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ABSTRACT

Most of the structures that are damaged by an explosion are not initially designed to resist this kind of load.
In the overall structure of any building, columns play an important role to prevent the collapse of frame structure
under blast impact. Hence, the main concept in the blast resistance design of the building is to strengthen the blast
loading capacity of the column. In the present study, the dynamic analysis and numerical model of Ultra High
Performance Concrete (UHPC) column under high explosive load, is presented. Based on the Johnson Holmquist
2 damage model and the subroutine in the ABAQUS platform, a total of twenty numerical models of the UHPC
column were calculated. The objective of the article is to investigate the structural response of the UHPC column
and locate the most vulnerable scenarios to propose necessary recommendations for the UHPC column in the blast
resistance design. The input parameters, including the effect of various shapes of cross-section, scaled distance,
steel reinforcement ratio, and cross-section area, are analysed to have a better understanding of the UHPC column
subjected to the blast load. Based on the results of this study, the UHPC circular column was demonstrated to
achieve great blast resistance capacity. Details of the numerical data, and the discussion on the important results,
are also provided in this paper.
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1. INTRODUCTION

Ongoing different accidental or intentional events related
to the explosions lead to loss of lives as well as the infrastructure,
thereby increasing the importance of analysis for structures
under blast loading'. Hazard assessment and dynamic response
investigation of structures under a blast is an interesting topic
that always attracts the attention of researchers. One of the
important measures to resist blast loading and reduce damage
to structures is to study material characteristics and their
relationship with structural design®.

A large number of concrete structural members are
constructed as a part of the urban environment, as well as
a part of the infrastructure. Based on fracture mechanics,
conventional concrete is known as a typical brittle material and
its dynamic behaviour depends on the strain rate which has
a significant impact on the evolution of damage. In the blast
resistance design, high energy-absorbing capability material is
a vital factor, implying that the structures with large plastic
deformation capacities are therefore desirable. However,
conventional concrete with its brittle characteristic does not
fulfill this requirement®. In the past decades, researchers have
focused on developing new concrete composites, such as
UHPC. UHPC study is implemented widely and 200MPa of
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compressive strength or even over 200MPa can be obtained
with advanced production technology* . It has commonly been
assumed that the enhancing compressive strength of concrete
may cause higher brittle property. Nevertheless, the demanding
requirements of the component and the proper content addition
of steel fiber into the UHPC mix have a positive effect on its
ductility. Compared to plain concrete material, UHPC shows a
greater energy-absorbing capability'®12,

Most of the buildings adopt columns as the main support'.
Therefore, studying the UHPC column subjected to blast
loading, is importantly meaningful in the blast loading resistance
design of the frame structure. Fujikura & Bruneau'* conducted
the tests on quarter-scale reinforced concrete bridge columns
subjected to the close-in explosion without the application of
axial load. After the test, the seismic resistance columns did
not show ductile response but experienced brittle failure due
to direct shear at the base. Williamson®, et al. investigated the
structural behaviour of a total of 10 reinforced concrete bridge
columns under blast loading. Input parameters including steel
bar ratio, column aspect ratio, and standoff distance were
considered. The obtained results revealed that compared to
the non-seismic resistance design, the seismic design column
shows a more significant performance under blast loading.
Besides, the noteworthy results of structural behaviour for
conventional concrete columns under the blast can be found
in the literature of Ref ', etc. For UHPC material, only a
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few experiments related to the column subjected to blast were
performed. Astarioglu & Krauthammer?® used the simulation
method to study the blast resistance of UHPC column under
blast load. Using the SDOF approach, the effect of material,
boundary condition, and the axial load was considered. They
concluded that compared to normal concrete, UHPC columns
reduced nearly 30% of deflection. Nine compact-reinforced
composite (CRC) columns and a proprietary UHPC column
using a shock-tube, were tested by Aoude?!, ef al. They reveal
that fiber and steel reinforcement can impact the effectiveness
of the column whereas UHPC contributes to the improvement
in damage tolerance. Recently, Su?, et al. conduct experiments
to investigate the response of columns made of UHPC material
with nanoparticles under blast action. Based on the results, they
hold the view that such material possesses great blast resistance
capacity. Obtained results from these studies reveal that UHPC
columns are found to greatly reduce maximum displacement,
residual displacement as well as demonstrate the potential of
UHPC material to strengthen the blast resistance capacity of
the structure.

Due to the strict requirements for blast experiment,
extensive testing regimes will entail time and high cost that
constraint the application of UHPC in real life structures.
Nowadays, the FEM has become a crucial tool in engineering
research, particularly for blast loading simulation. This study
presents the simulation model, using the JH2 approach to
investigate the dynamic response of the UHPC columns under
blast action.

2. MATERIAL AND METHOD

In terms of the existing dynamic constitutive model, the
JH2 model represents a good compromise between complicated
requirements of dynamic analysis and accuracy for large-
scale computations. In the JH2 model, each state possesses
its strength equation in which describes the relationship of
normalised pressure against equivalent stress. The detailed
mathematical formulation of the JH2 model can be found in
studies of Holmquist®*?*, et al. This section only presents the
basic equations of the JH2 model.

In the JH2 model, the strength is determined by the
equivalent stress as:

c ZG:—D(G;—G;) )]
where: D is a scalar damage parameter. o;,c, define the
normalised intact equivalent stress and the normalised fractured
equivalent stress, which can be express in the equations:

o, = AP +T)" /(1+Clng) )
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A; B; C; M, and N, are the material parameters. € is the
strain rate. The normalised pressure P* and maximum tensile
hydrostatic pressure 7* can be written as:

P* =P / P HEL (4)
T"=T/T,, (%)
P and T are the actual pressure and maximum tensile

pressure, respectively. P, is the pressure at Hugoniot elastic
limit (HEL).

The damage propagation in the JH2 model with the plastic
strain is expressed as:

—pl

D=y 25— ©)
g s(P)
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. —pl
D,, D, denote the constants of the material. Ag" represents

the increment of the plastic strain, and Eplf (P) is the equivalent
plastic strain at failure state.

Although the JH2 model has not been implemented in
ABAQUS for numerical simulations yet, however, a designed
subroutine can provide suitable variables according to user
requirements. This subroutine is to describe the characteristics
and the constitutive law of UHPC material. The validation of
the proposed model is discussed in the following section.

3. RESULTS AND DISCUSSION
3.1 Verification of the Simulation Model

It is necessary to validate the proposed model to verify
the accuracy of the simulation and the corresponding results.
The important aspects to be verified including modelling blast
dynamics and non-linear response of the structure. According
to the JH2 approach, Mai?, et al. used numerical simulation to
investigate the dynamic behaviour of UHPC panels under high
explosion. The analysis results in comparison to the test of
Mao?, et al. demonstrated the accuracy of the supposed model.
Detailed results are presented in the study of Mai®, et al. In the
present study, a subroutine integrated on the Abaqus software,
using the JH2 approach, was designed to simulate the UHPC
column under blast load. Four UHPC columns under different
loading conditions such as TNT equivalent charge weight,
axial load, were analysed. The obtained results are compared
to the experimental data of Xu?’, et al. The material parameters
and details of the UHPC columns are listed in Tables 1(a),
1(b)®%. The geometry of the UHPC column, experimental
model, and 3D simulation model in ABAQUS are shown in
Figs. 1(a), 1(b), 1(c). In the numerical simulation, the three-
dimensional eight-node reduced integration (C3D8R) element
type is adopted for the concrete element. C3D8R element has
eight nodes with three degrees of freedom, three translations
in x, y, and z directions. C3D8R element can be used for
3D modelling of solids with or without reinforcement and it
is capable of accounting for cracking of concrete in tension,
crushing of concrete in compression, creep, and large strains.
3D linear truss (T3D2) elements are used to model the steel
bar. This element is to model slender, line-like components
with only axial loading along with the element.

The CONWEP (Conventional Weapons Effects) blast
loading model, which is based upon the results of tests and
the effects of the blast, was selected in this study. This model
contains both positive and negative phases on a user-defined
amount of TNT at a given distance from the explosion source®®3!,
Figs. 1(d)-1(g) show blast pressure during time history and the
energy result of blast simulation. The blast overpressure, P,
for a high explosion of 35kg TNT and 17.5kg TNT equivalent,
is 38.27MPa and 20.54MPa, respectively. Hourglass energy
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condition, specimens, etc. Therefore, less than a 10%
disparity between simulation results and the test result is
acceptable.
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R ] wig) x 3.2 Parametric Studies
1] £ 3.2.1 Shape Parameter of Column
- " Effect of shape parameter on the structural behaviour
A s of UHPC columns under blast loading, including square
i HH| & ; cross-section, octagonal section, and circular section,
(a) (b) is investigated. A 500x500 mm square column is the
z® ol 1 controlled model. By equating the volume of this square
?m Eg’ e column, the cross-section of the octagonal and circular
] g column can be obtained. These columns contain 1% steel
290 ) . .
E of 1 reinforcement bar volume under stand-off distance of the
2o detonation is 1.5m. The applied explosive charge weight
, is 50 kG TNT equivalent. An axial load of 7100 KN (20%
10 | | ‘ Time (msec) A O R O O ) Table 1. (a) Material parameters for UHPC, (b) Details
0. 02 04 06 0.8 10 0. 02 04 0.6 08 10 12 .
@ © of UHPC columns in the test of Xu?, et al. , and
o N (c) Deflection result after the blast
%110 H .
100 [ ——Total Energy ;Z -~ (a)
2 90 ——Kinetic Energy 2 -
& g - lmemal Energy £ Variable  Description UHPC
70 &
60 2 p (kg/m®)  Density 2550
50 Qo -60|
40 7ol o /. (MPa) Compressive strength 158
30 - —
2 . zz —um /. (MPa) Tensile strength 8.4
10 Tims (ms)] ol i i i i i i i Time (sec)
0 % = s P b 20 0% 602 007 006 005 010 012 014 016 018 020 G (MPa) Shear Modulus 33200
® (® A Failure Surface Constant 0.79
Figure 1. (a) Geometry of UHPC column in the test of Xu, (b) Test B Failure Surface Constant 0.79
model, (c) 3D model in Abaqus, (d, e) blast wave pressure- .
time history, (f) Energy result from blast simulation, and c Failure Surface Constant 0.007
(g) Deflection result after the blast. &'y The reference strain rate 1
S Material Constant 12.5
represents artificial strain energy for the whol§ model DD, Material Constant 0.05/1
(ALLAE). The smaller value of hourglass energy indicates the p - he HEL 0
accurate simulation result, and this value must be less than 10% HEL e pressure at the
of the internal energy®. In the 35 kg TNT equivalent blast, the K, (MPa)  Equation of State Constant 8.5
hourglass energy is 3.9 kJ, which is 3.5% of the largest internal K,(MPa)  Equation of State Constant 17.1
energy (111. . . i i :
gy (111.5 kJ). In the 17.5 lfg TNT equivalent ex@osmn, K,(MPa)  Equation of State Constant 20.8
0.6 kJ hourglass energy value is 1.1% compared to internal
energy (50.48 kJ). These hourglass energy values demonstrated (b)
the accuracy of the simulation result. Furthermore, Table 1(c) Column TNT Axial Stand-off
and Fig. 1(g) show the value of maximum deflection and o equivalent (kg) load (kN) distance (m)
permanent deflection at the mid-span of the column after UlA 35 0 15
the blast. An agreement between the experimental and finite
element results are obtained except for permanent deflection UlB 17.5 0 15
of column UlA. This discrepancy could be attributed to the U2A 35 1000 L5
real factors in a blast test such as charge weight, environmental U2B 175 1000 15
(©
Col Max. deflection ~ Max. deflection Disparity Permanent deflection Permanent deflection Disparity
) ) (2) % 1) () %
UlA - 98.54 mm - 21 mm 24.95 mm 15.8
UIB 63 mm 58.10 mm -7.7 18.5 mm mm 16.7 mm -9.7
U2A 68 mm 74.46 mm 8.6 23 mm 21.83 mm -5.1
U2B 29.3 mm 30.9 mm 5.5 4 mm 4.28 mm 7

Note: (1)- Xu’s test; (2)- Simulation’s result
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of load capacity) is enabled to act on the head of

Table 2.

Damage state of UHPC column after the explosion (percentage by

all columns. Details of these columns are shown in volume)

Figs. 2'(3)’ 2(b), 2(c)- . . . Cross-section Standoff Light Moderate  Severe Collapse
Figure 2(c) depicts the maximum deﬂect%on 1 distance (m) damage damage damage p

of the UHPC column for various cross-s.ectlon Square Sec. 13 14.6% 12% 4.5% /

after the blast. Square, octagonal, and circular

cross-section exhibit the maximum deflection ~ Octagonal Sec. L5 18.7% 16.3% 7.2% /"

at the mid-span of 32.59 mm, 21.37 mm, and  Circular Sec. 1.5 22.1% 19.5% 11.4% /

14.72 mm, respectively. Both maximum deflection
and permanent deflection, the circular cross-section show the
smallest value compared to the rest. A possible explanation
for these results may be the effect of peak reflected pressure
at the exposed edge. Shapes with multiple angles and edges
can reduce this pressure, resulting in a decrease in blast impact
on the surface of the column. Therefore, the UHPC circular
column shows considerable resistance towards blast loading.
Moreover, the smaller permanent deflection reveals the rapid
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Figure 2.

® (h)

(2)

(a, b, ¢) Detail the columns, (d) Maximum deflection, (e)
strain of the UHPC element, and (f), (g), (h) Damage state
of UHPC columns with various cross-sections.

dissipation of reflected pressure on the surface of the circular
column. Similarly, in Fig. 2(e), the observed strain in the UHPC
element of circular column (2184.6 us) is remarkably less
than the octagonal column (3482.35 ps) and square column
(5801.39 ps). The damage state of the UHPC column for various
cross-sections is shown in Figs. 2(f), 2(g), 2(h) and Table 2. It
can be seen that the damage of the column increases as the
cross-section changes from the circular shape to the octagonal
and square shape. UHPC square section column undergoes
11.4% severe damage by volume compared to 7.2% of the
octagonal column and 4.8% of the circular column. These
results would seem to suggest that the UHPC column
with square cross-section should not be used in the blast-
resistant design. On the contrary, the circular cross-section
is the best design for the column subjected to blast load in
terms of reducing deformation and damage.

3.2.2 Scaled Distance Parameter

Dynamic response of a 500 x 500 mm UHPC square
column with 1% steel reinforcement bar volume is studied
under blast loading of SOkG TNT equivalent. The axial load
of this UHPC column is 7100 KN (20% of load capacity).
In a blast, the relationship between the stand-off distance R
and the charge weight W can be expressed in the equation:

Z=R/W" (8)

Blast loading conditions for each regime can be defined
by the value the scaled distance of Z, which is shown in
Table 3(a)*. In the present study, the model is calculated in
four cases of scaled distance (Table 3(b)), corresponding
to the close-in regime, near field, and the far-field regime.
Structural behaviour of UHPC columns after the explosion
is shown in Fig. 3. The graph shows that there has been

Table 3. (a) The response regime in the Smith%, ez al. and
(b) Scaled distance for this study
(@)
Scaled distance Z. (m/kg'?)
Close in 7Z<1.19
Near field 1.19<72 <397
Far field 397<Z
(b)
R (m) Z (m/kg") Scaled distance
1 0.27 Close in
1.5 0.41 Close in
4.5 1.22 Near field
14.7 3.98 Far field
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Figure 3. (a) Maximum deflection, (b) Strain of the UHPC element,
(¢) Damage of column with scaled distances 3.98m/kg'?,
(d) 1.22m/kg'"?, (e) 0.41m/kg'3, and (f) collapse of column

in 0.27m/kg'?.

a sharp decline in peak deflection as the scaled distance
increases. In the far-field regime, maximum deflection of the
UHPC column is negligible (0.6 mm). However, there is a
considerable increase in deflection when the blast occurs at the
near field and close-in regime, corresponding to 11.4 mm and
32.6 mm. The effects of scaled distance on the strain of the
UHPC elements are similar to deflection. The maximum strain
of the UHPC element is 225.399 us, 3438.75 ps, and 5801.39
us for the scaled distances of Z= 3.98 m/kg'?, 1.22 m/kg'?, and
0.41 m/kg', respectively.

Figures 3(c), 3(d), 3(e), and Table 4 show the damage
state of the UHPC column with various scaled distance. It
can be seen that as the scaled distance decreases, the dynamic
response of the UHPC column changes. The data reported
here appear to support the assumption that the damage state
of shear in the far-field regime seems to transform into the
state including shear failure and flexural failure when the
scaled distance decreases. In the close-in regime, the amount
of damage is remarkably larger and more widespread than the

Table 4. Damage state of UHPC column after blast load
(percentage by volume)

Z (m/ Light Moderate  Severe Collapse
kg'®)  damage damage damage

0.27 - - - 100%
0.41 14.6% 11.2% 4.8% 1
1.22 8.2% 9.1% 2.5% 1
3.98 5.6% 3.7% 0.6% //
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rest scenarios. Particularly for the scaled distance of 0.27
m/kg!'?, the column is completely collapsed (Fig. 3(f))

3.2.3 Steel Reinforcement Ratio Parameter

This section has reviewed the key aspect of
longitudinal reinforcement and lateral reinforcement in
the UHPC column subjected to blast loading. Two design
scenarios were considered. In the first case, longitudinal
reinforcement ratio is increased from 0.8% to 1.6% with
the same ratio of lateral reinforcement bar. In the second
case, the longitudinal steel bar ratio is kept constant while
changing the lateral reinforcement ratio.

In the first case, the maximum deflection and damage
state result of the UHPC column with various longitudinal
reinforcement ratios are depicted in Fig. 4(a) and
Table 5(a). Peak deflection variation is quite small (114%),
from 29.2 mm for 0.8% of the longitudinal steel ratio to
33.2mm for 1.6% of the longitudinal steel ratio. The
longitudinal steel bar does not provide significantly more
resistance to the UHPC column under blast load. The
damage state and strain of the UHPC column illustrate this
point clearly. For instance, severe damage of UHPC column
is 5.4%, 4.8%, 3.9% and 3.1% for the steel ratio of 0.8%,
1%, 1.2% and 1.6%, respectively. An increment in the
longitudinal reinforcement ratio can significantly increase
the bending capacity of the UHPC column, however, it has
little contribution to the shear capacity, which plays the
important role in the blast resistance capacity of the UHPC
column. Taken together, these results suggest that the
appropriate ratio of longitudinal steel reinforcement for the

UHPC column subjected to serve blast loading might be 1%.
In the second case, the variation of the stirrup in the UHPC
column is implemented by increasing the lateral distance.
Details of lateral reinforcement in columns C1, C2, and C3 are
shown in Figs. 5(a), 5(b), 5(c). Figure 4(b) depicts the shape
of deflection curve of the UHPC column. Although there is a
significant decrease in lateral reinforcement distribution, the
UHPC columns do not exhibit a noticeable increment in peak
deflection. Peak deflection of 32.5 mm, 38.2 mm, and 41.5 mm

Table 5. Damage state of UHPC column as: (a) increasing
longitudinal steel reinforcement ratio and (b) increasing
lateral steel reinforcement distance

(@)

Longitudinal Light Moderate Severe

reinforcement ratio damage damage damage Collapse
0.8% 16.1% 12.8% 5.4% /!
1% 14.6% 11.2% 4.8% //
1.2% 13.3% 9.7% 3.9% !
1.6% 12.4 8.3 3.1% //
(b)
Coumn (0 et oere, ol
Cl1 14.6% 11.2% 4.8% -
Cc2 19.5% 18.8% 7.4% -
C3 25.3% 24.2% 13.4% -
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Damage of UHPC column.

are observed in the column C1, C2, and C3, respectively.
However, compared to the first case, the more severe
damage state was reported in Figs. 5(d), 5(e), 5(f), and Table
5(b). In column C1, severe damage is 4.8%. The damage
variable increases 1.5 times in column C2 (7.4%) and 2.8
times in column C3 (13.4%), respectively. Furthermore,
the shrinkage phenomenon of cross-section occurs in the
one-third region of column C3. Likewise, concrete strain
increases 104 %, from 5801.39 us of C1 to 11876.5 ps of
C2 and 74%, from 11876.5 ps of C2 to 20690.2 us of C3.
Apparently, the lateral reinforcement provides confinement
to concrete in the UHPC column to enhance the greater
capacity under the effect of an explosion. Compared to the
longitudinal reinforcement ratio, the lateral reinforcement
ratio affects considerably the ductility and residual
resistance of UHPC after blast loading.

3.2.4 Cross-section Area Parameter

Moving on now to consider the effect of area section
on the dynamic behaviour of UHPC column under blast
loading. Three square columns with a cross-section of
500x500mm, 600x 600mm, 700x 700mm, and 1% steel
reinforcement bar ratio are studied under an explosion of
50kG TNT equivalent. Each column is applied to an axial
load of 20% load capacity. Maximum deflection, the strain,
and damage state of the UHPC column with various cross-
section areas are shown in Figs. 6(a), 6(b). The result from
this study suggests that both peak deflection, strain, and
damage state of the UHPC column decrease as the cross-
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section area of the column increases. An increment in ~ Table 6. Pressure and impulsive asymptotes with different cross-section
the cross-section can significantly increase the blast area of UHPC column
loading resistance capacity of the UHPC column. D=0.2 D=0.5 D=0.8

P-1 diagram plays an important role in analysing Column
quickly the damage of the UHPC column under blast height (h) P, I, P, 1, P, I,
loading, which includes a series of damage curves (MPa) (MPa.ms) (MPa) (MPa.ms) (MPa) (MPa.ms)
with different damage levels. In the present study, 50cmx50cm 5.7 10.8 6.7 13.9 71 16.6
the residual loading capacity of the UHPC column is 12.8
calculated for three damage levels of 20%, 50%, and 60cmx60cm 5.9 71 14.9 8.7 18.2
80%. According to Shi*, et al., the pressure-impulse 70cmx70cm = 7.3 14.5 7.9 15.8 9.2 19.3

(P-I) curves can be expressed as:

(P-P)I-1,)=12(B, /2+1,/2)" ©)
where: P denotes the pressure asymptote for individual
damage level D. In the present study, D is applied as 0.2, 0.5,
and 0.8. /; represents the impulsive asymptote for individual
damage level. Value of P and I with different damage levels
and cross-section areas of the UHPC column can be extracted
from the simulation result. Table 6 summarises the parameters
of pressure and impulsive asymptotes depending on the cross-
section area of the UHPC column. Substituting Po and Io from
Table 6 into Eqn (9) for each case, the P-I curve is defined.
Consequently, the combination of the P-I diagram representing
three damage levels, that is, 20%, 50%, and 80% against the
cross-section area is obtained as in Fig. 6. P—I curve identifies
three domains, including an impulsive zone, dynamic zone,
and a quasi-static zone. The impulsive zone is characterised by
short load duration, where the column tends to be failed under
shear. The quasi-static zone consists of the state that the column
is prone to be damaged by flexural failure. The dynamic zone is
characterised by the maximum response being reached close to
the end of the loading regime, having a combination of shear
and flexure failure. Base on the P-I diagram, one see that both
pressure and impulsive asymptote increase as the column size
increase. Although increasing the cross-section area, impulsive
and capacity of the UHPC column increase, however, blast
resistance of the UHPC column overweights the increment in
the blast loading.

4. CONCLUSIONS

The paper presented the results obtained from the
simulation model of 20 UHPC columns subjected to blast
loading using a subroutine, which is integrated with ABAQUS
software associated with the unique material model of UHPC.
The following conclusions are drawn:
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*  With the same area, compared to various cross-sections
of UHPC column under high explosion, square column
suffers the largest deformation and most serious damage.
On the contrary, the UHPC circular column shows the
greatest capacity to resist blast loading and should be
considered in the blast-resistant design.

e The authors propose the longitudinal steel reinforcement
ratio of 1% for the UHPC column subjected to blast
loading. Increasing the longitudinal steel reinforcement
ratio does not show a significant effect on the blast
loading resistance of the UHPC column. Ductility and
residual resistance of the UHPC column after the blast
considerably affected by the steel lateral reinforcement
ratio.

e As increasing the cross-section area, the blast loading
resistance capacity of the UHPC column is strengthened
significantly. Based on the numerical results, the pressure
- impulsive (PI) diagram can be defined to quickly predict
the damage of the UHPC column under blast loading.
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