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ABSTRACT 

 
The modelling and prediction of the behavior of reinforced concrete under impact load is still an engineering 

challenge. The scientific community has put a lot of effort into the development of this knowledge, 

especially after the unfortunate events of 09/11 in Manhattan.  

The paper presents the process of examining the behavior of concrete structures subjected to impact 

induced loading which might be caused by vessels collisions, such as aircraft fuel tanks. An experimental 

investigation has been carried out on reinforced concrete plates to develop a deeper understanding of the 

effect of impact damage. For characterizing the damage evolution and the degree of destruction, the impact 

damaged sample plates were investigated using planar tomography at the tomographic test stand at BAM. 

A variety of scan algorithms were developed and tested to find an optimal scan regime. The tomographically 

acquired measurement data was then used to reconstruct volumes of the damaged concrete plates. Post 

treatment of the results allows a quantitative damage description in a specific area of the plates. Further, 

ultimate load capacity tests were carried out to correlate the tomographically determined damage measures 

with the loss of load capacity after impact. A damage classification after impact based on the experimental 

results was created. In a second stage of the research study, modelling and analysis of structural damage 

for qualitative and quantitative characterization of crack damage will be carried out utilizing the results of 

the experimental investigations for model validation. Further experiments will be performed to improve 

analysis precision. 

 

INTRODUCTION 

 

The modelling and prediction of the behavior of reinforced concrete under impact load is still an engineering 

challenge. The scientific community has put a lot of effort into the development of this knowledge, 

especially after the unfortunate events of 09/11 in Manhattan. The main attention is laid to nuclear power 

plants and how to design structures that can withstand such extreme situations. There are various subjects 

that implicate a good understanding of the processes in concrete subjected to impact load. Some of those 

are already extensively investigated e.g. the role of different concrete characteristics on the resistance of 

the concrete against impact e.g. Othman and Marzouk (2016). Other researches aim to create damage 

prediction models that attempt to foresee the damage caused by a known projectile under known conditions 

as Li et. al. (2005) and Wen and Xian (2015). Despite the fairly high number of researches dealing with the 

problem, the post-impact evaluation is still addressed just by a few of them, Atou et. al. (2013) as an 

example, and therefore needs more attention. An experimental investigation has been carried out to collect 

fundamental data and to develop a deeper understanding of the effect of impact damage on the load capacity 

of concrete plates. This paper presents the process on the definition of procedures and the first results of an 

experimental investigation on the damage and residual load capacity of reinforced concrete plates after 

impact load. 
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IMPACT LOADING 

 

According to the experimental requirements, a high energy drop tower with an integrated accelerometer 

was used at the Otto Mohr Laboratory of the University of Dresden. The setup permits to define the mass 

and speed of the projectile and to measure different parameters during the impact. It allows a maximum 

storage power of about 120 kJ using compressed air in two separate pressure vessels. This enables 

accelerating projectiles with a mass of about 5 kg up to 100 kg to impact speeds in the range of 

approximately 10 m/s to 150 m/s. The projectiles are fully guided over the barrel length of approx. 

10 m.Figure 1 shows the experimental setup with an impact of a projectile on a reinforced concrete slab. 

The muzzle is directly located near the top of the impacted specimen. That way, for the sake of security, 

the projectiles usually remain in the barrel after the impact. 

 

  
Figure 1. Impact loading unit at the OttoMohr Laboratory in Dresden 

 

For this study the samples are reinforced concrete plates with dimensions of 1500 x 1500 x 300 mm 

(Figure 1, left). Two concrete classes were used with a characteristic compressive strength of about 40 MPa 

and 80 MPa. The reinforcement is composed of 2 layers of steel bars spaced by 100 mm. The steel bars 

have a diameter of 8 mm. During the casting process, four holes were positioned close to the corners to 

serve as mounting points for the supports. All the plates were casted and tested under the same conditions. 

The impact experiments were applied 60±2 days after casting. 

Since the impactor shape has a major influence on the damage behavior (Kühn and Curbach (2015)) 

the impactor was designed with a moderate radius of 200 mm in all cases. In contrast to a flat one, this 

usually leads to a small penetration with moderate spalling failure on the impact facing surface, but with 

enough remaining energy to cause scabbing on the back of the specimen. 

 

The aim of the investigations was the systematic elaboration of the damage behavior at different load 

velocities. However, these speed-dependent phenomena cannot be considered independently accounting 

the energy-driven experimentation (Kühn et al. (2013)). A change in the velocity is accompanied by the 

change of falling masses or projectile masses and the corresponding energies and their impulses. In order 

to ensure a comparability of the results, a systematic variation of parameters was carried out from the usual 

reference configuration as follows: 

 5 variants of the loading pressure between 4 and 10 bar, 

 2 variants of concrete types C40, C80. 

 

Table 1 gives an overview of the experimental variations which are just a part of a significantly larger 

program already introduced in Hering et al. (2016). With series 23 and series 24,a systematic variation of 

the impact speed and the associated damage were performed. These configurations were derived from 
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preliminary tests in such a way that just as very small amount of visible damage occurs. Not shown are 

approx. 10basic tests for setting up the necessary equipment and the measuring technique to reach this. 

 

Table 1. Experimental program of considered samples in the further analysis 
series specimen concrete pressure mass energy speed impulse force contacttime 

      bar kg kJ m/s Ns MN µs 

23 04 C40 static       

23 05 C40 6.00 21.5 31 53.6 1150 9.7 237 

23 06 C40 4.00 21.5 21 44.6 957 8.1 237 

23 07 C40 8.00 21.5 40 61.2 1313 11.1 237 

23 08 C40 7.00 21.5 36 57.7 1238 10.4 237 

23 09 C40 5.00 21.5 26 48.8 1047 8.8 237 

23 10 C40 10.00 21.5 45 65.0 1394 11.8 237 

24 04 C80 static       

24 05 C80 6.00 21.5 31 53.6 1150 9.7 237 

24 06 C80 5.00 21.5 26 49.6 1064 9.0 237 

24 07 C80 7.00 21.5 32 54.4 1167 9.9 237 

24 08 C80 4.00 21.5 22 44.8 961 8.1 237 

24 09 C80 8.00 21.5 40 61.0 1308 11.0 237 

 

The main actuator used is pressure loaded. Due to variations, the impactor speed is scattering and was 

directly measured before the impact. The theoretical impulse, force and contact time in Table 1 were 

calculated according to Kühn and Curbach (2015) by the measured speed and gives an idea of the introduced 

parameters. For each experiment the speed, bearing forces, displacements and acceleration were measured 

with its required resolution. 

 

Principle result analysis 

 

During impact loading the bearing forces were determined using 16 integrated semiconductor strain gauges 

(SCSG) per bearing. This configuration permits the measurement of a clear and moment-corrected signal. 

The forces are determined for each bearing point with 3 channels, whereby the SCSG are amplified as well 

as in raw data format, thus permitting a wide spreading of the signal amplitudes as well as the sampling 

rates. A piezoelectric strain sensor is used for the redundant detection of the data with an alternative 

measuring system. Therefore, the signals are much more stable than with ordinary techniques used in the 

past. In addition, two fast non-contacting laser triangulation sensors were mounted on the bottom 

side of the plates. The relative displacement with respect to the foundation can thus be detected in 

the center of the slab and on the slab edge in a measuring range of approximately 100 mm with a 

frequency of 100 kHz. The deflection at the edge of the slab as well as the displacement of the 

punching cones in the center of the plate can thus be directly determined and give important 

indications as to the nature of the failure and the penetration depths of the impactors. 
 

Results of high speed imaging reference case 

 

Figure 2 shows a sequence of images taken from a high speed camera with 5000 images/s for a deeper 

understanding of the damage development. In this first series of the full experimental program, the projectile 

used on the impacts had a mass of up to 508 kg and impact speeds within a small range of 4 to 6 m/s. In a 

second series, which are shown here, low masses about 21.5 kg at high speeds were used, resulting in the 

same impact energy. For the projectile, a rounded head with 100 mm in diameter was used. In Figure 2 one 

can see a large spallation on the impact facing surface during the first 4 ms. This leads to a reduced energy 

transfer into the slabs main body and an increase of the impact contact duration. 
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0 ms 2 ms 4 ms 20 ms 

Figure 2. Sequence of high speed images during the guided projectile impact 

 

Visual damage observations of the reference case 

 

Figure 3 shows the cracking shapes of the reference sample 23-05. As to be expected, there are significant 

bending crack amount, but the localization at higher speeds is also clearly visible. In free-fall tests at lower 

impact velocity, only stamping cones are formed, since the bending failure is more dominant here. The 

cones for high speed tests as shown are characterized by spalling on the impacted facing side and scabbing 

on the rear side (also shown in Figure 4). 

Spalling damage

Stamping cone, scabbing

Bending cracks

Figure 3. Visual crack patterns at the reverence sample cross section 

 

Visual observations,summary 

 

For a first assessment of the damage, the crack images of the backs of the slabs are shown in Figure 4, 

which are to be combined with the results of the tomographic investigations. Figure 4 shows selected crack 

patterns of the slab rear sides at different pressure stages. The impactor velocities can be directly assigned 

to the pressure stages from Table 1. As expected, the visual damage for the C40 is greater than for the 

higher-strength material C80. The failures increase with increasing speed. The comparison with the 

displacement measurements shows that the punching cones are shifted significantly. 

 

Impact testing results,summary 

 

The velocity dependencies of the displacements at the plates center are investigated and again, a trend is 

more to be anticipated than to be postulated. As the speed increases, the deflection in the center increases 

both for the C40 and the C80. This can essentially be attributed to a cracking cone, which is clearly 

expressed further with increasing speed. The penetration depth of the projectile correlates quite well with 

this displacement and can accordingly be assumed as a relative displacement of the cone to the slab. As the 

impact speed increases, the displacement at the side of the slab also increases. It reflects a global deflection 

of the slab, which is, however, significantly less than the cone displacement. At a certain speed this bending 

decreases again. A clearly local failure occurs. It can be assumed that with a further increase in the velocities 

no more bending failure can be observed. Further, correcting the local displacements by the global 

deflection gives a local punching displacement. It is a better measure of dynamic behavior. The trend 

towards higher displacements at higher speeds and the drop at a certain limit speed becomes clear. 
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23-06 (C40 4 bar) 23-05 (C40 6 bar) 23-07 (C40 8 bar) 23-10 (C40 10 bar) 

    
24-08 (C80 4 bar) 24-05 (C80 6 bar) 24-07 (C80 7 bar) 24-09 (C80 8 bar) 

Figure 4. Visual crack patterns at slabs rear side according to different projectile velocities 

 

Table 2 shows a summary of the most important characteristics of the accelerated tests. The correlation to 

the results of the tomographic examinations of the BAM can be derived with high probability on the basis 

of projectile speed, maximum bearing forces and the characteristic values for the slab deflections. 

 

Table 2. Resultant parameters for accelerated impact experiments 
series specimen concrete speed bearing force displ. center displ. side penetration  

      m/s kN mm mm mm 

23 04 C40 static 478.2 19.1 4.6 14.5 

23 05 C40 53.7 842.6 4.4 0.5 18.0 

23 06 C40 44.6 757.4 1.9 0.2 17.0 

23 07 C40 61.3 848.4 7.6 1.0 18.0 

23 08 C40 57.7 954.5 4.5 1.0 19.0 

23 09 C40 48.9 776.0 1.9 0.1 14.0 

23 10 C40 67.4 857.3 7.4 1.6 22.0 

24 04 C80 static 525.4 17.6 5.0 12.6 

24 05 C80 53.6 868.1 4.1 0.5 13.0 

24 06 C80 49.6 1064.1 1.9 0.5 12.0 

24 07 C80 57.9 913.5 3.8 0.7 13.0 

24 08 C80 44.8 659.8 2.0 0.6 0.9 

24 09 C80 60.9 853.3 4.3 1.1 16.0 

 

 

 

PLANAR TOMOGRAPHIC INVESTIGATIONS 
 

After visual inspection, a major objective of this research work was to produce a radiographic image of the 

impact loaded structures as base for describing internal and external damage. For the plate-like shape and 

the dimensions of the test specimen, a planar-tomographic method was used. It means that both, the source 

of radiation and the detector synchronized repeatedly scan the plates in two orthogonal directions at various 

angles to the object. As result, a spatial overall image of the inner structure of the test objects is received. 
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At first, the obtained images provide a visual qualitative impression of the degree of damage of the structure. 

For describing damage in a quantitative way assessment algorithms were developed to automatically detect 

crack assignable artefacts in the image data and thereby to quantify the damage as crack volumes. 

 

Planar tomographic scan procedure 

 

The BAM operates a high-energy radiography laboratory for comprehensive tasks from research and 

industrial users. Core of the lab is the HEXYTech system with up to 13 mechanical degrees of freedom (9 

linear and 4 rotational), which allows to realize a variety of test tasks. All axes are controlled via specific 

software modules, so that the operator has only to enter the parameters and the program calculates all 

traverse paths independently. As radio source a 7.5 MeV betatron and alternatively a Cobalt-60 gamma 

emitter was applied. For image logging a high resolution digital detector array with a size of 16x16 in was 

used. Since there was limited experience in planar tomographic testing on thick reinforced concrete plates, 

an optimal scan regime needed to be developed especially for receiving an adequate depth resolution. At 

the end a combination of repeated horizontal and vertical scanning with changing detector positions was 

preferred. The developed scan regime contained in detail: vertical start / stop scan with four different 

detector positions for the horizontal scans as well as three detector positions for vertical scan with 201 

projections per scan á 3 frames and 1 second exposure time, approximately 21 minutes per scan, 9 scans 

horizontal and 10 scans vertical revealed the reconstruction volume of sample with an overall pure 

measurement time of 14 hours, or 19 hours with calibration, adjustment and betatron pauses between 

individual scans.Another element of the analysis procedure was the reconstruction of images from the data 

sets of the planar tomographic survey for visualization of the crack structures within the damaged reinforced 

concrete plates. For this purpose, a so called back projection - reconstruction algorithm(FBP) was used. 

The scan regime and the measuring geometry were to be programmed and the individual intermediate 

results were combined into a totalvolume. The application of a developed parameter set produced optimal 

and comparable reconstructions of the individual reinforced concrete samples. Figure 5 shows 

reconstructed layers of two volumes.  
 

   
Figure 5. Reconstructed layers of two different plates as result example for planar tomographic 

investigation – source: Cobalt-60. 

 

Visualization and crack quantification  

 

The exact detection of the crack structures within the reconstruction volumes is of particular interest for 

further analysis and modelling and should be implemented with an advanced, reproducible crack detection 

algorithm. Segmentation of crack volumes, cavities and possibly gravel nests are necessary. Based on this 

crack detection algorithm, a binary volume is supposed to be generated (crack and matrix).  
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In a first step, a simple crack detection algorithm was developed based on a local threshold analysis. Further, 

binary crack volumes were generated with analysis algorithms in Volume Graphics (commercial CT 

software) and manual analysis based on FBP reconstructions (see Figure 6, left). From the binary volume, 

relevant parameters for the crack field such as, for example, Crack volume per depth layer, crack lengths 

or crack volume distribution per depth layer could be derived. 

For a second step a routine for automatic determination of crack structures was developed by the 

Zuse Institute Berlin (ZIB) as contract work. Generally, the developed algorithm was based on so called 

template matching, where a small pattern image, the template, is pushed over the input image voxel by 

voxel, and the correlation coefficient is calculated at each position. A template represents a crack or a crack 

on a small scale. Subsequent a threshold based segmentation of the correlation coefficients is executed. 

After post-treatment to complete the crack structure one sustains the quantitative crack volume in form of 

spreadsheets which can further be plotted to 3d images. Figure 6, right shows the result of a crack 

quantification for a damaged plate. 

 

  
Figure 6: Result images of damage quantification – left after manual combination of 200 binary layer 

images and additional color coding of one sample plate, right after application of the automatic crack 

detection algorithm on a different sample 

 

 

DAMAGE DESCRIPTION 

 

Ultimate load tests 

 

With the intend to identify the degree of damage caused by the impact loading in the meaning of a remaining 

load capacity, quasi-static stress tests were carried out on a total of 20 sample plates.  

Analysis of the test results showed that different types of failure occurred as result of impact 

loading, depending on the velocity of the impact load (gravity impact vs. projected impact). In the case of 

gravity-based impact with a low drop height, and thus low impact speed, bending failure was observed. 

Punching failures were obtained with a higher drop height and thus a higher impact speed. In the case of 

projected impacts at high velocities, a combination of bending and shear failure was obtained, whereby the 

load-deformation curve initially assumes the characteristic shape of the bending deformation with large 

plastic deformations before reaching ultimate load. After ultimate load stress the same large deformations 

as typically for punching failure occur. In these cases, the failure mode has no clear correlation with the 

loss of residual resistance. However, a dependency with the increased impact energy in the pre-damaging 

is obvious. Figure 7 shows the relationship between the failure mode and the impact energy. The diagram 

also shows that the residual load carrying capacity in the tested plates does not correlate directly with the 
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impact energy. In the majority of the conducted tests, the residual capacity of the impact loaded sample 

plates was more than 80% of the original capacity. 

 

 
Figure 7: Ultimate load in relation to the impact energy and to different failure modes  

 

 

Numeric simulation 

 

A further substantial aim of the project was the development of a physically based damage model, which 

can be used to predict cracking processes under a given impact parameter. For this it was necessary to 

analyse various plates damaged at different impact load levels.The analysis and assessment of the damage 

pattern is than used to make simulated predictions about crack propagation under different load as well as 

with different structural parameters. The base of the study was on one hand formed by the results of the 

tomographic analysis and on the other hand by the visually observed and mapped cracks on the flanges of 

after afterwards sawn plates. 

For the development of a damage model the finite element analysis is a common and proved 

method. The damaging process under fictive stress is simulated based on a constitutive description of the 

materials behavior (material model). The results of these calculations are then compared with the results of 

the experimental analysis and, if necessary, the model and the calculation parameters are adapted iteratively. 

All FE modelling and computations were carried out with the commercial software system ANSYS 

in the version 17.1 under academic license. The finite element model was created with ANSYS 

WORKBENCH. On the basis of this modelling, explicit calculations were performed with ANSYS 

AUTODYN for the simulation of impact processes of various types. The aim was to verify and validate the 

calculation assumptions on the experimental results from the impact tests. Comparative simulation 

calculations were performed to investigate the behavior of the reinforced concrete in the case of impact 

stress to test several mathematical models, being provided by ANSYS AUTODYN for the explicit 

computation of the time response. Included in this study were the Drucker-Prager (DP), Johnson-

Holmquist, the Riedel-Hiermaier-Thoma (RHT) and the MO granular material model. 

Generally, the numerically generated damage images compared with the results of the experimental 

investigations showed that the classical DP and the RHT material model are well suited for the simulation 

of impact damage. Although, comparison of the complete set of damaged plates showed a relation between 

the type of impact and the conformity of the simulated and the experimental produced crack patterns. 
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Figure 8: Numerical simulation of impact loading, left: result using DP model, right using RHT model. 

 

For the plates, which were damaged with a low velocity but massive impactor, the damage of the 

plates could be simulated with an approximately comparable damage pattern. The visual results with the 

closest match were obtained using the DP and the RHT model. The analysis with the DP model revealed 

an acceptable match with the damage pattern to the actual plate. However, it was not possible to reproduce 

the punching cone in the core of the plate. The RHT model does not result in any distinguished crack 

pattern, which is due to the generalized failure surface. However, the damaged areas of the plate can be 

displayed "smeared" (Figure 8). Compared to the measured depth at the real plate, the penetration depth of 

the impactor into the concrete could be correctly calculated with this material model. 

For the plates, which were damaged by high speed impact instead of a massive impactor, the 

simulations showed that higher velocity during the impact has an influence on the comparison results 

between experiment and simulation. Thus, it can be stated, that a significantly better match could be 

achieved by the DP material model when a high speed impact was used. The comparison of the damage 

images of experimental impact and simulation based on the DP material model is shown in Figure 9. Yet, 

simulations of the impact damage by high speed impact based on the RHT material model did not result in 

an acceptable comparison between simulation and experiment. Therefore, the use of the RHT material 

model should be considered critically for further numerical investigations of the damage behavior of impact 

bearing reinforced concrete structures. 

 

 
Figure 9: Overlay of two images for comparison of experimentally and numerically (on base of 

Drucker-Prager material model) generated impact damage. 
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CONCLUSION 

 

Impact experiments were represented in this paper at a medium velocity range with two different concrete 

strengths. Forces, displacements and penetration could be measured. Crack patterns were analyzed in a 

visible way by cutting the specimens and with high speed imaging during the experiment. The velocity 

dependency of the measured displacements is more to be anticipated than to be postulated. As the impact 

speed increases, the displacement at the side of the slab also increases. The measured forces seem to have 

hardly any systematics. But it is also clear that with increasing damage the bearing forces seem to decrease 

due to the higher energy consumption. 

The impact loaded plates were radiographically analyzed using planar tomography. The result 

image volumes showed a good mapping of the impact damage. Although, a quite large number of scans 

need to be applied for a proper detection of all cracks, including those which are not perpendicular to the 

scanned face. Further, a routine for automatic determination of crack structures was developed. After 

application a quantitative crack volume in form of spreadsheets is generated, which can further be plotted 

to images.  

For identifying the degree of damage caused by the experimental impact loading in the meaning of 

a remaining load capacity, quasi-static stress tests were carried out. As result it could be shown, that the 

compressive strength resistance of the concrete does not seem to influence the ultimate load capacity of the 

reinforced concrete plates after impact load. For the plates tested, the formation of cone cracking showed a 

strong influence on the reduction of the ultimate load capacity.  

For predicting cracking processes under a given impact parameter, mathematical models were 

investigated in an explicit numerical analysis. For that it was necessary to analyze various plates damaged 

at different impact load levels. Different material models were analyzed and as a result two different models 

are recommended in dependence of damage type and therefore of some impact parameters like speed and 

energy.  
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