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Abstract. Accidental rockfalls are common hazards in many countries, where many structures and 
infrastructure are damaged by the impact of falling rocks. This research aims to study the efficiency of shear 
reinforcement as rehabilitation techniques for PT “post-tensioned” slabs damaged by falling rocks. Two simply 
supported PT slabs were considered in this study. Each has a dimension of (6.6 m×3 m×0.25 m) and was 
subjected to an impact from a 605 Kg reinforced concrete falling block at a height of 20 m. The first slab  
(PT-1) was hit at its center of gravity, while the second one (PT-2) was hit at the mid-span of its free edge. 
After impact, both slabs were repaired by replacing the damaged parts and adding shear ties in order to 
prevent any future collapse when new impact occurred. The impact test was repeated again after repairing, 
and both punching shear capacity and normal stresses were recorded. Results showed that the repaired slabs 
were able to resist the repeated impact successfully. Both punching shear and normal stress capacities were 
higher than the applied stresses. Moreover, using shear reinforcement helped in changing the crack pattern 
from shear to flexure. At the end of this study, some recommendations were suggested for further studies. 

1. Introduction 
Lebanon is characterized by its varied terrain (coast, mountains, and valleys). With the increase in 

population, people moved to live in the mountain region increasing the percentage of inhabitants there. 
Lebanon is also characterized by the heavy rain falling in the winter, causing incidents of landslides particularly 
in mountain areas resulting in rock falls onto the surfaces of residential buildings, leaving severe damage to 
the structure and threatening lives. This phenomenon is not limited in Lebanon but is a phenomenon that is 
spread throughout the world especially the mountain regions, which drew the attention of many researchers. 
The main issue related to this phenomenon is the impact caused by the rapid and sudden load application. 
Generally, most of the design codes do not include the impact load analysis -due to both falling objects and 
explosions- in analyses procedures; therefore, in the past ten years, numerous researches were conducted in 
this domain [1–6]. 

Iqbal [7] examined the behavior of post-tensioned slabs subjected to impact loading. Eight 
800 mm×800 mm×100 mm (l×w×t) samples were considered in this study four of which were non-prestressed 
concrete samples and the others were prestressed at different stress levels. The impactor consisted of a 
243 Kg steel mass dropped from two different heights 0.5 m and 1 m respectively. Results showed that post-
tension slabs had a higher load capacity and a lower mid-span deflection compared to the non-prestressed 
concrete slabs. Yet, both types of slabs failed due to punching shear.  

Al Rawi [8] studied numerically the effect of impact loads on prestressed concrete slabs compared to 
non-prestressed concrete slabs of equivalent moment capacity. Non-prestressed slabs gave better load 
capacity and deflection. In addition, Kumar [9] studied the efficiency of reinforced concrete slabs compared to 
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prestressed concrete slabs of the same thicknesses in absorbing impact energy. The study concluded that 
prestressed concrete slabs absorb more impact energy than reinforced concrete slabs causing less damage. 

To strengthen RC elements to resist impact loads, there are many techniques that are used nowadays. 
A commonly used technique is fiber-reinforced polymers (FRP), and several researchers based their studies 
on it [10–12]. One of the important researches done in this field was conducted by Radnic [13]. It studied the 
behavior of two way reinforced concrete slabs strengthened with “carbon fiber reinforced polymer” (CFRP) 
sheets when subjected to impact loads. Eight samples of 100 cm×100 cm×5.5 cm dimensions were cast for 
experimental testing divided into two sets as follows: the first set consisted of four of normal samples and the 
second set was of four samples strengthened with CFRP sheets at the bottom surface. Three of each set of 
samples were subjected to an impact from different heights, and the fourth was subjected to a normal static 
test for comparison. When subjected to impact load, samples strengthened with CFRP gave a 10 % larger 
load capacity than the normal samples. This percentage increased to 25 % for the sample subjected to a static 
load. The low performance for CFRP in strengthening is due to the punching shear failure that occurred to all 
tested samples; which cannot be resisted by the CFRP sheets. This conclusion was confirmed by another 
study done by Jahami [14], where the behavior of post-tensioned slabs strengthened with CFRP sheets was 
compared numerically to post-tensioned slabs. A similar percentage difference in load capacity was reached. 
This proves how critical is the punching shear failure in impact loading and that CFRP is not ideal to resist 
impact loads.  

Hao [15] investigated the effect of using steel fibers in concrete on the impact behavior of reinforced 
concrete beams. Three cases were considered in the study: the first was the control sample without fibers, the 
second one contained spiral steel fibers, and the third one contained hooked-end steel fibers. Each sample 
was subjected to a repeated impact from a 15.2 Kg mass dropped from a height of 5 meters. Results showed 
that spiral steel fibers are better in absorbing the impact energy and enhancing the structural performance for 
RC beams under impact loading. Some researchers studied the efficiency of different types of fibers in 
punching shear resistance. Harajli [16] did a comparative study between steel fibers and polypropylene fibers 
to determine which of them serves better in punching shear resistance. The results showed that both types 
increased the punching shear capacity in a significant way and in a similar ratio. In addition, the failure 
observed for both fibers was a ductile failure and more energy was dissipated compared to normal concrete. 
Furthermore, Mostafaei [17] studied the effect of external prestressing on punching shear behavior of SFRC 
“steel fiber reinforced concrete” slabs. Results showed that using external prestressing helped in increasing 
punching shear capacity significantly. Also, the combination of steel fiber and prestressing helped in improving 
the ductility and energy dissipation of slabs. 

In conclusion, the effect of impact loads on reinforced concrete slabs has been extensively investigated. 
However, very few researchers have studied the behavior of post-tensioned slabs under impact load and the 
optimum repair techniques. This research aimed to study the rehabilitation of post-tensioned slabs previously 
damaged by the impact falling objects; which simulated the case of falling rocks in mountainous areas. As for 
non-mountainous areas, other types of impact may occur such as blast impact. These impacts may be 
considered in future research. In this study, two drop cases were considered; a drop at the center of gravity of 
the slab and a drop at the mid-span of the slab free edge. The following parameters were considered in this 
study; punching shear capacity, flexural normal stresses, slab vibration, slab damping ratio, damage mode, 
and the extent of damage. 

2. Methods 
2.1. Slabs preparation 

Two PT “post-tensioned” slabs are considered in this study each having a 660 cm×300 cm×25 cm 
dimensions. The slabs are prestressed with six equally distributed mono strands and reinforced with 10mm 
diameter bottom and top mesh at 250 mm spacing (Figures 1 and 2). The prestressing mono-strands have a 
draped profile and are grouted after casting the concrete to form a bonded system. Slabs’ dimensions and 
reinforcements considered the different gravity loads that act on a residential floor. The supporting system 
consisted of 10 cm diameter steel cylinders of 12 cm height resting on steel I-shaped beams, and the whole 
system is supported on two (60 cm×60 cm) concrete strip footings (Figure 3). As for the falling mass used to 
hit the slabs, a 605 Kg reinforced concrete block (60 cm×60 cm×60 cm) is cast inside an 8mm thickness steel 
mold to protect the concrete core from severe damage after impact; to be used for multiple drops (Figure 4).  
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Figure 1. PT slab reinforcement (cm). 

 
Figure 2. PT slab execution. 

 
Figure 3. Slab supporting system (cm). 

 
Figure 4. RC block reinforcement (cm). 

The compressive strength test was conducted on three 15 cm diameter and 30 cm height cylinders 
specimens taken from the concrete batch after 28 days. The actual compressive strength of concrete is 
32 MPa. The reinforcing steel rebars have yield and ultimate strengths of 585 MPa and 662 MPa respectively, 
and prestressed cables have yield and ultimate strengths of 1680 MPa and 1860 MPa respectively. 
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The experimental setup was prepared on different stages. During the First stage, all the timber formwork 
for the strip footings was set at a depth of 40 cm underground and the steel supporting system was prepared. 
Couples of 25 mm diameter steel dowels were added between the supports and extended to the concrete strip 
footings (Figure 3); in order to prevent the uplifting of slabs during impact. The footings then were cast and 
cured by water for about 7 days. After that, the I-shaped beams were placed over the strip footings and the 
steel cylinders were attached to them by bolts. Each cylinder had two 8 mm diameter and 15 cm length rebar 
welded to it and embedded inside the PT slab to form a pin support condition (Figure 5).  

In the second stage, the slab formworks were prepared and the non-prestressed reinforcement was 
placed taking into consideration a clear cover of 2 cm. Then mono strands were placed as detailed in Figure 1, 
and special bursting steel was placed at the boundaries. After that concrete was cast and cured for two weeks 
with water, and mono-strands were stressed at 1400 MPa and grouted. Finally, a (150 cm×150 cm) neoprene 
pad was placed at the impact zone to redistribute pressure after hitting the slab with the falling block. One slab 
was hit at the center and named “PT-1”, and the other was hit at the free edge of the mid-span and named 
“PT-2” as shown in Figure 6. 

  
Figure 5. Steel cylinders (mm). Figure 6. Impact position (cm). 

In order to record the impact force and the slab displacement, the piezoelectric accelerometer sensors 
were used in this study. This type of sensors is adequate in the case of impact load; since it can record a large 
number of readings in a very short time. These sensors were used by much previous research [18, 19]. Four 
accelerometers were placed in each slab (PT-1 and PT-2) as illustrated in Figure 6. The position of each 
accelerometer was chosen such that it covers the critical slab zones. The data acquisition system used in this 
experiment consisted of: a (cDAQ-9178) with eight channels and a measurement card (NI 9234) which were 
provided by National Instrument [20] 

On the testing day, a crane used to hold the 605 Kg RC block at a height of 20 m, where the total 
provided energy for the slabs was estimated based on the following equation: 

E mgh=  (1) 

Where E is the total provided energy for the system in (J), m is the mass of the falling object in (Kg), 
g is the gravitational acceleration and equal to (9.81 m/s2), and h is the height of the falling object (m). In this 
case, the total provided energy was 118.7 KJ. The block height and position were specified exactly using a 
theodolite device. Each slab was hit once and different data were recorded including Impact load, mid-span 
displacement, type of damages and their extent in the different slabs. Results showed that the impact load 
was 1217 KN for slab PT-1 and 965 KN for slab PT-2. These values will be used to repair the slabs in the 
rehabilitation process. 

2.2. Rehabilitation process 
After the impact test, slabs were repaired so it can withstand another future impact. The proposed 

method was using shear reinforcement as a strengthening technique; since the mode of failure for slabs 
subjected to impact loading is punching shear. First, the damaged parts were removed. Removal area was 
determined based on punching shear analysis; where shear reinforcement distributed area must continue to 
reach a limit where concrete can alone resist the applied shear stress. Equation 2 shows the concrete two-
way shear strength, whereas equation 4 shows the shear stresses carried by shear reinforcement [21]: 
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Where vcon is the punching shear capacity of concrete, βp is the factor used to compute vcon in pre-
stressed concrete slab, fy is the rebar yield strength. f’c is the concrete compressive strength, fpc is the average 
pre-compression stress in the critical section, ʋp is the vertical component of all effective pre-stress stresses 
crossing the critical section, vs is the shear stress carried by shear reinforcement and it is the difference 
between the applied shear stress va and vcon, Av is the total area of rebar legs at the critical section, b is the 
perimeter of the critical section, and s is the spacing of shear reinforcement and must be less than (d/2), where 
d is the effective depth of the section. 

Therefore, for the PT slab subjected to an impact at its center of gravity “PT-1”, the removal area was 
(2 m×3 m). Whereas for the slab subjected to an impact at the mid-span of its free edge “PT-2”, the removal 
area was (4.8m x 3m). Figure 7 shows the removed area for slabs “PT-1” and “PT-2”. The new slabs were 
named “PT-1R” for the rehabilitated “PT-1” slab and “PT-2R” for the rehabilitated “PT-2” slab. ACI code 

recommends reducing the concrete shear strength when using shear reinforcement to 
1
6 cf . For more 

details regarding punching shear analysis and design, check Table 1: 

Table 1. Punching shear calculation details for rehabilitated samples “PT-1R” and PT-2R”. 

Sample 
Va d b s f’c  fy  𝑣𝑣𝑎𝑎  𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐  𝑣𝑣𝑠𝑠  
(N) (mm) (mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) 

PT-1R 1216685 220 2880 100 31 585 1.92 0.93 0.99 
PT-2R 964716 220 1940 100 31 585 2.26 0.93 1.33 

 

 
Figure 7. Removal area for both PT-1R and PT-2R & added mono-strands (cm). 

Once the damaged zone is removed, all severely damaged non-prestressed reinforcement were 
replaced with new ones. A set of 10 mm diameter cross ties (punching shear reinforcement) was prepared – 
(Figure 8) – and attached to both top and bottom flexural reinforcement at a spacing of 10cm to cover the 
whole zone. As for the prestressing steel, all ducts were removed so strands are working as non-prestressed 
steel; since no bond remains between strands and concrete. Hence, and to regain the prestressing behavior 
in this zone, new mono strands were installed beside the old ones (Figure 9). The original flexural strength for 
both slabs before the first impact was 107.5 KN.m, whereas, after rehabilitation, the flexural strength increased 
to 118.6 KN.m. In order to achieve a better connection between the old and new concrete, an inclination of 45 
degrees was performed in the interface. This interface was roughened to increase the friction between old and 
new concrete. Figure 10 shows slab PT-1R after finishing rehabilitation procedure before casting.   

Finally, the new concrete was cast and cured with water for 2 weeks (Figure 11). Concrete mix strength 
was prepared to be the same as the old concrete cast for the first time. Three cylinders were tested at the 
impact test day and showed a compressive strength of 31 MPa. After casting, new sheets of neoprene pads 
were fixed at the impact zone as done previously, and accelerometers were placed at the same previous 
locations to have a valid comparison of the results with those of the original slabs before rehabilitation. 
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Figure 8. Crossties used in rehabilitation as punching shear reinforcement. 

 
Figure 9. Flexural reinforcements detailing. 

  
Figure 10. PT-1R slab before the 

concrete cast. 
Figure 11. Concrete cast for PT-1R. 

3. Results and Discussion 
3.1. Impact load analysis 

Table 2 summarizes the results of the impact testing for PT slabs before and after repair. Although the 
mass and height of the drop were maintained the same, the impact load was increased after repair regardless 
of the location of the dropped mass. This increase is 44 % and 71 % when the mass is dropped at the center 
(PT-1 and PT-1R) and at the edge (PT-2 and PT-2R) respectively. This is due to the position of the block at 
the moment it hits the slab. The block in case (PT-1) fell approximately at its flat surface, whereas for case 
(PT-1R) it fell at one of its edges as illustrated in the blue hatched zone in Figure 12. In addition, the block in 
case (PT-1) fell approximately at the center of the slab, while in case (PT-1R) it landed slightly to the right side 
of the neoprene pad limit (Figure 12). Therefore, accelerometer “ACC-2” which was closer to the drop position 
for slab PT-1R recorded a larger acceleration value than slab PT-1. As for cases (PT-2 and PT-2R), the block 
fell nearly in the same position in both cases. But in case (PT-2R) the block fell at one of its edges as shown 
in Figure 13 (blue hatch), while it fell on its flat surface for case (PT-2). Hence, accelerometer “ACC-0” that 
lies behind the hitting block edge for slab PT-2R recorded a larger acceleration value than slab PT-2. 

Another important finding is the dynamic increase factor (DIF) for the impact test, which is the ratio 
between the static load (weight of block) and the equivalent load due to impact. For the impact energy of 
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118.7 KJ, the static weight for the falling object was magnified by 206.3, 296.8, 163.6, and 280 times for slabs 
PT-1, PT-1R, PT-2, and PT-2R respectively. This difference in the DIF factor is due to the variation in impact 
loads described earlier. This increase factor (DIF) is very important to be determined for any future analysis 
and design procedure. 

Table 2. Applied load and punching shear analysis. 

Slab Static load 
(KN) 

Impact load 
(KN) 

Dynamic impact 
factor (DIF) 

Applied punching 
shear stress va 

(MPa) 

Punching shear 
capacity vc 

(MPa) 

Shear demand ratio 

(va/vc) 

PT-1 5.9 1217 206.3 1.92 1.83 1.05 
PT-1R 5.9 1751 296.8 2.76 4.08 0.67 
PT-2 5.9 965 163.6 2.26 1.83 1.23 

PT-2R 5.9 1652 280 3.87 4.44 0.87 
 

  
Figure 12. Position of the falling block on 

collision with slab PT-1R 
Figure 13. Position of the falling block on 

collision with slab PT-2R 

  
Figure 14. Shear stress for slabs  

PT-1 and PT-1R 
Figure 15. Shear stress for slabs  

PT-2 and PT-2R 
Figure 14 shows the shear stress capacity and the applied shear stress for both slabs PT-1 and PT-1R. 

An increase of the punching shear capacity was observed from 1.83 MPa for slab PT-1 (before repair) to 
4.08 MPa for slab PT-1R (after repair). This leads to a reduction in the shear demand ratio (vn/vnc) from 1.05 
for slab PT-1 to 0.67 for slab PT-1R. As for slabs PT-2 and PT-2R, similar improvement was recorded where 
the shear capacity was increased from 1.83 MPa to 4.44 MPa respectively (Figure 15). This improvement was 
better for slab PT-2R than slab PT-1R; since the critical perimeter b for the edge drop case (PT-2R) is less 
than the critical perimeter for the center drop case (PT-1R), which led to a higher shear stress carried by 
crossties vs in slab (PT-2R) than slab (PT-1R). 

In order to prove the efficiency of the rehabilitation technique, a comparative study is conducted in order 
to prove the efficiency of the repair technique of slabs PT-1R and PT-2R in terms of flexural normal stresses. 
To achieve this goal, the outputs of the numerical analysis obtained in a previous investigation conducted by 
the authors were used to assess the flexure mode of failure [8]. Two main parameters were studied: the tensile 
stress at the bottom non-prestressed rebars and the compressive stress at the concrete top surface. Both 
parameters were studied using the dynamic properties of both concrete and steel rebars and not the static 
properties. The dynamic properties were examined using the CEB-FIP Model Code [22] that relates the 
dynamic to static properties for both steel and concrete based on strain rate. The dynamic yield strength of 
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non-prestressed rebars was 720 MPa compared to 585 MPa for static strength, while the dynamic 
compressive strength of concrete was 47 compared to a static strength of 32 MPa. 

Figure 16 plots the axial tensile stress at steel rebars fs below the impact zone. It can be noted that the 
non-prestressed rebars at slabs PT-1 and PT-1R reached a tensile stress value of 542 MPa and 452 MPa 
respectively, which is around 75 % and 63 % of the dynamic yield stress (720 MPa) of reinforcing rebars. On 
the other hand, rebars in slab PT-2 were yielded as shown in Figure 16, whereas slab PT-2R recorded a rebar 
tensile stress of 653 MPa, which is around 91 % of the dynamic yield stress. This suggests that both repaired 
slabs (PT-1R and PT-2R) did not experience any yielding in steel rebars.  

The second parameter was represented in Figure 17, where the compressive stresses in concrete fc at 
the top fibre of the slabs are shown in the impact zone. As per ACI318-14 [21] requirements, the stress in 
compression should not exceed 0.85f’c (i.e. 40 MPa) to avoid failure of concrete in compression. Results show 
that top compressive stresses for slabs PT-1 and PT-2 were 36 MPa and 41 MPa respectively, which means 
that slab PT-2 failed in compression. However, there was no compressive failure for both slabs after repairing, 
where the compressive stress was 30 MPa and 34 MPa for slabs PT-1R and PT-2R respectively. It was 
realized that for both top and bottom stresses slab PT-2R had higher values than slab PT-1R; because for 
slab PT-2R, the slab is hit at the mid-span of its free edge, which will lead to a higher top and bottom strain. 

  
Figure 16. Rebar tensile stresses for slabs  

(PT-1, PT-1R, PT-2, and PT-2R) 
Figure 17. Top compression stresses for slabs 

(PT-1, PT-1R, PT-2, and PT-2R) 

3.2. Vibration analysis 
The displacement at each accelerometer was recorded using the double integration method for the 

acceleration curves. Table 3 summarizes the maximum displacement values for each accelerometer. For slab 
PT-1, the maximum displacement was recorded at ACC0 with a value of 40.4 mm. However, for slab PT-1R 
the maximum displacement was recorded at ACC2 (52.7 mm). This is due to the position of the block on 
collision where the edge of the block touched the slab first near ACC2. Compared to the displacement values 
at slab PT-1, the values recorded for slab PT-1R were higher; since the impact load was higher. A similar 
trend was realized for slabs PT-2 and PT-2R, where the maximum displacement was recorded at ACC2 
(38.1 mm) for slab PT-2 and ACC0 (42 mm) for slab PT-2R. The higher displacement values for the repaired 
slab PT-2R is due to the higher impact load because of the position of the falling block. ACC1 results were not 
included since there were cracks across the accelerometers during impact. 

One of the indicators that shows the efficiency of the repair technique is the “impact force to maximum 
displacement” (F/D) ratio, which is introduced for each accelerometer in Table 3. This ratio shows the force 
needed for each slab to generate a unit displacement. It can be clearly noticed that slab PT-1R performed 
better than slab PT-1 since it has a higher (F/D) ratio at all points (except ACC2). Results also showed an 
increase in the (F/D) ratio for slab PT-2R compared to slab PT-2. Moreover, it can be noticed that repairing 
techniques has more efficiency for the edge drop (PT-2 and PT-2R) than the central drop (PT-1 and PT-1R) 
in terms of (F/D) ratio. For more details, Figures 18 and 19 show the full displacement – time curves for slabs 
(PT-1 and PT-1R) and (PT-2 and PT-2R). 

Table 3. Displacement results at each accelerometer. 

Slab 
ACC0 
(mm) 

ACC1 
(mm) 

ACC2 
(mm) 

ACC3 
(mm) 

(F/D)0 
(KN/mm) 

(F/D)1 
(KN/mm) 

(F/D)2 
(KN/mm) 

(F/D)3 
(KN/mm) 

PT-1 40.4 37.0 35.7 22.9 30.1 32.9 34.1 53.1 
PT-1R 45.0 43.5 52.7 29.3 38.9 40.3 33.2 59.8 
PT-2 35.4 -- 38.1 27.8 27.3 -- 25.3 34.8 

PT-2R 42.0 -- 40.0 35.0 39.3 -- 41.3 47.2 
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a)  b)  

c)  d)  
Figure 18. Displacement – Time curves for slabs PT-1 and PT-1R at: 

(a): ACC0  (b): ACC1  (c): ACC2  (d): ACC3 

a)  b)  

c)  
Figure 19: Displacement – Time curves for slabs PT-2 and PT-2R at: 

(a): ACC0  (b): ACC2  (c): ACC3. 
Based on the displacement – time curves illustrated in Figures 18 and 19, vibration analysis was 

conducted in order to compare the slabs before and after repairing in terms of damping. It can be noted that 
the vibration time “t” for slab PT-1 was longer than that of slab PT-1R. For example, the vibration time at ACC0 
for slabs PT-1 and PT-1R was 2895 and 2502 ms respectively. This trend was realized also for ACC2 where 
the vibration period was 3134 ms for slab PT-1 compared to 2503 ms for slab PT-1R, although the block falls 
on its edge and near ACC2 in the case of slab PT-1R. As for the slabs with the edge drop (PT-2 and PT-2R), 
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ACC0 recorded a vibration time of 3160 ms for slab PT-2 while for slab PT-2R the time was 2486 ms. The 
trend was the same for the remaining accelerometers (ACC2 and ACC3). This may be due to better damping 
for the repaired slabs compared to the original ones. 

In order to find the damping ratio for each slab, the maximum displacement for each cycle from the 
displacement – time curves shown in Figures 18 and 19 was plotted and the exponential trend curve passing 
through these points were presented. This trend curve is called the decaying curve and has the formula 

nw ty Ae ζ−= , where y is the displacement, A is a constant, wn is the natural frequency and is presented by 
2Л/Tn, where Tn is the period of vibration, ζ is the damping ratio, and t is the time [23]. Two displacement – 
time curves (ACC0 and ACC2) were considered for both slabs PT-1 and PT-1R in order to find the damping 
ratio (Figure 20). Based on the derived exponential functions, the damping coefficient for slab PT-1 at ACC0 
is 0.093, whereas for slab PT-1R it is 0.131. The same trend was realized at ACC2, where the value of damping 
ratio coefficient for slab PT-1 was 0.08 and for PT-1R was 0.11 (Figure 22). Regarding the edge drop case, 
the time – displacement curves (ACC0 and ACC3) for slabs PT-2 and PT-2R were analyzed (Figure 21). 
The damping ratio for slab PT-2 at ACC0 was 0.097 whereas for slab PT-2R it was 0.11. As for ACC3, damping 
ratio values were 0.082 for slab PT-2 and 0.093 for slab PT-2R (Figure 23). This difference in both cases 
(central and free-edge drop) may be due to varying boundary conditions; since the supports may have been 
damaged after the first impact. In addition, the original concrete slab parts near the supports were not repaired 
or replaced causing a difference in the mechanical properties in these zones. 

a)  b)  
Figure 20. Decaying functions for PT-1 and PT-1R at the following accelerometers:  

(a): ACC0   (b): ACC2 

a)  b)  
Figure 21. Decaying functions for PT-2 and PT-2R at the following accelerometers:  

(a): ACC0   (b): ACC3 

  
Figure 22. Damping ratio for slabs  

PT-1 and PT-1R 
Figure 23. Damping ratio for slabs  

PT-2 and PT-2R 
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3.3. Damage Analysis 
Table 4 summarizes the damage analysis results. Both slabs PT-1 and PT-2 failed under punching 

shear mode. This can be shown in Figures 24 and 25. These figures show the distribution of cracks prior to 
the replacement of concrete parts for both cases (2 m×3 m for central drop case and 4.8 m×3 m for edge drop 
case). According to these Figures, a spalling phenomenon (Hatched in blue) was observed in both cases. The 
total spalled zone in tension was 0.82 m2 for slab PT-1, whereas this area increased to reach 1.1 m2 for slab 
PT-2. In addition, crushing of concrete occurred at the top face due to excessive compressive stresses, where 
the area of crushed concrete was 0.42 m2 for slab PT-1 and 0.73 m2 for slab PT-2. This agrees with the 
previous punching shear analysis carried out (Table 2) where the impact caused the slab to fail under punching 
shear. Moreover, the damage that occurred for the PT slab subjected to edge impact (PT-2) was more severe 
than the damage that occurred for the PT slab subjected to central impact (PT-1). 

Moreover, slabs PT-1R and PT-2R that were repaired using shear reinforcement had a different crack 
pattern. Results showed that the damage is changed from punching shear to flexural damage (Figure 25). 
Slab PT-1R experienced a tiny spalling zone due to the tilting of the block during impact where it fell at its edge 
as was illustrated in Figures 24b and 24d. As for slab PT-2R, there were no spalling zones as shown in 
Figure 25. Besides, a distribution for flexural (hairy cracks) was observed for both slabs. These cracks reflect 
the effect of the concentrated pressure on both slabs from the falling block. 

Table 4. Damaged zone areas for tested slabs. 
Slab Crack pattern Spalling area at tension (m2) Spalling area at compression (m2) 
PT-1 Punching shear 0.82 0.42 

PT-1R Flexural 0.01 0.04 
PT-2 Punching shear 1.1 0.73 

PT-2R Flexural 0 0 
 

a)  b)  c)  d)  
Figure 24. Structural damage (m) 

 (a): Bottom damage for PT-1  (b): Bottom damage for PT-1R  
(c): Top damage for PT-1  (d): Top damage for PT-1R 

a)  b)  

c)  d)  
Figure 25. Structural damage (m) 

 (a): Bottom damage for PT-2  (b): Bottom damage for PT-2R   
(c): Top damage for PT-2  (d): Top damage for PT-2R 
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4. Conclusion 
The following conclusions can be made: 

1. The position and angle of the falling block have a great effect on the value of impact load acting on 
PT slabs. Slabs PT-1R and PT-2R, where the falling object landed on its edge, experienced 44 % and 71 % 
higher impact load than slabs PT-1 and PT-2 respectively, where the falling object landed on its flat surface. 

2. Using shear reinforcement helped in enhancing the punching shear capacity for PT slabs when 
subjected to impact loads. The punching shear resistance was increased by 123% for slabs PT-1 and PT-1R 
(central drop case), and by 146 % for slabs PT-2 and PT-2R (edge drop case). This improvement was better 
for edge drop case than central drop case. 

3. The normal stress capacity of the repaired slabs was enough to prevent flexural failure. This was 
proved by showing that both top fibre stresses in compression and bottom rebar stresses in tension were 
below the ultimate limit specified by the ACI code. The top fiber stress reached 75 % of the code limit for slab 
PT-1R and 85 % for slab PT-2R. As for the bottom rebar stress, rebars in slab PT-1R reached 63 % of the 
limit yield strength while in slab PT-2R they reached 91 % of the yield strength. It was concluded that both top 
and bottom stresses were higher for the edge drop case (PT-2R) than the central drop case (PT-1R) due to 
the higher strain resulted from the drop upon the free edge. 

4. In terms of displacement, the repaired slabs showed a better performance than the original slabs for 
both central and edge drop case. This was shown in terms of the “Impact force to maximum displacement” 
(F/D) ratio, where the repaired slabs (PT-1R and PT-2R) had a higher ratio than the original slabs (PT-1 and 
PT-2). This means that repaired slabs dragged higher forces to cause the same amount of displacement as 
the original slabs. 

5. The repaired slabs (PT-1R and PT-2R) showed to have a higher damping ratio ζ than the original 
slabs (PT-1 and PT-2). This may be due to the damage occurred for the non-replaced parts near supports; 
which cause the slabs to dampen in a higher ratio. 

6. The crack pattern for PT slabs subjected to impact load is punching shear, where a spalling of 
concrete occurred at the impact point. Slab PT-2 had a more spalled area in tension and compression than 
slab PT-1. Using shear reinforcement as a repair technique helped in changing the crack pattern from 
punching shear to flexure (similar to the effect of concentrated load on slab) for both slabs PT-1R and PT-2R. 
This helps in preventing brittle failure; since the flexural failure, if happened, is usually designed to be ductile.  

7. The results of this investigation suggest that further research is necessary. These include studying 
the effect of the falling angle and position of the block on the impact resistance of post-tensioned slabs.   
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