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Analysis of the structural response of Beirut port concrete 
silos under blast loading  
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Abstract: Several months after August 4, 2020, Lebanon is still recovering from the enormous explosion at the 
port of Beirut that killed more than 200 people and injured more than 7500. This explosion ripped the city to 
shreds and significantly damaged the Beirut port silos. Saint Joseph University of Beirut “the school of 
engineering ESIB” in collaboration with “Amann” Engineering performed a 3D scan of the Beirut port silos to 
assess the silos’ level of damage. The obtained data was then compared to the numerical modelling results, 
obtained from Abaqus explicit, in order to estimate the blast magnitude and to check if the pile foundation can 
be reused in building new silos at the same place due to the limited space available at the port of Beirut while 
considering the soil-foundation-structure interaction effect. In addition, the silos’ structural response against the 
filling of the silos at the time of explosion was investigated. The displacement of the silos and the amount of 
silos’ damage obtained from the fixed and flexible numerical models indicate that a blast magnitude of 0.44 kt 
TNT (approximately 1100 tons of Ammonium Nitrate) best estimates the 20 to 30 cm silos’ tilting in the 
direction of the blast. In addition, the soil and the foundation played a positive role by absorbing part while 
dissipating less amount of the blast energy. Also, the grains at the time of the event did not affect the silos’ 
deformation and damage amount. Noting that the displacement of the pile foundation exceeded all limits set by 
design codes, indicating that the pile foundation cannot be reused to build new silos at the same place.  
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1. Introduction 

On August 4, 2020, a devastating explosion at the port of Beirut struck the city and wounded more 

than 200 people, injured more than 7500 and caused more than $15 billion in damage (Fig. 1). The 

explosion created a crater of around 140 m wide, which was then flooded with seawater. It 

destructed structures several km away from the port and was heard as far away as Cyprus that is 

about 200 km across the Mediterranean Sea. This explosion, considered one of the most powerful 

explosions in history, was caused by fifteen tons of fireworks, several jugs of kerosene and acid in 

addition to thousands of tons of ammonium nitrate stored unsafely in the warehouse. These 

ingredients, combined, constructed the bomb that devasted the city [1, 2] and destructed the 

country’s grain storage silos: the Beirut port silos. 

Experts and researchers such as Bauer et al. [3] and King et al. [4] suggest that an uncontaminated 

Ammonium Nitrate cannot be easily detonated under normal conditions. In fact, Ammonium 

Nitrate’s shock wave requires an enormous amount of energy. Blast incidents due to the explosion 

of Ammonium Nitrate go back to 1916. Since then, the chemical caused more than 30 disasters, 

some accidental and other intentional. Examples of these disasters are detailed in Table 1. Noting 

that the European’s Seveso Directive [5], that regulates the storage and handling of all hazardous 

chemicals in Europe, lists Ammonium nitrate as a hazardous chemical.  

Several researchers estimated the Beirut explosion blast magnitude using videos posted on social 

media, empirical formula, fireball analysis and geospatial data. Rigby et al. [6], using empirical 

formula, estimated the blast magnitude to an equivalent 0.55 to 1.1 kt of TNT. Diaz [7], using images 

and videos’ recordings of the explosion that were posted on social media, estimated the blast 

magnitude to an equivalent 1.1 kt TNT. Also, Aaoud [8] using fireball analysis, estimated the blast 

magnitude to an equivalent 0.81 kt TNT. Stennett et al. [9] and Pasman et al. [10] used the videos 

posted on social media and analyzed the crater formed by the blast [10] to estimate the blast 

magnitude. They found that it is equivalent to 637 tons of TNT with a lower and upper bound of 407 

and 1000 tons and 650 tons of TNT with a lower and upper bound of 300 and 1000 tons respectively. 

Also, Valsamos et al. [11] estimated the blast magnitude to an equivalent 1100 tons TNT using the 

geospatial data taken from the open source world map OpenStreetMap. On the other hand, USGS [12] 

estimated the size of the explosion to an equivalent Mw=3.3 magnitude earthquake.  

Therefore, even though several features of seismic design of structures are recommended in blast 

design such as the ductile connections, some features may have opposite effects such as the 

decrease in the system’s lateral resistance that can result in loss of the slab’s capacity to transfer the 
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load to the column and thus, to the shear walls. As a result, researchers have been studying the 

responses of structures under seismic [13 to 16, etc.] and blast loadings [17 to 23, etc.]. Also, 

researchers have been analyzing the failure of real case studied structures [24 to 29, etc.]. 

Nevertheless, studies of silos subjected to external blast loadings are limited. 

In this study, 3D scan of the Beirut port silos was compared to the 3D numerical modeling results 

to assess the level of damage of the silos and to estimate the blast magnitude. The numerical models 

were simulated using the finite element software Abaqus explicit and were based on the real silos’ 

plans and project data. Moreover, the effect of the silos’ structural response against the filling of the 

silos at the time of explosion was explored and assessed. As such, fixed and flexible-based models 

were hit by the blast loading and the silos’ deformations in the direction of the explosion in addition 

to the amount of silos’ damage and the effect of the soil-structure-foundation interaction (SSFI) 

were obtained. Whereas most of the research performed on the Beirut explosion is based on videos 

posted on social media, empirical formula, fireball analysis and geospatial data, the reality of the 

behavior is more complex. This study is the first to consider in addition to the concrete silos, the 

soil medium, the pile cap and the pile foundation. Therefore, the objective of this study was not 

only to estimate the blast magnitude, but also to investigate if the level of silos and piles 

deformations caused by the blast permits the pile foundation to be reused to build new silos at the 

same place due to the limited space available at the port of Beirut.  

 

a)   b)  

Fig. 1. The Beirut port silos, a) before and b) after the August 4, 2020 blast [30, 31] 

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

Blast incident location Date Casualties Ammonium Nitrate (tons) 
Texas, USA [32] April 16, 1947 552 deaths 2086 & 870 

Toulouse, France [33] September 21, 2001 20 deaths 200–300 
Mihailesti. Romania [34] May 24, 2004 18 deaths 20 
West Texas, USA [35] April 17, 2013 15 deaths 240 
Beirut port, Lebanon Auhust 4, 2020 204 deaths – 
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2. The Beirut port silos 

In late 1960s, the largest grain storage facility at the time in the region: the Beirut port silos, started 

to be constructed. This project was constructed in three phases. Phase 1 of the project corresponded 

to 24 silos (8 columns × 3 rows of silos). Phase 2 corresponded to 18 silos (6 columns × 3 rows of 

silos), having the capacity of 105 000 tons of grains. Noting that phase 1 and 2 were completed in 

1969. Finally, during phase 3 (in the 1990s), 6 extra silos (2 columns × 3 rows of silos) having the 

capacity of 15 000 tons of grains were added to fulfill the country’s grains storage needs. The Beirut 

port outer silos, in 2000 to 2002, underwent restoration work due to concrete carbonation. In fact, 

the deterioration of these cells was mainly due to the exposure to humidity and salty seafront and 

thus, concrete carbonation. As detailed in Fig. 2, to reduce this damage, engineers reinforced these 

outer cells by jacking their inner walls by a 12 cm reinforced concrete coating. The internal wall 

thickness was increased from 17 to 20 cm and an extra layer of steel reinforcement was added. It 

should be noted that at the time of explosion, the silos were not filled completely with grains, as 

detailed in Fig. 3. 

 

 

 

Fig. 2. a) The steel reinforcement; b) the geometry and c) the concrete and steel restoration work of the silos 

Horizontal Reinforcement:
φ14/180 cm from +0m till +42.5m
φ12/180 cm from +42.5m till +48m
Vertical Reinforcement: 
φ10/300 cm 

Horizontal Reinforcement:
φ12/180 cm from +0m till +48m
Vertical Reinforcement: 
φ10/300 cm 

Horizontal Reinforcement:
φ10/180 cm from 0m till +48m
Vertical Reinforcement: 
φ10/300 cm 

D=8.5m

4.4 m

1.9 m

0.355m

3m

t=17cm

t=17+12cm

t=17cm

a)

b) c)
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Fig. 3. Beirut silos grains capacity at the time of the blast 

 

3. The 3D scan 

Saint Joseph University of Beirut “the school of engineering ESIB” in collaboration with the swiss 

company “Amann” Engineering, performed a 3D scan to measure the damage in the Beirut port 

silos. This mission, executed in two phases, was performed after obtaining the permission of the 

investigation judge and the Lebanese army. 3D scan creates an exact copy of an object within 

minutes by taking and merging several snapshots of the object. 3D scan technology is being used in 

several industries such as engineering and medicine. It provides important data, accelerates the 

workflow, helps avoids expensive mistakes and enhances work productivity. 

During the first phase in September 2020, the Swiss equipment LEICA BLK360 imaging scanner 

(Leica geosystems) was used. This equipment allows the acquisition of 3D points with integrated 

spherical imaging and thermography panorama sensor system in up to 360 000 points per second. 

LEICA BLK360 provides live image and scanner data stream viewing and editing with automatic 

tilt measurements. It completes a 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. It is based on high speed time of 

flight enhanced by Waveform Digitizing (WFD) distance measurement system technology. In 

addition, the camera system is formed of 15 Mpixel camera system, 150 Mpixel full dome capture, 

HDR, LED flash Calibrated 360° × 300° spherical image. While the thermal camera FLIR 

technology is based on longwave infrared camera with thermal 360° × 70° panoramic image. 

During the second phase in November 2020, the German equipment Z+F Imager 5010X scanner 

(Zoller & Fröhlich) was used. This equipment, that comes with a special navigation system, 

estimates the scanner position and orientation to support the Z+F Laser Control registration 
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software during pre and post registration on site. In addition, 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. Z+F Imager 5010X scanner comes with an external thermal camera (Z+F T-Cam). This 

camera allows the application of infrared information to the scan. Thus, it generates 360° “full 

dome” thermal panorama scans in a fully automatic process. This equipment is widely used in the 

fields of insurance, architecture, facility management, cultural heritage, industry and forensics. This 

is because of its ability to record a full panorama (32 images) in 1:45 minutes with a resolution of 

382 × 288 pixel and an infrared spectrum of 7.5 to 13 µm as well as a lens’ field of view of 

62° × 49°. As a result, the thermo-panorama is scaled to 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°. The 3D scan was performed using the LEICA BLK360 imaging scanner and Z+F Imager 

5010X scanner for several reasons: 

• The scope range: Using the LEICA BLK360 imaging scanner, and since the silos are 48 m 

height, the team had to stand far from the silos to capture the total silos’ height and not be in 

danger. Whereas using the Z+F Imager 5010X, since it has a 3 times larger scope range than 

the LEICA BLK360, it swept a volume 27 times larger per scan in a smaller amount of time.  

• The precision: Since it is a key parameter in surveying, 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.  

• Number of points per second: This is a laser performance criterion. Although the LEICA 

BLK360 captured a decent amount of points per second, the Z+F Imager 5010X, adjusted the 

exposure time of each laser point which improved the measurements.  

• Panoramic and thermal camera: The use of the Z+F Imager 5010X in the second phase allowed 

for a better final 3D scan result. This is since it is much more efficient in terms of color 

rendering as well as calibration between the laser device and the camera. It should be noted that 

the Z+F Imager 5010X is the only non-military scanner with a 3D high-resolution thermal 

camera.  

• Dynamic compensation: This is related to the quality of the horizontal levelling. Even though 

the compensation is electronic and precise in LEICA BLK360, the compensation in Z+F 

Imager 5010X is not only electronic, it is also optional and mechanical with a higher precision 

level.  
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As a result, the level of damage of Beirut port silos was assessed by capturing 752 million points of 

measure in three dimensions using 25 stations in 360° panorama infrared images (Fig. 4). Due to 

August 4, 2020 blast, the first and second rows of silos were destroyed. The base of the first row of 

the silos is still visible, filled by wheat and corn (Fig. 1). However, the third row of silos, except the 

last two silos, remained intact. Nevertheless, the remaining standing silos exhibited some tilting. The 

3D scan results, detailed in Fig. 5 and 6, show that, third row 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 

between 20 and 30 cm in the direction of the blast. Fig 7 shows the 3D rendering of the silos that was 

executed by Bandara [36] who combined the 3D scan results with drone imaging conducted by the 

Lebanese ministry. Also, Fig. 8 presents the 3D scan executed by “ESIB” and “Amman” Engineering. 

The 3D scan indicates that, silos 4 and 5 exhibited the greatest amount of deformation/tilting without 

being destroyed while silos 15 and 16 were completely destroyed. The obtained deformations mean 

that the inner part of the silos is damaged, or the pile head is deformed beyond the elastic range or 

broken. To investigate if the level of silos and piles deformations caused by the blast permits the pile 

foundation to be reused to build new silos at the same place and to estimate the blast magnitude, 3D 

numerical models were simulated using Abaqus in the next section. 

 

 
Fig. 4. The Beirut port silos 3D scan, points 

acquired, and stations used 
 

 
Fig. 5. The Beirut port silos deformation (in cm)-3D 

scan 

Fig. 6. The Beirut port silos- processed image from 
drone-mounted LIDAR scan 

 

 
Fig. 7. The Beirut Port Silos 3D scan [36] 
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Fig. 8 The Beirut Port Silos 3D scan (open the link 

to access the video) 
 

 
Fig. 9. The centre point of explosion  

4. The numerical model 

Fixed and flexible-based three-dimensional finite element models were built using Abaqus explicit 

[37] to simulate the blast of the Beirut port silos while considering the effect of soil- structure-

foundation interaction effect (SSFI effect). This FE analysis uses an explicit integration solution 

technique to simulate brief dynamic events such as blast loading. In addition, it adopts a small 

increment size in the stiffness matrix which is updated at the end of each increment based on the 

geometry and the changes in the material. The 3D simulated models are based on the real plans and 

project data. As shown in Fig. 10, the numerical models were formed of the 8.5 m diameter, 48 m 

height reinforced concrete silos, the grains, the 140×30 m pile cap, the 2500 30×30 cm square 

driven 15 m length piles and the 460×200×17 m soil medium. The silos’ geometry and steel 

reinforcement are detailed in Fig. 2. While the pile cap’s thickness is equal to 3.12, 1.2 and 0.4 m 

between, at the edges and below the silos (Fig. 11). In addition, the first 2 m of the soil profile were 

defined as miscellaneous backfill sand material while the next 15 m were defined as sandy material 

that presents some levels of gravel and clay (Fig. 12). The silos, formed of 313 741 elements and 

the pile cap, formed of 7902 elements, were built using S4R shell elements while the grains, formed 

of 529 678 elements, were built using C3D8R solid elements. The silos and pile cap’s steel 

reinforcements were defined as layers of reinforcement as part of the silos’ and pile cap’s shell 

elements using the rebars command available in Abaqus (rebars’ layer option). The piles, formed of 

17868 elements, were built using B31 beam elements and finally the soil medium, formed of 30400 

elements, was built using C3D8R solid elements. To account for the absorbed energy from the 

unbounded soil domain, the far-field soil, in both horizontal directions, was modelled using 8-node 

linear one-way infinite brick elements CIN3D8. In addition, the bottom soil boundary was defined 

as a rigid boundary to simulate bedrock conditions. 

40 m

70 m

626 S.A. ISMAIL, W. RAPHAEL, E. DURAND, F. KADDAH, F GEARA



 
Fig. 10. a) Fixed-base and b) Flexible-base numerical models 

 

In this study, the silos’ concrete compressive strength f’c was equal to 30 MPa. Moreover, the 

simplified damage plasticity model based on Hafezolghorani et al. [38] was used to define the 

concrete plasticity behavior of the silos while elastic-perfectly plastic material behavior was used to 

define the plasticity behavior of the steel reinforcement by defining the steel yield stress. Typical 

Mohr-Coulomb model was used to define the soil medium. Whereas, the grains: corn and wheat 

were assumed elastic based on EN1991-4 [39] 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 0.3375 kt TNT case, the permanent displacement at the head of the third 

row of silos only increases by 2.18% from elastic to plastic cases (Fig. 13). 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 modelled using 

elastic properties. Table 2 shows the material properties adopted in the numerical model. In Table 2, 

ρ is density (kg/m3), ν is the Poisson’s ratio, σy 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) and Φ and ψ are the 

friction and dilation angles (°). In this study, the concrete and steel reinforcements in the silos and 

pile cap were tied using the tie command in ABAQUS. In addition, the silos and the pile cap as well 

as the pile cap and the piles’ interface were modelled by tying the different parts together. 

24 silos (8 columns X 3 rows)

a)

b)
Pile cap: S4R element

30 X 30 cm square Driven Piles: B31 elements

Soil Medium
C3D8R elements
CIN3D8 elements

Concrete Silos: S4R elements
Grains: C3D8R elements

Concrete Silos: S4R elements
Grains: C3D8R elements

The center point of explosion

The center point of explosion

ANALYSIS OF THE STRUCTURAL RESPONSE OF BEIRUT PORT CONCRETE SILOS... 627



ρ

ρ

ρ (kg/m
2400

ρ

ρ

 

 (kg/m3) 
7850 

Whe
 (kg/m3) 

769 

m3) ν 
 0.2 

 (kg/m3) 
1500 

 (kg/m3) 

1700 

E

eat Properties 
E (MPa) 

20 

ψ(ᵒ) 
31 

E

San

E

Fig. 

Table 2

S
E (GPa) 

206 

ν 
0.2 

Co
Eccentrici

0.1 

B

E (GPa) 
40 

ndy Soil with 

E (GPa) 

25 

11. The pile 

2. Material pr

Steel Propertie

ρ (k

oncrete Proper
ty fb0/fc0

1.16 

Backfill materi

ν 
0.25 

some levels o

ν 

0.25 

cap and driv

roperties 

es 
ν 

0.3 
C

kg/m3) 
721 

rties 
K 

0.67 

ial 

c (kPA) 
2 

of gravel and c

c (kPA) 

10 

ven piles’ loc

Corn Propertie
E (M

20

Viscosity p
0 

Φ (°) 
44 

clay 

Φ (°) 

38 

cation 

σy (MPa) 
448 

es 
MPa) 

0 

parameter 

ψ
2

ψ

 

ν 
0.32 

E (GPa) 
26.6 

ψ (ᵒ) 
2.5 

ψ (ᵒ) 

10 

628 S.A. ISMAIL, W. RAPHAEL, E. DURAND, F. KADDAH, F GEARA



 
Fig. 12. Soil profile 

 

 

Fig. 13. Permanent displacement at the head of the third row of silos-0.3375 kt TNT elastic and plastic cases 

 

The CONWEP method was used to simulate the blast loading that was applied at the silos’ surface 

facing the explosion. This method allows the simulation of the loading effects due to explosion of 

a surface blast (hemispherical incident waves) in terms of both incident and reflected pressure. The 

center point of explosion was located at about 70 m in front of the silos and 40 m from the side of 

the silos in the warehouse which contained the explosive materials based on the Lebanese army 

aerial photos and the investigation report performed by Forensic Architecture [40] as detailed in 
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Fig. 9. Since CONWEP method requires the equivalent mass of explosive materials to be in terms 

of TNT, a scaling factor of 0.39 based on Krauthammer [41] study was used to convert the mass of 

Ammonium Nitrate into an equivalent mass of TNT based on the following equation: 

 

 𝑊்ே் = 𝑊௘௫௣𝑋 𝑃௘௫௣ 𝑋 𝜂  

 

where: 𝑊்ே் is the equivalent mass of TNT, 𝑊௘௫௣ is the weight of the explosive substance, 𝑃௘௫௣ is 

the explosive magnitude. It is defined by the ratio of the decomposition energy of 1 kg of substance 

(in J) divided by the detonation energy of 1 kg of TNT (J). And 𝜂 is the efficiency of the explosion. 

It is defined by the ratio of the real emitted to the theoretical energy of the explosion [42]. 

5. Analysis of the different parameters’ responses to blast loading 

In this study, the blast magnitude was first estimated by comparing the 3D scan to the numerical 

modeling results. Then, the silos’ structural response against the filling of the silos was analyzed. 

5.1. Estimating the blast magnitude and the structural response 

In order to check if the pile foundation can be reused to build a new silo at the same place, 3D scan 

results were first compared to the FE results to estimate the blast magnitude. Therefore, blast 

loadings of 0.375, 0.44, 0.55, and 1.1 kt (approximately 938, 1100, 1375 and 2750 tons of 

Ammonium Nitrate) were simulated. The blast loading was applied at the silos’ surface facing the 

explosion with the explosion center point as detailed in Fig. 9. The displacement at the head and 

bottom of the silos in the direction of the explosion as well as the amount of silos’ damage 

(degradation of the silos’ elastic stiffness described by the compressive damage variable “dc” 

(damage in compression) and the tensile damage variable “dt” (damage in tension)) were extracted 

from the FE models. The damage variables range from 0: no damage to 1: destruction. Like the 3D 

scan results (Fig. 5), and as detailed in Fig. 14, that shows the displacements of the third row of 

silos in the direction of the explosion, the numerical results show that the first silo in the third row 

(the least damaged row), has lost its geometry and shape, the last two silos were completely 

destroyed while silos 4 and 5 exhibited the highest amount of displacement/tilting in the direction of 

the explosion without being destroyed. As such, silos 4 and 5 were considered as reference silos to 

estimate the blast magnitude and to perform the analysis.  
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Fig. 15 presents the displacements of the silos in the direction of the explosion for fixed and 

flexible-based models while Table 3 details the amount of displacements in silos 4 and 5 for the 3D 

scan and different numerical modeled cases. By comparing these results, we obtain that for flexible-

based cases, the displacement increases from 60 to 93 cm at the head and from 30 to 44 cm at the 

bottom of silos 4 and 5 as the blast magnitude is increased from 0.3375 to 0.55 kt TNT. In addition, 

for fixed-based cases, the displacement increases from 23 to 38 cm at the head of silos 4 and 5 as 

the blast magnitude is increased from 0.3375 to 1.1 kt TNT. It should be noted that the 1.1 kt TNT 

case (approximately 2750 tons of Ammonium Nitrate) was only considered for a fixed-based 

scenario since it represents the total amount of Ammonium Nitrate it arrived at the port of Beirut in 

2013. Therefore, since displacements of 70 and 53 cm were obtained at the head and bottom of silos 

4 and 5 from the 3D scan, and 77 and 36 cm at the head and bottom of silos 4 and 5 from flexible-

based 0.44 kt TNT case, it can be concluded that a blast magnitude of 0.44 kt TNT (approximately 

1100 tons of Ammonium Nitrate) best captures reality and silos’ displacement. It should be noted 

that a displacement of 27.7 cm was obtained in silos 4 and 5 for the 0.44 kt TNT-fixed-based case. 

This estimation is close to Rigby et al. [6], Stennett et al. [9] and Pasman et al. [10] results. 

Therefore, the novelty of this study lies in the accurate estimation of the blast magnitude by 

comparing the FE results, that were based on the real plans and silos’ project data, to the 3D scan 

results while considering SSFI effect. Fig. 16 shows the damage in compression and tension for the 

0.44 kt TNT flexible and fixed-based cases. Moreover, Fig. 17 presents the cumulative surface 

damage rate curves. These curves indicate the state of damage of the silos’ elements. On the 

ordinate is the percentage of damaged surface having undergone the amount of damage indicated 

while on the abscissa is the damage indicator (1 refers to completely damaged elements/surfaces). 

 

 
Fig. 14. Displacement of the silos in the direction of the blast (in m) – 0.44 kt TNT FE model case 

Flexible-based model3D scan Fixed-based model
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Fig. 15. Permanent displacement at the head of the silos for different blast magnitudes 

 

 
Table 3. Permanent displacement in the direction of the blast (cm)-Silos 4 and 5 

Silos 
3D scan 

Flexible-based models 
0.3375 kt TNT 0.44 kt TNT 0.55 kt TNT 

head bottom head bottom head bottom head bottom 
4 70 55 59.5 29.8 77.4 35.8 92.5 43.5 
5 70 50 59.7 29.8 77.5 35.8 93 43.5 

 

 

 
 

Fig. 16. Damage in compression and tension of 0.44 kt TNT (FE results) (Damage variables range from 0 

(no damage) to 1 (destruction)) 
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Fig. 17. The cumulative surface damage rate curve of a) fixed and b) flexible-based cases 

 

Hence, fixed and flexible-based FE models were simulated in order to estimate the contribution of 

the soil medium and foundation to the silos’ response due to blast loading. The relative 

displacement (head with respect to bottom) was obtained in fixed-based models while the flexible-

based models allowed a closer and better estimation of silos’ displacement at the head and bottom 

due to the SSFI effects. Therefore, to identify the role of the SSFI effect in the blast, the relative 

displacement as well as the amount of energies released from the fixed and flexible simulated cases 

were considered. The results show that the ratio of relative displacement (head to bottom) of 

flexible to fixed-bases cases is equal to 1.29, 1.50 and 1.42 for 0.3375, 0.44 and 0.55 kt TNT cases 

respectively (Fig. 15 and Table 4). The FE results show that for the 0.44 kt TNT estimated 

simulated case, the dissipated energy (the wasted energy outside the model) is 16% lower in flexible 

than in fixed-based modeled cases. Similarly, the strain energy (the energy stored in the model 

under the blast loading) is 11% lower in flexible than in fixed-based modeled cases. However, the 

kinetic (the energy a body possesses by being in motion) and the total energy (the sum of all 

potential energies in the system) released from the models are 1.87% and 6.28% greater in flexible 

than in fixed-based cases. While the internal energy and external work are almost the same in both 

models. As a result, for the 0.44 kt TNT estimated blast magnitude case, the 50% increase in silos’ 

deformation in the direction of the explosion caused 6.28% of the released energy to be transferred 

into useful energy. That is why the flexible-based case exhibited 16% less wasted energy while 

storing 11% more strain energy than the fixed-based case. Therefore, even though flexible-based 

cases possessed higher silos’ relative displacement and total energy, the soil and foundation played 

a positive role in the explosion by storing more while dissipating less amount of energies. It should 

be noted that the percentage of total energy released by the 0.44 kt TNT is only 1% higher in 

flexible than in fixed-based models and accounts for 0.06% of the total energy released by the 

explosion. This value was calculated by dividing the external work exhibited by the FE model to the 
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explosion released energy, equivalent to 1.84×1012 J (every 1 ton of TNT releases 4.184×109 J). As 

a result, the 3D scan and FE results indicate that the obtained 20 to 30 cm silos’ displacements 

made them out of tolerance with respect to all design codes such as Eurocode [39,43]. As for the 

foundation, as shown in Fig. 18, the pile cap as well as the head of the driven piles displace on 

average 35 cm in the direction of the explosion for the 0.44 kt TNT case. This value exceeds the 

allowable limits in all design codes. As a result, the piles’ head were deformed beyond their elastic 

limit and thus, the pile foundation cannot be reused to build new silos at the same place. 

 

 
Fig. 18. Displacement of the driven pile-0.44 kt TNT (FE results) 

 
Table 4. Comparing the relative displacement in the direction of the blast (cm)-Silos 4 and 5 

Silos 
Flexible-based models Fixed-based models 
Relative displacement Displacement at the head 

0.375 kt TNT 0.44 kt TNT 0.55 kt TNT 0.375 kt TNT 0.44 kt TNT 0.55 kt TNT 
4 29.7 41.63 49.08 23 27.7 34.6 
5 29.9 41.69 49.51 23.3 27.8 34.5 

 

5.2. Silos’ structural response against the filling of the silos 

It is important to note that at the time of explosion, the silos were not totally filled with grains 

(wheat and corn). Therefore, the grains increased the mass of the thin concrete shell silos. As such, 

the effect of the silos’ structural response against the filling of the silos become relevant parameter 

that may affect the behavior and damage of the silos. To investigate this effect at the time of the 

event, the absence and presence of grains were first simulated for the fixed-based case scenario for 

different blast magnitudes. Then, for the estimated blast magnitude: 0.44 kt TNT, the absence and 

presence of grains were studied for the fixed and flexible cases. The silos’ deformations were 

extracted from the FE models and plotted in Fig. 19. The first and second row of silos, containing 

most of the grains are completely damaged. The third row of silos was partially filled with grains 
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with some empty silos (Silos 7, 8, 12, 13, 14 & 15). This led the grains to separate from the 

concrete silos in the first two rows. As shown in this figure, the silos’ deformations were slightly 

affected by the extra mass of the grains. In fact, the displacement in the direction of the explosion at 

the head of the silos is almost the same for the different blast magnitudes. This result was also 

obtained for the 0.44 kt TNT flexible modeled cases. Noting that different types of energies are 

almost the same for the 0.44 kt TNT flexible modeled cases. Therefore, even though the mass of the 

silos differ between the two cases and the grains apply pressure on the silos in an order of –147 to 

15.5 kPa; nevertheless, the tension on the silos’ walls vary 1 to 2% between the 2 studied cases. The 

tension varies between 2.497 to –37.26 MPs and between 2.28 and –37.675 MPa for the cases with 

and without grains respectively. That is why the presence of grains on August 4, 2020 had very 

small influence on the silos’ displacement and damage amount.  

 

 
Fig. 19. Permanent displacement at the head of the silos: a and b) for different blast powers and c) for 0.44 kt 

TNT cases-the silos’ structural response against the filling of the silos 

6. Conclusions 

Using three-dimensional laser scanner and finite element simulations, the Beirut port silos’ damage 

followed by August 4, 2020 explosion was investigated while considering SSFI effect. The 3D scan 

was performed by Saint Joseph University of Beirut “the school of engineering ESIB” in 

collaboration with “Amann” engineering, while the numerical simulations were performed using 

Abaqus explicit. The 3D fixed and flexible-based models, based on the real plans and project data 

and consisting of the concrete silos, the soil medium, the pile cap as well as the pile foundation, 

were hit by the blast loading. The numerical modelling results: the silos displacements in the 

direction of the blast as well as the amount of silos’ damage (in tension, in compression and the 

cumulative surface damage) were compared to the 3D scan results in order to estimate the blast 

magnitude and to check if the pile foundation can be reused to build new silos at the same place due 
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to the limited space available at the port of Beirut. In addition, the silos’ structural response against 

the filling of the silos at the time of the explosion was considered. 

The 3D scan, performed in two phases using two different equipment: the LEICA BLK360 and the 

Z+F Imager 5010X equipment, used 752 million points of measures in three dimensions using 

25 stations in 360° panorama infrared images. The scan results showed the silos’ state of damage 

after the explosion. The first two rows of Beirut port silos were destroyed while their bases are still 

visible filled by wheat and corn. On the other hand, the third row of silos except the last two silos, 

remained intact. Nevertheless, they tilted from 0 to 70 cm at the head and from 0 to 55 cm at the 

bottom with respect to the first silo. Therefore, they tilted around 20 to 30 cm (relative deformation 

head to bottom) in the direction of the blast.  

A blast magnitude of 0.44 kt TNT (approximately 1100 tons of Ammonium Nitrate) was found to 

best captures reality and silos’ displacement. The results indicated that SSFI played a positive role 

in this blast by storing more while dissipating less amount of energies. The percentage of total 

energy released by the 0.44 kt TNT is only 1% higher in flexible than in fixed-based models and 

accounts for 0.06% of the total energy released by the explosion. As for the silos’ structural 

response against the filling of the silos, the results showed that the displacement of the silos in the 

direction of the explosion is almost the same for fixed and flexible-based models and for different 

blast magnitudes. Hence, the results showed that the presence of grains on August 4, 2020 has no 

influence on the silos’ displacement and damage amount. Finally, the results indicated that the pile 

foundation cannot be reused to build news silos; the displacements of the silos and the piles are 

greater than the allowable displacements set by design codes.  
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