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ABSTRACT

This paper describes a series of tests conducted at VTT Technical Research Centre (Finland) in order to 

assess the influence of pre-stressing on perforation capacity of concrete slabs under hard missile impact 

(impact with negligible missile deformations). The paper presents three tests along with their results 

having as a baseline specimen the reinforced concrete (RC) slab (2.1 m X 2.1 m X 0.25 m) with 

longitudinal reinforcement only. The following tests are: 

• The baseline RC slab with longitudinal reinforcements only, 

• RC slab unbounded Dywidag bars (placed in empty PVC sleeves to avoid the contact between the 

concrete and with Dywidag bars in order to simulate ungrouted tendons),  

• RC slab with unbounded Dywidag under tension to introduce pre-stressing of 10 MPa in the concrete 

slab.  

The impact missile velocity was defined using empirical equations applicable to reinforced concrete slabs 

to achieve slab just-perforation.  

The goal of the tests is to assess the effect of pre-stressing on perforation capacity. This effect is complex 

due to the presence of pre-stressing bars (or cables) and the possibility that the missile hits the bars. In 

order to assess the effect it was necessary to decouple the influence of Dywidag bars as an additional 

reinforcement and the effect of pre-stressing (tensile stresses in Dywidag bars). The results show an 

increase of perforation resistance of concrete slabs due to pre-stressing. The overall damage of the slabs 

was assessed and compared in all cases as well.

INTRODUCTION

This paper is a part of a series of papers from the same authors related to the local punching behaviour of 

concrete slabs under hard (rigid) missile impact.  The paper presents three tests performed by the Finnish 

company VTT as a part of IMPACT program described in Lastunen et al. (2007) and it is follow-up of 

papers Orbovic et al. (2009) and Orbovic and Blahoianu (2011) which have the goal to determine the 

influence of pre-stressing on the behavior of RC slabs under hard missile impact in order to fill the gap on 

this topic in the existing literature.  The goal of this paper is to assess the effect of pre-stressing on 

perforation resistance of concrete slabs. The three tests presented in this paper are: 1) the baseline 

specimen with longitudinal reinforcement only, specimen K (Test A21 in VTT nomenclature), 2) the 

specimen with longitudinal reinforcement and Dywidag threaded bars, without pre-stressing, specimen L

(VTT test P5) and 3) the specimen with longitudinal reinforcement and pre-stressed Dywydag bars in 

order to produce pre-stressing of 10 MPa in the concrete section, specimen M (VTT test C21). The names 

of the specimens K, L and M follow the series from previous papers from the same authors, Orbovic et al. 

(2009) and Orbovic and Blahoianu (2011). The empirical formulas for perforation of reinforced concrete 
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elements (slabs) are established for the elements with passive longitudinal reinforcement only; pre-

stressing is not taken into account. Barr (1990) suggests that pre-stressing bars (cables)can be taken into 

account in UKAEA formula for perforation thickness with the cross section of reinforcing steel as

additional passive reinforcement. The pre-stressing is introduced in the concrete slab using Dywidag 

threaded bars placed in PVC sleeves to avoid the contact between the concrete and the Dywidag bars in 

order to simulate unbonded cables.

TEST SPECIMENS 

Slabs

The test set-up was presented in Lastunen et al. The formwork of the specimens (2.1 m X 2.1 m X 

0.25 m) with boundary conditions (simply supported two-way slab) and the reinforcement (10 mm bars @ 

90 mm EW/ES, fy = 500 MPa) of the baseline specimen are presented on Figure 1 (Specimen K). Figures 

2 represents the set-up for specimens L and M with the same longitudinal reinforcement as for Specimen 

K and with Dywidag threaded bars (26.5 mm @ 180 mm EW, Aps = 548 mm2, fpu = 1030 MPa). The 

Dywidag bars in specimen L are not pre-stressed. In the specimen M the Dywidag bars are under tension 

in order to introduce in the slab pre-stressing of 10 MPa. The pre-stressing stress in the Dywidag bars 

during the tests was 820 MPa or 0.80fpu. The pre-stressing bars are in PVC sleeves (40 mm diameter, 2 

mm thickness) with the goal to avoid bond between the concrete and the pre-stressing bars to simulate 

greased tendons.

Fig.1: Baseline reinforced concrete specimen and reinforcement detail

Missile 

The hard (rigid or undeformable) missile with steel cylinder filled with light concrete and with steel 

dome is shown in Fig.3 with main dimensions. The weight of the missile is 475 N.
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Fig.2: Specimens with Dywidag threaded bars in PVC sleeves

Fig.3: Hard missile: steel cylinder and dome with concrete infill

Dywidag and reinforcement bars set-up

Fig. 4 represents the theoretical position of the missile impact footprint in the case where there is no 

deviation in the missile trajectory from the compression tube to the slab.  In this theoretical position, the 

clearance is 154 mm and to go through the slab, the missile has to break or to bend 4 Dywidag bars. The 

missile impact footprint is in general excentred up to 21 mm, in one or both directions. In this case, the 

missile has to break or bend at least two Dywidag bars. Regarding the reinforcement bars with the spacing 

of 90 mm, the missile has to break or to bend at least 3 re-bars on the front side and at least one re-bar on 

the rear side to go through the slab. The load cells on Dywidag bars are with number 1 to 8 on Fig. 4.

Test design

The test with the baseline specimen K (longitudinal reinforcement only) was designed using Chang 

and CEA-EDF empirical formulas for just perforation. The perforation formulas are assessed in Sliter 
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(1980). It is important to note that the validity domain for the formula CEA-EDF is limited to the concrete 

compressive strength of 45 MPa and in this case it is used outside its validity domain, ETC-C (2012) .

Fig.4: Dywidag bars set-up and theoretical position of the missile impact footprint

The standard requires the use of the coefficient 1.2 in order to cover test uncertainties which are not 

applied in this case. The target missile velocity is then chosen to be 120 m/s in order to reach perforation.

In order to de-couple the effect of the reinforcement and the reinforcement with pre-stressing, two other 

tests have been performed: L with Dywidag bars only and M with Dywidag bars under tension in order to 

introduce the pre-stressing in the slab of 10 MPa. Taking into account the significant increase in the 

reinforcement ratio in the section from 0.70% per direction (specimen K) to 1.58 % (specimens L and M) 

per direction, it was expected that perforation resistance will increase for specimens L and M, by 

supposing that a high reinforcement ratio play a role in the perforation capacity of RC slabs under hard 

missile impact.
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Chang and CEA-EDF formulas do not take into account the longitudinal reinforcement ratio for 

perforation resistance. CEA-EDF/UKAEA formula is the only formula which takes into account 

longitudinal reinforcement. Moreover, in Barr (1990) it is recommended that pre-stressing can be taken 

into account as additional reinforcement with the cross section of pre-stressing bars added to the section of 

passive reinforcement. Nevertheless, the use of this formula according to RCC-CW (2015) for the design 

of nuclear civil structures only takes into account the passive reinforcement ratio in the calculation, while 

respecting the validity domain of the formula, in particular on concrete compression strength. The 

reinforcement is introduced in the formula per side and per direction. The total section of Dywidag bars in 

one direction is divided by two in order to get the section per each side of the slab. The upper limit of this 

formula in terms of reinforcement ration is 1.5% per direction.

Table 1. Concrete compressive strength for three specimens and just perforation velocities

Specimen K L M

Concrete compressive strength

[cylinder - MPa]

53.4 48.4 51.2

PERFORATION VELOCITIES [m/s]
VCEA-EDF 121.8 115.9 119.25

VChang 128.5 120.4 125.0
VCEA-EDF/UKAEA 103.1 136.8 140.7

TEST RESULTS

Main test results are summarized in Table 2. The pictures of the rear face of the specimens along 

with their cross sections after the test are on Figures 5, 6 and 7.

Table 2. Test results for three specimens

Specimen K L M

Measured impact velocity [m/s] 120.2 120.5 117.9

Measured residual velocity [m/s] 33.0 30.0 No perf.

Eccentricity of the hitting point !"##"$
%&"##"'

%("##")
%"##"'

5 mm )
*"##"+

Broken re-bars: H - horizontal, V - vertical

Front side

2H, 2V 2H, 2V 2H, 2V

Broken re-bars: H - horizontal, V - vertical

Rear side

1V 1V none

In plane deformed re-bars: H - horizontal, 

V – vertical / Front side

none none none

In plane deformed re-bars: H - horizontal, 

V- vertical / Rear side

2H, 1V 2H, 1V 2H, 2V

Broken Dywidag bars N.A. none none

Deformed Dywidag bars N.A. 1 V
1 H

none

Max measured force in Dywidag bars N.A. 426 kN 495.8 kN

Scabbed + Cracked area

Rear side [m
2
]

1.028+0.287 
= 1.315

0.949+0.507
= 1.456

1.078+0.692
= 1.770
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Fig.5: Specimen K, Rear face and a vertical cross section after the tests

Fig.6: Specimen L, Rear face and a vertical cross section after the tests

Fig. 7: Specimen M, Rear face and a vertical cross section after the tests

Specimen K
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DISCUSSION

Perforation resistance

For the baseline specimen K with longitudinal reinforcement only, the residual velocity is 33 m/s, very 

close to the residual velocity of the specimen L with Dywidag bars without pre-stressing (30 m/s). The 

concrete compressive strength is 10% higher in the specimen K. However, the reinforcement ratio,

including Dywidag bars, is more than two times higher in the specimen L. It would give the just 

perforation velocity of 136.8 m/s for the specimen for the specimen L comparing to 103.1 m/s for the 

specimen K using UKAEA formula for just perforation, and taking into account the pre-stressing bars in 

the calculation. It means that UKAEA formula is not aplicable by taking into account pre-stressing bars as

additional passive reinforcement. The missile went though the slab deforming localy Dywidag bars. The 

maximum force in the bars during the test was 426 kN on the load cell 5 (Figure 4). This gives the stress 

in the Dywidag bar of 772 MPa which is well below the ultimate resistance of 1030 MPa. The local plastic 

deformation of the bar on missile trajectory includes bending stresses which are not captured by the load 

cell. Only one re-bar was broken on the rear side of the slab and the missile deformed three re-bars exiting 

the slab. Regarding the specimen M with pre-stressing, the missile was stopped by Dywidag bars. The 

penetration depth up to the median layer of Dywidag bars is 112 mm. The bars were not deformed and the 

maximum force in the bars was 495.8 kN which gives the maximum stress in the bar of 899 MPa and

represents an increase of 75 MPa due to the impact, comparing to the initial tensile stress of 824 MPa. The 

reinforcement bars on the rear side were deformed due to the concrete ejection.

The difference between the specimens L and M is in the presence of tensile stress in Dywidag bars. The 

missile was stopped at the location of Dywydag bars in the case of the pre-stressed specimen M and it can 

be concluded that the perforation resistance is higher in the case of pre-stressed specimen. Regarding the 

effect of Dywidag bars , based on these two test results the presence of Dywidag bars as a reinforcement 

(i.e. without pre-tensioning) did not stop the missile. The next questions are whether the missile was 

stopped because of a) the pre-stressed concrete b) the Dywidag bars under tension c) the combination of 

both. It is necessary to assess as well whether the position of Dywidag bars relative to the point of missile 

impact has an importance or not on perforation capacity. The increase of the tensile stress due to the 

impact in the specimen L is 772 Mpa and in the specimen M is only 75 MPa. These questions, as well as

the quantification of the effect of pre-stressing on perforation capacity, are discussed in Galan and 

Orbovic (2015) and Sagals et al. (2015).

Damage

The comparison of the level of damage between reinforced and pre-stressed concrete specimens for the 

missile velocites below perforation velocities (~ 100 m/s) is discussed in Orbovic et al. (2009). Proposed 

damage quantification is based on punching cone angle and the conclusion of the paper is that the pre-

stressing increases the stiffness of the slab but increases as well as rear side damage (scabbing and 

cracking area of concrete on the rear side) for the case of unbonded (ungrouted) bars. Both in Orbovic et 

el. (2009) and Orbovic and Blahoainu (2011), this damage can be significantly reduced using transverse

reinforcement. For the case with higher velocity and slab perforation the same conclusion can be made,

based on the tests presented in this paper,"-./"0123.425"36#/"7258/"96:";<"4=">1 =19 degrees and for pre-

=?:/==/@"3623:/?/"=87A">2 = 15 degrees. It should be noted that the punching cone is defined in a slightly 

different way than in Orbovic et al. (2009). However, the conclusion is the same. If the damage is 

formulated in terms of scabbed + cracked area of the rear face of the slab, for reinforced concrete slab this 

are is 1.315 m
2

and for pre-stressed concrete slab is 1.770 m
2

which represents an increase of 35%.
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Fig. 8: The angles of the punching cone for RC and pre-stressed specimen

CONCLUSION

The three tests performed in order to assess the effect of pre-stressing on perforation resistance show that 

the pre-stressed concrete slab has the highest perforation capacity. The quantification of this increase is 

discussed in Galan and Orbovic (2015) and Sagals et al. (2015). The difference in residual velocities 

between the slab with longitudinal reinforcement only and the slab with Dywidag bars without pre-

stressing is minimal for this impact configuration and can be considered as negligible. The overall damage 

described in terms of the width of the punching cone B@/942/@"C4?."?./"7258/">D"at the rear side of the slab 

is higher in the case of the pre-stressed specimen which is consistent with the previous findings of the 

authors presented in Orbovic et al. (2009).
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