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Abstract.

Due to the heterogeneity nature of the concrete, it is difficult to simulate the hyperdynamic behaviour and crack

trajectory of concrete material when subjected to explosion loads. In this paper, a 3D nonlinear numerical study was conducted
to simulate the hyperdynamic behaviour of concrete under various loading conditions using Riedel-Hiermaier-Thoma (RHT)
model. Detailed calibration was conducted to identify the optimal parameters for the RHT model on the material level. For the
component level, the calibrated RHT parameters were used to simulate the failure behaviour of plain concrete (PC) slab under
free air blast load. The response was compared with an available experimental result. The results show the proposed numerical
model can accurately simulate the crack trajectory and the failure mode of the PC slab under free air blast load.
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1. Introduction

The nonlinear behaviour of concrete structures can be
modelled using mesoscale and macro-scale approaches
(Hentz et al. 2004, Govindjee et al. 1995, Malvar et al.
1997, Gebbeken and Ruppert 2000). The mesoscale
modelling is more advanced but more complicated and
time-consuming.  Usually, the macro model is
computationally more efficient, but not able to accurately
predict the localized damage of concrete structure. In this
study, a robust 3D macro model, based on the Riedel-
Hiermaier-Thoma (RHT) model (Riedel et al. 1999, Riedel
2000, Riedel et al. 2008, Riedel 2009), was used to simulate
the nonlinear dynamic response of concrete structures under
blast load. Detailed geometric and material nonlinearities
were considered in the numerical model.

In the past, a serious of modified RHT models have
been used to simulate the nonlinear response of different
concrete structures (Tu and Lu 2009, Tu and Lu 2010, Hu et
al. 2016, Nystrom and Gylltoft 2009, Nystrom and Gylltoft
2011, Wang et al. 2013, Codina et al. 2016). The simulation
results of these studies show that the proposed RHT models
can predict the dynamic behaviour of concrete against blast
loads. Tu and Lu (2009, 2010) examined and evaluated the
concrete nonlinear dynamic behaviour using the RHT
model with the default parameters implemented in Autodyn
(ANSYS-AUTODYN 2009) (referred from hereon as the
default RHT model). It was found that the default RHT
model gives unsatisfactory behaviour under blast loads.
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Accordingly, they modified the default parameters to
improve the accuracy of the numerical model to simulate
the nonlinear behaviour of a one-way reinforced concrete
(RC) slab fixed from the two short sides and subjected to
confined blast load. The result shows that the proposed
modified parameters can simulate the crack patterns
observed in the physical test better than the default
parameters. Similarly, Hu et al. (2016) proposed another
modified RHT model to better simulate the blast behaviour
of a plain concrete (PC) slab fixed to the ground using four
anchors at four corners. The PC slab was subjected to a
close-in blast load at a standoff distance (SoD) of 170 mm
above the specimen. It was found that the default RHT
model underestimates the crack pattern and crater diameter.
In contrast, the proposed RHT model decreases the ductility
of the model to better estimate the crack pattern and crater
diameter observed during experimental test. Wang et al.
(2013) used the modified RHT model proposed by Tu and
Lu (2009, 2010) with a slight change in the reference
density and failure strain to simulate the blast behaviour of
a one-way RC slab subjected to close-in blast load. By
comparing the numerical results with the experimental
results, it was found that the modified RHT model can
model the crack patterns well but slightly overestimates the
concrete spalling. Similarly, Codina et al. (2016) modified
some of the RHT parameters and used them to simulate the
behaviour of RC column against blast loads at short
distance. In addition, they compared their proposed
parameter with the modified RHT parameters proposed by
Tu and Lu (2009, 2010). It was found that the default and
the proposed RHT parameters by Tu and Lu show more
significant damage contours than that observed on the
physical tests. In contrast, the modified parameters
developed by Codina et al. (2016) can provide a more
accurate prediction of the damage pattern and maximum
displacement. Similarly, Nystrom and Gylltoft (2009)
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proposed another set of modified RHT parameters to
simulate the blast behaviour of a simply supported RC wall
subjected to blast loads.

In general, all the aforementioned modified RHT
parameters can be used to model the hyperdynamic
response of concrete structure. However, the accuracy of
the model wvaried significantly with the specimen
dimensions, loading conditions, boundary and initial
conditions. Based on the numerical investigation presented
in this paper, the aforementioned RHT parameters cannot
accurately model the nonlinear behaviour of simply
supported PC slab under free blast load. Hence, in this
study, a new set of RHT parameters were proposed to
accurately simulate the damage pattern and the crack
trajectory of simply supported PC slab subjected to free air
blast load.

The newly proposed RHT parameters were used to
simulate the nonlinear behaviour of the concrete material
under unconfined uniaxial, equal biaxial and triaxial tension
and compression tests. The stress-strain curves show that
the newly proposed RHT model can more accurately
simulate the strain softening behaviour of concrete material
than the default RHT model.

In addition to the material level comparison, an
experimental test of a simply supported PC slab under free
blast load was conducted. The crack trajectory and damage
pattern observed from the experimental test and the
nonlinear numerical simulation were compared. The result
shows that by using the newly proposed parameters, the
RHT model can accurately simulate the blast behaviour of
PC slab under free air blast loads.

2. Theory of RHT model

RHT material model employs three strength surfaces to
define the elastic limit surface (or initial surface), failure
surface and residual surface (or post-failure surface) as
shown in Fig. 1.

The three surfaces can be expressed using the following
equations:

Yelastic = Yfailure X Felastic X Fcap (1)

Y

Uniaxial Tension Uniaxial Compression

Failure Surface
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© Compressive
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Strength

Residual Surface

')
Fig. 1 Three strength surfaces of RHT model (Riedel et
al. 1999)

Yfailure = YTXC (p) X R3 (e) X Frate (S) (2)

M
Yresidual = fc X B X (%) 3)

Where Ygpastic 1S the elastic limit surface; Yejure i the
failure surface; Feasiic the ratio of the elastic strength to
failure strength along a radial path; F.,, is a parabolic
function; Yixc (p) is the compressive meridian which is a
function of hydrostatic pressure (p); R5(8) is a reduction
factor of the failure surface Y,jjure. Which is a function of
the Lode angle (8), which represent the rotation about the
hydrostatic axis; F.,e(€) is the dynamic amplification
factor (DIF) as a function of strain rate €; Yiesiquar IS the
residual surface; f is the uniaxial compressive strength; B
is the fractured strength constant and M is the fractured
strength exponent.

In this study, a modification has been applied to the
some effective RHT strength and failure model parameters

(B, M, Dy, D, and e/%""). These nominated parameters are

min
which are. B and M, as illustrated in Eq. (3), control the
residual and affect the post-failure surfaces. While D,, D,

and e/ as illustrated in Egs. (4), (5) and (6), control the

min?

concrete post-softening behaviour.
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Where D is the damage parameter; A, is the plastic
strain increment; D; and D, are the shape parameters;
p* =p/f. is the normalized pressure variable; G is the
fracture energy; o, is the tensile failure stress; L., is the
characteristic length of the element (the diameter of a
sphere having the same volume of the 3D element
(ANSYS- AUTODYN 2009)).

These modified parameters were defined to ensure a
more realistic strain softening range, for both tension and
compression loading conditions. Table 1 shows the main
effective parameters of the default and the newly proposed
RHT models in this study.

Table 1 Main parameters of the default and proposed RHT
model

Default RHT Proposed RHT
Parameters

model model
Fractured Strength Constant B 1.6 0.9
Fractured Strength Exponent M 0.61 0.9
Damage Constant D, 0.04 0.02
Minimum Strain to Failure e/%" 0.01 0.002

min
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Fig. 2 Uniaxial numerical compression test

3. Numerical analyses on a single concrete finite
element

To simulate the influence of the newly proposed RHT
parameters on the material level, a single concrete element
with size 10 mm subjected to unconfined uniaxial
compression and tension loading condition, equal biaxial
compression and tension loading condition, triaxial tension
loading condition and triaxial compression loading
condition with different levels of confinement (1 MPa, 5
MPa, 10 MPa and 20 MPa) were simulated. The single
concrete element is modelled as a Lagrangian element
(ANSYS-AUTODYN 2009). The loads are applied by
moving the four nodes perpendicular to the element surface
with a constant velocity. To avoid the influence of the strain
rate effect, a suitable velocity should be applied to the
single element. After applying some trials on the
unconfined uniaxial test, a nodal velocity of value 10-5 m/s
was chosen which can achieve the desired yield strength
value. It should be noted that a smaller nodal velocity can
be used, but it will significantly increase the computational
time. The boundary conditions were constrained such that
the element can only deform under the direction of the load
without any shear stresses. Fig. 2 shows the finite element
model developed for this study.

Figs. 3 and 4 show the comparison between the axial
stress-strain curves of the concrete material using the
default RHT model and the newly proposed RHT model
under different loading cases. The results show that the
default RHT model overestimate the strain softening range
for both the tension and compression tests based on the
common experimental results (Chen 1982, Malvar et al.
1997, Zhang et al. 2007, Tu and Lu 2009). It was found that
the proposed RHT parameters improve the post-yield
softening behaviour of the stress-strain curves under the
different compression and tension loading patterns. Under
the tensile case, the softening behaviour was enhanced and

the minimum failure strain e,{g;l was decreased to a
reasonable value which showed a more accurate failure
pattern when compared with the corresponding
experimental results (Chen 1982, Malvar et al. 1997). For

compression tests, the default RHT model shows unrealistic
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Fig. 3 Axial stress-strain curves of the default and
proposed RHT model for tension

high residual strength after reaching the failure strength, as
shown in Fig. 4. This is attributed to the simplification of
the residual strength surface in the default RHT model
which exhibits a circular deviatoric cross section plane in
the principle stress space. This inaccurate softening
behavior was strongly modified by changing the value of
the Fractured Strength constant (B) and Fractured Strength
Exponent (M) which control the final residual strength.
Accordingly, a considerable reduction occurred on the final
residual strength and the compression failure strain, as
shown in Fig. 4, which became more acceptable compared
with the corresponding laboratory tests (Zhang et al. 2007).
In addition, the damage Constant (D1) was decreased to
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Fig. 4 Axial stress-strain curves of the default and proposed
RHT model for compression

better simulate the degrading portion of the concrete
material. For the triaxial compression test, it can be noted
that with the increasing of the confining level, the
maximum compression strength increases which is agreed
with the general experimental results. In addition, based on
similar experimental results (Malvar et al. 1997, Lu and
Hsu 2007), an enhancement occurred in the post softening
curve and the residual strength for each confinement level
compared with that obtained by using the default RHT
model.

4. Experimental and numerical application on a PC
slab against free air blast load

4.1 Experimental test

() P slab after applin the Iast load
Fig. 5 Test rig and the PC slab used in the experimental test

In order to examine and evaluate the capability of the
proposed RHT model parameters, an experimental test on a
simply supported PC slab subjected to free air blast load, as
shown in Fig. 5(b and c), was conducted. The dimension of
the specimen was square 1 m x 1 m and thickness of 20 cm.
In this test, the PC slab was subjected to 4 Kg TNT
detonated at SoD of 1 m. A field test rig, as shown in Fig.
5(a), was used to simulate the simply supported boundary
conditions of the PC slab at four edges.

To properly record the actual pressure experienced by
the specimen, a simple free air blast test, using 1 Kg TNT at
SOD of 1m, was conducted and the pressure time history
was recorded by a pressure sensor, as shown in Fig. 6(a).
The recorded Pressure time history was then compared with
that calculated by the CONWEP program (CONWEP
1990), as shown in Fig. 6(b). The results show an excellent
agreement between the two pressure time histories.

After this verification, the PC slab was tested under 4
Kg TNT at SoD of 1 m. A high-speed camera, which can
depict real photos and create graphical movies at 20000
frames/sec, was used. The spreading of the fireball, the
front shock wave (compressed air layer) and its reflection
with the specimen surface and the ground were observed, as
shown in Fig. 5(b). A comparison between the
experimental, analytical and numerical pressure time
histories will be illustrated later.

4.2 Numerical analysis

To simulate the nonlinear behavior of the PC slab
against blast load, a numerical model, as shown in Fig. 7,
was developed. Due to the double axis of symmetries, only
a quarter numerical model was developed. More than 2.3
million elements are used for the numerical model.
Consistent boundary conditions were applied to simulate a
similar environment as in the arena test. Flow out boundary
condition was applied to the outer faces of the air block
except for the symmetric faces. In this study, a fluid-
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structure coupling algorithm was used to apply the blast
load on the PC slab. The methodology of this algorithm is
that air and explosion environment are modelled by
Eulerian process, which can represent large deformation
through fixed meshes. These Eulerian meshes exert a
pressure boundary condition on the Lagrangian meshes,
which represent the PC slab. Accordingly, Lagrangian
elements experience deformation through the fixed Eulerian
meshes and also exert a velocity boundary condition to the
Eulerian material flow. Finally, the response of the PC slab
against explosion load can be analyzed in a single
numerical model using the coupled Lagrangian-Eulerian
algorithm (Benson 1992).

Table 2 Material data of air and TNT used in the model

Material Air TNT TNT (Ideal)
Equation of State Ideal Gas JWL Ideal Gas
— -3
Initial Conduction p_1'225>;10 Default From
g/cm Detonation
. 1.225x10° Library 3 fermd
Density glem?® Data 1.0x10™ g/cm
Ideal Gas Constant y=1.4 Standard y=1.35
Reference Energy 2.068x10° uJ/mg Modg!i/tr;map

Table 3 Summary of the parameters used to model TNT

JWL Parameter TNT
A (GPa) 373.75

B (GPa) 3.747

R1 4.15

R2 0.90

w 0.35

4.2.1 Numerical modelling of the explosion

To properly model the hyperdynamic behaviour of the
TNT explosion, a numerical analysis was performed to
simulate the aforementioned free air blast test in which a 1
Kg TNT detonated at SoD of 1 m. The numerical result was
compared with that measured in the field and that calculated
by empirical equations provided by TM5 (TM5-1300 1990),
implemented in CONWEP. In this model, the air was
modelled using the Hydro (ideal gas) equation of state
(EOS) which can be written in the form of Eq. (7) (ANSYS
2007). TNT was modelled using the Jone Wilkins-Lee
(JWL) model (ANSYS 2007) which can be written in the
form of Eq. (8). More details about Air and TNT modelling
can be found in our previous work (Rashad and Yang 2018
and 2019). Table 2 shows the property of the air and TNT
used in this study.

Pgos = (¥ — Dpe )

Where Pgos is the pressure; y is a constant; p is air density;
e is the specific internal energy.

Pros = A(l —Rllv)e_RlV +B (1 —R‘:—V)e‘RzV +W§ (8)

where Pg,s is the hydrostatic pressure; A, B, Ry, R, and w
are the JWL parameters that are used to model the air and
TNT material; V is the ratio of pgy, /p, Where p is the
current density and pg,, is the density of solid explosive;
E = pgoy €int 1S the internal energy per unit volume of the
explosive, where ey is the current internal energy per unit
mass; The specific values are outline in Table 3. The first
and second terms of the right-hand side of the JWL
equation of state become negligible at expansions of
approximately ten times the original volume. Therefore, at
these large expansions, it is common practice to simplify
the equation of state used to that of an ideal gas.

After creating 2D model, the pressure is mapped into a
3D coupled finite element model. In the 3D model, Euler-
FCT (Flux corrected Transport) formulation was used to
solve the nonlinear dynamic response of the air. The
boundary condition of the surrounding air is chosen as flow
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Fig. 8 Comparison of the Pressure time histories of 1 kg
TNT at SOF of 1 m (Rashad and Yang 2019)

Table 4 Comparison between the peak overpressure values

Field blast test
9.65 bar

Numerical Simulation
9.91 bar

Empirical Equations
9.35 bar

out at all the faces of the air block except the symmetric
ones.

Fig. 8 shows the comparison of the pressure time history
of 1 Kg TNT detonated at SoD of 1 m between the
numerical simulation, the empirical result obtained from the
CONWEP program and the experimental results. Table 4
shows the peak overpressure values calculated by using the
empirical equations, measured from the experiment and that
simulated by using AUTODYN. It was found that the
proposed modelling technique approach is very effective to
simulate blast loading. The trend of the pressure-time
history calculated by the 3D Coupled FEA is almost the
same as that obtained from the field test. The numerical
result overestimated the measured peak overpressure value
by 2.6% and the empirical equations, implemented in
CONWEP, underestimated it by 3.1%. The results show
that the numerical pressure time history is more reliable
than that calculated by the CONWEP program. In addition,
the numerical modelling of the explosion process can
simulate the realistic distribution of the blast load on the
specimen and the wrap over effect of the fire ball which
occurs on the physical tests.

4.2.2 Numerical modelling of the PC slab
In this study, concrete was modelled using both the
porosity EOS and the polynomial solid EOS which can be
written in the form of Egs. (9) and (10), respectively. This
EOS is capable of simulating the thermodynamic and the
compaction behaviour of concrete at different levels of
pressure (Herrmann 1969). Fig. 9 shows the p—«
relationship which represents the porosity EOS and p — p
relationship which represents the solid EOS, respectively.
s— n v
o= 14 (cc,— 1) [ﬁ] Jo= - 9)
Where o, is porosity corresponding to the initial plastic
yield; p is current pressure, n is the compaction exponent;
v is the specific volume of the porous material and v is
the specific volume of the concrete in the solid state at the

[<— Fully compacted

Plastic

Elastic

Plastic compaction path

i

astic unloading/loading paths

(b) p-p relationship
Fig. 9 Concrete equation of state (Herrmann 1969)

same pressure and temperature. v, is equal to 1/p, at zero
pressure, and p is solid density, that is the density at zero
pressure of a fully compacted solid.

P = A+ Ai® + A3l + (By + Bip)poe
u > 0 (compression)
p =Tiu+ Tou? + By poe, u >0 (tension)  (10)

Where p is the pressure; u=p/p0— 1 where p is the

density of concrete at any instant, and p, is full compaction
density of concrete at zero pressure; e is the internal energy
per unit mass and A;, A, As, By, B;, Ty, T, are material
constants.

For the concrete strength model and failure model, RHT
model was nominated for modelling concrete as mentioned
above. Table 5 shows the properties of the concrete material
used in this numerical study after modifying the effective
RHT parameters according to the numerical results obtained
from the compression and tension tests, as shown in section
3.

5. Mesh sensitivity

One of the main factors which affect the accuracy of
numerical results is selecting a proper element size. A
serious of convergence numerical simulation were applied
to evaluate the mesh sensitivity and ensure the numerical
model accuracy. For the 2D explosion wedge modelling, it
was found that choosing element size of 1 mm for
simulating 4 Kg TNT gives maximum peak overpressures
agree well with that calculated from CONWEP with an
acceptable error of 6.6%. After mapping the blast wedge
from 2D to 3D, an air block was created with consistent
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Table 5 Material data of concrete used in this study

(ANSYS-AUTODYN 2009)

Equation of state P alpha
Reference Density (g/cm®) 2.75
Porous density (g/cm®) 2.314
Porous soundspeed (m/s) 2.92 e+03
Initial compaction pressure (kPa) 2.33 e+04
Solid compaction pressure (kPa) 6.00 e+6
Compaction exponent 3
Solid EOS Polynomial
Bulk modulus Al (kPa) 3.527 e+7
Parameter A2 (kPa) 3.958 e+7
Parameter A3 (kPa) 9.04 e+6
Parameter BO 1.22
Parameter B1 122
Parameter T1 (kPa) 3.527 e+7
Parameter T2 (kPa) 0
Reference temperature (k) 300
Specific heat (J/kgK) 654
Thermal conductivity (J/mKs) 0
Compaction curve Standard
Strength RHT concrete
Shear modulus G (kPa) 1.67 e+07
Compressive strength f. (kPa) 3.5e+04
Tensile strength (f/f.) 0.1
Shear Strength (f/f.) 0.18
Intact failure surface constant A 1.6
Intact failure surface exponent N 0.61
Tens. /Comp. meridian ratio (Q) 0.6805
Brittle to ductile transition 0.0105
G (elastic)/(elastic-plastic) 2
Elastic strength f; 0.7
Elastic strength f 0.53
Fractured Strength Constant B
Fractured Strength Exponent M
Compressive strain-rate exponent a 0.032
Tensile strain-rate exponent J 0.036
Max. fracture strength ratio 1.00 e+20
Use CAP on elastic surface? Yes

Failure

Damage Constant D,
Damage Constant D,

RHT concrete

Minimum Strain to Failure er’;‘ﬁf 0.002
Residual Shear Modulus Fraction 0.13

Tensile Failure

Hydro (Pmin)

Erosion

Geometric strain

Erosion strain
Type of geometric strain

2
Instantaneous

dimensions to cover the entire PC slab and the blast fireball.
For the 3D modelling, different element sizes of 1, 2, 4, 6,
10, 15 and 20 mm were used. It was found that the smaller
the mesh size the more accurate the result. It was noted that
when the mesh size is less than 10 mm, the program creates
a memory allocation error (ANSYS-AUTODYN 2009). For
mesh sizes 10, 15 and 20 mm, the errors are 3.9%, 6.1%
and 11.1%, respectively. Accordingly, an element size of 10
mm was used for modelling the air block. In this study, a
total of more than 2.3 million elements was used to model

Damage level of the front face

0 0 0 0 0 0
A
& Q&\ 0'@ QQ"’\ @f”\ Q»“’\
& & & & ¢

(a) Front face
Damage level of the back face

(b) Back face

Fig. 10 Damage levels of the midpoint of the front and back
faces of the PC slab of the experimental test and that
observed from the numerical simulation using the default,
newly proposed and previously proposed RHT model

the air block.

For the concrete slab, a mesh size of 10 mm was
adopted to be consistent with the selected element size for
the air block and the TNT. In numerical modeling, the
element size of the donor boundary environment (i.e., the
air block and the TNT) should be equal or smaller than that
of the acceptor body (i.e., RC slab) in order to get a more
realistic behavior as in the physical tests (ANSYS-
AUTODYN 2009). In addition, based on similar numerical
models (Wang et al. 2013, Luccioni et al. 2013, Li et al.
2016), it was found that a mesh of 10 mm gives enough
accuracy. In this study, a total of 54,621 elements was used
to model the PC slab.

6. Comparison of the experimental and numerical
results

Fig. 10 shows the damage levels (DL) of the PC slab at
the midpoint of the front and back faces observed during the
field test and numerical simulations. The DL can be
categorized into four levels according to References (Xu
and Lu 2006, Zhou and Hao 2008, Wang and Zhang 2014):
(1) no damage (DL=0 to 0.1), where the RC slab is still in
the intact state with small damage area (spots) on the
surface; (2) slight damage (DL=0.1 to 0.3), where the slabs
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Fig. 11 Damage level time history of the midpoint of the
front and back face of PC slab using the default RHT
parameters and the proposed RHT parameters

experienced small (hair) cracks; (3) medium damage
(DL=0.4 to 0.7), where the slab suffers significant cracks
but still in the coherent state; (4) severe damage (DL=0.8 to
1.0), where the slab is totally damaged and fragmented.

Mohamed Rashad and T.Y. Yang

After doing the field blast test, the center of both the front
and back faces are completely damaged. Hence, the DL
shall be 1 for both the front and back faces. When
comparing this physical damage level with the numerical
results using the default RHT parameters, it was noticed
that the DL simulated for the front and back faces of the PC
slab were O and 0.38, respectively. This shows that the
default RHT model cannot accurately model the DL of the
midpoint of the front and back faces of the simply
supported PC slab. In the case of using the previous
modified RHT models, only the modified RHT models
proposed by Tu and Lu (2007, 2010) and Wang et al.
(2013) can accurately simulate the DL at the midpoint of
the back face of the PC slab. In addition, none of them can
simulate the physical DL for the front face well. On the
other hand, the newly proposed RHT model accurately
simulates the DL at the midpoints of front and back faces of
the PC slab well. This shows that the newly proposed RHT
model can be used effectively to simulate the DL for the
simply supported PC slab under free air blast load. For the
PC slab with the proposed parameters, both the front and
the back sides experienced a full compression and tensile
failure respectively. Also, the tensile failure occurred before
the compression failure, as shown in Fig. 11(b).
Accordingly, these results indicate that the proposed RHT
model simulates a more realistic behaviour of the PC slab
than the default RHT model based on with the experimental
results.

In addition to the DL study, the crack trajectory and the
overall damage pattern recorded from the experimental test
were compared to the numerical simulation using the newly
proposed RHT model and compared with the other
previously modified RHT models (Tu and Lu 2009, Tu and
Lu 2010, Hu et al. 2016, Nystrom and Gylltoft 2009,
Nystrém and Gylltoft 2011, Wang et al. 2013, Codina et al.
2016). Table 6 shows the default and the different RHT
parameters used in this numerical study. Fig. 12 shows the

Table 6 shows the default, the previous and the newly proposed RHT parameters

Parameters Default RHT Tuand Lu Hu Nystrom and Wang et al. Codina et al. Proposed RHT
model (2007, 2010) etal. (2016) Gylltoft (2009)  (2013) (2016) model
Reference Density 2.75 2.75 2.75 2.75 2.55 2.55 2.75
(g/cm’)
Compressive 35e+04  395e+04  4.0e+04 35e+04  3.95e+04 3.0e+04  3.5e+04
strength, f. (kPa)
Shear H‘(‘;‘;‘;'“S' G 1676407 28e+07  167e+07 167e+07  2.8e+07  167e+07  1.67e+07
Fractured Strength 16 0.7 11 16 0.7 0.35 0.9
constant, B
Fractured Strength ——— &) 0.8 0.9 0.61 0.8 0.55 0.9
Exponent, M
Damage Constant, D, 0.04 0.015 0.02 0.04 0.015 0.08 0.02
Minimum Strain to
. Fail 0.01 8 e-04 0.001 0.01 8e-04 0.03 0.002
Failure e, .,
. - - Hydro T o Hydro . .
Tensile Failure  Hydro (Pmin) (Pmin) Principal stress Principal stress (Pmin) Hydro (Pmin) Hydro (Pmin)
Tensile Failure Stress 4.00e+03 3500403  ccceeemm e e
(kPa)
Fracture Energy o0 0
(i/md) 80 120
Crack Softening yes yes  emememem e e
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Codina et al. (2016) Wang et al. (2013)

(c) Front Face

Fig. 12 Experimental and numerical damage pattern observations on the PC slab

overall damage pattern observed between the experimental
and the numerical simulations. The damage level scale is
shown on the left of the figure. The results show that the
newly proposed RHT model can simulate the hyperdynamic
behaviour of simply supported PC slab under free blast
loads more accurate than the previously modified RHT
models. The RHT model proposed by Tu and Lu (2009,
2010) overestimates the damage pattern and crack trajectory

on the front face, back faces and the side of the PC slab.
The RHT model proposed by Hu et al. (2016)
underestimates the damage pattern on the front and back
faces and no cracks observed on the sides. The RHT model
proposed by Nystrém and Gylltoft (2009) gives very
different crack patterns in the front and back faces.
Similarly, the RHT model proposed by Wang et al. (2013)
overestimates the damage pattern and crack trajectory on
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the back face of the PC slab and the crack pattern on the
front face is different to that observed in the experimental
test. The RHT model proposed by Codina et al. (2016)
appears to be too strong, where it does not predict any
damage in either front or back faces.

7. Conclusions

Concrete structure is one of the most used structural
material for blast resistant design. Due to the heterogeneity
nature of the concrete, it is difficult to simulate the
hyperdynamic behaviour and crack trajectory of the
concrete material. In the past, multiple RHT models have
been proposed. These models have been well calibrated to
various concrete structures subjected to different loading
and boundary conditions. In this paper, a new set of RHT
parameter was proposed to simulate the simply supported
PC slab under free blast load. The result shows that the
newly proposed RHT model can improves the softening
behaviour of the stress-strain curves under the three
different loading patterns for compression and tension cases
and accurately simulate the failure mode and crack
trajectory based on the experimental results. As for the
previously defined RHT models, the result shows that the
aforementioned proposed RHT models cannot accurately
model the nonlinear behaviour of simply supported PC slab
under free blast load. In contrast, the newly proposed set of
RHT parameters can be used to accurately simulate the
damage pattern and the crack trajectory of simply supported
PC slab subjected to free air blast loads.
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