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ABSTRACT

The safety of civilian and military infrastructure is a concern due to an increase in explosive risks, which has led to
a demand for high-strength civil infrastructure with improved energy absorption capacity. In this study, a Finite
Element (FE) numerical model was developed to determine the effect of hybrid Fibre Reinforced Polymer (FRP)
as a strengthening material on full-scale Reinforced Concrete (RC) slabs. The reinforcing materials under consid-
eration were Carbon (CFRP) and Glass (GFRP) fibres, which were subjected to blast loads to determine the struc-
tural response. A laminated composite fabric material model was utilized to model the failure of composite, which
facilitates the consideration of strain rate effects. The damaged area of the laminate is determined in the FE model,
and it is in good agreement with the corresponding experimental results in the literature. Models containing dif-
ferent stacking sequences were built to demonstrate their efficiency in resisting blast loads. In general, the
damaged area was reduced when a hybrid reinforcement with CFRP as the top layer was used.
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1 Introduction

During the 1987 Structures Congress, it was claimed that protecting structures against terrorist assaults
was already regarded as an issue at the time [1]. Based on a recent survey, explosives are responsible for 50%
of terrorist assaults, raising serious concerns about the protection of civilian and military infrastructure [2,3].
This has attracted a lot of attention to the susceptibility and longevity of civil and military structures and their
specific structural parts when subjected to blast loads [4]. Because protection against explosion is not an
absolute proposition, and an improved level of damage protection always comes at a significant cost,
appropriate evaluation tools must be used to identify any solution with an acceptable level of accuracy.
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Numerous studies have examined the possibility of civil infrastructure being damaged by blast loads and
the improvement in blast resistance resulting from external reinforcements [5]. The typical FRP systems used
are: Carbon, glass, aramid, and basalt fibres are bound together by a polymer matrix such as epoxy, vinyl
ester, or polyester to make CFRP, GFRP, AFRP, and BFRP, respectively [6—10]. FRP and polyurea
coatings are the most frequently preferred exterior reinforcements [11-14]. An experimental study on RC
walls retrofitted with CFRP and GFRP under 860 kg of explosive TNT at close ranges discovered that the
retrofitted walls exhibit greater blast load resistance [15]. Jacques [16] investigated the effect of using
externally bonded fibre-reinforced polymers as a retrofit strategy to improve blast resistance in concrete
walls and slabs. A significant increase in strength and stiffness was observed, while there was a
significant reduction in maximum displacement in samples reinforced with FRP. Orton et al. [17]
investigated the effect of close-in blast loads on CFRP reinforced with concrete slab samples. The testing
findings revealed that the CFRP effectively resisted the blast load and reduced total slab deflections for a
greater scaled value. Under high blast loads, the concrete failed catastrophically across the slab’s
thickness, and complete rupture was visible at the CFRP’s back face for the lower scaled value.
According to Corradi et al. [18], using unidirectional CFRP or GFRP on the masonry panels can
significantly enhance the strength of damaged components of the structure. But the existing research on
the investigation of reinforcing FRP with concrete infrastructures against blast loads focuses mostly
on walls [19-21] or beams [22-25]. Thus, there is a need to study the effect of FRP reinforcement on
concrete slabs under blast loading.

In order to determine the effect of FRP-strengthened RC structures when exposed to blast loads,
numerous numerical approaches have been proposed. These numerical investigations show that sustaining
the composite action between the FRP and concrete depends significantly on the bond strength and the
number of layers. Using a numerical model, FRP-reinforced RC walls with anchoring subjected to blast
loading were studied by Mutalib et al. [26]. The results revealed that FRP strengthening efficiently
enhances the RC wall’s capacity to withstand blast loads. From the numerical simulation of concrete
exposed to different strain rates under blast loading, Xu et al. [27] devised spallation criteria. They
considered three-dimensional spallation criteria that account for the structural reaction to close-range
explosive detonation. Elsanadedy et al. [28] investigated the impact of CFRP retrofitting RC circular
columns under blast loading using LS-DYNA and discovered that the addition of CFRP layers increased
the column’s capacity to withstand higher-intensity blasts. Using LS-DYNA and the Johnson-Holmquist
model, Schenker et al. [29] investigated the effects of concrete strength ratio, slab thickness, and steel
reinforcement ratio on RC slabs subjected to blast loading. Several experimental setups have investigated
the characterization of composite materials under varied loading rates. According to investigations in the
literature, FRP composites’ mechanical behavior can exhibit clear positive rate dependence, rate-
insensitive behaviour, or negative rate dependence. Elanchezhian et al. [30] studied the effect of strain
rate on the mechanical and flexural behaviour of CFRP and GFRP composite laminates and concluded
that Although the strain to failure for both CFRP and GFRP dropped with increasing strain rate, the
dynamic material strength for GFRP improved with higher strain rates. Shokrieh et al. [31] conducted
compressive tests using unidirectional GFRP composites with strain rates ranging from 0.001 to 100 s.
Compressive strength and modulus were observed to improve with increasing strain rates, but
compressive strain to failure was found to be relatively insensitive to strain rates. However, due to the
complexities of blast behaviour, the majority of these investigations generated only qualitative rather than
quantitative conclusions. Furthermore, many studies did not take into account the strain rate effect of
concrete and FRP, preventing a deeper understanding of the blast mechanism of resistance in FRP-
strengthened civil structures. Over the past decade, extensive experimental research has been undertaken
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to develop unique methods to improve the deflection response and damage resistance of concrete slabs under
blast loading [32—34]. Silva et al. [35] experimentally evaluated the viability of enhancing RC slabs’ blast
resistance through novel composite materials. They concluded that slabs retrofitted with the novel steel
FRP composite performed similarly to CFRP composite, resulting in a cost-effective system with better
blast load-resisting capability. Wu et al. [36] experimentally investigated the blast resistances of slabs
made with externally bonded FRP plates, and it was determined that adding carbon FRP plates to
reinforce the concrete slab’s compression face enhanced the slab’s ductility and blast resistance. To
determine the fragment size distribution and fragment shape factor distribution, Wu et al. [37] worked on
RC slabs reinforced with CFRP plates installed on both sides of the slab and tested them with a 2.1 kg
TNT blast load at a standoff distance of 0.6 m. Statistical analysis concluded that the fragment sizes and
shapes for both the RC slabs followed the Weibull distribution and lognormal distribution, respectively.

While significant studies have been conducted on the blast load resistance of FRP-strengthened civil
structures, meagre research has been done on the resistance of FRP-reinforced RC slabs. In the current
study, we extend the efforts from Reifarth et al. [38] in the area of blast loading to fundamentally
understand the concrete and composite blast load resistance mechanisms and the effect of reinforcing
hybrid FRPs in RC slabs. With full-scale dimensions of the RC slab, a numerical modelling technique
was used, and CFRP and GFRP were chosen as hybrid reinforcements. A 3D lagrangian model was
developed and validated against the experimental results. Based on the confidence of the validated model,
an extensive study was carried out to determine the failure mechanism of the composite under the blast
load. Finally, the effect of the stacking sequence with material model considering strain rate effects was
considered in the study for modelling the composite laminate.

2 FE Modelling and Methods

The dynamic behaviour of concrete RC slabs reinforced with hybrid FRP subjected to blast load was
investigated using the commercially available non-linear finite element tool LS-DYNA [39]. The
numerical model was created and tested against experimental findings in order to comprehend the
progression of damage and forecast the behaviour of the slab. To investigate the failure mechanism and
damaged area, a material model with strain rate effect was taken into consideration.

2.1 Modelling of Steel Rebar

The slabs without FRP reinforcement were used to validate the numerical model based on experimental
results from Reifarth et al. [38]. Two layers of longitudinal and transverse bars made up the slab’s steel
reinforcement, which was modelled using Hughes-Liu beam elements. One longitudinal bar was missing
from each of the top and lower layers in the experimental model described in the literature due to a
manufacturing error, and the numerical model used a similar arrangement as shown in Figs. 1 and 2. To
connect the concrete slab to the steel rebar, four 20-mm-long constrained bars were used. The upper face
of the concrete slab was supported with 10 mm bars placed 300 mm apart in both directions, while the
bottom face was supported with 12 mm bars spaced 150 mm apart in both directions. The steel mesh was
represented using the widely known PIECEWISE LINEAR PLASTICITY material model [40-—42],
which defines an elastoplastic bilinear behaviour. The values for the material model are considered from
the literature and are defined in Table 1. Finally, there are 7710 elements used to model all the
longitudinal and transverse beams in the slab. The constrained bars were placed 400 mm apart from the
centre and at a distance of 37.5 mm from the top and bottom, respectively.



3520 JRM, 2023, vol.11, no.9

Figure 1: Upper longitudinal and transverse steel bar configuration

]

Figure 2: Lower longitudinal and transverse steel bar configuration

Table 1: Steel material properties [38]

Properties Values
Density (kg/m®) 7850
Young modulus (GPa) 200
Poisson’s ratio 0.3
Yield stress (MPa) 575
Tangent modulus (GPa) 20
Plastic strain to failure (%) 7.5

2.2 Modelling of Concrete Slab

The numerical model consisted of concrete slabs with dimensions of 4.40 m x 1.46 m x 0.15 m made
using 963600 solid elements with a mesh size of 10 mm. Based on the literature [43,44] the
CSCM_Concrete material model was used to model the concrete slab. The CSCM model is an
elastoplastic damage material model. The shear surface and cap are used to simulate the strength of
concrete in the low-high confining pressure regimes. According to the literature, the CSCM material
model is suitable for simulating concrete structures with compressive strengths ranging from 20 to
48 MPa. The CSCM model only requires two parameters to function: unconfined compressive strength
and density, with the ERODE option for element deletion set to default. The material properties used in
the simulation are defined in Table 2.

Table 2: Concrete material properties [38]

Properties Values
Density (kg/m®) 2300
Unconfined compressive strength (MPa) 25
ERODE 1.05

(Continued)



JRM, 2023, vol.11, no.9 3521

Table 2 (continued)

Properties Values
NPLOT 1
IRATE 1
Maximum aggregate size, DAGG (m) 0.02

2.3 Modelling of External Reinforcements

MAT LAMINATED COMPOSITE FABRIC is used to model the woven FRP composite external
reinforcement to the concrete slab. In the described material model, the composite damage is modelled
based on Hasin’s failure theory which accounts for the non-linear softening of the composite plies [45].
Each composite ply is modelled using 64240 2D shell elements with fully integrated shell elements since
it was determined to be the optimal method of modelling based on literature [46]. The failure criteria as
defined in Eqgs. (1) and (2) was considered to be the same in direction 1 and 2 since woven composite
laminates are considered and a smooth failure surface condition (FS =1) was defined in the model [47].

a2 T2
fi1 = 1 + —1; =0 (1)
(1— wllc,t)zxg,t (1- (’312)232 -
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Notes: X¢, Y. are the material strength in tension and compression, S is the defines material shear
strength, w is the represents the failure parameter.

Once the threshold stress is reached, the elements will be removed from the calculation. This is obtained
using the ERODS option in the material model. The ERODS needs to be carefully calibrated to facilitate
effective modelling of the composite. A value of —0.4 and —0.6 was determined to be suitable for CFRP
and GFRP respectively in the simulation, which is in coherence with the data available in the literature
[48-50]. The material properties used in the numerical simulation are defined in Table 3.

Table 3: CFRP and GFRP material properties [38]

Properties Values

CFRP GFRP
Density (kg/m®) 1830 2000
Young’s modulus [GPa] 252 42
Poisson’s ratio 0.3 0.285
Shear modulus [GPa] 96.9 3.9
Elongation at failure [%] 1.8 4
Tensile strength [GPa] 4.93 1.62
Compressive strength [GPa] 0.698 0.1129
In-plane shear strength [GPa] 0.0845 0.089

ERODS —0.4 —0.6
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As illustrated in Fig. 3, four combinations were selected to represent the impact of the stacking sequence
of the external reinforcements: (a) GGGG (b) CCCC (c) GCCG, and (d) CGGC. The hybrid laminate’s layer
configuration was chosen by balancing the modulus property with regard neutral axis in the RC slab.

GFRP CFRP
GFRP CFRP
GFRP CFRP
GFRP CFRP

(a) GGGG (b) CCCC
CFRP GFRP
GFRP CFRP
GFRP CFRP
CFRP GFRP

(c) CGGC (d) GCCG

Figure 3: Four combinations of the stacking sequence of the external reinforcements: (a) GGGG (b) CCCC
(c) GCCQG, and (d) CGGC

The simulation uses a surface-to-surface tiebreak contact algorithm based on normal and shear strengths
of interlaminar properties. The nodal tension is tracked and incorporated into the interface strength-based
failure criterion expressed as Eq. (3)

|0 ? o] ?
> 1
<NFLS + SFLS/ — 3)

Notes: NFLS is the normal interlaminar strength, SFLS is the shear interlaminar strength.

2.4 Blast Modelling

A lagrangian approach (CONWEP) was followed to model the blast loading using the LOAD BLAST
option. This method uses the empirical model to compute the blast load at an efficient computational time.
Under high explosive detonation, blast wave propagates in the surrounding atmosphere. Generally,
Friedlander formulation Eq. (4) is utilised to characterize the initial positive phase of the blast load.

Pu()=Pr (102 enp( B ) @)

where Py, represents the initial peak pressure.

The experimental results from the literature were utilised to determine the pressure [51]. The explosive
of 1.74 kg was placed at a 1 m distance from the cement slab centre. The calculated equivalent peak pressure
was 0.87 for TNT [52].

2.5 Contact and Constrained Conditions

Since the steel rebar and the concrete were modelled explicitly, CONSTRAINED
LAGRANGE IN SOLID was defined to model the interaction between the two components. The support
rods at the boundary were constrained in the 6 DOFs for better accuracy. The roller supports were
assigned AUTOMATIC SINGLE SURFACE contact against the concrete slab. For external
reinforcement modelling, AUTOMATIC ONE_WAY_SURFACE TO SURFACE TIEBREAK contact
was defined between each layer in the composite and in between concrete and composite in the model.
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To model the interaction between the blast and the interacting surface, the SET SEGMENT option was
utilised to define the face of the interacting surface.

3 Results and Discussion

3.1 Validation Study Based on Peak Acceleration

Reifarth et al. [38] used the experimental data to evaluate the proposed numerical model against the
concrete slab without external reinforcement. In the experimental investigation, the acceleration was
measured 100 mm from the centre of the cement slab, and a comparable dimension was used in the
numerical simulation to calculate the peak acceleration due to blast load. The peak acceleration obtained
from the simulation was about 979.1 g, whereas the experimentally reported peak acceleration was about
1028.6 g, as shown in Fig. 4. A deviation of 4.81% is observed between the experimental and numerical
results. Generally, any variation less than 10% between experimental and numerical results is considered
acceptable. Thus, the proposed numerical modelling method is acceptable and can be considered for
further study.

1200

1000 - '5

- - Experimental
—Present Numerical

& ®
S 2 2
S & e

o

Acceleration (g)
~
=3
=

D
S
S

-400 4

-600 4

-800

Time (ms)
Figure 4: Experimental and numerical comparison of Z-acceleration time history

3.2 Validation Study Based on Effective Strain

The anticipated area of eroded elements and the area of those elements whose cumulative damage is near
to 1 on a scale of 0 to 1 are added together to calculate the damaged area in the numerical models, which are
shown from blue to red. Fig. 5 represents the effective strain for the RC slab. In both the experimental
specimens and the computational models, the RC slab shows no structural damage other than controlled
flexural cracking. However, there can be seen some strain concentrations observed at the boundary of the
RC slab, and they are due to the roller support at the base of the slab. Thus, it can be concluded that the
numerical model can reproduce the damaged contour effectively compared to the experimental results.
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Figure 5: Back face deformation of the RC slab
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3.3 Validation Study Based on Damaged Area

Two samples, designated P1 and P2, were examined based on the damaged area. 13.05 kg of TNT were
exposed to samples P1 and P2 at standoff distances of 0.5 and 1 m, respectively. The slabs were studied to
provide a benchmark to compare the damage to that of the externally reinforced ones and enable the study of
the effects of scaled distance. Table 4 compares the damaged area as a percentage of the overall surface area.
The literature has used a similar method to compare the numerical and experimental results [53]. Because the
material model is properly calibrated with supporting parameters, the current numerical simulation actually
yields better findings when compared to published results. Although the top face area calculation represents a
variation of 16.27%, the damage mechanism reliably predicts the fracture and cracks in the RC slab under the
blast load condition.

Table 4: Damaged area comparison for experimental and numerical results

RC slab Side Damage area (mm?)
Experimental Reifarth et al. [38] Error percentage Present study Error percentage
P1 Top 8.19 8.48 3.54% 8.36 2.07%
Bottom 18.62 17.63 2.07% 18.03 3.16%
P2 Top 3.38 4.20 24.26% 3.93 16.27%
Bottom 10.34 10.83 4.73% 10.94 5.80%

3.4 Effect of Plane CFRP and GFRP as External Reinforcement

The numerical results corresponding to plane CFRP and GFRP reinforced slabs with a standoff distance
0of 0.5 and 1 m are shown in Fig. 6, respectively. The numerical model is capable of capturing the geometry of
the failure surface. The damage pattern exhibited by both configurations at respective standoff distances were
similar. Circumferential cracking was evident in both samples where the crack protruded in the sheet mesh
directions. In the sample CCCC, the intensity of cracks was relatively lower when compared to GGGG
samples. The back face damage for the CCCC sample was 20% less when compared to GGGG samples.
In the case of blast load at a standoff distance of 1 m, the damage was significantly reduced when
compared to unreinforced samples. Thus it can be concluded that the contribution of FRP is evident when
the structure is subjected to blast loads.

3.5 Effect of CGGC and GCCG Stacking Sequence

Two different stacking sequences, (a) CGGC and (b) GCCG, were preferred in the study to determine
the effect of stacking sequence as shown in Fig. 7. The hybrid laminates were selected considering balanced
material properties in the longitudinal and transverse directions. The CGGC configuration presented lower
damage when compared to the GCCG configuration. This indicates that the CGGC configuration
performed better in terms of blast load resistance, which is consistent with the literature [54,55]. The
failure between external reinforcement and the concrete slab was considered to be a perfect bond. Thus,
the failure pattern between the laminate and composite was not captured efficiently. On comparing the
relative damage region, the CGGC configuration reduced the back face deformation by 3.4% and 24.3%
compared to the CCCC and GGGG samples, respectively. The damage pattern due to 13.05 kg TNT at a
0.5m standoff distance appeared to be similar for both configurations, with the GCCG sample
dominating the damaged region. In the case of CGGC samples, the circumferential cracks propagated a
longer distance with a comparatively lower central puncture when compared to the GCCG sample. When
the standoff distance was 1 m, both the samples showed better resistance with a central longitudinal
deformation.
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(a) GGGG sample at a standoff distance of 0.5 m
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(b) CCCC sample at a standoff distance of 0.5 m
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(c) GGGG sample at a standoff distance of 1 m
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(d) CCCC sample at a standoff distance of 1 m

Figure 6: Plastic strain contour for different reinforcements
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(a) CGGC sample at a standoff distance of 0.5 m

(b) GCCG sample at a standoff distance of 0.5 m
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(c) CGGC sample at a standoff distance of 1 m

1.000e+00
9.000e-01
8.000e-01
7.000e-01 _
6.000e-01
5.000e-01
4.000e-01
3.000e-01 _
2.000e-01
1.000e-01
0.000e+00

(d) GCCG sample at a standoff distance of 1 m

Figure 7: Stacking sequence effect on plastic strain contour

3.6 Effect of Stacking Sequence

At various standoff distances, the effect of glass/carbon hybrid laminates as reinforcement to RC slabs is
investigated. The resulting relative damage is illustrated in Table 5. When plane and hybrid laminate layouts
were compared, it was clear that hybrid laminate provided greater blast load resistance for both standoff
distances. The CGGC configuration outperformed the GCCG configuration. Studies from the literature
state that laminates with solely CFRP layers may not provide suitable reinforcement under different types
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of'load when compared to hybrid combinations [56]. Though carbon fibres have a larger elastic modulus than
glass fibres, the resulting performance of CFRP laminates is relatively weaker as they suffer from brittle
damage when compared to GFRP laminates. As a result, it may be stated that a hybrid arrangement
consisting of glass fibres sandwiched between carbon fibres will give superior resistance to blast load
than any other possible external reinforcement. The resulting relative damage is illustrated in Fig. 8.

Table 5: The resulting relative damage

Stacking sequence Standoff distance (m) Side Relative damage
GGGG 0.5 Top 7.02
Bottom 18.03
1 Top 3.96
Bottom 6.04
CCCC 0.5 Top 7.62
Bottom 22.73
1 Top 4.22
Bottom 6.87
CGGC 0.5 Top 6.43
Bottom 17.41
1 Top 3.54
Bottom 5.32
GCCG 0.5 Top 6.72
Bottom 17.55
1 Top 3.82

Bottom 5.61

8 275
7.5 4 225 1 ./\—_‘
7 17.5 4
6.5 1 12.5 4
6 7.5
-o-Top damage for 0.5m stand-off distance -o-Bottom damage for 0.5m stand-off distance
55 25
GGGG Ccccc CGGC GCCG GGGG cccc CGGC GCCG
(a) 0.5m standoff distance (Top) (b) 0.5m standoff distance (Bottom)
4.5 7.5
4 6.5 1
5.5 1
3.5+
4.5 1
31 35 4
-o-Top damage for 1m stand-off distance -e-Bottom damage for 1m stand-off distnace
25 25
GGGG cceee CGGC GCCG GGGG cccce CGGC GCCG
(c) 1m standoff distance (Top) (d) 1m standoff distance (Bottom)

Figure 8: The comparison of relative damage based on the stacking sequence
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4 Conclusion

In order to assess the positive impact of CFRP and GFRP reinforcement on RC slabs subjected to blast
load scenarios with distinct scaled distances, a numerical investigation was conducted. The numerical
simulation was validated against experimental results from the literature and the deviation in results was
determined to be within acceptable limits. The specific observations are:

e In the case of the validation study, the peak acceleration obtained from the simulation was about
979.1 g, whereas the experimentally reported peak acceleration was about 1028.6 g. There were
greater deviations in predicting the acceleration pattern beyond 1 ms, but the magnitude of
secondary acceleration was captured effectively.

e The failure mechanism was captured well for all the studied cases and was used to optimize the
external reinforcement configuration for a given standoff distance.

e For a 1 m standoff distance, CGGC configuration reduced the back face deformation by 11.9% and
22.6% compared to the GGGG and CCCC samples.

e When it comes to hybrid composite laminate configurations, placing carbon fibre layers on the outside
and glass layers on the inside provides superior reinforcement than placing glass layers on the outside
and carbon layers on the inside.
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