lines). That covered nearly 
30,000 m2 in the field. The program also 

shows, to the left of Figure 6, the length 
of time taken by the survey, i.e. 22 min, 
in addition to the start time and date of 
the survey, which is 8.49 am on 14 No-
vember 2018. The four locations view 
captured by the scanning process are 
shown in Figure 7 following the comple-
tion of the mosaic and projection phase.

FIGURE 7. Shows the four aerial survey locations after the mosaic’s operation
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Results and discussion

The stage of analysis and information 
generation

After completing the process of all 
locations, the Pix4D program was used 
to extract information from the survey-
ing process and make comparisons, ana-
lyzing, and studying. In this paragraph, 
we provide examples of information that 
can be extracted from the drone’s sur-
vey. Figure 8 shows the example of the 
amount of archaeological area overtak-
ing in the river Al-Khosr curvature in 
the first location, where this location has 

become a group of large warehouses for 
ceramics that have overlooked, cut, and 
even sold for a high amount of money in 
the absence of oversight and confusion 
during the invasion of ISIS period. The 
high spatial resolution of drone images 
enables you to understand the bounda-
ries and measure the areas, moreover 
small their size may be, decide their 
type, whether ceramic stores, residences 
or animal shelters are high-precision, 
and to punish those who crossed by their 
limits and range.

Figure 9 shows the excavations that 
took place between 2013 and 2018 at 

FIGURE 8. Shows the amount of overtaking of the archaeological area in the curvature of the river 
Al-Khosr, where it has become large ceramic stores

FIGURE 9. The difference in the third survey location between 2013 and 2018 and an indication of the 
overtaking and drilling process that took in the site
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the third location as a different example, 
which gives locations of archaeologi-
cal excavations carried out by thieves to 
search for any relics or statues buried un-
der the archaeological hill from the east-
ern side of the region. The figure also 
shows the use of large mechanisms for 
drilling and excavations, which is incon-
sistent with the mechanisms and laws of 
archaeologists.

Figure 10 shows the same method of 
drilling mechanism at the fourth site of 
the survey, which suggests that the ex-
cavators do not have any scientific back-

ground in archaeology, and their aim is 
only to extract what can be extracted and 
benefit from it financially.

The Pix4Dfields software offers an 
extensive opportunity to apply math-
ematical equations to identify several 
agricultural indicators to track crop ty-
pology at archaeological sites and allow 
the cultivation of species only permitted 
under legal contracts with farmers under 
the Department of Antiquities, which are 
not extended to a specific land depth of 
land and that may have an impact on the 
relics. Figure 11 shows an example of the 

FIGURE 10. Explanation of the difference at the fourth survey location between 2013 and 2018 and the 
drilling and overtaking process occurring at the location

FIGURE 11. Implementation of the VARI at the third location of the survey
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application of one of the agricultural in-
dicators at the third survey location. This 
indicator called the visible atmospheric 
resistant index (VARI) (Eng, Ismail, 
Hashim & Baharum, 2019), as shown in 
Eq. (1):

VARI = min{max[–(GREEN – RED) / 
/ (GREEN + RED – BLUE)]} (1)

which relies on the visible spectrum of 
the RGB to use’s as one of the indications 
for the existence of agricultural land.

Archaeological land classification 
using k-mean clustering

In this research, the archaeological 
lands were classified using an unsuper-
vised k-mean clustering algorithm for 
one of the survey sites, as an example, 
the fourth site was chosen, during differ-
ent periods of time to find out the extent 
of overtaking them and their impact on 
civil works that lead to the loss of their 
historical importance and heritage value. 
The proposed archaeological land classi-
fication framework showed in Figure 12. 
After reading the images in step one, the 
average color of the whole image was 
obtained, the normalized RGB values 
were calculated as normalization, which 
had been used to reduce the effect of il-
lumination. The following normalization 
scheme was applied to the color index as 
in Eqs. (2), (3) and (4) (Saberioon et al., 
2014):

R = R / (R + G + B) (2)

G = G / (R + G + B) (3)

B = B / (R + G + B) (4)

where R, G, and B are the digital num-
bers of the red, green, and blue bands, 
respectively.

In the third step, the VARI index was 
calculated, as an indicator that indicates 
the degree of the land change or any ex-
cavations that occurred, whether agricul-
tural tillage or archaeological excavation. 
In the final step, the k-mean clustering 
algorithm was used, which is considered 
as one of the most used clustering algo-
rithms due to its efficiency and simplic-
ity. k-Mean clustering classified the land 
into three classes: archaeological lands; 
excavation lands; residential building 
and rocks lands.

The results of the classification in 
Figure 13 showed the great abuses of ar-
chaeological lands in the region, as it ap-
peared that the percentage of archaeologi-
cal lands in 2004 represented more than 
90%, while the excavations and tilled 
lands did not exceed 3%. While in 2018, 
the percentage was completely different, 
as the percentage of archaeological lands 
appeared to be much less, approximately 
25%, next to the large increase in excava-
tions and tilled lands, which amounted to 
approximately 73%. The category of resi-
dential buildings and rocky lands varied 
from approximately 6.5 in 2004 and in-
creased to 8.7 in 2013, then returned and 
decreased to approximately 1.6 in 2018 as 
a result of the Antiquities Department and 

FIGURE 12. Proposed archaeological land classification framework
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Inspectorate beginning to lift some civil 
and building violations in this area.

Conclusions

Drones technology has rapidly be-
come critical tools for use in archaeo-
logical remote sensing and may be lim-
ited compared to geophysical methods, 
but their cost-effectiveness, ease of use, 
and efficiency make them more widely 
used and useful for larger and larger 
surveys. In this study, for the first time 
in the governorate of Nineveh in Iraq, 
modern drones technology was used in 
the phase of surveying the archaeologi-
cal region of Nineveh, firstly because of 
its historical importance and secondly 
because of the great losses that changed 
its characteristics during the invasion 
of ISIS. The software specializing in 
the image processing of this technique 
called Pix4D has also been used in this 
research. The UAVs data classification 
was adopted using a k-means clustering 
algorithm. The results of the data clas-
sification for three different time periods 
indicated that the percentage of archaeo-

logical lands decreased from 90.31% in 
2004 to 25.29% in 2018. The research 
showed the importance and the great 
benefits of using these systems in the 
field of archaeology. It concluded that 
drones data collected provide additional 
benefits for researchers and policymak-
ers interested in documenting damage to 
archaeological and heritage sites which 
will be of great help in preserving the im-
portant archaeological sites. Researchers 
also recommend that local authorities 
and antique directorates are encouraged 
to obtaining and use of such systems 
to protect our archaeological sites from 
overtaking, vandalism, and theft, as well 
as their cost, time, and effort savings.
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Summary

Detecting abuses in archaeological 
areas using k-mean clustering analysis 
and UAVs/drones data. Unmanned aerial 
vehicles (UAVs) or drones have made great 
progress in aerial surveys to research and 
discover heritage sites and archaeological 
areas, particularly after having developed 
their technical capabilities to carry various 
sensors onboard, whether they are conven-
tional cameras, multispectral cameras, and 
thermal sensors. The objective of this re-
search is to use the drone technology and 
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k-mean clustering algorithm for the first time 
in Nineveh Governorate in Iraq to reveal the 
extent of civil excesses and random con-
struction, as well as the looting and theft that 
occur in the archaeological areas. DJI Phan-
tom 4 Pro drone was used, in addition to us-
ing the specialized Pix4D program to proc-
ess drone images and make mosaics for 
them. Multiple flights were performed using 
a drone to survey multiple locations through-
out the area and compare them with satel-
lite images during different years. Drone’s 
data classification was implemented using 
a k-means clustering algorithm. The results 
of the data classification for three different 
time periods indicated that the percentage of 
archaeological lands decreased from 90.31% 
in 2004 to 25.29% in 2018. Where the work 
revealed the extent of the archaeological 
area’s great violations. The study also em-
phasized the importance of directing authori-
ties of local antiquities to ensure the use of 

drone’s technology to obtain statistical and 
methodological reports periodically to assess 
archaeological damage and to avoid overtak-
ing, stolen and looted of these sites.
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Introduction

Air is polluted when there are odd 
substances in it, and these substances 
become undesirable when their presence 
in a concentration may cause great harm 
to humans, their properties and their en-
vironment. These odd materials (pollut-
ants) may be in the form of aerosols or 
gases (Vallero, 2014). The environmen-
tal pollution caused by the industrial fa-
cilities has become a global concern. Part 
of the complexity of this problem is the 
conflict between the economic benefits 
of these facilities and their risks to pub-
lic health and the surrounding environ-
ment (Al-Jahdali & Bin Bisher, 2008). 
The industrial facilities emits several 
atmospheric pollutants including SO2, 
H2S, NOX, CO, hydrocarbons and other 
poisonous materials (Damian, 2014). 

Many diseases such as cancer, heart dis-
ease, pneumonia and premature death 
can occur because of exposure to gases 
from refineries, power plants and other 
industrial facilities (Shubbar, 2019). 
Sulfur dioxide gas dissolves rapidly in 
atmospheric water vapor, thus acid rain 
builds up in air, soil and plants around 
refineries and power plants (Zhao, Li, 
Xiao & Li, 2019). This gas caused pri-
marily by refineries and power plants 
(Liu, Yang, Zhang Xiang & Wei, 2019). 
Many research works confirmed that 
NO2 has serious problems to humans 
and contributing in agriculture degrad-
ing by affection on the chlorophyll (Ca-
margo & Lombardi, 2018; Sheng & Zhu, 
2019). Carbon monoxide resulting from 
incomplete combustion of carbon mate-
rials. It affects human health and plants 
due to its toxic nature (Cuinica, Abreu, 
Gomes & Esteves da Silva, 2013). One 
of the important factors in the disper-
sion and transmission of pollutants is 
the air stability. On diurnal to sub-diur-
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nal timescales, variation in air stability 
can cause a comparable or greater influ-
ence on the variability of urban pollut-
ant concentrations than the changes in 
source emission or advection (Wang et 
al., 2016). Wind speed and direction pat-
terns plays an important role in disper-
sion and mitigation of the high concen-
tration of gas pollutants. However, they 
distribute the pollutions to cover more 
remote regions (Manii & Al-Jumaylii, 
2012). Many research works address the 
pollution problem and the environmental 
effects of refineries and power plants in 
Iraq. Al-Suhaili and Al-Khafaji (2015) 
built a mathematical model for inte-
grated air pollution modelling around 
refineries and took Daura Refinery as 
a study case. The model demonstrates 
the influence of atmospheric stability, 
wind speed, emission rate, exit velocity, 
physical height, exit temperature and ru-
ral-urban area in reducing the concentra-
tions of pollutants. Al-Dabbas, Ali and 
Afaj (2012) studied the concentrations 
of pollutants around Kirkuk Refinery by 
using low volume air sampler (a sniffer) 
in 2010 and 2011. The results revealed 
that the concentrations were higher than 
the permissible limits of the Iraqi nation-
al determinants. Al-Hassen, Al-Qarooni, 
Qassim, Al-Saad and Alhello (2015) de-
termined the gaseous pollutants concen-
trations of CO, NO2, and SO2 emitted 
from selected emission sources at Basra 
city. The results revealed that the concen-
trations of the above pollutants exceeded 
the maximum permissible limits for Iraqi 
National Emission Standards. Shubbar, 
Suadi and Al-Jiboori (2018) studied the 
dispersion of SO2 from Daura Refinery 
by using ScreenView model and checked 
the effect of the wind speed and direction 

on the spread of pollutants. The three 
pollutants (CO, SO2 and NO2) have 
been also taken up by researchers from 
around the world. García-Gusano, Cabal 
and Lechón (2015) carried out a study 
to ease the lack of National Emission 
Ceilings (NEC) Directive assessments at 
country level for Spain. The amount of 
NOx and SO2 emissions were analyzed 
using the TIMES-Spain energy optimiza-
tion model. Abiye et al. (2016) provided 
model-based estimates of atmospheric 
dispersion for gaseous pollutants (SO2 
and NOX) released from a scrap-iron 
recycling factory located in southwest 
of Nigeria. The study identified the pol-
lutant concentrations increase by stable 
atmosphere, weak wind speed, low mix-
ing height, and high relative humidity. A 
comprehensive Canadian study conduc-
ted by Ragothaman and Anderson (2017) 
presented a review of findings from dif-
ferent studies on air quality impacts of 
petroleum refining and petrochemical 
plants in several cities around the world. 
Kumar, Bhushan and Kishore (2018) ap-
plied a dispersion modeling approach to 
determine SO2 and NO2 concentrations 
in the surrounding air of the industrial 
and mining cluster in Keonjhar, India for 
one year 2015. Filonchyk, Hurynovich, 
Yan, Gusev and Shpilevskaya (2020) 
carried out a study focused on East 
China and attempted to assess compre-
hensively the environmental impact of 
the COVID-19 disease 2019 outbreak. 
The study analyzed satellite images of 
SO2, NO2, CO and aerosol optical depth 
in the period before and during the out-
break of the epidemic. The data then was 
compared with the data before the epi-
demic in 2019. The results showed that 
the COVID-19 lockdown improved air 
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quality in the short term, but as soon as 
power plants and refineries came back to 
normal work, pollution levels returned to 
their previous level.

In this study, the emitted pollutants 
of CO, SO2 and NO2 emerged from 
each of Daura Refinery (DR), South of 
Baghdad Power Plant (SBPP) and Daura 
Power Plant (DPP) was addressed. These 
three facilities uses the crude oil and are 
situated in a region of less than 3 km in 
diameter. Two of them (DR and BSPP) 
was established in 1950s, while DPP 
was established in 1981. In 1950s, these 
facilities where outside the city and no 
houses in around (Murtadah, Al-Sharify 
& Hasan, 2020). However, nowadays, 
these facilities are surrounded by inhab-
ited cities, which are affected by the pol-
lution of undesired gases. Therefore, the 
Iraqi committee of health and environ-
ment in the Iraqi parliament called for a 
decision to transfer DR to another place 
according to environmental and interna-
tional regulations (Murtadah et al., 2020).  
However, due to the economic difficul-
ties the country is going through, this op-
tion is no longer on the table now.

Gaussian plume model 
of dispersion

Gaussian dispersion models are ex-
tensively used to calculate local pollu-
tion levels. The accuracy of such mod-
els depends on stability determination 
(Awasthi, Khare & Gargava, 2006). This 
model utilizes an emissions rates, me-
teorological elements, and equations, 
which describe mathematically the phys-
ical process of turbulent transport of air 

pollutants in the boundary layer to cal-
culate concentrations. Gaussian plume 
equation tells mathematically how to 
compute the concentration of a gas or any 
comparable in size, solid or liquid pol-
lutant being emitted continuously from 
a single source (Weber, 1982), the equa-
tion can be written simply by (Leelőssy 
et al., 2014): 

where:
C – concentration [ppm of kg],
X – horizontal distance in downwind di-
rection [m],
Y – central line of pollutants dispersion 
[m],
Z – vertical altitude above surface [m],
H – effective height of chimney (H = h +
+ ∆h, in which h is chimney height and 
∆h is plume height) [m], 
Q – emission rate [kg·s–1],
σy, σz – Gaussian plume standard devia-
tions in horizontal (crosswind) and verti-
cal directions,
U – wind speed at the effective height of 
chimney [m·s–1].

Our current study estimated the con-
centrations of by using the consumed 
fuel in three facilities: Daura Refinery 
(DR), Daura Power Plant (DPP) and 
South of Baghdad Power Plant (SBPP). 
The calculation implemented by using 
Gaussian dispersion model. The effects 
of the stability, wind speed and direction, 
chimneys height and diameter were also 
investigated. The most affected cities 
were determined, as well.
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Material and methods

Location

Daura Refinery, Daura Power Plant 
are located in Daura District, south of 
Baghdad, while South of Baghdad Pow-
er Plant is located to the east of the refin-
ery, 2 km away on the other side of the 
Tigris river. The area surrounding these 
facilities is urban areas of flat nature de-
void of complex terrain as well as of tall 
buildings (Fig. 1).

Data

The data were used for the monthly 
quantities of fuel discharged in each unit 
of DR for year 2017, and the data for the 
height, diameter, and temperature of the 
outgoing gas were used. These data were 
obtained from DR. Likewise, the data 

on SBPP was obtained from the power 
plant. Data about DPP was obtained from 
the Environment Unit in the Department 
of Planning and Studies, Iraqi Ministry 
of Electricity. The meteorological data of 
10 m wind speed and hourly 1.5 m air 
temperatures of year 2017 of Daura Dis-
trict were obtained from the European 
Center for Medium Weather Forecast 
(ECMWF) website. DR contains 12 units 
that have 35 chimneys, DPP has four units 
connected to four chimneys, while SBPP 

has six units, three of which only are in 
operation, and each of the plant’s units is 
connected to one chimney. To consider 
these units as a single point source, the 
height and diameter of the chimney and 
the temperature of the gas exiting from it 
were calculated as rates. Table 1 lists the 
information of the chimneys.

FIGURE 1. Location of examined emitters of air pollution

TABLE 1. Chimney characteristics of the pollutions sources

Specification Daura Refinery
(DR)

South of Baghdad 
Power Plant

(SBPP)

Daura Power Plant
(DPP)

Chimney average height [m] 29 54 100
Chimney average diameter [m] 1.5 2 2.5
Chimney exit gas temperature [K] 615 460 433
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Concentrations of SO2, CO and NO2

Concentrations of SO2, CO and NO2 
gases emitted from DR, DPP and SBPP 
were calculated for four months repre-
senting the seasons of 2017 (January, 
April, July and October) for a distance of 
10 km from the source. The concentra-
tions were calculated by using Gaussian 
plume model of dispersion, which re-
quires gas emission rate, chimney’s gas 
exit velocity in addition to the height, 
diameter, and gas exit temperature of 
the chimney. The method uses the data 
of consumed fuel. To calculate gas emis-
sion rates, the monthly fuel quantities 
data converted into hourly rates and then 
to convert volume units to mass units. 
Calculation of emission rates and gas 
exit velocity were computed by FOR-
TRAN script.

Effect of stability and wind 
on pollutants concentrations

The concentrations were calculated 
for slightly stable (E) and moderately 
unstable air classes (B) for four months 
in 2017: January, April, July, October. 
Finally, a comparison among the three 
sources (DR, DPP, SBPP) of the emis-
sion rates and concentrations of pollut-
ants was made to quantify the contribu-
tion of each source of the three pollutant 
gases (SO2, CO, NO2).

Results and discussion

Emission rates

The results of emission rates and gas 
exit speed were shown in Table 2. It is 
clear that DPP consumed more fuel and 
emitted more pollutants than the other 
sources.

TABLE 2. Emission rates and gas exit speed of Daura Refinery (DR), South of Baghdad Power Plant 
(SBPP) and Daura Power Plant (DPP)

Specification Facility January April July October

Consumed fuel mass [kg·h–1]
DR 41 428 45 056 51 997 47 964

SBPP 25 629 24 189 25 164 20 680
DPP 57 980 77 184 94 321 64 505

SO2 emission rate [g·s–1]
DR 904 1037 1 123 1 017

SBPP 598 564 587 482
DPP 1 352 1 800 2 200 1 505

CO emission rate [g·s–1]
DR 862 863 1 023 930

SBPP 660 623 648 533
DPP 1 495 1 990 2 432 1 663

NO2 emission rate [g·s–1]
DR 84 89 97 84

SBPP 61 58 60 49
DPP 139 185 226 154

Gas exit speed [m·s–1]
DR 5.5 6.1 7.2 6.9

SBPP 18.8 17.7 18.4 15
DPP 19.3 25.7 31.4 21.5
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Concentrations of the pollutants 
at four months of slightly stable 
condition (E)

Figure 2 shows the pollutant con-
centrations emitted from DR for the four 
months when the atmosphere is slightly 
stable (E). The figures showed that the 
pollutant concentrations change with 
distance, as the pollutants concentrations 
at the surface level increase in the begin-
ning with moving away from the point 
source and then decrease after that. It 
was observed that the highest concen-
tration of pollutants is approximately at 
distance of 1,000 m. This high value can 
be justified due to the fact that the gas 
leaving the chimney is at a higher tem-
perature than the surrounding tempera-
ture and therefore its density is lower 
than the surroundings’ density. The gas 
rises higher due to the force of buoy-
ancy and turbulence enhancing pollut-
ants dispersion and reducing the concen-
trations. With increasing distance from 

the source, the plume mixes with the sur-
rounding air. The temperature decreases 
gradually and the buoyancy force will be 
diminished and the vertical movement 
will be inhibited. Therefore, the concen-
trations of pollutants increase gradually 
in the distance less than 1,000 m. After 
this distance, pollutants concentrations 
begin to decrease gradually due to their 
departure from the source. Although the 
lowest emission rates of pollutants were 
during January, concentrations of pollut-
ants at the surface level were the high-
est during this month. This may due to 
the lower wind speed in addition to the 
stratification of stable weather and inver-
sion during this month. It was also noted 
that the concentration of SO2 is slightly 
higher than CO and that the ratio of SO2 
to CO is greater in April. This may be 
due to the fact that the consumption of 
gaseous fuel is greater than that of liquid 
fuels in April when the need to electric-
ity is the lowest. It is well known that the 
gaseous fuel releases more quantities of 

FIGURE 2. Pollutants concentration at stable conditions, at Daura Refinery
 

(Jan.) (April) 

(July) (Oct.) 
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SO2 than CO. On the other hand, it was 
observed that the concentrations of NO2 
gas was fewer compared to SO2 and CO. 
This low value of NO2 is normal for re-
fineries (Nirel & Dayan, 2001). 

Figure 3 shows the concentrations of 
pollutants emitted from SBPP at slightly 
stable condition (E). The highest con-
centration of pollutants was during Janu-
ary which might due mainly to the high 
quantities of fuel consumed during this 
month. Also, the wind speed during Jan-
uary was the least leading to an increase 
in concentrations. It was also observed 
that the concentration of CO was slightly 
higher than SO2, while the concentra-
tions of NO2 were lowest.

Figure 4 shows the concentrations 
of pollutants emitted from DPP in a 
slightly stable weather condition. It was 
observed that the highest concentration 
of pollutants was during November, and 
the lowest was during January and July. 
Although the wind speed during July is 

higher than January, the emission rates 
of pollutants during July were also high 
and the values were close to January.

Moderately unstable condition (B)

Figure 5 shows the pollutant concen-
trations emitted from DR in moderately 
unstable condition (B). The highest con-
centration was approximately at distance 
of 200 m and then decreased greatly with 
the increase in the distance because the 
vertical movement was active, which led 
to mixing and dispersing of the pollut-
ants, and thus the pollutant concentra-
tions decreased. Hence, the pollutants 
concentration in this unstable condition 
was greater than in the case of moder-
ately unstable atmosphere and with same 
wind speed.

In Figure 6, the dispersion of pollut-
ants for SBPP at unstable conditions was 
very large and the concentrations were 
at their highest values at distances close 

FIGURE 3. Pollutants concentration versus distance at stable conditions, at South of Baghdad 
Power Plant 

(Jan.) 

(Oct.) (July) 

(April) 
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to the plant. The highest concentration 
was approximately at 600 m. The con-
centration then decreases gradually with 
increasing distance.

Figure 7 shows that the dispersion of 
pollutants in unstable conditions is very 

large for DPP, where the concentrations 
are at their highest values at distances 
close to the plant. The highest concen-
tration was approximately at distance of 
700 m, then the concentration decreases 
with increasing distance.

FIGURE 4. Pollutants concentration versus distance at stable conditions, at Daura Power Plant

FIGURE 5. Pollutants concentration versus distance at unstable conditions, at Daura Refinery

(Oct.)  (July) 

(April) (Jan.) 

(Jan.) (April) 

(July) (Oct.) 
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Wind direction impact on pollutants 
dispersion

Table 3 shows that the prevail-
ing wind is northwest. In stable condi-
tions, high pollutants concentrations can 
reach greater distances than in unstable 

conditions since they maintain near the 
ground. During January and July, Daura 
District was the most affected by DPP, 
while Zafarania District was the most 
affected by DR and SBPP because it 
was affected by northwest winds. Dur-

FIGURE 6. Pollutants concentration versus distance at unstable conditions, at South of Baghdad 
Power Plant

FIGURE 7. Pollutants concentration versus distance at unstable conditions, at Daura Power Plant

(Jan.) (April) 

(July) (Oct.) 

(Jan.) (April) 

(July) (Oct.) 
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ing April, one can notice that along with 
the northwest winds, there were eastern 
winds that contribute to the transfer of 
pollutants emitted from DR and SBPP to 
Daura area, while Sayidia area was more 
affected by DPP. October had the most 
variable wind direction.

Comparison of the three sources

The emission rates and concentra-
tions of pollutants emitted from DR, 
DPP and SBPP were visualized to make 
a comparison among them (Fig. 8). It is 
clear that the pollutants concentrations 

TABLE 3. Prevailing wind in the study area for January, April, July, and October 2017

Month Wind speed
[m·s–1]

Direction

N NE E SE S SW W NW

January
0–5 28 9 11 20 7 7 16 135
6–10 0 0 0 6 0 3 1 5

April
0–5 72 17 11 10 5 6 11 70
6–10 6 2 3 4 3 0 1 20

July
0–5 25 4 0 0 5 6 16 70
6–10 18 0 0 0 0 0 2 103

October
0–5 53 37 30 31 5 4 10 66
6–10 0 0 0 6 4 0 0 3

a 

b 

FIGURE 8. Facilities (a) emission rates and (b) maximum concentration
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emitted from DR at the ground level are 
greater than those emitted from DPP. 
This may due to the difference in effec-
tive plume height, as the greater the ef-
fective height of the plume, the greater 
the dispersion of pollutants. This give 
indication that this facility has serious 
problems on the human health and even 
the plants. The height of the chimney, the 
gas exit velocity, and the gas temperature 
lead to an increase in the effective height 
of the plume. Considering the diameter, 
the larger the diameter, the faster the gas 
leaving the chimney, the lower effective 
height of plume. Because of the high al-
titude of DPP chimneys, the wind speed 
is greater at the top causing greater re-
duction of pollutants. The high altitude 
of the chimney does not mean it is envi-
ronmentally friendly because pollutants 
will just spread for longer distances. In 
these three sources, it was observed that 
the effect of the height of the chimney 
as well as the velocity of the gas leav-
ing the chimney were more clear on the 
dispersion of pollutants than the effect of 
diameter and the temperature of the gas 
leaving the chimney.

Conclusions

The concentrations of pollutants 
in DR, BSPP and DRR increase in 
stable conditions due to the less air 
turbulence. Hence, the unstable at-
mospheres are better at dispersing 
pollutants.
Since the prevailing wind direction 
is northwest, Zafarania District is the 
most affected by the pollutants emit-
ted from DR and BSPP while Daura 
District is very affected by DPP.

1.

2.

Wind speed has a clear effect on the 
dispersion of pollutants, the higher 
wind speed, the lower pollutant 
concentrations.
Pollutant concentrations increase with 
increasing emission rates and chim-
ney diameter, and decreasing with 
increasing chimney height, speed of 
the gas leaving the chimney.
DPP has higher emission rates than 
DR and SBPP. However, at the sur-
face level, the concentrations emit-
ted from DR are greater than those 
emitted from DPP and SBPP. Thus, 
DR is the most affecting source on 
the health of people in the areas sur-
rounding the refinery.
Although increasing the height of the 
chimney contributes to reducing the 
concentrations of pollutants at the 
surface level that does not mean it 
is environmentally friendly because 
pollutants will just spread for longer 
distances.
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Summary

Estimating gaseous pollutants in the 
air near Daura Refinery, Daura Power 
Plant and South of Baghdad Power Plant 
by calculating the fuel discharge. This 
study addresses estimation of emission rates 
and concentrations of SO2, CO and NO2 
gases emitted from Daura Refinery (DR), 
Daura Power Plant (DPP) and South of 
Baghdad Power Plant (SBPP) by calculat-
ing the fuel discharge. The estimations were 
made by using the Gaussian plume model of 
dispersion at distances within 10 km from the 
pollution source for January, April, July and 
October 2017 under two stability conditions, 

slightly stable and moderately unstable. The 
effect of wind speed and direction as well 
as the ambient temperature of the surround-
ing air on the dispersion and transmission of 
air pollutants were also investigated. It was 
found that the unstable conditions are better 
for dispersing out atmospheric pollutants. 
The results showed that Zafarania District 
was the most affected by pollutants emitted 
from DR and BSPP while Daura District was 
more affected by DPP due to the prevailing 
wind direction. It was also found that an in-
crease in wind speed leads to a decrease in 
the concentration of pollutants. The concen-
tration of pollutants is inversely proportional 
to the height of the chimney, the speed of the 
gas leaving the chimney, while it is directly 
proportional to the diameter of the chimney. 
DPP has higher emission rates than DR and 
SBPP while at the surface level, the pollut-
ants concentrations emitted from DR are 
greater than those emitted from DPP and 
SBPP.
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Introduction

Total precipitable water vapour 
(TPW) is the integration of water va-
pour in a column of atmosphere from 
the surface of the Earth to space with the 
potential of being precipitated. TPW is 
not only the most important greenhouse 
gas, it is the main source of moisture 
for precipitation that plays an important 
feedback role in climate system (Randel 
et al., 1996). Unlike other greenhouse 
gases, TPW has high variability both 
at the spatial and temporal scales, with 
higher values found equatorward against 
lower values poleward. The parameter 
exhibits seasonal patterns, with higher 
values during summer and lower dur-
ing winter in the Northern Hemisphere. 

Although TPW is influenced by land-sea 
convection, its value is significantly af-
fected by orography over continental 
lands since the concentration is mostly 
within the lower layer of the atmosphere. 
Its regional variability is also affected by 
wind circulation like El Nińo-Southern 
Oscillation (ENSO), which are common 
signatures in the equatorial belt (Numata 
et al., 2013).

Knowledge of the spatial and tem-
poral variations of TPW is extremely 
important in climate models (Ccoica-
-López, Pasapera-Gonzales & Jimenez, 
2019), the forecast of precipitation, and 
in the determination of moisture flow 
over an area (Tuller, 1977). Despite its 
importance and familiarity to meteorolo-
gists, only limited attempts have been 
made to evaluate the distribution and 
variability of mean TPW over Malaysia. 
Most of the published data on TPW val-
ues are found only as a minor element in 
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dealing with its quantitative forecasting 
or moisture flow in the area of concern 
(Peng, Li, Chen, Norizan & Tay, 2006; 
Salihin, Musa & Radzi, 2013; Suparta, 
Rahman & Singh, 2014; Suparta and Al-
hasa, 2016; Makama, Lim & Abdullah, 
2018). Malaysia, being a tropical region 
with overlapping seasonality and com-
plex orography, is an important area for 
climate study. Moreover, global and re-
gional phenomena like ENSO also char-
acterize the climate of the region in ad-
dition to rising temperature occasioned 
by global warming. For instance, using 
twelve coupled Atmospheric-Oceanic 
General Circulation Models, the Ma-
laysian Meteorological Department pro-
jected respective temperature increases 
of 1.0–3.5°C and 1.1–3.6°C for East and 
West Malaysia (Malaysian Meteorologi-
cal Department [MetMalaysia], 2009). 
In this study temporal and spatial varia-
tions, as well as trend in TPW over Ma-
laysia from 1990 to 2019 are evaluated 
using the Second Modern-Era Retro-
spective Analysis for Research and Ap-
plications (MERRA-2) data.

Data and methods

Study area

Malaysia lies between longitudes 
99°–120°E and latitudes 1°–7°N in 
Southeast Asia. The Country consists 
of three federal territories namely; West 
Malaysia (or Peninsular Malaysia), 
Sabah, and Sarawak (jointly called East 
Malaysia). These two regions, which are 
separated by the South China Sea, share 
a largely similar landscape character-
ized by coastal plains rising to hills and 
mountains. The climate of Malaysia clas-

sified as tropical rainforest and monsoon 
in which high and constant precipitation 
is exhibited. Most of the region is made 
up of maritime continents with differ-
ent topography. The mountains and the 
complex land-sea configuration strongly 
influence both the weather and climate 
of the Country. The Northeast Mon-
soon (NEM) and the Southwest Mon-
soon (SWM) also define the climate of 
Malaysia.

Datasets

MERRA-2 reanalysis data from the 
National Aeronautic and Science Ad-
ministration (NASA) for the satellite 
era replaces MERRA reanalysis data 
using a three-dimensional upgraded ver-
sion of Goddard Earth Observing Sys-
tem Model (GEOS) with Atmospheric 
Data Assimilation System (ADAS) ver. 
5.12.4. All data products from MERRA-
-2 are provided at the same resolution 
of 0.5° × 0.625° (latitude and longi-
tude), unlike in MERRA. The data was 
accessed from the website https://nasa.
gov/reanalysis/MERRA-2 (last accessed 
2 May 2020). In this study, monthly 
mean TPW data derived from MERRA-
-2 reanalysis for the period 1990 to 2019 
have been used. A collocation box of 
longitude-latitude grid closest to each of 
the World Meteorological Organization 
(WMO) station in the study area was av-
eraged and compared directly with radi-
osonde TPW. Seasonal means were ob-
tained for NEM (November–April) and 
SWM (May–October) for spatial and 
temporal patterns (Note: Though two 
inter-monsoon seasons are also involved 
in describing the weather of Malaysia, 
these are not separately considered in the 
current study).
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Radiosonde data, primarily used to 
evaluate MERRA-2 product, were freely 
obtained from Integrated Global Radio-
sonde Archive (IGRA) ver. 2 of the Na-
tional Climatic Data Centre (NCDC), 
available at www.ncdc.noaa.gov (Durre, 
Vose & Wuertz, 2008). The requisite 
TPW data were extracted from twice-
daily sounding from WMO stations 
at Kota Bharu, Penang, Kuantan, and 
Changi (Singapore), Kota Kinabalu, Ta-
wau, Bintulu, and Kuching for the period 
1 January 1990 to 31 December 2019. 
Quality control was imposed on the daily 
data to rid it of obvious errors and out-
liers from the time series of the station 
data. For homogeneity test, at least 18 
daily observations were used to calculate 
the mean monthly values and 10 valid 
months were used in deriving the annual 
mean values of TPW. Data from stations 
with a consistent time series of 18 years 
between 1990 and 2019 were considered 
for the validation of MERRA-2 data. Fi-
nally, the daily value was derived as the 
mean of the night and daytime and then 
converted into monthly means to con-
form with those of MERRA-2 for direct 
comparison.

Trend computation 

Annually averaged monthly mean 
MERRA-2 precipitable water vapour 
time series was used to evaluate long-
-term variability of TPW over each of 
the three regions in recent decades. Least 
square regression (LSR) method (Eq. 1) 
(Zhai & Eskridge, 1997) was used to de-
tect trend in the MERRA-2 TPW data.

y(t) = a + bx (1)

where:
y – total precipitable water vapour (TPW) 
[mm],
a – intercept [mm],
b – slope of the line of fit repre-
sents the regional water vapour trend 
[mm·decade–1],
x – corresponding time [year].

The constants a and b were estimated 
from (Zhai & Eskridge, 1997):

 (2)

 (3)

where:  and

, n is 

the total number of years in the study pe-
riod while the summation is from i = 1 
to i = n. The standard error was obtained 
from Eq. (4):

 (4)

where: . In this 

study, the uncertainty of the trend estimate 

was taken as  at 

the 95% interval. The significance of the 
trend was determined by the Student’s 
t-test with the following hypotheses: H0: 
b = 0 and H1: b ≠ 0, in which the null 
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hypothesis avers that no trend while the 
alternative hypothesis holds existence 
of trend. The test statistic was obtained 
from Eq. (5):

 (5)

with the acceptance region for the null 
hypothesis being –tα/2 < Z < tα/2, where 
α is the significance level (0.05). If Z is 
non-zero, the null hypothesis is rejected 
in favour of the alternative hypothesis, 
and therefore, enough to say trend exist.

Results and discussion

Temporal variation of TPW

To discern mean TPW across Ma-
laysia, eight radiosonde stations were 
adopted as sub-regional representatives 

(Fig. 1). These locations are WMO sta-
tions that have long-term homogenous 
radiosonde data. The in-situ data from 
these stations were used to validate TPW 
from MERRA-2 for climatological ap-
plication in Malaysia. The two sets of 
data agree well in the study area, with 
a correlation coefficient of range 0.88–
–0.92 and root mean squared error of be-
tween 2.05 and 2.61 mm across the dif-
ferent regions (not shown). Figure 1 is 
a map of the study area, showing regional 
locations as well as seasonal fluctuations 
of TPW in each of the sub-regions repre-
sented by radiosonde stations, marked as 
filled circles.

From Figure 1, double oscillations 
are seen throughout the stations, with the 
first and second depressions in February 
and August. This period is characterized 
by the lowest amount of rainfall in West 
Malaysia (Wong, Venneker, Uhlenbrook, 
Jamil & Zhou, 2009). Corresponding 

FIGURE 1. Monthly mean total precipitable water vapour (TPW, mm) for representative locations of 
West Malaysia and East Malaysia (Sabah and Sarawak) from MERRA-2 data from 1990–2019. Inset 
is the study area showing subregions and the World Meteorological Organization radiosonde stations 
in filled circles
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peaks are obtained in May and Novem-
ber, which also fall within peak periods 
of precipitation in the region (Wong et 
al., 2009). Decreasing TPW is noticed 
northward in West Malaysia, with the 
northernmost station, Kota Bharu, pre-
senting lowest mean moisture compared 
to the three others. Whereas this station 
provides the least amount of TPW be-
tween November and April (NEM sea-
son) in West Malaysia, the value is larg-
est between May and October (SWM 
season). The high amount of TPW ob-
served in the northern part during this 
period, is most probably due to mois-
ture sheltering effect by high mountain 
ranges on the SWM winds, which arrive 
West Malaysia from Sumatra (Wong et 
al., 2009). The widening of the strait of 
Malacca northwards may also induce the 
land-sea breeze and convection that may 
exert local influence on precipitation in 
the region during the SWM season (Oki 
& Musiake, 1994). Additionally, higher 
temperature in the northern parts of West 
Malaysia during this period could induce 
evaporation rate and consequently pro-
duce more moisture content aloft. For 
instance, MetMalaysia (2009) projected 
higher mean temperature increases for 
West Malaysia against lower values for 
East Malaysia. Changi, which is in the 
southmost tip of West Malaysia displays 
reversed mean TPW compared to Kota 
Bharu with higher and relatively lower 
values obtained in NEM and SWM 
respectively. Similarly, synchronous 
double oscillations were obtained in East 
Malaysia, though the pairs of dips and 
peaks are not as conspicuous compared 
to those observed in West Malaysia. 
However, unlike the northmost station 
in West Malaysia, the corresponding sta-

tion (Kota Kinabalu) in East Malaysia 
maintained a consistently lowest amount 
of TPW all year round, just as the value 
in the southmost station (Kuching) dom-
inated throughout.

Plots of the annual means of TPW for 
the three federated regions (Peninsular 
Malaysia, Sabah, Sarawak) from 1990 to 
2019 are depicted in Figure 2a. Sarawak 
maintains a consistently higher TPW com-
pared to West Malaysia and Sabah. Con-
sistent temporal variation in annual mean 
TPW was, however, recorded for all the 
regions. This is consistent with the projec-
ted temperature and precipitation trends 
for the study area (MetMalaysia, 2009). 
Some obvious spikes noticed in the tem-
poral regime of the annual mean TPW 
may be linked to ENSO (El Nińo1 and 
La Nińa2), a common event in the study 
area and surroundings. This impact is 
further observed in the monthly anomaly 
of annual time series in the subsequent 
section.

To reveal seasonal variability of 
TPW, standard deviations are calculated 
and depicted in Figure 2b, from which 
larger deviations were predominantly 
found during the NEM period in all the 
stations except for Kuching in East Ma-
laysia. Kota Bharu and Kota Kinabalu 
presented respective highest deviations 
in West and East Malaysia, with corre-
sponding least deviations in Changi and 
Kuching. The regional deviation during 

1El Nińo is a large-scale ocean-atmosphere cli-
mate interaction associated with the episodic 
warming in sea surface temperatures across the 
central and east-central Equatorial Pacific, which 
often results in warm and dry conditions.
2La Nińa episodes represent periods of below-
-average sea surface temperatures across the east-
-central Equatorial Pacific.
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the NEM season is latitude-dependent, 
with the value falling from 5.00 mm at 
Kota Bharu to 2.73 mm at Changi in 
West Malaysia and from 2.71 mm at 
Kota Kinabalu to 1.46 mm at Kuching 
in East Malaysia. Similarly, during the 
SWM the deviation also trails a latitudi-
nal pattern but with higher increases at 
lower latitudes. The largest deviations 
during this period were found in Changi 
(1.56 mm) and Kuching (1.69 mm), with 
Kota Bharu presenting the least value 
(0.61 mm) across all regions. The rela-
tively small deviations (0.61–5.00 mm) 
obtained are to be expected since mean 
TPW ranges between 44 and 58 mm in 
both seasons across Malaysia. The mean 
seasonal deviations in the NEM (3.07 
mm) and SWM (1.22 mm) across the 
study area are consistent with reported 
values of < 5 mm for global equatorial 
regions (Chen & Liu, 2016).

Spatial patterns of TPW
The mean seasonal distribution of 

TPW and its inter-annual variability for 
NEM and SWM is depicted in Figure 3a 
and b. From the left column of the fig-
ure, which presents maps of the means, 
it is observed that TPW decreases gener-
ally in a southeast-northwest orientation 
over Peninsular Malaysia, with regional 
maximum appearing over the south-
eastern tip of the area in both seasonal 
distribution of the means. The distribu-
tion over East Malaysia is, however, in 
a southwest-northeast orientation with 
regional maximum found in the south-
western area. The spread of TPW over 
Malaysia is dominated by latitude, topo-
graphical features, and the monsoons. 
The isopleths of TPW closely match the 
orographic features of Malaysia and re-
flect the influence of the monsoons. The 
atmospheric column is much shorter over 

FIGURE 2. Total precipitable water vapour (TPW) from MERRA-2 for the period 1990–2019 for the 
three sub-regions: a – temporal fluctuation of annual means (WM – West Malaysia); b – standard devia-
tions of seasonal means (NEM – northeast monsoon, SWM – southwest monsoon)
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the central area of West Malaysia, the 
eastern part of Sarawak, and northwest-
ern Sabah due to their high elevation, 
which explains the observed regional 
TPW minima. Although the elevation is 
lower in the northwestern part of West 
Malaysia, TPW values are relatively low 
due to the weakened influence of the 
SWM from the natural barrier formed 
by the mountains to the south. Complex 
and steep orography tends to shape in-
tense horizontal gradient along the edges 
of West Malaysia and along the central 
and northeastern parts of East Malaysia. 
The rich horizontal gradients that mani-
fest along the central regions of Sarawak 
and the entire Sabah are relatively uni-
form in the two seasons. Weak gradients 
are easily noticed over the southern and 
central parts of Peninsular Malaysia and 
west of Sarawak. More water vapour is 
accounted for during the SWM than in 
the NEM throughout Malaysia, which is 

consistent with the seasonal cycle shown 
in Figure 1. From the right column of 
Figure 3 (inter-annual variability of TPW 
in the two season) it is noted that larger 
variations found during the NEM season 
have higher values northwards. The vari-
ation in the SWM period has much lower 
amplitude which decreases with latitude. 
The spatial distributions of the mean and 
standard deviations of TPW are consist-
ent with its temporal pattern discussed 
earlier in this work.

Long-term variability of TPW

For a better understanding of climate 
dynamics, it is important to investigate 
long-term trend in precipitable water va-
pour over a region (Durre, Williams, Yin 
& Vose, 2009). Linear trends between 
1990 and 2019 in monthly anomalies 
from MERRA-2 TPW have, therefore, 
been performed for each region using 
LSR method. The statistical significance 

FIGURE 3. Mean total precipitable water vapour (TPW) from MERRA-2 in season 1990–2019: 
a – for northeast monsoon (NEM); b – for southwest monsoon (SWM); c – standard deviation of NEM; 
d – standard deviation of SWM
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of the trends, the slope, and the prob-
ability (p-value) along with the trend 
direction for the annual time scales are 
presented in the table. Trends of TPW 
estimated from MERRA-2 over the re-
gions are positive but very low, though 
the values are statistically significant at 
the 95% level, except for Sarawak. The 
Z-scores are consistent with the p-val-
ues within the study period. Statistical-
ly significant upward trends of the rate 
0.09 ±0.06 mm·decate–1 and 0.10 ±0.04 
mm·decate–1 were obtained in West Ma-
laysia and Sabah respectively. However, 
Sarawak turned in nonsignificant positive 
trend rate of 0.05 ±0.01 mm·decate–1.
The results are consistent with the very 
low upward trend obtained for the trop-
ics (Chen & Liu, 2016; Parracho, Bock 
& Bastin, 2018). Moreover, this positive 
trend is consistent with reported temper-
ature increases in Malaysia (MetMalay-
sia, 2009).

The domain means of monthly 
anomalies in annual time series from 
MERRA-2 TPW for the box area over 
each of the three federated regions in 
Malaysia is given in Figure 4. The fig-
ure depicts some curious sharp rises and 
falls in the annual anomaly of TPW par-
ticularly, from 1995 to 2000 and 2015 to 

2016. Records from the Oceanic Nińo 
Index (ONI) indicate the occurrence 
of very strong El Nińo events within 
1997/1998 and 2015/2016, with corre-
sponding moderate/strong La Nińa from 
1998–2000 and also 2017 (https://origin.
cpc.ncep.noaa.gov). These events, which 
are partly responsible for the drying and 
moistening of water vapour contents in 
the atmosphere around the South Pa-
cific, are most likely to affect the trend 
in TPW. The high anomalies observed in 
1998–2000 and 2017 are most likely due 
to La Nińa, while the troughs from 1997 
to 1998 and from 2015 to 2016 may be 
attributed to El Nińo. Although most of 
these events may result in drier or wetter 
years, substantial frequency of relatively 
dry or wet periods in Malaysia are, how-
ever, not accounted for by them. This in-
dicates that ENSO may not be solely re-
sponsible in regulating moisture amount 
in the study area.

Conclusions

The implication of total precipita-
ble water vapour (TPW) variability and 
trend on the Earth’s radiation budget and 
precipitation calls for its regular and re-
gional monitoring. This study evaluates 
the inter-annual and seasonal patterns 

TABLE. Decadal trend estimates in MERRA-2 total precipitable water vapour (TPW) over the three 
federated regions of Peninsular Malaysia for the annual time scale (b) from 1990–2019. Z-scores,
 p-values and trend directions are also given

Region Z b
[mm·decade–1]

p
(α0.05)

Trend
(at 95% significant level)

West Malaysia 2.17 0.09 ±0.06 0.014 positive
Sarawak 1.48* 0.05 ±0.01 0.086 positive
Sabah 2.61 0.10 ±0.03 0.009 positive

*Non-significant trend.



216 E.K. Makama, H.S. Lim

of TPW over Malaysia based on a 30-
-year data from the Second Modern-Era 
Retrospective analysis for Research and 
Applications (MERRA-2). Bimodal os-
cillations of TPW were discernible at 
the seasonal time scale, with a pair of 
maxima found in May and November, 
coinciding with the respective starts of 
the NEM and SWM seasons in Malaysia. 
Corresponding pair of minima, which 
occurred in February and August, are 
more conspicuous in West Malaysia. The 
spatial patterns of the annual mean TPW 
were also characterized by a pair of high 
and low with marked geographical dif-
ferences as complex and steep orography 
shaped intense horizontal gradient along 
the edges of West Malaysia, western part 
of Sarawak, and southeastern area of 
Sabah. More moisture was found dur-
ing the SWM period in all the regions, 
with higher values in the western part of 
the Country. Kota Kinabalu and Tawau, 
in the northeastern part of East Malay-
sia were the driest all year round. Gen-
erally, TPW was observed to decrease 
northward with slight upward significant 
trends of approx. 0.09 mm·decade–1 at 
the 95% level, found in West Malay-
sia for the annual time scale, which is 
consistent with reported global tropical 

positive trend (Chen & Liu, 2016). Trend 
of TPW within the study period is most 
likely affected by ENSO, which is a com-
mon events in Malaysia and surrounding 
areas. It is, therefore, suggestive to iso-
late periods of severe ESNO events in 
order to decern actual decadal variability 
in TPW over the study area.
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Summary

Inter-annual and seasonal patterns 
of precipitable water vapour over Malay-
sia from 1990–2019 based on MERRA-2 
reanalysis. In this study seasonal and in-
ter-annual patterns as well as trend in the 
total precipitable water vapour (TPW) over 
Malaysia, based on a 30-year data from 
MERRA-2, have been evaluated using least 
square regression method. Indicator TPW re-
vealed a pair of minima in February/August 
and maxima in May/November with highest 
and lowest long-term means found in East 
Malaysia. Long-term seasonal variability 
of TPW exhibited latitudinal dependency in 
both the NEM and SWM seasons. Indicator 
TPW showed respective southeast-northwest 
and southwest-northeast spatial distribution 
in West and East Malaysia, with the highest 
statistically significant positive trend found 
in the former.
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