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Blast mitigation of civil and transportation infrastructure is in focus due to the ever‐present volatile geopolitical
situation. Structures are not designed to withstand blast load, and in areas of an imminent attack, their sensi-
tive elements require blast retrofit. The retrofit technique selected follows three criteria: speed and ease of
application and relatively low price. Commercially available glass fibers, in the form of textiles and mats, were
applied on RC slabs using epoxy resin. The test program consisted of two phases. The first phase consisted of
laboratory four‐point static bending tests of RC slabs to determine the feasibility and efficiency of devised retro-
fit. The second phase consisted of field blast tests of RC slabs to study blast behavior and determine the appli-
cability of devised retrofits. Applied retrofit has been proved useful in reducing flying debris and maximum
deflection in the tested range of explosion.
1. Introduction

The global geopolitical situation is such that there is a high proba-
bility of a terrorist attack in every part of the world. The majority of
attacks is conducted using explosive devices. Targets are versatile,
but most of the attacks are directed against private citizens and prop-
erty. Explosive high destruction potential emphasizes the need for
blast resistance improvement of civil and transportation infrastructure
considering the design of new and retrofitting of existing structures.
This consideration has led to the rise in interest in the research and
development of various innovative materials and smart design solu-
tions for better structural blast resistance.

Blast mitigation is a complex problem involving a large number of
parameters that can influence the ultimate value of load transferred
and bearing capacity of the structural element or structure as a whole.
Three most variable parameters in blast load intensity definition
would be charge weight, explosive type and detonation standoff dis-
tance. Detonation standoff distance has a significant influence on blast
load intensity. Research by some authors indicates this as an even
more pronounced parameter than the charge weight [1,2]. Increasing
the standoff distance is the first step in blast load mitigation [3]. If this
is not possible, other methods in design and retrofit are used.

During the last decade, several investigations [4–9] were dealing
with different types of retrofits for blast mitigation, among others,
the most popular approach is fiber‐reinforced polymer (FRP)
strengthening. The high strength‐to‐weight ratio, resistance to corro-
sion, ease of application, the possibility to install without interrupt-
ing the use of the structure, and relatively low maintenance of FRP
make it an attractive composite to be used for improving flexural
strength and ductility of RC slabs. In conducted investigations under
near, intermediate or far‐field tests [4–9], tested RC slabs were
mostly retrofitted with externally applied glass fiber‐reinforced poly-
mer (GFRP) or carbon fiber‐reinforced polymer (CFRP) in the shape
of laminates, sheets or plates. However, irrespective of the shape, it
is reported that the retrofitted specimens generally suffered less dam-
age than the companion control specimens. Even if retrofit material
did not prevent breaching in most tests, a contribution to blast resis-
tance was clear in improving the ductility of the test slabs with a sig-
nificant reduction in residual displacements and velocity of flying
debris. Applications of other retrofit materials for near and interme-
diate field tests are reported in [10,11]. Steel sheeting protection at
the compression side of test slabs was used in [10]. The tested retro-
fit scheme proved to be ineffective and contributed to the develop-
ment of damage, where both spalling and breaching were
increased. Application of aramid coating made of two perpendicular
aramid fiber layers bonded on the tension side of the slab is reported
in [11]. Even if the bending strength of tested slabs was improved,
the amount and size of shear cracks were similar as observed in
the control RC specimen, indicating the important role of shear
strength when subjected to blast load.
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Nomenclature

Abbreviations
1LCSM one layer of chopped strand glass mat
1LWF one layer of glass woven fabric
2LCSM two layers of chopped strand glass mat
AFS Aramid Fiber Sheet
ASTM American Society for Testing and Materials
B1 blast test of un‐retrofitted RC slab
B2 blast test of RC slab retrofitted with 1LWF
B3 blast test of RC slab retrofitted with 1LCSM
B4 blast test of RC slab retrofitted with 2LCSM
BC1 contact blast test of un‐retrofitted RC slab
BC2 contact blast test of RC slab retrofitted with 1LWF
BC3 contact blast test of RC slab retrofitted with 1LCSM
BC4 contact blast test of RC slab retrofitted with 2LCSM
C contact
CFRP carbon fiber‐reinforced polymer
DW draw wire sensor
F far field
FRP fiber‐reinforced polymer
GFRP glass fiber‐reinforced polymer
I intermediate
LC load cell
N near field
PEP500 plastic explosive 500 g
PVA polyvinyl alcohol
RC reinforced concrete
S1 static test of un‐retrofitted RC slab
S2 static test of RC slab retrofitted with 1LWF
S3 static test of RC slab retrofitted with 1LCSM
S4 static test of RC slab retrofitted with 2LCSM
T_B1 trial blast test
TNT Trinitrotoluen

Physical values
am maximum acceleration in the mid‐span of tested slabs
as maximum acceleration near support of tested slabs
crα reflection coefficient
CoV coefficient of variation
DWm mid‐span draw wire sensor (slab center)
DWs draw wire sensor near the slab support

E modulus of elasticity
Fmax load capacity
fck characteristic compressive strength
fcm mean compressive strength of concrete
fp0.2 yield strength
ft tensile strength
H humidity
mresidue a mass of crushed concrete retained by reinforced mesh

and retrofit
R standoff distance
St. Dev. standard deviation
pr reflected pressure
pr,e reflected pressure sensor located in the direction of the

shorter side (edge)
pr,m reflected pressure sensor located directly below the explo-

sive (middle)
pr,s reflected pressure sensor located in the direction of the

longer side (support)
ps0 incident pressure
Rh slant distance from pencil probe to charge
t specimen thickness
T Temperature
uF,max displacement corresponding load capacity
W PEP500 charge weight
WTNT TNT equivalent charge weight
Z scaled distance
α angle of incidence
εM tensile strain
εp0.2 deformation at yield strength
εu deformation at tensile strength
ρ density
σM tensile strength
∅ reinforcement diameter
Øu,0° perforation diameter in the longitudinal direction mea-

sured on upper surface
Øu,45° perforation diameter at the angle of 45° to longitudinal

direction measured on upper surface
Øu,90° perforation diameter in the transversal direction measured

on upper surface
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Except for near, intermediate or far‐field tests, experimental results
of RC slabs subjected to a contact explosion are reported in [12,13].
Depending on the applied retrofit material (Carbon Fiber Sheet –

CFS or Aramid Fiber Sheet – AFS) and charge weight, different levels
of cratering and spallation were observed. The main conclusions are
that the damage of concrete was reduced and fragmentation was pre-
vented, where in the case of an increasing number of fiber sheets, the
diameter, depth of crater, and width of interface damage decreased
rapidly.

More comprehensive insight into blast load mitigation techniques
and materials used can be seen in a state of the art reviews by Buchan
et al. [14], Draganić et al. [15] and Goswami & Adhikary [16].

Tensile strength has been recognized as a detrimental characteristic
of concrete. This is of special consideration when blast load is consid-
ered where, in addition to tensile cracking, spalling of concrete occurs
which is the main cause of fragmentation. Even small interventions in
the tensile zone, in term of strengthening, can improve flexural resis-
tance contributing to element and overall structural stability. In addi-
tion, fragmentation can be reduced or even completely prevented.

The main objective of the conducted study is to evaluate the appli-
cation of commercially available materials to improve behavior of RC
2

slab subjected to blast load. The idea was to design a composite retrofit
system by following these principles: (1) on‐site preparation of a
designed retrofit system, (2) system application that does not require
a high level of “know‐how”, (3) versatility in use, (4) small to medium
scale retrofit application, and (5) economic viability. Following these
principles two materials were chosen and combined to create a com-
posite retrofit system: (1) epoxy resin and (2) glass fiber textiles. This
type of in‐situ application of devised retrofit systems by hand lay‐up
process have not been tested and evaluated for blast load mitigation
[14–16].

Experimental tests were devised to evaluate the application of
designed retrofit systems: (1) laboratory tests to determine mechanical
properties, (2) static laboratory tests of plain and retrofitted RC slabs
and (3) field‐blast tests of plain and retrofitted RC slabs. Static tests
indicate retrofit applicability in design increasing overall static load‐
bearing capacity. Field blast test show blast load mitigation of RC slabs
strengthened by devised retrofit systems in terms of reducing slab dis-
placements and flying debris for studied blast scenarios. Comparison
of measured and calculated pressures shows a correlation between
results indicating the possibility of quick pressure assessment using
analytical expressions.



Fig. 1. RC slab design [cm].
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2. Material description and test specimen preparation

The experimental investigations were devised to evaluate a
designed composite system for both static and dynamic (blast) retrofit
application. A total of 12 RC slabs were manufactured and tested, in
which 9 RC slabs were retrofitted and 3 un‐retrofitted.

RC slabs were designed as rectangular with dimensions of 217 cm
by 100 cm and a thickness of 10 cm. A two‐way reinforcement mesh
(Q503) with a diameter (ϕ) of 8 mm, was used and placed in both ten-
sile and compression zone. The declared steel grade of used reinforce-
ment mesh was B500. RC slab design can be seen in Fig. 1. The
protective layer of 1.5 cm was adopted as a reference, which resulted
in a 7 cm spacing between a tensile and compressive layer of reinforce-
ment mesh.

After completing slab sheeting, reinforcement mesh was placed
inside the sheeting, as per the design, and ultimately concrete was
poured. Slabs were then cured for 28 days before transported to the
laboratory for retrofit application. The concrete design class was
C20/25.

Composite retrofit systems were devised by reinforcing epoxy resin
with two types of glass fiber textiles. Glass woven fabric and chopped
Fig. 2. Chopped strand glass mat (left) and gla
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strand glass mat were used as a polymer reinforcement, as can be seen
in Fig. 2. Both fabrics were produced out of E‐glass fibers. Glass woven
fabrics are produced by interlacing fibers in a regular pattern or weave
style. The fibers can be interwoven in various ways [17], which ulti-
mately controls the surface smoothness and stability. Glass woven fab-
ric used had a plain wave style. The chopped strand glass mat consists
of shredded/chopped, randomly scattered glass fibers bonded together
into mats with polyvinyl alcohol (PVA) emulsion or a highly soluble
polyester powder. Material characteristics of applied chopped strand
glass mat and glass woven fabric are listed in Table 1. Characteristics
listed in tables are asserted values based on testing results provided by
mat and fabric manufacturer. Both materials were selected to have the
same unit weight of 300 g/m2.

Sikadur®‐330 2‐component, the thixotropic epoxy‐based impreg-
nating resin was used as a polymer matrix. The main advantages of
the selected adhesive are ease to mix and apply, very good adhesion
to concrete, high initial and ultimate mechanical resistance, high
abrasion and shock resistance. In the long term, after hardening,
it is impermeable to liquids and water vapor what can increase
the overall durability of the element or structure on which is
applied.
ss woven fabric (right) before application.



Table 1
Material characteristics of used glass fiber textiles.

Glass type Item Unit Standard value Results Test method

Chopped strand glass mat (300 g/m2) Appearance – No contamination No Contamination –

Filament Diameter µm 13 ± 1 13 –

Chopped Strand Length Mm 50 ± 5 50 –

Unit Weight g/m2 300 ± 30 312 ISO 3374
Width Mm 1250 ± 30 1250 ISO 5025
Tensile Breaking Force N ≥60 172 ISO 3342
Loss on Ignition % 3.5 ± 2 4.35 ISO 1887
Moisture Content % ≤30 0.05 ISO 3340

Glass woven fabric (plane style, 300 g/m2) Mass per Unit Area g/m2 285 – 310 301 ISO 3374-2000
Moisture Content % ≤30.15 0.07 ISO 3340-1997
Testing Temperature* °C 23
Relative Humidity* % 57

Note *Testing conditions.

Fig. 3. Retrofit application.

Fig. 4. Preparation of retrofit epoxy adhesive composite test specimens.
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Three different composite retrofit systems were manufactured con-
sisting of reinforcing Sikadur®‐330 epoxy resin with (1) one layer of
glass woven fabric, (2) one and (3) two layers of chopped strand glass
mat, designated as 1LWF, 1LCSM and 2LCSM, respectively. Composite
retrofit systems were applied “in‐situ” on the entire RC slab tensile side
to improve flexural capacity and to reduce tensile cracking and frag-
mentation. The epoxy adhesive was applied in accordance with manu-
facturer recommendations, averaging consumption per layer of
0.99 kg/m2 (recommended 0.7–1.5 kg/m2). Retrofit application can
be seen in Fig. 3.

The same procedure, as for retrofit application, was used to pro-
duce test specimens to determine mechanical properties of devised ret-
rofit systems. Three rectangular tempered glass plates, with plane
dimensions of 50 cm by 50 cm and thickness of 5 mm, were covered
4

with thin plastic foil and used as solid support for specimen produc-
tion, as can be seen in Fig. 4. Specimens that correspond to all three
retrofit systems were produced parallel with applying retrofit to RC
slabs.

Afterwards, four slab specimens were left in the laboratory for sta-
tic testing and the remaining eight specimens were transported to the
field range for blast testing. Indexing and description of test specimens
are given in Table 2.

2.1. Material properties

2.1.1. Concrete
The compressive strength of concrete was determined according to

the recommendations given by EN 12390‐3:2019 [18]. Concrete was
sampled according to EN 12390‐1:2012 [19] during the RC slab cast-
ing and cured under laboratory conditions in accordance with EN
12390‐2:2019 [20]. The density of concrete (ρ) was determined
according to EN 12390‐7:2019 [21]. Hardened compressive strength
of concrete was determined after 28 days by use of “Controls” univer-
sal testing machine having 3000 kN capacity, employing a constant
rate of loading of 0.6 MPa/s. Mechanical properties of tested samples
are presented in Table 3. The characteristic compressive strength of
concrete (fck) was equal to 25.57 MPa. According to characteristic
compressive strength concrete was defined as strength class C 20/25.

2.1.2. Steel reinforcement mesh
Steel reinforcement properties were determined according to the

recommendations given by EN ISO 6892‐1:2016 [22], EN ISO
15630‐1:2010 [23], EN ISO 15630‐2:2019 [24] and EN 1992‐1‐
1:2005 [25]. Six samples of ribbed steel reinforcement (∅ 8 mm) were
prepared for tensile strength determination and tested by use of



Table 2
Description of test specimens.

Specimen series Specimen index Specimen description Test type Number of tested specimens

S S1 RC Slab, un-retrofitted slab, reference Four point static bending test 1
S2 RC Slab retrofitted with 1LWF 1
S3 RC Slab retrofitted with 1LCSM 1
S4 RC Slab retrofitted with 2LCSM 1

B B1 RC Slab, un-retrofitted slab, reference Blast load on two different detonation distances 1
B2 RC Slab retrofitted with 1LWF 1
B3 RC Slab retrofitted with 1LCSM 1
B4 RC Slab retrofitted with 2LCSM 1

BC BC1 RC Slab, un-retrofitted slab, reference Contact blast 1
BC2 RC Slab retrofitted with 1LWF 1
BC3 RC Slab retrofitted with 1LCSM 1
BC4 RC Slab retrofitted with 2LCSM 1

Table 3
Test results of concrete properties.

Sample C_1 C_2 C_3 C_4 C_5 C_6 Mean St. Dev. (σ) CoV [%]

fcm [MPa] 27.88 27.60 28.30 31.43 26.19 28.31 28.29 1.58 5.57
ρ [kN/m3] 22.01 21.63 22.52 22.21 22.15 22.46 22.16 0.30 1.33

Note fcm – mean compressive strength of concrete.

Fig. 5. Steel reinforcement stress–strain diagram.
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“Shimadzu” universal testing machine having 50 kN capacity, employ-
ing displacement control at the rate of 1 mm/min (Method B). Stress–-
strain diagram and modulus of elasticity was determined by use of
“Epsilon” extensometer that meets ASTM class B‐1 requirements for
Table 4
Test results of mechanical properties of steel reinforcement.

Sample fp0.2 [MPa] εp0.2 [%] ft [

S_1 534.34 0.48 61
S_2 531.21 0.44 61
S_3 528.39 0.50 60
S_4 529.68 0.49 61
S_5 536.58 0.41 59
S_6 525.12 0.50 60
Mean 530.89 0.47 60
St. Dev. 3.77 0.03
CoV [%] 0.71 7.16

Note fp0.2 – yield strength, ft – tensile strength, εu – deformation at tensile strength

5

accuracy. The reinforcement test stress–strain diagram can be seen
in Fig. 5.

Obtained mechanical properties of steel reinforcement are pre-
sented in Table 4. Since steel reinforcement was cold‐formed, yield
strength was determined at a strain value of 0.2 % (εp0.2). According
to measured stress and strain values, steel reinforcement was defined
as B500A class.

2.1.3. Glass fiber textile reinforced epoxy resin
Properties of glass fiber textile reinforced epoxy resin were deter-

mined according to the recommendations given by EN ISO 527‐
1:2012 [26] and EN ISO 527‐5:2009 [27]. Three types of composite
retrofit systems were devised, as explained in Section 2. Tests were
conducted using “Shimadzu” universal testing machine having 50 kN
capacity, and employing displacement control at the rate of 2 mm/
min. Stress–strain diagrams and modulus of elasticity of glass fiber tex-
tile reinforced epoxy resin, as shown in Fig. 6, were determined by use
of “Epsilon” extensometer that meets ASTM class B‐1 requirements for
accuracy. Specific tensile strength and specific modulus of elasticity of
composite retrofit systems were determined as the ratio of tensile
strength and modulus of elasticity to density, respectively. The density
of composite retrofit systems was determined according to ASTM
D792‐00 [28] (hydrostatic weighing). Obtained mechanical properties
of composite retrofit systems are presented in Table 5.
MPa] εu [%] ft/fp0.2 E [GPa]

5.04 5.49 1.15 190.40
0.14 5.15 1.15 214.21
6.60 5.69 1.15 187.61
5.13 6.49 1.16 186.80
6.75 5.17 1.11 206.90
3.86 6.30 1.15 197.69
7.92 5.72 1.15 197.27
6.46 0.52 0.02 10.25
1.06 9.07 1.35 5.19

, E – modulus of elasticity.



Fig. 6. Stress–strain properties of tested glass fiber textile reinforced epoxy resin.

Table 5
Test results of mechanical properties of glass fiber textile reinforced epoxy resin.

Sample t [mm] ρ-[g/cm3] σM [MPa] σM/ρ [N/m2/kg/m3] εM-[%] E-[GPa] E/ρ [N/m2/kg/m3]

1LCSM_1 1.80 1.3271 28.34 21354.96 0.59 5.58 4204680.89
1LCSM_2 1.95 1.3125 31.68 24136.46 0.87 5.08 3870367.03
1LCSM_3 1.50 1.3092 30.67 23426.65 0.68 5.75 4392019.00
1LCSM_4 1.75 1.3359 31.58 23640.16 0.74 5.93 4439079.52
1LCSM_5 1.90 1.3296 30.04 22593.59 0.67 5.34 4016304.62
Mean 1.80 1.3229 30.46 23030.36 0.71 5.54 4184490.21
St. Dev. 0.16 0.01 1.22 974.69 0.09 0.30 216910.74
CoV [%] 8.81 0.77 4.01 4.23 13.12 5.41 5.18
1LWF_1 1.60 1.3943 57.00 40881.94 1.02 7.86 5637404.69
1LWF_2 1.60 1.4148 64.57 45638.72 1.10 7.74 5470709.29
1LWF_3 1.70 1.4081 55.89 39691.50 0.77 8.77 6228206.25
1LWF_4 1.50 1.4199 58.54 41228.50 0.96 7.90 5563804.73
1LWF_5 1.70 1.4338 63.72 44442.18 1.09 7.58 5286750.45
Mean 1.60 1.4142 59.94 42376.57 0.99 7.97 5637375.08
St. Dev. 0.07 0.01 3.54 2265.83 0.12 0.42 317870.79
CoV [%] 4.62 0.92 5.91 5.35 12.17 5.21 5.64
2LCSM_1 2.75 1.4374 67.54 46987.83 1.35 6.95 4835141.06
2LCSM_2 2.60 1.4430 64.27 44539.58 1.52 6.47 4483756.91
2LCSM_3 2.80 1.4204 61.47 43277.94 1.10 6.99 4921308.41
2LCSM_4 2.95 1.4249 61.44 43118.02 1.14 6.63 4652871.90
2LCSM_5 3.00 1.4107 67.25 47672.15 1.53 6.49 4600627.84
Mean 2.80 1.4273 64.39 45119.10 1.33 6.71 4698741.22
St. Dev. 0.14 0.01 2.66 1883.63 0.18 0.22 158801.48
CoV [%] 5.09 0.82 4.13 4.17 13.70 3.32 3.38

Note: t – specimen thickness, σM –tensile strength, εM – tensile strain, E – modulus of elasticity.
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The effectiveness of glass fiber textile reinforcement can be evalu-
ated based on obtained results. The specific tensile strength and the
specific modulus of elasticity indicate that all three reinforcement
schemes were effective in improving epoxy resin mechanical proper-
ties. The most effective reinforcement scheme, in terms of specific ten-
sile strength, was with two layers of chopped‐strand glass mat
(2LCSM), while in terms of specific modulus of elasticity was with
one layer of woven glass fabric (1LWF). The least effective reinforce-
ment scheme was with one layer of chopped strand glass mat (1LCSM)
having the lowest values of observed mechanical properties.

3. Static load tests of RC slabs

The first phase of the experimental investigation was aimed to
determine the effectiveness of composite retrofit systems under static
load conditions. Static tests were conducted at the laboratory. In total
6

4 RC slabs were tested, reference and 3 retrofitted with devised com-
posite systems.

3.1. Test setup and instrumentation

Test setup for static load tests is shown in Figs. 7 and 8. The test
setup consisted of two steel lattice support structures, a steel reaction
frame and a steel force application frame. The hydraulic jack was
attached to the steel reaction frame and connected to the steel force
application frame with a specially designed steel hinge. Steel force
application frame was devised to simulate the four‐point bending test.
Simply supported boundary conditions were simulated by placing
Teflon plates between four steel point supports and RC slabs.

Tests were performed applying force control, with a gradual
increase of force in increments of 5 kN at the loading rate of approxi-
mately 0.25 kN/s. At each load step, the force was held constantly for



5
0

DW1 DW2 DW3
2

5
2

5

1
0
0

50 50 50 50

217

1
0

LC

Load Cell - LC

LC

Draw wire - DW

DW1 DW2 DW3

DW1
DW2
DW3

LC

LEGEND:

Fig. 7. Static tests setup and position of measuring sensors [cm].

Fig. 8. Laboratory static tests setup.

Table 6
Summary of measured values for all individual tests.

Measured values S1 S2 S3 S4

Fmax [kN] 83.7 111.9 92.9 115.3
uF,max [mm] 73.1 54.6 44.1 46.7
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approximately 30 s to allow careful visual observations of critical loca-
tions on the surfaces of the specimens where cracks were expected.
Positions and indexing of the measuring sensors are shown schemati-
cally in Fig. 7. The applied force was measured with the load cell hav-
ing a capacity of 500 kN. Three draw‐wire sensors (DW1, DW2 and
DW3) were attached on the bottom side of the RC slabs to measure
deflections in quarters and mid‐span of the specimen. Sensors were
connected into a pair of 8 channel “Dewesoft SIRIUS” acquisition sys-
tems and 1 Hz sampling frequency was utilized.
7

3.2. Tests results

Static load test results are presented in terms of strength, stiffness,
and displacement capacity. Failure modes of tested RC slabs are deter-
mined according to observed damage to provide an evaluation of the
suitability of applied strengthening systems.

A summary of the test results in terms of load capacity (Fmax) and
the corresponding displacement (uF,max), measured at the mid‐span,
is presented in Table 6 for all individual tests. Force‐displacement



Fig. 9. Force vs. displacement diagrams for test series S.

Fig. 10. Normalized strength for test series S. Fig. 11. Stiffness-displacement diagrams for test series S.
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diagrams are presented in Fig. 9. Missing data for test specimen S2 are
due to draw‐wire DW2 pull out from the specimen. A good overlapping
can be noticed from force‐displacement diagrams obtained from DW1
and DW3 for all specimens, indicating symmetric load application and
corresponding deflection.

Strength capacity (Fmax) of retrofitted RC slabs S2, S3 and S4 was
increased by 33 %, 11 % and 38 % in comparison to reference un‐
retrofitted RC slab. However, strength capacity was reached under
lower corresponding displacement uF,max. Decrease of uF,max was 25
%, 39 % and 36 % for S2, S3 and S4, respectively. This was related
to the higher strength of retrofitted RC slabs at lower displacement val-
ues compared to reference slab S1, and stress/deformation concentra-
tion in the critical cross‐section.

To provide detailed insight into strength (stiffness) contribution,
the strength of retrofitted slabs was normalized to the strength of
the reference slab, as presented by Fig. 10. All composite retrofit sys-
tems have contributed to the strength of RC slabs in the whole dis-
placement response range, particularly up to the fracture of retrofit
systems. Nevertheless, after the fracture of retrofit systems occurred,
the strength of retrofitted RC slabs was still higher compared to refer-
ence specimen S1.

Failure of reference RC slab S1 was characterized by the crushing
of concrete in the compression zone and widespread cracking in the
tension zone. Post‐blast damage of tested slabs can be seen in Fig. 12.
Results, as visual observation, indicate ductile behavior of reference
RC slab allowing full plastification of the critical cross‐section. Fail-
ure of all retrofitted RC slabs (S2, S3 and S4) was characterized by
rupture failure of the composite retrofit system and immediate inter-
mediate interface debonding caused by flexure (bottom side) and fol-
lowed by the crushing of concrete in the compression zone (top side)
8

(Fig. 12). After rupture, sufficient length of retrofit system was still
bonded to the RC slab and was able to participate in the force
bearing. Rupture and debonding of the retrofit system of slabs S3
and S4 appeared in the same section where crushing of concrete
occurred.

Before reaching the maximum loads, a gradual decrease in stiffness
can, in general, be noted from the load – displacement diagrams in
Fig. 9. Stiffness was evaluated in the whole displacement response
range of tested RC slabs. All retrofitted RC slabs have had higher stiff-
ness compared to the reference slab. 1LWF and 2LCSM composite ret-
rofit systems had a similar contribution, interchanging depending on
considered displacement. Stiffness‐displacement diagrams for test ser-
ies S can be seen in Fig. 11. For both retrofit systems, stiffness contri-
bution was within the range of 25 and 75 % compared to the reference
slab, depending on the displacement value. The least effective retrofit
system was 1LCSM, nevertheless, stiffness contribution was within 20
and 40 %.

Results of retrofitted RC slabs indicates the applicability of devised
composite retrofit systems in design. Furthermore, presented static
load test results indicate contribution in all observed aspects, implying
effectiveness for static load condition application. The next step was to
evaluate the effectiveness of the devised retrofit system on blast load-
ing in field blast tests.

4. Blast load field tests

4.1. Test setup and instrumentation

Blast load tests were designed such that the RC slabs are placed on
the steel reaction structure. The steel reaction structure was designed



Fig. 12. Damaged top and bottom sides of all test specimens from test series S.
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to maintain its full rigidity during all tests, as was proved by visual
observations after testing. 3D render of blast test setup can be seen
in Fig. 13.

Underneath the RC slab, a sheet of Teflon was placed to reduce fric-
tion between the steel element and the RC slab. Additional L shaped
steel element was placed on the top of the RC slab edge to clamp
and to prevent slab dislodge from the support structure during blast
wave‐slab interaction.

Military personnel were in charge of explosive material procure-
ment and handling. Plastic explosive, marked as PEP500, was used
in experiments. The used type of plastic explosive is a mixture of 50
% pentrite and 50 % trinitrotoluene with TNT equivalency of 1.3. It
has a density of 1.50 g/cm3 and a detonation speed of 7400 m/s.
The charge shape was designed as a sphere with a diameter that varies
according to the charge weight and placed in the center of each RC
slab on a specific standoff distance. An experimental blast test was
designed to simulate blast load action in four domains, far‐field
(Z greater than 1 m/kg1/3), intermediate (0.4 m/kg1/3 < Z < 1 m/
kg1/3), near field (0.4 m/kg1/3 < Z) and contact (Z = 0 m/kg1/3)
explosion [29]. Three different charge weights were used throughout
experimental testing, 250 g, 500 g, and 750 g, respectively. Table 7
gives the list of RC slab blast load tests characteristics with atmo-
spheric conditions. Standoff distance was obtained by suspending
the charge on the rope string over two poles above the slab. The det-
onation was initiated using lead azide detonator capsules placed in the
center of the charge detonated remotely by sending electrostatic dis-
charge along the detonator line.
9

Pressures generated by the detonation process were measured by
free field pencil pressure probes and reflected pressure probes. Two
pencil probes were placed in two perpendicular directions concerning
the spherical charge. Probes were mounted on two steel poles and
maintain their position in all experiments. The actual standoff distance
was calculated with respect to the height of the charge. Two PCB
137B23B pencil probes with a pressure capacity of 6895 kPa, resolu-
tion of 0.069 kPa/mV and resonant frequency ≥ 400 kHz were used
in all tests. Flash and high temperatures could corrupt pressure mea-
surements, so vinyl electric tape was applied to the probe measuring
sensor. The orientation of pencil probes and position of charges in tests
are shown in Fig. 14.

Reflected pressures were measured using the Dytran IEPE 2300 V6
pressure sensors with a maximum reflected pressure capacity of
100,000 kPa, resolution of 0.0013 kPa/mV and resonant
frequency ≥ 500 kHz. The layout of the reflected pressure sensors
was different considering charge standoff distance. The disposition
of pressure sensors for far‐field explosions is shown in Fig. 15. RC slabs
were equipped with three sensors. For the near field, the centre pres-
sure sensor was removed from the setup leaving just two sensors as for
contact explosion. Described setup was varied to avoid sensor damage.

The deflection of RC slabs was monitored with two draw‐wire sen-
sors, one located in the middle of the slab and the other longitudinally
displaced towards slab support. WayCon SX50 draw‐wire was used,
with a measuring range of 15 cm and a resolution of 0.002 % of the
measuring range. The vibration of slabs, induced by blast load, was
monitored with three accelerometers. The disposition of accelerome-



Fig. 13. 3D render of steel support structure.

Table 7
RC slab blast load tests.

Test index PEP 500 charge
weight W [g]

TNT equivalent charge
weight WTNT [g]

Standoff distance
R [cm]

Scaled distance
Z [m/kg1/3]

Explosion
class

Temperature
T [°C]

Humidity1

H [%]

T_B1* 250 325 159 2.31 Far-field (F) 21.3 70.5
B1_1 500 650 159 1.84 Far-field (F) 21.1 73.0
B1_2 500 650 79 0.91 Intermediate (I) 23.4 61.7
B1_3 500 650 32 0.37 Near-field (N) 20.6 72.3
B2_4 500 650 79 0.91 Intermediate (I) 17.1 81.2
B2_5 750 975 32 0.32 Near-field (N) 15.2 88.7
B3_6 500 650 79 0.91 Intermediate (I) 19.4 87.0
B3_7 750 975 32 0.32 Near-field (N) 20.0 64.3
B4_8 500 650 79 0.91 Intermediate (I) 14.0 90.9
B4_9 750 975 32 0.32 Near-field (N) 14.9 88.9

BC1 250 325 0 0.00 Contact (C) 20.8 71.4
BC2 250 325 0 0.00 Contact (C) 15.3 88.8
BC3 250 325 0 0.00 Contact (C) 19.9 84.2
BC4 250 325 0 0.00 Contact (C) 16.2 81.2

NOTE: * Trial blast; 1 Slight difference in humidity due to conducting tests in two days.
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ters coincides with a disposition of reflected pressure and draw‐wire
sensors. Dytran 3056D8 accelerometers with a maximum acceleration
of 1000 g, sensitivity of 0.2 g/mV and a frequency range of 10,000 Hz
were used. Accelerometers were, same as draw‐wire sensors, mounted
on the underside of the RC slab to protect them from the blast wave.

All sensors were connected into a synchronized pair of 8 channel
Dewesoft SIRIUSi HS acquisition systems. During experimental testing,
800 kHz sampling frequency was utilized due to high‐speed blast wave
expansion and the risk of not recording peak pressure values. Photo of
field‐test setup for experimental testing of RC slab can be seen in
Fig. 16.

4.2. Blast tests results and discussion

During field tests incident and reflected pressures as displacements
and accelerations of blast loaded tested slabs were measured. Results
of measurements and blast induced damage are described in more
detail in this section. The incident and reflected pressures obtained
10
by the field tests were compared with the analytically calculated val-
ues using Kingery and Bulmash expressions [30]. Kingery and Bulmash
[30–32] developed expressions for the incident and reflected pressure
calculations based on a large number of experiments. The expressions
(1) and (2) are valid for a scaled distance Z from 0.05 to 40 m/kg1/3 for
a free‐air burst, and from 0.06 to 40 m/kg1/3 for a surface burst.

U ¼ K0 þ K1 � logZ ð1Þ

Y ¼ 10 C0þC1 �UþC2 �U2þ:::þCN �UNð Þ ð2Þ
where Z is scaled distance, K and C are constants and, Y an incident or
reflected pressure. The constants K and C change depending on the
parameter Y. For the cases used in this paper, the constants are given
in Table 8.

4.2.1. Damage description
Different levels of damage depend upon the load scenario, total

charge weight and detonation standoff. Blast load damage can range
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from superficial without endangering the load‐bearing capacity and
global stability of the element (structure), to critical damage requiring
serious structural intervention to maintain the load‐bearing capacity of
the system.

According to the categorization presented in [33] the damage anal-
ysis of the RC slabs was made. The general observation was that all RC
slabs, un‐retrofitted and retrofitted, managed to withstand blast load
without severe damage to their structural integrity with the exception
of slabs subjected to contact explosion. Even they maintained struc-
tural integrity, despite, one‐third of the cross‐section was penetrated.
Slabs subjected to charge detonation at a certain standoff distance suf-
fered only minor damage of the top surface in terms of concrete flak-
Fig. 16. Field ran
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ing. Un‐retrofitted RC slab subjected to the near field detonation
exhibited bending cracks along the whole length and width of the bot-
tom surface. Cracks follow the bars of the built‐in reinforcement mesh
in both slab directions. Major crack passed through the whole height
with several additional cracks passing through 70 % of the cross sec-
tion height. For retrofitted slabs subjected to equal charge weight at
equal standoff distance damage of bottom surface could not be deter-
mined exactly due to applied retrofit. Regardless of applied retrofit,
the bottom surface did crack what can be observed by cracking on lat-
eral sides of the RC slabs. Cracks extend from the bottom surface to
one‐third or full RC slab height. Retrofit remained undamaged for all
blast scenarios but not in the case of a contact explosion. An overview
of the slabs damage is given in Table 9 and Table 10.

Slabs exposed to an explosion of charge placed directly on the top
surface (contact explosion) were damaged in the form of perforation.
The perforated hole has the shape of an hourglass. In the middle of
ge test setup.



Table 8
Kingery and Bulmash polynomial for incident and reflected pressure [30–32].

Constants Incident Pressure
Free-air burst

Incident Pressure
Surface burst

Reflected Pressure
Free-air burst

K0 −0.214362789151 −0.214362789151 −0.214362789151
K1 1.35034249993 1.35034249993 1.35034249993
C0 2.611368669 2.78076916577 3.22958031387
C1 −1.69012801396 −1.6958988741 −2.21400538997
C2 0.00804973591951 0.154159376846 0.035119031446
C3 0.336743114941 0.514060730593 0.657599992109
C4 −0.00516226351334 −0.0988534365274 0.0141818951887
C5 −0.0809228619858 −0.293912623038 −0.243076636231
C6 −0.00478507266747 −0.0268112345019 −0.0158699803158
C7 0.00793030472242 0.109097496421 0.0492741184234
C8 0.0007684469735 0.00162846756311 0.00227639644004
C9 – – −0.00397126276058
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the slab, the hole was punctured about 30 cm in diameter. All the slabs
retained a certain quantity of crushed concrete, even for a non‐
retrofitted slab. In the case of an un‐retrofitted slab, the largest amount
of residual debris is large in diameter, so the reinforcing mesh itself
Table 9
An overview of the slab damage exposed to blast loading.

Specimen W
[g]

R
[cm]

The top surface The bottom surface

B1_1 500 159 No visible damage

No damage
B1_2 500 79 No visible damage

Slight flaking
B1_3 500 32

Slight flaking Bending cracks in full
B2_4 500 79 No visible damage No visible damage
B2_5 750 32 Damage of the bottom

Slight flaking
B3_6 500 79 No visible damage Damage of the bottom
B3_7 750 32 Damage of the bottom

Slight flaking
B4_8 500 79 No visible damage Damage of the bottom
B4_9 750 32 Damage of the bottom

Slight flaking
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was a stopping medium. In other slabs, the retrofit applied was the
medium that prevented the crushed concrete from flaying out. The
performance of the retrofit was evaluated based on the amount of
the debris material retained. A larger amount of retained material indi-
cates better retrofit by a reduced amount of flying debris. According to
the data in Table 11, it can be seen that the greatest retention had a
slab retrofitted with two layers of chopped strand glass mat, while
the least retention had a slab retrofitted with a single layer of glass
woven fabric if a non‐reinforced slab is excluded.

After assessment of the damage and sieving of the residual debris,
we can classify the composite retrofit systems from the most effective
to the most inefficient, as follows: 2LCSM, 1LCSM and 1LWF.

4.2.2. Incident pressures
Incident pressures were measured in all tests using two pencil

probes marked as 11,126 and 11,127. Fig. 15 shows the position of
the pencil probes and explosive charges. Pencil probes were placed
horizontally 2.0 m from the centre of the explosive charge, but a slant
distance (Rh) was used to calculate the real incident pressure, as shown
in Fig. 14. The maximum measured incident pressures were compared
width and length

surface is not visible due to applied retrofit (one layer of chopped strand glass mat).

surface is not visible due to applied retrofit (two layer of chopped strand glass mat).
surface is not visible due to applied retrofit (two layer of chopped strand glass mat).

surface is not visible due to applied retrofit (one layer of glass woven fabric).
surface is not visible due to applied retrofit (one layer of glass woven fabric).



Table 10
Damage of slabs exposed to contact explosion.

Specimen W
[g]

The top surface The bottom surface Perforation parameters

BC1 250 Øu,0⁰ = 34 cm
Øu,45⁰ = 36 cm
Øu,90⁰ = 30 cm
Øu,135⁰ = 35 cm
mresidue = 381 g

Damage description Perforation of RC slab. The hole diameter at the top surface smaller compared to the bottom surface.
Reinforcement mesh bent but not cut.

BC2 250 Øu,0⁰ = 34 cm
Øu,45⁰ = 33 cm
Øu,90⁰ = 32 cm
Øu,135⁰ = 36 cm
mresidue = 694 g

Damage description Perforation of RC slab and applied retrofit. The circular shape of the hole on the top surface. Bottom surface hole
not visible due to applied retrofit. Retrofit ruptured radially from the middle of the slab. No ripped-off pieces of the
retrofit. Reinforcement partially retained crushed concrete fragments. Reinforcement mesh bent and one rebar was
cut.

BC3 250 Øu,0⁰ = 36 cm
Øu,45⁰ = 32 cm
Øu,90⁰ = 34 cm
Øu,135⁰ = 36 cm
mresidue = 802 g

Damage description Perforation of RC slab and applied retrofit. The circular shape of the hole on the top surface. Bottom surface hole
not visible due to applied retrofit. Retrofit ruptured radially from the middle of the slab. No ripped-off pieces of the
retrofit. Reinforcement partially retained crushed concrete fragments. Reinforcement mesh bent but not cut.

BC4 250 Øu,0⁰ = 38 cm
Øu,45⁰ = 37 cm
Øu,90⁰ = 35 cm
Øu,135⁰ = 35 cm
mresidue = 1900 g

Damage description Perforation of RC slab and applied retrofit. The circular shape of the hole on the top surface. Bottom surface hole
not visible due to applied retrofit. Retrofit ruptured radially from the middle of the slab. No ripped-off pieces of the
retrofit. Reinforcement partially retained crushed concrete fragments. Reinforcement mesh bent but not cut.

Note: Øu,0⁰ – perforation diameter in the longitudinal direction measured on top surface; Øu,45⁰ – perforation diameter at the angle of 45° to longitudinal direction
measured on top surface; Øu,90⁰ – perforation diameter in the transversal direction measured on top surface; mresidue – a mass of crushed concrete retained by
reinforced mesh and retrofit.

Table 11
Residual fragments from perforated slabs.

Specimen Total mass of fragments mresidue[g] Normalized mass of fragments Sieve opening diameter [mm] Residual

[g] [%]

SBC1 381 1 31.5 215 56.43
16 58 15.22
8 80 21.00
4 14 3.67
<4 14 3.67

SBC2 694 1.82 31.5 114 16.43
16 220 31.70
8 230 33.14
4 61 8.79
<4 69 9.94

SBC3 802 2.10 31.5 158 19.70
16 224 27.93
8 203 25.31
4 108 13.47
<4 109 13.59

SBC4 1900 4.99 31.5 431 22.68
16 531 27.95
8 534 28.11
4 200 10.53
<4 204 10.74
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Fig. 17. Incident pressure distribution over time depending on the scaled
distance Z [m/kg1/3].

0

50

100

150

200

250

300

0 0.0005 0.001 0.0015 0.002

In
ci

d
en

t
p

re
ss

u
re

[k
P

a]

Time [s]

11126

11127

Dharaneepathy

Lam et al.

Larcher

Teich and Gebbeken

Fig. 18. Measured and calculated incident pressure–time history for B3_7
field test.

H. Draganić et al. Composite Structures 274 (2021) 114349
with the analytical calculations given by Kingery and Bulmash [30]
using expressions and for the explosion in the air and on the surface.
Both positions were observed because the distance between the explo-
sive charge and the slab (R) is smaller compared to the distance
between the explosive charge and the pencil probes (Rh), and this
can result in the blast wave reflection and amplification as for explo-
sion on the surface. The analysis aimed to establish which expression
better match the field test values.

The measured incident pressure distribution over time, depending
on the scaled distance, Z, for the pencil probe 11,127 can be seen in
Fig. 17. According to the scaled distance, the position of pencil probes
is in the far‐field. The highest measured incident pressure was in the
case of B4_9 (Z = 2.098 m/kg1/3) when 750 g was detonated at a dis-
tance of 2.08 m from the pencil probe and 0.32 m from the slab,
respectively. The lowest expected pressure was in the case of BC2
(Z = 3.171 m/kg1/3) when the scaled distance is the largest. However,
the diagram shows that there is a small difference in pressures and that
the lowest measured value is in the case of T_B1 (Z = 3.084 m/kg1/3).
The possible reason is a smaller charge (250 g) at a relatively long
distance.

A summary of the field test results in terms of maximum incident
pressures measured by pencil probes is presented in Table 12. A com-
parison of measured and analytically calculated incident pressures is
also provided.

Comparing the mean value of measured pressures and analytically
calculated incident pressures using Kingery and Bulmash expression,
smaller relative errors are obtained in the case of the explosion on
Table 12
Comparison of the maximum measured and calculated incident pressures.

Test
ndex

R
[m]

Rh

[m]
Z [m/kg1/
3]

11126
[kPa]

11127
[kPa]

Arit. mean
[kPa]

T_B1 1.59 2.12 3.084 102.21 110.26 106.24
B1_1 1.59 2.12 2.447 126.08 107.01 116.55
B1_2 0.79 2.003 2.312 150.11 147.11 177.44
B2_4 0.79 2.003 2.312 210.89 238.60
B3_6 0.79 2.003 2.312 136.70 231.09
B4_8 0.79 2.003 2.312 137.37 167.61
B2_5 0.32 2.08 2.098 203.94 253.99 242.18
B3_7 0.32 2.08 2.098 215.72 292.53
B4_9 0.32 2.08 2.098 213.41 273.44
B1_3 0.32 2.08 2.401 191.35 230.52 210.94
BC1 0 2.18 3.171 100.60 132.40 119.62
BC2 0 2.18 3.171 95.10 132.61
BC3 0 2.18 3.171 91.48 146.28
BC4 0 2.18 3.171 102.34 156.10
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the surface. Analysis indicates that the distance from the charge to
pencil probe sensor is not adequate to obtain free air incident pressure
but surface burst incident pressure. For an explosion in the air, relative
errors vary from around 6 % to 64 % while for surface burst this range
is smaller, from 2 % to 35 %. Lower relative errors which indicate a
better correlation between measured and calculated values are marked
green in Table 12. The maximum measured incident pressures on sen-
sor 11127 are higher than those measured on sensor 11126. It is con-
sidered that the reason could be that for sensor 11126, the slab length
from which the wave is reflected is only 0.5 m, in comparison to slab
length of 1.0 m toward sensor 11127, but this should be further
investigated.

Analyzing results of measured incident pressures from Table 12 one
inconsistency is visible. RC slab B2_4 was tested using a 500 g charge
at a standoff distance of 79 cm but measured incident pressures are
more approximate to the blast load scenario of a 750 g charge placed
to the distance of 32 cm. Incident pressure is around 19 % larger in
comparison to the mean measured value from sensor 11126 and
around 67 % in comparison to the mean measured value from sensor
11127. Besides the fact that the sensors and experimental setup were
kept the same in all experiments, the real reason for pressure inconsis-
tency could not be determined exactly. It could be that there was some
variability in charge or detonator material even though they are pro-
vided from the same batch.

The percentage deviations of the measured pressures from pencil
probes 11126 and 11127, and their arithmetic mean from the pres-
sures calculated analytically by the Kingery and Bulmash expressions
are shown by box and whisker plot in Fig. 19. The small square on
Kingery -air
[kPa]

Relative error
[%]

Kingery-surface
[kPa]

Relative error
[%]

77.20 37.62 109.2 2.71
125.10 6.83 179.8 35.18
141.40 25.49 204.1 13.06

175.10 38.31 254.5 4.84

130.30 61.89 187.6 12.44
72.90 64.08 103 16.13
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the diagrams represents the median of the data, meaning that half of
the data is greater than or equal to the median value, and half is less
than the median. The box represents 50 % of the data, and the other
50 % of the data is distributed 25 % in the lower and 25 % in the upper
quartile, marked with whiskers.

The deviations for free‐air burst are shown in Fig. 19 left and are
for sensor 11126 up to 49.2 %, and for sensor 11127 up to 114.1 %.
Comparing the analytical pressure with the sensor 11127, 75 % of
the field tests are underestimated by more than 42 %. The maximum
deviation of the arithmetic means goes up to 77.3 %. More than 75
% of the results have deviations greater than 30 %, what indicates that
the pressure values calculated using free‐air burst expression are not
considered acceptable for predicting incident pressure. The deviations
for surface burst are shown in Fig. 19 right and go up to 33 % for sen-
sor 11126 and up to 51.6 % for sensor 11127. Based on the arithmetic
mean of the measurements, the maximum deviations are up to 35.2 %.
Over 50 % of the results have a deviation of less than 12.4 %. Based on
this analysis, it is more appropriate to use the expression for surface
burst to predict conducted field test results presented in this paper.

The measured incident pressures on sensor 11126 and 11127 are
shown in Fig. 18 for one field test with the theoretically obtained inci-
dent pressure–time histories. The theoretical incident pressure–time
diagram is derived using the Friedlander expression based on the max-
imum pressure [34]. To derive a pressure–time diagram it is necessary
to determine, besides maximum pressure, the duration of the positive
phase and the coefficient of wave decay. The maximum incident pres-
sure and the duration of the positive phase were calculated using King-
ery and Bulmash expressions and for an explosion on the surface
(Table 12). The most used expressions for calculating the coefficient
of wave decay are those provided by Teich and Gebbeken, Dhara-
neepathy, Lam et al., and Larcher [35–37], given in Table 13. Compar-
ing theoretical and measured diagrams, it is clear that the theoretical
positive phase of the blast wave lasts longer than the measured posi-
Table 13
Blast wave decay coefficient [37].

Authors Blast wave decay

Dharaneepathy (1993) b = 3.18 ∙ Z−0.58 (3)
Lam et al. (2004) b = Z2 – 3.7∙Z + 4.2 (4)
Larcher (2008) b = 5.2777∙Z−1.1975 (5)
Teich and Gebbeken (2013) b = 1.5∙Z−0.38 (6)
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tive phase. Larcher and Dharaneepathy underestimate positive phase
duration while Teich and Gebbeken and Lam et al. overestimate it.
Overestimation leads to greater impulse value indicating a more con-
servative structural design.

4.2.3. Reflected pressures
The results of the maximum reflected pressures obtained by field

tests and analytical expressions are shown in Table 14. Measured
and filtered maximum values are listed for each field test. Filtration
was implemented to reduce data noise and to determine peaks more
clearly. Filtration was done using a 120 kHz low‐pass filter. In analyt-
ical calculations, expressions and from Kingery and Bulmash were
used for an explosion in the air. The reflected pressures on the slab
were measured at three points, as shown in Fig. 15. The first point
(sensor pr,m) is located directly below the explosive, and the angle of
incidence of the blast wave was 0°. The second point (sensor pr,e)
was located in the direction of the shorter side, 40 cm from the centre
of the slab and the angle of incidence was 14°, 27° or 51° depending on
the standoff distance of the explosive charge. The third point is located
73 cm from the centre of the slab (sensor pr,s) in the direction of the
longer side, and the angle of incidence (α) was 25°, 43°, 66°, respec-
tively. The angle of incidence increases with decreasing standoff dis-
tance of the charge from the slab. When the angle of incidence is 0°,
the pressure is calculated by the expression for the reflected pressure.
However, when the angle of incidence of the blast wave is greater than
0°, it is necessary to determine the reflection coefficient [38]. The
value of the reflected pressure (pr) at points not directly loaded by
the blast wave is determined by multiplying the reflection coefficient
(crα) and the incident pressure (ps0). The reflection coefficient is deter-
mined according to [38] based on the angle of incidence of the blast
wave and the incident pressure obtained by Kingery and Bulmash
expression for each case. The reflected pressure sensor in the mid‐
span was removed when the explosive charge was placed at a standoff
distance of 32 cm because of possible sensor damage. In some cases,
reflected pressures are measured, but the results cannot be analyzed
because they are out of range or the diagrams are of illogical shape,
so these values are marked in Table 14 as not available (N.A.).

Comparison of analytically and experimentally obtained reflected
pressures is shown in Fig. 20. The ordinate represents the measured fil-
tered maximum reflected pressures and the abscissa the analytically
calculated reflected pressures. It can be seen that the majority of exper-
imentally obtained reflected pressures has a difference in comparison
to analytically calculated reflected pressures smaller than ±25 %.



Table 14
The maximum reflected pressures obtained by field tests and analytical expressions.

Specimen R [m] W [kg] Z [m/kg1/3] α [°] Measured [kPa] Filtered [kPa] pso [kPa] crα pr = pso*crα

B1_1 pr,e 1.64 0.650 1.893 14 1169.43 762.07 220.1 3.25 715.33
pr,s 1.75 0.650 2.020 25 1591.61 372.61 190.4 3.03 576.91
pr,m 1.59 0.650 1.836 0 8064.36 1001.95 – – 828.30

B1_2 pr,e 0.8855 0.650 1.022 27 6871.39 4194.51 890.1 4.75 4227.98
pr,s 1.0756 0.650 1.242 43 3397.26 2991.73 574 3.95 2267.30
pr,m 0.79 0.650 0.912 0 19730.33 16460.52 – – 6516.50

B3_6 pr,e 0.8855 0.650 1.022 27 7942.06 4875.33 890.1 4.75 4227.98
pr,s 1.0756 0.650 1.242 43 1779.90 1290.86 574 3.95 2267.30
pr,m 0.79 0.650 0.912 0 6619.98 5672.05 – – 6516.50

B4_8 pr,e 0.8855 0.650 1.022 27 6204.63 4577.13 890.1 4.75 4227.98
pr,s 1.0756 0.650 1.242 43 4220.88 2688.50 574 3.95 2267.30
pr,m 0.79 0.650 0.912 0 N.A. N.A. – – 6516.50

B2_4 pr,e 0.8855 0.650 1.022 27 14280.41 8627.46 890.1 4.75 4227.98
pr,s 1.0756 0.650 1.242 43 2880.59 2378.66 574 3.95 2267.30
pr,m 0.79 0.650 0.912 0 N.A. N.A. – – 6516.50

B3_7 pr,e 0.5122 0.975 0.517 51 15867.59 10883.95 3658 5.8 21216.40
pr,s 0.7971 0.975 0.804 66 2608.78 1854.11 1505.9 2.0 3011.80

B4_9 pr,e 0.5122 0.975 0.517 51 N.A. N.A. 3658 5.8 21216.40
pr,s 0.7971 0.975 0.804 66 6867.36 5641.06 1505.9 2.0 3011.80

B2_5 pr,e 0.5122 0.975 0.517 51 40820.96 21596.67 3658 5.8 21216.4
pr,s 0.7971 0.975 0.804 66 4372.01 3222.09 1505.9 2.0 3011.8

B1_3 pr,e 0.5122 0.650 0.591 51 N.A. 5886.40 2826.3 5.5 15544.65
pr,s 0.7971 0.650 0.920 66 23671.32 16735.22 1123.6 1.95 2191.02
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Fig. 20. Comparison of analytically and experimentally obtained reflected pressures.
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The diagrams of the positive phase of the reflected pressure over
time are shown in Fig. 21 a), where at b) is an enlarged view of the
diagram with marked peaks of the reflected pressure. It is observed
that the measured reflected pressure in the mid‐span of the slab is
significantly higher than the measured reflected pressures at the
other two points. This is expected because the distance that the blast
wave has to travel from the explosive charge to the sensor in the
mid‐span is the shortest and mid‐span point is first impacted by
the blast wave. Also, this confirms that the pressure on the slab is
not uniformly distributed, which means that the standoff distance
of the slab from the charge is not enough to produce a uniform blast
load on the slab. Blast wave first affects the mid‐span of the slab,
with the highest intensity directly below the explosive and then
spreads towards the edges and supports of the slab, simultaneously
losing its intensity. The reflected pressure in the mid‐span (pr,m) is
4.4 times higher than at the support (pr,s) and 1.2 times than at
the closer edge (pr,e).
16
Fig. 22 shows diagrams of the measured and filtered reflected pres-
sure near the support (pr,s) of the slab B4_8. The peak of the filtered
reflected pressure matches well with the reflected pressure obtained
by the Kingery and Bulmash expressions for free‐air burst.

The analytical approximation of the measured pressure–time dia-
gram is shown in Fig. 23. The expressions for the wave decay coeffi-
cient were used as for the incident pressure–time diagrams. In this
case, all expressions overestimate the positive phase duration, and
the best match with the field test is obtained by using Larcher expres-
sion. Similarly, as for incident pressures, if theoretical and measured
diagrams are compared, it is clear that the theoretical positive phase
is longer than the measured positive phase.

4.2.4. Displacements
The displacement–time histories were measured by draw wire sen-

sors. The disposition of draw wire sensors is shown in Fig. 15. Maxi-
mum reflected pressures and displacements are listed in Table 15.



Fig. 21. Measured reflected pressure of B3_6, a) the positive phase and b) enlarged part of reflected pressure peaks.

Fig. 22. Measured and filtered reflected pressure (pr,s) on the slab B4_8.

Fig. 23. Reflected pressure–time diagram for B4_8 measured above the
support (pr,e) with theoretically derived diagrams.

Table 15
Maximum reflected pressures and slab displacements.

Specimen B1_2 B2_4 B3_6 B4_8 B

R [cm] 79 79 79 79 3
W [g] 650 650 650 650 9
Z [m/kg1/3] 0.91 0.91 0.91 0.91 0
Max.filt. pr,s [kPa] 2991.73 2378.66 1290.86 2688.50 3
DWs [mm] 3.25 4.92 2.38 3.18 6
Max.filt. pr,m [kPa] 16460.52 N.A. 5672.05 N.A. N
DWm [mm] 9.76 11.17 5.63 5.65 1

Note: DWm – mid-span draw wire sensor (slab center), DWs – draw wire sensor ne
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Comparison of measured displacements of reference RC slab B1 at
associated scaled distances Z is presented in Fig. 24. An increase of
both mid‐span and near support displacements was observed with a
decrease of scaled distance Z. Increase of displacements caused by a
decrease of scaled distance follows cubic dependence.

Displacement‐time histories for individual tests at a scaled distance
of 0.91 m/kg1/3 are presented in Fig. 25. Results indicate that largest
displacement was measured for retrofitted slab B2_4 (slab retrofitted
with 1LWF), which was unexpected. This discrepancy was related to
the higher incident pressures measured for slab B2_4 as explained in
Section 4.2.2. Maximum displacements of slabs B3_6 and B4_8 were
the same, where a reduction of 42 % was achieved compared to refer-
ence slab B2_4.

In the case of the smallest scaled distance Z explosive quantity for
retrofitted RC slabs was increased by a factor of 1.5, where reference
slab was loaded by detonating 500 g explosive charge while retrofitted
RC slabs were loaded with 750 g charge. The charge weight was
increased to induce heavier damage. The displacement–time histories
are presented in Fig. 26. Again, maximum displacement was obtained
for the slab retrofitted with 1LWF. The maximum displacement was 11
% larger than the one measured on reference B1_3 slab. By comparing
incident pressures reported in Table 12, one can assume that slab ret-
rofitted with 1LWF was tested under repeated explosion. This assump-
tion can be justified with the negligible difference (2 %) between mean
values of incident pressure measured for slab B2_4 and B2_5. This
assumption leads to the conclusion that repeated blast loading causes
maximum displacement increase. However, this needs further studies.
In the case of slab retrofitted with 1LSCM somewhat smaller maximum
displacement was obtained with a negligible difference. The highest
reduction of maximum displacement was obtained in the case of slab
retrofitted with 2LCSM. This reduction was approximately 25 % com-
pared to reference B2_3 slab. Accounting for charge weight difference
it can be concluded that all three retrofit systems were effective in
reducing mid‐span displacement as larger values are expected if the
reference slab was tested under the same charge weight.
2_5 B3_7 B4_9 B1_3 B1_1 T_B1

2 32 32 32 159 159
75 975 975 650 650 325
.32 0.32 0.32 0.37 1.84 2.31
222.09 1854.11 5641.06 16735.22 372.61 255.24
.66 8.28 7.31 6.29 1.52 0.81
.A. N.A. N.A. N.A. 1001.95 N.A.
9.61 17.16 13.49 17.65 3.36 1.61

ar the slab support.
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Fig. 25. Displacement – time history for tested slab at Z = 0.91 m/kg1/3.

Fig. 26. Displacement–time histories for tested slabs at Z = 0.37 (0.32) m/kg1/3.

Fig. 24. Displacement vs scaled distance for reference RC slab (B1).
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4.2.5. Acceleration measurements
Acceleration measurements for all blast tests are given in Table 16,

where am and as represent maximum acceleration in the mid‐span and
near support of tested slabs, respectively. An example of obtained
acceleration data is presented in Fig. 27. Reported values indicate an
increase in maximum acceleration with decrease in Z. Increase of max-
imum acceleration is obvious but relation with Z is not clear.
Table 16
Maximum accelerations of tested slabs.

Specimen B1_2 B2_4 B3_6 B4_8 B2_

Z [m/kg1/3] 0.91 0.91 0.91 0.91 0
as [g] 118.3 441.9 288.7 180.9 245
am [g] 399.3 447.8 316.5 306.9 362
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Presented measurements do not provide clear insight into the influ-
ence of applied retrofit systems on maximum acceleration values. Nev-
ertheless, a trend can be noticed where maximum accelerations of
retrofitted slabs were in general larger than the one measured on ref-
erence slabs. However, distinction i.e. influence of retrofit system is
not apparent. It has to be pointed out that presented values are raw
i.e. nonfiltered data.
5 B3_7 B4_9 B1_3 B1_1 T_B1

.32 0.32 0.32 0.37 1.84 2.31

.8 307.1 321.4 305.5 109.6 96.9

.0 486.2 483.2 421.5 181.4 137.2



Fig. 27. Acceleration data for test specimen B1_3.
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5. Conclusions

Field and laboratory test were carried out to evaluate proposed ret-
rofit systems for blast load mitigation on RC slabs. From the results of
the conducted tests, the following conclusions are made:

• With applied off‐the‐shelf materials it is possible to produce retrofit
system proved to be applicable in static load condition and blast
mitigation of RC slabs in studied blast load scenarios (0.32 m/
kg1/3 ≤ Z ≤ 2.31 m/kg1/3).

• Material test results indicate that two layers of chopped strand glass
mat (2LCSM) was the most effective epoxy resin reinforcement
scheme.

• The static laboratory tests of retrofitted slabs showed that all
devised retrofit systems increased stiffness and improved the
strength capacity of RC slabs.

• All blast tested RC slabs, retrofitted and un‐retrofitted, maintained
their structural stability within tested range of scaled distance.

• The efficiency of designed retrofit systems in blast mitigation is
apparent in displacement and damage reduction.

• Contact explosion caused perforation of one‐third of RC slab cross‐
section, however, structural integrity was not severely
compromised.

• All applied retrofit systems provided some degree of flying debris
mitigation. Highest reduction was provided by 2LCSM, and was
approximately 5 times compared to reference RC slab.

• Comparison of measured and analytically calculated pressure val-
ues showed that Kingery and Bulmash expression for surface burst
better predicts measured incident pressures while the expression
for free‐air burst better predicts measured reflected pressures.

Devised retrofit systems proved to provide blast load mitigation
in the conducted field and laboratory tests, but further analysis
and tests are needed, to fully accept the best performance system
in future applications. Field tests where RC slabs are loaded with
a larger amount of explosives should provide even better insight
into nonlinear RC slab and devised retrofit behavior that could lead
to more reliable conclusions about proposed retrofit system
applicability.
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