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A B S T R A C T

With the aging of infrastructure and the threat of terrorist attacks and military actions worldwide, there is
a need to develop retrofits for critical infrastructure, which is often made of reinforced concrete. While it is
paramount that these retrofits enhance robustness of structural members so that structural elements remain
operable, it is also desired that they show minimal signs of significant plastic deformation (self-centering)
and reduce spalling and fragmentation. Mineral-bonded composites with textile and/or short, dispersed fiber
reinforcement are one such solution to provide existing structural elements with additional resistance and
resilience. To determine the improvements provided by the devised retrofitting strategies, four reinforced
concrete beams were constructed and tested in a shock tube research facility under a series of progressively
higher blast loads. The results of these tests show that retrofits featuring either textile reinforcement or hybrid
reinforcement (i.e., a combination of textile and short dispersed fibers) have a strong self-centering capability,
even in situations where reinforced concrete beams would fail. In addition, single-degree of freedom analytical
simulations are performed to highlight the predictive capabilities of the method and the accuracy of the
calculated sectional capacity of the beams.
. Introduction

The vast majority of reinforced concrete (RC) structures built over
he last century lack adequate design to maintain their functionality
nd robustness under extreme loads, such as those caused by human
ctivities (war, terrorism, accidental explosions) and natural disasters
earthquakes, floods, etc.). However, retrofitting existing structures for
last resilience poses significant challenges, as it requires adapting
tructures that were originally constructed with inadequate reinforce-
ent, poor materials, and/or insufficient load paths to withstand high

ntensity, short duration blast loading [1,2]. Typical retrofitting tech-
iques implemented to mitigate blast hazards in concrete structures can
e broadly categorized into several approaches, including increasing
he stand-off distance to reduce the intensity of the blast load; enhanc-
ng the strength of the component, often at the expense of reduced
uctility; improving the ductility and energy absorption through by in-
reasing the inelastic deformation capacity; and increasing the mass of
tructures to improve response in the high-impulse loading regime [3].
ecently, Johnson et al. [4,5] applied the self-centering principles,
amely the ability of a structural element to return to its original

∗ Corresponding author.
E-mail address: cesare.signorini@tu-dresden.de (C. Signorini).

shape, in seismic engineering, and demonstrated that hybrid internal
reinforcements, i.e. fiber reinforced polymer (FRP) and steel rebar,
promote a self-centering effect in blast-loaded components. Indeed,
while the FRP reinforcement was shown to provide an internal restoring
force that tended to return the structures to their original position after
the inertial loads were removed, the inelastic response of the steel
reinforcement and concrete provided energy dissipation. While such
hybrid reinforced concrete construction has been shown to benefit the
performance and reduce the overall damage of RC members under blast
loading, the concept of blast self-centering has yet to be demonstrated
as a retrofit technique for blast resistant and resilient construction.

The most widely used retrofitting technique to enhance the blast
performance of an existing structure is the application of an externally
bonded or mechanically fastened strengthening layer [6]. The main
advantages of applying external strengthening materials lie in their
versatility, efficiency, customizable design, and high specific strength
while adding minimal additional weight to the existing structure [7–9].
For far-field blast loads, which tend to activate bending and diagonal
tensile shear modes, externally bonded FRPs are particularly advanta-
geous because the fiber orientation and composite layout design can be
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easily tuned to address these specific stress conditions. Many studies
have focused on the strengthening potential of FRPs that incorpo-
rate high performance synthetic textiles as load-bearing elements in
polymeric resins, that act as load-transmitting media [10,11].

Experimental results on the response of concrete slabs subjected to
lasts highlight the convenience of externally bonded FRP in compen-
ating for the intrinsic brittleness of RC members by significantly miti-
ating damage and deflections, especially when applied on both sides of
he structural member [12]. FRP jackets can significantly increase the

residual axial capacity of RC columns after a blast event [13]. Jacques
et al. [14] showed that the use of glass FRP strips for both longitudinal
and transverse jacketing of RC beams provided additional strength
to the beam, in addition to preventing concrete spalling due to the
ight confinement provided by the FRP jacketing. Remarkably, the
mproved elastic response of the retrofitted elements is critical in
itigating the detrimental effects of cyclic loading on the stiffness and

oad-bearing capacity of the structural member. However, a notable
rawback of FRP materials is their linear elastic behavior and brittle
ailure. In addition, the use of FRPs for strengthening can introduce
ew, undesirable behaviors into structures, including debonding [15],

load reversal failure [16], and vulnerability of the polymeric resins
o thermal loads [17]. In addition, since FRPs behave elastically, the

energy dissipation capacity of a retrofitted component is usually less
han that of the original structure. This is antithetical to the current
tructural design philosophy of new buildings, where the goal is to
evelop significant plastic deformation for energy dissipation [18–20].

Mineral-bonded composites applied externally in thin layers repre-
sent a promising alternative to externally bonded FRP composites for
blast strengthening applications. Following the successful example of
FRPs, the use of textile-reinforced concrete (TRC), generally framed
in the broader family of textile-reinforced cementitious composites, as
thermally stable class of protective materials has gained popularity
n recent decades. High-tenacity textiles embedded in cement-based

materials lead to an improved global bending response, due to their in-
plane membrane effect when subjected to dynamic loading. However,
it has been demonstrated that the highest reinforcement potential is
only guaranteed if the embedding medium features sufficient ductility
and damage tolerance to immediately absorb the mechanical energy
associated with dynamic loading such as impact or blast. While these
textiles can improve the energy dissipation of such structures, they are
unable to prevent spalling of the concrete matrix. In this regard, the use
f fiber-reinforced matrices with pseudo-ductile behavior (e.g., strain-

hardening cement-based composites, SHCC) is strongly advocated in
structural applications to improve shear and flexural performance. In
fact, when hybrid reinforcement is applied to shear-deficient members,
short fibers can effectively prevent intralaminar failure by improving
the ductility of the matrix [21]. Similarly, Liu et al. [22] demonstrated
that the addition of high-strength fibers, i.e., steel and carbon, drasti-
ally upgraded the ductility and toughness of basalt-TRC under impact,
ue to the energy absorption favored by multiple crack formation and
iber extraction. As a matter of fact, fibers can effectively delay the
rack initiation and, most importantly, bridge microcracks, preventing
heir uncontrolled propagation and thus smearing damage [23–25].

These important actions result in a significant upgrade of the toughness
of the otherwise brittle mineral matrix and entail additional ductility
resources in the protective structure. The synergistic contribution of
textiles and short fibers can ultimately optimize the utilization of the
textile [26,27] and, more remarkably, in the case of dynamic loading,
the dispersed fibers strongly bolster the dissipation capacity of the
composite by maintaining the bond between the textile and the matrix,
thus promoting the membrane response of the TRC layer [28]. This
optimal response is essential to provide the structural member with an
improved self-centering attitude.

Building on the recent results showing promising improvements in
the response of TRC-strengthened slabs subjected to localized impact
oads [29,30], this work investigates the behavior of full-scale RC
 6

2 
Table 1
Test matrix summarizing the externally-bonded strengthening scenarios.

Label Externally-bonded strengthening

Matrix Fibers Textile

B1-1-Controla None None None

B1-2-Control None None None
B2-TRC1 LC3 concrete None 1 layer
B3-FTRC1 LC3-SHCC 2%vol. PE 1 layer
B4-FTRC2 LC3-SHCC 2%vol. PE 2 layers

a Preliminary ping test to calibrate the shock wave series. Results are not shown.

beams strengthened with mineral-bonded protective composites and
subjected to blast loads. The study is part of an international collabo-
ration between the TUD - Dresden University of Technology, Dresden,

ermany and Virginia Polytechnic Institute and State University (VT),
lacksburg, USA. The central hypothesis is that the mineral-bonded

ayers can improve blast performance and reduce overall component
amage by: (i) promoting a broader distribution of the inelastic re-
ponse, and (ii) activating the self-centering provided by the textile
rids. The study focuses on the effect of strengthening layer design,
ncluding combinations of dispersed microfibers and/or continuous car-
on textile grids, used to reinforce limestone calcined clay cement (LC3)
ased fine-grained concrete layers. Blast loads were generated using
 gaseous detonation shock tube. A single-degree-of-freedom (SDOF)
nalysis software, RCBlast [31], was used to simulate the dynamic

deflection time histories of the tested specimens. The results are used to
investigate the self-centering mechanisms, peak deflection, and residual
capacity as a function of the design of the mineral-bonded compos-
ite reinforcement layer to improve existing blast protection concepts
with the ultimate goal of increasing human safety, limiting resource
consumption, and enhancing the diverse existing built environment.

2. Materials and methods

2.1. Test matrix and specimen design

Fig. 1 illustrates the schematic of the test setup, as well as the di-
mensions, internal reinforcement, and external strengthening schemes
for the five beams investigated.

The test campaign was conceived to explore the blast self-centering
capability of RC beams retrofitted with mineral-bonded composites
consisting of a sustainable binder incorporating dispersed microfibers
and/or carbon fiber textile meshes. Two of the beams, designated B1-1
and B1-2, served as replicate control specimens. The remaining three
specimens were retrofitted with a 20 mm thick composite strengthening
layer applied on the tensile side. The strengthening layer for beam B2-
TRC1 was a textile reinforced concrete (TRC) consisting of a plain LC3

matrix combined with a single layer of carbon textile. The strength-
ening for beam B3-FTRC1 was a hybrid short fiber-textile-reinforced
concrete (FTRC), similar to B2-TRC1, but incorporating polypropylene
(PE) microfibers fibers dosed at 2% by volume to enhance the tensile
behavior of the matrix. Finally, beam B4-FTRC2 used the same SHCC
matrix as B3-FTRC2 but incorporated two textile layers to investigate
the effect of increasing the tensile strength of the composite. Through
this selection of strengthening scenarios, summarized in Table 1, the
tudy aimed to provide insights into the potential synergistic benefits

of using fibers and textiles for enhanced blast robustness and resilience.
The simply supported beams were each 300 mm × 200 mm × 3000 mm

height × width × length). The beams were designed to be tension-
ontrolled, exhibiting failure of the reinforcing before crushing of
oncrete. The tension reinforcement consisted of three 𝜙10 bars (𝐴𝑠 =
35.6 mm2, 𝑑 = 269 mm) and two 𝜙8 bars were provided in compression

(𝐴′
𝑠 = 100.5 mm2, 𝑑′ = 30 mm). Transverse reinforcement consisted of

losed stirrups constructed using 𝜙6 bars (𝐴𝑏 = 28.3 mm2) spaced at
5 mm. The nominal cover depth 𝑐 was 20 mm.
𝑣
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Fig. 1. Test setup and specimen designs under investigation. In the beam designations, ‘‘B’’ stands for beam, ‘‘F’’ stands for fiber reinforcement, and ‘‘TRC1’’ and ‘‘TRC2’’ for
extile-reinforced concrete with a single or a double textile layer, respectively.
L
l
t
p
a
t
t
t
a

o
b
f
c
r

The RC beams were constructed with grade C35/45 ready-mix
oncrete using slag cement (CEM III/A 42.5N) according to the Euro-
ean guideline EN 206:2013+A2:2021 [32]. The specific particle size
istribution of the aggregates (up to 8 mm) was chosen to ensure the
oncrete could penetrate the densely packed reinforcement cage. This
ixture also aimed for a moderate strength development suitable for

he surface treatments required in strengthening layer applications. To
chieve a class F3 workability the water-to-binder (w/b) ratio was set
t 0.44. The average cylinder compressive strength 𝑓𝑐 𝑘 at the time of
esting was 43 MPa with an average unit weight of 2200 k g∕m3. The
nternal steel reinforcement, comprising both longitudinal and stirrup
einforcements, utilized ribbed reinforcement steel featuring high duc-
ility, namely B500B (characteristic yielding stress 𝑓𝑦𝑘 of 500 MPa and
haracteristic elongation at peak stress 𝜀𝑢𝑘 of 5 %).

2.2. Strengthening layer design

2.2.1. Limestone calcined clay cement concrete
An LC3-based fine-grained concrete was used as the matrix for the

RC and hybrid (FTRC) strengthening layers. LC3 is a practical and
ffective ternary binder system, which can drastically reduce the clinker
ontent, thereby entailing a higher degree of sustainability, and can
ely on the large availability of raw sources globally [33,34]. Specif-

ically, half of the binder (a commercially-available Portland cement,
CEM I 52.5 R-SR3/NA) was replaced with a mixture of calcined clay
and limestone, in a ratio of two parts clay to one part limestone.
Additionally, 2.5 % of the binder content was reserved for calcium
sulfate hemihydrate (CaSO4 ⋅

1
2 H2O), to induce proper sulfation of the

binder. To tune the fresh properties of the fine concrete matrix, a
oly-carboxylate-based superplasticizer and a viscosity modifying agent
ere added. The w/b ratio was set to 0.3, to achieve high mechanical
erformance [35]. The raw constituents of the mortar are given in

Table 2.

2.2.2. Short fiber and textile reinforcement
Ultra-high molecular weight polyethylene (UHMWPE, abbreviated

s PE) fibers with a diameter of 18 μm and a length of 6 mm were used
3 
in beam B3-FTRC1 and B4-FTRC2. These fibers, known by their trade
name as Dyneema® SK78, have a tensile strength of about 3.5 GPa, a
Young’s modulus of about 110 GPa, and a mean elongation at failure of
3,5% [36]. The PE fibers are shown in Fig. 2(a).

The textile reinforcement was a semi-rigid biaxial mesh made of car-
bon fiber strands impregnated with polyacrylate (SITgrid040, Wilhelm
Kneitz Solutions in Textile GmbH, Germany), see Fig. 2(b). This non-
crimp fabric is made of 3200 t ex rovings consisting of 48k filaments with
a pitch of 12.7 mm along the warp direction resulting in a cross-section
per unit width of 141.02 mm2∕m. In the weft direction, the rovings have
a yarn count of 800 t ex, consist of 12k filaments and are spaced 16 mm
apart. This leads to a cross-section per unit width of 28.02 mm2∕m [37].
For both directions, Young’s modulus of 205 GPa and tensile strength of
3300 MPa can be assumed as the ultimate limit state properties.

2.2.3. Strengthening application
The specimens were produced and strengthened at the Alfred-Hütter

aboratory of TUD. Immediately after placing concrete into the forms, a
ayer of retarder paper was placed on the fresh concrete surface of the
hree beams to be strengthened. After 24 h, the unhardened cement
aste was removed using a high-pressure washer to make the stone
ggregates (with a diameter >4 mm) of the lower side protrude from
he binder and to obtain a rough surface suitable for application of
he strengthening layer. The average roughness 𝑅𝑡 was determined at
he quarter points of all the beams by using the sand patch method
ccording to Kaufmann [38], obtaining values of 0.8 mm ± 0.1 mm. The

strengthening layers were applied 14 days after the concrete was cast.
The surfaces of the beams were wet for 24 h prior to applying the
mineral-bonded strengthening layers.

The LC3 mortar was mixed in batches following the procedure rec-
mmended by Signorini et al. [28]. The strengthening was performed
y first applying a thin layer of matrix to the moistened substrate,
ollowed by the placing of a cut-to-size textile strip and the appli-
ation of another layer of matrix. Due to the use of a single textile
einforcement in beam B2-TRC1 and B3-FTRC1, the strengthening was

performed with two 1-cm layers of LC3 concrete and fiber-reinforced

matrix, respectively. For beam B4-FTRC2, which contained two textiles,
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Table 2
Mix design of the LC3 mortar, adopted as the matrix for strengthening composites.
Raw material Details Dosage

(k g∕m3)

Cement (CEM I 52.5 R-SR3/NA) Holcim GmbH, Germany 610

Calcined clay Liapor GmbH & Co.KG., Germany 387
Limestone Saxodol®, SH minerals GmbH, Germany 194
Calcium sulfate CaSO4 ⋅ 1

2 H2O, Honeywell International Inc., Germany 31

Quartz sand BCS413, Strobel Quarzsand GmbH, Germany 536

Superplasticizer MasterGlenium ACE 460, MBCC Group, Germany 12
Viscosity modifying agent UW Compound-100, Sika AG, Switzerland 2
Water – 367
Fig. 2. Appearance and geometry of PE fibers and carbon textile (Photos: Stefan Gröschel).
three layers of fiber-reinforced matrix, with a thickness of about 6.7 mm
each, were applied in series. The top surfaces were leveled and covered
with wet clothing and plastic bags for the first 24 h to limit premature
cracking due to water evaporation and resulting early-age shrinkage.
After 28 days, all the beams were demolded.

2.3. Shock Tube Research Laboratory

Once the strengthening layers had cured sufficiently for transport,
the specimens were packaged and shipped to the United States for
blast testing at the VT Shock Tube Research Laboratory. The shock
tube, shown in Fig. 3, is driven by an explosion of gaseous oxygen and
acetylene mixtures charged into a detonation chamber. Upon ignition,
the high-pressure, high-temperature shock wave generated in the det-
onation chamber travels down the 13 m transition section and interacts
with targets mounted on the test section. The cross-sectional dimen-
sions of the shock tube flow area at the test section are 2.44 m × 2.44 m.
The pressure and impulse shock wave produced by the shock tube is
controlled by the volume of detonating gases, with larger volumes of
gas mixtures producing stronger blast waves. The reader is referred
to Johnson et al. [5] for more information on the shock tube.

Fig. 4 shows photographs of the vertically oriented specimens
mounted on the shock tube. Specimen deflections in the direction of
blast wave propagation were defined as a positive (inbound), while
deflections toward the blast source were defined as negative (rebound).
The inbound support reaction forces were measured by load cells
integral to the roller supports. As shown in Fig. 1, the free span of the
inbound simple supports was 2743 mm. To prevent the specimen from
falling back into the shock tube during rebound deflections, a rebound
support with a clear span of 2643 mm was provided. The beams were
subjected to a centrally applied, partially distributed, uniform blast load
over 2440 mm.

A load transfer device (LTD) was used to collect and transmit the
blast pressure generated by the shock tube to the test specimen through
a series of concentrated point loads [4]. LTDs are necessary when
4 
testing non-planar members in a shock tube that require full reflection
of the blast wave [14,16,39]. The LTD consisted of a 2.13 m × 2.44 m
aluminum sheet stiffened by 11 evenly spaced aluminum beams. To
ensure that the LTD remained in contact with the beams during testing,
the entire assembly was loosely clamped to the test specimen. The area
of the LTD, 𝐴𝐿𝑇 𝐷, and mass, 𝑚𝐿𝑇 𝐷, were 5.2 m2 and 225 k g, respectively.

The applied pressure time histories were recorded by two pressure
transducers (PT1 and PT2) mounted on the shock tube walls 50 mm
away from the reflecting surface of the LTD on each side of the
specimen. The simple supports at the top and bottom of the beam
were equipped with load cells (LC) to measure the inbound reaction
forces. Redundant measurements of the mid-span deflections of the
specimens were obtained using both a linear potentiometer (LP) and a
non-contact laser deflection transducer (LS1). Another laser deflection
transducer (LS2) captured the motion of the shock tube reaction frame
to which the specimens were mounted. Test data was recorded at
800 k Hz. To visually document the specimens’ responses to the blast
loads, two high-speed cameras were used: one capturing a side profile
view perpendicular to the shock tube’s motion, and the other providing
a comprehensive isometric view of the tests. All beams were subjected
to the same series of four blasts of increasing intensity. Following the
protocol proposed by Johnson et al. [5], the first blast was aimed
at activating the elastic behavior of the specimen, two intermediate
blasts were aimed at the yield strength and the inelastic reaction of
the beams, and eventually a fourth blast was targeted close to the
ultimate capacity of the specimen. The first beam (B1-1-Control) served
as a pilot specimen to determine the appropriate volumes of oxygen-
acetylene to achieve the objectives described. The pilot beam was
loaded by a sequence of four shots with volumes of 0.028 m3 (1 f t3),
0.085 m3 (3 f t3), 0.198 m3 (7 f t3), and 0.311 m3 (11 f t3). The last two
shots were too powerful and a refined four shot pattern of 0.028 m3

(1 f t3), 0.085 m3 (3 f t3), 0.142 m3 (5 f t3), 0.198 m3 (7 f t3) was determined
to be optimal for comparing the blast capacity of the remaining beams
B1-2-Control, B2-TRC1, B3-FTRC1, and B4-FTRC2.
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Fig. 3. Photograph of a test specimen mounted to the shock tube.
Fig. 4. Specimen, support conditions, and instrumentation at the test section of the Virginia Tech Shock Tube.
3. Results and discussion

3.1. Statistical evaluation of the blast protocol

Fig. 5 shows a comparison of the typical reflected pressure time (𝑃𝑟)
histories of the four progressively increasing blast tests conducted in
this study. For clarity, the four blast tests are offset graphically by 20 ms.

The primary shock is the largest, followed approximately 60 ms later
by the secondary shock, which occurs after the primary shock has
traveled down the length of the shock tube and back to the LTD. The
secondary shock was due to internal reflections of the shock within
the shock tube due to incomplete venting. The tertiary shock follows
another 60 ms later. The pressure signature of the tertiary shock has
effectively dissipated and is ignored. The shock tube demonstrated
excellent repeatability in generating blast waves, as evidenced by a
coefficient of variation (CoV) of approximately 6% for the average
peak pressure and impulse of the primary wave in Blasts 2, 3, and
4. However, the initial ‘ping test’ (Blast 1) exhibited the greatest
variability, with a CoV exceeding 50%, primarily due to the challenges
associated with handling such a small volume of gas.
5 
3.2. Key mechanical parameters and deflection time histories

Fig. 6 presents a comparison of the beam mid-span deflection time
histories for each of the four blast tests performed. Key parameters of
the experimental results are presented in the Appendix (see Table A.3),
where the shock wave parameters are summarized in terms of the
maximum reflected pressure (𝑃𝑟) and reflected impulse (𝐼𝑟) of the
primary and secondary pressure waves, as well as the arrival time (𝑡𝑎)
of a substantially attenuated secondary shock relative to the arrival of
the primary shock.

In addition, maximum deflection 𝑑𝑚1 and time to maximum deflec-
tion 𝑡𝑚1 due to the primary shock, the maximum deflection 𝑑𝑚2 and
time-to-maximum deflection 𝑡𝑚2 due to the secondary shock, and the
final residual deflection, 𝑑𝑟 are also reported and discussed in the fol-
lowing sections. The maximum support rotation 𝜃𝑚 = ar ct an (2𝑑𝑚𝑎𝑥∕𝐿𝑛

)

was also computed. All deflections reported in this paper are relative
to the original position of the specimen prior to testing.

As a key performance indicator of the efficiency of the strengthening
layers, the Blast Self-Centering Index (BSI) was calculated for each
blast event 𝑖. The original definition of 𝐵 𝑆 𝐼 , based on the approach
of Johnson et al. [5], was adapted in the present study, and now takes
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Fig. 5. Pressure–time–history of blast protocol on experiment B1-2-Control (with 20 ms offset). (For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of this article.)
Fig. 6. Comparison of experimentally recorded midspan deflection time histories. (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
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into account the ratio of the net residual displacement and the actual
deflection caused by each individual blast event, as shown in Eq. (1):

𝐵 𝑆 𝐼𝑖 = 1 − 𝑑𝑟,𝑖 − 𝑑𝑟,𝑖−1
𝑑𝑚,𝑖 − 𝑑𝑟,𝑖−1

(1)

The 𝐵 𝑆 𝐼 provides a relative measure of the extent to which the
maximum deflection is recovered in each individual test. In the best-
case scenario, full self-centering is achieved when the beam is able to
ecover the total deflection induced by the blast without any residual
eflection (𝐵 𝑆 𝐼 = 1). On the contrary, no self-centering behavior
orresponds to the case where the maximum deflection induced by
 v

6 
the blast load is the permanent deformation (𝐵 𝑆 𝐼 = 0). A 𝐵 𝑆 𝐼 value
reater than 1 is also possible if the component has a negative residual
eflection compared with the previous residual.

3.3. Evaluation of the beam response

3.3.1. Blast 1
The first shot in the sequence was intended to inspect the elastic

esponse of the beams. No significant damage was observed in any of
the specimens after this shot. After Blast 1, B1-2-Control exhibited no
isible cracks and experienced a maximum deflection of 1.6 mm with no
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Fig. 7. Appearance of the mid-span after Blast 3 showing the influence of the addition of short fibers regarding the crack pattern and spalling retainment.
residual deflection, thereby demonstrating the elastic response (𝐵 𝑆 𝐼 ∼
1). Prior to testing B2-TRC1, fine shrinkage cracks were observed in the
LC3 matrix layer and no new cracks formed afterwards. As expected,
this was also observed for specimens B3-FTRC1 and B4-FTRC2.

3.3.2. Blast 2
As a result of Blast 2, B1-2-Control developed flexural cracks along

the central hinge area up to two-thirds of the clear span. The maxi-
mum deflection was 47.4 mm with a corresponding residual deflection
of 26.5 mm and a 𝐵 𝑆 𝐼 of 0.44, due to the yielding of the internal
steel reinforcement. B2-TRC1 exhibited predominantly elastic behavior,
with a maximum deflection of 27.7 mm and a residual deflection of
−1.7 mm. Numerous parallel cracks developed across the width of the
strengthening layer, while only a few flexural cracks were visible on
the sides of the beam. B3-FTRC1 underwent a maximum inbound
deflection of 28.7 mm and a maximum rebound deflection of −18.4 mm,
followed by a residual deflection of −1.2 mm. In addition, flexural
cracks extending to approximately two-thirds of the height of the beam
were observed, along with a dense pattern of interconnected horizontal
cracks in the FTRC layer. B4-FTRC2 had a maximum inbound deflec-
tion of 17.5 mm and a maximum rebound deflection of −22.4 mm. The
residual rebound deflection recorded for this specimen was attributed
to rebound deflections exceeding the yield capacity of the member
during moment reversals. The significant moment reversal on the less
reinforced, nominal compression side, resulted in increasingly negative
residual deflections from −0.3 mm to −7.3 mm.

3.3.3. Blast 3
The trend of increasing deflections for B1-2-Control continued in

Blast 3, with maximum and residual deflections of 85.0 mm and 59.9 mm,
respectively, denoting of a fully inelastic response. At this point, B1-
2-Control had significant observable deformation and a handful of
wide cracks around the mid-span. The damage in each beam after
Blast 3 can be seen in Fig. 7. Blast 3 caused significant maximum
(56.9 mm) and residual (29.3 mm) deflections for B2-TRC1, resulting
in a 𝐵 𝑆 𝐼 of 0.47. This was accompanied by a partial failure of the
cementitious overlay, with 1.95 k g of TRC spalling off over a central
area of 45 cm, exposing the textile grid (see Fig. 7(a)). It should be
noted that the spalling mass and area of the TRC layer for B2-TRC1
is underestimated due to the connections between the LTD and the test
specimen. Conversely, this is not the case for B3-TRC1 with dispersed
fibers, where no spalling was observed (see Fig. 7(b)). Despite the
scattering of debris within a radius of 2.5 m, the overall crack pattern in
the strengthening layer remained unchanged, indicating that the textile
grid was still intact, although permanent strains occurred in the tensile
steel reinforcement. B3-FTRC1 exhibited increased oscillatory inbound
and rebound deflections, with an inbound residual deflection of 4.0 mm,
indicating yielding of the tensile reinforcement. B4-FTRC2 incurred
additional damage to the compressive reinforcement and yielding of the
tensile reinforcement, as the specimen’s residual displacement shifted
only slightly from −7.3 mm to −7.7 mm.
7 
At this point, B3-FTRC1 and B4-FTRC2 had developed many cracks,
however, compared to B1-2-Control and B2-TRC1 the cracks were
narrower, there was neither significant spalling nor obvious observable
residual deformation.

3.3.4. Blast 4
During Blast 4, the tensile steel reinforcement of B1-2-Control frac-

tured at mid-span, resulting in the complete splitting of the beam from
the secondary shock load. For B2-TRC1, the blast caused both the
textile and steel reinforcements to fracture at mid-span, culminating in
complete failure and splitting of the specimen. This failure, triggered
by the secondary shock load, mirrored the behavior observed in the
B1-2-Control. After the final blast, the strengthening layer of the B3-
FTRC1 displayed an extensive network of cracks, but did not eject
hazardous debris, unlike B2-TRC1. However, the significant maximum
and residual deflections of 88.7 mm and 59.3 mm, respectively, along
with a prominent central crack in the retrofit and noticeable damage to
the textile, indicated that the beam was nearing failure with minimal
residual capacity. B4-FTRC2 experienced a maximum inbound deflec-
tion of 52.3 mm, a maximum rebound deflection of −43.5 mm, and a
residual deflection of −7.1 mm.

During the final test, one major crack formed on the sides of the
beam and crushing of the concrete cover on the inbound compression
side was observed. However, it is important to note that B4-FTRC2 did
not undergo global failure or spalling. The mineral-bonded strengthen-
ing layer retained its structural integrity, indicating that the specimen
likely had considerable residual capacity after the final blast. Pho-
tographs of the beams after Blast 4 are shown in Fig. 8. A comparison
of the extent and progression of damage in the beams during Blast 4
can be seen in the multimedia video file, available in the online version
of this paper.

3.4. Deflection and blast self-centering tendency

Fig. 9 presents bar graphs showing the maximum (a) and residual
(b) deflections observed across all tests, which were conducted at
increasing blast intensities and are represented by different colors.
Additionally, the percentage variation between different beam config-
urations is displayed for each blast intensity, with the exception of
the ping tests (Blast 1). In addition, Fig. 9(c) shows the 𝐵 𝑆 𝐼 trend
(see Eq. (1)) as a function of the dimensionless ductility ratio 𝜇. The
ductility ratio is defined as the ratio of the maximum beam deflection
(𝑑𝑚) to a reference deflection value 𝑑yield at which the internal rebar of
the control beam yields (𝑑yield = 8 mm). As a consequence, in Fig. 9(c),
data points at 𝜇 < 1 reflect the beam response in the elastic regime. In
the following subsections, the specific influence of the addition of fibers
and textiles in the reinforcement layer is examined separately based on
the values here presented.
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Fig. 8. Photographs depicting the progression of damage in beams after Blast 4.
3.4.1. Effect of dispersed PE microfibers
In order to pinpoint and quantify the role of short PE fibers on the

blast response of the mineral-bonded strengthening layers, spotlight is
set on the specimens B2-TRC1 (single-ply textile grid embedded in plain
fine-grained mortar) and B3-FTRC1 (single-ply textile grid embedded in
a fiber-reinforced matrix). The addition of fibers led to a reduction in
the maximum deflection and the residual deflection of 4 % and 29 %,
respectively, for Blast 2. This effect was even more pronounced with
increasing blast energy input, namely 24 % and 86 %, respectively, for
Blast 3. Due to the very low residual deflections recorded for Blast 2,
only a modest difference in the 𝐵 𝑆 𝐼 values could be detected at this
stage, as the textile alone can effectively act as a self-centering element
and both beams could almost recover the pristine shape. However,
as the external load increases and with it the maximum deflection, a
drop in the 𝐵 𝑆 𝐼 could be observed for B2-TRC1 up to approximately
47 %, denoting a lower efficiency of the textile reinforcement. On the
contrary, the 𝐵 𝑆 𝐼 for the B3-FTRC1 counterpart showed only a slight
decrement from the optimal threshold of 100 % (for Blast 3 it was
88 %). In general, these tests prove that the use of fibers leads to some
improvement in the self-centering attitude of the retrofitted beams.
However, the main role is played by the textile once its effectiveness is
secured by a certain extent of ductility of the embedding medium, as
discussed in the following section. At the same time, the use of PE fibers
has a positive effect on the damage pattern, with the already described
drastic reduction of spalling (see Fig. 7) and the increase of the max-
imum load-bearing capacity (see Fig. 8). This gain in performance of
hybrid strengthening solutions is mainly due to the formation of a large
number of fine cracks and to the crack-bridging ability of the fibers in
the LC3-SHCC used. These improved damage pattern ultimately results
in a greater activation of the inner textile strengthening layer. In effect,
the textile is prevented from sudden and premature delamination due to
matrix fragmentation, thereby resulting in increased energy absorption
8 
and better protection of the retrofitted RC beam. Similar results of
improved post-crack tensile strength, increased ductility and damage
tolerance, as well as elimination of secondary fragments were also
described by Burrell et al. [40] and Aoude et al. [41] who performed
similar shock tube tests on steel fiber reinforced concrete (SFRC) and
ultra-high performance fiber reinforced concrete (UHPFRC) columns
with steel fiber contents ranging from 0.5 % to 6.0 %. While these results
were obtained with structures composed entirely of steel fiber RC, the
effect in the present work was achieved by the addition of only a thin
mineral-bonded layer, extending the observations of Signorini et al.
[28] to thin fiber-reinforced members.

3.4.2. Effect of the number of textile reinforcement plies
Specific considerations concerning the influence of increasing num-

ber of textile plies on the blast response of retrofitted RC beams were
obtained by comparing the specimens with hybrid fibrous reinforce-
ment, namely B3-FTRC1 with one textile grid and B4-FTRC2 with two
textile grids embedded in the LC3-SHCC matrix. The addition of an
extra textile layer was found to mitigate the peak deflections for Blasts
2, 3, and 4 by 39 %, 16 %, and 41 %, respectively. Most remarkably,
doubling the continuous carbon reinforcement resulted in a distinct and
consistent switch in the failure mode of the beam, as clearly indicated
by the negative residual deflections for B4-FTRC2. This behavior is
explained by the yielding of the steel rebar in the compressed zone,
which was reached upon rebound. In fact, in the case of B4-FTRC2,
there is a significant gap between the total reinforcement ratio in the
tensile and compressive zones, the latter being too weak to withstand
the rebound (negative) moment and thus to self-center. In any case, the
combined use of two plies of textile and dispersed PE fibers preserves
the 𝐵 𝑆 𝐼 close to unity, even with very pronounced external shock
waves and in the presence of high deflections, where other beams either
failed completely or resulted in significant irreversible deflections. In
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Fig. 9. Comparison of the specimens based on relevant performance indicators. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
4

addition to the remarkable damage reduction and energy dissipation
apability provided by the short fibers, an adequate number of textile
ayers is primarily governing the self-centering behavior of the com-
osite structure. This result mirrors the trends observed in the studies
f Crawford [42] who investigated full-scale fiber reinforced polymer

(FRP) wrapped RC columns using in-field blasts, as well as Jacques
[43], Jackson et al. [16] and Johnson et al. [4], who investigated FRP
etrofitted RC members and hybrid RC beams in shock tube tests. In

addition to such epoxy-based systems, the present work shows that
mineral-bonded retrofits also hold promise for significantly improving
the blast resistance and resilience of structures while mitigating thermal
tability concerns.

4. Single-degree-of-freedom dynamic analysis

Single Degree of Freedom (SDOF) analytical models, known for their
effectiveness in simulating the blast performance of structures, were
used to predict the response of blast-loaded specimens. The objective
was to develop tools to capture the role of the mineral-bonded compos-
ites on the overall load–deflection behavior of the retrofitted beams.

he analysis also examined the hysteretic response of the beams to un-
derstand how the strengthening layers contributed to mitigating resid-
ual damage in beams that would otherwise have failed catastrophically

ithout the strengthening layers.
9 
4.1. Analysis approach

Fig. 10 shows the dynamic stress–strain relations used in the anal-
ysis. These were generated by applying a dynamic increase factor
(DIF ) to the quasi-static stress–strain relations to account for strain
rate effects. A strain rate of 0.01 s−1 was conventionally assumed for
all analyses. This rate falls within the range observed during the shock
tube tests, which varied from about 0.01 s−1 for the first two tests to
1.0 s−1 for the most severe tests.

The model of Kent and Park [44] was used for the unconfined cover
concrete shown in Fig. 10(a), with a concrete cylinder strength of 𝑓 ′

c =
3 MPa obtained from standard cylinder tests. A DIF of 1.15 was applied

to the unconfined concrete based on the CEB-FIB Model Code 2010 [45]
for the dynamic compressive strength of concrete. For the concrete
constrained by the transverse reinforcement, as shown in Fig. 10(b),
the confined concrete model of Scott et al. [46] was used with a DIF of
1.14. [45]. The tensile stress–strain response of the SHCC of B3-FTRC1
and B4-FTRC2 shown in Fig. 10(d) was obtained from tensile dumb-bell
coupon tests [28]. Owing to uncertainties in the dynamic stress–strain
behavior of the material and the absence of sufficient data in the
literature, no DIF was applied to the SHCC tensile stress–strain data
used in the analysis. For the dynamic tensile stress–strain relationship
of the longitudinal steel reinforcement displayed in Fig. 10(c), a DIF
of 1.11 and 1.03, respectively, was applied to the yield and ultimate
strengths obtained from the coupon test data [47]. The model of Yalcin
and Saatcioglu [48] was used to consider the possible instability of the
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Fig. 10. Stress–strain models used in dynamic SDOF modeling.
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compression reinforcement in bending. This model predicted that the
compression bars would begin unloading after yielding but before the
onset of strain hardening, as illustrated in Fig. 10(c). A linear elastic
stress–strain relationship was assumed for the tensile response of the
arbon textile layers based on the manufacturer’s data, as shown in

Fig. 10(e). Based on the recommendation of Jacques et al. [14], no DIF
was applied to the textiles, as uniaxially acting carbon fabrics appear
to be insensitive to strain rate. A perfect bond between the matrix and
the reinforcing textile is assumed for the modeling.

The development of the resistance function began with the genera-
tion of moment–curvature relationships for each of the cross-sections
shown in Fig. 1. Positive bending of the cross section was used to
develop the inbound resistance, while negative bending was used to
develop the rebound resistance. The global deformations of the beams
subjected to a partially uniformly distributed load were determined
by numerical integration of the curvature distribution along the beam
length at incremental loading stages. The analysis of the inbound and
rebound resistance functions for each specimen was performed by first
discretizing the member into 100 elements along its clean bending
span. For each load increment, the curvature distribution along the
10 
span was determined using moment–curvature relationships. Integra-
tion of the curvature distribution was performed to determine the
deflected shapes, which in turn were used to compute equivalent SDOF
load-mass transformation factors [49]. The solution algorithm proposed
by Jacques [43] was used to identify the post-peak unloading branches
of the resistance functions.

A comparison of the analytical resistance functions for each of the
our beams is presented in Fig. 11. Each of the three strengthened

beams exhibited a significant enhancement in strength compared to the
nstrengthened control specimen. With each increment in the external
trengthening (from B2 to B4), there was an increase in both the peak

resistance and energy absorption. B4-FTRC2, reinforced with two tex-
tile grids, was the strongest beam, while the addition of PE microfibers
in B3-FTRC1 yielded moderate increases in strength and stiffness over
the plain fine LC3 concrete matrix B2-TRC1. All of the strengthened
beams experienced a sudden loss of resistance after rupture of the
textile grids, and generally matched the resistance characteristics of the
control beam thereafter. The influence of the mineral-bonded strength-
ening layer on the rebound resistance was assumed to be negligible, and
as a result, all beams were assumed to have the same rebound resistance
function as B1-Control.
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Fig. 11. Comparison of the resistance functions used in the SDOF analyses.
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4.2. SDOF analysis

The analysis was performed by solving the SDOF equation of mo-
ion, given in Eq. (2):

𝑘𝐿𝑀 [𝑢(𝑡)] 𝑚 ̈𝑢(𝑡) + 𝑐 ̇𝑢(𝑡) + 𝑅[𝑢(𝑡)] = 𝐴𝑃𝑟(𝑡) (2)

where 𝑢(𝑡), �̇�(𝑡) and �̈�(𝑡) are the displacement, velocity, and acceleration
of the active degree of freedom at midspan, respectively; 𝑘𝐿𝑀 [𝑢(𝑡)] and
[𝑢(𝑡)] are the load-mass transformation factor and resistance function,

espectively; 𝐴 = 5.1 m2 is the area of the LTD impacted by the blast
ave, 𝑚 is the total mass of the system including the specimen and

he LTD (taken as 601 k g for B1 and 630 k g for B2, B3, and B4), 𝑐
s a damping coefficient (taken as 5% of the critical damping ratio,
𝑐 = 2√𝑘 𝑚 𝑘𝐿𝑀 ), and 𝑃𝑟(𝑡) is the applied blast pressure time–history
ecorded during the shock tube tests.

All analyses were conducted with a time step 𝛥𝑡 of 0.01 ms, which
yielded satisfactory results. The simulations were terminated either

hen the deflection reached a steady state or when it surpassed the
maximum deflection outlined in the resistance function, indicating
a blowout failure. The equation of motion, shown in Eq. (2), was
umerically integrated using RCBlast [31]. This software tool relies on

a predictor–corrector scheme solution algorithm, essential for handling
the nonlinear resistance and load-mass transformation functions.

An accumulated damage hysteretic (ADM) model was used to ac-
count for the effects of repeated blast testing on the strength and
tiffness of the test specimens [14]. This hysteretic model uses de-
lection data predicted from previous tests as seed data to analyze
ubsequent tests. The ADM establishes the initial reloading curve in
he SDOF system as the line connecting the residual deflection in the
revious test to the point on the resistance function corresponding
o the maximum inbound deflection from that test. The ADM then
racks along the backbone resistance function until a local maxima and
nloads according to an unloading stiffness, 𝑘𝑢. The value of 𝑘𝑢 was
djusted based on the type of strengthening and the number of blast
ests conducted. Initially, the unloading stiffness was assumed to match
he elastic stiffness of the members. For subsequent loading, it was
educed as necessary to ensure the displacement time-histories aligned
losely with the experimental results. The next section will discuss
he empirically calibrated values of unloading stiffness, the corre-
ponding predictions, and how they vary across different strengthening
pproaches. The model also includes specific rules for the transition
etween rebound and inbound responses. A detailed description of the
DM can be found in the paper by Johnson et al. [4]. In addition, a
reliminary SDOF analysis was performed to verify the contribution to
last resistance provided by the additional mass of the mere thickening

of the beam cross section induced by the externally-bonded strengthen-
ng. The analysis highlighted that the increase of mass of the beam itself
(29 k g, i.e. 5% of the total beam mass), i.e. the specific density, despite

11 
an expected slight reduction of the peak displacements (in any case
lower than 12%), could not affect the predicted failure, which remains
the same as the control beam B1-Control.

4.3. Comparison of analytical and experimental results

Fig. 12 displays a comparison of selected experimental and analyti-
cal results, namely Beam B2-TRC1 Blast 2 (Fig. 12(a)), Beam B3-FTRC1

last 3 (Fig. 12(b)), and Beam B4-FTRC2 Blast 4 (Fig. 12(c)). For each
test shown, the left column shows the experimentally recorded reaction
forces superimposed on the predicted resistance function and hysteretic
loop. The right column shows a comparison of the experimental and
predicted time histories of the mid-span deflection. Fig. 13a–b presents
a comparison between the experimental and predicted results for the
esponse of all RC beams under blast loading.

The results show a strong correlation between the predicted and
experimental deflection of the beams under the primary and secondary
shock, with the majority of the points clustering around the lines
of unity, indicating accurate predictions. Furthermore, the proposed
methodology was able to reasonably capture the deflection recovery
and residual deflection of the beams, as can be seen from the deflection
time histories shown in Fig. 12 and the 𝐵 𝑆 𝐼 comparisons shown in
Fig. 13(c). Therefore, the good agreement of the predictions at the
peak displacement response can be attributed, at least in part, to the
use of resistance functions and transformation factors that capture
the gradual formation of inelastic response in all cross-sections, as
well as a hysteretic model capable of capturing the general effect of
accumulated damage and self-centering of retrofitted beams. However,
n empirical calibration of the unloading stiffness 𝐾𝑢 was required

for certain specimens to account for the stiffness degradation due to
progressively increasing repeated blast tests.

Fig. 13(d) illustrates the empirically determined unloading stiffness
𝑢, normalized with respect to the elastic stiffness 𝐾𝑒 for each beam,

plotted against the ductility ratio 𝜇. The ductility ratio was defined
as the maximum predicted deflection divided by the yield deflection
of the member. The results of the analysis indicated that the control
eams, B1-1 and B1-2, exhibited no significant stiffness degradation
rom repeated testing up to a ductility ratio 𝜇 = 10. In the case of

beams B3-FTRC1 and B4-FTRC2, which incorporated PE microfibers,
setting 𝐾𝑢 equal to 𝐾𝑒 yielded satisfactory results up to a 𝜇 = 2.
For tests producing higher ductility ratios, accurate SDOF predictions
were achieved only when the unloading stiffness 𝐾𝑢 was assumed to
be less than 𝐾𝑒. Similar reductions in 𝐾𝑢 were not observed for B2-
TRC1, which was attributed to the fact that the SDOF results for the
third blast test did not agree well with the test data, irrespective of
the value of 𝐾𝑢. This may be due to spalling of the matrix, which
could have compromised the full-bond assumption for the textile layer
during Blast 3. The plateau in unloading stiffness 𝐾 observed for
𝑢
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Fig. 12. Hysteretic response and displacement time history comparison of experimental and predicted. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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B3-FTRC1 within the ductility ratio range of 𝜇 = 3.5 to 7.5 was
attributed to the loss of restoring force provided by the textile grid
that fractured during the penultimate blast. Nevertheless, the analysis
indicated that the global softening of the unloading stiffness for B3-
FTRC1 and B4-FTRC2 allowed these beams to recover a greater portion
of their maximum deflections compared to the control beams. This
improvement resulted in lower residual deflections and, consequently,
lower overall damage levels. This beneficial self-centering behavior is
attributed to the synergistic effect of the restoring force produced by the
textile grids and the crack-bridging energy absorption of the PE fibers
in the SHCC matrix.

Fig. 14 compares the analytical resistance functions, including the
unloading stiffness 𝐾𝑢 used in the ADM algorithm, with the inbound
support reactions for all four blast tests on beams B1-2 Control and B4-
FTRC2. The analytical resistance functions generally provide accurate
12 
estimates of the strength and stiffness evolution derived from the in-
ound support reactions. For the conventionally reinforced B1-2 beam,
he unloading slopes show minimal stiffness degradation with increas-
ng blast pressures, with values of 𝐾𝑢 approximately equal to the initial
lastic stiffness 𝐾𝑒 throughout the response. Conversely, the mineral-
onded specimen B4-FTRC2 shows evidence of a progressive unloading
tiffness degradation with increasing blast magnitude, providing a self-
entering effect which contributed to the reduction in residual damage
evels. The notable sharp spikes in the reaction force data, particularly
vident in beam B1-2 shown in Fig. 14(a), and also present in the
eaction load cell data shown in Fig. 12, warrant acknowledgment.

These spikes are thought to result from higher order effects due to
the dynamic interaction between the beam, the attached LTD, and the
reaction cart on which the specimens are mounted. In certain cases,
these high-order effects are known to generate inertial forces that
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Fig. 13. Statistical summary of experimental and predicted results.

Fig. 14. Comparison of the analytical resistance function with inbound support reactions. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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are additive to the member resistance, leading to an increase in the
magnitude of the support reaction beyond that predicted by a Biggs-
type single degree of freedom idealization [50,51]. This phenomenon
requires further investigation.

5. Conclusion

This work delves into the reinforcing potential of hybrid mineral-
bonded strengthening layers incorporating textile grids and dispersed

icrofibers for improving the self-centering capacity of reinforced con-
crete (RC) beams subjected to increasing blast intensities. Five RC
beams were produced, three of which were strengthened with a newly
eveloped, sustainable fine-grained concrete. Various combinations of
on-metallic reinforcement were incorporated into the mineral ma-
rix. In particular, the effects of (i) the combination of short and
ontinuous fiber reinforcement and (ii) the number of textile layers
ere investigated. A dynamic Single-Degree-of-Freedom (SDOF) ana-

ytical approach was employed to capture the complex response of the
trengthened specimens and pave the way for accurate structural design
rovisions. The following main conclusions can be drawn:

• Both the control specimens and those retrofitted with textile-
reinforced mineral-bonded composites failed at mid-span, with
tensile rupture of the internal rebar and externally bonded carbon
yarns. Conversely, the beams strengthened with hybrid reinforce-
ment survived the blast sequence and showed residual load-
bearing capacity, pointing out the crucial role of the synergistic
action of the microfibers and the textile.

• In hybrid composites, the addition of short fibers to the matrix
with high damage tolerance and strain capacity to embed the tex-
tile reinforcements provides the system with sufficient ductility
to allow the full activation of the textile layers. In this way, the
textiles can fully exert their reinforcing action. In fact, while the
short fibers are key to governing the failure mode of the beam
by smearing damage induced by the shock wave and optimizing
the reinforcing action of the textile, the number of textile layers
determines the load-bearing capacity and the residual deflection
of the beam.

• Most remarkably, the crack-bridging capacity of the short fibers
successfully prevents scabbing debris that cannot be inhibited
by textile reinforcement alone. This entails significant positive
implications for structural protection and human safety during
extreme events.

• Nevertheless, it is observed that, regardless of the source of the
blast and its direction of propagation, externally strengthened
beams exhibit significant oscillations, which are also accentuated
by the presence of the strengthening itself. This fact, albeit sought
and well valued, emphasizes the need for additional reinforce-
ment against rebound bending and cyclic loading. To this end,
the proposal of a high ductility FTRC, as the one presented in this
work, for the complete jacketing of concrete members is consid-
ered extremely promising to improve the structural performance
against shock waves.

• SDOF modeling is performed using RCBlast and is shown to
have good predictive capabilities even for extremely complex
systems. The accuracy of the predictions, combined with the
computational efficiency when compared to alternative numerical
methods, like finite element analysis, makes SDOF viable for the
analysis of similar scenarios and opens up good potential for
optimizing the design of resilient structures.

In conclusion, it was found that thin hybrid reinforcing layers
increase the toughness and damage tolerance of existing structural
members and enhance the self-centering effects that are crucial for min-
imizing residual damage and retrofit costs. In addition, hybrid solutions
appear to be much less susceptible to debonding failures as is often
the case with FRP strengthening. This attribute further underscores
their cost-effectiveness, making them a highly advantageous solution

or long-term structural resilience and sustainability.
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Table A.3
Summary of experimental blast test results.

Name Blast Primary shock Secondary shock Res. Rot. 𝐵 𝑆 𝐼
𝑃r1 𝐼r1 𝑑m1 𝑡m1 𝑃r2 𝐼r2 𝑡a 𝑑m2 𝑡m2 𝑑r 𝜃m
(k Pa) (k Pa ms) (mm) (ms) (k Pa) (k Pa ms) (ms) (mm) (ms) (mm) (◦) (%)

B1-2-Control

1 8.9 12.8 1.6 12.7 3.4 7.7 69.7 1.6 67.1 0.0 0.1 100
2 71.9 327.2 35.1 22.3 38.7 224.3 59.2 47.4 89.0 26.5 2.0 44
3 78.9 391.8 76.4 23.9 44.4 221.7 59.2 85.0 82.5 59.9 3.5 43
4 101.7 520.5 – – 41.1 284.2 57.7 – – – – –

B2-TRC1

1 19.7 38.5 1.9 12.8 8.7 18.5 68.7 1.2 78.1 −0.8a 0.1 100
2 72.9 351.7 27.7 18.8 34.9 211.2 59.3 26.2 82.4 −1.7 1.2 103
3 78.4 402.8 42.9 30.0 39.6 241.7 58.5 56.9 85.5 29.3 2.4 47
4 107.0 570.2 – – 49.1 324.2 56.5 – – – – –

B3-FTRC1

1 37.2 97.6 5.3 23.8 16.1 45.5 64.5 3.2 63.9 1.8a 0.2 100
2 74.5 343.9 28.6 18.5 40.4 220.1 58.5 28.7 79.9 −1.2 1.2 111
3 78.2 385.2 43.1 21.3 30.0 177.4 58.7 26.0 89.0 4.0 1.8 88
4 104.7 534.7 81.0 25.2 41.9 320.2 56.8 88.7 83.4 59.3 3.7 35

B4-FTRC2

1 28.8 61.6 3.2 10.8 14.1 26.8 67.7 1.6 42.5 −0.6a 0.1 100
2 68.1 305.1 17.5 11.7 34.4 188.9 59.8 17.5 78.5 −7.3 0.7 137
3 84.0 444.9 36.4 19.9 32.8 249.1 58.4 28.0 86.6 −7.7 1.5 101
4 101.2 521.3 52.3 21.1 35.2 291.1 57.9 30.3 90.2 −7.1 2.2 99

a 𝑑r is attributed e.g. to support settlement rather than flexural behavior. The value is assumed to be 0 for the 𝐵 𝑆 𝐼 calculation.
Table A.4
Summary of SDOF analytical test results.

Name Blast Experimental results Predicted results Comparison pred./exp.

𝑑m1 𝑑m2 𝑑r 𝐵 𝑆 𝐼 𝑑m1 𝑑m2 𝑑r 𝐵 𝑆 𝐼 𝑑m1 𝑑m2 𝑑r 𝐵 𝑆 𝐼
(mm) (mm) (mm) (%) (mm) (mm) (mm) (%) (–) (–) (–) (–)

B1-2-Control

1 1.6 1.6 0.0 100 0.5 0.0 0.0 100 0.32 – – 1.00
2 35.1 47.4 26.5 44 31.3 47.5 30.8 35 0.89 1.00 1.16 0.80
3 76.4 85.0 59.9 43 77.1 76.7 55.0 48 1.01 0.90 0.92 1.11
4 – – – – Rupture of tensile reinf. – – – –

B2-TRC1

1 1.9 1.2 0.0 100 1.3 1.2 0.0 100 0.67 1.02 – 1.00
2 27.7 26.2 −1.7 103 23.0 23.8 −3.0 112 0.83 0.91 1.71 1.09
3 42.9 56.9 29.3 47 39.7 49.3 29.3 38 0.93 0.87 1.00 0.81
4 – – – – Rupture of textile & reinf. – – – –

B3-FTRC1

1 5.3 3.2 0.0 100 4.4 2.0 −1.3 100 0.82 0.61 −0.73 1.00
2 28.6 28.7 −1.2 111 20.7 24.7 0.7 92 0.72 0.86 −0.57 0.83
3 43.1 26.0 4.0 88 35.9 29.7 5.5 86 0.83 1.14 1.38 0.98
4 81.0 88.7 59.3 35 78.6 85.9 56.6 36 0.97 0.97 0.95 1.05

B4-FTRC2

1 3.2 1.6 0.0 100 2.4 2.7 −0.8 100 0.74 1.68 1.36 1.00
2 17.5 17.5 −7.3 137 17.4 17.5 −6.8 133 0.99 1.00 0.94 0.97
3 36.4 28.0 −7.7 101 28.6 19.5 −7.6 102 0.79 0.70 0.99 1.01
4 52.3 30.3 −7.1 99 43.2 33.8 −4.9 95 0.83 1.11 0.69 0.96
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