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ABSTRACT 

 

Reinforced concrete (RC) is used as structural material in most diverse civil engineering applications. For 

the variability of its physical properties it is still an engineering challenge to meet all necessary requirements 

for the prediction of dynamic effects under impact loading. In this paper, investigations are shown within 

the scope of quantifying and evaluating the damage caused by an impact. The experimental investigations 

are performed in the field of low- and medium-velocity impact. The chosen flat nose shape results in small 

penetrations on the top side and scabbing on the bottom side. The plate is scanned with an adapted planar 

tomographic examination after the impact, and the damage is analysed, afterwards. Cracks and spalling are 

made visible with a reconstruction. The numerical model validated on the tomographic results justifies the 

application for further predictions of the damage description. 

 

INTRODUCTION 

 

Reinforced concrete (RC) is used as structural material in most diverse civil engineering applications. For 

the variability of its physical properties it is still an engineering challenge to meet all necessary requirements 

for the prediction of dynamic effects in structural reinforced concrete under impact loading. The topic 

structural safety gains public perception caused by a raising number of terroristic attacks. It is necessary to 

investigate the performance of RC structures under impact loading and the conjoined operational safety of 

buildings, especially nuclear power plants (NPP), in more detail. 

 

The research community has already examined several correlations that deal with the individual 

effects of impact. The influence of the shape and deformability of the projectile on the type of impact has 

been investigated by Lastunen et al. (2007), Beppu et al. (2008) and Booker et al. (2009). The aim of 

Gebbeken et al. (2001, 2013) was to identify the behavior of concrete and reinforced concrete structures 

under highly dynamic effects. Li et al. (2005) studied the local effects of an impact with known boundary 

conditions. In the field of post-impact damage analysis detailed work, such as Atou et al. (2013) has not 

been in the focus so far.  

 

With the post-impact damage analysis used in this paper, the resulting damage is evaluated and 

characterized by means of internal and external damage patterns. Due to the complexity of the material 

(RC), it is difficult to predict the damage, which depends, among other things, on the load history and the 

bond between steel and concrete. Information about cracks, their structure and volume, can be obtained 

with non-destructive damage detection. Cracks up to a size of 0.1 mm, in the range of hairline cracks, are 

made visible with the planar tomographic examination, Hille et al. (2017). Because of continuously 

increasing specimen sizes the workflow of such tests, FE model creation and experimental verification are 

run in parallel. 

mailto:deborah.nerger@bam.de


 

25th Conference on Structural Mechanics in Reactor Technology 

Charlotte, NC, USA, August 4-9, 2019 

Division V 

 

This paper shows some studies of low-velocity impact and post-impact evaluation. It is divided into 

experimental, numerical and planar tomographic investigations. The planar tomographic technique is 

presented and adapted for the investigation of large reinforced concrete plates. In the last section the damage 

characterization is discussed in more detail followed by the conclusion. 

 

INVESTIGATIONS 

 

The damage behavior of RC structures depends on various parameters and is not exactly predictable. Not 

only the loading and its time characteristic are relevant, as described by for example Hille et al. (2017) and 

Nery et al. (2016). For estimating pursuing consequences of a secondary impact of an additional solid body 

impactor, a structural flow-through analysis needs to be performed, employing inflammable or explosive 

fluids. The complexity of the bound properties between concrete and steel also results in different damage 

characteristics due to impact, Li et al. (2005). 

 

The impact was generated with a cylindrical projectile (diameter d=100 mm, weight m=23.34 kg) 

on a reinforced concrete plate of the class C35/45 measuring 1.5 m x 1.5 m (see Figure 1). The shape of the 

impactor has a large influence on the damage, see Kühn and Curbach (2015). The chosen flat nose shape 

results in small penetrations on the top side and scabbing on the bottom side. The previous test program, 

see Hering et al (2017), for the systematic investigation of the damage behavior at different impact 

velocities was extended by a variation of the plate thickness between 0.1 m and 0.3 m. Figure 2 shows the 

variations of the complete test program. 

 

 
Figure 1:Impact test at the Otto Mohr laboratory 

in Dresden, Germany 

 
Figure 2:Test program 

Table 1 shows a small overview of the test parameters of the investigated series (S23, 26-30). In 

addition to the designation, the mass differences of the plate, the mass of the projectile, the plate thickness, 

the projectile speed, its pulse, the penetration depth, the angle of the punching cone and the measured 

maximum bearing forces are also recorded.  

 

Table 1:Test parameters of the series 

plate 

m_diff 

[kg] 

m_projectile 

[kg] 

plate thickness 

[mm] 

v_projectile 

[m/s] 

Impact pulse 

I [kg m/s] 

penetration 

[mm] 

punching cone 

angle [°] 

max bearing 

force [kN] 

S23 P05  ---  20.23 300 53.71 1086.56 44 36 842.64 

S23 P06 5.24 20.23 300 44.57 901.75 34  --  757.36 

S23 P07 5.24 20.23 300 61.29 1239.90 40 43 848.42 

S23 P08 3.50 20.23 300 57.66 1166.52 43  --  954.51 

S23 P09 10.00 20.23 300 48.87 988.73 31  --  775.99 

plate

material

thickness

reinforcement

diameter

spatial 
distribution

projectil

velocity

weight

geometry

nose 
shape
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S23 P10 23.00 20.23 300 67.44 1364.22 43  --  857.27 

S26 P01 22.52 23.34 200 42.67 995.98 200 40 824.15 

S26 P02 17.20 23.34 200 31.48 734.81 10 25 448.31 

S26 P03 19.30 23.34 200 50.63 1181.77 200 16 763.80 

S27 P01 30.20 23.34 200 57.97 1353.04 200 13 567.94 

S27 P02 10.50 23.34 200 24.48 571.29 5 38 374.20 

S28P01 11.40 23.34 100 32.16 750.67 100 14 168.61 

S28P02 6.50 23.34 100 25.23 588.92 100 16 179.42 

S28P03 1.30 23.34 100 12.41 289.75 10 16 335.20 

S28P04 1.40 23.34 100 9.03 210.87 0 19 136.74 

S28P05 6.00 23.34 100 20.94 488.66 100 17 236.08 

S29P04 1.24 23.34 300 51.01 1190.50 20 15 1008.81 

S29P05 3.02 23.34 300 61.59 1437.47 60 13 760.11 

S29P06 0.24 23.34 300 57.14 1333.72 30 15 798.00 

S29P07 0.00 23.34 300 42.22 985.47 8 15 871.77 

S30P1 6.04 23.34 300 66.38 1549.20 45 15 1184.20 

 

Correlations between bearing force and impact pulse could be determined and can be explained by 

the degree of damage. In Figure 3, the tested plates are grouped according to the degree of damage. Plates 

with determined damage structure based on shearing cracks are marked with solid lines. Plates with a 

determined punching cone are labeled dashed lines and those with increasing scabbing with dotted lines. 

Analogous, effects can be seen in the damage volume, cumulating cracks, spalling, scabbing and punching 

cone.  

 

 
Figure 3: Bearing force w.r.t. impact pulse. Comparison of the series and their type of damage. Shear 

cracks (solid line), punching cone (dashed line), punching cone and increased scabbing (dotted line). 

 

Numeric simulations 

 

The purpose of the investigations is to predict the degree of damage. In addition to experiments to 

characterise the damage and to localize the effects, a prognosis model has to be developed. The hydrocode 

AUTODYN of the software ANSYS is used for the numerical simulations. For concrete, AUTODYN 

already offers two implemented material models for two concrete classes (C35 and C140) according to 

Drucker-Prager and Riedel-Hiermaier-Thoma. 

 

The Drucker-Prager (DP) strength model is a two-parameter model in the three-axial stress space. 

With AUTODYN, the failure criterion is implemented in the pressure range in the form of two combined 

failure surfaces and in tensile range with the Rankine model. The body fails if one of the three principal 
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stresses exceeds the tensile strength. With the help of triaxial tests, individual points of the curves can be 

defined, and the material model can be completely described including the physical characteristics of the 

test specimen. The DP model does not include strain rate dependencies. Crack failure can be integrated 

with a module. For this, the fracture energy and the flow rule for the plasticity model must be specified. 

 

In the Riedel-Hiermaier-Thoma-Model (RHT) the material behavior is described by three surfaces 

for failure, yielding and residual strength. In addition to the fracture criterion, two hydrodynamic equation 

of states (EOS) are included. They describe the compaction, as well as the porosity as a function of pressure. 

In the case of high pressures and strain rates, the description with the EOS will be necessary. The RHT 

model describes the material using the four physical parameters, 20 parameters for the fracture criterion 

and a total of 12 parameters for the two EOS strain rate effects in the tensile and compression range, 

hardening at high pressures and strains, softening due to shear damage and the coupling of damage due to 

pore collapse. 

 

Both material models have their optimal range. The DP model can be used for static calculations 

without large shear effects. The RHT model is designed for high projectile velocities. In load cases where 

the projectile velocity is proportionally low and shear effects occur in the target, the material model must 

be well adapted. 

 

Comparison of simulation and test 

 

Numerical simulations were created from free-fall tests (up to 10 m/s) and impact tests (up to 100 m/s). 

Table 2 shows the comparisons of some plates. The left column describes the physical characteristics of the 

test (series designation, plate thickness (d_plate), projectile velocity (v_projectile), projectile mass 

(m_projectile), projectile diameter (diameter_proj), penetration depth (penetration) and angle of the 

punching cone (angle)) and the material model used (DP or RHT). In the middle column, the crack structure 

from the FEM and the tomography or a photo of the back side of the plate are superimposed. The right 

column additionally shows the central section, if it was available. After adjusting the parameters, both 

material models are feasible for further investigations. 

 

Table 2: Comparison of simulation and experimental using the example of different plates 

S08P07 - DP 

d_plate= 300 mm 

v_projectile= 6 m/s 

m_projectile= 508 kg 

diameter_proj=  100 mm 

penetration  20 mm 

angle   23° 

 

 

S08P07 - RHT 

d_plate= 300 mm 

v_projectile = 6 m/s 

m_projectile = 508 kg 

diameter_proj= 100 mm 

penetration  20 mm 

angle   23° 
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S23P6 – DP 

d_plate= 300 mm 

v_projectile = 44.6 m/s 

m_projectile = 20.23 kg 

diameter_proj= 100 mm 

penetration  34 mm 

 

 

 

S23P6 – RHT 

d_plate= 300 mm 

v_projectile = 44.6 m/s 

m_projectile = 20.23 kg 

diameter_proj=  100 mm 

penetration  34 mm 

 

 

 

 

Planar tomographic laboratory 

 

The High Energy X-Ray Lab (HEXYLab) is located at the Federal Institute for Material Research and 

Testing in Berlin, Germany (BAM). The manipulator provides 13 possible degrees of freedom (4 rotational 

and 9 linear axes) to determine the trajectories for emitter, object and detector, so that the investigation of 

complex geometries is possible. The object to be examined can be up to 4 m long and 2 t in weight. The 

facility is presented in Figure 4. Figure 5 illustrates the schematic structure with the degrees of freedom. 

 

Depending on the radiography geometry and the subsequent reconstruction procedure, classical 

computed tomography or one of the three laminography methods is used. In pivoting laminography, the 

object and detector rotate to the same rate. This is useful if a complete rotation is not possible. Scan 

laminography uses two detectors mounted side by side. The object is moved parallel to the detector. The 

reconstruction is done by averaging the results. Limited-view laminography is used for large objects. Here 

the object is rotated in a small angular range, too. The core of the HEXYLab is the emitter. Two different 

sources are used for the experimental investigations on concrete plates: the betatron, an electron accelerator, 

and the cobalt-60 source. The betatron emits electrons with an energy of 7.5 MeV. This allows concrete 

samples with a thickness of up to 1 m to be examined. 

  
Figure 5: Schematic structure of the components 

Emitter Object Detector 

Figure 4: HEXYtech lab at BAM, Germany 
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Due to the dimensions of the plates under investigation, the scan regime is adjusted. In contrast to 

previous presented systems, the emitter and detector are moved synchronized and the object remains fixed. 

The plate is examined with a combination of limited-view and scan laminography. The optimal scan regime 

includes four different horizontal and three different vertical positions of the emitter and detector. Both are 

meandered horizontally and vertically when the object is stationary. At each single approached position, a 

scan takes place, consisting of 3 frames with an exposure time of 2 seconds.  

 

The reconstruction is carried out using the filtered rear projection technique of all 2D projections 

to create an overall image in 3D. Up to 6000 grey values (3000 with the cobalt source) are possible with 

the RC plates examined with a thickness of 300 mm. The number of possible gray values determines the 

contrast in the reconstruction. The higher the contrast, the easier it is for the algorithm to detect the cracks 

and less manual post-processing is necessary. The algorithm is divided into three steps. In the first step 

reinforcement bars are filtered. So-called tube templates are implemented in advance. In the second step, 

artifacts are identified and filtered. The artefacts result from air inclusions, detachment of the bonding 

between steel and concrete or from high-pass filtering. In the last step, crack detection is performed. The 

previously defined parameters are used to identify cracks and binarize them. 

 

DAMAGE CHARACTERISATION 

 

The combination of all examination methods (evaluation of the experiments, tomographic examination and 

numerical simulation) makes damage characterization possible. The damage analysis from the combination 

of the investigations includes, among others, the crack angle, the crack volume, the crack width (maximum, 

average values), the crack depth (maximum, average values), the crack surface and the ferret parameter. 

The ferret parameter is the ratio of length to width and describes the roundness of a crack. The closer the 

number is to one, the rounder is the crack. 

 

The analysis of the damage characteristics is shown as an example on a plate from a drop test 

(v_projectile=6 m/s, I=3049 kg m/s, r_projectile=50 mm). Figure 6 shows the highlighted cracks on the 

back of the halved plate. Cracks are marked in black. The boundary of the scabbing is marked in red. The 

superposition of the crack structures from tomography and FEM is shown in Figure 7. The resolution of 

the crack detection algorithm represents 0.5 mm for one pixel in the plane and 1.5 mm per pixel in the 

depth. This limits the automatic crack detection of hairline cracks and shear cracks. Therefore, the spalling, 

the punching cone and some oblique cracks are not visible in the crack detection.  

 

 
Figure 6: Cracks (black) and Scabbing (red) on 

the back of the halved plate 300 

 

 
Figure 7: Superposition of the crack structures 

from tomography (black) and FEM (blue 

transparent) 
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The degree of damage of the cumulated cracks with respect to the depth of the plate shows 

increasing damage until the midst of the plate (see Figure 8 and Figure 9). Since the material has spalled 

off on the underside and thus fewer cracks can be detected, the values decrease at the end. In the case of 

the plate 300 the damage, cumulated from cracks, spalling, scabbing and punching cone, results in 2.84 % 

of the total plate volume, whereas the damage due to the detected cracks amounts to 0.7 %. The greatest 

damage occurs at a depth of 150-250 mm and includes cracks with a depth of 100-150 mm. 

 
Figure 8: Degree of damage w.r.t. the depth of the 

plate 300 with an offset of 60mm 

 
Figure 9: Depth of the identified cracks of the 

plate 300 

 

For the identification of spalling with the algorithm, the crack detection parameters, such as gray 

value deviation and crack wall distance, must be modified. Depending on the level of damage, manual post-

processing may be necessary. Some of the plates are additionally scanned with the optical 3D measuring 

system ATOS from GOM. The STL interface (Standard Triangulation Language) simplifies post-

processing by separating the spalled volume and merging it with the cracks from the tomographic 

examination. 

 

 
Figure 10: Degree of damage w.r.t. impact pulse 

Figure 10 shows the cumulated damage (cracks, spalling, scabbing, shearing cone) with respect to 

the impact pulse. Separating the cracks indicates the change of the damage level (see Figure 11). In the S26 

series, only shear cracks occur below an impact pulse of approx. 800 kg m/s. Above this value, the punching 

cone forms. 
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Figure 11: Degree of crack damage w.r.t. impact pulse 

 

Further investigations 

 

 As a result of an airplane impact, its tanks will burst, and fuel will leak and burn. For that reason, in a 

second stage of experimental investigations, RC plates are analysed regarding their residual structural 

capacity and their resistance to the ingress of jet fuel under varying structural and loading parameter. 

 

The investigations are initially carried out on a small-scale specimen, whereby the penetration 

behavior of liquids into cracked concrete samples is studied. With spacers the separation crack is varied in 

a defined way. The liquid, water and jet fuel should permeate with increasing pressure. Further 

investigations will include larger tests with similar designs. 

 

CONCLUSION 

 

In this contribution, impact experiments on RC plates with different impact velocities and plate thicknesses 

were presented. The shape of the projectile nose was chosen so that the damage occurs more on the 

underside. The effects of local damage were analysed and characterised. Correlations between impact pulse 

and degree of damage could be determined. 

 

Numerical simulation is a useful tool for creating a prognosis model of the damage characteristics. 

Superpositions of FEM, optical scanning and tomographic data indicate similar damage characterisation. 

The simulations thus give the possibility to carry out further investigations and parameter studies on RC 

structures.  

 

After adaptation of the crack detection algorithms, the plates were examined planar tomographically. 

The refined and optimised algorithm was presented. For a direct comparison of the damage structure from 

the tomographic investigation with that from the numerical simulations, the image processing of the crack 

structures and spalling was binarised. More detailed analyses of the cracks were performed based on crack 

widths, depths and volumes.  

 

The limits of the tomographic investigations so far are given by the resolution and the energy limit 

of the device. With a resolution in the plane of one pixel equal to 0.5 mm, crack widths smaller than 0.5 mm 

cannot be identified automatically. The same applies to the depth resolution. One pixel corresponds to 

1.5 mm.  
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Based on the previous investigations, the results presented and the possibilities of tomography and 

numerical simulation, further studies will follow. Of particular interest will be the characterisation of the 

crack structures in the comprehensive damage pattern and their influence on the penetration behavior of 

fluids. 
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