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Abstract: Steel fiber reinforced concrete (SFRC) is an effective material for structures that must 
endure dynamic events like impacts, earthquakes, and explosions. Recent studies highlight the role 
of mechanical properties related to fracture in how concrete responds to blast loads. This study ex-
amines high-strength SFRC slabs subjected to such loads. Three self-compacting concrete mixes were 
developed to explore the effects of varying fiber content on structural performance. Concrete A, with 
low reinforcement, had 40 kg/m³ of 13-mm long fibers. Concrete B and C added 20 kg/m³ and 
40 kg/m³ of 30-mm long fibers to concrete A, respectively. Testing showed distinct softening behav-
iors among the mixes. After blast tests, concrete B had a higher crack density than concrete A due to 
greater hardening, while concrete C exhibited superior resistance to crack initiation, resulting in fewer 
cracks. These results demonstrate that higher fiber content enables better energy dissipation through 
crack propagation and stress redistribution, enhancing the overall performance of the concrete. 

1 INTRODUCTION 
Terrorist attacks worldwide underscore the 

vulnerability of civil and transport infrastructure 
to such threats. Explosions targeting airports, 
railway and subway stations, bridges, and gov-
ernmental buildings have resulted in significant 
damage and loss, particularly when followed by 
the progressive collapse of entire structures 
[1,2]. This has led to increased research interest 
in enhancing the performance of structural ma-
terials under impulsive loads [3-5]. Fiber-rein-
forced concretes (FRCs) have emerged as a 
promising solution for increasing structural 

ductility and resilience in concrete structures. 
Among FRCs, high-performance fiber-rein-

forced concretes (HPFRCs) represent a signifi-
cant advancement, offering improved strength, 
ductility, and durability compared to traditional 
and high-performance concrete. These benefits 
are especially evident under impulsive loading 
conditions such as impact and blast [3]. 
HPFRCs are characterized by the incorporation 
of various types of fibers into a high-strength 
concrete matrix. Their superior mechanical 
properties stem primarily from their post-crack-
ing residual strength, which depends on varia-
bles such as fiber content, type, geometry, 
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water-cement ratio, and maximum aggregate 
size [6]. 

Despite the demonstrated potential of 
HPFRCs to enhance structural performance 
against impulsive loads, limited knowledge ex-
ists about their mechanical behavior under high 
strain rates. Although some experimental stud-
ies have explored the behavior of structural 
members made from HPFRCs under blast and 
impact conditions [7,8], there is a notable lack 
of systematic investigations at the material level 
under high strain rates [9,10]. 

This paper presents preliminary findings 
from research aimed at understanding the be-
havior of HPFRCs under impulsive loads, spe-
cifically impact and blast scenarios. Three self-
compacting HPFRCs with varying softening be-
haviors were developed and evaluated. Standard 
compressive tests were conducted to determine 
compressive strength, Young’s modulus, and 
Poisson's ratio, alongside fracture energy tests at 
two distinct strain rates. Additionally, blast tests 
on slabs made from the three concrete mixes re-
vealed a clear correlation between fiber rein-
forcement dosage and observed crack patterns. 

2 MATERIALS 

2.1 Concrete mixes 
Three distinct concrete mixes, labeled as A, 

B, and C, were designed in this research to 
achieve varying softening behaviors. All three 
mixes utilized the same high-strength concrete 
matrix, incorporating steel fibers in different 
types and proportions. The matrix comprised 
CEM I 42.5 R-SR cement, silica fume, siliceous 
filler, fine sand, coarse sand, and water, with 
their respective weight ratios being 1: 0.12: 
0.35: 1.21: 1.27: 0.38. 

The variations among the three mixes arose 
from the type and proportion of steel fibers. Two 
fiber types were used: straight, short fibers and 
hooked-end, long fibers. The short fibers (Beka-
ert OL 13/.20) were 13.0 mm in length, with a 
diameter of 0.3 mm and an aspect ratio of 65. 
The long fibers (Bekaert RC 80/30 BP) meas-
ured 30 mm in length, with a diameter of 
0.38 mm and an aspect ratio of 80. Table 1 sum-
marizes the fiber types and quantities used in 
each mix. 

The workability of the fresh concrete mixes 
was evaluated using slump flow measurements 
based on the standard Abrams cone test (Fig. 1). 

The results, reported as the largest diameters 
measured in two perpendicular directions, are 
presented in Table 2. 

Table 1: Fiber contents. 
 

Concrete 
type 

Short fiber 
(kg/m3) 

Long fiber 
(kg/m3) 

A 40 — 
B 40 20 
C 40 60 

 
Table 2: Slump test results. 

 

Concrete type Slump diameters 
(mm) 

A 700 × 700 
B 660 × 670 
C 570 × 570 

 

 
Figure 1: Slump test result. 

2.2. Mechanical properties 
The mechanical properties of the three con-

crete types were evaluated by measuring com-
pressive strength, tensile strength, and specific 
fracture energy. 

Compressive strength and Young’s modulus 
were determined using four cylindrical speci-
mens for each concrete mix, with dimensions of 
150 mm in diameter and 300 mm in height, in 
accordance with ASTM C39 [11]. 

Specific fracture energy until a displacement 
of 3 mm was measured from 100 × 100 × 
450 mm3 prismatic notched specimens sub-
jected to bending tests, following the RILEM 
TC 162-TDF guidelines [12]. To assess the ef-
fect of loading rate on specific fracture energy, 
tests were performed at two different velocities: 
2.2 µm/s and 22 mm/s [13]. Four specimens 
were tested for each loading velocity and con-
crete type. 

Table 3 summarizes the mechanical proper-
ties obtained during the characterization cam-
paign. The results confirmed the success of the 
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designed mixes in achieving significantly differ-
ent softening behaviors. Representative load-
displacement curves for the three concretes at 
both loading rates are shown in Fig. 2. 

After the peak load, which corresponds to the 
onset of fracture, the concrete with the lowest 
fiber content (A) exhibited a gradual strength re-
duction with increasing displacement, indicative 
of softening behavior. In contrast, the mix with 
the highest fiber content (C) demonstrated 
greater fracture loads, followed by a hardening 
phase where strength increased with displace-
ment to a maximum value before gradually de-
creasing to failure. This hardening behavior is 
attributed to the higher fiber content, particu-
larly the inclusion of long fibers, which con-
trasts sharply with the performance of concrete 
A. The intermediate fiber content (B) resulted in 
behavior between these two extremes. 

Although the behavioral trends were similar 
for both loading rates, the measured values var-
ied due to the differences in displacement rate. 

Table 3: Mechanical properties. 
 

Con-
crete  

GF  at 2.2 µm/s 
(kN/m) 

GF at 22 mm/s 
(kN/m) 

E 
(GPa) 

ѵ 
(–) 

fc 
(MPa) 

A 3.1 3.8 46 0.18 112 
B 5.1 6.2 45 0.17 113 
C 9.4 12.6 46 0.17 114 
 

2.3 Blast test specimens 
Square slabs with dimensions of 500 × 500 × 

50 mm3 were cast using the three previously de-
scribed concrete mixes. A total of six slabs were 
produced for each mix, with four slabs from 
each concrete type selected for blast testing. 

3 BLAST TESTS 

3.1 General characteristics 
The blast tests followed the experimental 

procedure outlined in [14]. This approach uti-
lized a square steel frame test bench (Fig. 3) ca-
pable of accommodating up to four concrete 
slabs per detonation, ensuring that all samples 
experienced an identical blast load. The design 
and dimensions of the steel frame allowed the 
slabs to be simply supported at their corners, 
with the explosive pressure uniformly distrib-
uted across the slab surface facing the blast. 

 
Figure 3: Test bench used in the tests. 

The steel frame had a spacing of 3.00 m be-
tween its columns, resulting in a 1.50 m stand-
off distance from the explosive to the slabs. Ad-
ditionally, the explosive was positioned 1.70 m 
above the ground to minimize interference be-
tween the direct blast wave and the ground-re-
flected wave. A schematic of the test bench, in-
cluding its dimensions, is presented in Fig. 4. 

All detonations utilized Goma-2 ECO, a 

 
Figure 2: Load-displacement curves for a loading velocity of: a) 2.2 µm/s; b) 22 mm/s. 
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commercial dynamite-class explosive produced 
by Maxam. This explosive was supplied in cy-
lindrical cartridges, each containing 151.5 g of 
explosive material. The TNT equivalent of 
Goma-2 ECO is approximately 0.9535. 

 
Figure 4: Sketch and dimensions of the test bench. 

3.2 Testing procedure 
To facilitate a direct comparison of the per-

formance of the three concrete mixes, one slab 
from each type was included in each detonation. 
Consequently, three slabs were tested per deto-
nation. 

A preliminary test was conducted using 17 
cartridges of Goma-2, equivalent to approxi-
mately 2.58 kg of explosive, to evaluate the 
functionality of the data acquisition system and 
to obtain an initial assessment of the damage 
caused to the slabs. Since this test produced only 
limited damage, the explosive load was in-
creased to 22 cartridges, corresponding to 
3.322 kg of Goma-2. To address the inherent 
variability in concrete samples and explosive 
testing, this test setup was repeated three times, 
ensuring that three slabs of each concrete mix 
were subjected to the same blast load. The ex-
plosive loads used during the test campaign are 
summarized in Table 4. 

Table 4: Explosive loads and concrete types tested. 
 

Test 
# 

Nº of car-
tridges 

Goma 2 
(kg) 

TNT eqv. 
(kg) A B C 

1 17 2.58 2.46 1 1 1 
2 – 4 22 3.33 3.18 1 1 1 

3.3 Blast pressure histories 
Blast pressure histories acting on the slabs 

were recorded during the tests to support subse-
quent numerical analyses (see Fig. 5). Two PCB 
Piezotronics 102B piezoelectric pressure gauges 
were employed for this purpose. The recorded 
pressure histories demonstrated high con-
sistency across the three tests conducted with 
3.33 kg of Goma-2 ECO. 

4 RESULTS 

4.1  Overall behavior of the slabs 
Figure 6 presents the slabs immediately after 

one of the tests, arranged in order of increasing 
fiber content from bottom to top. The prelimi-
nary results clearly demonstrate the significant 
influence of fiber content and length on both the 
fracture patterns and the structural response of 
the slabs. 

 
Figure 5: Blast pressure histories. 

 
Figure 6: Slabs after one of the tests. From bottom to 

top, concretes A, B and C. 

In the case of the concrete with the lowest fi-
ber content (Mix A), the energy released 
through the crack patterns was insufficient to 
maintain structural integrity, resulting in the de-
tachment of some concrete fragments. Con-
versely, the concrete with the highest fiber con-
tent (Mix C), which included longer fibers and a 
higher overall fiber dosage, exhibited minimal 
visible cracks on the tensioned surface, while 
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the opposite face remained seemingly undam-
aged. The concrete with intermediate fiber con-
tent (Mix B) displayed a failure behavior be-
tween these two extremes, with clearly visible 
crack patterns that nonetheless preserved the 
slab's structural integrity. 

4.2 Failure patterns 
The failure patterns observed after the tests 

were carefully documented (see Fig. 7). In gen-
eral, the crack trajectories indicated a dominant 
trend toward shear failure, characterized by 
curved cracks around the supports. 

Compared to previous experimental cam-
paigns conducted by the authors with fiber-rein-
forced concretes containing lower fiber contents 
[15], the concretes tested in this study exhibited 
significantly more distributed cracking patterns. 
Figure 8 compares the crack patterns from the 
current experimental campaign with those from 
[15]. While the blast loads and self-compacting 
fiber-reinforced concrete materials were similar 
in both campaigns, the earlier study utilized 0.7 
kg/m³ of long fibers, whereas the present study 
employed a minimum fiber content of 40 kg/m³. 
Beyond the evident differences in strength, the 
increased fiber content induced a strain-harden-
ing behavior that facilitated the redistribution of 
stresses, enabling the formation of cracks over 
wider slab areas. 

A comparison of the crack patterns between 

concretes A and B reveals a higher density of 
cracks in the latter. This observation is likely at-
tributed to the more pronounced hardening be-
havior of fiber concrete B relative to A (see 
Fig. 2a). Although both fiber concretes exhib-
ited comparable resistance to crack initiation (as 
indicated by the peak load in the linear branch 
of the load-displacement curve), the strength of 
concrete B increased with displacement, unlike 
concrete A. In the case of concrete C, its higher 
resistance to crack initiation (also visible in 
Fig. 2a) explains the lower crack density ob-
served in the slabs after the blast tests. 

These findings highlight the ability of the 
tested concretes to dissipate substantial amounts 
of energy through crack propagation. The higher 
specific fracture energies exhibited by these 
concretes, coupled with the redistribution of 
stresses, promoted the creation of new crack sur-
faces, thereby increasing the total energy dissi-
pation. 

5 CONCLUSIONS 
This paper presented preliminary findings 

from research focused on characterizing the be-
havior of high-performance self-compacting 
concrete reinforced with steel fibers under im-
pulsive loading. 

Three distinct fiber-reinforced concretes, 
designated as A, B, and C, were developed and 
subjected to mechanical characterization, 

 

 

Concrete A 

 

 

 
 

 

Concrete B 

 

 

 
 

 

Concrete C 

 

 

 
Figure 7: Crack trajectories registered after the tests. 
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including fracture energy evaluation at two dif-
ferent strain rates. The results demonstrated the 
effectiveness of the designed mixes, as the con-
cretes exhibited significantly different post-
cracking behaviors, confirming the success of 
the dosage strategy. 

Blast tests conducted on slabs made from 
these concretes revealed a clear influence of fi-
ber shape and content on the observed crack pat-
terns and structural response. The post-cracking 
behavior of the concretes played a crucial role in 
the formation and distribution of cracks during 
the tests, highlighting the importance of fiber re-
inforcement in enhancing the structural integrity 
of concrete under blast loads. 

We will soon present the results of static and 
dynamic tests conducted to evaluate the residual 
strength of the tested slabs. Residual strength is 
a crucial factor in preventing progressive col-
lapse, which is a primary cause of fatalities and 
injuries in concrete structures exposed to explo-
sive attacks. 
a

    
b

    
Figure 8: Crack patterns obtained in the tests conducted: 

a) in concrete A; b) similar slab in [15]. 
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