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Project Summary

Over the last decade, the construction works are ongoing, however only in the recent years the safety of such
infrastructures has gained increasing attention, particularly the issues of fire, blast, and impact. This
transformation in the mentality is attributed to a series of large fires and blast incidents (e.g., terrorism
attacks) that have taken place in the last years, which have been responsible for dramatic incidents, which
led to human casualties, major structural damages, and serious consequences for the regional economies.
The existing materials either cannot offer protection against both circumstances and their cost is

unaffordable.

The BAM project addresses these challenges, targeting to the design, development, and validation of two
new building materials, which will offer the appropriate resistance against blast, impact, and fire, according

to the relevant standards, considering that currently there is no such material that can offer both services.

The BAM project work plan consists of five (5) distinct Work Packages, implementing activities like material
design and development, production, and validation in laboratory environment and through an analytical

method, management, exploitation and dissemination, and techno-economic analysis.

WP1 will deal with all the actions related to the coordination and management of the project activities,
addressing all administrative issues among the Consortium and the Steering Committee of the project. WP2
will include all the activities related to the dissemination, exploitation, and communication of the results.
WP3 will deal with the design of the 2 new materials, i.e.: i) the HLM and ii) the SCGC and in WP4, the lab
production of the 2 new materials, with 2 different methods will take place, i.e.: 1) the conventional method
of casting and ii) by 3D printing, including all the appropriate modifications of syntheses, to achieve the best
possible production results. Additionally, in WP4 the validation of the new materials’ properties in the
laboratory environment and with an analytical method will take place. Finally, WP5 will include the techno-
economic and cost-benefit analyses, aiming to evaluate the developed materials with both production

methods, in terms of cost, efficiency and environmental impact.

The successful implementation of BAM project is expected to shift the design and development of these
materials towards more innovative and knowledge-based products, allowing the local and European research
community to regain a competitive advantage. The scientific field demands increasingly competitive
materials that will unlock the scientific and technological skills and capacities in EU and worldwide for more
efficient products, thus enforcing the progress in the building materials scientific field. Also, the development
of materials with dual behaviour, with simultaneous reduction of the relevant environmental impacts is
related with the environmental and societal progress in Europe. Furthermore, the involvement of 3D printing
in such materials’ development (further to plastics and electronics) will enhance the scientific and
technological interest and efforts, especially in Cyprus, to conduct further research in the field. Last, but not

least, the application of geopolymerization technology will have a substantial environmental, economic, and
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social benefit, as it is a low-cost innovative technology compared especially to the recovering activities

(50%), with a lower environmental footprint (at least 40%) than the cement industry.
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Description of Work

This report provides a final report of the project including experimental results and numerical modeling of
ultra-high performance fiber reinforced concrete (UHPFRC) and smart composite geopolymer concrete
(SCGC) and their applications in engineering, with a particular emphasis on its utilization in assessing the
impact and blast responses of structures. The increasing use of innovative materials in blast- and impact-
resistant structures underscores the demand for robust simulation and design methods. Concrete, especially
UHPFRC, has emerged as a key player in this domain. The present project delves into the damage
investigation and dynamic response assessment of impact and blast loaded of panels performed by UHPFRC
and SCGC materials.

In the first phase of the project, the UHPFRC panels with optimized mixture design will be examined
(microsilica content, water curing conditions, and fiber proportions) under impact and blast loads. The
compressive and tensile behavior of the so-assembled UHPFRC material is first calibrated and validated
against experimental results, adjusting input parameters from experimental evidence. The investigation
navigates through experimental and numerical challenges, emphasizing the limitations of applying available
models to UHPFRC, and necessitates recalibration for optimal alignment with experimental results. An in-
depth numerical analysis using LS-DYNA software is also carried out, aiming to understand the dynamic
behavior of UHPFRC panels under blast and impact loadings, and performing a comparative analysis
between UHPFRC and normal strength concrete (NSC) panels with and without reinforcement, emphasizing
the superior performance of UHPFRC. Furthermore, the study addresses the construction of UHPFRC panels
as a protective barrier, emphasizing the need to determine the minimum thickness for effective blast
resistance. This involves a specific strategy based on regulations and considering minimal damage in the
panel. Finally, a sensitivity analysis points out the influential parameters for the numerical model. These
insights contribute to a comprehensive understanding of UHPFRC dynamic behavior in blast conditions,
offering valuable considerations for future applications and design implementations in this evolving field.
In the second phase of the project, the behavior of similar panels with smart composite geopolymer concrete
(SCGC) material examined under the effect of impact and blast loading, according to the available data that
currently we have. In doing so, we try to find the response of such material in case of panels under dynamic
loads and use the LS-DYNA software and its available material models to find the response. It should be
noted that the framework given in this report can be generally extended and updated to different composition

of these materials based on the new experimental results and updating the input parameters.
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Phase 1: UHPFRC under blast and impact loads

1. Introduction

In the last decades, the use of innovative materials for blast and impact resistant structures are intensively
increased in construction which highlighted the importance and need of appropriate simulation and design
methods for these kinds of structures under extreme dynamic loads. Concrete can be considered as an
effective and widely used material in the design of protective structures under impact and blast loading. The
compressive strength of normal strength concrete (NSC) is more than its tensile strength which indicates that
concrete is weak in tension. In comparison to NSC, Ultra High Performance Concrete (UHPC) possesses an
elevated concentration of cementitious materials and a reduced water-to-cementitious material ratio.
Additionally, it contains a higher proportion of fine mineral admixture, such as silica fume, and employs
highly efficient superplasticizers. Typically, UHPC excludes coarse aggregates to enhance material
homogeneity, subsequently improving compressive strength. To improve tensile strength of concrete,
longitudinal reinforcement bars as well as fibers can be used to increase the tensile strength of concrete
significantly. In other words, researchers continually endeavor to discover innovative methods for enhancing
the behavior of concrete materials and mitigating their defects under various types of loading. In this regard,
the incorporation of high-strength fibers in UHPC is a common practice to mitigate brittleness which leads
to Ultra High Performance Fiber Reinforced Concrete (UHPFRC) where the fiber types often used include
high carbon steel, Polyvinyl Alcohol (PVA), glass, carbon or a combination of these types or others.
UHPFRC shows good potential as a construction material for protective structures, owing to its outstanding
mechanical characteristics, such as high strength, energy absorption capacity, and distinctive strain
hardening/softening behavior [1]. Furthermore, UHPFRC can be combined with other types of materials,
such as thermal-resistant materials, in a composite structure (or material) to create a multi-objective structure
(or material), that not only resist thermal effects but also exhibit highly promising behavior under dynamic
loads like blast and impact as well as seismic. However, the method of connecting different layers in a
components is also important, and various materials, numerical, and experimental methods have been

proposed in the literature for this issue [2,3].

Numerous research studies have been conducted to investigate the behaviour of UHPC and UHPFRC under
different loadings. In the case of experimental work, several studies can be found in the literature where
different structures made from these materials have been investigated under blast and impact [4-7]. Such
experimental works help to investigate the behavior of these materials under real impulsive loads in terms of
energy absorption, damage, pattern of crack propagation, etc., in comparison to normal concrete. They help
also to develop analytical and numerical methods based on different software, like LS-DYNA [8-12]. LS-
DYNA encompasses different material properties that can be used for concrete and several efforts have been
made to formalize the behavior of concrete material by employing appropriate models [13,14]. Although

these models may be suitable for traditional concrete materials, it is essential to exercise caution when
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applying them to UHPFRC. In other words, using these models with their default parameters may not be
suitable for UHPFRC, and it becomes necessary to adapt and calibrate them based on experimental data to
achieve the best possible alignment between experimental and numerical results. Several studies have been
carried out in the literature that mainly focused on this issue and made many efforts to calibrate these models
especially Mat 72R3 and Mat 159 for UHPC material subjected to different types of impulsive loadings
like blast and impact [12,15-21], and their applications in different kind of concrete structures like beam,
column, panel, etc. [22-39]. In addition, some research studies can be found in the literature that has been
dedicated to finding the response of such structures under seismic loads [40,41], environmental [42], and fire
loading [43,44]. Nevertheless, it is essential to highlight that when dealing with a novel material mixture
tailored for a specific purpose, recalibration becomes necessary. This involves adjusting the input parameters
of these models based on experimental results to achieve optimal performance, which can be done based on

standard methods reported in the literature like single element strategy [12,28,45,46].

On the other hand, according to the literature, one of the ways to minimize the impact of the blast is providing
a suitable standoff distance for a structure. According to the UFC3-340-02 [47] code, a minimum standoff
distance of 15ft is a good choice for any structure to resist the effect of blast loading. However, this value
may not work for all structures due to different material properties, geometry, explosive charge weight etc.
So, one thing that can be done is estimating this value by different strategies that reported in the literature.
On the other hand, the UHPFRC panel can be constructed as a prefabricated member off-site or on-site (with
specific width and height but different thicknesses) and then moved to be connected to a structure as a
protective barrier. In this case, providing a strategy to find the minimum thickness of the panel to be resist
against the blast load is of interest, which can be intelligently determined by utilizing the methods specified
in the regulations and by employing the minimum damage created in the panel. In existing literature, several
research studies have focused on determining the efficiency of protective barrier panels under fragment and
projectile impacts to find the depth of penetration [48-52]. UFC-3-340-02 [47] provides different
formulations for various structures subjected to fragments, typically relying on calculating the penetration
depth of fragments after impact as a function of striking velocity, fragment diameter, shape, and other factors.
To ensure panel safety, the thickness of the designed structures should be equal to or greater than the
penetration depth of the impactor. Despite various studies addressing their behavior under such loads in
terms of deflection, strain, damage patterns, etc., which are discussed earlier, however, there is a gap in the
literature regarding the minimum required thickness of UHPFRC panels for blast loading, which is also

another aspect of this research project.

In addition to what is mentioned above, and notwithstanding the array of experimental and numerical
challenges in the application of UHPFRC in construction, a significant obstacle in UHPFRC production lies
in concurrently optimizing various input parameters to achieve superior properties at minimal cost and
environmental impact. Recent research studies [53-59] have focused on reducing UHPFRC's carbon footprint

and material costs, exploring methods such as decreasing cement content, utilizing supplementary

& INNOVATION

FOUNDATION

) HESEARCH The project is implemented under the programme of social cohesion “THALIA 2021-2027"
|| co-funded by the European Union, through Research and Innovation Foundation.

Co-funded by the Republic of Cyprus =

European Union



Blast al‘ld Fire Blast and Fire Resistant Material
resistant material

cementitious materials, substituting standard sand, employing hybrid fiber systems, and adopting standard
curing for reduced energy consumption. Building on prior work by certain authors within this project, an
optimal mixture of UHPFRC was proposed and determined [60,61]. This mixture includes considerations
such as microsilica content, water curing temperature and duration, and proportions of mono-fiber steel,
hybrid steel, and PVA fibers. The proposed mixture not only optimizes mechanical, physical, and durability
considerations but has also undergone experimental validation for its stability under short-duration loads.
While the suggested optimal mix design for concrete demonstrates commendable performance, a more
thorough investigation is needed, particularly under explosive loading scenarios, which is discussed in this

project.

Considering the outlined objectives, this project sets to address the critical knowledge gap in understanding
the dynamic response of UHPFRC under blast loading conditions through advanced numerical simulations
using LS-DYNA. In this regard, building upon previous research endeavors, an optimized mix design for
UHPFRC panels is implemented, with the primary objective of numerically analyzing the applicability of
this material for panels under explosive loading conditions. The optimized UHPFRC and its corresponding
mix design are presented concisely, along with experimental findings addressing the tensile and compressive
behaviors. Subsequently, the investigation extends to a comprehensive numerical examination of the
UHPFRC, utilizing the Mat_72Rel3 material model based on LS-DYNA software. This phase involves a
comprehensive effort to calibrate and validate the material model and adjustment of its input parameters to
align seamlessly with observed experimental results, followed by the validation of numerical modeling for
blast response simulations using multi-material arbitrary Lagrangian-Eulerian (MM_ALE) and load-blast-
enhanced (LBE) techniques. The scope broadens further with a comparative analysis of panel responses
made from NSC and UHPFRC, with and without reinforcement, assessing the superior performance of
UHPFRC material. Additionally, the numerical modeling extends to determining the minimum required
thickness of the UHPFRC panel, ensuring effective resistance against blast loads while containing damage
within acceptable limit as low damage. Finally, the project concludes with a sensitivity analysis, identifying
the most influential parameters in the numerical model, thus contributing to a comprehensive understanding
of the dynamic behavior and blast response of UHPFRC structures for future applications and design

considerations.

2. Material properties, experimental results, constitutive model and numerical

modeling

2.1. UHPFRC mixture
The UHPFRC mixture used in this research consists of an optimized version of the mixture detailed in
Nicolaides et al. [60], tailored to enhance its mechanical properties, such as compressive, tensile, and flexural

strength, modulus of elasticity, and specific fracture energy. This optimization involved adjustments to
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microsilica content, water-to-binder (W/B) ratios, and the proportions and types of fibers, including steel and
hybrid steel and PV A fibers. For detailed insights into the optimization procedure, readers are directed to the

study of Demetriou et al. [61]. Table 1 presents the composition of the optimized mixture.

Table 1: Mixture Design for UHPFRC

Constituent Content

Cement 880 (kg/m?)
Microsilica 220 (kg/m?)
Standard Sand 833 (kg/m?)
Water 176 (kg/m®)
Superplasticizer 67 (kg/m?)
Steel fibres 6 mm 120 (kg/m?)
Steel fibres 13 mm 120 (kg/m?)
PVA fibres 13 (kg/m?)
Water/Binder 0.16 (-)

2.2. Experimental tests and results
In this project, the experimental results of the proposed UHPFRC mixture under both compressive and tensile
axial load have been used to calibrate the numerical modelling in predicting the behavior of UHPFRC under
applied load. The experimental tests were carried out at the premises of University of Cyprus and Frederick
Research Center, and a summary of tests and their results are presented in Table 2. The obtained stress-strain

curves for both compressive and tensile behavior are illustrated in Fig. 1.

Table 2: Results of axial tests for UHPFRC

Material Property Value
Density (Kg/m?) 2270
Compressive strength (MPa) from Cubes 154.55
(100 mm x 100 mm x 100 mm)

Compressive strength (MPa) from cylindrical 115.23
specimens (radius=100 mm x height= 200 mm)

Modulus of Elasticity (GPa) — 557
from compression test

Poisson’s ratio 0.24
Tensile strength (MPa) from Prismatic Beams 8.0
(100 mm x 50 mm X 500 mm)
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Figure 1: Stress—strain curve in: (a) compression from cylindrical specimens with radius=100 mm x height= 200
mm, (b) tension from prismatic beams (100 mm x 50 mm % 500 mm).

2.3. UHPFRC constitutive model
In both civil and military applications, concrete is a frequently used construction material. Although there
are practically considerable varieties of concrete, the majority of them can be described by a single parameter
called the uniaxial unconfined compressive strength (f'c). Although this single parameter cannot adequately
describe every aspect of concrete material, engineers are frequently asked to conduct analyses involving
concrete when no data is available to characterize the concrete besides from f'c. In this regard, as an example,
the Karagozian & Case Concrete (K&C) model has been proposed in the literature [14,62] in order to capture
the behaviour of concrete specially under extreme dynamic loads. Originally, this material model was
proposed and calibrated for a normal-strength concrete with an unconfined compressive strength of 45.6
MPa and has the ability to generate model parameters solely based on the unconfined uniaxial compressive
strength. However, the composition of UHPFRC differs significantly from that of normal strength concrete,
hence using this model material for UHPFRC without any modification leads to inaccurate results. There are
several research studies in the literature that have been dedicated to the modification of the K&C model
material and its calibration for UHPC under extreme dynamic loads like blast and impact [12,18]. In this
research project, the proposed formulations of Zhang et al. [18] are implemented for the UHPFRC material
that are summarized in the following, but some of its parameters are adjusted based on the available
experimental results to be fitted with experimental results (this will be later discussed in detail). The reason
for selecting this model is that the model was performed based on many experimental tests from the literature,

that also contains fiber reinforced specimens.

2.3.1. Failure surface parameters
In the K&C model material, the failure surfaces are defined in terms of the principal stress difference. The
three failure surfaces namely maximum failure surface Asm, residual failure surface Ao, and initial yield

failure surface Ay can be separately defined as follow a function of compressive strength of UHPFRC.
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Ao, =a,+ P
a, +a,P
Ao, = L N
alf + aZfP
Ao = P

a, + ————
v ¥ a, ta,P
y 2y

where P is the pressure, and ao, ai, a, aif, azs, aoy, a1y, and azy are the failure surface parameters that are defined

as below:

a,= 0.3444f' , a, = 0.4463, a, = 0.1847 /',
a,= 04417, a,, = 0.1737 /', )
a,, = 0.2182f' , a, = 0.6250, a, = 0.5433/f",

Where f°¢ is the compressive strength of UHPFRC material.

2.3.2. Strain rate effect
Under extreme dynamic loading with a high strength rate, the strength of concrete material will increase
significantly and thus affects the structural performance. The strain rate effects can be considered in the
modeling by using a dynamic increase factor (DIF) which is  defined as
the ratio between dynamic and quasi-static strengths for both compression and tension behaviors. In the

following, the DIF equations for both compression and tension behavior are summarized.

e [Equations for DIF in compression (DIF.)

£\ %
DIE, = (—C) L€, < 60571
ECO (3)
éC ﬁc
DIF. =y, (8—) L€, > 60571
co

where & =30e-6 s is the compressive quasi-static strain rate; the other parameters are defined as follows:

1

% =0.975 + 0.877f",

logy. = 6.301a, — 1.890 )
. =03

e Equations for DIF in tension (DIF;)
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DIFt = (._) 'ét S ét TRS_l
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€to

where &_=1.0e-6 s is the tensile quasi-static strain rate; the other parameters are defined as follows:

2571, f'c < 140MPa o1
10sL, f'. > 140MPa ©~ 1+ 0.8f’,

6.301a, — 3.151, f'. < 140MPa (6)
log Ve = { t c
t 7a, — 3.5, f'. > 140MPa

ﬁt = 0.5

&t TR = {

It is important to emphasize the necessity of introducing a cut-off value in DIF equations to prevent the
overestimation of DIF due to the inertia effect at high strain rates. Accordingly, DIF cutoff values are adopted
to be established at strain rates of 300 s™! in compression and 100 s™! in tension based on [18]. The DIFt and

DIFc for a UHPC with fc=175.6 MPa are shown in the Appendix.

2.3.3. Equation of state
To describe the volumetric behavior of concrete in the K&C model material, the equation of state (EOS)
should be defined in LS-DYNA. To this aim, tabulated pressure values in terms of volumetric strain values

should be provided based on the following equation:
P=C(u) +yT(WE (7

where P is the pressure and u is the volumetric strain. The first term on the right, C(u), is the tabulated
mechanical pressure at 0 K isotherm. The second term on the right, y7(w)E, describes the thermally induced
pressure with y as the specific heat modulus, E as the internal energy per unit reference volume, and 7(w) as
the tabulated parameter related to temperature. It should be noted that the temperature-related variation of
hydrostatic pressure (i.e. YT(w)E) can be neglected according to [63-65] for UHPFRC under blast and impact
loads. However, for the case of thermal load, appropriate values according to experiments or literature should

be selected, and a sensitivity analysis can also be done on the effect of this part on the outputs.

In this research project, the *EOS TABULATED COMPACTION card is used to define the equation of
state for UHPFRC and the reference input parameters are adopted from [16] for UHPC and listed in Table
3. This reference was selected for its unique feature of having parametric values proposed. In contrast to
most studies where specific values are provided exclusively for internal use, this particular reference

showcases a comprehensive formula for their calculation. This quality lends itself to significant advantages,
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particularly when dealing with diverse input parameters like compressive strength. Furthermore, these values
can be easily adjusted to account for changes in the relevant input parameters, thereby enhancing their
flexibility and utility. It is also worth mentioning that from the origin to the first data point, the curve’s initial
portion is the linear response represented by the elastic bulk module (K), which is derived from the elastic

modulus, E, using the following expression [30,66]:

E
K= A= 2131.67\/f!(MPa) (8)

where v is Poisson ratio, K is bulk modulus and E is the elastic modulus of UHPFRC. For other input
parameters of the EOS card, the default values of the LS-DYNA are adopted. It should be noted that the

values of volumetric strain should be imported with negative signs in the EOS of LS-DYNA software.

Table 3: Calibrated EOS parameters for UHPFRC [16]

Wi 0 |0.0015| 0.0043 | 0.0101 | 0.0305 | 0.0513 | 0.0726 | 0.0943 | 0.174 0.208

(I\Ea) K| K | 104K | 1.065K | 1.267K | 1.47K | 1.672K | 1.825K | 4.107K | 5K
(1\41)1;3) 0 | K | 3pK | 7mK | 14pK | 21K | 30K | 42uK | 127K | 195K

2.3.4. Failure surface interpolation function
Due to the incorporation of fibers, the hardening and softening characteristics of UHPFRC differ from those
of NSC. The LS-DYNA default values for the failure surface interpolation function n(A) are derived from
NSC data and are consequently inappropriate for UHPFRC. The failure surface is defined by the function
n(A), where the scale factor (1) varies with the accumulated effective plastic strain parameter (A). To define
n(A), thirteen (A, n) pairs can be inputted to define this function, with values not provided by the data sets
determined by interpolation. The parameter A is a function of b; (compressive damage scaling parameter) for
P>0 in the compressive region, and b, (the tensile damage scaling exponent) in the tension region (P<0)
(more details can be found in [11,12,18]). These parameters govern the uniaxial compressive and tensile
damage accumulation rates of concrete during the softening stage. It's important to note that changing the
values of b; and b, can affect the A-n function, requiring adjustments to align with experimental data since
these parameters are dependent on each other. In this project, the effect of three different (1) function are
investigated on the behavior of proposed concrete mixture. These functions are: I) the default values for the

failure surface interpolation function n(A) in LS-DYNA, II) the modified n-A function proposed in Markovich
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et al. [18,21], and III) an n(A) function that is proposed here in this project for the examined material (which
later will be discussed). The tabulated values for the three n-A functions are presented in Table 4 and a

comparison figure is also shown in Fig. 2.

Table 4: Tabulated values for different n-A functions

Default n-A function Markovich et al. n-A function Proposed n-A function
A n A n A n

0.0 0.000 0.0 0.000 0.0 0.000
1.56E-06 0.666 2.80E-05 0.700 1.48E-05 0.666
9.78E-06 0.907 5.00E-05 0.900 2.99E-05 0.907
9.66E-06 0.934 9.00E-05 1.000 3.98E-05 0.950
2.35E-05 0.968 1.70E-04 0.900 5.68E-05 0.990
4.68E-05 0.992 3.00E-04 0.750 8.84E-05 1.000
7.02E-05 0.987 5.50E-04 0.540 1.20E-04 0.970
8.89E-05 0.966 1.00E-03 0.330 3.30E-04 0.600
1.03E-04 0.934 1.63E-03 0.170 4.70E-04 0.350
1.31E-04 0.868 2.50E-03 0.090 1.00E-03 0.170
1.88E-04 0.767 3.50E-03 0.032 1.63E-03 0.100
2.31E-04 0.669 7.00E-03 0.005 2.50E-03 0.010
5.70E-04 0.006 1.00E+00 0.000 7.50E-03 0.006

1 T T T T T T

= Default -\ curve
0.9 —— Markovich et al. n-\ curve |
—— Proposed 7-\ curve
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Figure 2: Comparison of different n-A functions
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According to Fig.2, it can be seen that 1 increases from 0 to 1 as A increases from 0 to Ay (the value of A at
n =1 corresponds to maximum failure surface) during the hardening stage and decreases from 1 to 0 during
the softening stage. It is noticeable that during the hardening phase (0 <A <Ay and 0 <n < 1), the interpolation
function undergoes a slightly slower evolution to account for the distinct hardening behaviors exhibited by
NSCs and UHPC:s. In the softening phase (A > An and 1 < 1), the adjusted n-A relationship exhibits a more
gradual decrease compared to the default values. This modification reflects a more ductile response attributed
to the presence of fibers in UHPCs. Furthermore, Anm is the value of A at ) = 1. It is important to note that, in
the numerical simulation models based on K&C model which are performed in this project, a same n-A

function is applied for both compression and tension.

2.4. Numerical modeling and calibration of the constitutive model
In the pursuit of evaluating the efficacy of the Mat_72Rel3 in characterizing the response of UHPFRC under
axial loads, a thorough examination is conducted in this section using LS-DYNA software. A crucial point
of consideration is that, although the formulation of [18] has been implemented in this project, efforts have
been made to adjust some of its damage parameters based on the current experimental results performed in
this project, aiming to achieve the best possible match between experimental and numerical results, for both

tensile and compressive behaviors.

In case of compressive behavior, the experimental setup (see Fig. 3 (a)) involves the incorporation of two
steel plates, positioned at the top and bottom of the specimen, enabling the application of axial load. It’s
essential to highlight that the compressive axial load is gradually applied to the concrete specimen at a
controlled rate of 0.015 mm/min to simulate quasi-static loading conditions. The numerical modeling
approach employs solid elements for both the concrete specimen and the upper and lower steel plates. The
bottom steel plate is used as a support condition for concrete specimen (all translational and rotational
degrees of freedom are constrained), while the upper steel plate is used to apply the axial load on the
specimens (translational degree of freedom in the z-direction is released and other degrees of freedom are
constrained). For steel plates, a rigid material model (Mat_Rigid) is used, while the concrete utilizes material
model Mat 72Rel3. Input parameters for the concrete material model, and its equation of state have been
calculated based on the procedure provided in preceding sections and integrated into the LS-DYNA software.
Considering the extremely low rate at which the load is applied to the concrete specimen (i.e. 0.015 mm/min),
the effects of strain rate in this scenario are considered inactive. To account for the interaction between the
upper and lower steel plates and the concrete specimen, the
CONTACT_AUTOMATIC SURFACE TO SURFACE with its defaults values is employed. This
command, which is penalty-based, manages the interactions between different components of a specimen by

preventing penetration in the normal direction and applying a friction model in the tangential direction [67].
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The static and dynamic friction coefficients are respectively set to 0.2 and 0.1 in the model. The finite element

model of specimen is shown in Fig. 3 (b).

3 JBoundan' Prescribed Motion, R.igicl|

|, =u, =0,u, =0
8,=8=8,

u,=u =u,=0
8. =6.=86,

(b)

Figure 3: Setup of compression test; (a) Experiment, (b) Finite element model

Fig. 4 shows the results of finite element versus experiment result for the concrete specimen under
compressive load. In the figure, as can be seen, the numerical results are provided for different values of by
parameter of Mat72 Rel3, which is the compressive damage scaling parameter. The objective of conducting
the analysis for various values of b; was to extract the optimal value for b; ensuring the best alignment with
experimental results. Based on the information depicted in Fig. 4, it is apparent that the compressive behavior
of concrete undergoes changes when the parameter b is altered. However, it is difficult to say what value
for by parameter should be taken into account since there is a deviation between the numerical results and

experiment for all examined b, values.
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Figure 4: Comparison of compressive stress-strain curve obtained from experiment and numerical modeling with
different b1 values

To enhance the compressive behavior of concrete in this particular region, an investigation into the effect of
n-A function as damage curve is also taken into consideration. For this purpose, the effects of three distinct
n-A functions on the response behavior have been investigated, by keeping constant the value of b; equal to
-0.25. As already defined, the first curve is the auto-generated n-A function (default n-A function). The second
n-A function is adopted from Markovich et al. [21], and the third one is the proposed n-A function in this
project. Essentially, an examination is being conducted on how the curvature of the concrete compressive
curve is influenced by these n-A functions, with modifications occurring after the peak strength is reached.
As shown in Fig. 5, the proposed n-A function exhibits the highest level of compatibility with experimental
data, in comparison to other damage functions, making it the preferred choice in the analyses presented in
this project. Such a choice of n-A function was derived based on trial-and-error simulations. It should be
noted that the determination of damage parameters is typically grounded in the principle that energy
dissipation per unit width equals the fracture energy of the material, often represented by the area enclosed
by the stress-strain curve. This comparison between the strain-stress curves derived from finite element
simulations and experimental data serves as a validation method. Previous research studies, exemplified by
references such as [28,68], have adopted this strategy to define damage parameters. In practice, researchers
employ a trial-and-error approach, experimenting with various values for these parameters to identify the

optimal fit between numerical simulations and experimental results. For instance, in [69,70], a trial-and-error
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procedure has been used to find the n-A function, which in this study is also used to find the proposed n-A

function.
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Figure 5: Comparison of compressive stress-strain curve obtained from experiment and numerical modeling with
different n-A functions

In the case of tensile behaviour, the method of single-element analysis has been used. This method is one of
the most employed techniques by researchers to calibrate proposed damage parameters of the material
models with experimental data, particularly in the case of concrete materials. This technique, as illustrated
in Fig. 6, is instrumental in assessing the impact of each parameter in material properties like Mat 72Rel3,
on the results of numerical simulations under both tension and compression (with and without confining
pressure from all four sides, see Fig. 6¢). In this project, this method is only used for tensile behaviour since
the stress-strain curve of cubic specimen under the compressive load has not been recorded (instead, the
cylindrical specimen was simulated under compressive axial load as discussed in the previous section). In
this method, the applied loading is modeled using the prescribed boundary motion. Additionally, each node
of the single element has its own boundary condition, as illustrated in Fig. 6. This approach is utilized to
demonstrate the effectiveness of the material constitutive model in predicting the response of UHPFRC, and

subsequently, to identify the optimal values for the parameters governing tension behavior (b, value).
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Tensile loading Compressive loading Compressive loading
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(a) Uniaxial tension (b) Uniaxial compression (c) Triaxial compression
N1: X, Y and Z translation are constrained N2: X and Z translation is constrained
N3: Z translation is constrained N4:Y and Z translation are constrained
N5: X and Y translation are constrained N6: X translation are constrained
N7: Free N8: Y translation are constrained

Figure 6: Typical model setup of the single element model [12], (a) Uniaxial tension, (b) Uniaxial compression,
(c) Triaxial compression

The numerical outcomes of the single element method are depicted in Fig. 7 for various b, values. As evident
from the figure, the choice of b, value influences the results, and consequently, as can be seen, selecting
b,=-0.75 can be considered in generating the stress-strain curve in the tensile region. It should be noted that
the determination of the b2 parameter is influenced by the behavior of the sample after it reaches its peak
tensile strength under tension. Limitations in equipment hindered the assessment of strains in UHPFRC
beyond its peak tensile strength value in this study, necessitating an approximation for the tensile stress-
strain behavior of specimens up to higher strains. Leveraging the Benjamin curve from established technical
literature (named as Benjamin Original Curve) [11,71] and scaling it to match the specimen's observed tensile
strength of 8.9 MPa in this study (named as Benjamin Scaled curve), enabled an estimation of the post-peak
tensile behaviour of specimen (i.e., the specimen tested in this study) and into higher strains. As can be seen
from Fig. 7, setting the b, parameter to -0.75 yielded a predicted curve closely resembling the scaled
Benjamin Curve. However, the limitations of this study, particularly the lack of data collection for higher
strain values in the tensile test, need to be declared. In other words, the adoption of the Benjamin Curve was
resorted to, understanding that it provided a better estimation of the b, value. This approach, while
acknowledging its inherent approximation, allowed for a rational estimation of the b, value, that can affect
the results. It should be noted that, generally, by decreasing the b, parameter from a positive value to a
negative value (like 3.96 to -3.96), the behaviour of the UHPFRC can be controlled, resulting in a more
ductile specimen. In other words, by changing the value, more deflection can be interpreted, leading to an
increase in the ductility of the specimen. Since fiber contents are used in UHPFRC, the specimens tend to
have more ductility than normal concrete. Therefore, the b, parameter should be selected to balance the
output, preventing the specimen from behaving very brittlely or in an overly ductile manner, which, by taking

into account the effects of other damage parameters, the value of -0.75 for b, can be a good approximation
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in this study. In order to capture the effect of n-A function on the tensile behaviour, a similar analysis with
that has been already done for compressive behaviour is also performed here with the same n-A functions

and keeping constant the value of b, equal to -0.75. The results from this investigation are shown in Fig. 8.

— Experiment
——b,=-3.96
b,=-0.75
——b,=0.00
—-—-b2=0.50
b2=3.96

====Benjamin-Original curve
—— Bnejamin-Scaled curve to tensile strength of 8.9 MPa

Axial tensile stress (MPa)
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0 0.002 0.004 0.006 0.008 0.01
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Figure 7: Comparison of tensile stress-strain curve obtained from experiment and numerical modeling with
different b, values
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Figure 8: Comparison of tensile stress-strain curve obtained from experiment and numerical modeling with
different n-A functions
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Overall, the results have elucidated the impact of parameters b, b, and n-A function on the response of
concrete subjected to both tensile and compressive loads. The refinement of concrete behavior representation
in both compressive and tensile regions, coupled with an increased number of experimental trials, holds the
potential for more precise prediction and calibration of concrete parameters. In other words, it should be kept
in mind that proposing a generic model that works for all types of UHPFRCs in both compression and tension
is complicated and requires extensive experimentation and numerical modelling, which is beyond the scope

of this study and this aspect will be subjected to further scrutiny and exploration in future investigations.

3. Blast load formulation and validation of finite element modeling

3.1. Blast load formulation
To model blast loads, various strategies are available in the literature, which can be broadly categorized as
simple and complex methods [72]. In the simple approach, the blast load is approximated as an exponential
function of time and applied to the structure as a pressure history on the affected area [47]. The parameters
for this idealized function can be determined using various empirical formulations found in the literature
[73,74]. In contrast, the complex approach involves modeling TNT material and air as well as real conditions
through the utilization of ALE (Arbitrary Lagrangian-Eulerian) in LS-DYNA [75,76]. This method often
yields more accurate results (if all condition of experiment setup is known and available) compared to other
blast loading approaches like Conwep, empirical formulations, pressure-impulse diagrams, etc. as simple
approaches, but its computational cost is higher. Nevertheless, the simple strategies have also yielded
promising outcomes, and many researchers have employed these methods with a reasonable degree of
accuracy when compared to experimental results. In this project, specifically within the part concerning the
effect of blast loading, for a more comprehensive investigation of the issue, the two procedures including

ALE method and load blast enhanced (LBE) method are utilized and the results are then compared together.

In the case of ALE method, to model the air blast loading, both TNT and air are modeled using 3D finite
elements. In this regard, the air is modeled as an ideal gas by using the MAT NULL material model and the
linear polynomial equation of state (i.e. EOS_LINEAR POLYNOMIAL) is assigned, which gives the air

pressure related to the volume and internal energy as follows:
P = CO + Cl”a + CZHaZ + C3Ha3 + (C4 + C5P‘a + CGHaZ)EO,Air (9)

where Co, Ci1, C>, C3, Cs, Cs and Cs are the linear polynomial equation coefficients; i, = p/po—1, in which p
and po are the current and initial densities of air; and Eo i is the internal energy per unit volume. The assigned

values for these parameters are presented in Table 5.
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To model TNT, the Mat High Explosive Burn is used along with the Jones-Wilkins-Lee equation of state
(i.e. EOS JWL in LS-DYNA). The EOS _JWL defines denotation pressure as a function of the relative

volume of the denotation product and an initial explosive internal energy, and it is expressed as follows:

) w WEy T
P=A<1——) ‘R1V+B<1——) TRV —— 1
Rv)¢ R,v)° v (10)

where V' is the relative volume of the detonation products; 4, B, Ri, R, and w are parameters related to the

explosive type; and Eorntis the internal energy per unit volume (see Table 5 for assigned values). It should

be noted that for other input parameters, the default values are adopted.

Table 5: EOS parameters and material properties of TNT and air

Material Material model and EOS Input parameters Value
MAT NULL Initial density, po (g.mm) 1.29¢-6
- Pressure cut-off 0
Air Co, C1, 3, G, G 0
EOS LINEAR POLYNOMIAL Cs, Cs 0.4
Internal energy, Eoir (N/mm?) 0.25
Initial density, po (g.mm™)
Detonation velocity, D (mm/msec) 1.63e-3
nation i mm/m
MAT HIGH EXPLOSIVE BURN | — onaton verocly, S 6930
- - - Chapman-Jouguet pressure, Pc;
21000
(MPa)
INT A (MPa) 371200
B (MPa) 3231
4.15
EOS_JWL Ri
- R 0.95
Q 0.3
Initial energy, Eo, TNT (N/mm?) 7000

Regarding the LBE method, it relies on the Kingery and Bulmash [77] relationships for free air blast
generated by spherical and hemispherical surface charges of TNT. These air blast relationships align with
those presented in UFC3-340-02 regulation [47] and the commonly referenced U.S. Army Engineer Research
and Development Center (ERDC) application ConWep [78]. It should be noted that this method is applicable

or restricted to scaled ranges greater than about 0.4 m/kg'*[79].
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3.2. Validation of finite element modeling
This section aims to validate the accuracy and efficiency of the finite element simulation based on LS-DYNA
software in determining the structural response of UHPFRC material under the effect of explosive loads. In
this regard, the precision of the software in predicting the structural response under blast load is initially
assessed by referencing laboratory test results conducted on UHPC reported in the literature and
implementing both MM_ALE and LBE methods. Subsequently, the designated finite element method for
scrutinizing the behavior of the suggested materials in this project under the influence of blast loads is
employed, and additional analyses are performed to enhance the understanding of the behavior of the

suggested materials.

To this aim, the previous experimental findings of Li et al. [9] are used. This study was chosen due to its
utilization of a mixture design incorporating steel reinforcement, which, broadly speaking, constitutes a
fundamental aspect of UHPFRC material. The test specimens used for validation consisted of UHPC slabs
with varying reinforcement ratios and different types of reinforcing steel, subjected to various blast scenarios
with different explosive charge weights and stand-off distances. The field blast testing system and the
schematic view of UHPC slab are shown in Fig. 9 (a). The UHPC slabs fabricated as 2000*1000*100 mm
and were reinforced with steel rebars throughout the cross-sections, as depicted in Fig. 9 (b) (which is 90
degrees rotated around the z-axis compared to experimental setup shown in Fig. 9 (a) to illustrate the
reinforcing rebars positioning). It is worth noting that no stirrup rebars were used in any of the slabs.
Regarding the material properties, the Young’s modulus, Poisson’s ratio, ultimate compressive strength,
tensile strength, ultimate strain and density of UHPC specimens used in the experiments were set to 51503
MPa, 0.2, 128.9 MPa, 30 MPa, 0.0025 and 2424.9 kg/m’, respectively. In the case of steel rebars, various
steel strengths were employed in different specimens. It should be noted that no further details were provided
steel material except the yield stresses and rebar diameter; so, the necessary information is derived from the

existing literature on this type of material for the verification based on finite element modeling.

Rebar with diameter of 12 mm or 15.2 mm

30 mm . 270mm e 2000mi

100 ""“I 180 mm
o o o o ot—po

1000 mm

(b)

Figure 9: Slab configuration and reinforcement; (a) experiment setup, (b) the schematic representation of UHPC
slab and reinforcing rebars (the figure are adopted from [9]).
4

4
N\ 4
~

& INNOVATION

FSUNDATION co-funded by the European Union, through Research and Innovation Foundation.

|||| l HESEARCH The project is implemented under the programme of social cohesion “THALIA 2021-2027"

Co-funded by the Republic of Cyprus
European Union



Blast al‘ld Fire Blast and Fire Resistant Material
resistant material

More in detail, two experiments were employed in this project for verification, denoted as Test 1 and Test 2
which correspond to the UHPC-D4 and UHPC-D3B tests performed by Li et al. [9], respectively. In Test 1,
the explosive charge weight (W) and scaled distance (Z) were set to 8 kg of TNT and 0.5 m/kg!'?,
respectively. Utilizing the equation Z = R/W'3, the stand-off distance (R), which is the distance between the
explosive material and structure (here is the UHPC slab), was calculated as 1.0 meter. Furthermore, Test 1
employed a steel ratio of 0.8%, utilizing mild steel grade rebars with a diameter of 12 mm and a strength of
300 MPa. In Test 2, the explosive charge was increased to 14 kg of TNT, and the scaled blast distance was
adjusted to 0.41, resulting in a stand-off distance of 1 meter. The remaining parameters in Test 2, including
the steel ratio, steel strength, and rebar diameter, were the same as those in Test 1. It's worth mentioning that
Li et al. [9] explored UHPC panels under blast loads using three different scaled distance values: 0.41, 0.50,
and 3.05 m/kg'?. Notably, the blast scenario with Z=3.05 m/kg'”® exhibited negligible impact on the panels
and was consequently excluded from the validation process. In other words, Tests 1 and 2 significantly
influenced the panel responses, leading to nonlinear behavior. These tests are considered in the validation to

assess the suitability of FE modeling in capturing post-yield behavior of the panels.

In order to simulate the behavior of UHPC slab under blast scenarios, the MM-ALE method was utilized,
incorporating UHPC slab, steel rebars and supports (i.e. the experiment setup that held the UHPC slab during
the test and provided the support conditions) as Lagrangian parts, and TNT and air parts as Eulerian parts.
The coupling between ALE and Lagrangian parts has been taken into consideration by

CONSTRAINED LAGRANGE IN SOLID.

For modeling the UHPC slab, three-dimensional solid elements with ELFORM=1 formulation were
employed, and the Mat72 Rel3 material model was used. Also, the EOS TABULATED COMPACTION
is considered for equation of state of UHPC material, and its input parameters have been calculated by the
method provided in Section 2. The strain rate effect is introduced using the DEFINE CURVE option in LS-
DYNA according to the formulation provided in Section 2.

The reinforcing rebars were modeled using beam elements with the Hughes-Liu with cross section
integration method, with tabular cross section type. The MAT PLASTIC KINEMATIC is utilized to
consider the behaviour of steel material. The density, elastic modulus, Poisson ratio and yield stress of steel
material are set to 7850 kg/m?®, 210000 MPa, 0.3, and 300 MPa. The strain rate effect is also considered by
Cowper-Symmonds relationship with parameters C=40.4 and P=5.0, due to the fact that, these values are
reported for mild-steel in the literature [80-82], and it is assumed that it can be adopted for this case that
there is no further information. It's important to highlight that, apart from the yield stress, the authors made
assumptions regarding other parameters, as no additional details were provided in Li et al. [9]. To establish
the contact between concrete and reinforcement bars in  MM-ALE method, the

ALE COUPLING NODAL CONSTRAINT was employed.
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For support conditions, solid elements are employed, and MAT RIGID is utilized under the assumption that
the support remains rigid and does not undergo deformation during the experiment. Due to the fact that the
UHPC slab was placed on steel supports (see Fig. 9 (a)), the contact between the UHPC slab and supports
should be taken into consideration. In this regard, the
CONTACT AUTOMATIC SURFACE TO SURFACE contact cared were employed. All translational
and rotational degrees of freedom of supports are constrained to provide a non-deformable support for UHPC

slab.

The TNT and air parts were modeled using the method and formulation provided in Section 2, where details
regarding material modeling, equation of state (EOS), and material properties were precisely described. Solid
elements with ELFORM 11 of point ALE multi-material element are used for both TNT and air parts. In
order to generate the three-dimensional mesh of TNT and Air parts, the Structured ALE has been employed.
The spacing parameters are input through the ALE STRUCTURED MESH CONTROL POINTS cards,
from -1000 to +3000 mm in x-direction with 51 element number, from -1000 to +2000 mm in y-direction
with 51 element number, and from -200 to +3000 mm in z-direction with 56 element number (about 140000
air elements). It should be noted that the local coordinate system is defined using the
ALE STRUCTURED_MESH by taking into account the previous values for element numbers and interval
limits in x, y and z direction. Also in specific scenarios, employing structured meshes proves advantageous.
With structured meshes, both the element and node connectivity are straightforward, leading to a simplified

searching algorithm for ALE coupling. The finite element model and its details are shown in Fig. 10.

It is noteworthy that the "erosion" algorithm has been employed using the Mat Add_Erosion to capture the
initiation and propagation of concrete material damage. This algorithm automatically deletes concrete
elements from the calculation when user-defined criteria, such as principal stress or strain, are met. Careful
consideration should be taken into account when it comes to setting the erosion criterion, since too high value
may result in element distortion due to substantial deformation, while setting it too low may lead to premature
erosion and element deletion, violating mass conservation and compromising result reliability. In this project,
to prevent extensive removal of elements that would compromise mass conservation, a principal tensile strain
value of 0.1 is employed as the erosion criterion [9]. For steel reinforcements, the value 0.2 is set for failure

strain for eroding elements in MAT PLASTIC KINEMATIC [83].
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Figure 10: UHPC Slab configuration and reinforcement

The time history of the out-of-plane mid-span displacement of UHPC panel for Test 1 is shown in Fig. 11.
According to the figure, the FE simulation based on MM-ALE method yields a maximum out-of-plane
displacement of 60.43 mm at the midspan of the UHPC slab, exhibiting a deviation of 17.4% in comparison
to the 72.91 mm displacement observed in the experiments. Moreover, the residual mid-span deflection is
calculated as 38.15 mm through numerical simulation, showing a deviation of 4.6% when compared to the
experimental value of 40 mm. In case of LBE method, a maximum displacement of 76.18 mm was obtained
at the slab mid-span, showing a 4.3% difference compared to the experimental maximum value of 72.91 mm.
Additionally, the residual deflection induced in the slab was calculated as 43.4 mm, exhibiting a 7.8%
difference compared to the experimental value which was 40mm. From the obtained results, it can be said
that the ALE demonstrated a residual deflection calculation that closely matched experimental results. It is
essential to note that, in this experiment, the lack of certain laboratory specifications and the reliance on
assumed input parameters by the authors might introduce disparities between the results of experimental and
ALE method. Naturally, if the ALE method could encompass all experimental conditions, given its
composite nature involving both Lagrangian and Eulerian approaches to capture blast wave interactions and
propagation, the accuracy would notably improve. Conversely, the LBE method, with its simplicity and
lower computational cost, has demonstrated acceptable accuracy and is recommended in scenarios
demanding more extensive analyses, particularly when parametric analysis through repetitions is necessary.
According to the study of Abedini et al. [84], for rapid analysis of a structure under blast load, the LBE
method is more suitable than ALE method. However, if the simulation of the propagation of shock waves is
needed, then ALE is the best approach. Since analyzing the shock wave propagation of blast load is not the

objective of this study, the LBE method has been used in section 2, with the aim of optimizing time efficiency
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and expediting other numerical analyses. It should be noted that, since the finite element modeling has
enough accuracy and efficiency in modeling the blast load and blast effect on structures, it can be
implemented to other configurations with different geometry, material properties etc., which will be followed

in the next sections.
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Figure 11: Comparison the mid-span displacement time histories of the test slab obtained from MM-ALE method
and load blast enhanced with the experiment results

In addition, based on the experimental outcomes, the mid-span of the slab exhibits a predominant flexural
mode due to the specific conditions of support, where the slab is constrained on two sides only. Consequently,
the flexural mode governs, leading to the maximum displacement occurring at the slab's central region. As
depicted in Fig. 12., numerical modelling aptly captures this behavior in Test 1. In case of Test 2, the results
shown in Fig. 13 indicate that the UHPC slab experienced failure, aligning precisely with the findings
reported in Li et al. [9] study.
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Figure 13: Comparison the results of numerical modelling based on LS-DYNA software with experiment in Test 2
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4. Extending finite element model

This section broadens the scope of the finite element modeling endeavors to analyze the response of
UHPFRC panel with optimized mixture under different explosive loadings. Acknowledging that each
structural element may exhibit support conditions ranging from hinge to fixed supports (excluding free ends),
the calculations are performed under hinge support condition, which leads to larger deflections than fixed
condition (this helps to find response for the case with high deflection that stands in case of more safety
factor). Furthermore, building on the insights gained from the previous section, the LBE method is utilized
for determining explosive forces due to its relatively commendable accuracy and less computational effort.
It should be noted that finite element simulations have been performed by the Explicit solver of LS-DYNA,
which avoids matrix evaluation and iteration, and thus, it is suitable for complex dynamic problems such as
impacts and blasts. This is because LS-DYNA automatically evaluates the finite element mesh and material
properties to determine an appropriate time step size for numerical stability. This time step size is then
automatically adjusted throughout the transient analysis to account for contact, as well as local material and

geometric nonlinearities [85,86].

4.1. Model configurations and blast scenarios
The FE model was further extended to perform a comprehensive examination of the optimized UHPFRC
mixture (by taking into account its material properties in LS-DYNA through what was provided in sections
2 and 3) through the investigation of four distinct configurations under various blast loads. Four distinct
configurations were examined, encompassing: 1) non-reinforced NSC panel (NR-NSC), 2) reinforced NSC
panel (R-NSC), 3) non-reinforced UHPFRC panel (NR-UHPFRC), and 4) reinforced UHPFRC panel (R-
UHPFRC). For all cases, the pinned condition has been applied to the panels. While various support
conditions can be considered for the panel, it was assumed in this paper that the panel has pinned support
conditions on all four sides. However, deformations and rotations are reduced by changing from hinged to
fixed support conditions. In other words, these support conditions were chosen to achieve a safer design. The
panel dimensions were set to 1.0 m by 1.0 m, with a thickness of 6.0 cm as tp (as will be discussed later, the
simulations will also be extended to other thicknesses). It is worth mentioning that dimensions 1.0 m by 1.0
m were chosen based on practical considerations for on-site construction and transportation. Increased
dimension would be required for larger thickness to prevent greater deflection under constant explosion
forces, leading to increased weight and more difficult installation. Furthermore, in configurations 2 and 4 (to
reinforce the panels), steel reinforcement bars were implemented (7 rebars in each direction — 14 in total —
with 10 mm diameter and spaced at 150 mm), accompanied by a 20 mm concrete cover on both sides of the
panel. It should be noted that due to practical constraints arising from the relatively low thickness of the
examined panels (practical construction of these panels later on presents challenges), it is likely unfeasible

or not practical to place two layers of rebar mesh on the bottom and top sides of the panel cross-section
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through a small thickness. Although adding extra layers of rebars is possible, only one layer of rebar mesh
in the middle part of the panel (in which the rebars are oriented in perpendicular directions) was utilized in
this study for reinforced panels (this provides the same cover thickness at the top and bottom sides of the
panels). The rebars were set in A2 type, boasting a yield stress of 340 MPa. The material properties of
UHPFRC were considered as in Table 2, while the compressive strength and tensile strength of NSC were
set to 30 MPa and 3.012 MPa, respectively. It should be noted that the strain rate effects of normal strength
concrete were also taken into consideration, according to [87-89]. It should be noted that a mesh sensitivity
analysis was conducted to determine optimal sizes for solid and beam elements, aiming to achieve both
accuracy and computational efficiency in the analysis. The analysis encompassed different mesh dimensions,
including 40 mm, 20 mm, 10 mm, and 5 mm. Results revealed that using solid elements with a maximum
size of 10 mm, alongside beam elements of 10 mm length, yielded convergent outcomes with less than 1%
deviation compared to a finer mesh (5.0 mm). Mesh sizes of 20 mm and 40 mm exhibited deviations of
2.55% and 15.5%, respectively, compared to the 5 mm mesh, then the 10 mm mesh size was selected here

to conduct simulations.

To select blast scenarios, according to the literature, recent incidents involving explosions have highlighted
that terrorist attacks are commonly categorized based on two key factors: the weight of the explosive charge
and the distance of detonation from the targeted structure. In documents like FEMA 426 [90] and FEMA
452 [91], the magnitude of explosions is classified by considering the amount of explosives that can be
carried by individuals and various types of vehicles [92,93]. In this regard, various scenarios for explosive

loading were taken into account to conduct numerical analyses which is shown in Table 6.

After conducting finite element analyses, the outcomes are extracted and presented as the maximum
displacement (Omax) Of the panels, which are presented Table 6. According to the table, the results reveal that,
for all blast scenarios, the NR-NSC panels succumb to complete failure, undergoing extensive damage due
to the applied blast loads. On the other hand, the R-NSC panels exhibit resilience, effectively absorbing
explosion-induced loads only in blast scenarios 1 and 2, while succumbing to complete failure in the
remaining blast scenarios (i.e., blast scenarios 3-6). Furthermore, the utilization of NR-UHPFRC panels, in
contrast to their counterparts with NR-NSC and R-NSC panels, demonstrates superior performance. Notably,
in scenarios 1 and 2, the maximum displacement recorded is significantly reduced. In blast scenario 3, the
R-NSC panel experienced full failure, whereas the NR-UHPFRC panel successfully absorbed the explosion
energy, achieving a maximum displacement of 11.07 mm. In the remaining blast scenarios (i.e. blast
scenarios 4-6), the NR-UHPRFC panel undergoes damage, indicative of a substantial blast load intensity.
However, when the UHPFRC material is reinforced with steel rebars, its overall behavior witnesses a marked
improvement, preventing complete failure in all cases. Nevertheless, it is noteworthy that the maximum
member displacement remains considerably high in scenarios 5 and 6 for R-UHPFRC panels. The time
histories of the mid-span displacement of panels for loading scenarios 1 and 2 are illustrated in Fig. 14 (a)

and (b), respectively. It is important to note that, in order to effectively illustrate the distinctions among the
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results obtained for various cases, the horizontal axis (i.e., time) is restricted to 15 milliseconds. For Blast
Scenario 1, the maximum displacement of the NR-NSC panel, which is 14.81 mm, almost occurred at 100
milliseconds. However, in Scenario 2, the NR-NSC panel experienced complete failure, with the
displacement reaching nearly 70 mm at 100 milliseconds. In this case, the damage pattern was complete,
with cracks propagating and panel failing entirely. However, in both blast scenarios 1 and 2, the NR-
UHPFRC and R-UHPFRC panels exhibit consistently elastic-linear behavior. This underscores the
exceptional overall performance of the proposed material, highlighting its remarkable capability to dissipate
blast energy without incurring substantial damage. Notably, this resilience persists even when compared to
cases where NR-NSC and R-NSC panels experience complete failure. These methodical investigations and
parameter specifications contribute to a nuanced understanding of the structural response under varying

conditions, essential for advancing the discourse in UHPFRC applications.

Table 6: Various blast scenarios for numerical modeling

Blast scenarios Omax (Mm)
Number W
of blast (kg of
scenario TNT)

R z NR- R- NR- R-
(m) (m/kg”) NSC NSC UHPFRC UHPFRC

1 3.5 5.0 3.293 14.81 2.31 0.36 0.35
2 5.0 5.0 2.924 Failure 4.51 0.48 0.47
3 10.0 5.0 2.321 Failure 19.47 0.99 0.97
4 30.0 5.0 1.609 Failure Failure 11.07 6.26
5 50.0 5.0 1.357 Failure Failure Failure 22.56
6 75.0 5.0 1.186 Failure Failure Failure 77.22
16 ‘ ' 16 ‘
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Figure 14: Time histories of panel’s displacement for a) blast scenario 1, and b) blast scenario 2
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To further compare the obtained results, a comparison has been made on the damage pattern of the examined
panels. Fig. 15 illustrates the damage caused to the NR-NSC and NR-UHPFRC panels, expressed in terms
of effective plastic strain on both the front and rear faces of the panels, for the blast scenario 3 at time 8.20
ms. For the NR-NSC panel, the predominant failure mode is direct-shear failure. This failure mode is
attributed to the shear stress near the support exceeding the concrete's shear strength, leading to the complete
failure of this zone without any significant bending deformation. A key characteristic of direct-shear failure
is the concentration of damage near the boundaries, as depicted in Fig. 15 (a) and Fig. 15 (c). Conversely,
the NR-UHPFRC panel exhibits a flexural failure mode and damage is observed in the tensile zone at
midspan (see Fig. 15 (d), with cracks propagating from the center of the panel towards the supports. In the
compressive zone on the front face of the panel which is shown in Fig. 15 (b), the effective plastic strain
remains low, indicating minimal damage to the NR-UHPFRC material in this region. It is important to note
that the failure modes of two-way panels are governed by direct-shear failure, flexural failure, or a
combination of these mechanisms, known as flexural-shear failure. Each failure mode can occur depending
on the energy released by the blast and can be investigated comprehensively. Furthermore, as investigated,
for the same panel with NR-NSC or NR-UHPFRC, it is observed that using UHPFRC in comparison to NSC
can significantly improve the behavior of the panel and change its failure mode (e.g. from direct-shear failure

to flexural failure), enhancing its overall structural behavior under high strain conditions.

(a)

Effective Plastic Strain
2.000e+00
1.SDUe+UD:I
1.6008+00 _|
1.400e+00 _
1.200e+00 __
1,000e+00 __

sasen L iin :.
1 5.001e-01 _
€.0000-01_ 1
s 3904801 __
2.000e-01 1.997e01 ]
00002400 0.000e+00 _|

(b)

Effective Plastic Strain
1.007e+00
1.797¢+00
1.5088+00 _
1.398e+00 _
1.198e+00 __
0.0850.01

Co-funded by the
European Union

FOUNDATION

\ ()
{.w.} ) RESEARCH
NS & INNOVATION
A

Republic of Cyprus

The project is implemented under the programme of social cohesion “THALIA 2021-2027"
co-funded by the European Union, through Research and Innovation Foundation.



Blast and Fire Blast and Fire Resistant Material
resistant material

Effective Plastic Strain Effective Plastic Strain
2.000e+00 1.007e+00
1.800e+00 :I 1.797e+00
1.600e+00 _| 1.508e+00
1.400e+00 _ 1.398e+00 _
1.200e+00 _ 1.108e+00 _
1.000e+00 _ 9.985e-01
8.000e-01 __ﬁ 7.988e01 _| |
6.000801 _ 5.001e-01 _
4.000e-01 3.994e-01
2.000e-01 ] 1.997e-01 :l
0.000e+00 _| 0.000e+00 _|

(©) (d)

Figure 15: Failure modes of the panel under W=30 kg of TNT and R=5.0 m; (a) front face of NR-NSC, (b) front
face of NR-UHPFRC, (c) rear side of NR-NSC, (d) rear side of NR-UHPFRC

4.2. Minimum required thickness for the NR-UHPFRC panel
As demonstrated in the previous section, the NR-UHPFRC panels exhibit relatively good resistance to blast
loads. It can effectively absorb a significant portion of explosion energy without undergoing extensive
damage in comparison to NR-NSC and R-NSC panels. In this section, the focus is on determining the
minimum required thickness for the panel using a damage index based on the support rotation criterion in
such a way that the damage falls within the low range. To accomplish this objective, a brief explanation of
the single support rotation criterion is first provided. In the structural design process for a structure or its
individual members under blast loads, the conventional approach involves the consideration of performance-
based design. In simpler terms, the acceptability of a selected member is determined by analyzing its
deformations in response to the applied blast load [47,94]. The anticipated support rotation 0 is typically
derived from the interplay between the maximum displacements (Omax) 0f the specific member and its length

(L) and it is as follows:

)
0 = tan~1 () (1)
The estimated rotation amplitude shall then be compared with a set of limit values stipulated by standards,
such as the provisions outlined in [47,94]. Although in these regulations various response limits are stipulated
for reinforced concrete members (such as beams, columns, slabs, etc., taking into account different
reinforcement conditions), the regulations do not provide specific guidelines for UHPRFC sections. Building
on the findings from the previous section, it was demonstrated that the response of the NR-UHPFRC panel
surpasses that of both NR-NSC and R-NSC panels. This implies that opting for the proposed allowable values
intended for R-NSC when selecting them for the NR-UHPFRC panel would be a prudent choice to find the
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response of the structure. In [94], the allowable support rotation criterion (0.) for reinforced beams, slabs and
wall panels under blast load is proposed as 1, 2 and 5 degrees for low, medium and high response,
respectively. To ensure that minimal structural damage is incurred under blast loads, it is imperative that the
support rotation be kept at fewer than 6,=1 degree. To this aim, initially, for the determination of the
minimum thickness, a standard geometry is considered (a panel with dimensions of 1.0m by 1.0m by t,,
where t, is the thickness). Due to the complexity of determining the initial required thickness at the first trial
for a given blast load scenario, it is better to perform numerical studies based on a predefined thickness value
and finding the response of panel (i.e. 0) under different blast scenarios which are outlined in Table (7) for
different predefined thicknesses. For each geometry (e.g. panel with Im*1m*0.08m), the support rotation is
obtained as a function of scaled distance. By fitting a curve to the obtained data, the scaled distance
corresponding to a support rotation of 1 degree can be identified (which physically corresponds to the blast
load which the panel behaves the rotation of 1 degree under its effect, and the limit value for the panel to
have damage level below low damage). The obtained scaled distances of different configurations correspond
to support rotation 1 degree are then used in establishing a relationship between minimum required thickness
values, explosive charge weight and scaled distance. This relationship, once determined, becomes a practical
tool for the determination of the required thickness for various blast scenarios, allowing for adaptability to

changes in blast loads.

Table (7): selected blast scenarios and examined standoff distance range for finding minimum required
panel thickness

W Range of Range of Range of R(m) Range of
(kg of TNT) R(m) R(m) (for t,=80 mm) R(m) (for
(for t,=40 (for t,=60 t,=100 mm)
min) min)
3.5 2.24.0 1.5-2.5 1.1-2.0 0.9-1.5
10.0 3.9-7.0 2.7-4.5 2.1-35 1.7-3.0
30.0 6.7-10.0 4.8-8.0 3.7-6.0 3.1-5.0

The results of finite element modeling for various configurations, as outlined in Table (7), are presented in
Fig. (16). It is evident from the figures that, in each curve, as the scaled distance decreases, there is an
increase in support rotation, indicating a corresponding increase in damage for all cases. It should be noted
that each of the derived figures for the panel maintains a consistent thickness. Take, for instance, Fig. 16(a),
obtained for a panel with a 40-millimeter thickness, meticulously scrutinized across various explosion
scenarios shown in Table 7. On this figure, for an equal scaled distance (e.g., 2.0 m/kg'?), the results reveal
that an escalation in explosive charge weight induces a proportional increase in the rotation of the support,
or more precisely, amplifies the extent of damage inflicted upon the panel. The critical inference drawn from

these findings is that a similar scaled distance in explosion loading does not translate to a uniform explosion
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load, when charge weight differs. This is consistent with the insights presented in technical literature. For
example, in accordance with the Kingery-Bulmash relationships [77,82], explosion loading pressure is solely
dependent on scaled distance. Conversely, blast time duration is not only a function of scaled distance but
also hinges on the explosive weight. A higher explosive weight leads to higher blast time duration,
consequently intensifying the blast impact on the structure. Furthermore, elevating the thickness value allows
for the application of lower values of scaled distance, signifying more robust resistance to stronger blast
loads on the structure. This observed phenomenon is attributed to the governing mode of the structure being
bending in the selected configurations. Increasing thickness results in a higher moment of inertia,

contributing to enhanced structural resilience against the applied blast loads.
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Figure 16: support rotation variation with scaled distance and charge weight for different panel thicknesses; (a)
t,=40 mm, (b) t;,=60 mm, (c) t,=80 mm, (d) t,=100 mm
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To further investigate the obtained results, and in order to find the minimum required thickness related to
0.=1, using MATLAB software, a fitting curve was applied to each set of data obtained from finite element

components, with the following equation.

f=rc+ : 12
1 c, Z+c, (12)
where c1, ¢; and c3 are the fitting coefficients which are listed in table 8 for each set of data and their relevant
coefficient of determination R?, which are higher than 0.99 in all cases, shows a very good accuracy in

predicting the support rotation.

Table 8: Fitting coeficients values

W (kg of TNT) tp (mm) c1 c2 c3 R?
40 -0.1012 2.492 -3.377 0.998
35 60 -0.1073 4.354 -4.063 0.996
80 -0.1038 6.003 -4.221 0.994
100 -0.08848 8.022 -4.519 0.999
40 -0.07838 2.848 -4.877 0.997
10 60 -0.03602 5.368 -6.465 0.999
80 0.03831 10.58 -10.2 0.997
100 -0.04303 9.125 -7.003 0.999
40 -0.2553 2.117 -4.214 0.991
30 60 -0.08969 5.423 -8.012 0.998
80 -0.1233 6.464 -7.443 0.996
100 -0.04738 9.919 -9.62 0.999

With the fitted functions, by setting the rotation equal to one and solving the equation in terms of scaled
distance, the corresponding scaled distance value can be determined. This process is carried out for all cases,
as schematically also illustrated in Fig. 16 (d), and the scaled distances related to 6,=1 are obtained
accordingly. It can be stated that each panel with a uniform thickness can withstand a certain level of scaled
distance related to each examined explosive loads. By obtaining these values and creating a database in terms
of panel thickness, charge weight and scaled distance, a relationship can be proposed for thickness as a
function of charge weight and scaled distance. The proposed equation and fitted curve based on the obtained
dataset with this procedure is shown in Fig. 17. As can be seen from the figure, the minimum required
thickness of the panel can be calculated as a function of scaled distance and charge weight, which has a good

level of accuracy with R?=0.97.
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Figure 17:minimum required thickness of NR-UHPFRC panel as a function of W and Z

In conclusion, to evaluate the applicability and potential of the analytical relationship presented in Fig. 17,
two distinct examples were chosen to examine its efficacy in determining the minimum required thickness.
The selected blast scenarios entailed W=7.0 kg of TNT and R=2.70 m for scenario 1, and W=20.0 kg of TNT
and R=3.50 m for scenario 2. The analytical formulation yielded minimum required thickness values of 52.66
mm and 71.32 mm for scenarios 1 and 2, respectively. Subsequently, through simulations employing finite
element modeling, it was observed that for the aforementioned selected scenarios, the minimum required
thickness was 56.00 mm and 74.50 mm for scenarios 1 and 2, respectively (which are obtained by performing
several simulations to find support rotation as 1 degree). These findings revealed disparities of 5.96% and
4.23% between the values derived from the analytical method and those from the finite element simulation.
Nevertheless, despite these slight variations, a significant alignment between the results obtained by both
methods was discerned, signifying the reliability and robustness of the analytical approach in estimating the
minimum required thickness. It should be noted that the proposed formulation is derived based on the
obtained data from the finite element simulations based on the selected geometry during the previous
sections. For panels with different dimensions, different boundary conditions, etc. further investigation is

needed.
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4.3. Sensitivity analysis
Sensitivity analysis involves the modification of inputs or model parameters to assess the model's behavior
and understand the dependence of its outputs on these parameters [93,95,96]. In this section, a sensitivity
analysis is conducted to examine how the response of a UHPFRC panel responds to changes in input
variables and identify the most and least influential parameters. In this process, one input variable is
considered to be changed (i.e., New value = Origin value + 5%, 10%, 15% and 20% Origin value), while the
values of all other parameters are kept constant (i.e., Origin value), and the resulting changes in the objective
function (Omax) are measured. For this purpose, the NR-UHPFRC panel is considered with the same geometry,
material properties and boundary condition reported in the previous section. The material properties selected
as the origin values of the model for sensitivity analysis are based on the values proposed in Section 2.
Furthermore, the blast scenario is selected as W=20 kg of TNT and R=5.0 m from the center of the panel.

The results obtained from sensitivity analysis which is shown in Fig. (18).
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Figure 18: Results of sensitivity analysis

As can be seen from the figure, the results indicate that an increase in the explosive charge weight leads to
an increase in the displacement of the panel, while an increase in the standoff distance results in a decrease
in the displacement. Similarly, an increase in the panel thickness leads to a decrease in the displacement of
the panel. Additionally, an increase in the tensile strength of concrete leads to a reduction in the panel
displacement, and a similar behavior is observed with an increase in the compressive strength of concrete. It
is noteworthy that the sensitivity of the tensile strength parameter of the panel in this case is greater than the
compressive strength of concrete. This is because, by maintaining a constant tensile strength and increasing

compressive strength, concrete attains its ultimate tensile strength before reaching its ultimate compressive
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strength. Consequently, the panel's behavior continues to be primarily governed by tension, rendering the
increase in compressive strength perceived as inconsequential. Conversely, it is evident that an augmentation
in tensile strength results in a reduction in the panel's displacement. This suggests that by increasing the
tensile strength, the panel can withstand a higher level of stress in tension without entering the elastic region,
leading to a decrease in displacement. In essence, the conclusion can be drawn that as long as concrete is
predominantly controlled by tension, the impact of increasing compressive strength is less significant

compared to enhancing tensile strength, and vice versa (for the NR-UHPFRC panel).

Another important point is that in this examined sensitivity analysis, failure parameters have had an impact
on the structural response, with the greatest influence in this case coming from the parameter A in the n-A
damage function. As mentioned earlier, the n-A damage function has a significant effect on the behavior of
the concrete panel and serves as a controller for the member's behavior. Moreover, an increase in the
parameter b; has led to a negligible increase in the panel's displacement (Considering that the initial value of
parameter b; was -0.25, this value has been multiplied by the increase percentage (e.g. 1.2) without changing
its sign). On the other hand, an increase in parameter b, has also resulted in a marginal reduction in
displacement. On the other hand, an increase in parameter b, has also resulted in a marginal reduction in
displacement. This is because the original value of parameter b; was set at -0.25. During sensitivity analysis,
when this value was multiplied by an incremental value (e.g., 1.2), it resulted in a reduction of the area
enclosed by the stress-strain curve (or the fracture energy), consequently leading to an increase in panel
displacement. Similarly, the initial value of parameter b, was -0.75. During sensitivity analysis, when the
original value was multiplied by an incremental value (e.g. 1.2), the area enclosed by the stress-strain curve
in the tension region increased, leading to a decrease in the panel’s displacement. The obtained results align
with the observations from Figs. 4 and 7. It is worth noting that if the initial values of bl and b2 are positive,
increasing these parameters would result in a decrease and increase in the panel's displacement, respectively

(Figs. 4 and 7).

The obtained results align with the observations from Figures 4 and 7. It is worth noting that if the initial
values of b; and b, were positive, increasing these parameters would result in a decrease and increase in the

panel's behavior, respectively. This assertion can be reaffirmed by referring to Figures 4 and 7.

In conclusion, it is evident that the most sensitive parameters are blast parameters and panel thickness. This
gives a very important note that, if these parameters can be controlled in critical structures (for instance
identifying and securing at-risk areas through preventive measures, particularly by installing secure barriers
at an optimal distance from structures [97]), it is possible to prevent a significant extent of potential damages

and minimize damage to primary structural elements and reduce the risk of progressive collapse.
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5. UHPFRC under impact loads

In this section, we'll delve into examining the response of Ultra-High Performance Fiber-Reinforced
Concrete (UHPFRC) panels under the influence of impact loads. While much of the finite element modeling
process mirrors what was done in the preceding section for blast loading, there are some nuances to address
before conducting these simulations that will be discussed later after presenting the experimental results of
impact loading. The experiments actually have been performed on different Disc-shaped specimens’ disks
under the weight of with dimensions ®60x10mm have been tested under drop-weight impact with various
impact energy levels. Four specimens were tested by dropping a weight of 670g from a height of 0.5m, 1.0m,
1.5m and 2m (impact energy of 3.3J, 6.6J, 9.9J and 13.2] respectively). The specimens after testing are
shown in Fig. 19. As can be seen from this figure, appreciable deformation and multiple cracking are

observed. Energy dissipation is evident by crack bridging and by the steel fibers.

Figure 19: Under-surface of specimens after impact from heights of 0.5m, 1.0m, 1.5m and 2m (left to right).

The testing frame, the drop weight and the specimen supporting ring used are shown in figure 20. The drop
weight is made of brass and has a tip made of WC-Co with a flat tip of diameter 6mm. The weight is guided
by the vertical tube and a load vs time graph is obtained using a fast-response compression load sensor under
a supporting ring of inner diameter 44mm. The load recording has a resolution of + 5N and an accuracy of +
10N. Time is recorded with a resolution of 1um. For the tests, the specimens were used as received. The
ambient temperature was 23+ 20C and the ambient relative humidity was 50+ 5%. The drop weight testing

frame and the drop weight used (its geometry) as well as its support are shown in the following figure.
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Figure 20: The drop-weight testing frame (left), the drop weight used (centre) and the ring support (right) used.

The results obtained from the experiment for the total energy absorbed by each specimen are given in Table
9. According to the table, the results indicate that the specimens can absorb substantial amounts of drop-
weight impact energy, ranging from 100% for a drop height of 0.5m to 57% for a drop height of 2m. The
energy absorbed appears to be an approximately linear function of the impact energy. These results are in
apparent agreement with the extent of the fractures of the specimens observed as shown in Figure 19.
Whereas the lowest impact energy has only just initiated cracking in the specimen (leftmost in figure 19),
increasing impact energy has resulted in increased fracturing. Energy absorption is apparently enabled by
the steel fibres bridging the cracks and by the fibres pulling out from the matrix due to frictional energy

dissipation.

Table 9: Summary of the results for energy absorption

Drop height 0.5m 1.0m 1.5m 2.0m
Impact energy, J 3.3 6.6 9.9 13.2
Energy absorbed (peak area), J 3.3 52 6.2 Fi
Ratio energy absorbed, %, 100 78 63 57

After conducting these experimental simulations, we proceeded to perform finite element modeling using
the LS-DYNA software. Initially, our goal was to assess the software's accuracy in modeling the impact
behavior of the material in question. Subsequently, we aimed to extend its application to other geometries
such as panels that will be examined later. To model the impact load, two different methods can be
implemented. One involves using the input load as a time history function of the impact load, while the other
method entails modeling the impactor component using the appropriate elements in LS-DYNA. In the latter
case, an initial velocity should be applied to the impactor to simulate the real situation where all impactors
have an initial velocity before impact. This initial velocity can be assigned to the hammer using suitable

cards, such as *INITIAL VELOCITY GENERATION. To consider the mass of impactor and other
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features, appropriate material properties should be used. In this regard, MAT RIGID (MAT 020) can be
used to define the behavior of impactor. The reason for selecting this model material is first to minimize the
computational cost of the FE simulations and second no significant deformation is expected from the hammer
during the simulation. More in detail, the impactor possesses a spherical shape with a mass of 20 kg, dropped
from a height of 4 m. To simulate the interaction between the concrete and the impactor, the AUTOMATIC-
SURFACE-TO-SURFACE card in LS-DYNA is utilized, utilizing its default values for efficiency and
accuracy. Other assumptions like the boundary condition and panel dimensions are the same as before. Fig.
21 schematically shows an impactor in LS-DYNA with specific dimensions that will be used in the part of
impact loading on the structures in this project. As can be seen from the figure, an initial velocity is applied

to the impactor using the aforementioned card in the software.

Impactor

Concrete Part

Figure 21: schematic modeling of specimen under impact load in LS-DYNA

The results obtained from the numerical modeling are provided in Fig. 22 and Fig. 23. As evident from the
figures, numerical modeling has enough accuracy and efficiency in predicting the response of disks under

applied impact loads and the maximum error between the results is about 9.8%.
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Figure 22: The absorbed energy by the disks under different impact loads
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Figure 23: The comparison between experiment and numerical modeling
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Phase 2: SCGC under impact and blast loads

Geopolymer cement is an environmental-friendly material because it is composited utilizing industrial
wastes like fly ash and slags instead of Portland cement, which therefore could reduce carbon emissions and
protect environment through recycling industry wastes. Geopolymer cement with aggregates produces
geopolymer concrete (GPC), which shows good mechanical properties, like high early strength, and
controllable setting time. GPC exhibits similar or more pronounced mechanical properties including
compressive strength and elastic modulus as compared to NSC. Since GPC shows brittle behaviour and
relatively low tensile strength, different fibres can be incorporated into geopolymer concrete to produce smart
composite geopolymer concrete (SCGC). Both GPC and SCGC exhibit a steady strain hardening feature,
while their ductility and energy absorption capacity are found to be enhanced with the addition of fibres in
the matrix. In this project, in order to model the SCGC material, the mat K&C has been used which as
mentioned before, it is a powerful material property that can be used for different type of concrete material
by modifying the input parameters. In 2022, Chen et al. [70] discussed the suitability of different dynamic
constitutive models for prediction of geopolymer concrete structural responses under blast and impact
loading. They showed that the K&C model could best model the brittle failure behavior of GPC after reaching
its ultimate compressive strength. Furthermore, the K&C model with modified material input parameters
could better predict GPC structure responses under impact and blast loads when structural response is
dominated by flexural response mode (which is almost the governing case under blast and impact tests).
Upon investigation, it was noted that the selected mixture under scrutiny did not incorporate fiber
reinforcement, resulting in a brittle behavior observed in the GPC via numerical simulation. However, this
project diverges from that scenario, as our objective is to produce a SCGC capable not only of withstanding
blast and impact energy but also exhibiting ductile behavior, unlike GPC. Preliminary experimental tests
conducted in this project revealed compressive and tensile strengths of SCGC at 130 MPa and 6 MPa,
respectively. Leveraging these findings, we conducted finite element modeling using LS-DYNA software to
assess the response of such structures under blast and impact loadings. The panel's geometry and boundary
conditions mirror those previously established for UHPFRC material. The blast scenario involves the
detonation of 30 kg of TNT at a stand-off distance of 5.5 m from the top of the panel. To facilitate a
comparative analysis between UHPFRC and SCGC panels, the outcomes of both panels subjected to the
selected blast scenario are extracted and juxtaposed. Notably, the results obtained for the NR-UHPFRC
panel, utilizing the material properties discussed in previous sections, are utilized for this comparative
assessment. The findings are presented in terms of maximum mid-span deflections and the extent of damage

sustained by the panels in the following figures.

Fig. 24 illustrates a comparison between the mid-span displacements of panels constructed with SCGC and
UHPFRC materials. As evident from the figures, the mid-span deflection of the SCGC panel exceeds that of
the UHPFRC panels. This disparity can be attributed to the lower tensile and compressive strengths of SCGC
material compared to those of UHPFRC material. Additionally, UHPFRC panels demonstrate superior blast
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energy absorption capabilities compared to SCGC material. It's noteworthy that for panels made with normal
strength concrete (30 MPa compressive strength and 3.012 MPa tensile strength), complete failure occurred.
In other words, both UHPFRC and SCGC materials not only exhibit enhanced blast energy absorption but
also offer promising options for designing blast-resistant structures due to their high energy absorption
potential. Furthermore, it's important to highlight that the simulations provided are based on preliminary
experimental results of SCGC, and the model can be refined with upcoming experimental data. In essence,

ongoing experimental investigations are underway and will be incorporated into future studies to enhance

the accuracy of simulations.

20
18

16

Deflection (mm)
=
o

— SCGC
8 UHPFRC
6
4
2
0
0.00 5.00 10.00 15.00 20.00

Time (msec)

Figure 24: Mid-span deflection of the panel for SCGC and UHPFRC panels

For further comparison between the results of the two panels, the damage sustained by both panels is
presented in Fig. 25. It's evident that the SCGC panel has incurred more damage from blast loading compared
to the UHPFRC panel, consistent with the findings regarding mid-span deflection. Particularly noteworthy
is the significantly greater damage observed in the mid-span region of the SCGC panel, whereas the
UHPFRC panel remained largely undamaged in this area. Interestingly, the propagation of failure is almost
identical for both panels, with damage initiating near the supports before spreading to the mid-span region.

This observation suggests that shear failure predominates near the supports, while bending governs the
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behavior of the panel at mid-span. To mitigate such failures, one potential strategy is to reinforce the panel,

thereby enhancing its performance under such loads.
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Figure 25: The comparison of effective plastic strain caused to the panels under blast load; (a) SCGC panel, (b)
UHPFRC panel

To evaluate the behavior of panels under impact loads, we subjected them to a 20 kg drop weight released
from a height of 4.0 m. The drop weight, a spherical shape with a radius of approximately 85 mm, was crafted
from mild steel with a density of 7850 kg/m?*. Two panels, one composed of SCGC and the other of UHPC
material, were tested under this load, with their responses recorded through simulation in LS-DYNA
software. It's important to note that solid elements were utilized to model the impactor, and INITIAL-
VELOCITY-GENERATION card was employed to set the initial velocity of the impactor. The panel
thickness was set at 6.0 cm, with dimensions of 1.0 m*1.0 m, and pinned boundary conditions were applied.
Since the impactor fell from a height of 4 m, its initial velocity was 0, and its velocity just prior to impact
was calculated using the formula V = \/m, where g represents the gravitational acceleration and h signifies
the drop weight's height. A straightforward calculation yielded the impactor's velocity just before impact as
8.86 m/s. It's noteworthy that the interaction between the impactor and the panels was modeled using
AUTOMATIC-SURFACE-TO-SURFACE contact feature, utilizing default values. The simulation results
are presented as follows, detailing the residual velocity of the impactor after impact and the resulting damage

inflicted upon the panels.

According to Fig. 26, it is evident that the velocity of the impactor reaches zero for both panels, indicating
their effective energy absorption capabilities. However, it is noteworthy that the velocity of the impactor
reaches zero in a shorter duration for the UHPFRC panel compared to the SCGC panel. This suggests that
the UHPFRC panel exhibits higher energy absorption efficiency, achieving zero velocity in a shorter

timeframe.
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Figure 26: Variation of impactor velocity by time

The extent of damage inflicted upon the panels is depicted in Fig. 27, illustrating the conditions of SCGC
and UHPFRC post-impact. Specifically, Figs. 27(a) and 27(b) respectively showcase the top and bottom
faces of the SCGC panel, while Figures 27(c) and 27(d) depict the corresponding faces of the UHPFRC
panel. Upon examination, it is evident that localized failure has occurred in the region of impact for both
panels. However, the damage observed in the UHPFRC panel is less severe compared to that in the SCGC
panel. This discrepancy can be attributed to the superior mechanical properties of UHPFRC, exhibiting
enhanced characteristics in both compression and tension when compared to SCGC material. It is important
to note that the findings presented in this section are preliminary and subject to further refinement with the

inclusion of additional experimental data.
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Figure 27: Damage caused to the panel under drop weight;

(a) Top face of SCGC panel, (b) Bottom face of SCGC

panel, (c) Top face of UHPFRC panel, and (d) Bottom face of UHPFRC panel
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Conclusions

This project delved into the dynamic response and damage investigation of Ultra-High Performance Fiber-
Reinforced Concrete (UHPFRC) and Smart Composite Geopolymer Concrete (SCGC) panels under blast
and impact loads. Through a combination of experimental testing and advanced numerical analysis based on
LS-DYNA software, valuable insights were gleaned into the effectiveness of these materials in mitigating

the effects of blast and impact loadings. The findings of this project are as follows:

e A calibrated and validated UHPFRC finite element material model was achieved through meticulous
adjustments of parameters based on experimental findings. The challenges associated with applying
existing models to UHPFRC were revealed, emphasizing the necessity for recalibration to achieve
optimal alignment between experimental and numerical results.

e A comprehensive numerical analysis was conducted utilizing LS-DYNA software, offering in-depth
insights into the dynamic behavior of UHPFRC panels under blast loading. Various model
configurations and blast scenarios were covered, including non-reinforced normal strength concrete
panel (NR-NSC), reinforced NSC panel (R-NSC), non-reinforced UHPFRC panel (NR-UHPFRC),
and reinforced UHPFRC panel (R-UHPFRC). Results indicated that NR-NSC panels exhibited
complete failure under blast loading, while R-NSC panels demonstrated resilience in specific
scenarios. Notably, NR-UHPFRC panels outperformed their NSC and R-NSC counterparts,
showcasing superior performance in absorbing explosion-induced loads. Furthermore,
reinforcement with steel bars significantly enhanced the performance of R-UHPFRC panels,
preventing complete failure in all considered blast scenarios. Also, for a same panel with NR-NSC
or NR-UHPFRC, it is observed that using UHPFRC in comparison to NSC can significantly improve
the behavior of the panel and change its failure mode (e.g. from direct-shear failure to flexural
failure), enhancing its overall structural behaviour under high strain conditions.

e The minimum required thickness for NR-UHPFRC panels using a proposed strategy based on a
damage index derived from the support rotation criterion was determined in this project. Through
numerical studies, a relationship between the minimum required thickness, explosive charge weight,
and scaled distance was derived, emphasizing the crucial role of panel thickness in withstanding
blast loads.

e The response of NR-UHPFRC panels to changes in input variables was assessed through a sensitivity
analysis, with explosive charge weight, standoff distance, and panel thickness identified as dominant
parameters. Valuable insights into the factors influencing the performance of UHPFRC panels under
blast loading conditions were provided by this analysis, forming the basis for establishing the
relationship between these parameters in this project.

e The results obtained from the numerical modelings showed that the numerical modeling has enough

accuracy and efficiency in predicting the response of disks under applied impact loads and the
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maximum error between the results obtained from both numerical modeling and impact are about

9.8%.

e  The results showed that, both UHPFRC and SCGC materials not only exhibit enhanced blast energy

absorption but also offer promising options for designing blast-resistant structures due to their high

energy absorption potential in comparison to NSC.

e The results showed that, both UHPFRC and SCGC materials provided enogh resistance againf the

impact of a drop weight with 20 kg which is fallen from a height of 4.0 m. However, the UHPFRC

showed a better behaviour under this load due its better ductility and higher values of compressive

and tensile strengths.
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Appendix

Figs. 28 and 29 show DIF. and DIF, for a UHPC with f=175.6 MPa, respectively.
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Figure 28: DIF. for a UHPC with fc=175.6 MPa
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Figure 29: DIF; for a UHPC with fc=175.6 MPa
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