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BLAST LOAD RESPONSE OF ONE-WAY REINFORCED
CONCRETE SLABS RETROFITTED WITH FIBER
REINFORCED PLASTIC

A. Pax6ap Panooicu, A. Ecmaeni. Peakuisi Ha yiapHe HABaHTAKeHHsI OTHOCTOPOHHIX 32/1i300eTOHHHX IIUT, MOIU(IKOBaAHHX
IIACTHKOM, apMOBAHUM BOJIOKHOM. OCHOBHOIO METOK Cy4acHOI pPoOOTH € MOCITI/DKEHHS CTPYKTYPHOI MOBEAIHKH OJHOCTOPOHHIX
3aJ11300€TOHHUX TUIUT, MOAN(IKOBAHNX IIACTUKOM, apMOBAHUM BOJIOKHOM. Mozudikanis poBOIUTECS [JIs MiJABHILEHHS MIIHOCTI HA 3THH
Ta 3CyB, NOKPAIICHHS CTPUMYBAHHS Ta YCYBAaHHS IIOIIKO/UKCHb, BHUKIMKAHMX KOPO3i€I0 Ta pO3TpicKyBaHHsAM. I[Ipum Momudixawmii
3aii300eToHHNX UT ITAB 4acTo BHKOPHCTOBYETBCS JUIS ITiJBHUILECHHS MILHOCTI HA 3THMH, IOAABIIM HOrO Ha CTOPOHY PO3TAIYBAaHHS IUIMTH B
0051aCcTi 3 MaKCUMAaJBHUM aHKEPOM, IO NPH3BOIWTH JO 3HAYHOTO 30UIBIICHHS MOTYXXHOCTI TOTJIMHAHHSA €HEepril IMTH. MeTos KiHIEBHX
ernemenTiB (MKE) mmpoko BHKOPHUCTOBYETBCS B Pi3HMX 00NacTsX JUis Oy/AiBEIBHOTO MPOEKTYBAaHHS, B €NEKTPOTEXHIUHIill IPOMICIOBOCTI,
TEIUIOCHEPTeTUIll Ta MAIIMHOOYAyBaHHI. Y BMIAAKy aHali3y HACiJKiB BHOyXy 4depe3 HaJMIpHY BapTiCTb, HEOE3IEKy EKCIIEPHMEHTIB Ta
HaJ3BUYAifHO KOPOTKY TPHMBAJIICTh BHIPOOYBAaHHS, YHCEIbHE MOJCTIOBAHHS € OUIbII OakaHMM. BHKOPHCTOBYETHCS Mpolenypa AETaTbHOTO
aHaN3y JUHAMIKH, sKa 0a3yeThCs Ha 3aCTOCYBAaHHI IMPaBHJIA SBHOTO IHTETPYBAaHHS Pa3oOM i3 BUKOPHCTAHHSAM MAacCHBIB MAaTpPHLb JiarOHAIBHUX
(«30CEpeIDKEHNX») ENEMEHTIB, IO € OOYHMCITIOBANEHO €(PEKTUBHOK IS aHali3y BEIMKUMX MOZENEH 3 BiJHOCHO KOPOTKOK JMHAMIYHOO
BIJNOBI/IIO Ta IS aHAJI3y HAJ3BUYAIHO MepepuBYacTHX moaiit abo npouecis. Komm torepuuit kon ABAQUS BUKOPHCTOBYETHCS I aHAII3Y,
Ta pe3yJbTaTH MOPIBHIOIOTECS 3 HASBHUMY €KCIIEPHMEHTAIBHIMHE Pe3yJIbTaTaMH B JIITEPaTypi Ta CIIOCTEPIracThes rapHa BiANOBIAHICTD. Takoxk
MOKHa 3pOOUTH BUCHOBOK, 1110 YHCENbHUI METOJ1, BUKOPUCTAHUH Y IIbOMY JIOCIIIPKEHHI, J00pe Y3ro/DKY€eThCs 3 eKCIIEPUMEHTAIBLHOI POOOTOXO.
JlocItipkeHo BIUIMB Pi3HUX FEOMETPUYHNX NapaMeTpiB, BKIFOYAIOYN KiJIBKICTh IIApiB, OPIEHTALI0 BOJIOKOH Ta CIIIBBITHOLICHHS CTOPIH IUIUTH.
Ha BigMiHy Biz TIOCTYNHHUX €KCIIEPUMEHTAIBHUX PE3YJIbTATIB, OKAa3aHO, 1[0 METOAM MOJEIIOBAaHHS MAIOTh BUCOKY TOYHICTb. BcTaHOBIIEHO, 1110
HE3aJIeXKHO BiJ| Opi€HTaIlil BOJIOKOH, 3MIIlleHHs HEHTPy IUMTH OyJe cyTTeBo 3MeHIIeHo. Komm KyT opieHTalii BOJIOKOH IO BiIHONIEHHIO JI0
FOJIOBHOTO HECYYOTO HAmpsMKy IMTd ckiagae [-20°, 20°], BuOyxoBa MILHICTh IUIMTH € MaKCHUMAIbHOK. [l MIMT i3 HHU3BKHM
CIIBBITHONICHHSIM CTODIH, YMM OiJIbIIe YHCIIO IIapiB, THM BHUIIE BHOYXOBAa MIIHICTb. JJJIsI INTHT i3 BHCOKHMM CIIIBBiTHOLICHHSM CTODIH BiJICYTHI
3HAYHI BiAMIHHOCTI MiX Pi3HHUMHU CTPYKTypaMu BOJIOKHA Ta 30LIbIICHHS KiTHbKOCTI IapiB HE BILUIMBAE HA BUOYXOBY MILIHICTD [UTHT.

Kniouosi cnosa: BuOyxoBe HaBaHTakeHHs; map [TAB; MeTo/1 KIHIIEBUX €IEMEHTIB; 3a/1i300€TOHHA TTHTa; MOAM(DIKaLlis

Ahmad Rahbar Ranj, Azar Esmaeli. Blast load response of one-way reinforced concrete slabs retrofitted with Fiber reinforced
plastic. The main aim of present work is to investigate structural behavior of one-way reinforced concrete slabs retrofitted with fiber reinforced
plastic. Retrofitting is done to enhance bending and shear strength, to increase confinement and to repair damages caused by corrosion and
cracking. In retrofitting RC slabs FRP is often used to enhance bending strength by putting it on the tensile side of the slab in the region with
maximum anchor, which leads to significant increase in slab’s energy absorption capacity. Finite Element Method (FEM) is widely used in
different fields for structural, electrical, heat, and mechanical engineering. In the case of blast analysis, due to excessive cost, the danger of
experiments and extremely short duration of the test, numerical simulation is more attractive. Explicit dynamics analysis procedure based on the
implementation of an explicit integration rule together with the use of diagonal (“lumped”) element mass matrices is used, which is
computationally efficient for the analysis of large models with relatively short dynamic response and for the analysis of extremely discontinuous
events or processes. Computer code ABAQUS is used for the analysis and the results are compared with available experimental results in the
literature and good agreement has been observed. Also it can be concluded that numerical method used in this study has good agreement with
experimental work. Influence of different geometrical parameters including number of layers, orientation of the fibers and the aspect ratio of slab
has been investigated. Upon comparison with available experimental results, it is shown that modeling techniques have good accuracy. It is found
that regardless of the orientation of the fibers, displacement of the center of slab would be reduced significantly. When fibers orientation angle
with respect to the main load bearing direction of the slab is [-20°, 20°], the blast strength of the slab is maximum. For slabs with low aspect
ratio, the more the number of layers, the higher the blast strength. For slabs with high aspect ratio, there is no significant difference between
different fiber arrangements and increasing number of layers has no significant effect on blast strength of slabs.

Keywords: Blast Load; FRP Layer; Finite Element Method; Reinforced Concrete Slab; retrofitting

Introduction. Generally, concrete is known as a relatively high blast resistance material com-
pared to other constructional materials. However, some existing concrete structures require retrofitting
during their service life to improve their strength against impact and blast loads. The most popular and
common method for structural retrofitting is adhesive bonding of Fiber Reinforced Polymer (FRP) to
the external surface of the Reinforced Concrete (RC) members [1-2].
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Retrofitting is done to enhance bending and shear strength, to increase confinement and to repair
damages caused by corrosion and cracking. Due to low weight, ease of application and high tensile
strength against harsh environmental conditions FRP has been largely used as a main retrofitting mate-
rial. In retrofitting RC slabs FRP is often used to enhance bending strength by putting it on the tensile
side of the slab in the region with maximum anchor, which leads to significant increase in slab’s ener-
gy absorption capacity [3]. Due to high risk of terrorist attacks, design and control of structures under
blast load has been increasingly admitted as a standard practice.

Literature review and Formulation of the problem. Several experimental research works were
done to investigate blast strength of RC structures retrofitted with FRP. Muzsinsky and Purcell [4]
studied some RC walls retrofitted with carbon and glass FRP under 860 Kg explosive TNT at short
distances and found out that the retrofitted walls show higher resistance to blast loads. Lu et al. [5]
tested four RC slabs retrofitted with FRP under blast load and concluded that retrofitting the slab on
both sides was much more effective than retrofitting at one side. Wu et al. [6] tested two RC slabs and
showed that retrofitting at one side did not increase blast strength of the slab. Silva and Lu [7] investi-
gated the possibility of using new composite materials to improve the strength of slabs against blast
load in one sided reinforced concrete. The results showed that when the slabs were retrofitted only at
one side there was no significant increase in strength against blast, however, in the slabs with both
sides retrofitted a significant increase in blast strength was observed. Bibiana and Luege [8] experi-
mentally and numerically studied the behavior of concrete pavement slabs under blast shock loads on
the top of the pavement to investigate damages and occurrence of cracks.

Low and Hao [9] examined reliability of RC slabs against blast loads using numerical modeling
and found that the impact of the blast load on the structures depends on many parameters and was not
predictable. Tai et al. [10] proposed some empirical equations to predict damage mechanism and dy-
namic response of RC slabs based on numerical studies using LSDYNA. Low et al. [11] conducted a
numerical study on RC slab retrofitted by composite sheets under blast loads. Mosalam and Mosallam
[12] carried out a numerical study on the behavior of RC slabs under blast load and examined the in-
fluence of different parameters including duration of loading and the effect of CFRP modification on
damage density. Jin-Won et al. [3] analyzed the strength of retrofitted slabs with GFRP against blast
using LSDYNA. Castedo et al. [13] tested eight slabs and compared the results obtained from numeri-
cal modeling with experiments. Li et al. [14] tested two types of concrete, Ultra-High Performance
Concrete (UHPC) and Normal Strength Concrete (NSC), used in RC slabs, and the results confirmed
the effectiveness of the UHPC slab against blast loads. Yao et al. [15] investigated the anti-blast per-
formance and characteristics of RC slabs damage with different reinforcement ratios through both ex-
perimental and numerical studies and concluded that the reinforcement ratio has a profound influence
on the survivability of RC slabs when subjected to blast loading.

Purpose of the study. It is the main aim of present work to study the influence of geometrical
parameters, including number of layers, the orientation of fibers and aspect ratio of slab on the
behavior of RC slabs retrofitted with fiber reinforced under blast loading. Computer code ABAQUS is
used and the optimum amount of FRP is determined.

Finite Element Analysis. Finite Element Method (FEM) is widely used in different fields for struc-
tural, electrical, heat, and mechanical engineering. In the case of blast analysis, due to excessive cost, the
danger of experiments and extremely short duration of the test, numerical simulation is more attractive.
In this study computer code ABAQUS [16] is used for analysis. Explicit dynamics analysis procedure
based on the implementation of an explicit integration rule together with the use of diagonal (“lumped”)
element mass matrices is used which is computationally efficient for the analysis of large models with
relatively short dynamic response and for the analysis of extremely discontinuous events or processes.

Failure model of concrete material. Orakcal et al. [17] and Shima et al. [18] models are used to
express the compressive and tensile stress-strain behaviors of concrete, respectively (Fig. 1). Damage
plasticity model, which is widely used as a failure criterion of concrete shear walls, is employed. This
model uses the isotropic damaged elasticity concept in combination with isotropic tensile and com-
pressive plasticity to represent the inelastic behavior of concrete. It is assumed that two main failure
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mechanisms are tensile cracking and compressive crushing of the concrete material. The degradation
of the elastic stiffness induced by plastic straining both in tension and compression are taken into con-
sideration. This model is appropriate for any loading, including cyclic loading. Reduction of the elastic
hardness is compensated by considering plastic strain in tension and compression. This model is avail-
able in ABAQUS [16].

40

i~ 25
S 25 2
= 20

=
3

o
&)

Stress (Mpa)

0.
0 0005 001 0015 002 0025 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
strain strain

a b

Fig. 1. Stress—strain relation of concrete considered in this study: Compression [17] (a), Tension [18] (b)

FE Model of slab. The reinforcement bars are modelled
with T3D2 element, which is a 2-node, 3D linear displacement
truss elements and transmits an axial force. For the nonlinearity
of the selected steel material the available kinematic hardening is
used. The concrete slab is modelled with C3D8 brick element,
which has 8 nodes and is suitable for blast analysis with the pos-
sibility of damage. FRP is modelled with s4 shell element, which
has 4 nodes with 6 degrees of freedom. Fig. 2 shows FEM of an
RC slab.

The slab has dimensions of axbxh, which are the length,
width and thickness of the slab, respectively. Cartesian
coordinate system with its origin at one corner is used. Since all P
RC slabs, which have been studied in this work are one-way
slabs, at edges x=0 and x=a, displacement in y and z directions
are restrained.

For FEA adequate size of mesh should be selected. _
Though by reducing the size of mesh, the accuracy of results : :
would increase, however, the time of calculation and cost of ta Ltd_)l t
analysis also increase. Therefore, a compromise between
accuracy and time should be selected. This is usually done by a  Fig. 3. Shock wave distribution [19]
convergence analysis or by comparison of numerical results
with some experiments. Here the latter approach is used and
adequate sizes of mesh are determined as follows:

— concrete with size of mesh 60x60x60 mm,

— reinforced bars with size of mesh 25 mm,

— FRP with size of mesh 100x100 mm.

Modelling of the blast load. Explosion loading wave is defined by three parameters of shape of
wave, maximum pressure, ps,, and positive wave duration, ty, which is the time that pressure reaches
zero. Depending on the source of the explosion, the generated waves are divided into shock wave and
pressure wave. In shock wave the pressure of gasses formed by the explosion is developed by emis-
sion from the source of the explosion. It increases to maximum pressure, ps,, and decreases to envi-
ronmental pressure which is defined as positive phase (Fig. 3).

Py -
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Negative pressure phase is relatively small and gradual and has negligible effect on deformation
and damage of structures. This is why it is mostly ignored [19] and usually an equivalent rectangle
wave distribution is considered for positive phase only. In order to find the maximum pressure induced
by explosion and to achieve a criterion for determining the severity of the damage, scale distance, Z, is
defined as follows [19]:

p50=6;37+1 (p,G >10kg/cm?), 1)
z
o, 2905 1'4255 + 5'935 ~0.019 (0.1<p,, <10 kg/cm?), )
z z z
R
W3

where R is the distance of explosion charge to the desired location (m), W is explosive charge weight
per TNT equivalent weight (kg). Use of Z offers a concise and effective expression of explosion wave
over a wide range of scenarios. Fig. 4 demonstrates the form of explosion’s wave distribution for dif-
ferent distances of explosion charge. As expected, pressure is uniform for larger distance of explosion
charge, however, reducing this distance leads to significant increase of maximum pressure at the cen-
tre of slab. The pressure wave in the center of slab reaches maximum value and decreases towards the
sides [7]. In this study the pressure wave distribution shown in Fig. 4 is used.

Verification of FEM accuracy. In order to validate FEM two experimental works, conducted to exam-
ine the behavior of RC slabs under blast loading condition, are reconsidered. Wu et al. [20] and Jones
et al. [21] have tested several laboratory samples. One of the slabs with dimensions of
2000x1000%100 mm and reinforcement percent of 1.34 is revisited (Fig. 5).
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Fig. 4. Distribution of shock wave for different Fig. 5. Tested slab and method of testing used
distances of explosion location, R [7] by Wu et al [20] and revisited by Jones et al [21]

The concrete compressive strength and steel yield strength were 39.5 Mpa and 600 Mpa, respec-
tively. The distance of explosion charge was 3m above the center of the slab and 1.1 kg of explosion
charge was used. Fig. 6 shows the displacement history taken from experiment [20] and corresponding
curve obtained from finite difference method [21]. Fig. 7 shows the history of the displacement at the
center of the slab obtained by FEM in this study. As can be seen both curves of Figs. 6 and 7 have the
same trend and maximum displacement measured in the experiment was 2 mm which is very close to
the value obtained in this study by FEM as 2.24 mm. Therefore, it can be concluded that FEM and
experimental work have good agreements.
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Fig. 6. Displacement history of an RC slab under blast Fig. 7. Displacement history of the RC slab
load (experiment [20] and finite difference method [21]) determined by FEM in this study

Second experimental work was done by
Silva and Lou [7] on one-way RC slabs with Table 1
dimensions of 1200x1200x90 mm and with
three 10 mm diameter reinforcement bars as
main bending reinforcements in the bottom

Properties of FRP materials used
in the experimental work [7]

side. The compressive strength of concrete was Type of Tensile | Modulus of | Ultimate
28 Mpa, and the yield stress of bars and modu- Material | Suength | Elasticity Strain
lus of elasticity were 414 Mpa and 200 Gpa, (Mpa) (Gpa) (%)
respectively. They have examined six different CFRP 3792 228 1.7
retrofitting schemes. One of the samples,

which were retrofitted with FRP sheets of car- ; 1.048 L

b_on with thlcknes_s 0.165 mm at top and bottqm " Unidirectional T s

sides of the slab, is reconsidered. The properties Composne Layers \1——-'—

of FRP material are shown in Table 1.

The distance of explosion charge was
300 mm above the center of slab and explosion
charge was equal to 1.35 kg of TNT explosive
(Fig. 8). Maximum displacement measured in
the experiment was 2458 mm and the
corresponding value in FEM is 21.65 mm.
Again, it can be concluded that numerical
method used in this study has good agreement
with experimental work.

Parametric study. In order to determine
the effect of different geometrical parameters
on the blast strength of RC slabs, five slabs ; . . :

Wi dimensions  1200x1200xG0mm, 1% Seemetn and exprimeta confgration
1800x1200x90 mm, 2400%x1200%90 mm,

2400x1800x90 mm, and 2400x600%90 mm

with FRP arrangements of, [0°], [20°, —20°], [40°, —40°], and [0°, 90°] with one layer of FRP with
thickness 0.165 mm at both top and bottom sides of slabs and one slab without any retrofitting under
blast load with the same characteristics as Silva and Lou [7] are considered. Figs. 9 and 10 show two
different FRP orientation of retrofitting RC slab with angles [0°, 90°] and [-20°, 20°], respectively.

Table 2 shows the maximum displacement at the center of slabs under blast load. As can be seen,
maximum displacement of retrofitted slabs is reduced significantly regardless of FRP arrangements
and size of slabs. Unidirectional FRP arrangement, [0°], in the direction of the maximum bending
moment has the least influence on blast strength of slab. FRP with [-20° 20°] orientation is the
optimum arrangement of FRP for any size of the slab. For slabs with larger aspect ratio,
2400x600 mm, there are no significant differences between different FRP arrangements.

i W
A 2 o

\:i ber :

Direction

90

Supports
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Fig. 9. FE model of an RC slab retrofitted Fig. 10. FE model of the RC slab retrofitted
with [0 90 9 angle of orientation of FRP with [-20 ¢ 20 q angle of orientation of FRP
Table 2
Maximum displacement, mm, at the center of RC slabs under blast load
FRP Slab dimensions, axbx90 mm
orientation 1200x1200 1800x1200 2400%1200 2400%1800 2400%600
Not retrofitted 74.21 146.51 145 72.19 9251
[0°] 10.19 21.04 16.9 21.04 3.98
[0°, 90°] 8.4 17.84 13.3 17.84 3.44
[-20°, 20°] 7.3 16.4 135 16.40 2.77
[-40°, 40°] 11.39 25.1 28.99 25.10 3.46
Fig. 11 shows the displacement histo-
07 ry of centre of 1200120090 mm slab
under blast load for different FRP ar-
—[0°,90%] rangements. It can be seen that at the be-

. .. ginning when the pressure is low, the de-

[-20", 207 formation of all slabs except unidirectional
) 0.002 0004 0.006 0.008 0.01 0012 —[-40°40°] retrofitted slab, [0%], are the same. By in-
creasing pressure the difference between
various arrangements envisages. Fig. 12

Displacement (mm)

Time (s)
Fig. 11. Displacement history of centre of 1200120090 mm shows deformation and strain distribution

slab under blast load for different FRP arrangements of this slab.

a b

Fig. 12. Deformation and strain distribution in an RC slab with dimension 1200x1200x90 mm under blast load:
Not Retrofitted (a), Retrofitted by FRP at angle of [0°, 90°] (b)
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In order to determine the effect of thickness of FRP, above mentioned slabs and orientation of
FRP’s with one to five number of layers at both sides of the slabs are considered. To characterize the
effect of retrofitting on blast strength of RC slabs, relative increase of blast strength is defined by a
parameter as follows:

Maximum displacement of nonretrofitted slab— Maximum displacement of retrofitted slab
BL = X

100.
Maximum displacement of nonretrofitted slab

Figs. 13 — 17 show the relative increase of blast strength parameter, Rg,, for different size of slabs
and retrofitting arrangements. As can be seen, by increasing number of layers, blast strength of slabs in-
creases regardless of different geometrical parameters, however, for number of layers more than two the
rate of increase of blast strength diminishes significantly. In other words, when number of layers is more
than two, blast strength almost remains constant. Therefore, from an economical point of view, it can be
claimed that the optimum number of layers for these types of slabs are two layers. Though the FRP ar-
rangement of [20°, —20°] yields the maximum increase of blast strength for all slab dimensions, for slabs
with higher aspect ratio the differences between different FRP arrangements decrease. For example, for
slabs with aspect ratio of 1.33 and 1.5 there is no significant difference between FRP arrangements of
[20°, —20°] and [0°, 90°]. For slabs with aspect ratio of 3 there is no significant difference between FRP
arrangements of [0°], [20°, —20°] and [0°, 90°]. For slabs with aspect ratio of 4 there is no significant
difference between FRP arrangements of [0°], [20°, —20°], [40°, —40°] and [0°, 90°].
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Fig. 13. Increase of blast strength in a slab Fig. 14. Increase of blast strength in a slab
(1200%1200x90 mm) with different number of layers ~ (1200x1800x90 mm) with different number of layers
of FRP under blast load of FRP under blast load
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Fig. 15. Increase of blast strength in a slab Fig. 16. Increase of blast strength in a slab
(1200%2400x90 mm) with different number of layers ~ (2400x1800x90 mm) with different number of layers
of FRP under blast load of FRP under blast load
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Fig. 17. Increase of blast strength in a slab Fig. 18. Increase of blast strength in slabs with
(2400=600%90 mm) with different number of layers of different number of layers of [20 % -20 ] FRP
FRP under blast load arrangement under blast load

Fig. 18 shows relative increase of blast strength parameter, Rg,, for different slab aspect ratio and
number of layers with FRP arrangement of [20°, —20°]. As can be seen, for slabs with low aspect ratio
blast strength increases together with number of layers, however, in slabs with higher aspect ratio in-
creasing number of layers has no significance on blast strength of RC slabs.

Conclusion. FEM is used to analyze the blast strength of retrofitted one-way RC slabs with FRP.
Upon comparison with available experimental results, it is shown that modeling techniques have good
accuracy. Different arrangement of FRP’s, dimensions of the slab and different number of layers are
considered and following results are achieved:

— Deformation of the center of RC slabs under blast loading retrofitted with FRP is far less than
slabs without FRP.

— Regardless of dimensions of slabs and number of layers, when orientation angle of FRP’s is
[-20°, 20°] with respect to the main bending direction of the slab, displacement is minimum and there-
fore retrofitting has maximum effect on the increase of blast strength of RC slabs.

— For slabs with high aspect ratio there are no significant differences between different FRP ar-
rangements and number of layers.

— For slabs with low aspect ratio, as number of layers increases, blast strength also increases.
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