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ABSTRACT

The rapid repair of engineering structures damaged due to explosions can enhance the structural impact resis-
tance after an explosion, thereby reducing the potential for casualties and property losses. A novel concrete
canvas was firstly proposed based on G-HPC (geopolymer-based high performance concrete)) UHMWPEWF
( ultra-high molecular weight polyethylene woven fabric), and 3D BFG (basalt fiber grid) to rapidly repair
engineering structures and render their blast resistance. A sequence of contact blast tests was systematically
conducted to verify the feasibility of the proposed G-HPC canvas. A normal reinforced concrete slab and a steel-
wire mesh (SWM) reinforced G-HPC slab were initially damaged by the contact blast loading, afterwards, the
damaged concrete slabs were rapidly repaired by G-UHPC (geopolymer-based ultra-high-performance concrete)
and the novel G-HPC canvas. The rapidly repaired concrete slabs were subsequently tested by contact blast
loading. A precise 3D finite element model was then developed and calibrated based on the experimental results.
Eventually, numerical simulations were performed to better understand the contribution of main parameters
including repair materials filling the internal slab, steel-wire mesh, G-HPC canvas location and its thickness
towards the improvement of the rapidly repaired slabs against the contact blast loading. The experimental and
numerical results indicated that the SWM reinforced G-HPC slab has superior blast-resistance compared with the
RC slab and the proposed method to rapidly repair the damaged slabs was feasible. The G-HPC canvas should be
placed properly since the location of the G-HPC canvas is related to whether fragments are produced on the rear
surface of the damaged slab. Increasing the G-HPC canvas thickness and the layers of SWM could significantly
reduce the damage area of the repaired slab.

1. Introduction

properties [2-4]. Among them, PC-UHPC (Portland cement-based
ultra-high-performance concrete) is regarded as a very potential con-

In recent decades, bomb terrorists and accidental explosions still
occur frequently around the world [1]. Engineering structures are facing
an increasingly severe threat of explosion disasters. The blast load would
directly result in damage to engineering structures and injuries to people
surrounding the explosion source. The high-velocity splattering of
fragments generated from the damaged structures would further
aggravate the explosion catastrophes and induce secondary disasters.
Thus, the safety of engineering structures under blast loading has been a
focus of engineers and scholars.

Enhancing the blast resistance of engineering structures fundamen-
tally relies on the amelioration of construction material mechanical
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struction material in protective structures against intense dynamic
loading, and the superior blast resistance of PC-UHPC members has been
proven by an extensive body of investigative research [5-9]. However,
800-1100 kg Portland cement would be consumed in the manufacture of
PC-UHPC in 1 m3, which is 3-fold higher than the conventional concrete
[10]. Besides, the application of superplasticizers is a common practice
in the production of PC-UHPC, aiming to enhance workability while
maintaining a minimal water-to-binder ratio. Therefore, the large-scale
use of PC-UHPC in protective structures would consume more energy
and resources, and generate a pronounced adverse influence on the
natural environment [11]. To overcome these shortcomings, a novel
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type of UHPC based on geopolymer technology, denoted as G-UHPC, has
been developed in recent years. Owing to no Portland cement being used
in G-UHPC, it was regarded as a green construction material while its
mechanical properties were proved to be comparable to PC-UHPC
[12-15]. The hardening time of G-UHPC can also be adjusted based
on the mixture design [10]. Therefore, G-UHPC is of remarkable po-
tential in the rapid construction or repair of protective structures, which
is critical for the safety of important targets, especially in the military
field.

In terms of structural rapid repair, the extensive adoption of inno-
vative materials and technologies broadens the spectrum of options
available to engineers. This encompasses fiber reinforced polymers
(FRP), polymer-modified concrete (PMC), and among others [16-18].
This diversity fosters a more efficient approach to the repair and forti-
fication of impaired structures. Nevertheless, it is crucial to recognize
that each material and technology comes with its unique set of merits
and drawbacks. FRP composites present notable advantages, including
lightweight design, high strength, and corrosion resistance. Their com-
mon application has been found in the rapid repair and strengthening of
beams, columns, and other structural elements [19-21], showcasing
exceptional tensile strength. However, these materials also exhibit
certain drawbacks, such as elevated costs, thermal expansion coefficient
mismatching with concrete, and susceptibility to aging at adhesive
joints. Conversely, PMC achieves impressive strength within a relatively
short period, offering distinct benefits for prompt structural repair [22].
However, there are also potential drawbacks, such as poor flowability
and possible issues with long-term strength and durability. Concrete
canvas has been used in civil and military engineering as a relatively
new technology since it can be in service in less than 3 days after
spraying [23,24]. As a 3D fabric-reinforced cement-based composite, it
could be fabricated by filling the 3D fabric with cement or cement-based
composite powder [25-28]. Such a canvas has the advantages of me-
chanical properties, durable, waterproof, fire resistance, and control-
lable thickness. Thus, it would be a beneficial trial for combining
G-UHPC and concrete canvas to rapidly repair the damaged RC members
under blast loading.

Currently, investigations on the blast resistance of G-UHPC elements
have been reported and fruitful results have been achieved [29,30].
However, the blast resistance of the damaged concrete element rapidly
repaired by G-UHPC and the concrete canvas was still limitedly
explored. Therefore, the feasibility of the adoption of SWM and G-HPC
in pursuit of enhancing the blast-resistance of the RC slab was first
verified by the contact blast test in this study. Subsequently, a novel
concrete canvas (G-HPC canvas) fabricated by G-HPC, UHMWPEWF,
and 3D BFG was developed. On this basis, a method based on G-HPC
canvas and G-UHPC was proposed to rapidly repair the damaged slab
induced by the first blast. The rapidly repaired specimens were also

G-HPC components

3D basalt fiber grid Fly ash

Microsilica
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explored by the subsequent contact blast tests. Finally, a 3D refined
finite element model was established and validated. The failure mech-
anism was revealed by the FE model and the effect of the steel-wire
mesh, repair materials, G-HPC canvas location and thickness on the
blast resistance of rapidly repaired specimens was also explored by
numerical simulations. The results achieved in this study would addi-
tionally advance the utilization of G-UHPC and concrete canvas within
the field of protective engineering and provide design references for this
type of composite structure against blast loading.

2. Design of novel G-HPC canvas

The novel G-HPC canvas proposed includes G-HPC, UHMWPEWE,
and 3D BFG, as illustrated in Fig. 1. When fabricated, the UHMWPEWF
was firstly unrolled followed by positioning the 3D BFG on it. After-
wards, the G-HPC in the form of dry powder should be evenly sprinkled
until the 3D BFG is completely filled. Eventually, the UHMWPEWF
should be rolled to fully cover the 3D BFG and the G-HPC dry powder. In
this study, the thickness of the G-HPC canvas is 10.24 mm including 10
mm thickness of the 3D BFG and 0.24 mm thickness of two layers of the
UHMWPEWF. The mechanical properties of UHMWPE (ultra-high mo-
lecular weight polyethylene) and basalt fiber are listed in Table 1. When
used, the target should be covered by the canvas followed by sprinkling
water and naturally cured until the test day. The specific hydration of G-
HPC can be found in the literature [10]. Compared with conventional
concrete canvas, the G-HPC canvas can be in service in 1 day after
sprinkling water as the compressive strength of G-HPC would reach 40
MPa at this time. The proposed rapid repair method holds significant
importance, as its uniqueness lies in its swift implementation, enabling a
prompt response to emergency situations while minimizing downtime in
structural maintenance. Simultaneously, it plays a crucial role in
enhancing the overall structural resilience against external loads. This
feature makes the repair method particularly valuable in emergency
scenarios or situations requiring rapid reinforcement of structures to
ensure overall safety.

Table 1
Mechanical properties of UHMWPE and BF.
Materials Diameter Density Tensile Young’s Elongation
(pm) (g/cm®) strength modulus (%)
(MPa) (GPa)
UHMWPE 50 0.97 3200 130 4.0
BF 10 2.64 3000 100 2.5

Fabric surface

3D basalt fiber grid

Fig. 1. Details of G-HPC canvas.
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to substantiate the viability of the proposed rapid repair method against
contact explosions. As illustrated in Fig. 2(a), the same dimensions
Firstly, two slabs, including an HRB 400 steel rebar reinforced con- 1500 x 1500 x 200 mm were employed for all specimens.
ventional C40 slab and 20 layers of SWMs reinforced G-HPC slab, were Fig. 2(b) exhibits the construction of the conventional C40 slab
devised to explore the efficacy of the G-HPC and SWMs in improving the reinforced by HRB 400 steel rebars. Based on GB 50010-2010 [31], a 2%
blast resistance of RC structures. Subsequently, the damaged slabs after reinforcement ratio was adopted for this slab, consequently, the di-
contact explosions were rapidly repaired by G-UHPC and G-HPC canvas mensions of the steel rebars were specified as 16 mm in diameter with a

3. Design and fabrication of specimens
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(c) The layout of the 20 SWMs- G-HPC specimen

Fig. 2. The details of the specimens.
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(a) Installed steel-wire meshes

(b) Pouring of G-HPC

Fig. 3. The fabrication process of SWMs reinforced G-HPC slab.

spacing of 200 mm. Additionally, the thickness of the protective cover
was 20 mm. The details of the 20 layers of SWMs reinforced G-HPC slab
with a 1.57% reinforcement ratio is shown in Fig. 2(c). As indicated, the
spacing between SWMs layer was 10 mm.

Fig. 3 shows the process of manufacturing the SWMs reinforced G-
HPC slab. Twenty layers of SWMs were initially positioned within the
preassembled formwork, meticulously layering them with pre-
determined intervals (Fig. 3(a)). Subsequently, the specimen was pro-
duced by introducing G-HPC into the formwork (Fig. 3(b)). After
prefabrication, maintain it at room temperature for 24 h, and then
subject it to rigorous curing at an elevated temperature of 90 + 5 °C for
a duration of 48 h.

The repair strategy involves pouring high-strength 1.5% steel fiber
reinforced G-UHPC at the damaged areas of the slab (craters and spal-
ling) to maintain structural integrity and enhance overall blast resis-
tance. Incorporating a layer of 1.5% steel fiber-reinforced G-UHPC on
the surface further enhances the bonding performance between the
damaged slab and the G-HPC canvas. Finally, covering the slab with the
G-HPC canvas provides an additional protective layer, reinforcing the
resilience of the repaired slab and acting as a barrier against external
impacts. In the repair process, as illustrated in Fig. 4 using the con-
ventional RC slab as an example. Fig. 4(a) emphasizes the initial
cleaning of the damaged slab to ensure reliable bonding with the G-HPC
canvas. Subsequently, spread the G-HPC canvas with dimensions of
3650 x 1250 x 10.24 mm on the ground and sprinkle it with water
(Fig. 4(b)). Then, lift the RC slab to the predetermined position on the G-
HPC canvas, and pour 1.5% steel fiber reinforced G-UHPC with superior
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RC slab

s G-HPC canvas
G-UHPC

Fig. 5. Diagram of construction of repaired RC slab.

mechanical properties (compressive strength > 160 MPa) into the hole
resulting from the contact detonation (Fig. 4(c)). After that, the upper
surface of the RC slab should be covered by a layer of 1.5% steel fiber
reinforced G-UHPC with a thickness of 5 mm to further improve the
bonding behavior between the damaged slab and the G-HPC canvas.
Eventually, the specimen repaired by the hardened G-UHPC was wrap-
ped by the concrete canvas to finish the rapid repair process (Fig. 4(d)).
After 24 h following the completion of the repair process, a second
contact detonation is conducted to study the blast resistance of the
rapidly repaired slab. Fig. 5 exhibits the diagram of the eventual con-
struction of the repaired RC slab.

4. Materials

Ground granulated blast furnace slag (GGBFS), Class F fly ash, and
silica fume are the binder material of the G-HPC. Furthermore, the
microstructure and the flowability of G-HPC can be improved by adding
the fly ash and silica fume as supplementary binder materials due to
their micron-sized spherical particles. The alkaline activator used to
excite the above binder materials was manually fabricated by mixing
NaOH and waterglass solution. The purity of NaOH is 98 + 1% and the
concentration of waterglass solution is 35%. The industrial-grade so-
dium silicate in 3 modulus and water were used to produce the water-
glass solution. The quartz sand served as the fine aggregates and no
coarse aggregates were added in this study. Table 2 shows the mixture
design of G-HPC. Correspondingly, Table 3 (wt%) lists the chemical
compositions of GGBFS, Class F fly ash, and silica fume, in which Lol

(b) Prepare G-HPC canvas

(c) Pouring G-UHPC

Fig. 4. Repair process of damaged slab.

(d) Formed specimen



S. Xu et al.

Engineering Structures 306 (2024) 117877

Table 2
The proportion of each component in the G-HPC mixture (wt%).
GGBFS Silica fume Fly ash Sand 1 Sand 2 NaOH Waterglass Water
1.000 0.100 0.160 0.602 0.458 0.0743 0.312 0.384

Note: In this table, GGBS refers to Granulated Blast-Furnace Slag; the particle size of Sand1 ranges from 5.2 um to 0.212 mm, and that of Sand2 lies in the range of

0.212 mm to 0.83 mm.

Table 3
The chemical composite of the granulated blast furnace slag, Class F fly ash, and silica fume (wt%).
CaO Si0, Al,03 MgO K20 Fe,03 Na,O SO3 Others LOI
GGBS 43.739 25.318 13.076 7.539 0.343 0.362 0.401 2.373 6.485 1.40
Fly ash 11.02 52.87 22.14 4.23 2.90 4.23 0.96 0.08 2.05 1.24
Silica fume 0.3 94.7 1.2 0.7 0.9 0.9 1.3 - - 3.45

refers to the loss on ignition at 1000 °C. Furthermore, straight smooth
steel fibers with dimensions of 0.12 mm in diameter and 10 mm in
length were added into the mixture of G-HPC to produce G-UHPC and
the volumetric ratio was 1.5%.

The average compressive strength of six cubic specimens in the di-
mensions of 100 mm x 100 mm x 100 mm was regarded as the final
compressive strength of G-HPC or G-UHPC. Fig. 6 shows the stress-strain
relationships of G-HPC and G-UHPC, indicating that the compressive
strengths of G-HPC and G-UHPC were 84.5 and 172.2 MPa, respectively.
Besides, the toughness of G-UHPC (the area under the stress-strain
relationship) was also much superior to G-HPC. It is worth noting
that, for simplification, only averaged values of three samples for each
type are shown in Fig. 6.

Twenty layers of SWMs were used to enhance the mechanical
properties of G-HPC, especially for the toughness. The diameter of the
steel wire is approximately 1 mm and the mesh spacing was 10 mm, as
shown in Fig. 7. The mechanical properties of the SMWs and HRB 400
steel rebars are listed in Table 4.

5. Contact-explosion tests
5.1. Experimental setup

The setup of field contact blast tests is shown in Fig. 8. The support
consists of four concrete pillars and a square steel frame (formed by
welding four U steel channels). The concrete pillars were fixed on the
ground and the steel frame was positioned on the top of the concrete
pillars. Five rectangular charges, each weighing 0.2 kg and measuring
100 mm x 50 mm x 25 mm in dimensions, were vertically arranged
atop the specimen’s central surface to constitute the TNT explosive. The
initial detonation commenced with the ignition of the uppermost rect-
angular charge via an electric detonator insertion, subsequently leading
to the sequential detonation of the remaining charges. Table 5 presents
the test matrix, which indicates that the specimens would initially suffer
from contact blast loading with 1 kg TNT detonation. However, the mass
of the charge in the second blast was different since the RC slab was
more severely damaged in the first blast compared with the SWMs
reinforced G-HPC slab.

5.2. Experimental results and discussion

Fig. 9 shows the observations in the tests and Table 6 summarizes the
experimental results. As observed, the failure mode is consistent with
the classical shock wave theory, i.e., the concrete directly subjected to
the contact blast loading was crushed owing to the intense compressive
stress generated from the detonation of TNT, and the spalling failure was
generated on the rear concrete since the reflected tensile stress exceeded
the tensile strength of concrete upon the propagation of the compressive
stress wave to the free (rear) surface.

The RC slab presented the breach-perforation failure. The di-
mensions of the crater observed on the surface facing the charge were
410 mm in diameter and 50 mm in depth. On the bottom, a spalling with
a 745 mm diameter and a 150 depth was observed. Thus, the crater and
the spalling were connected forming a hole. In this area, the reinforce-
ment was exposed and exhibited obvious deformation. For the specimen,
20SWMs-G-HPC, a crater with a 350 mm diameter and an 80 mm depth
was observed on the top surface, whereas a bulge was formed on the
bottom surface with a 400 mm diameter and a 100 mm height. Mean-
while, it can be observed that SWMSs were fractured in the crater, and a
little cover concrete was spalled from the rear surface. By comparing the
experimental results of the specimens RC and 20SWMs-G-HPC, it indi-
cated that the utilization of SWMs yielded a noteworthy enhancement
on the spalling resistance of the concrete slab, however, it was worth
noting that the crater damage was enhanced as the input energy
consumed through spalling in the RC slab was now dissipated by the
crush of concrete.

After repair, only the crater failure mode resulted from the subse-
quent contact detonation was observed. For Re-RC, the first layer of fiber
fabric was overturned and the keel was exposed. The crater exhibited
dimensions measuring 225 mm in diameter and 35 mm in depth. It can
be observed that, in comparison with its unrepaired state, the diameter
and depth of the crater after repair have decreased by 45% and 30%,
respectively. On the rear surface, an inconspicuous bulge was observed.
However, the dimensions of the bulge were not recorded due to an
incorrect operation. The comparison of the experimental results of RC
with Re-RC indicated that the rapid repair method proposed in this study

180 | —— G-UHPC
—— G-HPC
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Fig. 6. Stress-strain relationships of G-UHPC, G-HPC and C40 concrete.
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has the ability to transit the failure mode to the crater from breach-
perforation, i.e., significantly improve the contact blast resistance of
RC slab. This is beneficial to the safety of important targets behind
protective engineering structures. Especially, it can protect them from
the harm of fragments generated from the spalling. A similar observa-
tion was presented on the specimen Re-20SWMs-G-HPC, and the di-
mensions of the crater located on the top surface were recorded as
242.5 mm in diameter and 20 mm in depth, respectively. It can be noted
that, as compared to its unrepaired condition, the post-repair crater
exhibits a reduction of 30.7% in diameter and 75% in depth. The top
layer of fiber fabric was also overturned and the keel was also exposed.
Overall, the utilization of G-HPC and SWM can possess the capacity
to markedly augment the capacity of concrete slabs to withstand contact
blasts compared with the NSC and steel rebar. The proposed rapid repair
method based on G-HPC canvas and G-UHPC is effective in resisting
intense blast loading.Table 6 Summary of test and numerical results.

Engineering Structures 306 (2024) 117877

wave and the slabs. Non-reflection boundary was applied on the surface
of the ALE dominant to create an infinite space to avoid the effect of the
reflected blast wave.

Fig. 11 presents the FE models of the repaired specimens. Besides the
original one, it includes the G-HPC canvas and G-UHPC. The G-HPC
canvas was simplified as a sandwich structure including two fabrics and
a BF-reinforced G-HPC core in the FE model since it would consume a lot
of computational resources if the 3D BF (basalt fiber) grid was estab-
lished in detail. The perfect bonding assumption was adopted for the G-
HPC canvas and the damaged slab, thus, no contact algorithm was used
in this study to describe the interaction between the G-HPC canvas and
the damaged slab.

The numerical simulation on the repaired specimens under the
contact blast loading was carry out by the full restart analysis in LS-
DYNA. Before restart analysis, the damage indexes of concrete ele-
ments suffered from the first contact blast loading were extracted and

allocated to the repaired specimen by the keyword INI-
Test
Specimen codes Crater diameter (mm) Crater depth (mm) Spalling/ Bulge diameter (mm) Spalling/ Bulge depth (mm) Failure pattern
RC 410 50 745 150 breach-perforation
20SWMs-G-HPC 350 80 400 100 crater and spalling
Re-RC 225 35 — — crater and bulge

Re-20SWMs-G-HPC 242.5 20 — — crater and bulge

Numerical simulation

RC 362 50 680 150 breach-perforation

20SWMs-G-HPC 300 70 360 86 crater and spalling

Re-RC 240 34 — 28 crater and bulge

Re-20SWMs-G-HPC 250 17 — 15 crater and bulge
Note: In this table, “—” means the data was not obtained.

6. Numerical simulation
6.1. Finite element model

Numerical simulations were carried out by the explicit dynamic
software LS-DYNA to further explore the failure mechanism of the
repaired specimens under contact blast loading and to reveal the effect
of main parameters including the repair material filling the damage
area, SWMs, G-HPC canvas location and its thickness in detail. The 3D
finite element (FE) models for predicting the behavior of RC and
20SWMs-G-HPC under contact blast loading were firstly developed, as
shown in Fig. 10. It indicates that both the FE models include air, con-
crete, TNT, steel frame and supports, while the reinforcements and steel-
wire mesh are their main difference. The developed FE model repro-
duced the test setup well.

The S-ALE (Structured Arbitrary Lagrangian-Eulerian) algorithm
embedded in the explicit dynamic software LS-DYNA was used to
develop the FE models since it is capable of handling FSI (fluid-structure
interaction) problems more effectively, especially when it comes to
element erosion. Moreover, this new algorithm would generate struc-
tured ALE mesh automatically, thus, listing all the elements and nodes
used for ALE mesh in the input deck becomes unnecessary. For larger
ALE problems, the input deck size will be greatly reduced. Most
importantly, the S-ALE algorithm exhibits higher computational effi-
ciency as compared to the traditional ALE algorithm. More details on the
S-ALE algorithm can be found in reference [32]. To show the main parts
clearly, the air part is not shown in Fig. 10.

The perfect bonding was assumed between reinforcements/steel-
wire meshes and concrete, which was achieved through the
constrained-based coupling algorithm defined in CONSTRAINED_ BEA-
M_IN_SOLID. The interactions between the concrete, steel frame, and the
supports were simulated by the surface-to-surface contact algorithm.
The penalty function coupling algorithm embedded in ALE_S-
TRUCTURED _FSI was used to perform the interaction between the blast

TIAL_STRESS_SOLID. In this process, a MATLAB program compiled by
oneself was used due to the massive elements. Meanwhile, the erosion
elements in the first blast event were re-established with new material
models. For instance, the erosion elements in the RC slab were re-
established, and the K&C material model with a series of parameters
describing the mechanical behavior of G-UHPC was endowed to them.

Y

Fig. 7. Details of steel-wire mesh.

Table 4
Properties of SWMs and HRB400 steel rebar.
Materials Yield Tensile Young’s Elongation
strength strength modulus percentage (%)
(MPa) (MPa) (GPa)
Steel 428.3 615.8 208 20.3
rebar
SWM 800 1400 205 28.2
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Fig. 8. Setup of field contact blast tests (units: m).

Table 5
The test matrix.

Specimen codes TNT mass (kg) Blast event

RC 1.0 contact blast
20SWMs-G-HPC 1.0
Re-RC 0.6
Re-20SWMs-G-HPC 1.0

Note: In this table, the specimens were labeled based on the reinforcement
method, matrix material, and repaired or not. For instance, the specimen Re-
20SWMs- G-HPC was fabricated by reinforcing G-HPC with 20 layers of SWMs
and repaired by G-HPC canvas.

Front

(¢) Re-RC

6.2. Material models

6.2.1. Steel material models

The steel frame was regarded as an elastic material (MAT_ELASTIC)
for saving computational resources. The kinematic hardening plasticity
model (MAT PLASTIC_KINEMATIC) was exploited to model the me-
chanical behavior of steel bars and SWMs, and its effectiveness in
analyzing the structural performance of RC members under contact blast
loading has been verified by a lot of studies [29]. The mechanical
properties shown in Table 3, including Young’s modulus, yield strength,
and ultimate strength, were input in this material model. Besides, the
steel materials have significantly different dynamic properties compared
with their static behavior, thus, the Cowper-Symonds model of DIF

(d) Re-20SWMs-G-HPC

Fig. 9. Failure patterns of specimens subjected to contact detonations.
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@,
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(b) 20SWMs-G-HPC model

Fig. 10. Details of RC and 20SWMs-G-HPC FE model.
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(a) Re-RC model
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Fiber fabric

BFRC ©® G-UHPC

® C40 concrete ® Steel frame

(b) Re-20SWMs-G-HPC model

SWMs ® Supports

Fig. 11. Details of Re-RC and Re-20SWMs-G-HPC FE model.

(dynamic increase factor) is employed in this model to characterize the
strain rate effect, as shown in Eq. (1).

e\ 1/p
DIF =1+ (E) [6})
in which, C = 40 and p = 5 as illustrated in literature [33].

6.2.2. Concrete material models

The supports are also treated as an elastic material and the concretes
(C40 concrete, G-HPC and G-UHPC) were simulated by the K&C con-
crete material model. The yield strength surface (Acyc), maximum
strength surface (Aopc), and residual strength surface (Aoc,) are
employed in this model to describe the strength development of concrete
under different stress states and paths, and the corresponding
compressive meridians are shown in Eqs. (2) — (4). Three stress in-
variants (I1, Jo, and J3) are used to establish the current strength surface,
and its relative is indicated by a function (n(1)) of A (modified effective
plastic strain) in this model. The compressive meridians of the current
strength surface are shown in Egs. (5) and (6). The function n(}) is
presented in the form of 13 (n, A) pairs and users should manually input
reasonable values for these pairs based on the experimental stress-strain
relationship. Generally, this function begins with a value of 0 at > = 0,
then increases to 1 with A increasing to Amax, and eventually decreases
back to 0 at a larger A. More details on the explanation of the parameters
in Egs. (2) — (6) can be found in the literature [34-36], thus, no repe-
tition was given here.

ay+p/(ar +ap),p 2f;/3

A0, = (1L5/w)(p+£),{0 <p <f./3}or{d < dyand —f, <p<f./3}
3(p/n+f),p <0and 2> A,
(2)
Aoy +P/(a1y + alyp)7P Zf'ﬂ./3
A0 =4 135 +3p(1- 135 /1,.).0<p <1, /3 )
L35(p+/f).p <0
Ao, = ap, +P/(a1r + aer) 4
Ao = n(2)- (A6, — Avy.) + Aoy, )
Ao =n(2)- (A6 — ACy) + Aoy, ®)

Besides, this model has a function of auto-generating parameters
based on the compressive strength of concrete. However, the auto-
generated parameters can only well predict the mechanical behavior
of concrete with the cubic strength range of 15 to 90 MPa, as demon-
strated in the literature [37]. Therefore, the autogenerated values for the
constants mainly including ap, a1, az in A6y, agy, a1y, azy in Aoy, and
aor, A1y, Aor in Acy, Were exploited in this study.

Furthermore, the modified effective plastic strain A determines the
shear damage evolution of concrete in the K&C material model, as
shown in Eq. (7):
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/0 rr(1+p/rf)" p=0
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L dz.p
o rr(1+p/rf)”

in which, ry refers to the DIF, b; and by respectively represent the
compressive and tensile damage scaling parameters that determine the
speed of the descending branch of the stress-strain relationship under
the uniaxial stress state. Notably, the modified effective plastic strain in
the current form cannot describe the damage accumulation of concrete
under the hydrostatic tensile stress state. With the increase in hydro-
static tensile stress, the pressure would reduce to its minimum -f;, and
keep it afterwards. Thus, a volumetric damage increment Al was
introduced into the deviatoric damage to overcome this shortcoming, as
defined in Eq. (8).

AL = bafaka (Su — &‘v,yieu) ®)

1—'V3Jz/p’ 0< \/3]2/p<041
_ 0.1
0 \/312/;720.1

Ja 9

in which, bs is the damage scaling coefficient for the hydrostatic tensile
state, kq is an internal scalar multiplier, ¢ refers to the current volumetric
strain, and &y, yielq is the volumetric strain when the material is at
yielding. To evaluate the “closeness” of the current stress path to the
triaxial tensile stress, the ratio |/3J2/p | is adopted in the K&C material
model and fj is a factor to limit the effect of this change, as shown in Eq.
9).

However, the damage accumulation of G-HPC is not the same as
normal strength concrete (NSC) [10]. Hence, the auto-generated dam-
age parameters are not suitable for geopolymer concrete and they
should be modified based on the experimental data. The calibration
process proposed in the literature [34] was exploited in this study to
calibrate the above parameters for G-HPC. The details can be found in
the literature [34]. After careful calibration, the parameters for pre-
dicting the mechanical behavior of G-HPC are shown in Table 7, and
Fig. 12 indicates that the mechanical behavior of G-HPC under the
uniaxial stress state could be well predicted by the K&C material model
with the calibrated parameters.

The strain rate effect is critical for predicting the dynamic behavior
of structural members under intense dynamic loading, especially the
blast and impact loading, via numerical simulations. DIF is generally
used to characterize the dynamic properties of concrete in the physical
experiment, and it is also a convenient method to take the strain effect
into a material in numerical simulation. Specifically, DIF is related to
both strength enhancement and damage evolution of the concrete suf-
fered from a high strain loading rate in the K&C model. Scholars found
that the strain rate sensitivity of the G-HPC mortar was lower than that
of normal-strength concrete [38,39]. Therefore, the empirical formulas
proposed by Chen et.al [40] were employed to consider the strain rate
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effect of G-HPC in tension in the FE model in this study, as shown in Eq.
(10). However, no DIF was introduced for compressive strength since it
was concluded in the literature [41] that the increase in compressive
strength of concrete at a high strain rate was caused by the structural
effects, i.e., it was not a material property. Further, for the mesh ob-
jectivity of the local concrete material model, the “double-corrected”
DIF to strain rate relationship proposed in the literature [41] was also
exploited in this study. The details of the “double-corrected” DIF to
strain rate relationship can be found in the literature [41], and repetition
was given here.

It should be pointed out that the above-calibrated parameters were
used for G-HPC, whereas the auto-generated parameters were used for
C40 concrete. The parameters of the K&C model calibrated in the
literature [34] were used for G-UHPC since its mechanical properties
were similar to PC-UHPC as illustrated in the literature [10]. The HJC
material model (MAT_JOHNSON_ HOLMQUIST CONCRETE) was used
for the BF-reinforced G-HPC used in the G-HPC canvas, and the pa-
rameters can be found in the literature [42], as listed in Table 8.

: -5 : —1
DIF’:{O.08051n8+1.9263 10°<é<20s 10

1.5185In & +0.3465 2.0 <&<20.0s5""
6.3. Element type and erosion criteria

In the FE model, the air and TNT were regarded as fluid materials and
simulated by the 1-point ALE multi-material element. The “structure”
parts including concrete, steel frame, supports, and reinforcements were
described by Lagrangian elements. Specifically, the constant stress solid
element with a single-point integration was used to simulate the
“structure” parts except for the reinforcements. The Hughes-Liu beam
element was used to describe the behavior of reinforcements including
steel bars and SWMs. It is worth noting that the “structure” parts were
engulfed with the ALE domain, thus, the FSI between the slab and blast
wave would be well performed.

To precisely predict the failure modes of the concrete slabs under the
contact blast loading by numerical simulations and overcome possible
computational difficulties generated from mesh distortion, the element
erosion algorithm (MAT ADD_EROSION) was employed in this study.
The element erosion is not the physical material behavior, and there is
no specific standard method for establishing failure criteria. Therefore,
the repeat trial was adopted to establish suitable failure criteria in this
study. A high degree of agreement was observed in the numerical results
and the experimental data when the values assigned to the maximum
principal strain and the maximum shear strain were 0.0475 and 0.28 for
C40 concrete, and the values of the above parameters were set as 0.07
and 0.28 for G-HPC. Furthermore, due to the damage tolerance of G-
UHPC was higher than G-HPC as indicated in Fig. 6, the maximum
principal strain was set to be 0.1 for G-UHPC elements as illustrated in
the literature [30]. A 0.2 effective plastic strain was used to reproduce
the failure of SWMs, and no failure criteria were set for reinforcements
since they were not fractured in the tests.

Table 7

Parameters of K&C material model for G-HPC (unit: kg, m, s).
ao a; az b, by bs I ®
2.66e7 0.4463 8.978e-10 1.2 0.4 1.15 0.0065 0.75
oy aiy azy a¢ az¢ M A 3
7.812e6 0.625 7.35e-9 0.4417 3.38e-9 0 8.31013e-6 2.16149e-5
Aa As e A7 Ag o Mo M1
2.75005e-5 8.41e-5 2.7e-4 3.9e-4 6.1le-4 le-3 1.65e-3 2e-3
M2 M3 M N2 N3 N4 Ns N6
1 100 0 0.85 0.95 0.98 1 0.4404
N7 Ns No N1o N1 N2 M3 fe
0.25938 0.09828 0.01759 0.001 0 0 0 4.24e6
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Fig. 12. Comparison of test and simulation results of uniaxial stress-strain relationship.

Table 8
Parameters of HJIC model for BF-reinforced G-HPC.
Parameter Value Parameter Value Parameter Value
p (g/mm°>) 0.00237 T (MPa) 3.288 Hiock 0.22
G (MPa) 11890 & 0.00001 D, 0.04
A 0.47 &fmin 0.02 Dy 1
B 1.47 Smax 7 K; (MPa) 85000
a 0.0567 Push(MPa) 9.033 K, (MPa) -171000
b 0.258 Herush 0.00057 K3(MPa) 208000
N 0.29 Py, (MPa) 800 fs 0
fe (MPa) 32.46 I 0.136

6.4. Validations

The failure modes and the dimensions of the crater or spalling/bulge
observed in the numerical and experimental results were compared in
Fig. 9 and Table 6. It was worth noting that the range of the effective
plastic strain (damage index) to effectively describe the mostly damaged

10

area should be determined by comparing the numerical and experi-
mental results since there was no unified understanding on this topic
[34,43]. It was found that, for the RC slab, the mostly damaged area
described by the effective plastic strain (damage index) in the range of
1.3 to 2.0 could well agree with the crater and spalling observed in the
experiments, whereas this range was converted to 1.9 to 2.0 for the
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20SWMs-G-HPC slab since their damage tolerance is different. The
damage index of the HJC model varied in the range of 0.0 to 1.0 was
used to describe the damage of the rapidly repaired specimen with the
UHMWPE woven fabric on the up surface of the specimen overturned in
the experiments. The inner failures were also presented in this figure to
illustrate the failure mode of the rapidly repaired specimen and compare
the bulge size. Fig. 9 and Table 6 demonstrated that the developed FE
models could precisely reproduce the failure modes observed in the
tests. The dimensions of the crater, spalling, and bulge were also
well-captured, especially the crater and spalling depths. It is worth
noting that there is a slight difference between the simulation results and
the experimental data. This discrepancy arises from the real-time effect
of concrete damage on the strain rate effect, which might not have been
fully considered in the finite element simulation.

Due to the reflection of the stress wave induced by the blast loading,
coupled with the excellent mechanical properties of G-UHPC, the
damaged G-HPC/C40 elements around the interface of G-HPC/C40 and
G-UHPC were eroded. Moreover, for the specimen Re-RC, the G-UHPC
used to repair the voids formed during the first explosion could keep its
integrity, but the G-UHPC elements in the specimen Re-20SWMs-G-HPC
presented obvious erosion. This demonstrated that the eroded G-HPC/
C40 element dissipated the blast energy, therefore, protecting G-UHPC
elements, but the protective effect was reduced after the adoption of the
SWMs reinforcing the G-HPC. Meanwhile, debonding between the slab
and the G-HPC canvas seemed to occur, which explained the overturn of
the fiber fabric observed on the tests since the blast wave would enter
the gap generated from the debonding. It reminds scholars that the
bonding properties of the concrete canvas between the slab were worth
more attention. Furthermore, it can be reasonably inferred from the
numerical simulation that the G-HPC canvas on the rear surface mainly
suffered from impact loading generated by the fragments with a high
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velocity, rather than blast loading since a significant debonding was
observed between the G-HPC canvas and the internal slab on the rear
surface.

6.5. Failure process

The failure mechanism of concrete or reinforced concrete slabs under
contact blast loading has been well explained, as illustrated in the
literature [44]. Thus, the progression of failure within the examined
specimens Re-RC and Re-20SWMs-G-HPC are respectively presented in
Fig. 13 and Fig. 14 to better understand the failure mechanism after
rapidly repairing the specimen by G-UHPC and the proposed G-HPC
canvas. Two display forms are exploited in Fig. 13 and Fig. 14, i.e., the
left column exhibits the damage index propagation and the right column
demonstrates the development of the element erosion. However, due to
the disadvantage of the software LS-PREPOST, the deformation of the
specimens was not shown in the display form of element erosion. In
addition, the eroded elements simulating the repair material (G-UHPC)
and the construction material of the slab (C40 or G-HPC) were illus-
trated in the display form of element erosion as purple and black ele-
ments, respectively.

Fig. 13 shows the failure process of the specimen Re-RC. It is notable
that the damage development of the G-UHPC elements is indicated by
the yellow circle in Fig. 13. The damage induced by the first blast was
entrusted to the C40 concrete element at 0 ms, whereas the G-UHPC
element (blue part in the middle area) did not present any damage. After
the detonation of the charge (0.0015 ms), the G-UHPC elements were
damaged and the crater was initially formed, however, the damage to
C40 elements was not aggravated at the same time. When the blast wave
persisted until 0.0045 ms, the damage to the G-UHPC elements was
further aggravated and the C40 elements around the G-UHPC were
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Element erosion

e |
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Fig. 14. Failure process of Re-20SWMs-G-HPC slab.

initially eroded (black elements). With the blast loading continuing,
elements between the upper/rear G-HPC canvas and the internal slab
were initially eroded (black elements) at 0.0061 ms and 0.0091 ms,
respectively, indicating a debonding occurred, meanwhile, the damage
to the G-UHPC was also aggregated. The erosion of the damaged C40
elements and the debonding continued until the specimen was destroyed
(2.03 ms). Eventually, the internal slab of the Re-RC presented the
punching failure mode since the C40 elements around G-UHPC were
almost eroded and the outmost edge was almost in a straight line, as
characterized by the red lines shown in Fig. 13(f).

The failure process of the specimen Re-20SWMs-G-HPC, revealed by
the numerical simulations, is illustrated in Fig. 14. It indicated that the
failure process of the specimen Re-20SWMs-G-HPC was similar to the
specimen Re-RC when the blast wave persisted until 0.0061 ms. How-
ever, a new phenomenon was observed at 0.0061 ms, i.e., the G-UHPC
elements filling the damaged area induced by the first blast event were
initially eroded (purple elements). This may be generated from the re-
flected tensile stress on the surface between G-UHPC and G-HPC.
Furthermore, the debonding between the rear G-HPC canvas and the
internal slab was delayed to 0.014 ms. The processes including the
damaged G-HPC elements erosion, G-UHPC element erosion, and the
debonding continued until the specimen was destroyed (2.03 ms).
Eventually, the internal slab of the Re-20SWMs-G-HPC presented the
breach-perforation failure mode.

7. Parametric study

Based on the developed 3D FE model, a parametric study was con-
ducted to investigate the effect of main parameters, such as the repair
material, the thickness and location of the G-HPC canvas, and the steel-
wire mesh, on the contact blast resistance of the rapidly repaired spec-
imens, as shown in Table 9. The specimen Re-20SWMs-G-HPC was
exploited as an example.

Fig. 15 shows the effect of repair materials filling the damaged area
in the slab on the failure mode of the specimens. It indicates that repair

12

materials have an insignificant effect on the distribution of the damage
index shown in the left column of Fig. 15. However, the elements
simulating the repair materials were more significantly eroded with the
repair material changing to C40 from G-UHPC, as the development of
the purple elements shown in the right column of Fig. 15. Meanwhile,
the debonding area between the G-HPC canvas and the internal slab was
also increased. Especially, the upper G-HPC canvas was almost
completely deboned from the internal slab when C40 was used as the
repair material since all the elements between the upper G-HPC canvas
and the internal slab were almost eroded. Overall, all the internal slabs
presented breach-perforation failure as indicated by the massive eroded
G-HPC elements (black element), illustrating that the repair materials
have an insignificant effect on the failure modes. However, it is believed

Table 9
Cases for parametric study.
Simulation cases Nswm Repair T. L. My
material (mm) (kg)
Re-20SWMs-G- 20 G-UHPC 10 Top and 1
HPC bottom
1 20 G-HPC 10 Top and 1
bottom
2 20 C40 10 Top and 1
bottom
3 20 G-UHPC 20 Top and 1
bottom
4 20 G-UHPC 30 Top and 1
bottom
5 20 G-UHPC 10 Top 1
6 20 G-UHPC 10 Bottom 1
7 20 G-UHPC 10 No canvas 1
8 10 G-UHPC 10 Top and 1
bottom
9 0 G-UHPC 10 Top and 1
bottom

Note: In this table, Ny, refers to the number of layers of steel wire meshes; T.
refers to the thickness of the G-HPC canvas; L. refers to the location of the G-HPC
canvas; My refers to the mass of TNT.
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Fig. 15. Effect of repair materials filling the damaged area in the internal slab.

that the damage to the target induced by the fragments was significantly
reduced by the adoption of the G-HPC canvas compared with the spec-
imens without the canvas protection since the G-HPC canvas did not fail
as shown in the numerical simulations. Interestingly, the area of the G-
HPC elements erosion (black elements) in the internal slab seems to be
decreasing with the reduction in mechanical properties of the repair
material. This may be due to the failure of the G-HPC/C40 elements
prior to the G-UHPC elements since an enormous gap exists in their
mechanical properties, thereby dissipating the blast energy and pro-
tecting the G-UHPC elements.

Fig. 16 presents the influence of steel-wire mesh on the failure mode
of the rapidly repaired specimens. Similarly, the steel-wire mesh has an
insignificant effect on the distribution of the damage index, as shown in
the left column of Fig. 16. The specimen with 10 layers of steel-wire
mesh reinforcing or without steel-wire mesh reinforcing presented a
punching failure since the outmost edges of the eroded G-UHPC (purple
elements) and G-HPC (black elements) elements were almost in a
straight line (red lines in Fig. 16(b) and Fig. 16(c)), whereas the spec-
imen reinforced by 20 layers of SWMs showed the breach-perforation
failure (Fig. 16(a)). Furthermore, the eroded elements of G-UHPC
(purple elements) were significantly reduced when the SWMs increased
from 10 layers to 20 layers, indicating that the increase in SWMs could
reduce the damage to the G-UHPC filling the upper damaged area. Be-
sides, the eroded element simulating the G-HPC (black elements) of the
internal slab presented a larger distribution due to the interaction effect

between SWMs and G-HPC when SWMs increase to 20 layers. In sum-
mary, the steel-wire mesh has a significant effect on the failure mode of
rapidly repaired internal G-HPC slab, specifically, a lower damage level
would be achieved by increasing the number of the steel-wire mesh.
Fig. 17 indicates that the location of the G-HPC canvas has a great
effect on both the damage distribution and failure mode of the internal
slab. Especially, the internal slab covered by the G-HPC canvas located
on the upper surface presented a breach-perforation failure (Fig. 17(a)),
whereas the punching failure was observed on the internal slab without
the G-HPC canvas or covered at the bottom since the outermost edge of
the eroded elements of G-HPC (black elements) and G-UHPC (purple
elements) is almost in a straight line (red lines in Fig. 17(b) and Fig. 17
(c)). Furthermore, the comparison of Fig. 17(c) and Fig. 9(b) indicates
that the damage of the specimen rapidly repaired only by G-UHPC was
much more severe than the specimen 20SWMs-G-HPC, demonstrating
that it may not be feasible to repair the damaged specimen by G-UHPC
only. When the G-HPC canvas was placed on the top surface, it could
protect the G-UHPC elements, as illustrated by comparing Fig. 17(a)
with Fig. 17(b) and Fig. 17(c). Moreover, the range of the element
erosion of G-HPC (black elements) shown in Fig. 17 (b) and (c) was
smaller than that shown in Fig. 17(a), indicating that the G-HPC canvas
placed on the top surface could distribute the intense contact blast
loading to a larger area. However, the damage to the important targets
behind the slab induced by the fragments generated from the spalling of
the rear concrete seems to be inevitable. This can be significantly

Damage index

Element erosion

(a) 20

layers

(b) 10

layers

(c) 0 layer

Fig. 16. Effect of steel-wire mesh.
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Fig. 17. Effect of G-HPC canvas location.

reduced by placing the canvas on the rear surface since the fragments
would be caught in the canvas, as shown in Fig. 17 (b). From this
perspective, it is more appropriate to place the G-HPC canvas on the rear
surface.

Fig. 18 demonstrates the effect of the G-HPC canvas thickness. It
indicates that the G-HPC canvas thickness has a remarkable influence on
the damage index distribution. Meanwhile, all specimens presented a
breach-perforation failure, but the element erosion area of G-UHPC
(purple elements) and G-HPC (black elements) is significantly reduced
with the canvas thickness increasing. It is reasonable to infer that the
damage level would be further reduced with the increase in the G-HPC
canvas thickness, even to transform the failure mode of the damaged
internal slab. However, all specimens faced the debonding issue between
the G-HPC canvas and the internal slab.

8. Conclusions

This study conducted contact blast tests to verify the feasibility of
using the steel-wire mesh-reinforced G-HPC in pursuit of enhancing the
blast resistance of the RC slab. A remedy method based on the G-HPC
canvas and G-UHPC to rapidly repair the slabs damaged in the initial
contact blast was proposed. The blast resistance of the rapidly repaired
slabs was also investigated by the subsequent contact blast experiments.
Eventually, numerical simulations were carried out to better understand
the failure mechanism and the effect of main parameters including
repair materials filling the internal slab, steel-wire mesh, G-HPC canvas
location, and its thickness on the repaid repaired slabs. Based on the

above study, the following conclusions can be drawn:

(1) The steel-wire mesh reinforced G-HPC slab had a superior blast
resistance than the RC slab.

(2) The feasibility of the method using the G-HPC canvas and G-
UHPC to rapidly repair the slab damaged in the first contact blast
event was verified, whereas only using G-UHPC to fill the damage
for the repair was not reasonable.

(3) The G-HPC canvas could remarkably decrease the dimensions of
the crater on the post-explosion repaired slab and prevent spal-
ling on the rear surface. Compared to its unrepaired condition,
the diameter and depth of the crater of RC slab after repair have
decreased by 45% and 30%, respectively, while the post-repair
crater of 20SWMs-G-HPC slab exhibits a reduction of 30.7% in
diameter and 75% in depth.

For the rapidly repaired slab, the G-HPC canvas should be placed

on the rear surface of the slab from the perspective of protecting

the target behind the slab.

Increasing the G-HPC canvas thickness and the layers of SWMs

could significantly reduce the damage to the rapidly repaired

slabs.

(4

—

5

—

In future, it is recommended to explore improvements to the G-HPC
canvas and G-UHPC repair methods, including variations in material
composition and application techniques. Simultaneously, investigate
the long-term durability of the repair method, considering factors such
as environmental influences and aging. Optimize the placement of the G-

(a) 10 mm

mm

ﬂ

(c) 30 mm

Fig. 18. Effect of G-HPC canvas thickness.
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HPC canvas and integrate smart materials for real-time monitoring to
validate the efficiency and effectiveness of the repair method under
diverse real-world conditions.
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