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ABSTRACT
On August 4, 2020, an explosion at the port of Beirut, later considered one of the largest non-nuclear explosions
in history, struck the city of Beirut and was heard several kilometres away, as far away as Cyprus. It destructed
thousands of structures and left more than 200 people killed and 7500 injured. Following this explosion, “the
school of engineering ESIB” at Saint Joseph University of Beirut in collaboration with the swiss silos’ company
“Amann” Engineering conducted 3D laser scan measurements to study and monitor the Beirut port silos’
structural health response using two equipment: the LEICA BLK360 and the Z+F Imager. Thus, the objective
of the work presented in this paper is to evaluate the stability of the remaining standing silos. If the decision is
to demolish them, this study assesses the reuse of the pile foundation for constructing new silos at the same
place. The 3D scans, performed in three phases: September 2020, November 2020 and late March and midApril 2021, show that the remaining standing port silos (third row) are not stable. The displacement of the south
block third row of silos is not significant since September 2020, while the north block third row of silos is
tilting away from the direction of the explosion crater and its movement and inclination got significantly
increased since November 2020, noting that the first and second rows of silos were destroyed by the blast, while
the third row of silos tilted towards the explosion crater (to the west) at the day of the blast. The obtained results
propose not to reuse the pile foundation due to the significant damage that the structure and the foundation
experienced by the blast. Consequently, further monitoring of the silos is recommended to assess the movement
and inclination of the remaining standing silos that are affected by the interaction between the structure,
foundation and soil medium.
KEYWORDS: 3D laser scanner, Beirut explosion, Blast loading, Surface explosion, Reinforced
concrete silos.

INTRODUCTION

and finite element method (Ismail et al., 2021). This
explosion, estimated as one of the largest non-nuclear
explosions in history, left more than 200 deaths, 7500
injuries and $15 billion in damage. It was caused by
fifteen tons of fireworks, several jugs of kerosene and
acid and thousands of tons of Ammonium Nitrate stored
unsafely in warehouse 12 a few meters away from the
country’s grain storage silos “the Beirut port silos”, as
shown in Figure (1).
Thus, the 48-m high Beirut port silos absorbed an
important part of the blast energy and shielded some of

Numerous studies have been performed to study and
estimate the Beirut port blast that happened on August
4, 2020 using videos posted on social media (Diaz,
2020; Stennett et al., 2021; Pasman et al., 2021),
empirical formulae (Rigby et al., 2020), fireball analysis
(Aaoud, 2020), geospatial data (Valsamos et al., 2021)
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the Western part of Beirut’s structures that were severely
damaged by the blast (Figure (1)). That is why, a few
weeks after the explosion, the Swiss company “Amann”
Engineering offered the school of Engineering “ESIB”

at Saint Joseph University of Beirut technical assistance
to assess and monitor the level of damage of Beirut port
silos using 3D laser scanner.

b

Figure (1): The Beirut port silos, a) before August 4, 2020 blast and b) after
August 4, 2020 blast (Karklis and Berger, 2020)
silos’ deformations that can’t be captured by the naked
eye. Therefore, the objective of this paper is to monitor
the structural health response of the Beirut port silos in
order to evaluate the stability of the remaining standing
silos in case the decision is to preserve them. However,
if the decision is to demolish the remaining standing
silos, this study assesses the reuse of the pile foundation.
The results indicate that the remaining silos are not
stable. In fact, even though the south block silos’
movement got stabilized after phase 2 (November
2020), the north block has been tilting back towards the
crater by 25 cm horizontally since the second phase,
jeopardizing the safety of the whole structure.

3D scan is a non-destructive, non-contact technology
that creates high resolution and fast 3D digitized copy of
an object within minutes. It employs lasers to create the
geometry of an object using point cloud. Therefore, it
can capture the data of any three-dimensional object,
regardlessa)of its shape, without the need to physically
touch it. Moreover, it provides important data,
accelerates the workflow, helps avoid expensive
mistakes and enhances work productivity. This
technique is being widely used in several industries,
such as medicine, engineering, archaeology, surveying,
industry, structural health monitoring, among many
others (Nguyen et al., 2020; Farahani et al., 2017;
Haddad, 2011; Sumitro et al., 2007; Szolomicki, 2017;
Kosciuk et al., 2020; Al-Mestarahi et al., 2019, … etc.).
In fact, 3D laser scan technology has been used since the
1980s; nevertheless, it was till after 1994 that it gained
popularity when it was used in the surveying industry in
parallel with the evolution of the “Airborne Laser
Scanner” software, “LIDAR”, “Airborn Laser Terrain
Mapper”, … etc. (Abdel-Bary Ebrahim, 2011).
In the present paper, we monitor and assess the level
of damage and deformations of Beirut port silos using
3D laser scanner, performed in three phases: September
2020, November 2020 as well as late March and midApril 2021, using two different equipment: the LEICA
BLK360 and the Z+F 3D Imager. The 3D scans,
performed with an overall precision below the
centimetre, consist on average of 800 million
measurement points every time. These scans detect the

THE SILOS’ HISTORY
The Lebanese government with the help of a loan
from Kuwait at a cost of $2.8 million started to construct
the Beirut port silos, the largest grain facility at the time
in 1968. The construction project was prepared by the
Danish company Kampsax and the Swedish AgriConsult Malmö. The Czech company “Prumstav” along
with several Lebanese experts and international
cooperation of nine companies from Bulgaria, France,
Italy, the Federal Republic of Germany and Greece in
the civil engineering domain performed the construction
work. The Beirut port silos were built in three phases, as
shown in Figure (2), on the pier of the port between two
basins and equipped with unloading and loading
equipment for ships, railway wagons and cars (Kerhat,

- 490 -

Jordan Journal of Civil Engineering, Volume 15, No. 3, 2021

1971). During phase 1, 24 silos formed of 8 columns X
3 rows of silos were constructed, while during phase 2,
18 silos formed of 6 columns X 3 rows of silos were

built. The silos were completed and put into operation at
the end of 1969 with a bearing storing capacity of 105
000 tons of grains.

Figure (2): Vertical section and the construction phases of the Beirut port silos

Figure (3): The Beirut port silos with the piles’ foundation built on the artificial backfill soil platform
The 48-m high cylindrical silos were formed of an
8.5 m inner diameter and 17 cm wall thickness. In 1997,
6 extra silos formed of 2 columns X 3 rows of silos
(during phase 3) were constructed having the capacity of
15 000 tons of grains. Then, in 2000 to 2002, due to
concrete carbonation caused by the deterioration of the
cells by the exposure to humidity and seafront, the inner
wall of the outer silos underwent restoration work,
where it was increased from 17 to 29 cm. The engineers
reinforced the outer cells by jacking their inner walls by
a 12-cm reinforced concrete coating and adding an extra
layer of reinforced steel. The horizontal and vertical
reinforcements consisted, on average, of a 14-mm
reinforced steel diameter every 180 cm and 12-mm
reinforced steel diameter every 300 cm, respectively. A
special prescribed type of cement, resistant to the effects
of seawater, was supplied for the production of the silos
as well as to the foundation having a mean compressive
strength of 30 MPa, a density of 2400 kg/m3, a modulus

of elasticity of 26.6 GPa and a Poisson’s ratio of 0.2. The
concrete silos, as indicated in Figure (3), were supported
by square (30 X 30 cm) concrete piles driven to
embedded length between 15 and 17 m in backfill soil
that possesses limited bearing capacity. To be precise,
the soil consists of 2 m of miscellaneous backfill sand
material and 15 m of sandy material that presents some
levels of gravel and clay. The soil density was equal to
1500 and 1700 kg/m3, the modulus of elasticity was
equal to 40 and 25 GPa, Poisson’s ratio was equal to
0.25, the cohesion was equal to 2 and 10 kPa, while the
friction angle was equal to 44 and 38° for the first and
second soil layers, respectively. Moreover, the water
table was below the bedrock level.
On August 4, 2020, an explosion at the port of
Beirut, at about 70 m in front of the silos and 40 m from
the side of the silos (based on the data of the Lebanese
Army and Forensic Architecture, 2020) in warehouse
number 12 which contained the explosive materials
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2021 and Leica BLK360 Imaging, 2021), as shown in
Figure (6). The LEICA BLK360 was used during phase
1 (September 2020) and phase 3 (March 2021), while
the Z+F Imager was used during phase 2 (November
2020) and phase 3 (April 2021). Two kinds of equipment
were adopted to obtain measurements with high
precision and fine details. The two equipment differ in
the way they acquire the 3D points, the number of points
captured per second and the correction of tilt
measurements.
The LEICA BLK360 captures 360 000 points per
second to produce the spherical and thermographic live
image and scanner data while considering the automatic
tilt measurements (Figure (7)). The camera system in
this equipment is formed of 15 Mpixel system, 150
Mpixel full dome capture, HDR, LED flash that
calibrates the 360° X 300° spherical image with 6 mm
at 10 m and 8 mm at 20 m point accuracy in less than 3
minutes. It uses the Waveform Digitizing (WFD)
distance measurement technology and the thermal
camera uses the FLIR technology that is based on
longwave infrared camera with thermal 360° X 70°
panoramic image.
On the other hand, the Z+F Imager captures 1 million
pixels per second to produce the scan while correcting
the angular tilts for each pixel during pre- and postregistration scan acquisition (Figure (8)). This
equipment generates 360° “full dome” thermal
panorama (32 images) scans in 1:45 minutes with a
resolution of 382 X 288 pixels and an infrared spectrum
of 7.5 to 13 µm as well as a lens field of view of 62° X
49°. The accompanied thermal external camera applies
the infrared technology to the scan. Therefore, the scan
resolution is 2500 pixels at 360° with a working range
greater than 1.6 m, a vertical field of view of 284° and a
horizontal field of view of 360° (Table 1).
As a result, the LEICA BLK360 was used due to its
ability to capture the total silos’ height while standing
far from the silos and not putting the team in danger.
Moreover, it was easily used on the slope of the silos
while walking on the grains, since it was small. In
addition, the Z+F Imager allowed the team to sweep a
volume 27 times larger per scan in a smaller amount of
time, since it has a 3 times larger scope range than the
LEICA BLK360. The colour rendering, scan calibration
between the laser device and the camera are better in the
Z+F Imager than the LEICA BLK360. Therefore, the

(Figure (4)), struck the city of Beirut (Figure (5)). Due
to the difference in pressure, the Beirut port silos’ roof
took off and then sat back again and crushed onto the top
of the silos. The explosion formed a crater about 90 m
wide X 100 m long X 6 m deep. The first and second
rows of silos (the east-face cylinders) were destroyed,
while the third row of silos (the western-face cylinders)
survived the blast, but was left damaged. The bases of
the east-face cylinder silos in addition to the last two
silos in the west-face cylinder silos that were destroyed
by the blast are still visible, filled by wheat and corn.
The sudden pressure on and around the west silos’ north
block silos’ walls, combined with the shockwave
(underground) produced by the blast, generated an
immediate tilt in the silos up to 30 cm horizontally east
to west, measured in September 9, 2020 (during phase
1), as will be detailed in the next sections.

Figure (4): The centre point of explosion in
warehouse number 12
(Forensic Architecture, 2020)

Figure (5) : August 4, 2020 explosion versus
Beirut port silos
3D SCAN EQUIPMENT
To conduct the 3D scans, 2 kinds of equipment were
used: The Swiss equipment LEICA BLK360 Imaging
scanner (Leica Geosystems) and the Z+F 5010X Imager
scanner (Zoller & Fröhlich) (Z+F IMAGER 5010X,
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use of the Z+F Imager provided better final 3D scan

a)

results.

c)

b)

Figure (6): Scanning the Beirut port silos using a) LEICA BLK360 and
b) Z + F Imager 5010 X Imaging scanner and c) Comparing the scope of silos’ 3D scan
(the left picture concerns the Z+F scope and the right the Leica scope)

Figure (7): Laser Scan- phase 1 (September 2020)

Figure (8): 3D scan-phase 2 (November 2020) using Z+F 5010 X 3D Imager Laser
Table 1. Characteristics of the LEICA BLK 360 and Z+F Imager
Equipment

LEICA BLK360

Z+F Imager

Brand

Leica Geosystems

Zoller & Fröhlich

Weight

1 kg

12 kg

Size

165 mm tall X 100 mm diameter

170 mm width X 286 mm diameter X 395 mm height

Range

60 m

187 m

Precision (20 m base)

7 mm

0.5 mm

Number of points captured per second

360 000

1 016 027

Full-dome scan

Yes, in less than 3 min

Yes

Resolution

Standard and fast

High

Laser class

1 (eye safe)

1 (eye safe)

Thermal camera

Horizontal on site

Full dome
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Equipment

LEICA BLK360

Z+F Imager

Resolution of the thermal camera

Low

Very high

3D thermal representation

No

Yes

Dynamic compensation

No

Yes

Barometer

No

Yes

GPS

No

Yes

Compass

No

Yes

Sensor acceleration

No

Yes

measurement at the site was performed. The results,
presented in Figure (12), show that the north-west silos
“the north block” inclination at the top changed from
phase 2 by up to 25 to 30 cm horizontally towards the
crater, while the south-west silos “the south block”
remained stable. Therefore, on April 14, 2021 (also in
phase 3), a fourth laser scan measurement was
performed using the Z+F Imager. The results of this last
scan, shown in Figure (13), confirms and provides finer
details of the 3D data obtained on March 28, 2021.
On the positive side, the phase 3 scan results indicate
that the temperature of the grains got stabilized.
Nevertheless, they show that the base of silos 84 (west
side) presents significant new cracks in parallel with the
north block new inclinations, while silo 89 (east side)
remains stable without cracks (Figures (12) & (14)).
Cracks in the order of 0.45-mm depth were captured at
the bottom of silo 84. This typical crack value, observed
on the outer silo plastering and structural concrete, is
very significant for this kind of measurement, noting
that silos 89 and 84 are located between the east and the
north blocks (Figure 12). The 3D scan results indicate
that as of April 14, 2021, the inclination of some silos in
the north block goes by the rate of 2 mm per day, as will
be detailed in Table (2). That is very significant
structurally speaking. By comparison, the Tower of Pisa
in Italy continued to increase 1.5 mm horizontally a year
until 1990 before it was stabilized by very special works
(Burland, 2001), noting that monitoring the
deformations and studying the reasons behind real-case
structures’ failure has gained popularity among
researchers in the past few years (e.g. Mainiero and
Rowland, 2007; Bosela et al., 2013; Faddoul et al., 2013;
Breysse and Ndiaye, 2014; Raphael et al., 2012, 2018;
Tang et al., 2021, … etc).

3D SCAN RESULTS
Saint Joseph University of Beirut “the school of
engineering ESIB” in collaboration with the Swiss silos’
company “Amann” Engineering, performed 3D scans to
measure and monitor the structural health response and
damage of Beirut port silos. This mission, executed in
three phases, was performed after obtaining the
permission of the investigation judge and the Lebanese
Army.
On September 17, 2020 (phase 1), 752 million points
of measure in three dimensions using 25 stations in 360°
panorama infrared images were captured using the
LEICA BLK360. The results, detailed in Figure (9),
indicate that the silos in the west row (the third row)
exhibited a general tilt of 20 to 30 cm in the direction of
the blast. The last two silos in this row were destroyed
while the 4th and 5th silos (silos #56 and 63) pertained
the highest deformations. In addition, possible
temperature rise of the grains was obtained.
To obtain more precise results, another 3D scan was
performed on November 23, 2020 (phase 2) using the
Z+F Imager. The results, presented in Figure (10),
confirm the LEICA BLK360 scan results. The west silos
tilted at the head from 0 to 70 cm and at the bottom; they
tilted from 0 to 55 cm with respect to the first silo.
Therefore, they tilted on average between 20 and 30 cm
in the direction of the blast. The 3D scan results were
then acquired and digitized (Figure (11, a)).
Accompanied by the drone imaging conducted by the
Lebanese ministry, they were rendered as well by
Bandera (2021) (Figure (11, b)), noting that a significant
temperature grain rise was identified using the Z+F
Imager.
On March 28, 2021 (phase 3), a third laser scan
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Figure (9): The Beirut port silos’ 3D scan (the colour shadings red, green and blue refer to a 20-,
10- and 0- cm displacement in the direction of the explosion)

Figure (10): The Beirut port silos’ deformation (in cm)-3D scan

a)

b
Figure (11): The Beirut port silos a) 3D scan results (open the link to access the video) and
b) 3D scan rendering (Bandera, 2021)

Figure (12): Laser scan comparison between phase 2 and phase 3
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Figure (13): Tilting of the north block towards the explosion crater. The colors refer to the horizontal
displacements (in m) between phase 1 and phase 3, measured with the 3D laser scanner

Figure (14): Comparison of the view of silo “84” and silo “89” lower part (on the left
is the picture taken in phase 1 and on the right is the picture taken in phase 3)
inclination increased about 12 cm towards the direction
of the explosion crater since phase 1, its total vertical
inclination at the top is about 38 cm at phase 3. For
example, silo#56 was leaning 18 cm (positive) on the
day of the blast. It moved 23 cm in the direction of the
explosion crater and now it is inclined by 5 cm
(negative) towards the explosion crater. Similarly, silo
#84 was leaning 4 cm (positive) on the day of the blast.
It moved 30 cm in the direction of the explosion crater
and now it is inclined by 26 cm (negative) towards the
explosion crater. Therefore, silos#58 and 84 are moving
on an average rate of 1.8 mm/day and 2 mm/day towards
the crater, respectively. As a result, north block silos are
not stable; they are moving from 1 to 2 mm/day towards
the crater.

Therefore, the 3D scan results indicate that north
block silos’ inclination at the top has increased since the
second phase, while the south block silos’ inclination
got stabilized. To examine this inclination, we plotted
the horizontal deformations of north block and south
block silos, captured in each phase, in Figure (16) and
Figure (17), noting that the Beirut port silos’ numbering
system is presented in Figure (15). Then, we compared
and summarized the silos’ inclination and movement in
Table (2) and Table (3).
As indicated by Figure (16) and Table (2), the north
block silos got inclined to the west on the day of the
blast. Today, they shifted their inclination towards the
opposite side, away from the direction of the explosion
crater, except silo #35 that has been inclined towards the
crater since the day of the blast. Even though its
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Figure (15): Beirut port silos'numbering system and the processed image from drone-mounted LIDAR scan
Table 2. North block silos’ inclinations and movements
Silo #

Inclination

35

Towards crater since the day of the
blast

42

49

56

63

70

77

84

Positive (to west/Hamra) on the day
of the blast. Now negative by about
5 cm towards the explosion crater
Positive (to west/Hamra) on the day
of the blast. Now negative by about
7 cm towards the explosion crater
Positive (to west/Hamra) 18 cm on
the day of the blast. Now negative
by about 5 cm towards the
explosion crater
Positive (to west/Hamra) 20 cm on
the day of the blast. Now negative
by about 5 cm towards the
explosion crater
Positive (to west/Hamra) 15 cm on
the day of the blast. Now negative
by about 17 cm towards the
explosion crater
Positive (to west/Hamra) 18 cm on
the day of the blast. Now negative
by about 19 cm towards the
explosion crater
Positive (to west/Hamra) 4 cm on
the day of the blast. Now negative
by about 26 cm towards the
explosion crater

Movement at top since
phase 1
About 12 cm in the
direction of explosion
crater
About 17 cm in the
direction of explosion
crater
About 20 cm in the
direction of explosion
crater

Total vertical inclination
at top at phase 3

Current estimated
trend

About 38 cm

Moving 1 mm/day
towards crater

About 5 cm

Moving 1.3 mm/day
towards crater

About 7 cm

Moving 1.8 mm/day
towards crater

About 23 cm in the
direction of explosion
crater

About 5 cm

Moving 1.8 mm/day
towards crater

About 25 cm in the
direction of explosion
crater

About 5 cm

Moving 1.7 mm/day
towards crater

About 32 cm in the
direction of explosion
crater

About 17 cm

Moving 2 mm/day
towards crater

About 37 cm in the
direction of explosion
crater

About 18 cm

Moving 2 mm/day
towards crater

About 30 cm in the
direction of explosion
crater

About 26 cm

Moving 2 mm/day
towards crater
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Horizontal deformation of Silo #42

Horizontal deformation of Silo #35

Horizontal deformation of Silo #49

Horizontal deformation of Silo #56

Horizontal deformation of Silo #63

Horizontal deformation of Silo #70

Horizontal deformation of Silo #77

Horizontal deformation of Silo #84

Figure (16): Horizontal deformations of north block silos (deformation scale X 100) captured during phase 1
(September 2020), phase 2 (November 2020) and phase 3 (April 2021)
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Horizontal deformation of Silo #89

Horizontal deformation of Silo #96

Horizontal deformation of Silo #103

Horizontal deformation of Silo #110

Horizontal deformation of Silo #117

Horizontal deformation of Silo #124

Horizontal deformation of Silo #130
Figure (17): Horizontal deformations of south block silos (deformation scale X 100) captured during phase 1
(September 2020), phase 2 (November 2020) and phase 3 (April 2021)
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to the explosion with the estimated construction line
(Figure (18)), we notice that east block silos’
deformation is close to the construction line, while north
block silos’ deformation lies 10 to 30 cm away from the
construction line. Of course, the current silos and piles’
deformations do not pass the allowable limits set by
design codes, such as Eurocode (Eurocode 2, 2004 and
Eurocode 4, 2006). Moreover, as pointed out previously,
the significant crack value captured at the bottom of
silo# 84 confirms the significant movement of north
block silos.

On the other hand, as shown in Figure (17) and Table
(3), south block silos’ movement since phase 1 is not
significant. They are inclined towards the crater
(positive) since the day of the blast, noting that silos
#130 and 137 were destroyed, while the total inclination
at the top differs significantly between the silos that are
near the north block (silos#89, 96 and 103) compared to
the silos on the side (silos#110, 117 and 124). For
illustration, the total inclination at the top at phase 3 is
in the order of 20 cm for silo #89, while it is in the order
of 3 cm for silo #124.
As a result, comparing the shift at the silos’ base due

Figure (18): Measured shift at silos’ base due to the explosion compared with the estimated construction line
Table 3. South block silos’ inclinations and movements
Silo #
89
96
103
110
117
124
130
137

Inclination
Positive (to west/Hamra) 20 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 26 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 29 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 3 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 2 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 3 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 3 cm on the day
of the blast. Remains the same today.
Positive (to west/Hamra) 3 cm on the day
of the blast. Remains the same today.

Movement at top since
phase 1

Total vertical inclination
at top at phase 3

Not significant

About 20 cm

Not significant

About 26 cm

Not significant

About 29 cm

Not significant

About 3 cm

Not significant

About 2 cm

Not significant

About 3 cm

Current estimated
trend
Moving 0 mm/day
towards crater
Moving 0 mm/day
towards crater
Moving 0 mm/day
towards crater
Moving 0 mm/day
towards crater
Moving 0 mm/day
towards crater
Moving 0 mm/day
towards crater

Silo was destroyed
Silo was destroyed

The August 4, 2020 Ammonium Nitrate explosion
released rapid hot gases and an enormous amount of
energy. Therefore, it produced high temperatures and
pressures in only milliseconds. During this small

detonation period, the hot gases expanded and formed
spherical-type waves through the unbounded soil
medium and produced gases in a form of blast wave,
noting that the blast wave contains most of the released
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shock near the structures that lie close to the detonation
point, such as in the case of Beirut port silos (Figure (4)).
To model the deterioration and displacement of the
concrete piles and the silos, a FE model was simulated
using Abaqus (2007). The numerical model, as shown in
Figure (19), was formed of the 48- m high, 8.5- m
diameter concrete silos, the grains, the 140 X 30 m pile
cap, the 2500 driven square 15 m length piles and the
460 X 200 X 17 m backfill platform formed of 2 m
miscellaneous backfill sand materials and 15 m sandy
materials that present some levels of gravel and clay.
The silos were built using 313 741 4-node doubly curved
shell, reduced integration, hourglass control, finite
membrane strain S4R shell elements. In addition, the
silos’ steel reinforcement was defined as layers of
reinforcement as part of the silos’ shell elements using
the rebars command (rebars’ layers’ option) available in
Abaqus. The grains: wheat and corn, available at the
time of explosion, were built using 529 678 8-node
linear brick, reduced integration and hourglass control
C3D8R solid elements. Moreover, the pile cap was built
using S4R shell elements formed using 7902 elements,
while the pile cap’s steel reinforcements were defined as
layers of reinforcement as part of the pile cap’s shell
elements using the rebars’ command available in
Abaqus. The piles were built using B31 beam elements
using 17868 elements and the soil medium was built
using C3D8R solid elements using 30400 elements
(Figure 19).

energy and moves faster than the speed of sound (JRC
technical report, 2013). Thus, unlike seismic loadings
where the earthquake forces the seismic wave function
from foundation up and engages the system natural
frequencies (Ismail et al., 2020; Lazzali, 2021, … etc.),
the blast energy forces the produced wave function to go
from the superstructure down to the foundation (Patel,
2020; Fu, 2013, … etc.). Therefore, it does not have
enough duration to engage the system natural
frequencies. In fact, blast loads’ durations are 1000
times shorter than earthquake load durations. Moreover,
the blast pressure peak value depends on the distances,
obstacles and terrain topography. As shown in Figure
(1), the office building, located next to the east block
silos was also destructed in the explosion; thus, it
absorbed part of the blast energy and decreased the
impact on the silos just next to it. This result is in
accordance with the deterioration of silos#137 and 130
of the south block and small inclination at the top of silos
#124, 117 and 110. Therefore, these results confirm that
the office building and these silos immediately absorbed
an important part of the blast energy, shifting it away
from the pile foundation below the east block silos.
On the other hand, the significant 12- to 37-cm
movement of north block silos since phase 1 can be
attributed to several factors. It can be linked to the
deterioration of some underground concrete piles caused
by the intense lateral shear created by August 4, 2020
explosion shockwave. An explosion on the ground
surface produces an air blast pressure as well as a ground

Figure (19): The FE model
The plasticity behaviour of the backfill soil platform
was defined using the typical Mohr-Coulomb model. On
the other hand, the concrete in the silos and the
foundation was defined using the simplified damage
plasticity model (Hafezolghorani et al., 2017). The
inelastic/plastic behaviour of the steel reinforcement
was simulated using elastic-perfectly plastic material by

defining the steel yield stress and finally, the grains:
wheat and corn, available at the time of the explosion,
were assumed elastic based on EN1991-4 (2004)
provision. The concrete and steel reinforcements in the
silos and pile cap, the silos and pile cap interface and the
pile cap and piles’ interface were modelled by tying the
different parts together.
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medium below the east block contains more fines than
that below the north block. Also, the piles are longer and
more slender below the north block compared to those
below the south block.

In order to model the August 4, 2020 explosion, the
CONWEP blast loading model, available in Abaqus
explicit, was used. As such, the blast loading was
applied at the silos’ surface facing the explosion with the
detonation centre point located around 70 m in front of
warehouse 12 and 40 m from the side of the silos (Figure
(4)), containing the explosive material (Forensic
Architecture, 2020 and data of the Lebanese Army),
noting that the mass of Ammonium Nitrate was
transformed into an equivalent mass of TNT by
multiplying it by a scaling factor as follows:
𝑊

𝑊

𝑋𝑃

𝑋𝜂

where: 𝑊
is the equivalent mass of TNT,
𝑊 is the weight of the explosive substance,
𝑃
is the explosive magnitude. It is defined by the

Figure (20): Permanent displacement U (cm) at the
top and bottom of the silos-FE model

ratio of the decomposition energy of 1 ton of
substance (in J) divided by the detonation energy
of 1 ton of TNT (J),
𝜂 is the efficiency of the explosion. It is defined by
the ratio of the real emitted to the theoretical energy of
the explosion (HSE, 2012).
The numerical results, as shown in Figure (20),
indicate that for 0.44 kt TNT (approximately 1.1 kt of
Ammonium Nitrate) estimated blast magnitude based on
Ismail et al. (2021) study, the driven piles displace on
average 35 cm in the direction of the explosion/towards
the explosion crater, exceeding all limits set by design
codes. This is in parallel with 3D scan results, detailed
in Figure 18, that presents the silos’ base shift
movement. In fact, the silos’ base movement, which is
directly linked to the displacement of the head of the
driven piles varies between 10 cm for silos#84 and 35
cm for silo#49. Moreover, the numerical results,
presented in Figure (21), indicate that the silos’
movement at the top is in accordance with 3D scan
results. For the worst-case scenario, the FE results
indicate that the movement at the top of silo#77 is equal
to 40 cm (top vs. bottom), which is very close to the 3D
scan results that indicate that silo#77 has displaced
about 37 cm in the direction of the explosion crater since
phase 1.
The north block silos’ movement can also be linked
to the settlement of the ground at the bottom of the silos,
especially after the rainfalls that fell in the period
between phase 1 and phase 3, noting that the soil

Figure (21): Displacement of
the driven pile- FE results
As a result, the remaining silos are not stable and
need to be monitored. Consequently, additional
monitoring of the silos in the next months should be
performed to evaluate the movement and inclination of
the remaining standing silos. Moreover, it is
recommended not to reuse the pile foundation due to the
significant damage the structure and the pile foundation
underwent by the blast, as found by the 3D scan
measurements and FE results.
CONCLUSION
3D laser scan measurements of Beirut port silos were
performed by “the school of engineering ESIB” at Saint
Joseph University of Beirut in collaboration with the
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Swiss silos company “Amann” Engineering in three
phases: September 2020, November 2020 and late
March and mid-April 2021, using two equipment. The
LEICA BLK360 and Z+F Imager were used to obtain
measurements with high precision and fine details. The
3D scan technique, used in several industries, such as
engineering, structural health monitoring and medicine,
among others, allowed us to model and capture the
structural and damage response of Beirut port silos,
which provided a better understanding of the problem.
The first - and second- phase scan measurements,
conducted on September 17, 2020 using the LEICA
BLK360 and on November 23, 2020 using the Z+F
Imager, indicated that the silos in the west row (the third
row) exhibited a general tilt of 20 to 30 cm in the
direction of the blast.
A third-phase scan measurement, conducted on
March 28, 2021 using the LEICA BLK360 and on April
14, 2021 using the Z+F Imager showed that the “the
north block” west silos’ inclination at the top changed
from phase 2 by up to 25 to 30 cm horizontally towards
the crater, while the south-west silos “the south block”
remained stable. The 3D scan results indicated that as of

April 14, 2021, the inclination of some silos in the north
block goes by the rate of 2 mm per day. Also, significant
new cracks in the order of 0.45 mm at the base of silo 84
(west side), that limits the west from the east silos’
block, were obtained.
Consequently, the remaining silos are not stable.
Therefore, as pointed by the 3D scan and FE results, due
to the significant damage the structure and the
foundation underwent by the blast, it is recommended
not to reuse the pile foundation to construct new silos at
the same location. Moreover, further monitoring of the
silos’ structural response should be executed in the next
months to check the status/movement of the remaining
standing silos.
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