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a b s t r a c t

A series of tests was conducted to investigate the blast resistances of slabs constructed with both plain
ultra-high performance fibre concrete (UHPFC) and reinforced ultra-high performance fibre concrete
(RUHPFC), and slabs reinforcedwith externally bonded (EB) fibre reinforced polymer (FRP) plates. Normal
reinforced concrete (NRC) slabs were tested as control specimens. LVDTs and pressure transducers were
used to record deflection histories, and pressure sensors located at the centre and one edge of the slabs
measured airblast pressure histories. The measured pressures at the centre and edge of the slabs were
significantly different from those estimated using traditional procedures such as those in TM5-1300. Tests
indicated that the plain UHPFC slab had a similar blast resistance to the NRC slab and that the RUHPFC
slab was superior to both. The addition of EB carbon FRP plates to the compression face of a reinforced
concrete slab increased its ductility and blast resistance. Test results were compared with the maximum
energy absorptions predicted from layered capacity analyses of the NRC, retrofitted, plain UHPFC, and
RUHPFC specimens.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Terrorist attacks using improvised explosive devices (IED) can
result in the collapse of buildings, bridges and infrastructure and
great loss of life (e.g.,[1–4]). Tomitigate the effects of airblast loads
on buildings, cost-effective structural-engineering solutions may
include: retrofitting using externally bonded (EB) or near surface
mounted (NSM) FRP plates to strengthen existing structural
members [5–9]; or the use of innovative materials such as ultra-
high performance fibre concrete (UHPFC) for the construction of
new structural members.
Ultra-high performance fibre concrete (UHPFC) is a relatively

new construction material with higher strength, deformation
capacity and toughness than conventional normal strength,
normal weight concrete. These superior material properties
are achieved by adding small steel fibres into the concrete
mix that results in concrete compressive strengths in excess
of 150 MPa, tensile capacities of approximately 30 MPa and
much greater ductility than normal strength, normal weight
concrete. Sample stress–strain curves for UHPFC materials are
shown in Fig. 1. UHPFC has been used in structural elements to
resist extreme earthquake effects [10], blast loads and ballistic
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loads ([11–13]), and in high-performance structures [14]. The
mechanical characteristics and high density of UHPFC make it an
ideal material for resisting blast effects, but only a few tests have
been conducted to characterize the blast resistance of the plain
UHPFC and RUHPFC members ([15,13]).
Blast tests of FRP-retrofitted RC members have been conducted

recently [16–18]. Muzsynski and Purcell [17] conducted a series
of full-scale explosive tests on RC walls, retrofitted with either
EB CFRP (carbon fibre reinforced polymer) or GFRP (glass fibre
reinforced polymer) on the rear (tensile) face, using 860 kg of
TNT at relatively small standoff distances (between 11–15 m).
They observed that the two retrofitted walls had a higher blast
resistance and generally performed better than the control walls.
Another set of tests on reinforced concrete panels retrofitted with
either EB CFRP or GFRP on the front and rear surfaces, which were
subjected to blast loadings from charge weights of 13 to 33 kg
of ANFO explosives (approximately 80% efficiency of TNT) at a
standoff distance of 3 m, was reported by Tolba [31]. Tolba’s
test results showed that the FRP-retrofitted panels were able
to withstand high pressures and displacements without failing,
which was in direct contrast to the control panels that failed in
shear. Lu et al. [18] conducted blast tests on four EB-FRP-retrofitted
slabs. Two were retrofitted on the tension surface only and two
were retrofitted on both surfaces. The blast tests were conducted
at a standoff distance of 300 mm. The slabs retrofitted on only one
surface were damaged severely. Lu concluded that applying plates
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Fig. 1. Mechanical properties of conventional concrete and UHPFC.
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Fig. 2. Geometry of the control specimens.
to both sides of the slab was more effective than applying plates
to the tension surface only. They did not investigate the effect of
plating on the compression surface only. Wu et al. [19] conducted
blast tests on two RC slabs. The first conventionally reinforced slab
was used as a control specimen; the second slab was retrofitted
with 6 NSM FRP strips on both faces. Each specimen was subjected
to two blast detonations with the equivalent of 0.08 kg and 2.1 kg
of TNT at a standoff distance of 0.6 m. The test results showed
that the specimen with the NSM strengthened tensile face did not
withstand a higher blast pressure (impulse) than the conventional
specimen; this indicated that only using tension face plateswas not
effective against blast loading. No investigation of the effectiveness
of compressive face retrofitting of RC slab has been reported.
Cramsey and Naito [20] subjected four precast concrete wall

panels to a series of far-field blast loadings that produced peak
reflected pressures (impulses) of between 55 kPa (476 kPa ms)
and 200 kPa (992 kPa ms). These panels consisted of two
conventional control specimens, one solid-zone sandwich panel
and one C-grid sandwich panel. The sandwich panels were
conventional, insulated precast concrete wall panels constructed
withweldedwire fabric and prestressing strand. The authors noted
that cracking was more extensive in the control panels; made
observations regarding performance using metrics established in
US government standards; and developed SDOF models of the
panels.
In this study, a total of 6 slabs were tested to determine

their response to blast loading. These six slabs consisted of: two
conventional reinforced concrete (RC) slabs for control specimens;
two reinforced concrete slabs retrofittedwith pultruded externally
bonded fibre reinforced polymer on the compression face; one
slab constructed with ultra-high strength concrete with no steel
reinforcement; and one ultra-high strength concrete slab with
steel reinforcement. All of the slabs were 2000 × 1000 mm in
plan and 100 mm thick. A total of 8 blast shots were conducted
on the 6 specimens. Explosive charge sizes ranged from 1 to 20 kg
of equivalent TNT Composition B and standoff distances ranged
up to 3m. The blast pressure histories on the slab surfaces and
displacement histories of the slabs were recorded. The pressure
distributions are analyzed and compared with those predicted
using weapon-effects codes such as CONWEP [21]. The responses
of the slabs were observed and their energy absorption was
compared with predictions made using a layered capacity analysis
[22].

2. Design of experiments

2.1. Specimen specifications

The reinforced concrete specimens with normal concrete (NCR)
in Fig. 2 were reinforced on both the tension and compression
faces. These specimens were constructed with a 12 mm diameter
mesh that was spaced at 100 mm centres in the major bending
plane (ρ = 1.34%) and at 200 mm centres in the minor plane
(ρ = 0.74%). The thickness of the concrete cover was 10 mm.
The concrete had a cylinder compressive strength of 39.5 MPa,
tensile strength of 8.2 MPa and Young’s modulus of 28.3 GPa.
The reinforcement had a yield strength of 600 MPa and Young’s
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Fig. 4. Construction details and boundary conditions.
modulus of 200 GPa. Fig. 2 illustrates the conventionally reinforced
concrete slabs.
Externally bonded FRP pultruded plates were adhesively

bonded to the compression face of a conventionally reinforced slab.
Layers of 2.8 mm thick pultruded CFRP plates were used to retrofit
the specimens. Fig. 3 presents the cross-sectional properties of the
retrofitted slabs. Two 240 mmwide grooves running the length of
the slab during manufacturing the slabs were formed to allow for
the installation of the pultruded CFRP plates. Two layers of 1.4 mm
thick CFRP plates were used in order to achieve a depth of 2.8 mm.
Two 100 mm wide and one 40 mm wide plates were used to
produce a total width of 240 mm. Fig. 3 provides key construction
details. The concrete surfacewas roughened to improve the quality
of the bond to the concrete. After curing concrete for 30 days, the
CFRP was attached to the slab.
Two slabs of UHPFC were constructed with and without

reinforcement. The RUHPFC slab was constructed with the
reinforcement (ρ = 1.34%) in Fig. 2. The ultra-high strength
concrete had an average compressive strength of 151.6 MPa,
tensile capacity of 30.2 MPa and Young’s modulus of 47 GPa at the
time of testing.

2.2. Experimental set-up

The specimens were tested on the steel frame in Fig. 4. During
testing, bolted angle sections were used to effectively provide an
upward restraint against the slab rebound and reduced lateral
movement. A firm restraint was formed after fibre boards were
wedged into the gap between the slab and the angles but it
still maintain the simply supported condition, which was the
assumption made in the pre-test calculations. The effective span
of the slabs was 1800 mm as shown in Fig. 4.
The support fixture for the explosive charge consisted of three

pipe sections as seen in Fig. 5. The charge was suspended from the
Fig. 5. Charge support frame (dimensions in mm).

horizontal sectionwith light rope. The chargewas centred over the
slab using four string guides.

2.3. Data acquisition

Data were recorded using a Linear Variable Displacement
Transducer (LVDT), pressure transducers, and a high speed camera.
Fig. 6 shows the location of the instruments. An LVDT of 250 mm
maximum range was installed to record the displacement history
at the centre of each slab [23]; the sampling rate was 10 kHz.
Pressure transducers were used tomeasure airblast pressures both
at the centre of the specimen (PT1) and near one support (PT2).
Blast pressures above 6.9 MPa were not recorded because the
transducers were removed to avoid damage at higher pressures.
The pressure transducers had a sampling rate of 2 MHz. A high
speed camera capturing 2,000 frames per second was used to
record each experiment.
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Table 1
Experimental airblast program.

Blast Slab name Description Rebar ratio (%) Standoff distance (m) Scaled distance (m/kg1/3) Explosive mass (g)

NRC-1 1A RC 1.34 3 3.0 1007
NRC-2 1A RC 1.34 3 1.5 8139
NRC-3 1B RC 1.34 1.4 0.93 3440
NRC-4 1A RC 1.34 1.5 0.75 8213
RET-1a 3A RC+CFRP 1.34 1.5 1.5 1044
RET-2a 3B RC+CFRP 1.34 0.92 0.54 5083
UHPFC D1B UHPFC – 0.75 0.5 3433
RUHPFC D3A RUHPFC 1.34 1 0.37 20101
a CFRP in 2.8 mm strip, one side only.
Table 2
Experimental blast pressure summary [23].

Blast Charge weight (kg) Scaled distance to PT1 (m/kg1/3) Peak reflected overpressure (MPa) Reflected impulse (MPa.ms)
PT1 PT2 PT1 PT2

NRC-1 1 3 0.42 0.30 0.186 0.133
NRC-2 8 1.5 2.39 1.0 0.715 0.514
NRC-3 3.4 0.93 6.38 1.49 0.705 0.638
RET-1 1 1.5 2.08 0.89 0.384 0.282
Fig. 6. Slab instrumentation.

2.4. Blast test

Table 1 summarizes the testing program. Test NRC-1 was used
to evaluate the instrumentation and was not designed to damage
the slab. The standoff distancesweremeasured from the underside
of the explosive to the top of the slab.

3. Data recorded from airblasts

3.1. Pressure histories

Airblast pressure histories at the centre and edge of the slabs
were recorded to study the pressure distribution on the slabs. Fig. 7
(a) and (b) show the measured pressure histories for NRC-1 and
NRC-2 (information on the scaled range is given in the Table 1).
As shown, negative pressure was negligible. The overpressure
recorded at gauge PT1 was significantly larger than at PT2 in both
specimens, indicating that the blast pressure on the slab was not
uniform which was an expected result given the small standoff
distance. The arrival times of the shock front for PT1 and PT2
also differed considerably for NRC-1 but less so for NRC-2. Two
distinct peaks in the pressure history were consistently recorded
at pressure gauge PT2, which may be due in part to blast wave
reflections off the ground beneath and surrounding the slab. A
summary of the blast pressures recorded at PT1 and PT2 and the
corresponding impulses are given in Table 2. Since the maximum
pressure on the sensors was limited to 6.9 MPa, blast pressure
histories for only 4 tests were recorded.
A cylindrically shaped explosive with a diameter to length ratio

of 1:1 was used for the experiments; the axis of the cylinder was
horizontal as shown in Fig. 8(a). The cylinder of Composition Bwas
detonated with the aid of a booster charge of plastic explosive that
was attached to the left end of the cylinder. Based on the damage
sustained to the explosive support frame following test RUHPFC, it
would appear that the combination of a cylindrically shaped charge
and the booster location appeared to focusmore energy to the right
of the explosive than to the left. Fig. 8(b) is a photograph taken
immediately after the detonation for test RET-2. The image shows
a jetting effect along the axis of the cylinder.
Only one peak was seen in the PT1 pressure histories as would

be expected from a normally reflected shock front. The presence of
two peaks in the PT2 pressure histories cannot be explained by an
obliquely reflected shock from a free air burst of a spherical charge
[24]. Petes and Tempo [25], Ismail and Murray [26], Zimmerman,
Nguyen andHookham [27], andAnderson, Katselis and Caputo [28]
reported on the influence of charge shape, cylindrical versus
spherical, and on overpressure and impulse. Some of the key
findings were:

• Charge orientation can substantially influence peak overpres-
sure and impulse [26].
• For cylindrical charges, peak overpressure and impulse are
dependent on the detonation locations. For low ratios of length-
to-diameter, more energy is directed in the axial direction and
for high length-to-diameter ratios, more energy is directed in
the radial direction [27].
• Computational fluid dynamics calculations of blast pressure
histories in the near-field do not reproduce experimental data
well [28].

Importantly, some of the experimental results presented by
Anderson et al. [28] associated with the detonation of cylindrical
charges show twopeaks in the incident overpressure historywhich
are similar to the reflected pressure histories for gauge PT2 in Fig. 7.
The experimentally recorded reflected overpressures and the

reflected impulses computed from the reflected pressure histories
were comparedwith those values predicted using TM5. Results are
listed in Table 3. The experimentallymeasured overpressureswere
consistently higher than those predicted by TM5 [29], which could
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Fig. 7. Pressure histories on the slabs at PT1 and PT2 [23].
(a) Schematic of cylindrical
charge.

(b) High speed camera footage of the
explosive for test RET-2.

Fig. 8. Influence of charge shape on blast flow field.
Table 3
Experimental and predicted overpressure and impulses for PT1 [23].

Blast Incident overpressure (MPa) Reflected overpressure (MPa) Reflected impulse (MPa.ms)
Predicted Experimental Predicted Experimental Predicted Experimental

NRC-1 0.07 0.13 0.24 0.42 0.153 0.186
NRC-2 0.45 0.54 1.58 2.39 0.668 0.715
NRC-3 0.34 1.43 6.20 6.38 0.922 0.705
RET-1 0.07 0.12 1.58 2.08 0.334 0.384
be attributed to charge shape as noted previously. The reflected
impulses calculated from the experimental data at PT1 were close
to the TM5-predicted values.
Using the experimental overpressures reported in Table 2, ratio

of the peak overpressures PT1 to PT2 was investigated. The values
of the ratio so computed and those calculated using TM5 are
presented in Table 4. The differences are substantial and could be
attributed to the use of an end-detonated cylindrical charge, small
standoff distances and the influence of detonation products.
Using the data from Table 4, it was found that the ratio of the

peak pressures was inversely proportional to the scaled distance,
as seen in Fig. 9. The following relationship was given by fitting the
data.

PT1
PT2
= 3.6Z−0.91. (1)
As the relationship is only derived based on data for scaled
distances of 1 m/kg1/3 and greater, it must be used with caution
for scaled distances less than 1.0 and greater than 3.0. The above
formula is used to calculate reflected impulses at the PT2 point in
Section 5. Importantly, the equation can only be used to compute
pressures on the test slabs and is inappropriate for more general
use.

3.2. Displacement history

An LVDT was used to record the displacement histories of the
slabs. For the first four tests, an adhesive was used to attach the
LVDTs to the slab. However, the adhesive connection fared poorly
in these tests so that the anchorage was enhanced with concrete
anchors for the remaining tests as shown in Fig. 10.
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Table 4
Ratios of experimental and predicted overpressures [23].

Blast Standoff distance
to PT1 (m)

Angle of
incidence to PT2

Scaled distance to
PT1 (m/kg1/3)

Measured peak reflected
overpressure (MPa)

TM5 peak reflected
overpressure (MPa)

PT2 / PT1

PT1 PT2 PT1 PT2 Experimental Predicted

NRC-1 3 16◦ 3 0.42 0.30 0.33 0.29 0.71 0.88
NRC-2 3 16◦ 1.5 2.39 1.0 2.52 2.16 0.42 0.86
NRC-3 1.4 32◦ 0.93 6.38 1.49 9.84 5.32 0.23 0.54
RET-1 1.5 30◦ 1.5 2.08 0.89 2.53 1.47 0.43 0.58
Table 5
Summary of slab deflections.

Blast Charge weight (kg) Standoff distance from PT1 (m) Scaled distance (m/kg1/3) Max. deflection (mm) Permanent deflection (mm)

NRC-1 1 3 3 1.5 0
NRC-2 8 3 1.5 10.5 –a
NRC-3 3.4 1.4 0.93 13.9 –a
NRC-4 8 1.5 0.75 38.9 –a
RET-1 1 1.5 1.5 3.3 0
RET-2 5 0.92 0.54 50.6 7.6
UHPFC 3.4 0.75 0.5 13.2 4.1
RUHPFC 20 1 0.37 >100 –b

a LVDT debonded from the concrete and the permanent deflection was not recorded.
b LVDT was destroyed by the test.
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Fig. 10. LVDT connection to the underside of a test specimen.

The LVDT histories were zero-corrected at the start of each
test. The deflection histories of NRC-1 and RET-1 in Fig. 11(a) and
(b) show permanent deflections of approximately 0.3 mm and
0.5 mm, respectively, that can be attributed to the deformation in
the supporting fibre board. This rigid body deflectionwas removed
from the slab displacement history. Residual displacements in
the tests that produced no slab damage were removed from the
displacement histories. Such displacements were not removed
in tests involving slab damage because the contribution due to
deformation in the fibre board could not be quantified. A summary
of the maximum and residual slab deflections is given in Table 5.
4. Performance of test specimens

4.1. Normal reinforced concrete slabs

A total of four charges with scaled distances ranging from
0.75 m/kg1/3 to 3 m/kg1/3 as summarized in Table 5 were
conducted on two NRC slabs. No cracking was observed in
specimens NRC-1 and NRC-2 after testing. Fine cracks of negligible
residual width were observed in NRC-3 but it is unlikely that the
yield moment in the slab was reached. Fig. 12 shows the cracks
marked after the test.
After NRC-4 was subjected to a charge weight of 8 kg at a scaled

distance of 0.75 m/kg1/3, cracks which were significant in depth
and number were developed along the length of the slab. Residual
crack widths were measured, indicating a plastic or post-yield
response. Fig. 13 shows the crack pattern for NRC-4. As shown,
there were no cracks near the supports.

4.2. Retrofitted reinforced concrete slabs

Two NRC slabs retrofitted with two 2.8 mm thick plates of
pultruded FRP on the compressive face were exposed to two
charges with scaled distances of 1.5 m/kg1/3 and 0.54 m/kg1/3 as
summarized in Table 5. No cracks were observed for RET-1 which
was exposed to a charge with a scaled distance of 1.5 m/kg1/3 and
a charge weight of 1 kg, indicating the slab remained elastic.
Specimen RET-2 was subjected to a 5 kg explosion at a

standoff distance of 0.92 m. The resultant damage can be seen in
Fig. 14 which includes cracks associated with flexure and shear
(highlighted following the test) as well as debonding of the FRP
laminates. No concrete crushing was observed.
Fig. 14(a) shows debonding between the top and bottom layers

of the CFRP for RET-2. One 100mmwide plate debonded at the slab
centerline and one 40 mm wide plate debonded along the length
of the slab (see Fig. 14(a)). Debonding occurred between the CFRP
strips and not at the CFRP-concrete interface.
During rapid loading, direct shear cracks can be formed in

areas of concentrated loads (reactions) [29]. Such vertical cracks
can be seen in Fig. 14(b). Direct shear failures will preclude the
development of the flexural strength of a slab and are undesirable,
although, probably unavoidable for near-field charges.
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Fig. 11. LVDT displacement histories [23].
Fig. 12. Cracks in specimen NRC-3.
Fig. 13. Cracks in specimen NRC-4.
4.3. Plain ultra-high performance fibre concrete slab

The plain UHPFC slab survived a charge weight of 3.4 kg and
a scaled distance of 1.13 m kg1/3 and only flexural cracking was
observed in the slab at the mid and quarter points as shown in
Fig. 15. The LVDT recorded a permanent deflection of 4.1 mm. This
test confirmed the substantial ability of ultra-high performance
fibre concrete for resisting blast loads.

4.4. Reinforced ultra-high performance fibre concrete slab

The RUHPFC slab was exposed to a severe blast loading
with a charge weight of 20 kg and a scaled distance of
0.37 mkg1/3. Concrete crushing was observed in the hinge region
at approximately the centre of the span as seen in Fig. 16. The
entire deflection history of the blast was not measured completely
because the LVDTwas destroyed during the test but the maximum
recorded deflection exceeded 100 mm. The usefulness of ultra-
high performance fibre concrete for blast resistance was further
confirmed by this large blast load at a small standoff distance.

5. Energy absorption of specimens

The resistance–deflection relationship of a member is critical
for a comparison of blast resistance capacities since the area under
the resistance–deflection curve provides a measure of its energy
absorption capacity. Assuming that the loading can be considered
as an impulse (i.e., td < 0.1T where td is the fictitious positive
phase duration and T is period of themember), the required energy
absorption capacity of a member should exceed the imposed
demand. The estimated fundamental period of the panels was
29.2 ms specimen. The measured positive phase duration of the
loading varied between 0.99ms (NRC-3) to 1.70ms (NRC-1), which
supported the assumption that the loading was impulsive.
We used SDOF techniques to compute the required energy

absorption capacity of the concrete panels and compare energy
demand and energy capacity. The equation of motion for the
nonlinear SDOF system can be presented in a number of formats,
two of which are presented below from [30]:

KmMü(t)+ KLR(t) = KLP(t) (2)
KLMMü(t)+ R(t) = P(t) (3)

where KM , KL, and KLM are the mass, load, and load–mass
transformation factors, respectively, u(ü) is the displacement
(acceleration) of the single degree of freedom system, M is the
total mass of the panel (=440 kg) computed assuming a span of
1800mm, and R is the resistance of themass presented in the same
units as the load, P . The energy absorption capacity Enmust exceed
the applied impulse energy:

En >
I2

2(KLMM)
(4)

where I is the total impulse imposed on the panel. The value of
KLM for a SDOF system for a simply supported member subjected
to a uniformly distributed load and responding far into the inelastic
range is 0.72 [30].
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Fig. 14. Damage in specimen RET- 2.
Fig. 15. Cracking in the plain UHPFC slab.
Flexural failure 

Fig. 16. Flexural failure of the RUHPFC specimen.
Based on data from Table 2, the total impulses applied to
the NRC-1, NRC-2, NRC-3 and RET-1 specimens were calculated;
results are listed in Table 6. For specimens NRC-4, RET-2, UHPFC
andRUHPFC, the reflected impulse at PT1was predictedusing TM5.
The impulse at PT2 for all specimens was estimated bymultiplying
the impulse at PT1 by the ratio of PT2/PT1 calculated from Eq. (1).
We recognize that this computation is approximate and assumes
that the positive phase duration at PT1 and PT2 are identical. The
total impulse applied to the panel was computed by multiplying
the averaged measured (or computed) specific impulse at PT1 and
PT2 by the area of the panel.
The flexural blast resistance of a cross-section of a specimen can

be determined using a layered analysis method [22]; this method
was used to establish the peak resistance of each panel. In such
analyses, the cross-section is divided into a number of layers with
the strain, strain rate and stress assumed to be constant within
each layer as shown in Fig. 17. This procedure enables the strain
rate to be varied over the depth of the cross-section where the
strain rate profile that was derived from a previous study [22] was
used herein. The flexural resistance of a cross-section is calculated
using traditional procedures that first determine the neutral axis
depth for a specific curvature. For example for a given specific
curvature, the resistance of the ith slice is Fi = σi(εi)DIFi(ε̇i)wb∆s,
where σi(εi) is the stress, DIFi(ε̇i) is the dynamic increase factor
that is strain rate dependent, and wbi and ∆si are the width and
thickness of the slice, respectively. The neutral axis depth kud is
varied until horizontal force equilibrium is achieved and then the
moment capacity at that specific curvature can be calculated. The
resistance–deflection relationship of the NRC and retrofitted RC
specimens was determined per Wu et al. [22] and their energy
absorption capacities are shown in Table 6.
As shown in Table 6, although the imposed impulses on NRC-

4 and RET-2 were much larger than their maximum energy
absorption, both slabs survived the loading. RET-2 was subjected
to an impulse of 2445 kN ms; this is 38% greater than the impulse
for NRC-4, which indicates that compressive retrofitting greatly
increased the blast resistance. The damage to the two slabs was
very similar, with large flexural cracks which indicate that both
slabs were close to the point of concrete crushing.
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Table 6
Resistance, reflected impulses and energy demands and capacities.

Specimen Charge weight
(kg)

Scaled distance
(m/kg1/3)

Predicted energy
absorption
capacity (kN mm)
En

Recorded max.
deflection (mm)

Estimated energy
absorption
(kN mm)

Averaged reflected
impulse (kN ms)

Applied impulse energy
(kN mm) I2

2(KLMM)

NRC-1 1.0 3.00 3725 1.5 33 287 141
NRC-2 8.0 1.50 3725 10.5 1630 1106 2124
NRC-3 3.4 0.93 3725 13.9 2572 1209 2536
RET-1 1.0 1.50 6730 3.3 192 599 624
NRC-4 8.0 0.75 3725 38.9 >En 1774 5464
RET-2 5.0 0.54 6730 50.6 >En 2445 10375
UHPFC 3.4 0.75 2194 13.2 >En 1335 3089
RUHPFC 20.0 1.00 32339 >100 >En 7322 93077
h0

Fig. 17. Layered analysis of a cross-section.
Curvature
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Fig. 18. Moment–curvature relationship for RUHPFC specimen [23].

The use of the stress–strain profile for UHPFC shown in Fig. 1
resulted in a somewhat unusual moment–curvature relationship
for the RUHPFC specimen as shown in Fig. 18. For the region
A in Fig. 18, the stress distribution of the cross-section in this
region is linear elastic as shown in Fig. 19(b). Region B begins
after the steel bars in the area of the cross-section in tension
reach their yield strain 0.2%. In this region, the neutral axis of
the cross-section translates up with increasing curvature, thereby
reducing the resistingmoment of the cross-section. Region C starts
when the compressive stress reaches its maximum value at the
extremity, Beyond this point, the cross-section behaves similarly to
that of a normal reinforced concrete plastic hinge. With increasing
curvature, the concrete compressive stress distribution is close to
a rectangular stress block as shown in Fig. 19(d). Eventually, the
curvature capacity is exhausted due to crushing of concrete. The
moment–curvature relationship of the plain UHPFC specimen was
also derived using the stress–strain profiles of the UHPFC shown in
Fig. 1.
Table 6 lists the predicted energy absorption based on the

recorded maximum deflection, the energy absorption capacity
(area under the resistance–displacement relationship) of each
panel, and the reflected impulse and associated impulse energy
(Eq. (4)). There is a substantial difference between the estimated
energy absorption capacity and the corresponding applied blast
impulse energy for NRC-1 and RET-1. The estimated energy
absorption capacity and the corresponding applied blast impulse
energy are similar for NRC-2 and NRC-3. The energy absorption
of the specimens was estimated here assuming simple supports,
although the end restraint in the field was somewhere between
fixed and pinned, where the degree of fixity is likely dependent
on the magnitude of the imposed blast load and the damage
sustained by the restraints that are shown in Fig. 4(b). Table 6
also shows that the energy absorption capacity of the plain UHPFC
specimen is comparable to that of the NRC specimen but that
the RUHPFC specimen was superior to both. Figs. 12 and 15
can be used to compare the performance of the NRC slabs with
the plain UHPFC slabs. Slab NRC-3 and the plain UHPFC slab
were subjected to applied impulse energies of 2,536 kN mm and
3,089 kN mm, respectively. The plain UHPFC specimen suffered
less damage than NRC-3 although the demand was larger, which
suggests that the plain UHPFC slab was superior to the NRC-3
slab. The RUHPFC specimen was subjected to a much larger blast
impulse (approximately 15–20 times greater) than the other slabs
which indicates that the ultra-high performance fibre concrete
has a very higher energy absorption capacity and is, therefore, a
most desirable material for use against blast loads. Importantly, no
scabbing nor shear cracking was observed in the RUHPFC slab after
testing with a large weapon at close range.

6. Conclusions

A series of blast tests has been carried out to investigate the
blast resistance of reinforced concrete slabs constructed with:
(a) normal reinforced concrete (NRC); (b) reinforced concrete
augmented with FRP plates; (c) ultra-high performance concrete
without reinforcement (UHPFC); and (d) ultra-high performance
concrete with reinforcement (RUHPFC). Evaluation of pressure
histories showed that the use of end-detonated cylindrical
charges will produce shock fronts in the near-field that differ
substantially from those assumed in TM5 for standard blast design.
It is suggested that for testing structural components, centrally
detonated spheres of explosives should beused to simplify the flow
field calculations as well as the interpretation of test results. Blast
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a b c d

Fig. 19. Stress profiles for different regions of the moment–curvature of Fig. 18 [23].
testing indicated that the plain UHPFC slab suffered less damage
than the NRC slabs when subjected to similar blast loads which
confirms that UHPFC is a more effective material for blast design.
The performance of the RUHPFC slab was superior to all other slab
types tested in the program. Adhesive bonding externally bonded
FRP material to the compressive face of the NRC slab improved
its blast resistance but the percentage improvement could not
be quantified because the slabs were not tested to the point of
incipient failure.
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