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Abstract: This study has two main aims; firstly, investigating the behavior of slabs that are strength-
ened with different types of reinforcements and with Slurry-Infiltrated Mat Concrete (SIMCON)
laminates, having different dimensions and thicknesses and subjected to static and dynamic (impact)
loads. Secondly, the development of a non-linear finite element (FE) model to simulate the behav-
ior of the tested slabs utilizing the ABAQUS/Standard package. The modeling of the NSC slabs
strengthened with either SIMCON or steel plates involves using three-dimensional solid elements
that are partially integrated with the modeling of concretes using the 8-node brick element (C3D8R).
The results of the experimental and numerical investigations are compared to examine whether the
slab modeling is sufficient. The comparison includes the element type, material characteristics, real
constants, and convergence study. The predicted ultimate load-carrying capacity versus vertical
deformation response is compared with the lab results that correspond with it, as obtained via the
FE analysis of all tested slabs. In addition, the results of the FE analysis of slab specimens that
are strengthened with steel plates were compared to the results of the ones strengthened using
SIMCON laminates. The obtained results have led to a number of significant observations. Con-
sidering the punching shear strength, it was found that using SIMCON strengthening in different
dimensions increased the slab’s punching shear capacity and outperformed steel-strengthened slabs.
As for the plate stiffness, SIMCON-strengthened slabs presented higher stiffness rates than steel-
strengthened slabs, to the extent that even 20 mm SIMCON strengthening outperformed the steel
plate-strengthened slabs of any thickness or dimensions. The axial load-displacement relationships
indicate that all the numerical models show a stiffer behavior when compared with the experimental
axial load-displacement relationships. The slab thickness of SIMCON significantly affects the load-
carrying capacity, and it increases with the increase in thickness. Likewise, using strengthening from
steel plates gives a higher load-carrying capacity. Finally, since the results of the yield line analyses
for these slabs are found to match the experimental results closely, this method is considered to be
suitable for practical use in determining the strength of plated slabs. Therefore, the conclusion is
drawn that the proposed FE model can be sufficiently used in evaluating the dynamic responses of
slabs strengthened with SIMCON or steel plates and subjected to cyclic and impact load.

Keywords: non-linear finite element; ABAQUS; steel plate; SIMCON

1. Introduction

Concrete is the main material in the infrastructure that is required to maintain human
life on this planet, and it represents the main pile in civilization [1,2]. At the same time,
concrete structures, especially reinforced concrete (RC) structures, often require strength-
ening and repair [3,4]. At the present time, engineers have generally tended to identify
the optimal way of enhancing concrete performance using a set of criteria, such as con-
crete strength, durability, workability, and sufficient service life [5-7]. To exemplify, tanks,
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bridges, pavements, highways and machine foundations, and off-shore structures demand
a relatively higher fatigue strength [8-10]. To address these aspects, Slurry-Infiltrated Mat
Concrete (SIMCON) is introduced as a suitable solution, resulting from material alteration
for increasing how stiff, ductile, and strong the members are [11-13]. It is a cementitious
composition with advanced steel fiber reinforcement. These steel fibers undergo a mechan-
ical preplacement in the form of a mat, which is densely packed into a roll with specific
thickness, fiber volume, and fiber dimensions criteria [14]. In SIMCON, the volume fraction,
length, and aspect ratios of fiber rise remarkably, which in turn corresponds to an increase
in flexural strength and other mechanic properties [15,16].

As compared to Slurry-Infiltrated Fibrous Concrete (SIFCON), the random plane
distribution of steel fibers in SIMCON results in better flexural strength. It has been found
that SIMCON could behave similarly to SIFCON in terms of flexure but with approximately
half the fiber volume fracture [17]. In SIFCON, flexural failure occurs in the form of a main
crack; meanwhile, multiple cracks were observed in SIMCON [18-20]. Other advantages of
SIMCON include providing the same strength and energy absorption capacity as SIFCON
at a lower fiber volume [21]. Using SIMCON includes the use of stainless steel in the fiber
mats Hackman, Farrell, and Dunham [18], which limits corrosion greatly. The provision of
steel fibers as mats makes it easier to place and handle on construction sites [22]. On the
other hand, it is found to be stronger whenever the fibers have a perpendicular orientation
to the loading axis [23,24].

A number of studies have examined the effect of SIMCON strengthening on the struc-
tural behavior of specimens. Krstulovic-Opara [5] created SIMCON models for tension
and compression and showed that SIMCON could be potentially used for repairing and
retrofitting structures that already exist [25,26]. Balamuralikrishnan and Jeyasehar [27]
investigated the flexural strength of reinforced concrete beams both experimentally and
analytically using externally bonded SIMCON laminates. The prediction of the theoreti-
cal moment-curvature relationship of specimens and the load-displacement response of
beams (strengthened and controlled) was performed using the FEA software ANSYS. By
comparing the numerically obtained results to the ones obtained experimentally and theo-
retically, it was concluded that a higher flexural strength and stiffness, as well as composite
action until failure, was found for the strengthened beams. Harris [28] tested 12 square
Reactive Powder Concrete (RPC) slabs of dimensions (1143 x 1143 mm) to investigate
the boundaries between flexural and punching shear failures. The main factor taken into
consideration is the slab thickness (50.8, 63.5, and 76.2 mm). The slab support in all cases is
found to be on the end that is fully restrained, with a concentric loading. The conclusion
was drawn that only small loading areas were needed for forcing punching shear failures
in RPC slabs when dealing with small plate tests, taking into account the flexural capacity
and deflection criteria.

Steel plates are commonly applied to strengthen reinforced concrete beams and slabs.
The plate bonding method has attracted the attention of many researchers over time, as it
is considered to be a simple and fast method that results in minimal increases in terms of
structural self-weight and size. Elbakry and Allam [29] studied, both experimentally and
analytically, the punching shear strength of RC two-way slabs strengthened with steel plates.
Better results were obtained for the strengthened slabs in terms of stiffness and punching
shear strength, which is mainly determined by the plate dimensions, stud diameter, and
arrangements. The increase in punching shear strength after steel strengthening is predicted
analytically using the proposed approach. The latter was applied to the test specimens using
the punching shear equations adopted in a number of codes of practice. Zhang et al. [30]
found that two-way reinforced concrete slabs can be efficiently strengthened using external
steel plate bonding. Sim and Oh [31] experimentally demonstrated how using external
bonds of steel plates when strengthening RC bridge deck panels under punching load leads
to a substantial increase in the load-carrying capacity and flexural stiffness.

Given the fact that certain RC structures require redesigning to resist impact loading,
it is important to ensure the predictability of the response and damage that may eventually
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occur to the RC structures under impact loading. The impact response of reinforced concrete
members could be reliably studied using impact tests [24,32,33]. These tests demonstrate
how important the inertia forces are. The force-time history values of the aforementioned
tests indicate that the slab inertia forces resist the impact force during the initial phase. The
forces that are developed at the supports increase in prominence after the impact occurs,
leading to the observation of equilibrium at this stage. In addition, it was found that the
reaction forces during measurement were about of similar value; meanwhile, the impact
forces varied despite being equal in magnitude to mass times acceleration [34,35].

In light of the review conducted, it has been found that there is a lack of research re-
garding the rehabilitation and strengthening of plate slab specimens or SIMCON laminates
subjected to cyclic and impact loadings. The majority of works address the strengthening of
slabs that are subjected to static load [14,36,37]. This implies the need for an experimental
and theoretical investigation of plate strengthening. Therefore, this work aims to develop
different techniques to strengthen NSC slap specimens against punching shear or flexure,
once using SIMCON laminates and again using steel plates, which are subjected to cyclic
and impact loading. Moreover, a numerical modeling approach is designed to investigate
the efficiency of these strengthening techniques in enhancing the behavior of NSC plates
subjected to various loads. The experimentally obtained test results represent valuable
data that can be used in verifying FE models and which can also be adopted in developing
future analytical tools for strengthening concrete slabs under cyclic and impact loads.

2. Experimental Work

The experimental work includes evaluating traditional strengthening techniques using
steel plates, as compared to the modern strengthening techniques whereby SIMCON
laminates are used to enhance the behavior of NSC plates subjected to various loads.
Different variables are taken into consideration in this experiment, including strengthening
type, cross-section, and thickness of plates. The experimental procedure adopted for
achieving the goals of this study is comprehensively presented in the following sections. It
demonstrates the properties of the materials used (cement, natural sand, steel fiber, mineral,
and chemical admixtures), mix proportions, casting, compacting, curing of the developed
samples, and testing methods.

2.1. Properties of Materials

Among the materials used in this work is ordinary Portland cement (type I). The used
cement is produced in Iraq by KARASTA and is largely available in the local market. The
fine aggregate complies with the limitations stated in the Iraqi standard No. 45/1984 [38].

The silica fume, also known as Mega Add MS (D) from CONMIX, conforms to the
ASTM C1240-15 requirements and has been used to replace approximately 10% of the ce-
ment for enhancing the microstructure of cement paste, eventually increasing its resistance.
The present study uses new, high-strength fibers, which are provided in the form of mats to
undergo infiltration. These fiber mats are manufactured by Ganzhou Daye Metallic Fibres
Co., Ltd., Ganzhou, China. The main reinforcement bars were deformed steel bars with a
unified size of (J6 mm nominal diameter). These bars function as flexural reinforcement
put within the tension face of NSC plates. Steel wires of (1 mm) were used for the arrange-
ment and connection of reinforcement bars. The used steel bolts have an ultimate tensile
strength of (235 kN). The function of these bolts is to ensure that the concrete and steel
plates interact fully and that a confinement pressure is applied to the concrete plates after
tightening the bolt nuts. The High Range Water Reducing Admixture (HRWRA) adopted
in the present work is a 3rd generation super plasticizer (SP) for concrete and mortar. In
commerce, it is also referred to as Hyperplast PC200, which is a high-performance SP used
in concrete admixtures provided by DCP. It consists of an aqueous solution with modified
poly-carboxylic polymers and long chains that are free of chlorides, and it complies with
the requirements of ASTM (C494/2017 type F. The bonding agent of the epoxy resin used in
this experiment is the Concressive® 2200, which MBT’s Dubai, UAE facility supplies. It
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was chosen for bonding the steel plate and the hardened RC plates. The epoxy features
conform to the ASTM C881M-02 type 1, grade 3, and classes B and C.

2.2. Mix Design

Until present, there are no particular criteria or specifications for the SIMCON mixture
design. The information provided in this work is merely adopted from other related works.
After multiple trials, ordinary Portland cement with a (969) kg/m? content was utilized
in this work before replacing 10% of it with silica fume. As for the water/binder ratio, it
remained constant at a value of 0.33 (by weight), whereas the SP ratio was 3.7%. The mix
proportions of SIMCON are shown in Figure 1. A total of 6% of the steel fiber was adopted
to cast plate specimens. Normal Strength Concrete (NSC) with non-strengthened plates
was also used for comparison purposes (control or reference) with other strengthened
plates. The maximum size of crushed aggregate in NSC is 9.5 mm, and the NSC mix design
conforms to the specifications of the American mixing design methods ACI 211.1-91, which
is presented in Figure 1.

SIMCON

® Cement = Sand ® Silica Fume = Water ® Steel Fiber © Superplasticizer

1%

Figure 1. Material proportions adopted in NSC and SIMCON mixtures. (% of the total mix weight).

2.3. Samples Description

Several different variables are considered in this experiment, including steel plate
thickness, plate size, number of bolts, and the SIMCON layer thickness. The slab specimen
has a square plan with an overall side length of (1200 mm) and a thickness of (50 mm). The
slabs have simple support on each of its four sides, over a span of (1000 mm), and in both
directions. The reinforcement used in the slab specimen is a bottom mesh with (6 mm)
diameter high tensile steel bars. One size of deformed steel bars was used as the main
reinforcing bars with the size of (6 mm nominal diameter) placed as flexural reinforce-
ment in the tension face of NSC plates. All reinforcing bars were arranged and connected
together using (1 mm) steel wire. The test results indicate that the average yield strength
is equal to (560 MPa). The reinforcement used for the manufacturing of test specimens
has yield strength, ultimate strength, and modulus of elasticity values of (fy = 426 Mpa),
(fu = 595 Mpa), and (Es = 208 Gpa), respectively. The effective depth of flexural reinforce-
ment in both directions is (18 mm). The rebar spacing in specimens is J6mm @75 x 75 mm
(for NSC only). The specimen dimensions and reinforcing details are shown in Figure 2.
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Figure 2. Details of NSC slab reinforcement.

The test specimens are split into three groups.

Group 1 includes the control samples. This group includes four non-strengthened
slab specimens intended to measure either the cyclic or impact load applied onto the
slab specimens.

Group 2 includes 12 samples that are strengthened using a steel plate with steel
bolts, which are also subjected to either impact or cyclic loads. The steel plates are
(500 mm x 500 mm), (750 mm x 750 mm), and (full scale = 1200 mm x 1200 mm)
dimensions, having variable thicknesses (2 and 4 mm). These steel plates are externally
bonded at the center of the slab tension face, presented in Figure 3, whereby (16, 24,
32) steel shear bolts of 6 mm in diameter and 60 mm length are welded to the steel
plate in order of size (from smallest to greatest, respectively). Next, it is embedded
into the concrete plate to enhance the composite action of the specimen.

Group 3 involves 12 specimens that are strengthened using SIMCON laminates
(hybrid concrete) of (500 mm x 500 mm), (750 mm X 750 mm), and (full scale
=1200 mm x 1200 mm) dimensions with variable thicknesses (20 and 30 mm). They
are also subjected to either impact load or cyclic load.

1
I
1
I

=500 —==

1 —
e 700 ———=

Sy W T

° L
X
—o-l 2
N T VS, N—_ ——

—t 300 fe—
T 750
f——— 700

Figure 3. Steel plate and bolt configurations (dimensions are in mm).

The plates in groups 2 and 3 are adopted to investigate the efficiency of the pro-

posed strengthening techniques. The samples are named according to the type of loading
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and the way they are strengthened, as explained in Figure 4. Table 1 displays the test
specimen parameters.

PC-S:0-1

Plate dimension, (Length x Width) mm
1= 500=500

2=750=750

3=1200=1200

b Thickness, mm

Plate (T:x:p;yglfi:oadmg e
I= Impact 2, 4= Steel plate

20, 30= SIMCON laminate

Strengthening type
N=None

St= Steel plate with bolts
Syy= SIMCON laminate

Figure 4. Explanation of the plate specimen identification.

Table 1. Summary of tested plate specimens.

Type of Loading
Summary of Specimens
Cyclic Impact
Type Dimensions 500 x 500 750 x 750 1200 x 1200 500 x 500 750 x 750 1200 x 1200
2 mm PC-St2-1 PC-5t2-2 PC-5t2-3 PI-St2-1 PI-St2-2 PI-St2-3
Steel 4mm PC-St4-1 PC-St4-1 PC-St4-1 PI-St4-1 PI -St4-1 PI-St4-1
20 mm PC-SIM20-1 PC-SIM20-2 PC-SIM20-3 PI -SIM20-1 PI -SIM20-2 PI -SIM20-3
SIMCON 30 mm PC-5IM30-1 PC-SIM30-2 PC-SIM30-3 PI -SIM30-1 PI -SIM30-2 PI -SIM30-3
Control PC-NO-0 PI-N0-0

2.4. Construction Procedure

Before starting the casting process of the slab specimens, the mix volume determines

the preparation and weighing of the selected materials. All testing slab specimens are cast
in plywood molds and have dimensions of (1200 x 1200 mm) with a height of 50 mm, as
presented in Figure 5. The casting procedure can be outlined through the following steps:

1.

2.

The forms are oiled prior to placing the reinforcements. The cage is then put into the
form with the support of several chairs.

All specimens are cast simultaneously to minimize any variation in material properties,
as presented in Figure 5.

Concrete buckets are used for pouring the mix into the forms, after which they are
vibrated. The air bubbles that appear on the surface indicate that the forms are
fully compacted.

At the end of the casting process, and after that, the top surface of each specimen is
finished off; polyethylene sheets are used to cover the molded samples to prevent any
loss of moisture. The specimens are left in the casting room for (72 h) at a temperature
of (25 & 2 °C) until the specimens are demolded (see Figure 6).

Finally, burlaps are used to cure the plate specimens using saturated wet coverings.
The samples are cured in water tanks at a temperature of (23 =+ 2 °C), as presented in
Figure 6.
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Figure 6. The curing process of slab specimens.

2.4.1. Steel Plate Strengthening Procedures

The purpose of testing the reference plate specimen is to estimate the ultimate loading
and deflection features. Before strengthening, all plates are loaded up to half the ultimate
load of the control samples. When the concrete reaches an age of 8 weeks, the plate tension
surfaces are penetrated using drills to allow steel plates with shear bolts to be placed
beneath, as shown in Figure 7a. Using a hammer drill, the slabs undergo pre-drilling in
light of a specific bolt distribution. Next, the plate surface is roughened using steel brushes
to weld the steel shear bolts onto the plates at the specified locations, as illustrated in
Figure 7b. After this process, a vacuum cleaner is used to clean the plate surface and holes
carefully. The steel plate surfaces are checked to ensure that they are free from oil and dust
using a suitable solvent to prepare them for applying the two-part epoxy adhesive. Next,
the steel plate is bonded onto the concrete surface at the bottom (tension) side using the
epoxy bonding agent. Finally, the steel bolts are put into the epoxy adhesive (using the
same bonding material) before being inserted inside the holes. A curing period of (7) days
is followed before testing the strengthened plates.

Figure 7. Steel plate strengthening procedures (a) Plate roughening and drilling, (b) Steel plate with
shear bolts.
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2.4.2. SIMCON Laminate Strengthening Procedure

The third group of slab specimens was strengthened using SIMCON laminates. SIM-
CON takes the form of a pre-placed interwoven mat of steel fibers, which are infiltrated
using cement slurry. As for the experiment conducted in this study, six different sizes of
SIMCON mats are used, namely (500 x 500 mm), (750 x 750 mm) and (1200 x 1200 mm),
each of which is provided in two thicknesses (20 mm) and (30 mm). In all cases, the
SIMCON mat is placed within a prepared mold of the desired dimensions, after which
the concrete mix is poured into the mold, as shown in Figure 8. As soon as the SIMCON
reaches the initial stage, the NSC plate specimen is cast upon the SIMCON laminate, having
a square plan with an overall side length of (1200 mm) and a thickness of (50 mm). After
24 h, the slabs are removed from the mold to undergo a curing process for 28 days to obtain
the necessary strength.

Figure 8. SIMCON laminates (a) fiber mats before coupling, (b) laminates after coupling to the slabs.

2.5. Test Set-up and Instrumentation

Two days before testing, the slab specimens are taken out of the immersed basins,
thoroughly cleaned, and left to dry. Then, a white emulation coat is applied to clarify the
view of any cracks. The same setup is used for the application of two types of loading
(cyclic and impact), whereby the test slab specimens have ideally simple support. Figure 9
shows the support frame created especially to be put inside the test machine. It consists of
six (W) steel beams (W6 x 15, W10 x 22), whose welding and arrangement form them into
a square shape. The plate edges are supported using (25 mm) steel bars that are welded
upon the upper surface of the steel beams. All slab specimens undergo testing at the age of
(90 days) under cyclic and impact loading up to failure.

1200

Steel bar . s
025 mm Simply supported
<i
k3
100 5
] i
N - &
LI .
o =
o
Ei
@ |
Simply supported

Figure 9. Schematic diagram showing the supporting frame of plates.

In both tests of deflection measurement at the plate center and quarter of spans,
a Linear Variable Differential Transformer (LVDTs) shown in Figure 10a with a 50 mm
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maximum capacity is used. In addition, a crack width meter, which is shown in Figure 10b,
is utilized to study the development of crack width with the applied force. The microscope
accuracy was 0.05 mm. The data was recorded by connecting the load cells and LVDTs to a
data logger of sixteen channels, as presented in Figure 10c.

Figure 10. Instruments provided for testing, (A) LVDT of 50mm capacity, (B) Microscope for measur-
ing the crack width, and (C) Data logger connecting to the computer to record data.

2.5.1. Cyclic Loading Test of Plates

In this type of loading test, the slabs are labeled and put along the edge onto the simple
support. The specimens were centrally loaded using a loading plate with dimensions of
(100 mm x 100 mm). The lifting, horizontal installation, and removal of specimens out of
the loading frames were done using a 10-ton capacity crane (see Figure 11). During the
cyclic loading test, hydraulic jacks that are placed at the bottom of the plate specimens
are responsible for loading the slabs from a mid-point upwards. The applied load is
measured using the additional load cell that is put between the jack and the sample. The
load application is performed using high-strength steel plates that have a dimension of
(100 x 100 x 10 mm). They are put onto the contact points, as shown in Figure 11.

Output device
(laptop)

LVDT to measure

vertical deflection

-\
T

Figure 11. Electro-hydraulic testing machine used for testing cyclic load of the plate.

The pre-defined displacing routine includes about (20-22) cycles of displacement that
are fully reversal. An incremental increase is seen in the peak displacement value until it
fails, rising from a (0.25%) drift up to (7%). Figure 12 illustrates the drifting routine during
the cyclic displacement in this experiment [39]. There are several initial displacements
found as part of the drifting routine. The purpose of them is to study the slab’s initial
elasticity response. All slabs undergo the exact same vertical loading sequences. Twenty
cycles of repeated load are applied to five slabs. At every cycle, the connection is loaded
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slowly up to 70% of the ultimate load of the reference specimens, after which it is unloaded,
as in [40]. Lastly, the specimens are loaded up to failure. Each load at the first crack,
ultimate punching shear/bending load, and corresponding deflections at the slab center
are noted as part of the experiment’s observations and records. Figure 13 illustrates the
set-up of the slab specimens mentioned.

Drift (%)

No. of cycles

Figure 12. Drifting routine applied to the slabs under cyclic loadings.

Figure 13. Set-up of the slab specimens.

2.5.2. Impact Loading Test of Plates

Moving forwards to the impact loading tests, this type of loading was achieved
through free fall, dropping a weight from a height of (1.5 m) (see Figure 14). The dropped
weight slides between tracks from the drop tower to impact the specimen at its center
point. The semi-spherical impact hammer head utilized in this process is made from
high-strength steel. The constants throughout the test are the drop height, hammer weight,
and geometry of the hammerhead. Local fracturing is prevented using high-strength steel
plates of (100 x100 x 10 mm), which are put over the contact points for distributing the
load identically to the ones used in cyclic tests. In addition, polyurethane rubber parts are
put between the loading plate and the specimen. The slab specimens are put in the impact
loading testing set-up using the special steel supporting devices in this experiment.
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Drop Weight Impact Testing Machine

Figure 14. Detailed illustration of the slab testing set-up.

The (84 kg) hammerhead drops from a (1500 mm) height to create an impact load onto
the contact point, implying that an equal amount of input energy affects the specimens
(9.81 x 84 x 1.5 =1.2361 kJ). The hammer weight, drop height, and impact energy level
are chosen in such a way that they are suitable to trace the damage that occurred in the
test specimens. The Integrated Circuit Piezoelectric (ICP) dynamic load cells are used for
measuring the impact loading that affects the specimens. This load cell is found inside
the hemisphere part of the hammer-dropping apparatus. The vibrating motions that
are affected by the impact loading are measured using accelerometers linked to the slab
samples. The purpose behind the measurement of vibrating behavior is that determines
how the test slabs behave dynamically under impact loading, obtaining constant energy.
The dynamic behavior changes as a result of the change in variables. Two piezoelectric
accelerometers put onto a test specimen will have a capacity of (5000 g). The placement of
the accelerometers is separated by certain distances away from the axis intersection of the
test specimen, which is subjected to the impact load. Since impact loading occurs suddenly
rather than being simply static or dynamic, multiple measurements are made within a
short time through the dynamic data-logger system. Therefore, this experiment deploys
dynamic data-logger systems that are agreed upon on a global level. For each specimen, the
measurement of one dynamic impact loading, two accelerations, four displacements, and
four strain values are obtained, collecting 25,000 data per second (25 kHz at each channel).
The crack patterns were marked by using a marker at each increment of load.

3. Numerical Modeling and Experimental Results

There are a number of essential characteristics considered when analyzing reinforced
concrete structures to determine how accurate, efficient, and economical the used method
is. The FE method is therefore considered to be versatile and effective. In this method,
the analysis accuracy is mainly based on the element types adopted in representing the
problem, as well as the suitable modeling of materials properties and the applied boundary
conditions. At the present time, the finite element method has developed into a strong com-
puting tool used in carrying out complicated non-linear response analyses for reinforced
concrete structures in a routine manner. The FE analysis mainly aims to determine the
structure’s response under loading [41]. A non-linear FE analysis is executed to emulate
and analyze the slabs tested in this work. A comparison of the experimental and numerical
investigations is also offered to examine whether the slab modeling is sufficient, and it
includes the element type, material characteristics, constants, and convergence research.
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3.1. Modelling and Analysis of Slab Specimens

The ABAQUS finite element algorithm creates a non-linear FE model for simulating
the behavior of NSC specimens strengthened with steel plates or SIMCON under cyclic and
impact stresses. The predicted ultimate load-carrying capacity versus vertical deformation
responses are put into comparison with the lab results that correspond with it, as obtained
during the FE analyses of the tested slabs. All specimens were modeled in three dimensions
to investigate the load-carrying capability and behavior of slabs. There are two types of
NSC specimens used in this work, each consisting of three parts. The first type consists
of primary concrete reinforcement, followed by transfer reinforcement (to transfer the
load between two structural elements) and SIMCON, whereas the second type consists
of primary concrete reinforcement, transfer reinforcement, and steel plates. The finite
element model was loaded at identical places for all slab specimens in the experimental
investigation as a uniformly applied pressure.

3.2. Finite Element Mesh and Boundary Conditions

It has been observed that the majority of the mesh intensity determined the analysis
complexity levels and processing timespan. It was, therefore, necessary to perform a
preliminary analysis of different mesh densities to determine the best mesh density which
would provide the desired accuracy. In practice, this is achieved whenever increasing
the mesh density does not influence the outcomes. To study convergence, the number of
elements was increased in each of the X, Y, and Z directions. The plates were modeled
while decreasing the element size (30, 25, 20, 15, 10, and 5), with the number of elements
being (891, 1400, 2300, 3484, 9500, and 80,600), respectively. Another aspect noted during
observation is the axial displacement for the same applied loading levels. The convergence
study shows that reducing the mesh size from (10 mm) to (5 mm) enables the change in
axial displacement to be neglected. The axial displacement value increases in accuracy
with experimental data (see Figure 15). Therefore, a 10 mm element size was set for the
mesh density, guaranteeing that the element size and the numerical solution stability are
adjusted reasonably.

r

15.2

15
14.8
14.6
1
1

4.4
4.2
14
13.8
13.6
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Figure 15. The convergence study for the plate.

3.3. Cyclic and Impact Analysis Model

The structural analysis of the plates was performed using a single impact and general
cyclic analysis step. The modeling of NSC plates strengthened with either SIMCON or steel
plates involves three-dimensional solid elements that are marginally integrated into the
concrete modeling using 8-node brick elements (C3D8R). In NSC plates, the reinforcement
involves a three-dimensional two-node truss element (T3D2). A consistent pressure was
applied to each slab’s top, whereby the slab remains fixed at its outer edges, restraining
displacement in all directions (X, Y, and Z axes). The center of the slab remains restricted to
movement on the X and Z axes, whereas the displacement is not restricted in the direction
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of the slab’s vertical axis (Y-axis). The top of the slab undergoes a uniform loading, as
demonstrated in Figure 16.

6 @

7.5mm

. e
NP NN
Y N

TN N

NSC Plate

SIMCON Plate

Figure 16. The boundary conditions and finite element idealization of steel reinforcement of SIMCON

and NSC slab specimens.

3.3.1. Punching Shear

There are a number of factors that influence the punching shear strength of plate
specimens that have no specific shear reinforcement. They include the thickness of slabs,
strength of concrete, loading area aspect ratio, and flexural reinforcement ratio. These
factors are addressed in a number of simplified equations used to predict the shear punching
capacity. The aforementioned approaches contribute to the punching shear strength of
SIMCON or steel plate-strengthened specimens.

3.3.2. American Concrete Institute Building Code ACI 318-14

The American Concrete Institute Building Code ACI 318-14 does not take into consid-
eration the impact of the flexural reinforcement on the shear punching capacity of RC slabs.
This capacity could be obtained for normal-weight concrete by taking the smallest value of
any of the following formulae [42].

Qup = \/Tﬁbod (1)
Qup = (2 + %) \{?bod (2)
Qup = (2 + %) \{gjbod (3)

where Qy,, represents the shear punching capacity; bo stands for the perimeter of the critical
section at a distance d/2 from the face of the loading area; d is the effective depth of the
slab; as represents a coefficient that is equal to 40 for internal columns; B, is the ratio of
long to short sides of the loading area; and f'c is the concrete cylinder strength.

3.3.3. British Standard Institution BS 8110-1985

The value of Qy can be obtained via the formula below, which takes into consideration
the flexural reinforcement ratio, meanwhile leaving out the impact of the loaded area aspect
ratio [43].

Qup = 0.793/100p | ‘%bod (4)

whereby p represents the reinforcement ratio (limited to 0.03); b, represents the rectangular
critical section perimeter at a distance of 1.5 d from the face of the loaded area; (400/d)
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must remain minimally 1.0; and Q,; could be multiplied by (feu/ 25)1/ 3 when dealing with

concrete compressive strength f.,, over 25 N/mm?.

3.3.4. Eurocode 2-2004

In this code, Qy) is obtained via the equation below, taking into consideration the
flexural reinforcement ratio and neglecting the impact of the loading area aspect ratio of

the loaded area [44].
Qup = 0.18k</100pfbod (5)

whereby k =1 +4/200/4 and must not exceed 2; p represents the reinforcement ratio (limited
to 0.02); and b, is the perimeter of the critical rectangular section with round corners a
distance 2d from the face of the loaded area.

3.4. Dynamic Analysis

The ABAQUS FE-analysis software has been adopted for dynamically analyzing the
specimen under impact effect [45]. Solutions are obtained using the explicit module, as
it provides the highest accuracy in the incremental dynamic analysis [46,47]. Therefore,
the NSC slabs strengthened by SIMCON and steel plates having different cross-sections
and thicknesses undergo constant impact loading. One specimen is left non-strengthened,
whereas the rest are strengthened using either SIMCON or steel plates. First, the process
starts by modeling each of the specimens and testing the set-up into the software to
create 3D models. The drop heights, steel hammer mass, SIMCON and steel plate, and
reinforcement support conditions are all configured within the program of the experiment,
followed by assigning the material properties to related sections.

The experimental specimens that are strengthened by SIMCON or steel plates are
modeled using Concrete Damaged Plasticity (CDP), which is a damage model for concrete
characterized by their continuum, plasticity-based features. Since this model is already
found within the ABAQUS software, it regards the uniaxial tensile/compressive responses
of concrete as being damaged plasticity (see Figure 17). In the case of uniaxial tension, the
responses of stress-strain tend to follow a linear elastic relationship until the failure stress.
In addition, in the same conditions, this response remains linear until the initial value (o)
is reached. As for the plastic behavior, the stress hardening and strain softening over the
maximal stress (0cy) characterized the responses [45].

G

Eo
= P ‘
.

1

(a) (b
Figure 17. Concrete to uniaxial loading in tensile (a) and compressive (b) responses.

The CDP model takes the elastic stiffness degradation into consideration via two
damage factors: d; and d.. These variables range between 0 < d;, d. < 1, whereby (0)
represents material that is not damaged, and (1) indicates the strength being totally lost.
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Thus, the relation of stress with uniaxial tension and compression loadings can be illustrated
through the following equations, respectively:

ot = (1 —d)Eg <€t —?fl) (6)
0c = (1—de)Eo (ec — ") ?)

The efficient tensile and compressive cohesion stress values that determine the yield
surface size could be described as follows:

7= gy = Bo(e ) ®)
7e= gy = Fole ) ©)

where Ej, Efl, Efl represent the initial values of material elastic stiffness, and the equivalent

plastic strains in tension and compression, respectively. The tension and compression
stresses are provided as cracking and non-elastic strain functions (¥ and ", respectively)
to define the tension and compression post-failure behavior in RC. The cracking and
non-elastic strains could be described as the whole strain except the elastic strain that corre-
sponds to the materials that are not damaged, as presented in Equations (10) and (11) below.

RUE % (10)
=g — ;L; (11)

After providing the unloading data to ABAQUS for tensile and compressive damage
curves (d—&* and d—¢'", respectively), the cracking and non-elastic strain values are
converted to equivalent plastic strain curves by ABAQUS using the Equations (12) and (13)
below [45]:

pl ok dr o
& =& 1 _dt EO (12)
Pl ~in de ﬁ
& =¢€; 1-4. E (13)
The Equations (12) and (13) can be rearranged as follows [48]:
di=1-— 91/ Eo (14)
A (blt - 1) +0/E

& (L -1) +oc/Eo

whereby the equivalent plastic strains are Efl = by &F and Efl = b &, respectively. The
previous experimental studies recommended b; and b, as 0.1 and 0.7, respectively [49].
The CDP model is determined by five plastic parameters that define each of the yield
surface functions, potential flows, material viscosity, and the concrete compressive and
tensile behavior. These parameters (i, Opo/0co, K¢ ) include the dilation angle, flow
potential eccentricity, the initial equibiaxial to uniaxial compressive yield stress ratio, and
deviatoric cross-section coefficient, and the viscosity parameter [48]. The work in [50]
further developed the yield functions used in CDP. As for Lee and Fenves [51], they
involved further modification of the aforementioned yield function for obtaining differing
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strength evolutions in tension and compression. Equation (16) below defines this yield
function [45].

_ 1
B = () (1-a)— (1+a) (19)

—
(&)

whereby « and v are constants of no dimension obtained by 03,/0¢ and K. parameter. §,p
and Tmayx represent the stresses of Mises equivalent effectiveness, hydrostatic pressure, and
the maximal principle effectiveness, respectively. The Drucker-Prager hyperbolic function
is used in the CDRP model as the flow potential (G) and can be described as:

G= \/(eato tan )* + 72 — P tany (20)

where 0 is the ultimate uniaxial tensile stress [48]. The compressive behavior of concrete
is defined using Mander’s stress—strain model for undefined concrete [52].

!

f= r_f;% for e < 2¢! 1)

2y Eou — €
f= (7—{C+2’><e cu_2€/> for 2¢. < e < eqy (22)

cu c
where

X =¢/g, (23)

E
R= E— (fi/) @)

€ represents the concrete strain, f is the concrete stress, and E represents the modulus of
elasticity. The latter can be obtained using the formula E = 4700 fe whereby fc indicates

the concrete compressive strength, £. represents the concrete strain at fc (being 0.002,
assumingly), and ¢, stands for the ultimate concrete strain (being 0.003, assumingly). The
concrete tensile behavior is modeled as linear elastic until f; is reached, which could be

obtained using f; = 0.6231/ fc [48]. After that, the post-cracking behavior is modeled using
Equation (26) below [53].

ft = Ees for ey < ggr (25)
e\ 04
fr = ft/ (:) for e; > eor (26)
t

where f; represents the tensile stress, and & and e, represent the tensile and cracking
strains, respectively, for the ultimate tensile strength.

The tensile and compressive behavior of concrete under impact loading depends on
the strain rate. Higher strain rates indicate a remarkable enhancement of concrete strength.
This increases the significance of strain rate in the prediction of reliable dynamic responses.
The strain rate impact can be indicated using the dynamic-to-static strength vs. strain ratio,
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also known as the dynamic increase factor (DIF). Several formulas can empirically express
the aforementioned strain rate impact [54,55], which in turn has an easy implementation in
concrete models within ANSYS and LS-DYNA software [56,57]. Given that CDP models
cannot take the rate-dependent concrete behavior into consideration automatically, the
various tension stiffening and compression hardening curves need to be manually provided
in the form of tabular functions of cracking and inelastic strain rates, respectively [45]. In
addition, this approach does not have a perfect application of strain rate impact upon all
aspects of concrete behavior [58]. Previous works propose a simplified approach whereby
uniaxial curves update all iterations via DIF and the calculated strain rates until achieving
adequate convergence. It has been shown that this approach obtains reasonable results only
until the first response peak, whereas it becomes rather inaccurate in post-peak responses.
Therefore, the decision has been made not to include the concrete strain rate impacts within
the FE model for this work due to the fact that the CDP model has no automatic algorithmic
coverage for experiencet.

Table 2 illustrates the elastic modulus, Poisson’s ratio, and the ultimate tensile stress
and plasticity parameters for CDP definition, as introduced in previous works [59,60].
Elastic-perfectly plastic material models are used for defining steel reinforcement, whereas
linear elastic models are used for modeling the steel hammer and loading plates. The mate-
rial properties of the aforementioned elements are also stated in Table 2. The embedding of
reinforcement within slabs and tie contact property provides a total adherence between the
slab and the reinforcement.

Table 2. Properties of concrete, steel reinforcement, steel hammer, and steel loading plate.

Concrete

Elastic modulus 23,500 Mpa
Compressive strength 25 Mpa
Tensile stress 3.12 Mpa
Poisson’s ratio 0.2
i) 30
e 0.1
0po /0, 0 1.16
K. 0.6667
U 0.0001

Steel reinforcement
Elastic modulus 200,000 Mpa
Poisson’s ratio 0.3
Yield stress 425 Mpa

Steel hammer-steel loading plate

Elastic modulus 200,000 Mpa
Poisson’s ratio 0.3

The elastic modulus and Poisson’s ratio for SIMCON and steel plates are taken as
231,000 Mpa and 0.45, respectively. The former was reduced to 15% of the rate adopted in
the fiber direction, and the latter was set as 0.3, assumingly. A cohesive modeling zone on a
bilinear traction-separation law is used to model the interface between the SIMCON steel
plate and concrete. This law could be described using the effective traction 7, and effective
opening displacement ¢ (Figure 18). Figure 18 indicates that each of the stiffness Ky, local
material strength Tmax, opening displacement for fracture J¢, and the energy needed to
open crack G are applied in defining the 7-6 relationship. G, represents the area under
the 7-6 curve. The definition of K is represented in Equation (27) [61].

Ko = (27)

o
t+(%

1

9
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whereby t; and ¢, represent the thicknesses of epoxy and concrete, respectively. G; and G,
represent the shear modulus of epoxy and concrete, respectively. Tmax =3 Mpa is considered
because of the lack of debonding within the experiment [61]. The assumption is made that
the damage is an initiation of a quadratic traction function that includes the nominal stress
reaching the value (1). This requirement could be described as follows [45,61]:

2 2 2
o) T T
o T T
where 0, Ts, and T; are the interface’s cohesive, tensile, and shear stresses, respectively. N
represents the normal direction of stress components, and n and s represent their transverse
directions. The Benzaggah—Kenane fracture requirement found in ABAQUS is used to

evaluate the interface damage. It is especially beneficial whenever the critical fracture
energies of the first and second shear directions are equal (G§ — Gf) [29,46]:

Gs+Gr\"
C Cc_ ~C s C
Gn+(GS G”><Gn+GS> =G (29)

whereby G, G, and G; represent the work of traction and conjugate separation within the
normal, first, and second shear directions, respectively. N is the material parameter. Table 3
presents the cohesive zone modeling variables utilized for the SIMCON, steel plate, and
concrete interfaces [61].

N

rl'll'nl X

5

oV

80 8{'

Figure 18. Bilinear traction-separation constitutive law.

Table 3. Cohesive zone model parameters.

Parameter Value

Ko 640 Mpa
Tmax 3 Mpa
Ger 900 J/m?
=1 1.5 Mpa
GS 90]/m?
G¢ 900 J/m?
G¢ 900 J/m?
n 1.45

3.4.1. Time History of Impact and Reaction Forces and Deflection of Slab Specimens

Based on the results of the experiment, no correlation was found between the maximal
impact force and the support conditions. The numerically obtained curves of the time
history did not differ much from the experimentally obtained ones, whereas the numerically
obtained maximal impact force was less than the experimentally obtained value. With
regards to the reaction force, both the time and deflection histories did not indicate any
major differences in shape. Furthermore, the maximal deflection of plates did not appear
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to be conditioned by the boundaries. The impact tests indicate the significance of the
inertia forces. Based on the force-time history of the test, the impact force appears to
undergo resistance throughout the inertial force of SIMCON plates initially. The forces that
are created at the supports tend to increase in prominence during the post-impact stage,
reaching their equilibrium. In addition, the measurements indicate great similarities in
terms of reaction force, yet there are variations in terms of impact force and magnitude-to-
mass times acceleration values.

The deflection of strengthened specimens is found to be less than the values obtained
for the control specimens, as shown in Figure 19. The reason could be traced back to the
fact that steel plates increase the stiffness of RC slabs and, eventually, their composite
action. The decrease in deflection measurement can be quantified using listing all deflection
rates at a fixed base load (P = 158 kN) for the test specimens, as shown in Table 4. The
maximal loading value was set to be the base load for the control specimens when recording
the deflections. The aforementioned Table indicates the deflection rates between the
strengthened control specimens in percentages, being between (43-57%) of the control
specimens. It has been observed that the increase in steel plate size results in an increase in
the total slab stiffness. A slight difference in stress values of different steel plate thicknesses
is observed, as shown in Figures 20-22. The essential parameter that influences the overall
results of slab specimens strengthened with steel plates is the suitable location of steel plates.
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Figure 19. Load-central deflection curves.
Table 4. Central deflection values at P = 158 kN.
Specimen
Parameter PC-N0-0 = PC-St2-1 = PC-St-1=  PC-SIM-20-1 PC-SIM-30-1
6.35 3.87 3.26 =294 =2.86
Test
deflection 7.24 3.91 3.42 3.22 2.87
(mm)
Normalized
deflection 7.82 3.91 3.42 3.22 2.87

(mm)
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Figure 20. Stress of Center of Slab Versus Time Strengthened with 2 mm thick (500 x 500 mm) Steel
Plate.
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Figure 21. Stress of at Center of Slab Versus Time Strengthened with 2 mm thick (750 x 750 mm)
Steel Plate.
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Figure 22. Stress versus time at the slab center strengthened with 2 mm (1200 x 1200 mm) steel plate.

3.4.2. Strain Gauge Measurements of SIMCON Plates

The strains of slabs that are strengthened using SIMCON were measured at 8 locations
for each specimen, as shown in Figure 23. However, the excessive noise led to the inability
to collect reliable data from the gauge during the cyclic tests. This issue was partially solved
in the impact test so that sufficient data could be obtained. During the impact tests, the
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plates underwent deflection both upwards and downwards because of the nature of the
impact event. The expectation was made that there would be both tensile and compressive
strain measurements. However, the majority of strain gauge measures indicate tensile forces
only. This observation could have many possible explanations, including the following:
(a) Due to various waves propagating in the plate as a result of the impact, specific points
at which the strain gauges are placed may experience tension only, whereas other points at
which strain gauges are not placed and therefore not recorded, could actually experience
compression (b) The probability of loss of contact may cause different dynamic behavior
than the expected one. The strain gauges at the bottom of plates tend to measure higher
peaks and residual strain values than the ones located on top during the impact tests.
To exemplify, the strain gauges of SIMCON-strengthened plates indicate that negative
values were obtained at the bottom face strains during impact; meanwhile, the top surface
strains obtained positive values. This could indicate that the plates tend to show deflection
upwards during impact, eventually causing compression on the bottom surface as opposed
to the tension on top during the impact. Table 5 below presents the peak loads for each test,
along with a comparison of the control slab values and those of the strengthened specimens,
indicating the amount of increase or decrease.
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Figure 23. Load-strain curves.

Table 5. Comparison of peak load and increase ratio for control and test slabs.

Slab Load (kN) Increase Ratio (%)
PC-NO0-0 160 -
PC-5t2-1 190 18.75
PC-St4-1 200 25

PC-Sp\20-1 200 25
PC-Sp;30-1 220 375

3.5. Finite Element Analysis Results and Discussion

The numerical analysis is adopted for verifying the results of the experiment. In
Figures 24-26, the axial displacement and ultimate static loads (load at failure) of tested
plate specimens are put into comparison with the numerical results from the FE analysis.
These graphs show how the strengthening type, cross-section, and SIMCON thickness
affect the slabs. Figure 27 illustrates how the axial displacement (U) and plastic strain
(PEMAG) vary for slabs subjected to cyclic loading.
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Figure 24. Experimental and numerical load-axial displacement relationship of slabs with steel plates

for different cross-sections.
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Figure 25. Experimental and numerical load-axial displacement relationship of slabs with SIMCON

(thickness 20 mm, different cross-sections).
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Figure 26. Experimental and numerical load-axial displacement relationship of slabs with SIMCON
(thickness 30 mm, different cross-sections).
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Figure 27. Variation of axial displacement (U) and plastic strain (PEMAG) for slabs cyclic load.

Figures 28-32 show the crack pattern distribution at the bottom surface for slabs under
impact load. The numerical result shows that the slab thickness of SIMCON significantly
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affects the load-carrying capacity, and it increases with the increase in thickness. In addition,
the use of strengthening from steel plates gives a higher load-carrying capacity. It can be
seen from these figures that the stiffness of slabs strengthened with SIMCON is higher in
comparison with slabs that are strengthened with steel plates. Moreover, it can be noticed
from the axial load-displacement relationships that all numerical models show a stiffer
behavior when compared with the experimental axial load-displacement relationships.
Moreover, the experimental and numerical results indicate that the slabs strengthened with
SIMCON of (20 mm) provide higher results than those strengthened with steel plates. The
most probable explanation for an adverse consequence is the presence of micro-cracks
generated by drying shrinkage while fabricating the slab specimens; this will reduce the
stiffness of these specimens, whereas these micro-cracks are missing in the FE model.
Furthermore, the FE analysis considered concrete to be a homogenous material in all model
directions; meanwhile, in reality, concrete is a heterogeneous material. Again, the careful
modeling of support circumstances in the FE assessment results in much better results. The
obtained results showed similar trends to those in the literature [62,63].

Max: +1.916e-002

Figure 28. Crack pattern distribution for slab strengthening under cyclic load (Steel plate
=500 x 500 mm).
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Figure 29. Crack pattern distribution for slab strengthening under cyclic load (Steel plate =
750 x 750 mm).
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Figure 30. Crack pattern distribution for slab strengthening under cyclic load (SIMCON thickness =
30 mm, cross-section 500 x 500 mm).
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Figure 31. Crack pattern distribution for slab strengthening under cyclic load (SIMCON thickness =

30 mm, cross-section (750 x 750 mm).
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Figure 32. Crack pattern distribution for slab strengthening under cyclic load (SIMCON thickness =
30 mm, cross-section 1200 x 1200 mm).

The first cracking of all strengthened slabs was initially seen in the non-strengthened
zone of the slabs, especially around the corners of the steel plate. However, these cracks did
not appear simultaneously in all four corner zones. After further loading, the area around
the steel plate edge also started to crack, further extending to the top surface of the slab. At
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last, the slab reached its failure with the yielding of the steel bar, forming several yield lines.
Despite the rather thin bonding of the steel plates, a significant increase is witnessed for
each of the cracking and ultimate loading rates. Generally stated, the weaker, strengthened
parts of the strengthened slab tend to control its cracking load. The cracking load is found
to increase along with the increase in plate size. As for the final crack patterns, the majority
of cracks appeared on the slab soffit. An abrupt change in stiffness and strength is found at
the steel plate edge, leading to main cracks around the perimeter of the plate. Additionally,
four to five main diagonal cracks were observed in all zones between the steel plate zone
corner and the slab corner.

The thickness of small dimensions SIMCON did not have a significant effect on the
ultimate load. The failure load of 30 mm SIMCON is a bit greater than that of 20 mm
SIMCON. This can be traced back to the fact that the yields of the central plate region could
not be presented by the SIMCON in both situations. The ultimate load is determined by the
yield moment of non-strengthened slab parts reaching around the SIMCON perimeter and
its slab corners diagonally. The scattering expectation of the concrete strength and results
of the experiment may be the reason behind the different ultimate load values.

Figures 33-35 reveal the effect of the strengthening type and thickness of SIMCON on
the displacement of experimental tests and FE analysis of slabs over time. The numerically
predicted ultimate axial deformations are less than the observed values, having an average
experimental-to-numerical ratio of (1.024). This trend is connected to the decrease in slab
stiffness caused by the slab’s expanding spread. It is also found that the displacement-
time history is affected slightly by the thickness of SIMCON, but it is very clear when
comparing the use of the strengthening type. A more efficient improvement of impact
behavior is observed for the SIMCON strengthening type, causing the displacement values
to decrease. The maximal displacement values of specimens strengthened with (20 and 30)
mm SIMCON layers are 31% higher than those obtained from steel-strengthened specimens.
Moreover, specimens that are full-scale strengthened (whether with steel or SIMCON) have
greater efficiency than alternative sizes in terms of behavior improvement and maximal
displacement reduction. In addition, the residual displacement values after vibration for
the test specimen impact loading effect were found to be significantly less for 50 mm
SIMCON or steel-strengthened specimens, in comparison with the reference test with no
strengthening (Specimen 1). The values observed were about 178-133% higher than the
residual displacement values of full-scale 20 and 30 mm SIMCON-strengthened specimens,
respectively. However, they were found to be about 89% higher than the values obtained
for full-scale strengthened specimens. The obtained results indicate that SIMCON strength-
ening has a successful effect on the impact behavior of RC slabs positively, resulting in the
increase in maximal acceleration value and a significant decrease of maximal and resid-
ual displacement values. Similarly, the maximal residual displacement of SIMCON and
steel plate strengthened test specimens was remarkably lower than the non-strengthened
reference specimen. The interpretation is made that the use of SIMCON and steel plate
strengthening limits the number and width of impact-induced cracks in an efficient manner.



Infrastructures 2023, 8, 85 32 of 38

55 - , » ‘
Steel plate (500x500 mm)
4.5 1
E 3.5 4 o Tt Data
: —Predicted Results
= 25 redicted Results
1.5
: 0.5 -
S —05 9 001 o0z o 004 005 006 007 008 009 01
— 1.5 4
Time (Sec)
- 25
?
Steel plate (750x750 mm)
15 4
'E 1 A — Tt Data
E e Predicted Results
| o5 -
E 0 . WM
;; Q 001 0.0fF 003 005 006 007 008 009 01 011 012
Ei, -5
=]
_1 4
45 4 Time (Sec)
‘l -
35
3 4
= 25 A
E 2 1
- 1.5 4 — Test Data
E 4 = Predicted Results
E 0|5 - ‘_‘-"“
g D T T " K L)
w | _pd015 003 0045 0. S5 0.9 0105 012 0135 015 0165 018 0195
(=]
-1
-15 - Time (Sec)

Figure 33. The comparison between the displacement of experimental tests and FE analysis of slabs
strengthened with steel plates of different cross-sections.
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Figure 34. Comparing the ultimate load of experimental tests and FE analysis of slabs strengthened
with SIMCON (thickness 20 mm and different cross-sections).
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Figure 35. The comparison between the ultimate load of experimental tests and FE analysis of slabs

strengthened with SIMCON (thickness 30 mm, different cross-sections).

4. Conclusions

This study aimed to develop various strengthening techniques against punching sheer
or flexure that suit each of the used types of material. The efficiency of these strengthening
techniques is investigated experimentally, as they were developed to enhance the behavior
of NSC plates that are subjected to cyclic and impact loads. The plate strengthening is also
investigated theoretically. The experimental results present significant data to verify the
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FE models and develop the analytical tools in the future to be used to strengthen concrete
plates under cyclic and impact loads. Accordingly, the following conclusions were drawn:

(a)

(b)

(©

(d)

©

(f)

(8)

(h)

)

()

(k)

)

(m)

The numerical results show that the plate thickness of SIMCON significantly affects the
load-carrying capacity, and it increases along with the increase in thickness. Moreover,
using strengthening from steel plates gives a higher load-carrying capacity.

The numerically obtained curves of the time history did not differ much from the
experimentally obtained ones. Meanwhile, the numerically obtained maximal impact
force was less than the experimentally obtained values. Regarding the reaction force,
the time and deflection histories did not indicate any significant differences in shape.
The impact tests indicate the significance of the inertia forces. Based on the force-time
history of the test, the impact force appears to undergo resistance throughout the
inertial force of SIMCON plates initially. The forces that are created at the supports
tend to increase in prominence during the post-impact stage, reaching their equilib-
rium. In addition, the measurements indicate great similarities in terms of reaction
force, yet there are variations in terms of impact force and magnitude-to-mass times
acceleration values.

The deflection of strengthened specimens is found to be less than the values obtained
for the control specimens. The deflection rates between the strengthened control
specimens in percentages are found to be between (43-57%) of the control specimens.
It has been observed that the increase in steel plate size results in an increase in the
total slab stiffness. The essential parameter that influences the overall results of slab
specimens strengthened with steel plates is the suitable location of the steel plates.
The stiffness of slabs strengthening with SIMCON is relatively higher than slabs
strengthened with steel plates. Moreover, the axial load-displacement relation indi-
cates that all the numerical models present a stiffer behavior than experimental axial
load-displacement relations. The experimentally and numerically obtained results
show how the slabs strengthened with 20 mm; SIMCON provided higher results than
slabs strengthened with steel plates.

The strain gauges of SIMCON-strengthened slabs indicate that negative values were
obtained at the bottom face strains during impact; meanwhile, the top surface strains
obtained positive values. This could indicate that the slabs tend to show deflection
upwards during impact, eventually causing compression on the bottom surface as
opposed to the tension on top during the impact.

The strengthening technique used in the experiment led to a significant improvement
in slab impact behavior. The ABAQUS FE analysis software is used for the verification
of the obtained test results, whereby the specimens are simulated numerically. Despite
the differences in results, it can be stated that numerically simulating the specimens
has reduced the working load significantly, guiding the researchers with regard to the
behavior of structural members under impact loading.

The SIMCON strengthening resulted in a considerable decrease in maximal slab dis-
placement value due to impact. The crack width and quantity decreased significantly,
especially lower for steel plate-strengthened slabs in all cases.

The increase in the area of SIMCON from 500 x 500 mm to 1200 x 1200 mm reduced
the maximal displacement value of the test specimens. The results indicate that
full-scale SIMCON-strengthened plates have remarkably lower damage rates under
impact energy levels, withstanding higher impact energy values.

A significant reduction is found for SIMCON and steel plate-strengthened RC slabs.
As for the residual displacement values, they represent the plastic deformation caused
to the test specimens via impact loading.

Significant improvements have been observed in the impact behavior of slab speci-
mens in light of the experimentally strengthened techniques used. Full-scale 30 mm
SIMCON strengthening showed the highest performance.

The use of local, externally bonded steel and SIMCON plates to strengthen reinforced
slabs against punching shear has proven the tensile face to be efficient.
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(n) As for the improvement of slab punching shear capacities, the bonding technique is
found to be more efficient than the thickness of steel plates. Moreover, using SIMCON
strengthening indicated a larger enhancement of punching shear strength than steel plates.

(0) From the effect of strengthening type and thickness of SIMCON on the displace-
ment of experimental tests and FE analysis of slabs over time, it is found that the
numerically predicted ultimate axial deformations are lower than the observed values,
having an average experimental-to-numerical ratio of (1.024). It is also found that the
displacement-time history is affected slightly by the thickness of SIMCON, but it is
very clear when comparing the use of the strengthening types.
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