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Abstract: Numerical investigation becomes a highly demanding tool for the best design in engineering. With one
validated numerical result available, further investigation is possible to conduct. Especially, for the expensive and
limited access for civilian to conduct the test like a blast experiment. With the capability of Arbitrary Lagrange Euler
(ALE) solver coupling approach between structure and air in AUTODY N, a detail three-dimensional assessment for
RC wall on reduced moment resistance and increased reinforcement spacing are conducted. The RC wall has a cross-
sectional dimension of 1829 mm x 1219 mm with wall thickness of 305 mm thickness of strip footing. It is subjected
to 13.61 kg Trinitrotoluene (TNT) explosive at 1.21 m standoff distance from the centre. The numerical blast impact
on RC wall indicated, although the horizontal and vertical flexural reinforcements are reduced from one of the
simulated RC walls, it is capable of demonstrating an equivalent strength to the RC wall tested in the experiment.
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1. Introduction

Generally, plain concrete is recognised to have a comparatively good blast resistance when compared to other
construction materials. However, plain concrete with a higher strength, on the other hand, would result in a brittle collapse
when compared to ordinary concrete. As a result, when the correct quantity of steel reinforcement is combined with the
suitable concrete strength, the outcome is ductile concrete, which limits structural damage in RC structural elements. To
study the damage caused by blast loads in various scopes of work, a series of experimental and numerical studies have
been carried out. The research revealed the potential for several methods of improving the strength of ordinary reinforced
concrete structures, such as retrofitting the concrete material with steel fibre [1-4]; replaced normal strength steel with
enamel coated steel [5] or retrofitted the structure with a new material like aluminium foam [6]. However, some
experimental tests indicate inconsistent results or even worse than ordinary reinforced concrete when it comes to
strengthening reinforced concrete. For example, when glass fibre reinforced polymer was used to retrofit reinforced
panels, it was discovered that in some situations the retrofitted panels outperformed the unretrofitted panels, but in other
cases the converse was true [7]. In the case of carbon fibre reinforced polymer plate utilised to retrofit on compression
and tension side of the panel, it was discovered that the post-impact scabbing hole in the retrofitted panel was substantially
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bigger than the unretrofitted panel [8]. In addition, when a structure was subjected to a blast load, the use of high-strength
concrete did not significantly improve the performance [9]. Although the reinforced concrete slab panel may be simplified
as an RC wall with specified restrain either experimentally or numerically, the real construction is necessary to assess the
reinforced concrete wall with strip footing. This is due to the fact that the primary steel in the wall must be linked into its
base when using the wall foundation. As to date, inverted T-shaped RC walls, L-shaped RC walls, RC column-beam
connections, and RC columns have been published academically for various purposes, including the different steel
reinforcement arrangements, the performance of various steel reinforcement materials used in RC structures, the
effectiveness of high-strength steel fibres and high compressive strength aggregate concrete, dynamic response and
damage characteristics, and the influence of column width and height [10-14]. For the T-shape RC wall, the horizontal
steel reinforcement tied-outside on the vertical steel reinforcement and the vertical steel reinforcement hooked-in into the
base are the appropriate steel reinforcement arrangements with its base when exposed to blast load [10].

2. Numerical Blast

In this study, the appropriate steel reinforcement configuration for RC-WTB wall subjected to blast load in the
experimental [10] selected. The cross-section of the RC-WTB wall is 1828.8 mm x 1219 mm, with a wall thickness of
164.9 mm and a footing thickness of 304.8 mm. The vertical flexural reinforcement is 16 mm, and the horizontal flexural
reinforcement is 10 mm, both spaced at 139.7 mm (5.5 inches) in the main bending plane and 152.4 mm (6 inches) in the
minor bending plane on these walls. Steel reinforcement and concrete have respective strengths of 460 N/mm2 and 35
N/mm2 [10]. The cutting section of the RC-WTB is shown in Fig. 1, together with the location of strain and displacement
gauges on the main steel reinforcement. Fig. 2 and Fig. 3 indicate where the strain and displacement gauges for the RC-
WTB1 and RC-WTB2 are located, respectively. The detail of the reinforcement spacing for reduced moment resistance
and increased reinforcement spacing is detail in Table 1. The RC walls were meshed with a fine hexahedral mesh size of
10 mm [21] and subjected to a 10.16 kg Plastic Explosives (PE4) at a standoff distance of 1,219 mm (4 ft.) from the wall
centre.

To get an accurate prediction of concrete behaviour under blast loads, a suitable model that reflects concrete material
behaviour characteristics at high strain rates is required. For this investigation, Riedel, Hiermayer, and Thoma (RHT)
[22] created a material model. The RHT concrete model is an advanced plasticity model for brittle materials. It's very
useful for simulating the dynamic loading of concrete. The model includes pressure hardening, strain hardening, strain
rate hardening, third invariant dependence for compressive and tensile loads, as well as a damage model for strain
softening. This model also uses the p-« equation of state (EOS) to depict real thermodynamic behaviour under high stress,
and it gives a very thorough explanation of compaction behaviour under low stress [23]. The material data for CONC-
35MPA [24] is used in this simulation, and the modifications are performed based on experimental data [10]. For the
crack failure of the RC wall structure, the strain limit on vertical direction is controlled between -0.0035 and 0.00219.
The Johnson-Cook (JC) material model was utilised for steel reinforcement [25]. This model depicts the strength of a
material, generally metal, that has been exposed to a significant strain, high strain rates, and high temperature. The
material data for STEEL 4340 [24] is used in this simulation, and the modifications are performed based on experimental
data [10]. The ALE is a numerical approach for analysing the interface between air and structure. Different parts of the
solver, such as structure, fluids, and gases, may be represented concurrently utilising the Lagrange and Euler approach.
These several solvers then coupled together in space and time. The ideal gas EOS is used to simulate air, whereas the
Jones-Wilkins-Lee (JWL) EOS is used to model high explosives like TNT [24]. To depict the explosive's initial explosion
and blast wave propagation in AUTODYN, an axially symmetric wedge shape is utilised. The predicted charge circle for
13.61 kg (30 Ibs.) of TNT material model fills the 1 m wedge, with the air material filling the remaining. The wedge,
which is made up of blast pressure history, is created before applying the explosion effect to a 3D model using
AUTODYN's remap function [26].

In the simulation, the RC wall is placed on the ground as shown in Fig. 4. The displacement gauges were set on the
left and right wall bases, and fixed end support was used to attach at five ground surfaces. For friction coefficient, dynamic
coefficient, and dynamic constant, the standard frictional contact surface between the wall base and the ground is 0.3,
0.5, and 1.0, respectively. The standard material model for ground in the AUTODY N material library was initially utilised
to estimate the ground shock in the numerical simulation. However, in the computational study of the ground shock with
large strain, the modified and calibrated material provided by De [28] was used to investigate the appropriate effect of
the explosion to mimic the impact of the blast test conducted. Fig. 5 shows 1 meter blast overpressure vectors mapped in
the air domain. The pressure gauges placed at 1.219 m (4 ft.) and 5.4864 m (18 ft.) away from the centre of charge weight
on each side. Also, installed on the front surface of the wall to analyse how the pressure profile influenced the RC wall
and compare with previous study [26].
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Fig. 3 - Strain and displacement gauges (RC-WTB2)
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Table 1 - Detail of steel reinforcement spacing

RC Wall Horizontal flexural spacing  Vertical flexural spacing
(mm) (mm)
(a) RC-WTB 1 2
(b) RC-WTB1 3 4
(c) RC-WTB2 5 6
Back Side_ Front Side
1219
-‘——]

@, =
Exploslve// T

Displacement ‘
Gauge RC wall 305

y i
Ground 3;5

AT LA T T T VT B T T,

Fig. 4 - Setup for the blast simulation (in mm)

Flow out boundary

Blast vectors

Fig. 5 - One-meter blast overpressure vectors mapped in air volume

3. Numerical Blast Impact Assessment

The blast overpressure-time history profile on all RC wall surfaces is nearly identical to that seen in earlier
investigations. [26]. Due to the explosion at the moment of 0.24 msec on the bottom height of the front side of the wall,
the overpressure reached a maximum of 13,949 kPa. Conversely, at 0.14 msec and 0.19 msec, the overpressure at the
middle and top heights reaches 10,509 kPa and 9,262 kPa, respectively. It can be observed that the overpressure decreases
to its ambient value in less than 3 msec following the explosion. The RC walls are pushed backward as a result of the
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overpressure. The RC-RTB wall is pushed backward by 60 mm from the position before the impact, as illustrated in Fig.
6 at 39 msec, according to the gauge placed at the RC-WTB wall base. The displacement of the wall base should be 98
mm at 60 msec. The actual displacement based on the blast test result for RC-WTB was 120 mm [10]. As a consequence,
the numerical result in terms of displacement distance seems to be reliable. The time history recorded in the numerical
simulation shows that the RC-WTB displacement is smaller than the RC-WTB1 and RC-WTB2 displacements by an
average of 2 mm and 1 mm, respectively. Both walls displaced at a distance of 54 mm after 35 msec, whereas the RC-
WTB displaced at 53 mm. Further observation is made on the location of plastic hinges as shown in Fig. 7; the second
plastic hinge for both RC-WTB1 and RC-WTB2 appeared at the bottom height (section) after 0.50 msec. However, as
compared to RC-WTB wall at the same time of 0.50 msec the second plastic hinge already occurred.

The comparisons of the strain-time history for RC-WTB, RC-WTB1, and RC- WTB2 are given in Fig. 8 and Fig. 9.
Due to less moment resistance i.e less number of vertical flexural reinforcement in RC-WTB1 compared to others, the
strain gauge locations are not identical except for Gauge 4 and 7. It is observed through strain Gauge 4 and 7 that a
slightly longer time is needed for it to get back to the same strain value of 0.00015 and 0.00017, respectively with an
average difference of 4 msec. For Gauge 4, the higher strain magnitude was recorded for the RC-WTB2, followed by
RC- WTB, whereas the lowest strain was recorded for the RC-WTB2 with values of 0.00033, 0.00029 and 0.00028,
respectively. However, the higher magnitude observed for Gauge 7 is in the following order: RC-WTB1, RC-WTB2 and
RC-WTB with strain values of 0.00080, 0.00076, and 0.00072, respectively. For the strain gauges placed at the same
location for RC-WTB and RC-WTB?2, it is noticeable that the moment resistance is similar, but less horizontal flexural
reinforcement is designed for RC-WTB2.

A general observation can be made from the strain-time history pattern. The strain fluctuates in the first 13 msec
with an average time of 1.63 msec before attaining maximum strain. According to the overpressure-time history, the
average time for the maximum pressure or blast wave to impact the surface is 0.25 msec. The time difference is due to
the time of the compressive stress wave required to propagate in the wall until it reaches the back side of the wall. It can
be seen that in the duration, another compressive stress wave reflection occurred in the wall for a few times until the
remaining stress wave got weaker. The structure can contain the wall core without further damaging it. It appears that
beyond 13 msec, the strains gradually increase to the maximum magnitude before gradually decreasing due to structural
resistance. It can be deduced through this gradual increase and decrease of strain-time history patterns and cracks that
transpire for RC-WTB as explained earlier that, lesser cracks would occur if the actual blast test was conducted for RC-
WTB1.

As illustrated in the strain indicator at the instant of 31.62 msec of the numerical simulation in Fig. 10, it can be
observed that the amount of horizontal cracks at the back side of RC-WTB1 and RC-WTB2 are considerably lesser than
that of RC-WTB. This is due to the lesser amount of horizontal flexural reinforcement used in both the walls as compared
to the RC-WTB. As reported earlier, the strain concentration for RC- WTB1 is much higher than RC-WTB2 and RC-
WTB at the location of strain failure i.e., the cracks that follow the horizontal flexural reinforcement grid in the RC wall
on the front side. However, in general, the amount of scattered strain indicator is rather similar as shown in Fig. 7.
Therefore, it is predicted that no cracks will appear on the front side for RC-WTB1 and RC-WTB2 walls as well if the
actual blast test was conducted.
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Fig. 6 - Comparison of wall base movement from the original location
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4, Summary

Through the numerical validation, it is demonstrated that acceptable results were attained in particular with regards
the strain pattern and wall displacement against the experimental works carried out. It was further shown through the
numerical optimisation that RC-WTBL1 is capable of demonstrating an equivalent strength akin to RC-WTB although the
horizontal and vertical flexural reinforcements are reduced. In addition, the RC-WTB1 indicated desirable properties in
absorbing the blast wave and the subsequent compressive stress wave.
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