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Reinforced concrete (RC) is commonly used for protectives structures and how impact
loading affects the structural response is an important issue. Knowledge gained from
static loading is often also used in the design of impulse loaded structures. However, the
response of an impact loaded structural member may be very different compared to a
statically loaded one. Consequently, the plastic deformation capacity and failure modes of
concrete structures can be different when subjected to impact loads; and hence it is not
sure that the observations obtained from static loading are also valid for impact loading.

The aim of this paper is to study the residual capacity in reinforced concrete beams after
they were first subjected to impact loading. Drop weight impact tests of 12 beams were
carried out and the residual capacity were tested in three-point bending after the impact;
six beams were statically tested as references. The beams were simply supported with a
span length of 1.0 m and dimensions 0.1 x 0.1 x 1.18 m. The drop weight had a mass of
10.1 kg and was dropped from heights 2.5 m or 5.0 m. A high-speed camera, with 5 000
fps, was used during the impact tests. From the images obtained, digital image correlation
(DIC) analyses were conducted, and deformations and crack propagation of the beams
were measured.

The results showed, that the crack formation depended on the type of loading. For the
statically loaded reference beams, mainly bending cracks occurred, while for impact
loaded beams, distinctive diagonal shear cracks also formed below the impact zone and
approximately midway to the support. In addition, initial bending cracks developed in the
upper part of the beam during impact; which later closed.

The total plastic deformation capacity increased for beams first subjected to drop weight
impact tests from a drop height of 5.0 m. For the lower drop height, the plastic
deformation capacity was in the same order of magnitude as for the statically loaded
reference beams. Bending failure were expected in all beams. However, one of the impact
tested beams exhibited a shear failure at a significantly reduced load level when it was
afterwards subjected to static loading; indicating that there might be a risk of reduced
residual load capacity for impact loaded structures.
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INTRODUCTION

Reinforced concrete is commonly used for protective structures and how impulse loading affects different types of
concrete structures is hence an issue of importance. Generally, impulse loading is caused by the blast wave from an
explosion or an impact from an object hitting the structure with a given velocity. The properties of such loads may
differ considerably, but the structural response of the affected structure is in many ways similar. Hence, when
studying the structural response of an impulse loaded structure it is often possible to use a more simplified test set-
up of an impact loading than that necessary to simulate the blast load generated by an explosion.

Understanding the response of reinforced concrete structures subjected to impulse loading is essential in the design
of protective structures. However, the conceptual structural response of such a structure may differ considerably
compared when statically loaded. One reason for this is due to so called strain rate effects, affecting the material
properties of the loaded structure; [1], [2]. Another reason is so called wave propagation effects; i.e. the
transformation of information within the loaded structure may cause it to respond differently in both a local and a
global sense;
[3]-[5]. Even so it is common to base the design of impulse loaded structures on knowledge gained from static
loading; e.g. the maximum moment or plastic deformation capacity, [6]-[8].

The design of impulse loaded structures often relies upon large plastic deformation capacities; i.e. the energy
consumption of the structure is handled by large deformations rather than large internal forces. Hence, it is essential
that the plastic deformation capacity used in the design is also relevant for the actual load case. However, since the
structural response of an impulse loaded structure may be different compared to when statically loaded, the plastic
deformation capacity and failure modes of the structure may also be different when subjected to impulse loading.
Hence, it is of interest to make sure that the observations obtained from static loading, regarding plastic deformation
capacity, are also valid for dynamic loading.

The aim of this paper is to investigate how the plastic deformation capacity of reinforced concrete beams is affected
by impulse loading. To simplify, drop weight impact tests were used to simulate the impulse loading. Similar
conceptual studies have been carried out by several researchers, e.g. [9]-[13], to study the dynamic structural
response of concrete structures. Here, though, the impact loading was also combined with static loading,
investigating the residual response of the damaged beams. Similar studies have been done by, e.g. [14]-[15], but
there the focus has not been on the residual static response and the number of static follow-up tests have been
somewhat limited. Another addition is the use of Digital image correlation (DIC), used in both impact and static
tests, to register the response of the loaded beams.

DROP WEIGHT IMPACT TESTS

EXPERIMENTAL SETUP

Drop weight impact tests were conducted on 2 x 6 beams according to Fig. 1. The beam length was 1 180 mm with a
span length of 1000 mm, and a cross-sectional area of 100 x 100 mm?. All beams were reinforced with four
longitudinal ribbed bars with a nominal diameter of 6 mm and steel class K500C-T, located with 20 mm from the
centre of the bars to the concrete surface. The beams were supported on cylindrical rollers, free to roll against the
underlying rigid surface, with a diameter of 70 mm. The drop weight consisted of a non-solid steel cylinder with
mass 10.1 kg (length: 260 mm, diameter 80 mm, radius at contact surface 400 mm). For further details of the
experiments, see [17].
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Fig. 1.  Experimental setup for drop weight tests.

TEST SERIES

The reinforced concrete beams were casted in two batches with denotations in accordance with Table 1. Series-1 and
Series-2 were first subjected to drop weight impact tests from two different heights, and thereafter statically tested in
three-point bending until failure. In Series-1 and Series-2 a drop height of h =2.5m and h =5.0 m, respectively,
were used. After these impact tests the beams were subjected to static three-point bending until failure, and the
results were compared with that of reference beams in Series-3, subjected to statically loading only using the same
test set-up.

Table 1. Test series for drop weight impact tests and static tests.

Specimen Batch | Series | Type of test Drﬁp[r:}](]el%ht,
B-01, B-02, B-03 1 1 Impact 25
B-04, B-05, B-06 1 2 Impact 5.0
B-07, B-08, B-09 1 3 Static -
B-10, B-11, B-12 2 1 Impact 2.5
B-13, B-14, B-15 2 2 Impact 5.0
B-16, B-17, B-18 2 3 Static -

9 Impact velocity: 7.0 m/s (h = 2.5 m); 9.9 m/s (h = 5.0 m).

HIGH SPEED IMAGING AND DIC

The structural response of the beams where analysed by Digital image correlation (DIC), both in the dynamic and
the static tests. This measurement technique is typically used to measure displacement fields and surface strain fields
both in planar two-dimensional situations using a single camera set-up (2D-DIC) and in three-dimensional situations
using a stereoscopic camera set-up (3D-DIC). The basic idea behind DIC is to measure the deformation of a
specimen under testing by analysing the deformation of a surface speckle pattern in a series of digital images
acquired during loading. This is accomplished by tracking the position of discrete pixel subsets of the speckle
pattern within the images. The unique grey value speckle pattern of each subset is used to perform correlation
calculations in such a way that each subset can be tracked with sub-pixel accuracy from one image to the next for all
stages. The deformations of the specimens are then calculated by correlating the positions and displacements of
subsets in the undeformed reference image and the deformed images to produce a deformation vector field. A
comprehensive description of the measurement technique can be found in e.g. [16].

The impact tests of the beams were investigated using 2D-DIC technique with a Photron FASTCAM SA4 high-
speed camera. The camera was provided with a Tamron AF 28-75/2.8 lens, with the focal length set at 28 mm and
the aperture at f /2.8 during the test. The camera was placed at a perpendicular distance of approximately 1780 mm
from the surface of the tested beam. A camera resolution of 1024x304 pixels and an image acquisition rate of 5 000
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frames per second (fps) were used, corresponding to a time resolution of 0.2 ms. The camera configuration
corresponded to a field of view of approximately 1200x360 mm?; i.e. slightly more than the entire beam length.

The images from the high-speed camera were analysed by DIC technique using the software GOM Correlate, [18].
The dimensions of each subset were 15x15 pixels and the subset step was five pixels, which corresponds to a subset
size and data point spacing of approximately 18 mm and 6 mm, respectively. The displacement resolution was
approximately 0.01 mm for both x- and y-displacement components, determined as the standard deviation between
two static images of the specimen before loading.

In the static loading tests, 3D-DIC measurements with a stereoscopic camera set-up were performed with the system
ARAMIS 12M by Gom, [18]. The cameras had a resolution of 4096x3072 pixels and were proved with Titanar
lenses with a focal length of 24 mm. The system configuration was calibrated for a field of view of approximately
1050x820 mm?, covering slightly more than the distance between the supports. The images were captured with a
frequency of 0.5 fps. The dimensions of each subset were 15x15 pixels and the subset step was 10 pixels. For the
system configuration employed, this corresponds to a subset size and a data point spacing of approximately 3.7 mm
and 2.5 mm, respectively, at the surface of the beam. The displacement resolution was determined to approximately
0.003 mm for both x- and y-displacement components and approximately 0.006 mm for z-displacement.

The speckle pattern used for the subset correlations was achieved by first applying white retro reflective paint as
background and then, black stains using a natural sponge. Due to the higher resolution for the camera used in the
static tests, a finer pattern was used for the specimens in Series-3. To obtain high contrast levels, the specimen was
illuminated by a high-power white LED light panel while testing.

Material properties
Material properties for the concrete and the reinforcement are given in Table 2. The aim was to use concrete of class
C30/37, [19], and reinforcement of steel class K500C-T was used for the beams. The values given in the table
correspond to an average value of several material tests and the time of the drop weight impact tests were 36 days
after casting the beams. Further details of the material tests are given in [17].

Table 2. Material properties for concrete and reinforcement steel.

Property Description Value

femeube2s | Mean compressive cube strength, 28 days | 50.6 MPa
fomeube,ss | Mean compressive cube strength, 36 days | 52.7 MPa
feim,sp,36 Mean splitting tensile strength, 36 days 4.1 MPa

G35 Fracture energy, 36 days 132 Nm/m?
f; Ultimate tensile strength 686 MPa

foo Proof stress 575 MPa

Esm Modulus of elasticity 196 GPa

&y Strain at ultimate tensile strength 10.8%
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RESULTS

OVERVIEW

From images taken with the high-speed camera, DIC were used to measure the deformations of the beams and to
show crack patterns obtained due to impact loading. The largest cracks were acceptably captured but for minor
cracks, e.g. cracks in the top of the beam at initial loading, the resolution used turned out to be somewhat too low
and such cracks could not be clearly observed.

DEFORMATION-TIME RELATIONS FROM IMPACT LOADING

The midpoint deformation over time for the impact loaded beams are shown in Fig. 2. The scatter of the results was
small until maximum deformation was reached and the scatter increased somewhat after that. Failure was not
reached, and the average maximum deformation (plastic deformation) was about 10.7 mm (4.7 mm), and 20.1 mm
(12.5 mm) for Series-1 and Series-2, respectively.
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Fig. 2. Midpoint deflection over time for (a) Series-1, drop height h = 2.5 m, and for (b) Series-2, drop height
h=5.0m.

INITIAL RESPONSE AT IMPACT LOADING

The initial response of a beam subjected to impact loading may differ much from that obtained in a beam subjected
to static loading. This is also clearly seen in Fig. 3, in which the relative deformation of beam B-06 (Series-2) is
shown for the initial 2.0 ms after impact. The deformation has here been normalized in relation to the corresponding
maximum deformation for each time step and adjusted to zero deformation at the left support.

From this it is evident that the impact loaded beam does not obtain the typical triangular deformation shape expected
for a beam that exhibit a plastic hinge in the middle of the beam. Initially, the beam parts close to the supports have
hardly reacted to the applied impact load, resulting in mainly the middle part of the beam deforming. This generates
a local negative curvature on both sides of the impact zone, approximately half way to the supports, and with time
the region with negative curvature moves towards the supports. This phenomenon can be looked upon as the effect
of time dependent boundary conditions; i.e. the boundary conditions can approximately be regarded as fixed with
the location of the fixity moving closer to the real supports with time. Eventually, the beam become fully “aware” of
the real supports and the response then changes to something more like that of a statically loaded beam. For the
beam in Fig. 3 this change is deemed to be completed after about 2 ms.

The local negative curvature in the beam results in tensile stresses which may cause cracking in the top of the beam.
Such cracks are also indicated in Fig. 4, showing the maximum principal strain fields from a DIC analysis.
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Fig. 3.  Relative deformation of beam B-06 at different times after impact. Series-2, drop height of h = 5.0 m.
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Fig. 4. Initial crack pattern of beam B-06 when subjected to impact loading. Cracks on the upper side of the
beam is indicated.

LOAD-DEFORMATION RELATIONS FROM STATIC LOADING

The beams that were subjected to an impact load were afterwards statically loaded to evaluate their residual load-
deformation properties; especially the residual strength and remaining plastic deformation capacity. The results are
compared with the corresponding reference beams, Series-3, that were subjected to static loading only. In Fig.5 the
resulting load-deformation relations are plotted for the beams in Series-1. The beams were cast in two different
batches and the results are shown separately for each batch. Results from Series-3, using the average values and
min/max envelopes from all six beams, are also shown as comparison. For the beams previously subjected to impact
loading, a plastic deformation already existed, indicated in the graphs as an initial deformation at zero static load.

The initial elastic stiffness of the beams in Series-1 was very similar to that obtained in the cracked, static reference
beams. When reaching a load level corresponding to that of the load-deformation relation of Series-3 the response
became nonlinear and showed similar behaviour until failure. The ultimate load capacity and the plastic deformation
capacity were in the same order as for the reference beams.
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Fig.5.  Comparison of load-deflection curves of (a) Series-1, batch 1 and (b) Series-1, batch 2, with Series-3,
static references. Series-1, drop height of h = 2.5 m.

The resulting load-deformation relations for Series-2 are shown in Fig. 6 together with results from the static
reference beams. These beams were also cast from two different batches and thus the results are shown separately
for each batch.

The linear elastic stiffness decreased somewhat compared to that of the cracked reference beams. Once reaching a
load level corresponding to the load-deformation relation of Series-3 the response became nonlinear and a response
similar to that of the reference beams were obtained. For Series-2, though, the ultimate load capacity was somewhat
reduced due to damage obtained by the beams in the previous impact loading. However, contrary to the beams with
the lower drop height, the plastic deformation capacity increased compared to what were obtained in the static
references. Final failure was in four cases reached due to torn off reinforcement.

The theoretical shear capacity was higher than the bending capacity, and thus bending failure was expected for all
beams. Of all the beams tested, 17 out of 18 failed in bending (16 due to ruptured reinforcement; one was aborted
prior to failure due to large deformations). However, in one beam (B-13) first subjected to impact loading, a shear
failure unexpectedly occurred. Using DIC it was found that the previous impact loading had caused a diagonal shear
crack to develop in a section located near the beam’s quarter point. When subjected to static loading, this shear crack
opened and eventually caused the beam to fail in shear at a much lower load level than that of the other beams.
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Fig. 6.  Comparison of load-deflection curves of (a) Series-2, batch 1 and (b) Series-2, batch 2, with Series-3,
static references. Series-2, drop height of h = 5.0 m.
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CRACK PATTERNS FOR STATIC LOADING
Crack patterns can be shown in GOM Correlate by showing the maximum principal strain field. Crack patterns for
the static reference beams (Series-3) are shown in Fig. 7, and for the beams that were first subjected to impact
loading, the crack patterns after static loading are shown in Fig. 8 (Series-1) and Fig. 9 (Series-2). Red and blue
colour indicates a true crack and uncracked concrete, respectively. The crack patterns are shown at a load level Fgse,
equivalent to 95 % of the peak load, on the descending branch of the load-deformation relation. For orientation, the
corresponding deformation, ugsy, is given as well for each beam.

For the static loaded reference beams in Fig. 7, typical vertical flexural cracks and inclined flexural shear cracks can
be observed.

| Deflection/Load | Strain field due to static loading ]

B-07

Uysq, = 29.4 mm

Fys, = 124kN
B-08

Uysq, = 19.0mm
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B-09

Uysq, = 22.8 mm

Fys, = 134kN
B-16

Uysq, = 16.8 mm

F‘)S‘J

Ugsg,

Fosq

Uysq, = 31.1 mm

Fys, = 13.4kN

Fig. 7. Crack patterns for Series-3 (reference beams), static loading.

For the beams in Fig. 8 and Fig. 9 the initial crack patterns obtained were created during impact loading. During the
following static loading the existing cracks re-opened and continued to grow.

| Deflection/Load ] Strain field due to static loading ]
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B-11
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Fysq = 12.7kN
B-12
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Fys, = 13.3kN

Fig. 8.  Crack patterns for static loading after subjected to impact loading, Series-1, drop heighth = 2.5 m.
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For the beams subjected to lower impact load (Serie-1), see Fig. 8, the crack patterns obtained are not fully
consistent. Some of the beams exhibited inclined shear cracks close to the impact zone, while some of the specimen,
e.g. B-03 and B-10, obtained crack patterns very similar to that of the static reference beams. It can also be noted
that the beams that experienced clearest inclined cracking, B-01 and B-11, were the same beams that also obtained
the largest plastic deformation capacity prior to failure, see Fig. 5.

For the beams subjected to higher impact load (Series-2) the inclined cracks became more prominent as shown in
Fig. 9. For these beams the number of cracks formed was less than that obtained in the other tests. Nevertheless, the
plastic deformation capacity still increased compared to that of the reference beams, see Fig. 6. This is believed to
be at least partly due to the presence of inclined cracks.

For two of the beams, B-13 and B-15, dominant shear cracks developed in a section located near the beam’s quarter
point. For beam B-13, this shear crack developed further during static loading and caused a premature shear failure,
reducing the beam’s load capacity considerably, see Fig. 6.

Deflection/Load Strain field due to static loading ]

B-04
Ugsy, = 26.0 mm
Fysq = 11.7kN

B-05
Uysq, = 40.5 mm
Fysq, = 11.4kN

Ugsg,
Fys
B-13
Ugsy, = 6.9 mm
Fysq, = 8.1kN
B-14
Uysq, = 20.4 mm
Fysq, = 12.9kN

B-15
Ugsy, = 29.6 mm
Fysq, = 12.5kN

Fig. 9.  Crack patterns for static loading after subjected to impact loading, Series-2, drop height h = 5.0 m.

CONCLUSIONS

High-speed camera in combination with Digital Image Correlation (DIC) analysis is a powerful tool for studying the
structural response of impact loaded concrete beams. DIC can be used to study e.g. crack propagation, deformations,
velocities or accelerations. It is important that the resolution is high enough if the aim is to capture the crack
propagation; to study deformations, though, a lower resolution can be accepted. An additional advantage with DIC is
that the parameters that are of interest do not need to be known or specified beforehand; i.e. if images of acceptable
resolution are available it is possible to determine what type of results are of interest at a later stage. Consequently,
compared to conventional measuring techniques, this is a considerable advantage.

The main aim was to study the residual plastic deformation capacity of beams first subjected to impact loading; and
this was done with high accuracy using DIC analysis. For the impact load tests, a high-speed camera with capacity
of 5 000 fps was used to register the results, and for static loading, two cameras were used with 0.5 fps. In the latter
both deformations and crack propagation was captured very well. The resolution used in the high-speed camera,
though, turned out to be somewhat too low to adequately study the full crack formation caused by the impact load.
This was a negative side effect of the decision to capture the response of the whole beam during impact loading. The
deformations were obtained well, and the largest cracks were acceptably captured, but the smaller cracks were not
clearly observed using DIC.
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Two different drop heights were used for the impact tests. After the beams were subjected to impact loading the
beams were tested statically in three-point bending. The beams subjected to lower impact load showed similar
response as the reference beams that were subjected to static loading only; the initial elastic stiffness and the
ultimate load capacity were both similar to each other. For the beams subjected to higher impact load, though, the
elastic stiffness and the ultimate load capacity were somewhat reduced. The results support the idea that the
structural response of a structure previously subjected to an impact load, i.e. being partly damaged, will be similar to
that obtained in a structure subjected to static loading only.

Furthermore, the residual plastic deformation capacity during the static tests was in the same order for the beams
that were subjected to a lower impact load as the reference beams that were subjected to static loading only. For the
beams subjected to a higher impact load, the residual plastic deformation capacity was higher compared to the static
reference beams. It is believed that the increased plastic deformation capacity is due to positive effects related to
diagonal shear cracks close to the impact zone. Consequently, a larger part of the reinforcement may reach yielding
and, thus the length of the plastic hinge increases; resulting in larger plastic deformation capacity. This thought is
further supported by the fact that beams with lower impact load, which exhibited inclined shear cracks got,
somewhat higher plastic deformation capacity compared to beams obtaining just straight bending cracks.

The failure mode can be influenced by the type of loading. For one of the beams first subjected to higher impact
load, shear failure occurred at a load level considerably lower than the expected load capacity obtained due to
bending failure. This indicates that there might be a risk that preceding impact loading, even though theoretically not
critical, may cause such damage that the residual strength of the affected structure is considerably reduced.
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