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Abstract: A three-dimensional (3D) CFD model was developed, covering a square area of 3.64 km2

and comprising the Holy Mosque near its center, the actual terrain, and the main surrounding
buildings. The gust wind effects on the existing cranes and the collapsed tower crane in 2015, the
comfort of the pedestrians, and the air quality were studied for the first time in this area. The
air quality was related to calm speed, accelerating the spreading of infectious diseases. The wind
comfort levels were achieved in all selected locations. The wind speeds are generally low in the
area. However, gusting wind currents appeared from limited directions, causing increments in wind
speeds up to 30% and causing the tower crane to collapse. Therefore, finalizing work on some cranes
is recommended soon, lowering the crane boom and stopping working on windy days or changing
their places. The air quality in some sites may be relatively poor, such as at the lower terraces level.
New tall buildings surrounding the mosque from the north and the east are not recommended unless
studying their impacts on the air quality. Pruning north and east mounts can remarkably improve
natural ventilation. Large-scale fans are another solution after a detailed simulation study.

Keywords: holy mosque; 3D; CFD; the comfort of pedestrians; air quality; gust wind; calm wind;
wind envelope; downwashing and channeling

1. Introduction

The studied area is the holiest place for all Muslims worldwide, with at least a million
daily visits for praying. While in seasons such as Hajj and Ramadan, millions visit the
Mosque daily, which may be considered the most crowded area in the world, especially
during the seasons. Millions of Muslims worldwide visit the Holy Mosque with different
cultures, languages, and health. Saudi authorities are keen to increase the capacity to
achieve 15 million external visitors to the holy areas annually, because of the regularly
expanding number of Muslims who want to perform Hajj, Omera, and pray in the Holy
Mosque. Saudi Authorities have made massive efforts to achieve that by extending the
Holy Mosque size, building new buildings to accommodate visitors, and developing
the infrastructure. Some new tall structures surrounding the Holy Mosque have been
constructed to serve visitors in the last few years. That affects the wind envelope, which
has structural and environmental impacts on the buildings and people.

Three primary wind effects must be considered [1]: wind loads on structural, environ-
mental studies, and wind loads for the façade. This research discussed the structural and
environmental impact and excluded the wind loads for the façade.

The structural effects of the wind include:

• The wind forces and moments on the building [2–5]
• The vibration of the structures is one of the most significant effects of wind, espe-

cially on bridges and tall buildings [6]. It could lead to substantial displacements,
accelerations, and resulting forces [7–9].
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Many cranes are now working inside the studied area. One of the objectives of the
current study is to check the wind velocity acting on the working cranes from all wind
directions and compare the results with those in the cranes working in open space. The
safety of these cranes is required to ensure the safety of the visitors/prayers to avoid such
a catastrophic accident that occurred on 11 September 2015, 27th Thul-Qida 1436. One
hundred and seven people died, and at least 238 were injured after the collapse of a tower
crane at the Holy Mosque piazza during rest hours due to a strong wind. The tower crane
was on the east side of the Holy Mosque beside the Royal Palace on Abu Kubais Mount.
The long boom turned in the opposite direction, and the tower crane collapsed on the
Masa’a.

On the other hand, away from the wind effects on the working structures, some
environmental wind issues in cities can be tackled, such as

1. Accumulating vehicular emissions at the street level [10] affects air quality;
2. Degradation of outdoor thermal comfort [11–14];
3. The pedestrian-level wind was tackled in the current case study. The comfort of

pedestrians was considered the comfort of the prayers, visitors, and pilgrims.

Some unpleasant incidents occurred for pedestrians nearby tall buildings in cities
since the beginning of their construction. Many such incidents were recorded in countries
including Japan [15–17], the United Kingdom [18], the United States [19], and Canada [20].
The strong wind flows near tall buildings result from intense downwash, bringing high-
speed winds from higher altitudes down to the ground level. Strong separation layers form
at the sharp corners of tall buildings [21]. A taller building catches the more upper-level
wind and directs it to the pedestrian level. Hence, it poses high-wind-speed conditions
but improves near-field air ventilation [22–24]. At the same time, turbulence intensity is
not significantly influenced by the height variation of the building [24]. As the buildings’
width increases, the incoming wind’s sheltering effect enlarges the extent of the low-wind-
speed zone on the downstream side of the building [25]. Therefore, some researchers
invented techniques to assess the wind environment near tall buildings [21,26–28] and
developed evaluation criteria to estimate the wind comfort of pedestrians in built-up
areas [29–32]. City authorities had also attempted to regulate adverse wind flow in built-
up areas by stipulating wind ordinances and building design guidelines [33–36]. The
research [37] summarized the results of the research studies [18,30,31,38–40] to determine
the various pedestrian-level wind criteria, sitting, standing, and walking, converted to
the typical frequency of return (20%) and mean wind velocity (km/h), where the average
wind velocities for sitting, standing, and walking wind level are 9.44, 14.48, and 18.88 m/s
respectively. The average group criteria were selected in this research. The wind speeds
for the comfort level of sitting, standing, and walking pedestrians were 9.5, 14.5, and
19.0 km/h, respectively.

4. Calm wind speed affects the air quality.

The quick spreading of airborne pathogens [41,42] arises from low wind speed; sub-
sequently, it causes deterioration of the urban quality of life. The study [43] reveals that
in China, the viral agent of SARS-CoV-2 may be suspended in the air for various min-
utes. This fact can explain the transmission dynamics and high number of infected people
and deaths from COVID-19 in many regions. Based on low wind speed, atmospheric
stability reduces the dispersion of gaseous and particulate matter (air pollution), which
can act as a carrier of the SARS-CoV-2 in the air to sustain the diffusion of COVID-19 in
the environment, generating problems for public health in society. [44,45]. The average
low wind speed of 2–4 km/h may cause a massive increase in infected people by SARS
and COVID-19. Still, infectious diseases are expected to increase the number of infected
people in calm atmospheres at different rates. There are no specified worldwide criteria for
ventilation requirements in outdoor sub-urban environments except national standards
in a few countries. Hong Kong has air ventilation assessments, which are mandatory for
new developments. The recommended minimum wind speed at the pedestrian level is 1
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to 2 m/s to ensure sufficient outdoor ventilation in Hong Kong. In the current study, the
minimum mean speed is assumed to be 1.5 m/s.

Two environmental points were studied: the comfort of the pedestrians and the area
of calm speed. In comparison, vehicular emissions at the street level nearby the Mosque
were excluded since the Saudi authorities kept the vehicles away from the Holy Mosque.
Also, the degradation of outdoor thermal effects was excluded from the study because of
insufficient data.

Some researchers focused on the air quality assessment mainly due to the vehicles
inside Holy Makkah during the Hajj season, such as Hajj, 2005 [46,47], Hajj, 2012 [48,49],
and Hajj, 2019–2020 [50]. Some others have studied one or more pollutants for a relatively
long time, such as [51], where the fine particulate matter (PM2.5) sampling was performed
from 26 February 2014–27 January 2015, in four cycles/seasons. Also, PM10, NOx, SO2, and
CO have been analyzed over the study periods (1997–2012) in Makkah [52]. NO2, SO2, CO,
O3, CH4, and THC were studied from November 2002 to October 2003 [53]. The stagnant
areas in the Holy Mosque area have been mentioned briefly by research [54].

The studies may require validation nowadays to be used around the Holy Mosque,
since the main reason for the air pollution was the emission from Hajj daily activities
of pilgrims, accompanied by the increased demands of transportation means, which are
currently prohibited nearby the Holy Mosque in Hajj season. Also, modern vehicles have
better emission quality besides the increase in the number of pilgrims throughout the last
decades [55]. Finally, many new structures have been developed, especially around the
Holy Mosque, which affects the wind envelope at the Holy Mosque.

Artificial Intelligence (AI) is booming in all scientific fields. Recently, AI has been used
in CFD wind studies, such as research [56] that utilized a neural network program trained
with CFD data and replaced CFD in the iterative coupling process with building energy
simulation. They also conducted modeling for interior surfaces. Research [57] developed
an artificial neural network model using the coupled results of CFD and building energy
simulation to predict local weather at a specific site, enabling optimized building design.
Research [58] relied on wind speed prediction to support the integration of wind power
into Saudi Arabia’s electrical grid, aiding power management and enhancing energy
efficiency. Research [59] suggested methods like the lattice Boltzmann method and artificial
intelligence for tall-building design. A study [60] proposed a virtual dynamic coupling
framework to reduce computational calculations. An artificial neural network was used to
predict building energy and CFD results, specifically the convective heat transfer coefficient,
with a case study in Los Angeles in September.

For the first time to the authors’ best knowledge, the cranes’ safety against the gusting
wind speed, the comfort of the prayers/visitors, and the definition of the areas, which may
be a fertile environment for infectious diseases, were studied in the Holy Mosque area in
this research.

The rest of the paper is organized as follows. The studied area surrounding the Holy
Mosque included the main features, the gust speed, the comfort of prayers, and the calm
wind. Then, the main features of the CFD model were discussed, where the geometry
of the model, the grid generation, the model validations, the boundary conditions, the
solver parameters, the wind directions, and the flow chart of the study were presented.
Next, the results and the discussion were addressed. The wind-gust results, the comfort
of prayers/visitors, and the calm wind were discussed. Finally, the conclusions for each
objective were briefed, and solutions for expected problems were recommended.

2. The Objectives

This research tackled three main objectives: the gust wind speed acting on the currently
working cranes.
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2.1. Gusting Wind

Twenty-four locations of current working cranes inside the Holy Mosque area were
determined. The locations included the old Holy Mosque, the Masa’a (Safa-Marwa), the
third expansion of the Mosque, and the terraces. Also, the place of the collapsed tower
crane in 2015 was selected as location 25. Nearly all operating cranes are found on different
levels. Figure 1a represents the locations of the third expansion and the terraces.
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In contrast, Figure 1b illustrates the places in the old Mosque, the Masa’a, and the
collapsed tower crane location. Cranes 1–13 have been placed on the terraces on different
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levels. Cranes 14–16 are used to complete the ceremonial dome construction. Cranes 17,
19–21 are on the top of the Masa’a. Working cranes 18, 22, and 23 are fixed to establish
the new minarets. Crane 24 is set on the top of the Holy Mosque. Also, the place of the
collapsed tower crane in 2015 was selected as location 25. The gust wind speeds at all the
studied crane locations are compared to those in an open area, where the crane locations
that are most critical regarding the gusting wind were specified. Some suitable precautions
to increase cranes’ safety were recommended. The overturning moments for the collapsed
tower crane were calculated from all wind directions and compared to the open space case.
Finally, the gusting wind causing collapse was discussed.

2.2. The Comfort of the Prayers/Visitors

Eighteen locations were selected, as shown in Figure 2. Six points were chosen on the
roofs (R1 to R6), three points on the first level of the terraces (T1 to T3), and nine on the
piazza level (P1 to P9). Points R1 to R3 are found on the top of the terrace step, while R4
to R6 exist on the roof of the old Holy Mosque. On the other hand, locations P1 to P3 are
located on the piazza between terraces and the third extension of the Holy Mosque. P4 and
P5 are located on the piazza outside the third expansion. Point 9 is located on the piazza
adjacent to the Masa’a. Finally, points P6 to P8 are located on the piazza of the old Holy
Mosque. The degree of comfort of the prayers/visitors in the Holy Mosque area was rated:
sitting/standing/walking level or discomfort. Alternatives were recommended to protect
the prayers/visitors if they felt discomfort in some locations.
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2.3. The Air Quality (the Calm Wind Locations)

The exact eighteen sites for the case of the prayers comfort were selected, as shown
in Figure 2. The stagnant wind locations in the exterior areas of the Holy Mosque were
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checked. Some practical solutions were recommended to improve the air quality if there
was the need.

3. The CFD Model

ANSYS Fluent 16 [61] was used to develop the 3D CFD simulation of the Holy Mosque
area. The following items were briefed below: the model’s geometry, the grid genera-
tion and sensitivity analysis, the sensitivity of the turbulence model and the CFD model
validation, the wind speeds and directions, assumptions, and simplifications, the bound-
ary conditions, and the solver parameters. The gust wind speed and the speed for the
environmental studies were discussed under the studied area of the Holy Mosque and
the environmental wind design criteria, respectively. Figure 3 shows the flow chart that
summarizes the adopted numerical methodology in this study.
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3.1. The Geometry of the Model

The 3D model has a square base with a side length of 1.8 km. The actual terrain of
the studied area was considered by using the digital elevation model (DEM) for the Holy
Mosque area to create the existing terrain surface in the model. Then, the main buildings
were added to the model, such as the old Holy Mosque, the third expansion of the Holy
Mosque, the terraces, the piazza of the old Holy Mosque, the piazza between the terraces
and the third expansion, Jabal Omar structures, the royal palace on Abu Kubais mount, Dar
El-Tauheed, Abraj Makkah, a part of the Abu Kubais mount, a part of the Qiqaan Mount
and other hotel buildings, as shown in Figure 4a.
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Figure 4b shows the main features of the studied area in the CFD simulation compared
to the actual case study in Figure 4a. Any new nearby tall buildings or features in the
studied area can be added to the current CFD model to keep it valid for future studies.
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3.2. The Grid Generation and Sensitivity Analysis

The accuracy of the results achieved from the CFD modeling significantly depends on
the mesh quality, which also has implications for model convergence. This research applied
a non-uniform mesh to the volumes of all CFD models. The grid was smoothened around
the Holy Mosque structures and its piazza, which were the main areas of the current study.
Different mesh sizes were generated to investigate the solution of independence from the
grid. Grid sensitivity analysis was used to validate the CFD model. Four mech sizes were
assumed to select the suitable size. These meshes were 977,408, 1,572,575, 2,403,713, and
3,625,124 tetrahedral cells. The mesh of 2.4 million cells, shown in Figure 5a,b, was chosen
with a maximum expected difference in the velocity results of less than 1.5%, with a reduced
consumed time of more than 70%. Also, the generated mesh was assessed by calculating the
non-dimensional wall distance for a wall-bounded flow (y+), where the first layer of grid
points on all the students was carefully taken in the near-wall mesh zone to keep the y+ value
within an acceptable limit (the maximum below in this study was 10). The minimum volume
of the cell size was 2.637 × 10−2 m3, and 4.78 × 103 m3 was the maximum cell size. Also, the
maximum aspect ratio was 33.0156, and the minimum orthogonal quality was 0.0260305.
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3.3. The Sensitivity of the Turbulence Model and the CFD Model Validation

The majority of the CFD outdoor wind models for different cases of the study, such
as the current research, used K-ε turbulence models [62–81]: whereas the majority of the
researchers used the standard K-ε turbulence model [62–73], some [74–76] used RNG K-ε
turbulence model and others [77–81] used the Renormalization k-ε turbulence model. On
the other hand, some researchers used large eddy simulation (LES) turbulence models such
as [82–85].

This research studied the sensitivity of K-ε turbulence models, the standard, RNG, and
realizable K-ε turbulence models where three points (T1, P4, and P9, as shown in Figure 2)
were selected at different altitudes. The results of all the studied turbulence models were
compared with those obtained by the wind-tunnel study conducted by Wacker-Ingenieure-
Wind Engineering [confidential studies]. The standard K-ε turbulence model obtained
the best results. The wind velocities and the wind loads were validated with maximum
discrepancies of less than 10%.

3.4. The Wind Speeds and Directions

The wind levels for the Hajj months is presented in research [50]. In comparison, the
wind levels in Holy Makkah for the entire year is shown in study [86]. Also, the wind speed
in Holy Makkah is less than 10 km/h for nearly 22.9% of the year, between 10–20 km/h
for almost 32% of the year, and more than 40 km/h for 3.5% of the year. Also, the mean
wind speed is nearly 32 km/h throughout the year. The prevailing wind directions in Holy
Makkah are northwest and southwest [86].

According to the Saudi Building Code, the maximum wind gust speed in Jeddah and
Taif cities is 152 km/h. No gust wind speed is specified in the Holy Makkah. Therefore, it
can be considered the same in Jeddah and Taif. The terrain exposure constants are relevant
to category B.

Sixteen wind directions were studied with an equal interval of 22.5 o to cover all the
possible directions. These sixteen wind directions are N, NNE, NE, ENE, E, ESE, SE, SSE, S,
SSW, SW, WSW, W, NWN, NW, and NNW.

3.5. Assumptions and Simplifications

The assumptions and the simplifications, which were assumed in this study, are listed
below:

• There is no thermal effect considered.
• All short buildings around the Holy Mosque were ignored.
• Any interior locations inside the old Holy Mosque and their expansions were excluded.
• All areas nearby the existing internal mechanical ventilation were excluded from the

present study.
• Details of the Holy Mosque, such as the minarets and the domes, were discarded.

3.6. The Boundary Conditions and the Solver Parameters

The main solver parameters and the boundary condition of the current CFD model
are listed in Table 1. The flowchart of the study is illustrated in Figure 6.
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Table 1. Summary of the boundary conditions and the solver parameters of the CFD models.

Parameters Settings

Solver Pressure-based, steady
Velocity formulation Absolute

Turbulence model Standard k-ε
Gravity Not applied

The inlet boundary Velocity inlet
The outlet boundary Pressure outlet
The top of the model symmetry

The bottom of the model wall
The other boundary symmetry

Cell shape Tetrahedral
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4. Results and Discussion

Different models were developed in this research study, where sixteen wind directions
were conducted for each model. The first model was performed to study the wind velocities
on the entire Holy Mosque and its piazza as its current status. Another model was used
after adding the collapsed tower crane in 2015 to the Holy Mosque model. The last model
was the collapsed tower crane in an open area. The results of all the models can be found
below.

4.1. The Wind Gust Results

All sixteen wind directions were studied for the twenty-four locations of the current
working cranes and the location of the collapsed tower crane, as shown in Figure 1. The
wind velocities in the Holy Mosque area were generally reduced because of the devel-
opment of new buildings around the Holy Mosque. But the wind gust risk increases in
some wind directions due to the downwashing over the tall buildings and channeling
between buildings. The wind velocities were determined at all studied places from all wind
directions. Then, the maximum wind velocity at each location was compared to the wind
velocity in the case of an open area. The discussion below can be divided into the existing
cranes on the terraces, the third expansion, and the old Holy Mosque.

4.1.1. The Cranes on the Terraces

Thirteen cranes exist on the terraces, as shown in Figure 1a. Three exist on the top of
the terraces, which are 1, 2, and 3. All the other cranes are found on different step levels.
The wind speeds at 5.0 m higher than the base level of each crane were calculated for each
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wind direction. Then, they were compared to those in the case of open areas. In general,
the wind speeds for all the cranes inside the Holy Mosque area are remarkably less than
the speeds in the case in open space except for some limited wind directions, where the
wind speeds in the Holy Mosque are higher than those in open spaces. Crane 11 is the
only exception, where the maximum wind speed inside the Holy Mosque is nearly equal
to that in an open space. The worst-case scenarios for the wind directions for most of the
thirteen cranes are the south wind, as shown in Figure 7, and the south-southwest wind.
The west-southwest wind is critical for cranes at locations 7, 10, and 13. Cranes at locations
4, 6, 7, 9, 12, and 13 have the most fundamental forces of wind increase by nearly 30%
compared with the wind speeds in an open area. All other cranes at locations 1, 2, 3, 5, 8,
and 10 show an increase in the actual wind speeds at Holy Mosque than those in an open
area by 10–20%.
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4.1.2. The Cranes on the Third Expansion

Three crane locations were considered in the current study for the third expansion
of the Holy Mosque at locations 14–16. A strong wind current is expected to attack the
roof surface of the third expansion of the Holy Mosque in case of blowing wind from the
south-southwest direction for the three locations. The channeling between the Jabal Omer
buildings and the Abraj Al-Bait increases the wind velocity, and downwashing over the
Abraj Makkah tower directs the strong wind current to attack the crane at location 15 and
consequently, the ceremonial dome, as shown in Figure 8. The wind velocity is increased
by about 25%, compared to that in an open area. Cranes at locations 14 and 16 have a lower
wind impact since their bases rested on the piazza, not on the roof of the expansion like
crane 15.
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4.1.3. The Cranes on the Old Holy Mosque and the Masa’a

Cranes at locations 18, 22–24 are considered on the old Holy Mosque. On the other
hand, the cranes at locations 17, 19–21 are on the Masa’a. The worst-case scenarios for
almost all cranes are the south-southwest and west-southwest wind directions when the
wind current develops from channeling between Abraj Makkah and Abraj Al-Bait and
down-washing over both structures. Figure 9 illustrates the velocity vectors for the south-
southwest wind direction attacking the old Holy Mosque and the Masa’a. The wind
velocities at the cranes on the Masa’a increased by 25–30% compared to the wind in an
open area. The wind speeds at cranes 18, 23, and 24 increase by up to 30% compared to the
speeds in open space. The crane at location 22 has an increase in wind velocity of nearly
20% compared to that in open space.
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4.1.4. The Case of the Tower Crane Accident in 2015 (Location 25)

The overturning bending moments acting on the tower crane in the actual location
were compared with those on the crane in an open area for the sixteen wind directions,
as shown in Figure 10. The wind forces acting on the tower crane were considerably
limited to the wind blowing from 10 out of the 16 known directions. However, the bending
moment (overturning moment) values in the actual case inside the Holy Mosque were
more than those in an open area in four wind directions. These four critical wind directions
were north-northeast, east-northeast, northwest, and west-southwest. However, the ratio
between the bending moment in an open area to that in an open space for the actual case
is maximum in the west-southwest direction. The ultimate overturning moment, acting
on the tower crane, occurred in the north-northeast wind direction, which was the case
during the collapse of the tower crane. The overturning moment on the tower crane was
30% higher than in an open area. Figure 11 illustrates the contour of the wind velocity at
the top of the Masa’a level.
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Figure 10. The ratio between the overturning moment on the crane in the Holy Mosque to that in an
open area.

4.2. The Comfort of the Prayers/Visitors

The pedestrian comfort level was checked in all wind directions for all mentioned
locations in Figure 2. This study showed that all the places have different comfort levels
(sitting, standing, and walking) to an expected return frequency of 20%. As shown in
Figure 12, green dots represent the locations that fulfill the sitting comfort level, yellow for
the standing comfort level, and orange for areas of the walking comfort level. The results
of this study can be capsulated in the following points:

• The wind speeds are at the walking comfort level in all locations on the piazza except
P5, P6, and P9.

• The locations P6 and P9 are at a standing comfort level.
• The location P5 is at sitting comfort level.
• P7 and P8 are in the walking comfort level and have the maximum wind speed out of

the eighteen points.
• The wind speed at point R1 on the terraces is at the walking comfort level, while points

R2 and R3 are at the standing comfort level.
• The wind speeds on the top of the old Holy Mosque at locations R4 and R5 are at the

standing comfort level. On the other hand, location R6 is at the sitting comfort level.
• The wind speeds on the first level of the terraces T1, T2, and T3 are at the sitting

comfort level.
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4.3. The Air Quality

All areas nearby the existing internal mechanical ventilation were excluded from the
present study. Using the Holy Makkah wind data, the average wind speed throughout
the year in Holy Makkah was classified into four categories. As shown in Figure 13, red
dots represent locations where the criterion mean wind speed of 1.5 m/s is exceeded less
than 20% of the time; orange for 20% to 30%, yellow for 30% to 45%, and green for areas
where the mean wind speed criterion of 1.5 m/s is exceeded more than 45% of the time.
Since there is no Saudi standard for such a case, the last category (>45%) is recommended
in this research to maintain the best air quality in the Holy Mosque area. The results show
that all the selected points on the piazza have good ventilation except location P5 has
relatively poor ventilation of 20–30% because it is on one of the confined corners. Such a
site may need a source of mechanical ventilation. Also, locations P6 and P9 have relatively
good ventilation, 30–45%. Location R4 on the Holy Mosque roof has good ventilation,
while point R5 has reasonably good ventilation, 30–45%, and point R6 has poor ventilation.
Location R1 on the top of the terraces also has good ventilation (>45%), while R2 and R3
have relatively poor ventilation, 20–30%. The ventilation is low on the lower terraces’ T1,
T2, and T3 levels.
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and its piazza.

5. Conclusions and Recommendations

The 3D CFD model was developed, having a square base with a side length of 1.8 km,
using ANSYS FLUENT. The actual terrain of the studied area was considered by using
the digital elevation model (DEM) for the Holy Mosque area to create the existing terrain
surface in the model. Then, the main buildings were added to the model, such as the old
Holy Mosque, the third expansion of the Holy Mosque, the terraces, the piazza of the
old Holy Mosque, the piazza between the terraces and the third expansion, Jabal Omar
structures, the royal palace on Abu Kubais mount, Dar El-Tauheed, Abraj Makkah, a part
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of the Abu Kubais mount, a part of the Qiqaan Mount and other hotel buildings. In this
research, three goals were tackled: the safety of the working cranes and the case of the
collapsed tower crane at the Holy Mosque piazza in 2015, the wind comfort degree of the
prayers/visitors, and locations having calm wind, which expose to lower air quality.

Twenty-five locations were selected for the gusting effects on almost all currently
working cranes. The wind speeds at 5.0 m higher than the base level of each crane were
calculated for each wind direction. Then, they were compared to those in the case of open
areas. Thirteen cranes are on the terraces on different levels. Four crane sites are on the top
of the Masa’a. Another three cranes place to serve the third expansion of the Mosque, four
cranes are on the roof of the old Holy Mosque, and the last is the location of the collapsed
tower crane. Generally, the gust wind speeds for all the crane locations inside the Holy
Mosque area are remarkably lower than those in open space except for some limited wind
directions. However, almost all the cranes are exposed to higher wind speeds than the open
area values for a few wind directions. The worst-case scenarios for the wind directions for
most of the thirteen cranes on the terraces are the south-southeast and the south wind. The
wind speeds increase at the crane locations between 10–30% compared to those in open
areas.

The south-southwest wind direction is the critical direction for the cranes on the
Mosque expansion, where the wind velocity is increased up to 25% compared to those
in open space. The channeling between the Jabal Omer buildings and the Abraj Al-Bait
increases the wind velocity, and downwashing over the Abraj Makkah tower directs the
strong wind current to attack the ceremonial dome and the cranes surrounding it. It is
recommended to finalize the work of the cranes on the Masa’a, the minarets, and the
moving dome before others or to change their locations.

The south-southwest and west-southwest are the critical wind directions for most
of the locations of the eight cranes on the top of the old Holy Mosque and the Masa’a,
where the wind speeds increase at the crane locations between 20–30% compared to those
in open areas. The worst-case scenarios for almost all cranes are the south-southwest and
west-southwest wind directions when the wind current develops from channeling between
Abraj Makkah and Abraj Al-Bait and down-washing over both structures. Additionally, it
is suggested to lower the crane boom if it is at rest and stop working on windy days.

The case of the collapsed tower crane in 2015 was studied. The study revealed that the
gusting wind was only critical from 5 directions out of 16. The gusting wind causing the
collapse was blowing from one of them when the overturning moment increased by 30%
compared to the case in open space.

The wind comfort of the prayers/visitors study shows that all the places have different
comfort levels (sitting, standing, and walking) to an expected return frequency of 20%. All
the areas on the top of the piazza have walking/standing comfort levels, except closed
areas, which have sitting comfort levels. The northwest side of the terrace’s top surface has
a walking comfort level, while the rest has a standing comfort level. The top of the Holy
Mosque has a standing/sitting comfort level. The wind speeds on the lowest level of the
terraces are at the sitting comfort level.

Regarding air quality, the minimum mean speed is assumed to be 1.5 m/s since there
are no specified worldwide criteria for ventilation requirements in outdoor sub-urban
environments. Since there is no Saudi standard for such a case, the target of exceeding
the mean speed 45% of the time is recommended in this research to maintain the best air
quality in the Holy Mosque area. The results show that all areas on the piazza have good
ventilation, except areas in confined corners with poor ventilation. Also, the places at the
back of the Masa’a and nearby Dar El-Tauheed Hotel have relatively good ventilation. The
west side of the Holy Mosque roof has good ventilation, while its northeast has relatively
poor ventilation. The northwest of the upper level of the terraces has good ventilation. In
contrast, the north and east sides have relatively poor ventilation. Ventilation is lacking on
the lower terrace levels.

It is recommended to
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1. Finalize the work of the cranes on the Masa’a, the minarets, and the ceremonial dome
before others.

2. Change the locations of cranes exposed to strong wind and/or move their bases to
lower levels, if possible.

3. Lower the crane boom if it is at rest.
4. Stop working on windy days.
5. Study the effect of using mechanical ventilation by using large-scale fans. A wind

tunnel or CFD should simulate the case to ensure sufficient mechanical ventilation.
6. Using large-scale fans without prior modeling may help spread infectious diseases.
7. Using natural ventilation is much better than mechanical ventilation.
8. Study the possibility of improving the natural ventilation of the Holy Mosque by

pruning the Abu Kubais Mount in the east and/or Qiqaan Mounts in the north.
9. It is not recommended to have new tall buildings surrounding the Holy Mosque,

especially from the north and the east, except after studying the impact on the air
quality using either wind tunnel or CFD simulations.
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