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ABSTRACT 

Significant release of hydrogen into a relatively small B WR containment can occur during severe accidents. Hydrogen 
leakage from the containment into the surrounding reactor building rooms cannot be totally excluded. Hydrogen may 
accumulate in the reactor building and, because the atmosphere is normal air, may form flammable and even detonable 
mixtures leading to pressure loads on pipes and walls. The possibility that the containment integrity can be jeopardised by an 
external hydrogen detonation is of particular interest. 

This paper deals with the structural integrity of a reinforced concrete wall of Olkiluoto reactor building room B.60.80 
under hydrogen detonation conditions. The studied wall is designed to act as a radiation shield and cannot withstand high 
overpressures. 

Previous Computerised Fluid Dynamics (CFD) simulations indicated that even a small leakage from the containment 
produced a significant combustible cloud in this reactor building room. For the first approximation, the detonation pressure 
loads were estimated with the DETO code. The code is based on simple computerised hand calculations that assume a direct 
initiation of detonation and apply the strong explosion theory with the shock reflection relations. The DETO analysis yielded 
maximum pressure peaks of 11 MPa, which corresponds to the impulse of about 2 kPa.s. The results can be considered as 
rough and conservative estimates for the first pressure impact of the reflecting shock wave. 

Structural integrity may be endangered due to slow pressurisation or dynamic impulse loads associated with local 
detonations. The relatively static, slowly decreasing pressure following the passage of a shock front may be high, and thus, 
may severely damage the structure. The mitigating effects of room venting through the opening of a door on the pressure 
history and structural response were also studied. Non-linear finite element analyses of the reinforced concrete structure were 
carded out by the ABAQUS/Explicit program. The reinforcement and its non-linear material behaviour as well as the tensile 
cracking of concrete were modelled. Reinforcement was defined as layers of uniformly spaced reinforcing bars in the shell 
elements. In these studies, the surrounding structures of the nonlinearly modelled reinforced concrete wall were modelled by 
using idealised boundary conditions. Concrete cracking and yielding of the reinforcement in particular was monitored during 
the numerical simulation. 

The wall seems to resist the pressure increase before detonation quite well. According to these analyses, the wall may 
somehow survive the detonation peak transient, but the relatively slowly decreasing static type pressure that follows the peak 
detonation damages the wall much more severely than the detonation peak itself. 

INTRODUCTION 

This study aims to assess the structural integrity of a reinforced concrete wall in the Olkiluoto reactor building under 
hydrogen detonation conditions. Hydrogen detonation leads to high peak type pressure transients, followed by a relatively 
high, slowly decreasing pressure. Structural integrity can be endangered due to slow pressurisation or dynamic impulse loads 
associated with local detonations. 

The Olkiluoto NPP plant is owned by Teollisuuden Voima Oy consisting of two 840 MWe boiling water reactor units, 
designed by ASEA Atom. The reactor building room B.60.80 under consideration has a volume of 856 m 3. The height of the 
room is 33 m and the breadth is 13.4 m (Fig. 1). The room is very narrow. The maximum distance from the containment wall 
to the opposite concrete wall is only 2.7 m. 

Shock pressure transient loads typical for hydrogen detonations are evaluated with the DETO code [1]. This code is 
based on the strong explosion theory, taking into account the pressure effects of both the incident shock wave and the first 
shock reflection from the structure. 

Preliminary, linear structural analyses were carded out using the ABAQUS/Standard program [2]. In addition, the 
capacity of the reinforced concrete wall under constant pressure was predicted by linear and non-linear methods. Materially 
non-linear static analyses were carried out using the reinforced concrete model available in the ABAQUS/Standard Finite 
element method program. Non-linear, dynamic finite element analyses of the reinforced concrete waU were carded out by the 
ABAQUS/Explicit program [2], [3]. The reinforcement and its rate-dependent elastic-plastic material behaviour, as well as 
the tensile cracking of concrete, were modelled. The location of the ABAQUS FE model is shaded in the left-hand side 
picture in Fig. 1. 
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Figure 1. Basic geometry of reactor building room B.60.80. 

ASSESSMENT OF HYDROGEN DETONATION LOADS 

Description of DETO Code 
Rough approximations of the detonation shock pressure loads are obtained from the theory of strong explosion and 

shock wave reflections that are generally applied to solid explosives [4], [5], [6]. This method is attractive, because it 
provides a means of performing simple calculations to cover the effects of both the primary or incident shock and the first 
(oblique or normal) shock reflection from a wall structure. According to theory, a simple computer code DETO was 
developed at VTT to assess the pressure loads caused by detonation-induced shock waves. DETO only deals with the first 
pressure impact of the reflecting shock wave. The multiple, higher order reflections from the structures are not handled. 
However, the first reflection gives the highest pressure peak and can be used for scoping analyses if a structure fails from the 
first impact. The pressure increase across the incident shock wave and the structure surface pressure after the shock 
reflections are calculated according to the theory by Kinney and Graham [6]. The reflection phenomena can be of normal, 
oblique, or Mach stem formation depending on the angle of incidence between the shock wave and the surface of the wall 
structure. This type of approach has been applied earlier by Saarenheimo and Hyv~idnen [7]. 

The strong explosion theory assumes an instantaneous, point-type energy release in a small volume (explosion origin). 
The gas around the explosion origin is assumed to be polytropic, i.e., perfect gas with constant specific heat and density. A 
local explosion induces a strong spherical shock wave that propagates freely through the gas medium starting from the point 
where the energy is released. The propagation of the combustion zone behind the shock wave that is typical to real detonation 
waves is not modelled. Furthermore, it is assumed that the initial pressure is negligibly small compared to the pressure behind 
the shock wave. 

Initial conditions of DETO Calculations 
The initial conditions of the DETO analyses were based on the earlier MELCOR and FLUENT calculations [8]. The 

accident progression (station blackout) was calculated using the MELCOR 1.8.4 code, which is an integrated lumped 
parameter code for predicting severe accident phenomena. All metallic Zr of the core was conservatively assumed to oxidise, 
leading to about a release of 1900 kg of hydrogen into the containment. The containment was assumed to leak into the reactor 
buildin£ room B.60.80 from the pipe penetrations located in the upper part of the containment. The leak size considered was 
20 mm ~, which is ten times the assumed nominal leak area of the TVO containment. The total mass of leaking hydrogen into 



the reactor building at t = 13 000 s from the beginning of accident was about 30 kg. The gas composition at this instant of 
time was 43.7% hydrogen, 44.7% nitrogen, 10.3% oxygen and 1.3% steam. 

The hydrogen distribution data in the reactor building rooms were based on the previous CFD simulations by the 
FLUENT code. The FLUENT calculations suggested that hydrogen accumulates in the upper parts of rooms and a rather 
stable stratification builds up. Due to this very strong stratification, only 1.43 kg of hydrogen was calculated to be detonable. 
This result indicates that at the stabilised end state about 95 % of the hydrogen was at region, where the detonation cannot 
propagate. One additional sensitivity analysis was performed to find out the pressure load that the wall could still resist. In the 
sensitivity case, a total of 0.5 kg of hydrogen was assumed to detonate. 

All of the hydrogen mass was assumed to burn instantaneously in the explosion origin. The normal distance of the origin 
from the concrete wall was taken to be 2.0 m, which corresponds to the situation where the ignition occurs near the hydrogen 
leak side at the containment wall. The initial overpressure and temperature of the ambient gas were 0.027 MPa and 307.7 K, 
respectively. These values rely on the earlier CFD simulation. 

Results of I)ETO Calculations 
The calculated pressures on the reinforced concrete wall in reactor building room B.60.80 at different angles of shock 

incident are shown in Figure 2. The pressure-time curves are plotted as functions of angle between the incident shock and the 
wall surface. 
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Figure 2. Calculated pressure of reflected shock wave at various incident angle, 0.5 kg (left) and 1.43 kg (fight) hydrogen 
burned. 

The maximum pressure peak of about 11 MPa is obtained after normal shock reflection (angle = 0 degrees) in the case 
where 1.43 kg of hydrogen was assumed to explode. The corresponding pressure impulse on the reinforced concrete wall was 
about 2 kPa-s. The total duration of the overpressure phase in all angle positions is in the order of a few milliseconds. 
According to the strong explosion theory, the pressure of incident shock decreases with the distance to the third power. As the 
incident angle and the distance to the wall increases, the maximum pressure peak after the reflection decreases. When the 
incident angle exceeds the Mach stem limit value, the pressure peak becomes much lower than that for the reflected shocks 
(Fig. 2, angle of 40 degrees). 

The shock pressure in the applied theory is dependent on the amount of release energy, and thus, the amount of burned 
hydrogen. The maximum pressure peak of shock reflection is, therefore, lower in the case where 0.5 kg of hydrogen was 
assumed to burn compared to case of 1.43 kg of hydrogen burning (2 MPa versus 11 MPa). 

The experimental arguments show that the spontaneous propagation of the detonation wave occurs at a fairly constant 
velocity closely corresponding to the upper Chapman-Jouguet (C-J) point. The C-J velocity under the conditions of the 
DETO calculations is about 2200 m/s. This results in a C-J Mach number of 5.2 and in the corresponding C-J pressure of 
about 2.1 MPa. The theoretical reflection pressure is about 2.5 times the C-J pressure [4], and hence, about 5.5 MPa. When 
comparing the theoretical C-J values to the DETO results where 1.43 kg of hydrogen was assumed to bum, we notice that the 
DETO calculations gave reasonable values for the pressure of the incident shock wave, but predicted a higher pressure after 
the normal shock reflection than theoretically assessed. In spite of the simplification of the model, the DETO code gave 
reasonable, first-order estimates of the structure pressure loads under the first reflection of detonation shock waves. However, 
more accurate 3-dimensional detonation studies are under way, in order to properly assess the effects of multiple shock 



reflections, the superposition of shock waves and the chemical reaction kinetics under detonation conditions. Also, structural 
analyses will be updated using these results. 

STRUCTURAL INTEGRITY 

The structural analyses were carded out with the ABAQUS finite element (FE) code using the pressure loads obtained 
from detonation analyses with a simple DETO code as input data. The structural integrity of the wall was studied under 
detonations corresponding to a detonable hydrogen mass of 0.5 kg and 1.43 kg. The ignition was assumed to occur in the 
middle gas space in the upper part of the room B.60.80 (see Fig. 1). As seen in Fig. 2, hydrogen detonations lead to high and 
short, peak type pressure transients, which are followed by a relatively high and slowly decreasing pressure [1 ] and [9]. 

Linear analyses were carried out by ABAQUS/Standard code and the load carrying capacity was evaluated based on 
codes and standards. Only a part of the reinforced concrete wall was considered in non-linear dynamic FE analyses carried 
out using ABAQUS/Explicit code. The location of this FE model is shaded with red in Fig. 1. The FE mesh can be seen in 
Fig. 4-7. Shell element used in these calculations is called S4R in ABAQUS/Explicit program. It is a double curved shell 
element with hourglass control and finite membrane strains. The are about 6500 shell elements in the model. 

Simplified boundary conditions were used for simulating the effect of surrounding structures. The upper edge of the FE 
model was assumed to be free and there was a symmetry line assumption along the fight edge of the model. The lower edge 
and the left edge were modelled as fully fixed. The reinforcement and its rate dependent elastic-plastic material behaviour as 
well as the tensile cracking of concrete were modelled. 

In the ABAQUS/Explicit program, the brittle cracking model provides the capability to model tensile properties of 
concrete. This model is designated for applications in which the behaviour is dominated by tensile cracking. ABAQUS/ 
Explicit uses a smeared crack model. A simple Rankine criterion is used to detect crack initiation. A crack forms when the 
maximum principal tensile stress exceeds the tensile strength of the material. Further cracks of the same material point are 
orthogonal to any existing cracks [2]. 

The ABAQUS/Standard program provides a more general capability for modelling concrete due to the elastic-plastic 
yield theory applied to dominantly compressive stress components. In addition, this model simplifies the actual behaviour, in 
particular, when the concrete is strained beyond the ultimate stress point. Open tensile cracks are modelled by a loss of elastic 
stiffness. The cracks may close if the stress across them becomes compressive. The ABAQUS/Standard was used in 
predicting the ultimate static loading capacity of the wall. 

The material properties of the concrete used in these non-linear analyses are shown in Table 1. The numerical values are 
obtained from codes and standards. 

Table 1. Concrete material properties. 

Ec[MPa] fctk[MPa] [ ~ [ eer[mm/mm] [ etu[mm/mm] fca[MPa] fck[MPa] 
27000 1.93 I I 1 0 . 1 5  0.0007 ' 0.0018 ' 15.6 21 

Damping was modelled by the mass proportional part of Rayleigh damping. Mass proportional damping was used to 
damp out the low frequency response. In this case, the mass proportional damping was used for damping the lowest mode 
with 10% of the critical damping. 

Reinforcement was modelled by one-dimensional strain theory elements. Reinforcement was defined as layers of 
uniformly spaced reinforcing bars in shell elements. The concrete cracking was considered independent of rebars. Effects 
between the concrete and the rebar interface, such as bond and dowel action, were approximately modelled by introducing 
some tension stiffening into the concrete cracking model. This simulated the load transfer across the cracks through 
reinforcement. 

The material behaviour of reinforcing steel was assumed to be linear elastic up to the yield stress. The stress vs. plastic 
strain is presented in Table 2. Young's modulus is 210 GPa and Poisson's ratio 0.3. This wall is not designed to carry any 
pressure loads, its main purpose is to act as a radiation shield. The amount of the main reinforcement varied between the 
minimum required and an amount of 0.27% in the cross section area of the wall. The thickness of the wall is 0.6 m. The 
maximum amount of reinforcement is located in the field area, near the symmetry line where the detonations studied in this 
paper were assumed to occur. 



Table 2. Stress vs. plastic strain values for reinforcement steel. 

Stress [MPa] I90. '  i.0000~ 1.815 
Plastic strain, [mm/m m] 

The strain rate effect of reinforcing steel was accounted for by a standard procedure used for considering strain rate 
effects, and is expressed by the formula: 

epl = D[ cr - 1] p 
O'y 

(1) 

A,, 
where F_,pt is the equivalent plastic strain rate, gr is the effective yield stress and ~y is the static yield stress, ABAQUS/ 

Explicit 5.8. In these calculations, p = 5 and D = 40. 
The non-linear element model was first loaded with a constant pressure. These analyses were carried out with the 

ABAQUS/Standard using the Riks method for the proportional loading procedure, and with the ABAQUS/Explicit program 
, 3 , 3 , for gradually increasing the load. Only the zero tensile strain value was varied. Values of 1.8 1 0 ,  0.9 10 and 1.8 10 2 were 

used in static ABAQUS/Standard analyses. 
Dynamic ABAQUS/Explicit analyses were carried out using the zero tensile value of 1.8"10 .3 and varying the load- 

increasing rate. The ultimate capacity of the wall seems to be somewhere beyond 0.05 MPa. This value is more than double 
the ultimate capacity value predicted based on codes and standards. 

Non-linear dynamic structural analyses 
The non-linear behaviour of the wall was studied under detonations corresponding to a detonable hydrogen mass of 0.5 

kg and 1.43 kg. The ignition was assumed to occur at the symmetry line, near the upper or lower edge of the FE model (see 
Fig 1). Structural behaviour of the wall under a detonation in the upper location is discussed in this paper. 

It should be noted that, in the following, there is a shift of the time origin as compared with Fig. 2a and b. The origin of 
time in the calculations has been set to the beginning of pressure increase before the detonation peak. First, the structural 
behaviour of the reinforced concrete wall under conditions of 0.5 kg of detonating hydrogen was considered. The numerical 
simulations were carried out in three steps. The time increment needed for explicit time integration was 5 Its. In the first step, 
the constant loading pressure on the non-linear part of the model was increased to 0.027 MPa in 0.1 seconds. During the 
second step, the detonation transient was applied to the wall. The duration of this step was 3.5 ms or 4.6 ms, depending on the 
mass of the detonable hydrogen. The detonation peak was over after the second calculation step, when the calculation time 
was t = 0.1035 s (0.5 kg of hydrogen) or t = 0.1046 s (1.43 kg of hydrogen). After a detonation of 0.5 kg of hydrogen, the 
constant pressure at the beginning of the final step was 0.15 MPa. According to the preliminary studies, this clearly exceeds 
the ultimate capacity of the wall. The effect of the pressure decrease following the detonation transient has also been studied. 
The pressure after the detonation of 0.5 kg of hydrogen was predicted to decrease to zero in 0.5 seconds if the ventilation hole 
is 4.67 m 2. The pressure load was decreased accordingly during the third calculation step. The calculation time was 0.604 s 
when the constant overpressure reached zero. In order to study the dynamic behaviour of the wall, the calculation was 
continued until the calculation time was t=l.1 s. 

In the following, the surface of the wall where the pressure load acts is referred to as inner or upper. The other surface is 
respectively referred to as outer or lower. Development of plastic deformation in the upper reinforcement at the symmetry 
line and at locations 0.5 m, 1.0 m, 1.5 m and 2.0 m away from the symmetry line along floor level 25.00 is shown as a 
function of time in Fig. 3. The vertical upper reinforcement at the supporting floor (level 25.00) near the inner surface of the 
wall is yielding. The yield occurs after the peak detonation, during the slow pressure decrease. Plastic strains are relatively 
low and do not increase once the pressure reaches zero. The compression strength of concrete was not exceeded due to 
considered pressure loading. Concrete compression crushing cannot be simulated by the ABAQUS/Explicit program. 

Crack development at the outer surface of the wall, due to the energy release from the 0.5 kg of hydrogen is presented in 
Fig. 4a-d. The cracking of the inner surface is shown in Fig. 5a-d, respectively. Fig. 4a and 5a show cracking at the inner and 
outer surfaces of the wall after the pressure increase, before the detonation peak. In Fig. 4c and 5c, the peak detonation is 
over. The open cracks on both surfaces, at the end of the calculation, 0.5 seconds after the constant overpressure has 
decreased to zero, are shown in Fig. 4d and 5d. 
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Figure 3. Plastic deformation of reinforcement at the horizontal support, level 25.00. 
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Figure 4. Open cracks on the outer surface of the wall, a) t=0.10 s, b) t=0.102 s, c) t=0.1034 s, and d) at the end of the 
calculation. 
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Figure 5. Open cracks on the inner surface of the wall, a) t=0.10 s, b) t=0.102 s, c) t=0.1034 s, and d) at the end of the 
calculation. 

The cracking is through the wall only near the supporting floor area, level 25.00. It should be noted that only the open 
cracks are presented in Fig. 4-7. 



Crack development on the outer surface of the wall due to the energy release from burn of 1.43 kg of hydrogen is 
presented in Fig. 6 a-d. The cracking of the inner surface is respectively shown in Fig. 7 a-d. The ignition was assumed to 
occur at the symmetry line, near the upper edge of the wall. Due to the low tensile strength of the concrete, some areas, e.g., 
the outer surface near at the field area and the inner surface near the supporting floor and wall area, show extensive cracking. 
Fig. 6a-d and 7a-d show how the shock pressure front, which behaves like an expanding ball, hits the wall during some 
milliseconds. 
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Figure 6. Open cracks on the outer surface ofthe wall, a) t=0.101 s, b) t=0.102 s, c) t=0.103 s, and d) t=0.105 s. 
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Figure 7. Open cracks on the inner surface ofthe wall, a) t=0.101 s, b) t=0.102 s, c) t=0.103 s, and d) t=0.105 s. 

After the detonation peak, in the beginning of the third calculation step, the energy balance was lost. This easily occurs, 
in particular when the reinforcement starts to extensively yield in a thoroughly cracked cross section. Once the energy 
balance is lost in the numerical analysis, the results are no longer reliable. 

The wall resisted the pressure increase before the detonation quite well. This pressure value was near the 'design load'. 
The duration of the detonation in both cases was short compared with the eigenperiods of the wall. The wall may survive 
somehow a shock pressure load corresponding to the energy release from a relatively small amount of hydrogen. The slowly 
decreasing static type pressure after the detonation peak damages the wall much more severely than the detonation peak [10]. 

SUMMARY AND CONCLUSIONS 

The load carrying capacity of a reinforced concrete wall in the Olkiluoto reactor building under hydrogen detonation 
conditions was studied. The pressure loads were analysed with the simple DETO code based on the strong explosion theory 
with the shock reflection relations. The DETO results can be considered rough and conservative estimates for the maximum 
pressure after the first shock reflection from the reinforced concrete wall. The highest pressure peak on the wall was 
estimated to be about 11 MPa and the corresponding pressure impulse about 2 kPa-s. 

Materially non-linear analyses were carried out using simple boundary conditions for simulating the effect of 
surrounding structures. Static non-linear analyses were carded out in order to assess the ultimate capacity of the wall under 
unified pressure. The ABAQUS/Standard program using the Riks method for the proportional loading procedure was applied 
for these analyses. 



,~ Dynamic materially non-linear analyses were carried out using the ABAQUS/Explicit program. According to the 
preliminary analyses, the wall may not resist a static-type pressure following the detonations considered. Some analyses were 
performed to find a relatively slow linearly decreasing pressure load that the wall could resist. The non-linear behaviour of 
the wall was studied under detonations corresponding to a detonable hydrogen mass of 0.5 kg and 1.43 kg. 

The wall seems to resist the pressure increase before detonation quite well. This pressure value is near the 'design load'. 
The duration of the detonation is brief compared with the eigenperiods of the wall. The wall may somehow survive the 
detonation peak transient, but the relatively slowly decreasing static type pressure after the peak detonation damages the wall 
much more severely than the detonation peak itself. 

In calculating the dynamic behaviour during a decreasing pressure after detonation, the amount of structural damping 
applied is important. During a rapid detonation simulation, the effect of damping is negligible. In addition, the parameter used 
in decreasing the tensile stresses to zero in cracked concrete calculation points affects the stress state of the reinforcement. In 
a case where the stresses are assumed to decrease to zero at a relatively small crack strain value, the tensile stresses will be 
transferred quite rapidly to the reinforcement. This is a conservative assumption but easily causes numerical problems in 
calculations. After extensive cracking, the energy balance is easily lost, especially when the reinforcement starts to yield. 
Once the energy balance is lost in the numerical analysis, the results are no longer reliable. 
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