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Abstract. Recent terrorist attacked has raised the importance of studying the structural response under blast
loads. Most of the past research has focused on the superstructure performance without considering the
foundation behavior under blast loads. In this research, a pile foundation system was analyzed using detailed
finite element analysis using ABAQUS under blast load to investigate the effectiveness of different mitigation
techniques. The foundation system includes nine concrete piles encased in steel pipes with external diameters
of 0.6 m. The piles have a length of 20 m in silty clay and stiff clay layers. The piles are connected using a
reinforced concrete raft with dimensions of 10 mx10 m and a thickness of 1 m. The blast load considered
resulted from a surface explosive charge of 457 kg of TNT at a standoff distance 2.5 m from raft and at a
height of 0.56 m above ground surface. The raft was loaded by 200 kN/m2 to represent the load transferred
from the structure. Barrier walls from different materials including aluminum, rubber, Thermoplastic
polyurethane (TPU) and Expanded Polystyrene (EPS) were considered to mitigate the blast load effect on the
pile foundation. Also, an open trench before the raft was considered and compared to the used wall barriers.
It was observed that the open trench and a wall barrier from Expanded Polystyrene showed the best mitigation
to the blast effect compared to the original case and other wall barriers from different materials. A parametric
study was conducted to optimize the selected EPS wall barrier in terms of thickness and depth.

1. Introduction

After the recent attacks on many iconic buildings, many researchers have focused in their research on
the structural response of buildings when subjected to blast loads and possible solutions to mitigate the risk
of this threat [1-6]. Due to the complexity of the problem and the severe damage occurring in the
superstructures, most of the research conducted in this area focused on the analysis and response of the
superstructure without taking in consideration the effect of the foundation. Dynamic waves resulting from
surface blast explosions can severely damage the foundation and underground structures through dynamic
loads exerted from reflected waves after hitting the ground [7-9].

Most of the research work addressing the soil and structural response of foundations and underground
structures under blast loads was conducted through finite element analysis using powerful packages such as
ABAQUS [10], LS-Dyna [11] and ANSYS [12] to consider the nonlinearity of materials, soil block modeling
with its boundary conditions and dynamic loads exerted on soil and underground structures and foundations
[13-18]. The finite element analysis provides well representation of the problem without the need for
experimental work, which is hard to perform and this explains the limited research work in this area [19-20].

Representing the blast loads in the finite element analysis needs careful consideration in order to obtain
accurate results and real simulation. Based on spherical explosive charges, most of empirical equations were
developed in order to calculate the pressure that is generated by air, surface, subsurface or under water
explosives on structures [7—-9, 21-26]. The calculated pressure exerted by blast loads through these empirical
equations is affected by different parameters such as the weight of explosive charge, its duration, time of wave
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arrival at the structure and particle displacement, velocity, and acceleration. The pressure generated on soils
depends on soil properties such as void ratio and water content, especially in cohesive soils compared to
granular soils with high relative density [21, 26].

The shape of the crater developed in soils due to blast explosions is significantly affected by the weight
of explosive charge. Explosives with higher weights lead to significant increase in energy dissipation. Pile
foundations subjected to surface blast loads may not be used to support superstructure after the blast because
of the high horizontal stresses developed in the top portions of piles close to the explosive charge [27].

Many researchers investigated ways to mitigate the risk of blast loads on underground structures using
barriers. The studied solutions included using barriers from different materials between the surface explosion
and the underground structure as well as using trenches filled with polystyrene foam. It was concluded that
these solutions had great influence on reducing the blast risk on underground structures especially using
compressible geofoam barrier made of polyurethane [28—31].

In this research, the effectiveness of using different techniques to mitigate the blast load effect on pile
foundation and surrounding soil was investigated using detailed finite element analysis using ABAQUS. The
pile foundation includes nine piles connected with a raft foundation. The mitigation techniques included the
using open trench or wall barrier from different materials such as aluminum, rubber, thermoplastic
polyurethane (TPU) and expanded polystyrene (EPS). The blast load effect was considered through an
explosive charge of 457 kg of TNT placed at a standoff distance of 2.5 m from the edge of the raft and at a
height of 0.56 m above ground surface. All barrier walls are assumed to have 0.25 m thickness and placed
at the edge of the raft foundation. The walls extended to 5.0 m below the ground surface. After comparing
the effectiveness of using these techniques, a parametric study was conducted to optimize the use of the
most effective mitigation technique in order to obtain the best protection of the pile foundation under blast
load.

2. Methods

First, in order to verify the representation of blast load on soil block and its effect on the formation of the
soil crater in terms of its radius and depth, a soil model was created using ABAQUS with its CONWEP
representation of blast load. The results were compared to that obtained from previous empirical equations
provided by Cooper [9] and Gould [32] and previous finite element model [33]. The developed finite element
model is shown in Figure (1.a). The soil block had the dimensions of 100 mx100 mx50 m and 10 m of
non-reflected boundaries in both X and Y directions and used a fixed boundary in Z direction. A 100-kg
spherical charge with a density of 1630 kg/m? was used. The scale distance R from the surface of the earth to
the center of the charge was 0.50 m to confirm that the CONWEP will work well with the target surface X-Y
surface.
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Figure 1. Finite element model of soil block used for verification.
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b) Time history of vertical displacement at center of crater

An elastic—plastic analysis using the Drucker-Prager Cap model was conducted. The apparent crater
radius and depth, which were measured relative to the original surface, were compared to the empirical
equations and previous finite element model (Table 1). Figure 1.b shows the time history of the vertical
displacement of the center of crater after the soil block was subjected to the blast load.

Table 1. Crater depth and width from numerical analysis, empirical equations.

Method Apparent Crater Radius (m) Apparent Crater Depth (m)
Cooper [9] 1.80 -
Gould [32] 2.85 1.19
Previous Finite Element Model [33] 1.37 1.20
Developed Finite Element Model 1.69 1.27
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According to the results obtained, the developed finite element model provided results with acceptable
accuracy in terms of the radius and depth of the soil crater. Accordingly the finite element model was used in
this research.

The pile foundation considered in this study consisted of 9 reinforced concrete piles with a diameter of
600 mm each encased in 15 mm thick steel casing with a total length of 20 m. The piles are 4.2 m (center to
center) apart from each other. The piles are connected with a raft foundation with the dimensions of 10 mx10 m
with a total thickness of 1.0 m. A uniform load with an intensity of 200 kN/m2 was applied on the raft to represent
the load transferred from the structure. Blast charge of 457 kg of TNT was placed at a standoff distance 2.5
m from closest raft edge and at a height of 0.56 m above ground surface. The soil block considered had the
dimensions of 100 m x 100 m in plan with a depth of 50 m. Standard elements were used for soil block
surrounding the raft and pile foundations followed by infinite elements in order to provide quiet boundary
conditions to the finite element model. The soil profile consisted of upper layer of silty clay with a total thickness
of 10 m. This layer was followed by 40-m thick stiff clay. The soil properties are given in the following Table 2
[34]:

Table 2. Properties of soil layers [34].

Soil Property silty clay stiff clay
Young’s Modulus (MPa) 51.7 328
Poisson Ratio 0.45 0.17
Density kg/m3 1920 1920
Material Cohesion (MPa) 0.036 1.38
Material angle of friction (degrees) 24 36.9
Cap eccentricity parameter 0.3 0.33
Initial cap yield surface position 0.02 0.02
Transition surface radius parameter 0.05 0.01
Cap hardening behavior [Stress (MPa), plastic volumetric strain] [2.75, 0] [2.75, 0]
[4.83, 0.02] [4.14,0.02]
[5.15, 0.04] [5.51, 0.05]
[6.20, 0.08] [6.20, 0.09]

A wall barrier was used at closer edge of the raft with a length equals to the length of the raft (10.0 m).
The depth of wall barrier was 5.0 m with its top at the ground surface. The thickness of the wall was 0.25 m.
Figure 2 shows the arrangement of the piles, wall location and blast charge position.
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Figure 2. Pile foundation arrangement and wall location.

Different types of wall barriers were considered including:
¢ No barrier (original case)
e Open trench

o Barrier from different materials (Aluminum, Thermoplastic polyurethane TPU, Rubber and Expanded
Polystyrene EPS)

Table 3 shows the different physical properties of materials used.

Table 3. Different physical properties of materials used.

Material Modulus of Elasticity E (MPa) Poisson Ratio v Specific Weight y (kN/m?)
Aluminum 73.09 * 103 0.33 27.4
Thermoplastic polyurethane (TPU) 158 0.40 115
Rubber 76.53 0.45 1.1
Expanded Polystyrene (EPS) 7.5 0.00 1.0
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Soil block was modeled in ABAQUS using Lagrangian three-dimensional solid continuum elements.
ABAQUS CONWEP empirical model was used to model the blast load on soil and foundations through defining
the equivalent TNT explosive charge and its location. The objective of the analysis was to consider the soll
behavior including crater formation and pile foundation performance [33]. In order to represent the soil
behavior, Drucker-Prager Cap model in ABAQUS was used. This model considers soil hardening/softening
and stress path dependence [35]. CIN3D8 elements were used to model the infinite elements and the
boundary conditions of the considered soil block. These elements are 3D 8-nodes solid continuum finite
elements. C3D8R elements were used to model the concrete elements of raft and piles. These elements are
8-node solid elements with reduced integration. In order to model the inelastic behavior of concrete material
of raft and piles, concrete damage plasticity model was used. This model considers the concept of isotropic
damaged elasticity in combination with isotropic tensile and compressive plasticity. Based on the material
properties of Chopra and Chakrabarti [36], stress-strain curve was developed by Martin [37], which was used
in this study. Values of yielding and failure strains of concrete were 0.002 and 0.004, respectively. In order to
model the plasticity in ABAQUS, true stress and logarithmic plastic strain were used. Figure 3 shows the finite
element model of the soil and pile foundation.

Raft and reinforced
concrete piles

a) Raft and piles b) Whole finite element model
Figure 3. Finite element model of pile foundation and soil block.

Aluminum is modeled using Johnson-Cook constitutive model [38], which provides simple mathematical
relationship of stress-strain-temperature using material parameters; A, B, C and m as shown in Table 4.

Table 4. Johnson-Cook parameters for Aluminum [38]
A (MPa) B (MPa) C
349 426 0.0083 1

Ductile failure criterion in ABAQUS was used to model TPU. The parameters needed to model the
isotropic hardening are given in Table 5 [38]

Table 5. Isotropic hardening stress-strain values for TPU [39]

Yield stress (MPa) 11.05 25.92 45.36 119.02 265.26 295.43 390.17
Plastic strain 0 0.36 0.76 1.42 1.90 2.18 2.97

The strain rate of TPU, fracture strain for ductile damage and Stress triaxiality were assumed to be
0.001 S1, 2.9 and 0.33, respectively [39].

Hyperelastic and viscoelastic properties of rubber were modeled using ABAQUS. Neo-Hookean model
for hyperelastic behavior was used. The material constants C19, Co1 and D1 were 1 MPa, 0 and
5.085 * 102 Pa, respectively. Prony series was used to model the viscoelastic behavior of the rubber. The
material constants used were @i, Ki and 7 with values of 0.3, 0 and 0.1, respectively. These parameters can
be obtained from shear or relaxation test [40].

To model the hyperfoam material properties of EPS, ABAQUS default parameters were used to define
the strain energy function. The hyperfoam material is different from the regular hyperelastic material in terms
of its high compressibility (ABAQUS Manual). Viscoelastic behavior of the material was modeled through
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assigning values for the parameters used to define the prony series. The values used for this material were
0.5, 0.5 and 0.003 for @i, Ki and 7, respectively

Note that the dimensions of the barrier wall used were kept the same for all materials during this study,
even though it might not be practically accepted. This was decided in order to compare different responses of
these materials and to decide on the most effective one. Then the final selected material can be more
investigated to get the best enhancement can be obtained for the mitigation of blast load effect considering
the cost and availability.

3. Results and Discussions

The finite element analysis of the pile foundations, soil block and wall barrier was conducted under blast
load of 457 kg of TNT at a standoff distance 2.5 m from closest raft edge and at a height of 0.56 m above
ground surface. The effect of wall barrier used was considered through using different wall materials as well
as open trench and comparing the results with the original case, where the pile foundations are not protected.
Figures from 3 to 18 show the effect of different wall barrier from different materials and open trench on the
response of soil and pile foundation under the effect of blast load.

Figure 4 shows the soil crater developed after the blast in the original case. A typical crater shape was
obtained. The maximum vertical downward displacement in soil was 0.75 m at distance of 2.5 m from raft
edge. The soil profile was almost not affected at a distance of around 6.0 m from the raft edge in front of the
explosion. Figure 4 shows the lateral displacement of the soil for the original case. The maximum lateral
displacement was 0.17 m at 3.0 m from the raft edge in front of the explosion.

0.2
0.1
0

1
=
D

-02
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

Vertical displacement, m

Distance along raft, m

Figure 4. Crater shape (Distance measured from B).

In the first part of the analysis, the wall barrier had a thickness of 0.25 m and a total depth of 5.0 m with
its top at the same level with the top level of the raft foundation, which is at the ground surface. Figures 6 and
7 show the vertical and lateral displacement at the middle axis of the raft foundation (line BE) for different
cases considered. The maximum vertical displacement at the original case was 0.6 cm at point B. Using open
trench resulted in much reduction of the vertical displacement to around 0.1 cm, while the wall barrier resulted
in reduction of the value in most of the cases. Similarly, the lateral displacement of the middle axis of the raft
was around 0.9 cm at point B at the original case and it was reduced significantly upon using the open trench
to around 0.1 cm. EPS wall barrier resulted in considerable reduction of the lateral displacement to around
0.36 cm, and the EPS wall barrier was considered the best barrier used, in this regard.
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Figure 5. Lateral displacement in the soil (Distance measured from B).

Ibrahim, Y.E-H., Nabil, M.
51



WmxeHepHo-crpouTenbHbIiA xypHai, Ne 6(90), 2019

0.01
——EPS

0.008 B _'TPU
g .
= 0.006 ||—No barrier
g —Rubber
g 0.004 | Aluminum
.a. 0.002 ||[——Open trench
E .
u Fs
50002 oo =
-

-0.004 Z _________
-0.006

Distance along raft, m

Figure 6. Vertical displacement at raft foundation (E at zero and B at 10 m) at t = 0.03 seconds.
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Figure 7. Lateral displacement at raft foundation (E at zero and B at 10 m) at t = 0.03 seconds.

Figure 8 shows the deformation of the set of piles due to the blast load in the original case. It is clear
that the most deformed pile was the pile close to the explosive charge (number 4) and the large deformations
occurred at the top part of the piles. Figure 9 to Figure 13 show the response of the edge pile (pile number 4);
while Figure 14 to Figure 19 show the response of the central pile (pile number 5). According to Figure 9, TPU
and rubber barriers had no considerable effect on the vertical displacement at the top of the edge pile while
the vertical displacement at its top was increased in the case of open trench, EPS and Aluminum barrier wall.
The pile foundations experienced the largest residual vertical displacement of the edge pile (0.25 cm) at its
top in the Aluminum barrier case. Figures 10 and 11 show the lateral and vertical displacements over the
length of the edge pile (number 4) in all cases, respectively.
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Figure 8. Deformed shape of pile foundation at t = 0.03 seconds in the original case (no wall barrier).
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Figure 9. Vertical displacement at central of edge pile (Pile No. 4) at t = 0.03 seconds.

The maximum lateral displacement of the pile occurred at depth of 3.0 m in all cases, except for the open
trench case, where the maximum lateral displacement was at depth of 5.0 m. Open trench and EPS barrier wall
resulted in significant reduction of the lateral displacement, especially in the open trench case, compared to the
original case. Rubber barrier wall has no effect on the lateral displacement, while more lateral displacement was
obtained when using TPU and Aluminum walls. Similar results were obtained regarding the vertical displacement
of the edge pile with the occurrence of maximum downward displacement at depth of 7.0 m for most of the cases
and maximum upward displacement at its top as shown in Figure 11.
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Figure 10. Lateral displacement at edge pile (Pile No. 4) at t = 0.03 seconds.
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Figure 11. Vertical displacement at edge pile at t = 0.03 seconds.

Figures 12 and 13 show the vertical and lateral stresses developed in the pile number 4. Values of
vertical stresses did not show big variances in most of the cases, however, the lateral stresses were much
reduced in the open trench case. Higher vertical stresses were received in the top part of the edge pile with
the maximum vertical stress at depth of 3.0 m from the pile top. The maximum lateral stresses were
experienced at the top of the pile with much less stresses in lower parts of the edge pile. The open trench had
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better effect on the vertical and lateral displacements and stresses on the edge pile when subjected to blast
loads.

Considering pile number 5, which is located under the center of the raft, the lateral and vertical
displacement at the top of the pile are shown in Figures 14 and 15. By the end of the blast load duration,
significant reduction in lateral displacements was obtained in both cases; open trench and EPS wall barrier.
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Figure 12. Vertical stress at edge pile (Pile No. 4) at t = 0.03 seconds.
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Figure 13. Lateral stress at edge pile (Pile No. 4) at t = 0.03 seconds.
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Figure 14. Lateral displacement at central pile (Pile No. 5).
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Figure 15. Vertical displacement at central pile (Pile No. 5).
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Figure 16. Lateral displacement at center pile (Pile No. 5) at t = 0.03 seconds.
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Figure 17. Vertical displacement at center pile (Pile No. 5) at t = 0.03 seconds.

After reaching a conclusion that the EPS wall barrier is the best wall barrier in terms of mitigating the blast
load risk on the pile foundation, a parametric study was conducted to optimize the effectiveness of this wall barrier
in this regard. Three cases were considered to study the effect of the wall thickness of EPS wall barrier including
using thickness of 50 cm and 100 cm besides the case considered earlier (25 cm) and comparing these cases
with the original case that has no wall barrier. The results of this parametric study are shown in Figures 20 to 27.
According to the results, considerable enhancement was obtained upon increasing the wall thickness in terms
of the lateral and vertical displacements over the pile length (Figures 20 and 21, respectively for edge pile), time
history of lateral and vertical displacement at the top of the central pile (Figures 22 and 23, respectively), lateral
displacement over the length of the central pile and finally the vertical displacement along the central X-axis of
the raft. The top half of the edge pile experienced large lateral displacements in all cases while no noticeable
lateral displacements were spotted in the lower part. The maximum vertical displacements were obtained at a
depth of 8 to 10 m in all cases. Increasing the wall barrier thickness from 50 cm to 100 cm has a negligible effect
on the enhancement of the pile foundations under blast loads. According to the importance of the building and
the possibility of being targeted in a terrorist attack, the designer and the owner may choose the thickness of the
wall barrier to mitigate the blast load risk on the foundation. According to the results obtained, the maximum

recommended wall barrier thickness is 50 cm.
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Figure 18. Lateral stress at center pile (Pile No. 5) at t = 0.03 seconds.
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Figure 19. Vertical stress at center pile (Pile No. 5) at t = 0.03 seconds.
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Figure 20. Lateral displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 21. Vertical displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 24. Lateral displacement at central of Pile No. 5 at t = 0.03 seconds.

Figure 25. Vertical displacement along line BE at raft at t = 0.03 seconds.
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Figure 22. Lateral displacement at central of Pile No. 4.
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Figure 26. Lateral displacement along line BE at raft.
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Figure 27. Vertical stress along Pile No. 4.

On the other hand, it might be considered to increase the depth of the wall barrier to provide better
protection for the pile foundation system. The original case considered had wall barrier with a total depth of
5.0 m. Most of the large deformations obtained in piles were observed in top 5.0 m of the pile length.
Accordingly, another parametric study was conducted to investigate the effect of having different depths of
wall barrier including 10.0 and 15.0 m and the results were compared to the case considered earlier (depth of
5.0 m) and the original case that had no wall barrier. The results are shown in Figures 28 to 31. According to
the results obtained, increasing the wall depth had no significant enhancement on the pile and foundation
performance under blast load. There was no considerable protection obtained upon increasing the depth of
the wall barrier to 10.0 or 15.0 m against the surface blast load. A depth of 5.0 m of EPS wall barrier was
considered the optimal wall barrier in all cases considered.
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Figure 28. Lateral displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 29. Vertical displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 30. Lateral displacement of Pile No. 5 over its length at t = 0.03 seconds.
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Figure 31. Vertical displacement of Pile No. 5 over its length at t = 0.03 seconds.

4. Conclusions

A finite element analysis using ABAQUS was conducted to study the effect of surface blast load on pile
foundation considering different techniques in order to reduce the risk of the blast load. The pile foundation
system consisted of nine 20-m length concrete piles encased in steel pipes with external diameter of 0.6 m
and connected with a raft foundation of 10.0x10.0 m in plane dimensions and a thickness of 1.0 m. The soil
profile consisted of upper layer of silty clay with a total thickness of 10 m. This layer was followed by 40-m
thick stiff clay. The raft was loaded by 200 kN/m?2 to represent the load transferred from the structure. Explosive
charge of 457 kg of TNT was assumed at a standoff distance 2.5 m from raft and at a height of 0.56 m above
ground surface. Different techniques were considered in the study including using open trench before the pile
foundation and wall barrier from different materials with a dimension of 10.0 m length, 0.25 m thickness and a
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depth of 5.0 m with its top at the ground surface. According to the results, the following conclusions were
obtained:

1. The open trench provides significant protection to the pile foundations under blast load effect. The
enhancement in the response of the pile foundation upon using the open trench was better than all the wall
barriers used.

2. Wall barriers can provide good enhancement of response of soil and pile foundation against surface
blast load. However, the material of the wall barrier can play a vital role in this effect. Expanded Polystyrene
(EPS) was the best material used for the wall barrier due to its hyperelastic and viscoelastic properties.

3. The protection provided by the wall barrier to the pile foundation against surface blast load is
significantly affected by the thickness of the wall barrier. Larger thickness of wall barrier provides better
enhancement and protection to the pile foundation. However, this should be considered with the cost of the
wall barrier and the importance of the building and how susceptible to possible terrorist attack.

4. A depth of 5.0 m is sufficient for the wall barrier to provide significant protection to surface blast load
threat. Larger depths provide slight enhancement that is not worthy compared to the increase in cost and
construction challenges.

The study will be extended to investigate if similar results can be obtained when considering the effect
of surface blast load on underground structures considering different parameters as the depth of underground
structure, soil profile and various possible mitigation techniques.
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