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Abstract

In 2020, the Beirut port silos, located few meters away from the center of August 4 explosion,
were severely damaged. The first and second row of Beirut silos/East side were destroyed.
However, the third row of silos was damaged and experienced an immediate tilt, except the
last two silos in the South block (silos #130 and 137) that were destroyed. As a result, the re-
maining standing silos, have been monitored since the day of the blast using 3D scan meas-
urements and triaxial inclinometers, experienced severe tilting over time. In July 2022, the
rate of silos’ inclination increased after a fire broke out in the North block silos due to
grains’ fermentation. As a result, in August 2022, the last silos of the North block fell after
resisting severe tilting for two years with a maximum permanent vertical inclination of 2 m.
Consequently, the 8.5 m diameter-42 silos supported by a 2500 pile foundation consisted as of
August 2022 of 6 standing South block silos. In this paper, the authors describe the status of
these silos and the performed structural health monitoring. A 3D finite element model was
built in Abaqus to analyze the behavior of the silos under different seismic loadings. The re-
sults are evaluated in terms of horizontal displacements at top of the silos which are used to
assess the stability of the structure. The obtained results show that the South block silos will
exhibit serious damage and possible failure in case of moderate intensity earthquakes. There-
fore, a repair and strengthening method to preserve the remaining standing silos using nu-
merical analysis is proposed.
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1 INTRODUCTION

Civil structures deterioration with time is associated with environmental factors such as
steel corrosion and concrete carbonation, aging in construction materials and extreme events
such as earthquakes, hurricanes, floods, and blast loadings. As such, after these extreme
events, Structural Health Monitoring (SHM) is used to provide quantitative and reliable data
on the real condition of a structure. SHM is a damage identification technique for damage as-
sessment and performance evaluation for aerospace, civil and mechanical infrastructures. It
refers to the observation and analysis of the structure’s damage and deterioration level over
time using periodically spaced sensing measurements. Moreover, it is associated with life-
safety and economic benefits [1 to 3]. Several non-destructive methods are used in SHM such
as the wireless sensor networks to sense and collect data [4 to 6]. Recently, SHM has gained
important interest in examining the status of health and maintenance of structures such as
large-scale bridges [7 and §].

On the 4™ of August 2020, one of the most powerful non-nuclear explosions in history oc-
curred in the port of Beirut, Lebanon [9]. This explosion ripped the city to shreds, caused
more than $15 billion in damage, and left more than 200 casualties and 7400 injuries. The
August 4, 2020 explosion, was attributed to the detonation of around 1100 to 2750 tons of
Ammonium Nitrate [10 to 18, etc.]. It created a crater of 90 m wide X 100 m long X 6 m deep
and damaged several significant structures in the area, including the Beirut port silos. As
shown in Figure 1, following the explosion, the first and second row of Beirut silos/East side
were destroyed. However, the third row of silos was damaged and experienced an immediate
tilt, except the last two silos in the South block (silos #130 and 137) that were destroyed (Fig-
ure 1 and 2). To assess and monitor the level of damage of Beirut port silos, the structural
health monitoring SHM of Beirut port silos following August 4, 2020 explosion was per-
formed by the school of engineering ESIB at Saint Joseph University of Beirut, Lebanon and
Amann Engineering using 3D laser scan measurements and four ultraprecise triaxial incli-
nometers installed in strategic locations on the remaining standing silos (Figure 1 and 2).

The explosion generated an immediate 20 to 30 cm horizontal tilt in the silos, measured
East to West. Since that time, the remaining standing silos have been tilting. In fact, the South
block silos have been stabled since November 2020 while the North block silos tilt shifted
since the blast West to East, towards the explosion crater. In July 2022, fire in the silos,
caused by the fermentations of the remaining trapped grains in the silos that could not be re-
moved for several reasons, caused an increase in the rate of silos’ inclinations. As a result,
silos # 35, 42, 33 and 40 fell on July 31, 2022, silos 49, 56, 47 and 54 fell on August 4, 2022,
and silos # 63, 70, 77, 84, 82, 75, 68 and 61 fell on August 23, 2022 (Figures 1 and 2). Note
that no injuries were reported following the collapses as the authorities’ evacuated parts of the
port area in anticipation of them.

Researchers have been studying the failure of real case studies structures including col-
lapsed silos [19 to 23] to prevent future incidents. Since Lebanon is in an active seismic zone
and its prone to several seismic events, the behavior of the remaining standing South block
silos was simulated in this paper using the Finite Element Software Abaqus following differ-
ent seismic loadings. The obtained data will serve as guidance of how a damaged structure
can behave after a large explosion and partial collapse. Finally, following the decision of the
Lebanese authorities to preserve the remaining tilted standing silos to serve as a memorial for
August 4, 2020 explosion, a repair and strengthening method of the South block silos using
numerical analysis is presented.
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Figure 1: a) The damaged grained Beirut port silos, after August 4, 2020 blast [24] and b) The collapse of the
North block silos [25].
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Figure 2: Silos’ name tag, status, and tiltmeters’ positions Beirut port silos.

2 BEIRUT PORT SILOS

The grain storage Beirut port silos were built in 1968 in three phases at a cost of $2.8 mil-
lion. Beirut port silos, the largest grain facility at the time, was equipped with loading and un-
loading equipment for ships, railway wagons and cars [26]. As shown in Figure 3, engineers
constructed 24 silos formed of 8 columns X 3 rows during phase 1 (in 1968), 18 silos formed
of 6 columns X 3 rows during phase 2 (in 1969) and 6 silos formed of 2 columns X 3 rows
during phase 3 (in 1997). Thus, the silos, completed and put into operation in 1969, consisted
of 14 columns X 3 rows of 48 m high, 8.5 m diameter cylindrical silos with a bearing storage
capacity of 105 000 tons of grains. And then in 1997, after the addition of 6 silos, the struc-
tures’ grain storage capacity was increased by 15 000 tons of grains. Note that from 2000 to
2002, the engineers reinforced the inner walls of the outer silos due to concrete carbonation
caused by the deterioration of the cells by the exposure to humidity and seafront. The inner
wall of these silos was increased by 12 c¢m; the silos’ original wall thickness was equal to 17
cm.

The concrete silos, constructed with a special water-resistant prescribed type of cement
having a mean compressive strength of 30 MPa, were heavily reinforced. On average, the hor-
izontal and vertical reinforcement are formed of 14-mm reinforced steel diameter every 180
cm and 12-mm reinforced steel diameter every 300 cm, respectively. As for the foundation,
the Beirut port silos were built on 2500 square (30 X 30 cm) concrete piles driven to embed-
ded lengths between 15 and 17 m in backfill soil consisting of 2 m of miscellaneous backfill
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sand material and 15 m of sandy material that presents some levels of gravel and clay. Note
that the water table was below the bedrock level.

The grain storage silos situated few meters from the center of the explosion, 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 12 at the port, absorbed part of the blast
energy and shielded some of the Western part of Beirut’s structures. The August 4, 2020 ex-
plosion destroyed the first and second row of Beirut port silos (the East-face cylinders) while
it damaged the third row (the Western-face cylinders) that has been tilting since the timing of
the blast (Figures 1 and 2).

Following the explosion, the silos tilted 20 to 30 cm East to West with the highest defor-
mation noted on silos #56 and 63 on the North block [11 to 15]. Even though the silos tilted
away from the explosion crater at first (Hamra side), their rotation was shifted as of phase 1:
West to East, towards the explosion crater. Note that, the collapse of the North block silos in
August 2022, shredded by the massive August 4, 2020 explosion, was inevitable since the
structure was beyond repair; severely damaged and unstable.
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Figure 3: Vertical section and the construction phases of the Beirut port silos.
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3 FINITE ELEMENT MODEL

The FE software, Abaqus, was applied to analyze the seismic behavior of the remaining
standing Beirut port silos using three-dimensional model. The geometric model consisted of
the 6, 8.5 m diameter, 48 m height tilted South block silos having a 29 cm wall thickness. The
reinforced concrete silos were simulated using 4- node doubly curved shell, reduced integra-
tion, hourglass control, finite membrane strains S4R shell elements. Moreover, 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 nonlinear behavior of the reinforced concrete under the static (the tilting phase) and
dynamic loadings were modeled in Abaqus using the concrete damage plasticity model while
incorporating strain rate effects (Figure 4). Moreover, the inelastic/plastic behavior of the
steel reinforcement was simulated using elastic-perfectly plastic material by defining the steel
yield stress. The relevant properties of the reinforced concrete and steel used in the FE model
are presented in Table 1 and Figure 4. p = density (kg/m*), E = Young modulus (GPa), v =
Poisson’s ratio, g, = yield stress (MPa), K = the ratio of the second stress invariant on the ten-
sile meridian, fb0/fc0 = the ratio of initial equibiaxial compressive yield stress to initial uniax-
ial compressive yield stress, y = dilation angle (°), f'c=concrete compressive strength (MPa).
Note that the concrete and steel reinforcements in the silos were tied using the tie command in
Abaqus and the base of the silos was assumed fixed.

The analysis in Abaqus contained two steps. First, the silos were displaced, based on the
3D scan and tiltmeters’ data, to simulate their real movement since the day of the blast. Sec-
ond, different seismic loads were applied at the base of the tilted silos, as detailed in Figure-
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The seismic events were chosen having PGA values between 0.25 and 0.35g based on the
seismic hazard for Lebanon study by [27] that shows that Lebanon is in zone 3 having a PGA
value of approximately 0.25 g for a 475-year return period and 0.35g for a 950-year return
period. Consequently, the structural status of the silos was generated. Note that a 5% damping
ratio was considered in the analysis. Unlike the blast loading that resulted from August 4,
2020 explosion and released rapid hot gases, enormous amount of energy as well as high tem-
perature and pressures in only milliseconds and produced a spherical-type wave that went
from the superstructure to the foundation; the seismic loading forces the seismic wave to go
up from the foundation to the superstructure and affects the system natural frequencies.
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Figure 4: Stress-strain relation of the reinforced concrete in compressive and tensile region-concrete damage
plasticity model with high strain rate effect.

Concrete p (kg/m®) 2400 Steel p (kg/m?) 7850
E (GPa) 43 E (GPa) 206
v 0.2 v 0.3
w (%) 31 o, (MPa) 448
Eccentricity 0.1
fb0/fc0 1.16
K 0.67
Viscosity parame- 0
ter
Backfill p (kg/m®) 1500 Sandy Soil with p (kg/m®) 1700
material E (GPa) 40 some levels of E (GPa) 25
gravel and clay
% 0.25 v 0.25
c (kPA) 2 ¢ (kPA) 10
D (°) 44 D (°) 38
y () 2.5 v () 10

Table 1: Material properties
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Figure 5: Acceleration with respect to time of El-Centro (1940), Alkion (1981) and Loma Prieta (1989) earth-
quakes.

4 RESULTS AND ANALYSIS

To study the effect of seismic loading, the displacement response of the remaining standing
South block silos (Silos #124, 117, 110, 103, 96 and 89, as indicated in Figure 2) was investi-
gated under 3 earthquakes: El-Centro (1940), Alkion (1981) and Loma Prieta (1989). The re-
sults, presented in Figure 6, indicate that the simulated seismic cases cause an immediate
tilting of the silos towards the Hamra side (away from the explosion crater) under El-Centro
(1940) earthquake and towards the explosion crater under Loma Prieta (1989) and Alkion
(1981) earthquakes. In fact, the horizontal displacements of the stable South block silos in-
crease from 3 to 30 cm (static condition, in February 2023) up to 73 c¢cm under El-Centro
(1940), while they decrease up to -1 cm under Loma Prieta (1989) and Alkion (1981), respec-
tively (Positive displacement is towards the West/Hamra side while Negative displacement is
towards the explosion crater). For example, the horizontal displacements at top of silos # 124
and 89 increase from 3 and 20 cm in February 2023 to 59.1 and 69 cm under El-Centro (1940)
earthquake, while they decrease to 2 and 13 ¢cm and -0.4 and 7 cm under Loma Prieta (1989)
and Alkion (1981) earthquakes, respectively.

To present the state of damage of the simulated cases, the silos’ damages in compression
and tension were extracted from Abaqus. Figure 7 presents the South block silos’ displace-
ment, as well their status in damage and compression when hit by El-Centro (1940) earth-
quake. The amount of silos’ damage, extracted from the FE model, presents the degradation
of the silos’ elastic stiffness, and is described by the compressive damage variable “d.” (dam-
age 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 Figure
8. The percentage of the damaged surface having undergone the amount of damage indicated
is presented on the ordinate and the damage indicator (1 refers to completely damaged ele-
ments/surfaces) is presented on the abscissa. As shown in Figures 7 and 8, only 30% of the
silos’ surface underwent some level of damage. As detailed in Figure 8, only 27% of silos sur-
faces were 100% damaged under Alkion (1981) while only 18% and 13% of silos surfaces
were 100% damaged under El-Centro (1940) and Loma Prieta (1989). The obtained results
are in accordance with the North block silos’ mode of failure depicted after their collapse. The
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tilted silos fell on themselves without marking severe damaged surface first. As a result, any
seismic load experienced in Lebanon will cause an important tilting of the remaining standing

silos ending in severe silos’ displacement, damage and high-risk of collapse.
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Figure 6: Maximum horizontal displacements at top of the South silos under different seismic loadings.
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Figure 7: a) Horizontal displacement, b) SDEG output b) Damage in Compression and d) Damage in Tension
(Damage variables range from 0 (no damage) to 1 (destruction)) of South Block silos hit by El-Centro (1940)

earthquake (fixed-based case).
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Figure 8: The cumulative surface damage rate curves of the different simulated cases.
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5 REPAIR AND STRENGTHENING METHOD

As depicted by the 3D scans and tiltmeters’ data obtained by [11-15], the high rate of the
silos’ tilting over the past two and half years was manifested by the appearance of new cracks
on the bottom of the silos’ walls. These cracks values mean that the damage is not superficial
but deep and extends to the pile foundation. In fact, Ismail et al. [12-14] obtained that the pile
cap as well as the head of the driven piles displaced on average 35 c¢m in the direction of the
explosion. This value exceeds the allowable limits in all design codes, indicating that the
piles’ head deformed beyond their elastic limit and thus, the piles are severely damaged.

An explosion on the ground surface produces an air blast pressure as well as a ground
shock near the structures that lie close to the detonation point, such as in the case of Beirut
port silos. As mentioned previously, Beirut port silos in the late 1960s were built in 2 phases
on predominantly sandy fill soil with a silty nature. The percentage of fines varies in the soil
beneath the silos. Nevertheless, the highest percentage is located below silos # 126, 128, 130,
133, 135 and 137; i.e. below the destroyed South block silos. The blast exposed but did not
widen the 1.2 m concrete gap at the construction joint between the Phase I and Phase I silos
[11-15]. Moreover, the office building located next to the South block was destructed by the
blast in addition to the first two silos of the South block: silos #137 and 130. Since the 30 X
30 cm, 15 to 17 m length slender piles were not designed to resist a lateral stress such as the
one created by the underground component from the blast, then the closer to the explosion
epicenter, the more likely the piles got damaged. As observed by the 3D scans and tiltmeters’
data [11-15], the rate of silos’ inclination increased during the wet season. As a result, the ob-
served cracks at the bottom of the silos caused by the movement of the silos, indicate that the
underground concrete piles are heavily damaged, and the structure-foundation-soil platform is
getting compacted and sinking into the ground. In other words, the remaining standing silos
are rested on damaged pile foundation.

Following the decision of the Lebanese authorities to preserve the remaining tilted standing
silos to serve as a memorial for August 4, 2020 explosion, we present hereafter using Abaqus,
a repair and strengthening method of the remaining standing South block silos. As such, the
strengthen three-dimensional model was formed of the tilted reinforced concrete silos, the pile
cap, the pile foundation, and the soil medium. The silos’ wall thickness was increased from 29
to 41 cm. Moreover, the pile cap size beneath the remaining South block silos was increased
by 3 X 1.12 m from the sides (length X thickness). Finally, 30 X 30 cm, 15 m length square
driven piles were inserted below the new pile cap every 1 m. The pile cap and piles were em-
bedded in a 200 X 200 X 17 m soil medium. 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. To account for the absorbed energy from the un-
bounded soil domain, the far-field soil, in both horizontal directions, was modelled using 8-
node linear one-way infinite brick elements CIN3D8 [28]. Finally, to simulate bedrock condi-
tions, the bottom soil boundary was defined as a rigid boundary. Table 1 details the material
properties adopted in the numerical model. In Table 1, ¢ is the soil cohesion (kPa) and @ and
w are the friction and dilation angles (°). In this study, the silos, pile cap, piles, and soil were
modelled by tying and embedding the different parts together. Note that the strengthened nu-
merical model was only hit in this section by El-Centro (1940) earthquake.

The results, detailed in Figure 9, indicate that adopting this strengthening solution decreas-
es the amount of silos’ displacement provoked by the seismic load significantly. In fact, the
displacement at top of the silos decreases on average from 62 cm (fixed-based case) to 31 cm
(SSI case) and 12 cm (SSI-reinforced case). SSI case refers to the reinforced numerical model
while SSI case refers to the tilted silos, rested on the original/unstrengthen pile cap embedded
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in the soil domain. For example, the displacement at top of silo#89, increases from 19.93 cm
(static condition, displacement in February 2023) to 68 cm and 33.57 cm for the fixed-based
and SSI cases while it decreases to 10 cm for the SSI-reinforced case.
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Figure 9: Maximum horizontal displacements at top of the South silos under El-Centro (1940).

6 CONCLUSIONS

Beirut port silos’ structural health response was monitored since August 4, 2020 using 3D
laser scan measurements and triaxial inclinometers installed on strategic locations on the
South and North block silos. Since Lebanon is in an active seismic zone, the behavior of the
remaining standing South block silos was simulated in this paper using the Finite Element
Software Abaqus following different seismic loadings. Moreover, following the decision of
the Lebanese authorities to preserve the remaining tilted standing silos to serve as a memorial
for August 4, 2020 explosion, a repair and strengthening method of the South block silos is
presented. The obtained results showed that:

e The remaining standing South block silos will be highly tilted under any earthquake

loading. The horizontal displacements of the stable South block silos increase from 3 to
30 cm (static condition, in February 2023) up to 73 c¢cm under El-Centro (1940), while
they decrease up to -1 cm under Loma Prieta (1989) and Alkion (1981), respectively.
Moreover, only 30% of the silos’ surface undergoes some level of damage.

e Any seismic load experienced in Lebanon will cause an important tilting in the remaining
standing silos ending in severe damage and high-risk of collapse.

e The strengthened solution consisting of increasing the silos’ wall thickness from 29 to 41
cm, extending the pile cap an additional 3 X 1.12 m from the sides and inserting 15 m
length 30 X 30 c¢cm square driven piles every 1 m below the new pile cap improves the
behavior of the remaining standing silos under seismic conditions.
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