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Abstract. Prediction of punching shear strength in RC two-way slabs with different fiber volume fractions,
and freely drop weight heights (Impact load) is fundamental to propose structural design procedures for
structures subjected to impact load. Moreover, the punching failure of two-way slabs subjected to impact
can consider as a complex behavior in design. Thus, the punching shear capacity of reinforced concrete
(RC) two-way slabs subjected to drop-weight impacts investigated in this paper by using Nonlinear Finite
Element Analysis (NLFEA). Firstly, the simulated models were validated against fifteen RC slabs with
Polypropylene Fiber (PF) volume (V¥) of 0, 0.3, 0.6, and 0.9 % and subjected to impact load at the height of
0, 1.2, and 2.4 m. Then, the simulated slabs were expanded to cover slabs not subjected to impact load
(impact height (H)) of 0 m) and slabs with Vt of 0 % to 1.2 % and subjected to impact load at the height of
1 mto 11m, resulting in a total of 182 RC slabs. The behavior of each slab evaluated in terms of the crack
patterns, ultimate punching shear capacity, and deflection profile. The results showed that adding the PF at
a dosage of 0.1 to 1.2 % by volume of concrete leads to significant enhancement in the overall structural
behavior of the slabs and their resistance to impact loading. Attractively, after impact height of 10 m

(KE = 686.00 J), the simulated RC slabs with PF volume fraction less than 0.7 % are failed. While all the

simulated RC slabs subjected to impact load at the height of 11 m (KE 754.26 J) failed. Finally, NLFEA was
also performed to provide a prediction for impact factor based on PF volume fraction and the impact load
height.

1. Introduction

The response of reinforced concrete (RC) elements subjected to impact load is a hot topic in the
previously published research work. Also, it still needs more elaboration to understand their complex behavior.
This hot topic is significant especially in the area of RC nuclear facilities or military fortification structures that
are used in high-hazard or high-threat applications as well as in the structures that are designed to resist the
accidental impact loading due to falling rock and ship or vehicle collisions with offshore facilities, bridges, and
buildings. Therefore, extensive work should be undertaken in an attempt to develop a design procedure for
post-impact resistant and to improve the behavior of RC elements subjected to impact loads. Up to now, the
establishing of empirical provisions for estimating the damage and structural capacity under specific impact
loading is the most focused topic of the majority of the impact loading related research [1-8]. Nowadays two-
way RC flat slabs can be considered as the excellent solution for residential, commercial, and office buildings
because of the practical and economic issues such as the easy installation of electrical and mechanical
infrastructures, the considerably simpler and reduced formwork, and faster site operations as well as the more
comfortable and versatility space partitioning. Moreover, the punching failure considered as a complex
behavior in the design of the RC two-way flat slab. Besides, the punching failure is typically brittle and
considered as the ultimate load capacity of two-way RC slabs and can cause a sudden collapse of the entire
structure [9-15].
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Recently, utilizing fiber reinforced concrete has emerged as a practical approach for enhancing the
performance of RC elements under impact loading. Numerous studies have shown that FRC elements
(conventional steel reinforcing bars) demonstrate superior resistances to global impact behavior than local
damage mechanism development and. As a result, acquire enhanced energy absorption capabilities under
impact loading concerning RC elements [16]. Also, FRC is used to increase the punching shear capacity and
the deformation capacity of RC flat slabs due to the capability of fibers in the bridging after the creation of the
cracks [17, 18]. Based on the previous literature review, the punching shear strength of the RC two-way flat
slabs after impact load omitted. Therefore, this paper presents the methodology and conclusions from a
nonlinear finite element analysis (NLFEA) program in terms of the effect of impact load on the punching shear
behavior of RC and polypropylene fiber reinforced (PFR) concrete two-way slabs. Highlighting was placed on
assessing the impact of fiber volume fractions, and freely dropped weight heights on the RC two-way flat slab
behavior in terms of ultimate load capacity, deflection profile, toughness or energy absorption as well as the
mode of failure.

2. Methods

2.1. Description of the experimental program

The experimental program reported by Al-Rousan [19] included testing fifteen two-way reinforced
concrete slabs as a simply supported system with an equally clear length and width of 1.0 m as well as slab
thicknesses of 7 cm. The investigated parameters include the slab thicknesses, ts (7 cm and 9 cm), fiber
volume fractions (0 %, 0.3 %, 0.6 %, 0.9 %, and 1.2 %), and freely drop weight (10 cm in diameter and weighs
7 kg) heights, hi (0, 1.2 m, and 2.4 m). The slabs reinforced with seven steel bars with a diameter of 5 mm in
each direction which is equivalent to steel reinforcement ratios of 0.0018 and 0.0025 for the 9 cm and 8 cm
slabs according to the ACI 318-14 Code. A dropped mass height of 1.2 m and 2.4 m represented impact
velocity of 4.85 m/s and 6.86 m/s, respectively, as well as the kinetic energy of 82.32 J and 164.64 J,
respectively.

The RC two-way slabs were tested firstly under impact load by using a special design setup consists of
steel members with I-section joined together to provide a horizontal platform to give simply supported condition
for the two-way slab. A steel ball of 7 kg mass with adjustable heights of 1.2 m to 2.4 m is allowed to fall freely
through 150 mm in diameter hollow tube member placed vertically to stick the top surface of the tested two-
way slabs at the center. After applying the impact load, all slabs tested as simply supported in both directions
placed and were monotonically loaded up to failure using a hydraulic jack centrally positioned at the top of the
slab. A square steel plate with a thickness of 50 mm and a side length of 200 mm was used to simulate the
column with 200 mm sides. The applied load measured by using the load cell. Three linear variable differential
transformers (LVDT) were placed at a specific location to measure the deflection profile of the tested slabs.
Figure 1 shows the stress-strain diagrams for the concrete batches with different fiber volume fractions as well
as the compressive strength, splitting tensile strength, and modulus of elasticity. Table 1 shows the results of
tested slabs
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Figure 1. Stress-strain diagrams and mechanical properties of concrete [19].
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2.2. Nonlinear Finite Element Analysis

Nonlinear finite element (NLFEA) is a very useful and efficient tool for the analysis of complex structures
in terms of the significant savings in the time, cost of fabrication and experimental testing, changing any
parameter, allowing for obtaining the stress and corresponding strain, as well as the load capacity and
corresponding displacement at any location. Accordingly, the NLFEA program package (ANSYS) was used to
simulate the actual behavior of the tested RC slabs (Table 1). Then NLFEA simulation models (Table 2) were
expanded to provide a parametric study of 182 RC slabs in terms of PF volume fraction (0.0-1.2 %) and impact
load height (0 (No Impact) to 11 m (Failure of all slabs)) or kinetic energy (68.69 J and 754.26 J), respectively.

Table 1. Specimens’ details and tested [19] versus NLFEA results.

Siab Percent of fibers by ~ Height of the falling  Experimental- Ultimate NLFEA-Ultimate
volume (V¥) mass (h|), m punching shear load, kN punching shear load, kN
Sf0.0t0.07h0 0 88.9 88.9
Sf0.3t0.07h0 0.30 % 93.4 93.4
Sf0.6t0.07h0 0.60 % None 96.1 96.1
Sf0.9t0.07h0 0.90 % 100.7 100.7
Sf1.2t0.07h0 1.2% 108.4 108.4
Sf0.0t0.07h1.2 0 61.8 62.0
Sf0.3t0.07h1.2 0.30 % 67.8 68.4
Sf0.6t0.07h1.2 0.60 % 1.2 74.9 73.7
Sf0.9t0.07h1.2 0.90 % 83.0 81.1
Sf1.2t0.07h1.2 1.2% 91.0 91.5
Sf0.0t0.07h2.4 0 58.1 58.1
Sf0.3t0.07h2.4 0.30 % 63.9 64.1
Sf0.6t0.07h2.4 0.60 % 2.4 70.4 69.2
Sf0.9t0.07h2.4 0.90 % 77.9 76.0
Sf1.2t0.07h2.4 1.2% 85.5 85.8

Table 2. NLFEA RC slabs details and ultimate load capacity.

Impact Load Vi, %

H,m KE,J 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2

0.0 0.00 88.9 91.0 924 934 943 951 96.1 973 98.8 100.7 1029 1055 108.4
1.0 68.69 635 66.0 681 70.0 718 736 755 77.7 80.2 830 86.2 89.8 93.8
1.2 8233 620 645 665 684 70.1 718 737 759 783 811 84.2 87.7 915
2.0 13716 610 634 654 672 689 70.7 725 746 770 797 82.8 86.2 90.0
2.4 164.71 58.1 604 624 641 657 674 692 711 734 76.0 78.9 82.2 85.8
3.0 20590 568 59.0 609 626 642 658 675 694 717 742 77.1 80.3 83.8
40 27413 529 550 56.7 583 59.8 613 629 647 668 69.1 71.8 74.8 78.1
50 343.04 482 50.1 517 531 545 558 573 59.0 609 630 65.4 68.2 71.2
6.0 411.27 435 452 46.7 48.0 492 504 518 532 549 569 50.1 61.6 64.3
7.0 47993 384 399 412 423 434 445 457 470 485 50.2 52.2 54.3 56.7
8.0 54863 293 304 314 323 331 339 348 358 370 383 39.7 41.4 43.2
90 61725 132 13.7 141 145 149 153 157 16.1 166 17.2 17.9 18.6 194
10.0 686.00 F F F F F F F 0.9 2.4 4.2 6.5 9.1 11.9
11.0 754.26 F F F F F F F F F F F F F

Note: Hi: Vi Percent of fibers by volume Impact load height, KE: Kinetic Energy, and F: Failure.

The SOLID65 element is capable of predicting the non-homogeneity, brittleness, and nonlinear behavior
of concrete materials using a smeared crack approach with ultimate uniaxial tensile and compressive strengths
(Figure 1). The detailed concrete properties in tension, compression, and modulus of elasticity are included
earlier in Section 2.1. The Poisson's ratio is taken as 0.2. The shear transfer coefficient (f) taken as 0.8, which
is nearly more than typical values for plain concrete since the fibers allow for the transfer of stress across the
cracks. The efficiency of the PF in increasing the tensile and flexural strengths of the concrete based on the
number and the orientation of PF per unit cross-sectional concrete area evaluated. The amount and orientation
of PF per unit area were calculated based on the probability method proposed by Parviz and Lee [20]. LINK8
element was used to simulate the steel reinforcement bars with elastic-perfectly plastic behavior, Poisson's
ratio of 0.3, yield strength of 460 MPa, and elastic modulus of 200 GPa. The Steel ball, steel plates at the
loading and support locations were simulated using the SOLID45 element with linear elastic behavior; Poisson
ratio and elastic modulus of 0.3 and 200 GPa, respectively.

Figure 2 shows the typical NLFEA meshing of the RC slab before and after the impact load. In NLFEA, the
total applied load divided into a series of load steps or load increments. Newton-Raphson equilibrium iterations
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provide convergence at the end of each load increment within tolerance limits equal five times the default tolerance
limits of 0.5 % and 5 % for force and displacement checking to achieve the convergence of NLFEA solution.

AN : AN AN

Loading Area

Steel Ball (7kg)

(Impact Load) (Static Load) (Steel Mesh)

Figure 2. Typical finite element meshing of the RC slabs before and after impact.

3. Results and Discussion
3.1. Validation of NLFEA results

The tested RC slabs were simulated to validate the NLFEA, as shown in Table 2. The results from the
experimental and NLFEA compared in terms of the load-deflection curves (Figure 3) and the ultimate load at
failure (Table 2). Inspection of Figure 3 reveals that the NLFEA load-deflection curves had an excellent
agreement with the experimental results. Moreover, Table 2 indicates that the NLFEA simulated RC slabs are
very close to the tested ones in terms of the load-deflection behavior (Figure 3), ultimate load capacity
(Table 2), and mode of failure (Figure 4).

For further illustration, the NLFEA models were expanded to cover the effect of PF volume fraction
and impact load height or kinetic energy on the impact factor (b). Impact factor (b) calculated by dividing the
ultimate load capacity of the slab subjected to impact load by the control slab (no impact) as shown in Table 3.
Depending on the kinetic energy of the RC slabs having similar concrete compressive and tensile strength,
Table 3 can be utilized to predict the required impact factor of a specific PF volume fraction. After an impact
height of 10 m (KE = 686.00 J), the simulated RC slabs with PF volume fraction less than 0.7 % failed. While

all the simulated RC slabs subjected to impact load at the height of 11 m (KE 754.26 J) failed.
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Figure 3. Typical tested [19] and NLFEA Load versus mid-span displacementcurves.
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Figure 4. Typical tested [19] and NLFEA results of RC slabs.
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Table 3.

Impact factor (b) using NLFEA.
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Impact Load

b

Hi,m KE,J

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

11

1.2

0.0 0.00

1.0 68.69
1.2 8233
2.0 137.16
24 164.71
3.0 205.90
4.0 274.13
5.0 343.04
6.0 411.27
7.0 479.93
8.0 548.63
9.0 617.25

10.0 686.00
11.0 754.26

1.000
0.714
0.697
0.686
0.654
0.638
0.595
0.542
0.489
0.432
0.329
0.148

F
F

1.000
0.726
0.709
0.697
0.664
0.649
0.604
0.551
0.497
0.439
0.334
0.151

F
F

1.000
0.738
0.720
0.708
0.675
0.659
0.614
0.560
0.505
0.446
0.340
0.153

F
F

1.000
0.749
0.732
0.720
0.686
0.670
0.624
0.569
0.513
0.453
0.345
0.155

F
F

1.000
0.762
0.743
0.731
0.697
0.680
0.634
0.578
0.522
0.460
0.351
0.158

F
F

1.000
0.774
0.755
0.743
0.708
0.691
0.644
0.587
0.530
0.468
0.357
0.160

F
F

1.000
0.786
0.768
0.755
0.720
0.703
0.655
0.597
0.539
0.475
0.362
0.163

F
F

1.000
0.799
0.780
0.767
0.731
0.714
0.665
0.606
0.547
0.483
0.368
0.166

0.009
F

1.000
0.812
0.793
0.779
0.743
0.725
0.676
0.616
0.556
0.491
0.374
0.168

0.024
F

1.000
0.825
0.805
0.792
0.755
0.737
0.687
0.626
0.565
0.499
0.380
0.171

0.042
F

1.000
0.838
0.818
0.805
0.767
0.749
0.698
0.636
0.574
0.507
0.386
0.174

0.063
F

1.000
0.852
0.832
0.818
0.780
0.761
0.709
0.646
0.584
0.515
0.393
0.177

0.086
E

1.000
0.866
0.845
0.831
0.792
0.773
0.721
0.657
0.593
0.523
0.399
0.179

0.110
F

Note: Hi: b: Impact factor, KE: Kinetic Energy, and F
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Figure 5. Typical crack patterns of the simulated models.
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3.2. Mode of failure

Based on the NLFEA results, all simulated slabs failed in the punching shear mode, and flexural cracks
started from the loading steel plate and extended until the edges of the tested slab. Punching shear mode of failure
was a brittle that occurred near the loading steel plate (compression face or top surface) at the ultimate failure load.
Followed by the development of a punching shear failure cone at the tensile face (Bottom surface). Figure 5 shows
the typical punching shear failure on the compression face and tensile face. Inspection of Figure 5 shows that slabs
subjected to impact had more flexural cracks and large punching shear cone than slabs not subjected to impact.
Besides, Figure 5 shows the increase of fiber volume decreased the number of flexural cracks and the size of the
punching shear cone. Because the fibers resist the applied forces until the fibers were pulled out from the concrete.
Additionally, the occupation of fibers in stretching the failed bottom surface (tension face) of the slab away from the
loading steel plate thus increased their punching shear capacity.

120

21.9%
1119 13.3% 15.7% 18.7%

9.4%

100 | o4 39% 5.% 61% 7.0% B8.1%
80 |
60 |

40 L

Punching shear capacity, kN
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00 01 02 03 04 05 06 07 08 09 10 11 12
Fiber volume percentage, %

100

-29% 31% -36%  -41%  -46%  -51% -57%  -67%  -85%

Punching shear capacity, kN

0 1 2 3 4 5 6 7 8 9
Impact Load Height, m

Figure 6. Effect of fiber volume percentage and impact load height on punching shear load.

3.3. Ultimate load capacity

Table 2 and Figure 6 show the summarized results and the effect of fiber volume percentage and impact
load on the punching shear load of the tested slabs. Inspection of Figure 6 reveals that the ultimate punching
shear capacity of control slab (slabs not subjected to impact) generally increases. Also, the degradation in slab
strength due to impact load decreases with the increasing fiber volume percentage. Adding Vfin 0.1 to 1.2 % by

volume fraction increased the ultimate punching capacity for slab without V by about 2.4 to 21.9 %, respectively.
Also, the impact load at the height of 1 m to 9 m created degradation in the ultimate punching shear capacity of
29 % to 85 %, respectively. As well as the efficiency of fiber in absorbing of impact load or decreasing the ultimate
load capacity degradation increased with the increasing of V percentage.

3.4. Load deflection behavior

Figure 7 shows the effect of the impact load and fiber volume on the load-displacement behavior, stiffness,
and toughness. The stiffness defined as the slope of the curve from the initiation of the first crack (reaching the tensile
strength of the concrete) to the displacement equal to 3 mm. The toughness defined as the area under the load-
displacement behavior. The load-displacement behavior can be divided into two stages based on the crack growth
and the shape of the load-displacement behavior, as shown in Figure 7. In the first stage (zero loadings to load at
which the displacement equal to 3 mm), the behavior is approximately elastic liner before the initiation of the first
crack (which is located at the center of the slab and close to the loading steel plate) and caused a reduction in the
stiffness of the curve. Then, in the second stage, the stiffness was reduced suddenly, followed by the development
of the punching shear cone. Inspection of Figure 7 reveals that the impact load height caused a higher reduction in
stiffness and in toughness to control slab (no impact load) than fiber volume percentage. Besides, Figure 7 shows
that the stiffness and toughness generally increase with the increasing fiber volume percentage. The adding of PFR
assists in delaying and resisting the formulation and expanding of cracks, thus slab stiffness and toughness are
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enhanced. Also, Figure 7 shows the proposed equation for predicting ultimate load capacity in terms of impact load
height (Figure 7(a)) and fiber volume percentage (Figure 7(b)).
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(b) Effect of fiber volume (V5
Figure 7. Typical load versus displacement curves.
3.5. Deflection profile

Assessment of the displacement profile of the simulated slabs provides further information (quantitative
measure) on the topic of the effect of tested parameters (Figure 8). The global structural behavior that is not
directly obvious from studying the load-displacement behavior and ultimate mid-point displacement. Figure 8
shows the effect of the impact load and fiber volume on the displacement profile. Inspection of Figure 8 reveals
that the impact load height had the highest displacement profile, specifically at the mid-point comparing with
the impact load at the lowest height. This mode of failure is observed the same in slabs subjected to impact
at a higher height had more flexural cracks and large punching shear cone than slabs subjected to impact at
the lowest height. While the displacement at the quarter-point is almost equal for both impact heights. It is
seen that the PFR was successful in justifying the growth of localized failures in terms of the number of flexural
cracks and the size of the punching shear cone. The PFR slabs exhibited displacement profile in which
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displacement was more consistently distributed and, as a result, we're able to achieve more extensive
displacement profile at failure.
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(b) Effect of fiber volume (V5

Figure 8. Typical displacement shapes,
3.6. Punching shear model for two-way RC slabs subjected to impact load

An empirical model was proposed to predict the punching shear strength of two-way RC slabs subjected
to impact load as a function of tested parameters. Most models founded in the literature and design codes base
their verifications on a critical section to find the punching shear strength of non-impacted RC slabs without shear
reinforcement [9—20]. Equation (1) shows the ACI 318-14 expression for circular or square columns of two-way
slab moderate relative to the concrete compressive strength and thickness of the slab.

Vg =0.330,d,/f,, (1)

where VR is the punching shear capacity of two-way slabs at critical section located at d/2 from the face of the
square or circular column;

d is the effective depth of the slab;
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f'c is the concrete compressive strength at 28 days;
bo is the perimeter of the critical section.

Based on the above equation, Equation (2) can be used to describe the punching shear capacity of RC
two-way slabs subjected to impact with some modifications as following:

Vg = afib,d/f,, (2)

where o and fis a factor accounting for fiber volume fraction and impact load effects, respectively. Based on
the regression analysis of the RC two-way slabs not subjected to impact load (f = 1) as shown in Figure 9
[19], Equation (3) presents the relationship between the fiber volume fraction and « factor.

a =0.321e" 21 €)

where Vt is the fiber volume fraction percentage. Based on the analysis of the RC two-way slabs subjected to

impact load Table 3 shows the /3 factor based on impact height and fiber volume fraction percentage. Thus
the punching shear strength of the RC two-way slabs subjected to impact can be defined by the following
equations

0.1523Vv
V, =(0.3218e 7 )b, d/ /. 4
0.45
[ | RC two-way slabs not subjected impact load (B = 1)‘
0.40 | a =0.321e" 7% .
i R? = 0.9602
Vq -
— 0.35
b,d+/ f; i
0.30 |
I ° Results
0.25jx1111111111111111111111111111111111111

0.0 02 04 06 08 1.0 1.2 14
Vi, %
Figure 9. Relationships between fiber volume fraction percentage (V)
and afactor for RC two way slabs not subjected impact load [19].

4. Conclusions

1. The increase in impact load and the fiber volume increased the number of flexural cracks and the
size of the punching shear cone.

2. Adding fiber volume in 0.1 to 1.2 % by volume fraction enhanced the ultimate punching capacity with
2.4 to 21.9 % while the impact load at the height of 1 m to 9 m created degradation in the ultimate punching
shear capacity of 29 % and 85 %.

3. After an impact height of 10 m, the simulated RC slabs with PF volume fraction less than 0.7 % failed.
While all the simulated RC slabs subjected to impact load at the height of 11 m failed.

4. Based on innovative NLFEA verified with the experimental results, the impact factor (/) proposed for
predicting the ultimate punching shear capacity of RC slabs at specific PF volume and kinetic energy.
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