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ABSTRACT 

 

ASME Standards Technology, LLC, actually is organising the research project “Testing of Pre-Stressed 

Concrete Slabs under Impulsive Loading”. This project is intended to increase the knowledge about the 

rate of ductility of pre-stressed concrete members in case of dynamic loading, which is significantly lower 

than that of conventionally reinforced concrete. The findings of the test program shall be used to define 

specific design provisions for pre-stressed concrete containments. The research project is sponsored by 

several institutions including ENSI. 

 

The testing program is carried out on the Oregon Ballistic Laboratories (OBL) open-air blast testing site 

in Oregon. The test specimens are in total eight square pre-stressed concrete slabs with the same external 

dimensions 4.9 m x 4.9 m x 0.27 m. The combination of two pre-stressing levels and two amounts of 

longitudinal reinforcement lead to four types of slabs with different design. Shear reinforcement is not 

provided in the test slabs. The two groups of four tests differ in the targeted support rotations of 2 or 4 

degrees, which shall be achieved by different explosive weights and standoff distances. In the first two 

tests, for example, the pressure wave is created by detonation of 580 kg ANFO in a distance of 9.1 m to 

centre of charge. 

 

Initially, the paper seeks to examine if the slabs are suited to achieve the objectives of the project in 

principle. The slab design was required to be representative for pre-stressed concrete containments mainly 

with respect to their dimensions and pre-stressing levels as well. Moreover, the blast loadings had to be 

adjusted to generate the envisaged mechanical behaviour. For the purpose of numerical simulation of the 

tests, nonlinear static and dynamic finite element analyses with different models are performed. The 

comparative evaluation of computational and test results is performed focusing on available ductility. 

 

INTRODUCTION 

 

The research project “Testing of Pre-Stressed Concrete Slabs under Impulsive Loading” is managed by 

ASME Standards Technology, LLC, and is sponsored by several institutions including the Swiss Federal 

Nuclear Safety Inspectorate ENSI, which besides is represented in the steering committee. The testing 

program carried out on the Oregon Ballistic Laboratories (OBL) open-air blast testing site in Oregon 
comprises eight tests of square pre-stressed concrete slabs with different combinations of pre-stressing 

levels and amounts of longitudinal reinforcement, which are exposed to blast waves generated by 

different explosive weights and standoff distances. The focus of this project is on the exploration of the 

rate of ductility of pre-stressed concrete members, for instance in nuclear containment buildings, in case 

of short-term loading. 

 

At the planning stage, the authors have examined the suitability of the testing programme to achieve the 

targeted objectives with respect to representativeness and ductile behaviour of the specimens. The test 
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evaluation is supported by numerical simulation of the tests in terms of nonlinear static and dynamic finite 

element (FE) analyses with different models. In this context, the size of the blast loading and its local as 

well as time-related distribution has been investigated. Consideration was given also as regards the 

reliability of the measurement values and the presumable causes for the observed structural behaviour. 

 

DESCRIPTION OF THE TEST SPECIMENS AND THE TESTING PROCEDURE 

 

As documented in detail in Stone-OBL, LLC (2017), the dimensions of the eight pre-stressed concrete 

panels were 4.88 m × 4.88 m × 0.27 m. The average concrete compressive strength at 28 days was 

53.5 MPa. The VSL 6-4 strand post-tensioning system was used for pre-stressing of the panels. The four 

specimen types A to D are distinguished in the two pre-stressing levels 5 MPa resp. 10 MPa and the two 

amounts of longitudinal reinforcement 95 kg/m³ resp. 220 kg/m³. 

 

The test specimens are fixed to the reinforced concrete reaction structure shown in Figure 1 by means of a 

supporting steel frame construction. The reinforced steel framing set-up as depicted in Figure 2 has been 

applied beginning with test 3. The roller bars between the specimen and the reaction structure as well as 

the perimeter frame provide an almost perfect hinged support of the concrete slab. 

 

      
 

Figure 1. Reaction structure (left) and installed panel within the framing (right). 

 

 
 

Figure 2. Steel framing set-up (left) and vertical section of anchorage detail (right). 

 

The blast loading was generated by detonation of the explosive ANFO (ammonium nitrate/fuel oil). The 

two groups of four tests differ in the targeted support rotations of 2 degrees or 4 degrees, which should be 

achieved by different explosive weights and standoff distances as indicated in Table 1. Beginning with 

test 3, the ANFO was placed 1.2 m off the ground. 
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Table 1. Testing programme including selected results. 

 

 
 

The test specimens and the testing facility were equipped with measurement devices consisting of strain 

gauges inside the test panel, laser displacement sensors behind the test panel, a high-speed video camera 

behind the test panel, real-time video cameras behind the test panel and at a far distance in front of the test 

panel, and reflected pressure sensors at different locations on the perimeter frame as well as free-field 

pressure sensors. 

 

EXAMINATION ON THE SUITABILITY OF THE TESTING PROGRAMME 

 

According to the objective of the experimental program, the test slabs inclusive of their boundary 

conditions and actions should have been designed in a way that an assessment on the ductility of pre-

stressed concrete structures of nuclear power plants subjected to blast loads is possible when compared to 

conventionally reinforced concrete elements. Since pre-stressed concrete structures are mainly applied for 

containment buildings of NPPs, the test specimens should be representative of this type of structure with 

regard to their mechanical behaviour taking into account a scale reduction as illustrated in Figure 3. 

 

      
 

Figure 3. Dimensions of a test slab in relation to a fictitious container model on a 1:4.8 scale. 

 

The stiffness is obviously reproduced adequately, since the effects of the flexible bearing in the 

containment and the rotation-free but displacement-fixed support of the test slabs can be assumed to be 

mutually balanced. Thus, the geometrical design of the test slabs is to be regarded as representative of this 

type of construction with regard to the expected mechanical behaviour. The pre-stressing levels inducing 
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concrete compressive stresses of 5 MPa resp. 10 MPa largely cover the range of pre-stressing of existing 

containment buildings, and therefore are suitable in line with the objectives, cf. Chauvel et al. (2006), 

Ostermann et al. (2014), Sandia National Laboratories (2003). 

 

The results of simplified nonlinear and linear static analyses of the ultimate loads of the test slabs A to D 

and of two further comparable reinforced concrete slabs are given in Table 2. The ratio of the nonlinearly 

to the linearly calculated deflections is given in the table as a measure for the comparison of the ductility 

of the various test slabs. Apparently, the structural behaviour is becoming increasingly brittle both when 

the reinforcement and when the pre-stressing level are increased, because it is increasingly affected by the 

load-bearing capacity of the concrete compressive zone. Even though the ductility of the test slabs has a 

wide range, the ductility of comparable slabs without pre-stressing is clearly different. Due to the 

distinctly divergent ductility within the range of the experimental program, the test specimens could be 

assessed as suitable to achieve the test objectives. 

 

Table 2. Results of preliminary static ultimate load analyses. 

 

 
 

EVALUATION OF TEST RESULTS SUPPORTED BY NUMERICAL SIMULATION 

 

As emerges from Table 1, part of the test slabs experienced large deflections up to values more than 

100 mm, which necessarily are combined with large support rotations. It is noticeable that these tests 

moreover resulted in residual deformations, which were only slightly smaller than the maximum values. 

The ultimate load capacity of the respective test slabs consequently has been reached. 

 

Using the example of test 3, the reasons for the observed structural behaviour shall be examined by 

evaluation of the test recordings and by comparison with the results of nonlinear dynamic FE analyses. 

The heavy damage especially of the front face exhibiting significant scabbing of the concrete cover can be 

seen on the post-test photo of test 3 in Figure 4. The scabbing is accompanied by buckling of the 

reinforcement bars. These observations associated with the large residual displacements suggest that in 

the scabbed areas a fracture due to a combination of bending and shear has occurred. In a slab without 

shear reinforcement, the equilibrium of the compression arc is ensured by the flexural tensile 

reinforcement acting as a tie-bar, and in this case additionally by the pre-stressing members, see Figure 5. 

When the critical shear crack penetrates into the compressive zone, a sudden failure of this area happens. 

 

The crack running parallel to the bearing line, see Figure 4 on right, presumably likewise is caused by a 

failure of the compression strut, which is unfavourably influenced by the existing stress state in the 

anchoring zone of the pre-stressing members.  
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Figure 4. Test 3 – Front face scabbing (left) and highlighted cracking pattern on back face (right). 

 

 
Figure 5. Test 3 – Vertical section of test slab showing shear/bending cracks and compression arch. 

 

For the comparative numerical analyses, the FE model shown in Figure 6 is used, in which the concrete 

slab is discretised by means of flat multi-layered shell elements. The physically non-linear behaviour of 

the reinforced concrete section is simulated by use of the layer model implemented in the program 

SOFiSTiK (2016). Geometrical nonlinearities are also considered in view of the large slab deflections. 

 

The ducts of the pre-stressing system were centred in the thickness of the slabs in one direction (vertical) 

and staggered in the other direction (horizontal) to minimise the eccentricity of the applied force. The pre-

stressing members are modelled with cable elements, which are coupled to the slab structure taking into 

account the eccentricity of the horizontal pre-stressing members. 

 

The blast loads acting on the surface of the FE model are derived from the pressure gauge readings. The 

diagrams in Figure 7 comprise pressure-time functions measured in test 3 and associated impulse-time 

functions. By use of the Friedlander waveform, the adjusted time functions included in Figure 7 have 

been calculated for use in the FE analysis, cf. Gebbeken and Döge (2006), European Commission, 

ERNCIP (2013). The corresponding reflected pressure sensor locations are defined in Figure 8 on left. 

Due to the interaction of the direct (incident) shock wave and the wave, which is reflected from the 

ground surface and reinforcing the direct wave, the shock front is unevenly distributed over the slab 

surface. The simplified pressure distribution depicted in Figure 8 on right is used in the FE analysis. The 

only consideration of variability in vertical direction is based on the calibration tests performed by the 

laboratory prior to the original tests, which did not indicate a pressure gradient in horizontal direction. 
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Figure 6. FE model of test slab in different views. 

 

      
 

Figure 7. Test 3 – Measured and calculated pressure-time (left) and impulse-time functions (right). 

 

      
 

Figure 8. Reflected pressure sensor locations (left) and assumed pressure distribution (right). 
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The computation results hereinafter are presented in terms of displacement-time diagrams and strain-time 

diagrams in comparison with the measured data. The corresponding laser displacement sensor positions 

related to the slab centre and the locations of the reinforcing steel strain gauges are given in Figure 9. 

 

      
 

Figure 9. Deflection measurement locations (left) and strain gauge locations at back surface (right). 

 

The left diagram of Figure 10 comprises the displacement results of the computations for test 3, which 

have been performed for two loading variants. In variant 1, the slab model is loaded by the pressure 

functions according to Figure 7. The maximum displacement computed for variant 1 of approx. 50 mm is 

much lower than the measured value of 120 mm. By means of a parameter analysis with variation of 

concrete strength and rigidity could be excluded that a deterioration of material properties is responsible 

for the strong deviation of the computed and measured results. 

 

In order to examine the reliability of the pressure gauge readings, a comparative FE analysis of another 

test exhibiting mainly linear deformations has been performed. According to Table 1, this criterion is fit 

best by test 4a. The displacement results emerged from a computation for test 4a are shown in Figure 10 

on right. Apart from the first oscillation, the displacements have the same order of magnitude. From that 

point of view, in principle there is no doubt as to the amplitudes of pressure measurements. 

 

(Because of substantiated concerns regarding the correctness of the timescale of the laser displacement 

readings as indicated in the test report Stone-OBL, LLC (2017), the authors have tried to calibrate the 

recorded functions. The resulting smoothed curves supplemented in the diagrams of Figure 10 are created 

by averaging the values of the steps and reducing the timescale by a factor of 0.5. These curves 

reasonably correspond to the computation results in particular with respect to realistic vibration periods.) 

 

  
 

Figure 10. Displacement-time histories: Test 3 (left) and test 4a (right). 
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Despite the proven plausibility of the pressure measurements, a parameter analysis with variation of the 

load level has been performed for test 3. The results indicated as variant 2 in Figure 10 on left follow 

from a computation with 50 % increase of the pressure functions of Figure 7 on left. These displacement-

time functions coincide well with the calibrated measurement data. A reasonable explanation for this 

outcome is contrary to the statement on the calibration tests a possible increase of the pressure level 

towards the slab centre, cf. Figure 11.  

 
 

Figure 11. Pressure distribution on a test surface (extract from European Commission, ERNCIP (2013). 

 

The further evaluation of test 3 by use of the results of the SOFiSTiK FE model under the assumption of 

pressure functions increased by 50 % is related to the measurements of strain gauges mounted to a 

number of reinforcement bars. The time histories of the horizontal and vertical strains at the locations 3 

to 10 according to Figure 9 on right are delineated in Figures 12 to 15. (It should be noted that the 

timescales of computed and measured curves are subjected to a time-shift.) Considering that the 

reinforcement strains are unevenly distributed due to the heterogeneity of the composite material 

reinforced concrete, and on the other hand that the strains computed by application of a smeared crack 
approach are mean values, the deviations between computed and measured strains are explainable and 

thus are not in contradiction with the well simulated overall behaviour of the test specimen. 

 

This assessment is supported by the colour contour plots shown in the Figures 16 and 17. Cracks in the 

same regions of front and back surface substantiate that the described combination of bending and shear 

fracture has taken place, see Figure 16. This becomes even clearer from the distributions of concrete 

compressive strains and mean steel strains in Figure 17, which visualise the zones of compressive fracture 

and associated plastic steel strains in comparison with the appearance of the specimen after the test. 

 

 
 

Figure 12. Test 3 – Horizontal and vertical steel strain time histories (locations 3 and 4). 
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Figure 13. Test 3 – Horizontal and vertical steel strain time histories (locations 5 and 6). 

 

 
 

Figure 14. Test 3 – Horizontal and vertical steel strain time histories (locations 7 and 8). 

 

 
 

Figure 15. Test 3 – Horizontal and vertical steel strain time histories (locations 9 and 10). 

 

 
 

Figure 16. Test 3 – Maximum crack widths at front (left) and back surface (right) in mm, t = 0.0234 s. 
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Figure 17. Test 3 – Extreme values of concrete compressive strains (left) and mean steel strains (middle) 

in ‰, t = 0.0234 s, post-test photo of front surface (right). 

 

CONCLUSION 

 

The objective of the presented research project comprising eight tests of square pre-stressed concrete 

slabs with different combinations of pre-stressing levels and amounts of longitudinal reinforcement 

exposed to blast waves was the exploration of the rate of ductility of pre-stressed concrete members in 

case of short-term loading. For support rotations exceeding 0.5 degrees, the majority of the tests resulted 

in significant front face scabbing, concrete crushing along the panel edges and through thickness 

cracking. Thus, they showed a predominantly brittle response without yielding of the tendons. 

 

The comparative computations performed exemplarily for one test demonstrate that the numerical 

simulation with a nonlinear shell element model by use of the program SOFiSTiK is capable of 

reproducing the structural behaviour observed in the tests. However, the determination of the blast wave 

induced loading from the pressure gauge readings proved to be the biggest challenge. In case of the 

investigated test 3, an increase of the pressure values measured by the sensors located at the surrounding 

steel frame by 50 % resulted in a good agreement with the test results. 

 

A quantification of the ductility of the pre-stressed concrete specimens based on the test results is hardly 

possible. Although the tests have shown that the targeted large support rotations are tolerable without 

global failure, the results imply that the ductility is reduced. It would have been instructive if the tests 

were complemented by tests on comparable slabs without pre-stressing. 
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