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Analysis of the structural failure of the Beirut port silos by the August 4, 2020
explosion is presented in this paper. The structural response of the silos due to
the blast loading imposed by the explosion was assessed using 3D laser scan.
Then, the silos were modeled using three-dimensional finite element models
using Abaqus explicit. The silos’ damage and failure were investigated to
estimate the blast magnitude and to check the silos structural response against
the silos’ concrete strength and additional reinforcement and concrete coating
added to the silos in 2000. In addition to the effects of reinforcing the ribs
between the silos as well as the soil and foundation. Therefore, these parameters
were tested after estimating the blast magnitude to check the structural status
of the remaining part of the Beirut port silos (if they can be reusable), the role
played by the foundation and soil and if the silos’ response would have changed
if certain parameters were taken differently in the design. In this article, the

damage and silos’ displacement obtained from the numerical models were
compared to the results obtained by the 3D laser scan. The results of this
investigated article show that a blast magnitude of 337.5 tons TNT (938 tons of
Ammonium Nitrate) best captures the silos’ displacement and damage amount.
The silos exhibit a tilt between 20 and 30 cm in the direction of the blast. The
numerical results indicate that constructing the silos with higher compressive
strength would not have affected the silos’ damage. Nevertheless, adding the
extra concrete coating and reinforcement layer in 2000 to the outer silos
decreased the amount of damage in the silos. Moreover, reinforcing the ribs
between the silos would have decreased the silos displacement and damage
amount. Finally, the soil and the foundation played a positive role in the
explosion by absorbing part of the released energy while the silos, in the current
state, cannot be reused.

© 2021 MIM Research Group. All rights reserved.

1. Introduction

Serious damage to buildings and other infrastructures may be caused by accidental
explosions, military explosions, and terrorist attacks [1 - 3]. In addition, failure of
structures can occur due to faults in design such as the collapse of Terminal 2E Roissy at
Charles de Gaulle airport in 2004 [4], due to large creep and shrinkage of concrete
structures [5, 6], or it can be caused by earthquakes [7 - 9] and blast loading such as the
2020 Beirut port silos explosion.

On August 4, 2020, a large fire in warehouse number 12 started at the port of Beirut. The
fire was followed by a huge explosion that sent a blast wave which radiated through the
city. The explosion caused severe damage all over the city of Beirut and was heard as far
away as Cyprus that is about 200 km across the Mediterranean Sea. This explosion left
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more than 200 people were killed, and more than 7500 injuries. Moreover, it caused
around $15 billion damage in properties and left more than 300 000 people homeless. The
explosion, only few meters away from the Beirut portsilos, created a crater approximately
140 m wide, which was then flooded with seawater as shown in Fig. 1. As a result, the blast
wave caused extensive damage not only to the city of Beirut but also to the country’s grains
storage silos: the Beirut port silos (Fig. 2). The cause of explosion was blamed to the
detonation of 2750 tons of Ammonium Nitrate that were stored at warehouse 12 in the
port.

Warehouse 12 _

Warehouse 12

a) b)

Fig. 1 The Beirut port silos, a) before August 4, 2020 blast and b) after August 4, 2020
blast [10]

Fig. 2 The damaged grained Beirut port silos, after August 4, 2020 blast [11, 12]

Several blast incidents due to the explosion of Ammonium Nitrate occurred around the
world (Table 1) such as in Texas, in the USA in 1947 thatleft 552 victims [13], in Toulouse,
France in 2001 that left 20 victims [14], in Mihailesti Romania in 2004 that left 18 victims
[15] and in West Texas, in the USA in 2013 that left 15 victims and more than 260 injuries
[16]. As a result, even though Ammonium Nitrate is a common farm and garden fertilizer,
itis a hazardous explosive chemical especially when it is contaminated (by intention) with
fuel oil, diesel or triggered by a fire [17,18]. It should be noted that Ammonium Nitrate is
listed in the European’s Seveso Directive that regulates the storage and handling of all
hazardous chemicals in Europe [19].

Bauer et al. [24] and King et al. [25] studied the degree of uncertainty associated with the
explosive magnitude of Ammonium Nitrate. They found that an uncontaminated
Ammonium Nitrate can be very difficult to detonate by any sort of flame, spark or friction
under normal storage conditions. Ammonium Nitrate’s detonation can only happen when
its size is higher than the size of the critical charge and is characterized by a super-sonic
pressure wave that travels through a material. Therefore, the initiation of an Ammonium
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Nitrate shock wave requires an enormous amount of energy [25]. Nevertheless, the Joint
Research Center JRC [26] does not rule out the possibility of Ammonium Nitrate’s
decomposition under normal storage conditions.

Table 1. Main accidents worldwide caused by Ammonium Nitrate and the corresponding
charges

Blast incident location Date Casualties }.\mmonlum
Nitrate (tons)
Faversham, Ke‘[l;'ol]m‘ted Kingdom April 2,1916 115 deaths 700
Oppau, Germany [21] September 21, 1921 561 deaths 450
Texas, USA [13] April 16, 1947 552 deaths 2086 & 870
Brest, France [20] July 28,1947 29 deaths 1700-3309
Porgera Gold Mine, Papua New August 2, 1994 11 deaths 80
Guinea [22]
Toulouse, France [14] September 21, 2001 20 deaths 200-300
Mihailesti. Romania [15] May 24, 2004 18 deaths 20
West Texas, USA [16] April 17,2013 15 deaths 240
Port of Tianjian, China [23] August 12,2015 173 deaths 800
Beirut port, Lebanon August 4, 2020 204 deaths

In the work presented in this paper, the Beirut port silos blast on August 4, 2020 was
analyzed using the 3D laser scan and 3D numerical model. The 3D laser scan was
performed by the higher school of Engineering “ESIB” at Saint Joseph University of Beirut
in collaboration with the Swiss company “Amann” Engineering. It estimated the amount of
damage and deformation of the Beirut port silos. Due to its ability to provide important
data, accelerating the workflow, avoiding expensive mistakes, and enhancing work
productivity, 3D scan technique is being used in several industries such as engineering and
medicine among others [27 - 29]. In this study, the 3D scan results were compared to the
FE results, performed using Abaqus explicit. The 3D models allowed us to capture the
response and damage of the silos in all its manifestations which provided a better
understanding of the blast. Therefore, the objective of this paper is not only to check the
Beirut port structural status following the blast, but also to explore and assess the effects
and the contribution of several factors to the silos’ damage amount. As such, after
estimating the blast magnitude, this study examines if the remaining part of the Beirut silos
can be reused. Also, it explores the role the soil and the foundation played in the blast and
if the silos’ response would have changed if certain parameters were taken differently in
the design: silos’ concrete strength, additional reinforcement and concrete coating added
to the silos in 2000 and reinforcing the ribs between the silos.

2. Description of the Analyzed Case Study
2.1. The Beirut Port Silos History

In 1968, the Lebanese government at a cost of nearly $2.8 million funded the construction
of the Beirut port silos. This project was built by the Czech construction company
“Prumstav” along with several Lebanese experts in the civil engineering domain. The
Beirut port silos, as shown in Fig. 3, were constructed in three phases. In the first phase, in
the late 1960s, 24 silos, formed of 3 rows of 8 silos each (in total 24 silos) were built. Then,
in phase 2, also in the late 1960s, another 3 rows of 6 silos each (in total 18 silos) were
built. Finally, in 1997, 6 extra silos were constructed to fulfill the country’s grains reserves
need.
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From 2000 to 2002, the 48 m height, 8.5 m diameter silos having a 17 cm wall thickness
underwent restoration work due to concrete carbonation. In this work, the internal wall of
the outer rows of the silos was increased by 12 cm, i.e the wall thickness of these silos
increased from 17 to 29 cm. Therefore, just before the August 4, 2020 blast, the Beirut port
silos were able to withhold 123 200 tons of grains. The silos’ capacity was divided into 48
big cells of 2000 tons each, as well as 26 smaller cells with 700 tons each and 30 cells with
300 tons each.

+64.17 m

Roof Slab: thickness 22cm
+55.57 m
+50.27 m

! 1]
L;:E-L-" Lt d i d '!i.;
g aed PR reiE vl l oy

N e

Fig. 3 The construction phases of the Beirut port silos

2.2. The 3D Scan and the Equipment Used

After the August 4, 2020 explosion, the Swiss Company “Amann” Engineering that is based
in Geneva offered the Higher School of Engineering “ESIB” at the Saint Joseph University of
Beirut free technical assistance to measure the damage in Beirut port silos using 3D scan.
3D scan technique creates high-precision 3D models of real objects by capturing several
snapshots of an object and then merging them together. Thus, the 3D model, formed of
small triangles or polygons that constitutes the mesh, replicates the object’s geometry
within minutes. This copy can be rotated and viewed from different angles. 3D scan
technology has been gaining popularity in several industries such as in industrial design,
engineering, medicine, forensics, archeology, heritage preservation, art and design, quality
inspection, construction, automobile, etc.

After obtaining the permission from the investigation judge and the Lebanese army, the
Saint Joseph University of Beirut and the Swiss team, escorted by the Lebanese army,
performed the complex mission in two phases. During the first phase in September 2020,
the Swiss equipment LEICA BLK360 imaging scanner (Leica geosystems) was used (Fig.
4(a)), while during the second phase in November 2020, the German equipment Z+F
Imager 5010X scanner (Zoller & Frohlich) was used (Fig. 4(b)). The difference between the
two equipment lies in the way they acquire the 3D points, the number of points captured
per second and the correction of tilt measurements. The LEICA BLK360 allows the
acquisition of 3D points with an integrated spherical imaging and a thermography
panorama sensor system in up to 360 000 points per second. It provides live image and
scanner data stream viewing and editing with automatic tilt measurements. The Z+F
Imager comes with a special navigation system that estimates the scanner position and
orientation to support the Z+F Laser Control registration software during pre- and post-
registration on-site. It includes a dynamic compensator that corrects angular tilts for each
pixel during scan acquisition that has a rate of 1 million pixels per second.
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<)

Fig. 4 Scanning the Beirut port silos using a) LEICA BLK 360 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)

Another difference is the scope range captured by each piece of equipment; i.e the
panoramic and thermal camera. The LEICA BLK360 imaging scanner forced the team to
stand far from the silos to capture the total silos’ height and not be in danger. Whereas the
Z+F Imager 5010X allowed the team to sweep a volume 27 times larger per scan in a
smaller amount of time since it has a larger scope range than the LEICA BLK360. The Z+F
Imager is much more efficient in terms of color rendering as well as calibration between
the laser device and the camera. Therefore, the use of the Z+F Imager 5010X in the second
phase allowed for a better final 3D scan result. Fig. 4(c) presents a comparison of the scope
of the silos’ 3D scan using the above equipment. The LEICA BLK360 completes full-dome
scan, spherical and thermal 3D images with 6 mm at 10 m and 8 mm at 20 m point accuracy
in less than 3 minutes using Waveform Digitizing (WFD) distance measurement system
technology. In addition, the camera system is formed of a 15 Mpixel camera system, 150
Mpixel full-dome capture, HDR, LED flash Calibrated 360° X 300° spherical image. While
the thermal camera FLIR technology is based on a longwave infrared camera with thermal
360° X 70° panoramic image. The Z+F Imager 5010X scanner comes with an external
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thermal camera (Z+F T-Cam) that allows the application of infrared information to the
scan. Thus, it generates 360° full-dome thermal panorama scans in a fully automatic
process. It records a full panorama (32 images) in 1:45 minutes with a resolution of 382 X
288 pixel and an infrared spectrum of 7.5 to 13 pm as well as a lens’ field of view of 62° X
49°, As a result, the term thermo-panorama is scaled to a scan resolution of 2500 pixel 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°. Note that the LEICA BLK360, due to its small size, was used
in the slopes of the silos while walking on the grains. On the other hand, although the Z+F
Imager 5010X provided more precise images, it was heavier and harder to manipulate than
the LEICA BLK360 [30, 31].

As shown in Fig. 5, 752 million points of measure in three dimensions using 25 stations in
360° panorama infrared images were obtained. Therefore, a full panoramic picture of the
silos was acquired using the LEICA BLK360 as well as the Z+F Imager 5010X (Fig. 6 and 7
(the video)). The obtained results show that the silos exhibit a general tilt of 20 to 30 cm
in the direction of the blast. It should be noted that this tilt is not related to the original
silos’ construction. The silos, in their current state, do not pass the silos’ design codes. The
damage in the silos can be explained as follows: either the inner part (inside half cylinder)
is damaged and/or the pile head is deformed beyond the elastic range and therefore
broken (Fig. 8).

752 MILLION
25 STATIONS USED POINTS ACQUIRED

Fig. 5 The Beirut port silos 3D scan, points acquired, and stations used
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Fig. 6 The Beirut port silos 3D scan (the color shadings red, green and blue refer to a
20, 10 and 0 cm displacement in the direction of the explosion)

Fig. 7 The Beirut Port Silos 3D scan (open the link to access the video)
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Fig. 8 Grain silos’ foundation construction (pile cap and driven piles) and excavation
for the base slabs as well exposing the piles head before casting the pile cap (GEER
report [32])

2.3. The Numerical Model

3D Finite Element model was built to simulate the blast of the Beirut port silos using the
FE software Abaqus explicit. The analyses were performed using large strain formulations
while incorporating geometric nonlinearity. The simulated 3D models consisted of the
reinforcement concrete silos and the grains (Fig. 9). The silos were built using 313 741 4-
node doubly curved shell, reduced integration, hourglass control, finite membrane strains
S4R shell elements, as detailed in Table 2. 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 the explosion (Fig. 10) were built using 529 678 8-node linear brick,
reduced integration, hourglass control C3D8R solid elements (Table 2).

The 8.5 m diameter modeled reinforced concrete silos were 48 m in height. The restoration
work performed in 2000 (concrete and steel reinforcement) were accounted for in the
numerical model. Thus, the outer silos had a 29 cm wall thickness while the internal silos
had a 17 cm wall thickness. Fig 11 presents the silos geometry and it details the steel
reinforcement, adopted in the 1960s (Fig 11, b) and 2000s (Fig 11, c) designs.

558



Ismail et al. / Research on Engineering Structures & Materials 7(4) (2021) 551-577

Concrete Silos: S4Relements
) Grains: C3D8R elements

24 silos (8 columns X 3 rows)

The center point of explosion

A Neo

Fig. 9 The FE model

Table 2. Numerical model parts and properties

Number
Part Material Element type used Number of nodes of
elements
. Reinforced
Silos S4R shell elements 302071 313741
Concrete
Grains Whg;’: ;‘nd C3D8R solid elements 578970 529678
Pile cap Reinforced ¢/ p el elements 4800 7902
Concrete
Driven Piles Reinforced oy o elements 20846 17868
Concrete
Soil Medium Backfill C3D8R solid elements 37500 30400
platform

Beirut Silos Theoretical Remaining Capacity @ wneat @ pamaged
O Comn OENNY

‘ 60,000 Tons Wheat Side ‘ ‘ 60,000 Tons Corn Side

Fig. 10 Beirut silos grains capacity at the time of the blast
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t=17+12cm

a)

r's
Horizontal Reinforcement:

$10/180 cm from +2.5m till+50.27m

Horizontal Reinforcement:
$14/180 cm from+2.5m till +45m
$12/180 cm from+45m till +50.27m
Vertical Reinforcement:

$10/300 cm

Horizontal Reinforcement:
$12/180 cm from+2.5m till +50.27m
Vertical Reinforcement:

$10/300 cm

Vertical Reinforcement: «|
<
b) $10/300 cm -
12 cm
>
50 cm 58 cm
l — > 4>
Vertical Reinforcement:
$12/200 cm \
S
Hooks:
$12/80 cm
Horizontal Reinforcement: — 150
$14/100 cm and $12/160 cm 3
c) N

170 cm
Old Part

Fig. 11 a) The geometry of the Beirut port silos, b) The steel reinforcement of the

Beirut port silos and c¢) The concrete and steel restoration work of the Beirut port silos

The blast on the silos was modeled using the CONWEP blast loading model in Abaqus
explicit. This model simulates, through incident and reflected pressure, the loading effects
caused by an explosion of an air blast (spherical waves) or a surface blast (hemispherical
incident waves). Noting that the August 4, 2020 blast produced a hemispherical incident
wave. The bottom of the silos’ boundary was assumed to be fixed while the blast loading

was applied at the silos’ surface facing the explosion.

The relevant properties of the silos, steel and grains used in the models are presented in
Table 3. In this Table, p is the density (kg/m3), E is the Young modulus (GPa),v is the

560



Ismail et al. / Research on Engineering Structures & Materials 7(4) (2021) 551-577

Poisson’s ratio, oy is the yield stress (MPa), K is the ratio of the second stress invariant on
the tensile meridian, fb0/fc0 is the ratio of initial equibiaxial compressive yield stress to
initial uniaxial compressive yield stress, c is the soil cohesion (kPa), @ is the friction angle
(°), ¥ is the dilation angle (°) and fm is the mean concrete compressive strength (MPa).
The simplified damage plasticity model was used to define the concrete in the silos [33]. In
addition, the inelastic/plastic behavior of the steel reinforcement was simulated using
elastic-perfectly plastic material behavior by defining the steel yield stress. Whereas the
grains: wheat and corn, were assumed elastic based on EN1991-4 [34] provision. Noting
that the grains were also simulated using plastic material. The results show that the
permanent displacement at the head of the third row of silos slightly increases from elastic
to plastic cases without affecting the amount of damage in the silos. For example, for the
337.5 tons TNT case, the permanent displacement at the head of the third row of silos only
increases by 2.18% from elastic to plastic cases. Nevertheless, since the simulation running
time of the plastic case needs twice as much as the elastic and the authors in this article
wanted to account for the mass and movement of the grains, the grains were modeled using
elastic properties.

Table 3. Materials Properties

Steel Properties

p (kg/m3) E (GPa) v oy (MPa)

7850 206 0.3 448
Wheat Properties

p (kg/m3) E (MPa) v

769 20 0.2
Corn Properties

p (kg/m3) E (MPa) v

721 20 0.32

Concrete Properties
Viscosity E

p(kg/m3)  fem(MPa) v (°) Eccentricity fb0/fc0 K parameter  (GPa)

2400 30 02 31 0.1 1.16 0.67 0 26.6

To determine the center point of explosion, i.e. the detonation center point, the aerial
photos captured by the Lebanese Army forces as well as the investigation done by Forensic
Architecture [35] were used. As shown in Fig. 12, the center point of explosion was located,
atabout 70 m in front of the silos and 40 m from the side of the silos, in warehouse number
12 which contained the explosive materials.

Since the CONWEP model in Abaqus requires the equivalent mass of explosive materials
to be in terms of TNT, the mass of Ammonium Nitrate was transformed into an equivalent
mass of TNT by multiplying it by a scaling factor. Note that most finite element software
determines the effect of an explosion in terms of the TNT equivalency model [36].
Therefore, the consequence of an explosion is documented in TNT mass equivalent as
follows:

Wiyt = VVepr Pexp Xxn 1)

where: Wiy is the equivalent mass of TNT,

Wexp is the weight of the explosive substance,
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P,y is the explosive magnitude. It is defined by the ratio of the decomposition energy of
1 ton of substance (in ]J) divided by the detonation energy of 1 ton of TNT (J),

7 is the efficiency of the explosion. It is defined by the ratio of the real emitted to the
theoretical energy of the explosion [37].

Explosions at Port Beirut

Fig. 12 The center point of explosion in warehouse number 12

Cooper [38] and Locking [39] among other researchers, showed that the TNT equivalency
model might present a high degree of uncertainty in terms of explosive magnitude
estimation. 20 to 30% errors may be found in TNT equivalency between different studies
in the literature. This is related to the various tests adopted such as the “Air Blast” or the
“Sand Crush” to determine the TNT equivalency and the conditions associated with these
tests. As a result, HSE [37,40] recommends not to accurately measure the explosive field
since the explosion is not only related to the mass of explosive substance but also to the
state of confinement, storage condition as well as the possibility of the presence of other
contaminated materials that may affect the explosion and the amount of released energy.
Nevertheless, several researchers in the literature estimated the equivalent mass of TNT
by multiplying the quantity of the explosive substance by a scaling factor [14, 37, 41 - 44].
The value of this scaling factor (F.,, X 1 ) varies from a study to another. In this study, a
scaling factor of 0.39 was adopted which is based on Krauthammer [44] study and the
Lebanese army investigation data. As such, the mass of Ammonium Nitrate used in the
CONWEP model was transformed into an equivalent TNT mass by multiplying it by a
scaling factor of 0.39.

Finally, to make sure accurate and stable results are obtained in the FE simulations while
minimizing the computational speed, a mesh sensitivity analysis was performed in Abaqus.
Different meshing options were adopted for the shell silos and the solid grains: 0.25, 0.5
and 1 m, to check the maximum amount of deformation in the least damaged row of silos
(row number 3), occurring at the head. The results of the mesh sensitivity analysis, as
shown in Fig. 13, indicate that at the head of the third row of silos, the maximum
displacement varies on average 3.1 and 2.62% while the permanent displacement varies
on average 3.19 and 4.43% between the 0.25 and 0.5 m and between the 0.5 and 1 m cases
respectively. Since the computational time of the 0.25 m case is 45 hours while the
computational time of the 0.5 m is 23 hours and the deformations at the head of the silos
only varies by about 3% between the 0.25 and 0.5 m, the 0.5 m mesh size was adopted in
the FE analysis in this article. Also, to validate the FE model and to make sure the model is
working correctly, first the artificial energy history was compared to the total energy. The
results show that the artificial energy is significantly lower than the total internal energy.
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For example, for the 337.5 tons of TNT case, the maximum artificial energy equal to 66.18
M] is lower than the maximum total internal energy equal to 1053.19 M]J, indicating that
the results are trustworthy with small artificial effects. Then, the FE results were compared
to the 3D scan results in terms of damage as well as deformations in the silos, as will be
detailed in the next section.

35 35
30 30
—©—1m
25 25
520 | 520 ——05m
> >
15 15
—0.25m
10 10
5 5
0 T T T T T T T T 0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
a) . b) .
Silos Silos

Fig. 13 a) Maximum displacement and b) permanent displacement in the direction of
the blast at the head of the silos for different mesh sensitivity analysis

3. Comparison Between Site Measurements and the Results of the Numerical Model

To check the structural status of the remaining part of the Beirut port silos (if they can be
reusable) and if the silos’ response would have changed if certain parameters were taken
differently in the design, an estimation of the blast magnitude was first performed. Thus,
magnitudes of the blast, expressed in terms of equivalent masses of TNT, of 225, 337.5,
550,875 and 1100 tons (563, 938, 1375, 2188 and 2750 tons of Ammonium Nitrate) were
considered/varied from the baseline case. The baseline case accounts for a mean concrete
compressive strength of 30 MPa with all additional concrete coating and steel
reinforcement added in 2000 and includes all grains available at the time of the explosion,
as described in section 2. Moreover, the blast loading was applied at the silos’ surface facing
the explosion with the detonation center point as indicated in Fig. 12 in the warehouse
which contained the explosive materials. The displacements in the direction of the
explosion at the head of the silos in the third row, shown in Fig 14, clearly demonstrate the
significant contribution of the magnitude of the blast. It should be noted that a maximum
and a permanent displacement were obtained for each silo. Since a permanent
displacement was exceeded, then yield strength was exceeded. Note that the third-row
silos’ numbering in is indicated in Fig. 15.

For example, in silo 4, as shown in Fig. 14 and 16 and Table 4, the maximum displacement
increases from 21.3 to 45.4 cm while the permanent displacement increases from 14.2 to
37.6 cm as the blast magnitude is increased from 225 to 1100 tons TNT. Based on the
above, the FE results were henceforth compared to the 3D scan results. Fig. 16 compares
the displacement of the silos in the direction of the blast based on the 3D scan and the FE
result. The results show that the first silo in the third row (the least damaged row), has lost
its geometry. Whereas the other silos in this row have pertained their geometry and their
8.5 m diameter; nevertheless, they tilted around 20 cm. Therefore, the silos in their current
state, do not pass the limits set by design codes such as Eurocode [45]. The results of the
3D scan, presented in Fig. 6, points out to a displacement of 20 cm (in red), 10 cm (in green)
and 0 cm (in blue) in the direction of the explosion.
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Fig. 14 a) Maximum displacement and b) permanent displacement in the direction of
the blast at the head of the silos for different blast magnitudes (baseline case)

Fig. 15 Silos 1 to 16 in the third row

Comparing the results of Fig. 6 (3D scan) to Fig. 14 and 17 (FE results), we obtain that blast
magnitudes of 550, 875 and 1100 tons TNT do not compare favorably to the results
obtained from the 3D scan. A blast magnitude of 337.5 tons TNT (938 tons of Ammonium
Nitrate) is found to best capture the 3D scan results and therefore, the real silos’
displacement and damage. This is clearly illustrated in Tables 4 and 5 and Fig. 6 where silos
2 to 10 present a permanent displacement of around 20 cm while silos 11 to 14 present a
permanent displacement of around 10 cm. For example, for silos 4, 5 and 9, the difference
between the FE and 3D scan results is equal to 22, 14 and 3% for the estimated 337.5 tons
TNT case while it is equal 52, 49 and 39 % for the 1100 tons TNT case. It should be noted
that Rigby et al. [46], using empirical formula estimated the magnitude of the blast to an
equivalent mass between 550 to 1100 tons TNT. In addition, Diaz [47] using images and
videos’ recordings of the explosion posted on social media, estimated the magnitude of the
blast to be in the order of 1100 tons TNT while Aouad et al. [48] using fireball analysis,
estimated the magnitude of the blast to be equivalent to 810 tons TNT. Also, Stennett et al.
[49] and Pasman et al. [50] using videos posted on social media in addition to analyzing
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Fig. 17 Displacement of the silos in the direction of the blast a) 3D scan and b) FE
results (in m)

the crater formed by the blast [50] estimated the blast magnitude to an equivalent 637 tons
of TNT with lower and upper bounds of 407 and 1000 tons and 650 tons of TNT with lower
and upper bounds of 300 and 1000 tons respectively. Also, Valsamos et al. [51], based on
the geospatial data taken from the open-source world map OpenStreetMap, estimated the
blast magnitude to an equivalent 1100 tons TNT. To present the state of damage of the 337
tons TNT estimated case, the silos’ damages in compression and tension are presented in
Fig 18. The amount of silos’ damage, extracted from the FE models, presents the
degradation of the silos’ elastic stiffness and is described by the compressive damage
variable “d.” (damage in compression) and the tensile damage variable “d:” (damage in
tension), where these damage variables range from 0: no damage to 1: destruction.
Moreover, to show the state of damage of the silos’ elements, the cumulative surface
damage rate curves are plotted in Fig. 19. On the ordinate is the percentage of the damaged
surface having undergone the amount of damage indicated while on the abscissa is the
damage indicator (1 refers to completely damaged elements/surfaces). Finally, the status
of damage of the 1100 and 337.5 tons of TNT are shown in Fig 20. As indicated by these
figures, for the 1100 tons TNT case, the first and second row of silos are destroyed. On the
other hand, for the 337.5 tons of TT case, the first row of silos is destroyed while the second
is partially destroyed, similar to reality where part of the second row of silos is still visible
after the explosion (Fig 2).
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Table 4. Permanent displacement in the direction of the blast (cm)- FE results

FE/different blast magnitudes 1 2 3 4 5 6 7
225 tons TNT 10.87 12.40 13.78 14.18 14.21 13.91 13.31
337.5 tons TNT 15.15 19.07 22.03 23.03 23.35 23.22 22.69
550 tons TNT 22.94 29.31 33.99 34.63 34.50 33.96 33.22
825 tons TNT 21.08 28.22 34.75 36.86 37.01 36.63 35.82
1100 tons TNT 21.02 29.02 35.21 37.59 38.95 38.94 37.79

Table 4 (con.). Permanent displacement in the direction of the blast (cm)- FE results

FE/different blast magnitudes 8 9 10 11 12 13 14 15 16

225 tons TNT 12.6511.7210.48 9.26 8.02 692 6.02 4.84 3.56
337.5tons TNT 21.92 20.55 18.44 16.30 13.99 12.10 10.68 8.66 6.57
550 tons TNT 32.21 30.82 28.85 26.63 24.41 22.36 19.97 16.24 13.04
825 tons TNT 34.47 32.25 29.72 27.40 25.43 23.93 22.17 19.18 15.67
1100 tons TNT 35.62 32.66 29.83 27.49 24.83 22.53 20.35 17.86 14.39

Table 5. Comparison between the FE and 3D scan results

FE (tons TNT)

silo 3D scan
225kt 337.5 550t 825 1100

U (cm) A 14.2 23.0 346 369 37.6 18
% difference (3D scan to FE) -27.0 21.8 48.0 512 521 -

U (cm) c 14.2 23.3 345 370 39.0 20
% difference (3D scan to FE) -40.7 14.3 42.0 46.0 487 -

U (cm) 9 11.7 20.6 308 322 327 20
% difference (3D scan to FE) -70.7 2.7 351 38.0 388 -

K@ g ;tc
O <g E()
a0
& \ The center point of explosion /

o

Fig. 18 Damage in a) compression and b) tension- 337.5 tons TNT baseline case (FE)
(Damage variables range from 0 (no damage) to 1 (destruction))
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Fig. 20 The SDEG output of the a) 1100 and b) 337.5 tons of TNT simulated cases
(Damage variables range from 0 (no damage) to 1 (destruction))

4. Analysis of Additional Parameters Responses to the Blast Loading
4.1. Effect of the Concrete Strength

To study the effect of concrete strength, the displacement response of Beirut port silos was
investigated for concrete compressive strengths fcm: 30 and 40 MPa starting from the
baseline scenario. The results obtained and presented in Fig. 14, 21 and 22 indicate that
for low levels of blast magnitude (225 tons and 337.5 tons TNT), f.m does not affect the
silos’ displacement. The average ratio of permanent displacement at the head of the silos
for the case of fcm =40 MPa to f,m:=30 MPa in the direction of the explosion is around 1.00
and 1.03 for 225 tons and 337.5 tons TNT respectively. However, as the magnitude of the
blast increases from 550 tons to 1100 tons TNT, this ratio increases from 1.09 to 1.36 for
the case of fm=40 MPa to fom: =30 MPa.
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Fig. 22 Permanent displacement in the direction of the blast at the head of the silos for
different concrete strength for a blast magnitude of a) 337.5 tons TNT and b) 1100
tons TNT

The significant contribution of concrete compressive strength as the magnitude of the blast
increases may be due to the improvement of concrete shear resistance that leads to a
reduction in the absorbing capacity of the blast energy. In general, the concrete shear
strength increases with the increase in compressive strength. In addition, concrete with
higher compressive strengths has greater resistance to blast loading [52]. Therefore, as the
compressive strength increases, the concrete becomes stronger and able to withstand
more load; in other words, it can withstand more permanent deformation. Noting that the
increase in concrete compressive strength makes the latter more ductile, causing the
failure of the structure in a brittle manner. This is manifested by the decrease not only in
the amount of energies stored in the model under the blast model (the strain energies) but
also in a decrease in the total and kinetic energies. For example, as the concrete
compressive strength increases from 30 to 40 MPa for the 1100 tons cases, the strain
energy decreases from 480.29 to 395.50 M] and the total energy decreases from 29.60 to
26.14 M]J. The increase in concrete compressive strength also causes a decrease in the
amount/level of silos’ damage. Nevertheless, for the low level 337.5 tons of TNT estimated
blast magnitude, designing silos with higher compressive strength would not have affected
the damage obtained in Beirut port silos.
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4.2, Effect of the Additional Reinforcement and Concrete Coating (ARC) Added in
2000

To assess the contribution of the additional reinforcement and concrete coating (ARC),
added from 2000 to 2002 to the outer silos, the damage and displacement behavior of the
silos in the case of “no ARC” was compared to the case of “with ARC” (baseline case) for the
different blast magnitudes. In the restoration work, the internal wall of the outer rows of
the silos was increased by 12 cm and an extra layer of steel reinforcement was added as
shown in Fig. 11. The results, presented in Fig. 23 and Table 6, show that the silos with “no
ARC” exhibit lower tilting/displacement but a higher amount of damage (in compression
and tension) for blast magnitudes greater than 337.5 tons TNT compared to the “with ARC”
cases. For example, the ratio of permanent displacement in the direction of the blast for
the case “with ARC” compared to the “no ARC” case in silo number 1 is equal to 0.75 for
225 tons TNT, while it is equal to 0.97 and 1.09 for 337.5 tons TNT and 882.5 tons TNT
respectively. Similarly, this ratio in silo number 6 is equal to 0.82 for 225 tons TNT, while
itis equal to 1.25 and 1.35 for 337.5 tons TNT and 882.5 tons TNT respectively. Therefore,
for the estimated blast magnitude 337.5 tons TNT, the case “with ARC” (baseline case)
exhibits on average a 5 % greater amount of displacement compared to the “no ARC” case.
It should be noted that silos 15 and 16 were destroyed in the blast. For the estimated blast
case (337.5 tons TNT), the amount of damage in compression and tension exhibited in the
silos is greater in the case of “no ARC” (Fig. 24) compared to the “with ARC” case (Fig. 18).
As aresult, the FE results indicate that reinforcing the outer silos from 2000 to 2002 played
a positive role in the blast by decreasing the amount of the silos’ damage.

Table 6. Ratio of permanent displacement in the direction of the blast (cm) of the cases
with ARC to no ARC

Additional Magnitude of the

reinforcement  blast (tons TNT) 1 2 3 4 > 6 7
225 075 077 082 084 084 082 0.80

. . . 3375 097 1.06 119 122 124 125 124
dwp("‘{:::;g))/d‘s" 550 152 166 175 1.68 1.61 1.60 1.61
825 1.09 118 135 137 135 135 136

1100 098 1.08 120 122 124 125 123

Table 6 (con.). Ratio of permanent displacement in the direction of the blast (cm) of the
cases with ARC to no ARC

" Magnitude of
Additional W) itons 8 9 10 11 12 13 14 15 16
reinforcement
TNT)
225 0.77 0.73 0.68 0.64 0.61 059 0.56 0.49 0.40
. . 337.5 123 1.20 1.13 1.04 0.94 0.85 0.79 0.69 0.58
d‘;ﬂ(v‘(’r‘lt::gg))/ 550 164 1.70 1.74 173 1.75 1.73 1.62 1.41 124
P 825 137 141 143 142 146 149 156 1.53 1.33

1100 1.20 1.18 1.17 1.17 1.15 1.14 1.12 1.08 0.97
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Fig. 23 a) Maximum displacement and b) permanent displacement in the direction of
the blast at the head of the silos for different blast magnitudes in the case of no ARC
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Fig. 24 Damage in a) compression and b) tension 337.5 tons TNT with no ARC (FE)

4.3. Effect of Reinforcing the Ribs Between the Silos

To check if reinforcing the ribs between the silos, such as the ARC performed from 2000 to
2002, would have decreased the damage of Beirut portsilos, the estimated blast magnitude
337.5 tons of TNT case was simulated for the case without and with additional
reinforcement in the ribs. The numerical results, presented in Fig. 25 and 26, show that if
the ribs were reinforced, they would have played a significant role in the blast by
decreasing the silos displacement as well as damage amount. At the head of the silos and
in the direction of the explosion, the maximum and permanent displacements decrease on
average by 12% and 20%, respectively for the case with to without additional
reinforcement in the ribs. For example, in silos 4 and 5, that exhibit the maximum
displacement and damage amount in the direction of the explosion, the permanent
displacement decreases from 23.02 and 23.35 cm to 20.60 and 20.49 cm when reinforcing
the ribs. As a result, the FE results indicate that reinforcing the ribs would have not only
decreased the silos’ displacement, but it would have played a positive role in the explosion
by absorbing a small part of the released energy. The strain energy (the energy stored in
the model under the blast loading), the dissipated energy (the wasted energy outside the
model) and the total energy (the sum of all potential energies in the system) released from
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the models are 3, 5% and 4% lower in the case when additional reinforcements were
added to the ribs.

337.5tons TNT —8— 337.5 tons TNT-with additional reinforcement between the silos
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Fig. 25 a) Maximum and b) Permanent displacement in the direction of the blast for
the 337.5 tons TNT without and with additional reinforcement in the ribs between the
silos

b)

The center point of explosion

Fig. 26 The SDEG output of the 337.5 tons of TNT simulated cases a) without additional
reinforcement and b) with additional reinforcement in the ribs between the silos

4.4, Effect of the Soil and Foundation

The August 4, 2020 explosion released rapid hot gases and produced high temperature and
pressure, i.e. enormous amount of energy in only milliseconds. It formed of a blast wave
that not only radiated throughout the city, but it radiated in the unbounded soil domain in
a form of spherical type wave. Therefore, to check the contribution of the soil and
foundation, an extra simulation consisting of the silos, the pile cap, pile foundation as well
as the soil medium was simulated for the estimated 337.5 tons TNT blast magnitude (938
tons of Ammonium Nitrate). The displacements at the head, intermediate and near-bottom
of the silos were extracted from the FE model. The geometry and properties of the soil and
foundation were extracted from the real 1960s plans and designs (Fig. 11). Fig. 27 shows
the FE model in flexible-based condition, consisting of the silos, the grains, the 140 X 30 m
pile cap, the 2500 30 X 30 cm driven square 15 m length piles as well as the 460 X 200 X
17 m soil medium. In the FE model, and as detailed in Table 2, the pile cap was built using
S4R shell elements formed using 7902 elements. Moreover, 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. Finally, the piles were built using
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B31 beam elements using 17868 elements while the soil medium was built using C3D8R
solid elements using 30400 elements (Table 2). The typical Mohr-Coulomb model was
used to define the plasticity behavior of the soil medium that is formed of a 2 m
miscellaneous backfill sand material and 15 m sandy material that presents some levels of
gravel and clay (Table 7). In addition, the concrete and steel reinforcements in the silos
and pile cap were tied using the tie command in ABAQUS while the silos and the pile cap
as well as the pile cap and the piles’ interface were modeled by tying the different parts
together.

As shown in Fig. 28, that presents the amount of damage the silos exhibited after the blast
loading, the numerical results show that in both fixed and flexible-based cases, the first and
second row of silos are destroyed while the third row of silos is damaged. Noting that in
this row, the last two silos are destroyed (silos 15 and 16). Also, as shown in Fig. 29, silos
4 and 5 exhibit the highest amount of displacement and damage. Therefore, silos 4 and 5
will be used as reference silos in the analysis. The results indicate that, in silos 4 and 5, the
maximum relative displacement (head with respect to bottom) only decreases by a ratio
of 0.99 while the permanent relative displacement decreases by a ratio of 0.78 from the
fixed to the flexible 337.5 tons TNT case. In addition, the average ratio of the maximum and
relative displacement from the fixed to the flexible 337.5 tons TNT case at the head level is
equal to 1.0 and 0.77, respectively. The increase in silos displacement is also detected at
the intermediate level. For example, in silos 4 and 5, the maximum relative displacement
(intermediate with respect to the bottom) increases by a small ratio of 1.06 while the
permanent relative displacement decreases significantly by a ratio of 0.73 from the fixed
to the flexible 337.5 tons TNT case. In addition, at the intermediate level for the 337.5 tons
TNT, the average ratio of the maximum and relative silos’ displacement fixed to the
flexible-based cases is equal to 1.06 and 0.71, respectively.

z

Soil Medium X* ¥

C3D8R elements

Concrete Silos: S4Relements
&~ Grains:C3D8R elements
24 silos (8 columns X 3 rows)

30 X 30 cm square Driven
Piles:B31 elemegts

Pile cap: S4R elements

Fig. 27 The FE model (flexible-based model)

Table 7. Soil Properties

pkg/m¥) E(GPa) v c(kPA) @() ¢ (%)
Backfill Material 1500 40 0.25 2 44 2.5
Sandy Soil with some levels 1700 25 0.25 10 38 10
of gravel and clay
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Fig. 28 The SDEG output of the a) fixed and b) flexible-based 337.5 tons of TNT
simulated cases
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Fig. 29 a) Maximum and b) permanent displacement in the direction of the blast for
the 337.5 tons TNT fixed and flexible-based cases

This increase in silos’ displacement is caused by the contribution/role played by the soil
medium and the pile foundation. Therefore, to examine this contribution, the fixed and
flexible numerical models’ different types of energies were extracted and compared. The
results show that, the decrease in silos’ displacement is manifested by a decrease in the
amount of strain and damage dissipated energies. These energies decrease by a ratio of
0.82 and 0.78 from the fixed to the flexible-based case, respectively. The strain energy
refers to the energy stored in the model while the damage dissipated energy refers to the
wasted energy outside the model caused by the blast loading. On the other hand, the total
energy released by the model increases by a ratio of 1.32 from the fixed to the flexible-
based case while the internal energy, external work and kinetic energy remain almost the
same under both models. As a result, even though the silos exhibit a higher amount of
displacement when considering the soil and the foundation, the level of damage is very
close compared to the fixed-based modeled case. Therefore, the results indicate that the
soil and the foundation played a positive role in the explosion by storing more while
dissipating less amount of energies. The flexible model absorbed part of the released
energy, which only accounts for 0.033% of the total energy released by the August 4, 2021
explosion. The total energy released by the explosion is equal to 1.84 X 1012 ] (every 1 ton
of TNT releases 4.184 X 10° J) while the external work exhibited by the fixed and flexible-
based 337.5 tons TNT case is equal to 590 X 10¢]. This value was calculated by dividing the
external work exhibited by the FE model to the explosion released energy. The obtained
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results indicate that the silos’ base displace 27 to 30 cm while the silos’ head displace 40
to 65 cm in the direction of the explosion. These displacements exceed all limits set by
design codes such as Eurocode [34,45], indicating that the silos, in the current state cannot
be reused.

5. Conclusions

The Beirut port silos’ damage followed by the August 4, 2020 explosion was assessed using
a three-dimensional laser scan and finite element simulations. The 3D scan was performed
by the higher school of Engineering “ESIB” at the Saint Joseph University of Beirut in
collaboration with the Swiss company “Amman” Engineering while the numerical models
were simulated using Abaqus explicit. The effects of the blast magnitude, silos’ concrete
strength, additional reinforcement and concrete coating added to the silos in 2000,
reinforcing the ribs between the silos and the effect of the soil and the foundation were
investigated. The damage and silos’ displacement obtained from the 3D FE models were
compared to the results obtained by the 3D laser scan that were estimated in two phases
using two different equipment: the LEICA BLK360 and the Z+F Imager 5010X.

The 752 million points of measure in three dimensions using 25 stations in 360° panorama
infrared images estimated a general tilt of silos between 20 and 30 cm in the direction of
the blast. Therefore, comparing the 3D scan to the FE results allowed a precise estimation
of the blast magnitude. A blast magnitude of 337.5 tons TNT (938 tons of Ammonium
Nitrate) was found to best capture the 3D scan results and therefore, the real silos’
displacement and damage.

The numerical results showed that for low levels of blast magnitude such as 337.5 and 225
tons of TNT, concrete compressive strength does not affect the amount of silos’
displacement. Nevertheless, as the magnitude of the blast increases, designing the silos
with higher concrete compressive strength decreases their damage amount. Nevertheless,
for the 337.5 tons TNT estimation blast magnitude, designing the silos with higher
compressive strength would not have affected the amount of damage obtained after the
August 4, 2020 explosion.

The FE results indicated that the silos with no additional reinforcement and concrete
coating (ARC) added from 2000 to 2002 exhibit lower displacement and higher amount of
damage (in compression and tension) for blast magnitudes greater than 337.5 tons TNT
compared to the “with ARC” cases. Nevertheless, for the estimated blast case (337.5 tons
TNT), the amount of damage exhibited in the silos is greater in the case of “no ARC”
compared to the “with ARC” case. As a result, reinforcing the outer silos from 2000 to 2002
played a positive role in the blast by decreasing the amount of the silos’ damage.

The obtained results proved that if the ribs of the silos were reinforced like the ARC from
2000 to 2002, this reinforcement would have played a positive role in decreasing the
amount of silos’ displacement and damage and by absorbing a small part of the released
energy. Reinforcing the ribs would have decreased the displacement at the head of the silos
by 20%.

As for the soil and the foundation, the results pointed out to the positive role they played
in the blast. The flexible model absorbed part of the explosion released energy. Even
though the level of damage was very close in the fixed and the flexible models, the presence
of the soil and the foundation caused an increase in silos’ displacements. This increase was
manifested by a decrease in the amount of strain and dissipated energies exhibited by the
numerical model.

Finally, the 3D scan and FE results showed that the silos’ base displaced 27 to 30 cm while
the silos’ head displace 40 to 65 cm in the direction of the explosion. Thus, the silos
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displaced 20 to 30 cm in the direction of the blast. These displacements exceed all limits
set by design codes, indicating that the silos, in the current state cannot be reused.
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