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ABSTRACT

The objective of this study was to investigate and compare the response of reinforced concrete beams
without stirrups to hard and soft impacts. Beams without stirrups were chosen as a representation of slab
strips. The beams were 1450 mm long with a cross-section of 130 mm x 280 mm. For this study, we used
an 11-meter-high drop tower facility. The impactor velocities ranged between 10 m/s to 22 m/s. The
research goal was to compare the responses of the beams in terms of maximal displacements and reaction
forces. The results were used to gain insight into reinforced concrete’s behavior under impact using less-
complex beam specimens as proxies for the more intricate slab specimens.. The study’s findings can be
used in future research to design and test slab specimens. In addition, the presented results of this paper can
be used for the validation or calibration of numerical models.

INTRODUCTION

Reinforced concrete beams without stirrups serve as valuable models for studying the formation of
punching cones resembling full-scale slab specimens. Shear failure, often encountered in reinforced
concrete structures subjected to impact loading, exhibits a higher probability with increasing impact speed,
favoring a punching-type failure as reported by Kishi et al. (2002). Numerous studies have investigated the
behavior of reinforced concrete beams under impact loading. The majority of experiments consisted of
simply supported beams impacted at midspan by varying free-falling weights, ranging from 38.4 kg to
2500 kg, dropped from different heights ranging from 0.15 m to 6 m, to achieve the desired impact force,
see Cotsovos et al. (2008), Fujikake et al. (2009), Bentur et al. (1986). The duration of such tests is around
several milliseconds.

In the study by Fu et al. (2020), real-time evolution of crack patterns was investigated on beams
using high speed cameras and Digital Image Correlation (DIC). Two response phases were concluded, with
the first being the local response due to the stress wave of the impact and the second being the overall
response caused by the free vibration of the beam. Researchers like Pham and Kurihashi (2023) investigated
the impact response of no stirrup-reinforced concrete beams with and without cushions at the impact
location. The use of cushions changed the failure from shear to flexural.

As part of the RS 149/165 research project, impact tests were carried out in Meppen using hollow
projectiles with a diameter of 0.6 m and a length of 6 m, see Jonas et al. (1981). The objective was to
validate the model concepts for determining impact loads and the dimensioning practice at that time for the
load case of an airplane crash.

Deformable impactors made of stainless steel tubes with a diameter of 254 mm, length of 2200 mm,
and thickness of 2 mm were used during the VTT mockup - V1 test described by Calonius et al. (2009).
The missiles had round caps, with an impactor velocity of 113.65 m/s and a total mass of 50.1 kg. The
projectile shortening length was 1021 mm including the folded part . Two deformable impactors were
defined for the IRIS3 mockup organized by the OECD/NEA/CSNI Nuclear Energy Agency (2016). The
first impacts the target with a velocity of 90 m/s, a length of 1500 mm, and a total mass of 50.1 kg. The
second one impacts with a velocity of 170 m/s and has a cylinder length of 2400 mm. The IRIS3 program
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focused on studying the vibrations induced by a missile impact on a reinforced concrete structure was
described in EDF (2016).

RESEARCH OBJECTIVE

By examining the behavior of reinforced concrete beams without stirrups, our research aimed to gain
insights into the formation of the punching cone and understand the shear type of failure under various
impact conditions. This investigation is crucial for enhancing our understanding of structural response and
damage patterns, particularly in scenarios where the deformability of the impactor plays a significant role.
Unlike rigid impactors, which do not deform under impact, deformable impactors can absorb energy and
buckle during impact. This can lead to more accurate results, as it can better simulate the energy transfer
and deformation in real-world impacts such as the impact of aircraft fuel tanks. The presented research is
the first step in studying fluid-filled impactors in the drop tower facility of the TUD Dresden.

EXPERIMENTAL SETUP
Specimen Dimensions and Materials

The investigated beams had dimensions of 1450 mm x 130 mm x 280 mm (length x width x height) and
were based on the work of Leicht et al. (2021). The beams were simply supported with a free span length
of 1250 mm, as shown in Fig. 1. The beams were reinforced with 28 reinforcement bars on the top layer
and 308 reinforcement bars on the bottom layer. The steel reinforcement bars were B500B, with a
characteristic yield strength of 500 MPa and a modulus of elasticity of 200 GPa. There were no stirrups
installed, i.e. no shear reinforcement. While stirrups are typically incorporated in beams for enhanced shear
resistance, this study intentionally omitted stirrup reinforcement to facilitate a simplified representation of

slab strips.
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Figure 1. Beam’s dimensions and position of the reinforcement.
The concrete cover was 10 mm, and the concrete class employed was C35/45.The beams presented
in this paper were made from three batches of concrete. The concrete material properties are summarized
in Tab. 1. A total of 12 beams were cast for the study.

Table 1: Concrete material properties determined after 28 days and on the testing day.

Concrete Ade in davs Density in Young’s Compressive
batch (series) g Y kg/m® modulus in GPa | strength in MPa
S1 30 2,285 27.3 40.9

267 2,280 334 72.0
S2 28 2,270 29.3 36.3
233 2,260 33.9 73.4
S3 28 2,270 30.1 48.1
177 2,250 30.5 66.2
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TEST SETUP AND INSTRUMENTATION

Test Variables

A drop tower at the Otto Mohr Laboratory of TUD Dresden University of Technology was employed for
accelerated testing, following the methodology outlined by (Just et al. 2016). Twelve beams were tested,
six featuring an undeformable impactor and the remaining six utilizing a deformable impactor. Variations
in impactor velocity and mass were introduced to ensure comparability, resulting in equivalent energy levels
for both impactor types. Tab. 2 provides a summary of the test variables. The naming convention for the
beams is structured as follows: impactor type (U for undeformable and D for deformable) - concrete batch
(S1to S3) - serial number - impactor mass in kg - impactor velocity in m/s, with the last two values rounded
to whole numbers.
Table 2: Test variables.

Impactor | Specimen name | Impactor mass Impactor Impactor Impactor
in kg velocity momentum kinetic energy
in m/s in Ns inJ
@
<
g U-S1-03-14-22
% U-S2-04-14-19
g U-S2-05-14-11
L U-S2-06-14-11
@
o]
g D-S3-09-15-21
g Light D-S3-10-15-19 14.62 18.76 274 2573
a) D-S3-11-15-15 14.62 15.11 221 1669
D-S3-12-15-15 14.62 14.99 219 1643
Impactors

A deformable or undeformable impactor struck the beams in the middle of their span. The undeformable
impactor was a solid, rigid steel body with a flat nose. The diameter of the impactor was 100 mm, and the
length was 380 mm or 250 mm. The impactor’s mass varied with length, being 21.66 kg and 14.22 kg,
respectively. To achieve the impactor’s length variation, the impactor was designed as a series of bolted
modules. Due to the cavities required for bolting, the impactor mass is not the product of the volume and
density of steel.

As shown in Fig. 2, the deformable impactor was made of a hollow tube with an outer diameter
of 88.9 mm and a length of 403 mm. A cover was welded to one end of the tube, and an adapter plate was
welded to the other end. The mass of the deformable part of the impactor including the adapter was 3.8 kg
for all configurations. The same modules as those used for the rigid impactor were bolted to the adapter
plate, resulting in total masses of 21.74 kg or 14.62 kg, respectively. The masses of the deformable
impactors were therefore comparable with the undeformable ones.

Before impact, the impactors were guided in an 11 m steel tube in free fall or accelerated in the
tube to the desired velocity using compressed air. The impactor velocity was determined at the exit of the
steel tube using two light barriers 380 mm apart. The beams were supported by two load cells (LC) and
held in place by upper supports on the top side to prevent uplift after the impact, see Fig. 3 (b). The upper
supports were connected to the load cells with steel rods to measure all inertial forces, including the uplift.
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Steel rollers were placed between the load cells and the beam and between the beam and the upper supports.
As indicated in Fig. 3, at the location of LC1 and LC2, this design allowed the beams to rotate freely at
their ends. This experimental setup allowed for precise data collection and analysis and contributed to a
better understanding of impact dynamics and potential structural damage.
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Figure 2: Deformable impactor. (1) parts of the rigid impactor, (2) tube with 2.9 mm wall thickness,
(3) welded cover t=3 mm, (4) adapter plate on which the tube (2) is welded. All dimensions are in mm.

Instrumentation

Two load cells (LC1 and LC2) were used to capture support reactions. The beams were instrumented with
four accelerometers (ACC1—ACC4) attached to the beam’s surface according to the scheme shown in
Fig. 3 (a). Laser sensors (L1 and L2) measured the bottom surface’s deflections at the midspan and quarter-
span. A laser Doppler vibrometer (LDV) measured the top surface’s deflection.

Two high-speed cameras pointed perpendicularly at the beam recorded the entire experiment, with
each camera capturing at least half of the beam. To be able to use digital image correlation (DIC), a black
and white speckle pattern was sprayed on the front of the beam, see Fig. 3 (b). The impactor and beam rigid
body velocity and acceleration were evaluated separately using DIC for each camera, i.e. beam half. Both
cameras’ velocity and acceleration measurements were averaged during the evaluation process. By tracking
a measuring point in the middle of the beam, visible on both cameras, we calculated that the difference
between the two camera measurements was less than 0.01%. Moreover, using DIC, the displacements at
the locations of the laser sensors (L1, L2, LDV) were determined and compared to the independently
measured laser signals. The comparison between DIC-derived displacements and laser signals
demonstrated an accuracy within a range of +/-2%.

ACC3 ACC2 LDV ACC1
®) | | ! | 0
%
LC1 Ll Ll)Z
ACC4
LDV 927 523
ACC —322 201——202 403 322
L 450 275 725
LC 400 625 625 100
1450

(a)

Figure 3: (a) Beam’s instrumentation; (b) beam prepared for testing.



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division V

The starting point of all measurements was defined as the point of impact of the impactor on the
beams. This was determined by the voltage change caused by the destruction of an electrical resistor
attached to the top of the beam. The sampling rate of all sensors except for the high-speed cameras was
200 kHz. The results were evaluated in a time window of 20 ms after the impact. The raw signals from the
two load cells (LC1 and LC2) and the laser distance sensors (L1 and L2) were filtered using a CFC-1000
filter (SAE J211/1_202208). This is a 4™ order Butterworth low-pass filter with linear phase and special
initial conditions with the following parameters: 3-dB limit frequency of 1650 Hz and a stop damping
of -40 dB. Forward-backward filtering was used to prevent phase shifting. The camera’s sampling rate was
15,000 frames per second (fps).

EXPERIMENTAL RESULTS AND DISCUSSION

A selection of the experimental results obtained from both soft and hard impact tests is discussed in the
following section.

Damage and Cracking Patterns

As the impactor doesn’t hit the beam perfectly perpendicularly and precisely in the mid-span, the damage
and cracking patterns observed were often not symmetrical. Additionally, concrete is a heterogeneous
material, and the beams had imperfections from concrete casting and placing the rebars. Therefore, the
observed damage and cracking patterns varied even for impacts with similar impactor velocities. In general,
it can be stated that the final damage is similar for deformable and undeformable impactors with similar
kinetic energies. The reason may be that the stiffness of the beam is relatively low compared to the stiffness
of the deformable impactor. The deformable impactor is deformed immediately at the impact event,
absorbing only some impact energy. Whereas the punching cone was formed during the first millisecond
after a hard impact, it took nearly 4 ms after the soft impact for shear cracks to fully develop, as seen in
Fig. 4. For both types of impactors, the concrete beam started accelerating toward the supports after the
contact with the impactor. Due to the beam’s dynamic behavior, a minimal uplift on the supports occurred,
followed by the subsequent primary cracking. This behavior remained consistent across different impactor
types, indicating that the observed final damage patterns were not heavily influenced by the type of impactor
used. The cracking process is illustrated on the DIC results from the left camera at various time steps in
Fig. 4.

As compared after the experimental campaign, the deformable impactors are depicted in Fig. 5 (a).
Notably, no significant differences were observed in the impactor’s deformation based on varying kinetic
energy. The impactor’s nose buckled, and the impactors’ shortening was 8 mm to 11 mm. The cover ((3)
in Fig. 3) weld failed, causing the tube (2) to open at the bottom. An example of such failure is shown in
Fig. 5 (b).

Undeformable impactor: Deformable impactor:

Time beam U-52-04-14-19 beam D-53-10-15-19

0.5ms
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Figure 4: Cracking process on the example of beams U-S2-04-14-19 and D-S3-10-15-19. The impactor
Kinetic energy was comparable, 2484 J and 2573 J respectively. The red color corresponds to the change
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Figure 5: (a) Deformable impactors after an impact test. The impactor deformation is not dependent on
the impactor’s initial kinetic energy. (b) example of the cover weld failure.
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Reaction Forces

In the following figures, the individual measurement signals from load cells LC1 and LC2 are shown as a
thin gray line, and the total reaction force is shown as a thick blue or orange line for undeformable and
deformable impactors, respectively. By reviewing Figs. 6 and 7, we can see that the reaction force of the
hard impactor rises more rapidly than the reaction force after a soft impact. The peak reaction force is
reached at ca. 1.8 ms to 2.3 ms in the case of a hard impact and 2.5 ms to 2.7 ms for a soft impact. In nearly
all of the orange curves, we can see a decrease in reaction force at approximately 1.83 ms after the impact,
which can be attributed to the buckling of the impactor’s nose and the associated temporary decrease in
impact force. The force impulses for soft and hard impactors take a similar time of 6 ms to 8 ms. With
decreasing impactor weight, the duration of compressive loading decreased, as shown in Figs. 6 and 7.
After the first peak, slightly negative tensile forces were measured as the beams lifted from the supports
and bent. The bending and oscillation in forces, as well as deflections, were typical for low-velocity impacts.

250 U-S1-01-22-17 250 U-S1-02-22-13
Z200 — =1 200
150 150
§ 100 100
5 50 50
= 0 0

-50 -50

0 25 5 75 10 0 25 5 75 10

250 D-S3-07-22-18 250 D-S3-08-22-12
Z200 = 1 200
~ 150 150
'é 100 100
5 50 50
= 0 0

-50 -50

0 25 5 75 10 0 25 5 75 10
Time in ms Time in ms

Figure 6: Total measured reaction force after an impact of 22.66 kg undeformable (blue) and 21.74 kg
deformable (orange) impactor. Individual signals from LC1 and LC2 are in gray.

With few exceptions, the lower the initial impactor Kinetic energy, the higher the reaction force,
which can be counterintuitive initially. However, it can be explained by increasing damage from impacts
with higher kinetic energy. The cracking process and formation of the punching cone required significant
energy that was not transferred into the supports. Additionally, bending cracks were observed for the beams
with lower impactor velocities of around 11 m/s to 15 m/s, pointing to the global response of the beam to
the loading. These bending cracks indicated that the beams experienced a more distributed load rather than
a localized impact, suggesting a progressive failure process.
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Figure 7: Total measured reaction force after an impact of 14.22 kg undeformable (blue) and 14.62 kg
deformable (orange) impactor. Individual signals from LC1 and LC2 are in gray.

Displacements

Figures 8 and 9 illustrate the displacements of the beams after the impact of a heavy impactor, approx..
22 kg (soft and hard) and a light impactor, approx. 14 kg (soft and hard), respectively. The displacements
were measured against the foundation rather than the beam center, which needs to be considered in eventual
numerical simulations.

As described in the Instrumentation section, the displacements were measured with a Laser Doppler
Vibrometer (LDV) on the top surface of the beam and are drawn in red in Figs. 8 and 9. Concurrently, the
mid-span and quarter-span displacements were measured on the beam’s bottom surface using laser
displacement transducers L1 and L2 represented in green and blue, respectively. In instances where laser
sensors (L1 and L2) malfunctioned, the displacements were determined using Digital Image Correlation
(DIC) at corresponding positions.

It is important to note that if displacements measured by L1 and L2 exceeded 20 mm or extended
beyond the graph limits, a punching cone formed and detached from the beam body. This detached section
was solely supported by the longitudinal reinforcement. Notably, this scenario occurred in specimens
U-S1-01-22-17, U-S1-02-22-13, D-S3-07-22-18 in Fig. 8, and U-S1-03-14-22, U-S2-04-14-19, and
D-S3-09-15-21 in Fig. 9. The observed displacements appeared to be more influenced by the impactor’s
kinetic energy rather than the impactor type (deformable or undeformable). Nevertheless, in most instances,
displacements after a hard impact are higher than those following a soft impact. Furthermore, the
displacements show a faster rate of increase after a hard impact. For specimens, U-S3-08-22-12 in Fig. 8,
and U-S2-05-14-11, U-S2-06-14-11, D-S3-10-15-19, D-S3-11-15-15, D-S3-12-15-15 in Fig. 9, the
synchronous movement of all signals suggests a prevailing bending-type failure, affirming that the
specimen remained intact as a cohesive body after the tests.
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Figure 8: Measured deflections after an impact of 22.66 kg undeformable and 21.74 kg deformable
impactor. Signals from LDV are in red, L1 in green, and L2 in blue.
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Figure 9: Measured deflections after an impact of 14.22 kg undeformable and 14.62 kg deformable
impactor. Signals from LDV are in red, L1 in green, and L2 in blue.

CONCLUSION

A comparison is drawn between the cracking and damage process, the displacements, and the support forces
measured during the soft and hard impact. The results showed that the impactor type primarily influenced
the temporal distribution of the measured forces and deflections, making the soft impact scenario less severe
in terms of beam damage. The duration of measured support forces were longer in soft impact tests,
although the deformation of the nose of the soft impactors was very small. Nevertheless, the soft impact
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resulted in less cracking and deformation for similar impact energy. The effects of a hard impact followed
by a soft impact will be investigated in future research.
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