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ABSTRACT

Non-linear transient dynamic analysis of 500MWe Indian Pressurized Heavy water Reactor (PHWR) nuclear
containment has been carried out for the impact of Boeing and Airbus category of aircrafts operated in India. The impulsive
load time history is generated based on the momentum transfer of the crushable aircrafts (soft missiles) of Boeing and
Airbus families on the containment structure. The case studies include the analyses of outer containment wall (OCW) single
model and the combined model with outer and inner containment wall (ICW) for impulsive loading due to aircraft impact.
Initially the load is applied on OCW single model and subsequently the load is transferred to ICW after the local
perforation of the OCW is noticed in the transient simulation. In the first stage of the analysis it is demonstrated that the
OCW would suffer local perforation with a peak local deformation of 117 mm for impact due to B707-320 and 196mm due
to impact of A300B4 without loss of the overall integrity. However, this first barrier (OCW) cannot absorb the full
impulsive load. In the second stage of the analysis of the combined model, the ICW is subjected to lower impulse duration
as the load is transferred after 0.19 sec for B707-320 and 0.24 sec for A300B4 due to the local perforation of OCW. This
results in the local deformation of ~ 115 mm for B707-320 and 124mm for A300B4 in ICW and together both the structures
(OCW and ICW) are capable of absorbing the full impulsive load. The analysis methodology evolved in the present work
would be useful for studying the behaviour of double containment walls and multi barrier structural configurations for
aircraft impact with higher energies. The present analysis illustrates that with the provision of double containments for
Indian nuclear power plants, adequate reserve strength is available for the case of an extremely low probability event of
missile impact generated due commercial aircrafts operated in India.

KEY WORDS: Pressurized Heavy Water Reactor (PHWR), transient dynamic inelastic analysis, reinforced / prestressed
concrete nuclear containment, aircraft impact, damage, penetration, perforation, scabbing, 

INTRODUCTION
The nuclear containment structures serve as a biological shield to limit the radiation dose to the public and plant

personnel in the case of design basis accidents. Indian Pressurized Heavy Water Reactor (PHWR) primary inner
containment of pre-stressed concrete construction is designed to withstand the design basis accidents due to postulated loss
of coolant accident and main steam line break along with the earthquake load. The secondary containment barrier of
reinforced concrete envelops the primary containment barrier and the annulus between the two containment walls is
maintained under vacuum with a provision of continuous monitoring for any accidental release of radioactivity in the
annulus space from the inner primary containment. This double containment design for Indian PHWR ensures zero ground
release to the environment. Another noteworthy feature of the containment structure is that the double barrier also serves to
resist the external and internal missile impact loads effectively. The accidents due to external missile such as aircraft impact
has a probability of ~1E-07 [5] and adequate care is taken to exclude this event with proper sitting criteria and selecting a
safe screen distance value as per the standard international safety and design code guidelines.  However, as part of safety
evaluation programme Indian containment structures have also been assessed for beyond the design basis accidents such as
aircraft impact load. This assessment is in line with the recent guidelines of international regulatory bodies. 

The impact analysis due to external missile can be performed by uncoupling the problem in which the missile is
assumed to crash on a rigid surface as per International Atomic Energy Agency (IAEA) guidelines that is based on work of
Reira [3] and has been used by Cervera et al as reported in Hinton [11] and Madasamy [6]. This procedure uncouples the
missile and target structure and hence the impact load is generated from the impact energy and crushing strength of the
missile. The influence of target deformation is assumed to be small as this assumption is conservative for the estimation of
load time history. The loading time history is generated for various categories of aircrafts like Boeing 707-320, 707-720,
737, and airbus family A300B2-200, A300B2-100, A300B4-200, A310-202, the summary of the results obtained is
described in Table 1. These results have been generated based on the formulation of Reira [3] and an improved similitude
correlation implemented in “IMPACT” an in-house code for load time history generation for aircraft impact.
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NUMERICAL MODEL AND ANALYSIS PROCEDURE:

The modelling of reinforced concrete structure consists of two main constitutive components namely concrete and
reinforcement. Here for concrete constitutive simulation Kupfer model based on the plasticity theory is used. In addition a
smeared crack model with fracture energy dependence on the softening behaviour is used to simulate tensile cracking. For
steel rebars and tendons, a bilinear elasto-plastic model is used. The numerical model for the concrete structure is evolved
with SOLID-3D 8 noded elements and steel members are embedded as discrete bars by using TRUSS-1D 2 noded
elements. For modeling the pre-stress load in tendons of ICW, TRUSS-1D elements are used and initial strains are applied
to this group, which simulates the initial pre-stress compressive force in concrete. Tables 2-3 show the constitutive
properties of materials used for OCW (M 35 grade concrete) and ICW (M 45 grade concrete) for 500 MWe PHWR. The
limiting stress and strain based failure criteria for concrete and rebars are indicated in these tables. For ICW 19K13 system
of pre-stressing is used with 80 mm internal diameter. The reactor containment walls are analysed for horizontal aircraft
impact of Boeing and airbus category of aircrafts (B707-320, A300B4-200). Detail results are presented for Boeing 707-
320 and only the summary of results are presented for A300B4-200. The loading time history in case of B707-320 impact
for a total duration of 0.342 sec. with a peak value of impact load of 90 MN [2] is shown in Fig. 2. The loading is applied
over an area of 28 sq. m just below the ring beam as shown in Fig. 3. The response is observed at standard locations A, B
and C on the containment wall to study the local and global effects. Point A is located at the impact location near ring
beam, point B is located at the dome apex and point C is located near the ring beam at 180-degree azimuth from the impact
location of point A. Due to symmetry of the containment structure only one half of the containment is modelled for the
present finite element analysis. The analysis of the containment structure is carried out in the following two stages. 
[a] Impulsive load time history is applied on the OCW single Model
[c] Impulsive load time history is applied on the combined OCW and ICW model. In this case the load is transferred to
ICW after failure of OCW at 0.19 sec.

RESULTS OF THE ANALYSIS FOR BOEING 707-320 AIRCRAFT IMPACT

Impact Loading on OCW Single Model
In this stage of analysis the entire loading time history is applied on the OCW Model alone, which consist of 9354 3D solid
concrete elements and 7320 1D truss (rebar) elements. The deformed shape of OCW at 0.19 sec is presented in Fig. 4.,
which shows the localised effect of aircraft impact on the outer containment with a maximum displacement of 117 mm at
point A. The displacement time history at the standard locations A, B and C are shown in Figs. 5-7 respectively. At point B
and C the peak displacement values are ~ 3 to 5 mm which indicates the overall integrity and stability of OCW. The time
history plots of circumferential and meridional stress at the impact location for concrete are shown in Figs.8-9. The
maximum stress near impact zone at outer and inner faces at 0.19 sec are ~ 37.0 N/sq mm in compression and ~ 2 N/sq. mm
in tension. The time history plots for circumferential and meridional strain at impact location for concrete are shown in Fig
10-11. The maximum strain value in compression and tension are 0.16% and 0.5% respectively. The compressive strain
values are close to the limiting strain values in concrete. The tensile strains values are higher because in the analysis perfect
bond is assumed between steel and concrete. These strain levels are due to steel yielding and debonding between steel and
concrete due to excessive cracking. The concrete does not carry any tension after debonding. The maximum values of
stresses and strains in concrete at 0.19 sec. are described in table 4 and 5 respectively. The cracking status, strain values and
the stresses in compression as well as in tension in concrete indicates that OCW would suffer local perforation without loss
of the overall integrity of the structure and this has been further confirmed by the simplified correlation of Jowett and
Kinsella [7] as explained in Appedndix A. However, this barrier cannot absorb the full impulsive load and the analysis is
terminated at 0.19 sec. based on the limiting stress creiteria.    

 Impact Loading on Combined Model of OCW and ICW:   
In this stage of analysis the loading time history is applied on the combined model of OCW and ICW. After

predicting the perforation in OCW at 0.19 sec, based on the limiting stress criteria after softening of concrete is noted in the
OCW model the load is subsequently transferred to ICW model. The ICW model consist of 9479 numbers of 3D solid
concrete elements, 4830 numbers of 1D truss elements for pre-stress rebars and 9538 numbers of 1D truss elements for
reinforcement bars. Initially the pre-stress load is applied from 0 to 0.19 sec. in ICW model to simulate static pre-stress
deformation and subsequently the residual impact load is transferred to ICW at 0.19 sec to 0.342 sec. The deformed shape
of ICW due to pre-stress alone is shown in Fig. 12. The deformed shape of ICW at time 0.23 sec. when the maximum
intensity of load is applied on the combined model is shown in Fig. 15 with the maximum value of deformation as ~115
mm at point A.  The displacement time history at points A, B and C for ICW are shown in Figs.14-16 respectively. The
peak displacements at points B and C of ICW are ~ 5 to 10 mm. The time history plots for circumferential and meridional
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stresses at impact location for concrete are shown in Figs. 17-18. The maximum circumferential and meridional stress near
the impact zone at outer and inner faces at 0.23 sec. are 60.0 N/sq mm in compression and 5.5 N/sq. mm in tension. The
time history plots of circumferential and meridional strain at impact location are shown in Figs. 19-20. The maximum strain
value in compression and tension are 0.25% and 0.4% respectively. The maximum values of stresses and strains at 0.23 sec.
are described in table 6 and 7 respectively. This study shows that for the available combined thickness of OCW and ICW
for 500MWe PHWR containment, the full impulsive load of Boeing 707-320 would be sustained with perforation of OCW
and limited local concrete cracking and rebar yielding of ICW. The analysis in this case is based on a peak load of 90 MN
for impulse duration of 0.342 sec as per IAEA guidelines. As is evident from table 1 the peak loads for most of the airbuses
are of similar order so the double containment wall would be able to sustain the impact loads for airbuses also. This has
also been confirmed in a separate analysis as described in the next section in brief.   

RESULTS OF THE ANALYSIS FOR AIRBUS A300B4-200 AIRCRAFT IMPACT

The analysis is carried out for A300B4 for the similar impact location as in case of Boeing 707-320. The impact duration
(0.53 sec) and the peak load (97 MN) of A300B4 are comparatively larger than Boeing 707-320. The maximum
displacement in OCW was found to be 196 mm at 0.24 sec. with local perforation and reinforcement yielding. The analysis
is terminated at 0.24 based on the limiting stress criteria. The response at the location away from the impact is very low,
which indicates the overall integrity and stability of OCW.  The maximum deformation in ICW was found to be 124mm at
0.5 sec. without any local perforation and it is observed that the combined thickness of OCW and ICW are capable of
absorbing the loading due to A300b4-200.

CONCLUSIONS 

Non-linear transient dynamic analysis of 500MWe PHWR containment structure has been carried out for Boeing
707-320 impact with simulation of cracking, crushing and rebar yielding. The analysis results show that the OCW will
undergo local damage leading to perforation in the OCW during impact and significant amount of impulsive load would be
absorbed by this first barrier for the external missile of aircraft. Subsequently the impact load will be transferred to the
ICW, which is of larger thickness with pre-stress construction of higher grade concrete compared to OCW structure.
Further it is observed that there will be local cracking and rebar yielding in ICW but there would be no perforation. These
observations noticed in the numerical simulation are confirmed by the correlation give by Jowett and Kinsella [7].

In this work it has been demonstrated that the double wall of OCW and ICW would be capable of sustaining the
full impulsive load of Boeing 707-320 aircraft.  The present analysis procedure developed for the double barrier impact
analysis would help to qualify the containments for impact loads with even higher energies. In addition from the analysis it
can be concluded that the overall stability of containment structure will not be affected due to aircraft impact as
displacements at the points away from impact zone are of very small magnitude. In the separate analysis it is also confirmed
that the containment structure is capable of absorbing the full impact load due to airbus category of aircrafts and almost all
the categories of aircrafts operated in India. The conclusions made in the present analysis are on the similar lines, as
recently reported by United States Nuclear Regulatory Commission (USNRC). The conclusions made by USNRC are that
the commercial aircraft would penetrate the exterior walls of nuclear structures (~ 1 m thick) and the resulting damage to
some plant systems would depend on the specific location and interior structure of the building. In Indian PHWR the
double containment (combined thickness ~ 1.36 m) helps to limit the damage to the internal structures. 
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Appendix A

SIMPLIFIED COMPUTATION FOR PREDICTING THE PERFORARTION

In order to check the results of the present numerical simulation (perforation and penetration) for OCW and ICW,
simplified correlations for prediction of slab perforation based on an average dynamic perforation load and the static
punching shear strength reported by Jowett and Kinsella [7] are used. Perforation was found to occur when FAV ≥ 1.6 FS.
The details of calculation based on the above work  for the static punching shear strength and average dynamic perforation
load for OCW and ICW are given below.
The static punching shear strength and average dynamic load is calculated as 
FS = 2970 [ρt σcu] 1/ 3 d1 [2π r + 7.85 d1];    FAV = 0.9 I / t 0.9 I    
Where
FS = static punching shear strength of slab. FAV = average dynamic load.
ρt = the average of the tensile reinforcement quantities in the two orthogonal directions expressed as the percentage of the
cross sectional area.
σcu = compressive strength of concrete (cube) in N/sq.m; d1 = depth of the slab from the load face to center of rear face (m) 
r  = radius of the load area (m);  I = the total impulse delivered by the missile to the slab (Ns)
t 0.9 I =  time required to deliver the initial 90% of Impulse (I) (sec)    
For PHWR OCW
FS = 14.573 MN;   FAV = 37.443 MN
The above values indicate that since FAV > 1.6Fs therefore perforation of OCW would occur for Boeing 707-320
impact.   

Similarly for 500 MWe PHWR Inner Containment the following values are obtained
FS = 20.42 MN
The above formula for shear strength is valid for reinforced concrete slabs but for pre-stressed concrete the shear strength
will be slightly more than the above value [11].
Fs =20.42+( 0.023*fpc*A)
Where 
Fpc = Prestress in concrete (compression) = 10 MPa ;  A= Fuselage area  = 14 sq m
Fs=23.64MN, FAV = 37.443MN
The above value indicates that since FAV < 1.6Fs therefore perforation of ICW will not be indicated for Boeing 707-
320.  

Fig. 2 Loading Time History of Boeing 707-320
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A

Fig. 3 cross sectional Elevation of OCW and ICW Show-
ing Impact Location A and Response Points B and C

B

C

Fig. 4 Deformed Shape of OCW @ 0.19 Sec.

Fig. 5 Displacement at Point A of OCW
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Fig. 6 Displacement at Point B of OCW
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Fig. 7 Displacement at Point C of OCW
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Fig. 10 Circumferential Strain at Impact location
in OCW
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Fig.  9 Meridional Stresses at Impact Location
 in OCW
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Fig. 12 Deformed Shape of OCW due to Pre-Stress
Load in combined model

Fig. 13 Deformed Shape of ICW @ 0.23 Sec in
combined model
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Fig. 14 Displacement at Point A of ICW in
combined model
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Fig. 15 Displacement at Point B of ICW in
combined model
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Fig. 16 Displacement at Point C of ICW in
combined model
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Fig 17 Circumferential Stress at Impact location
of ICW in combined model
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Fig. 18 Meridional Stress at Impact Location of
ICW in combined model

�����������������������������������
��
��
���
���
����������������

��
���
���������

�����
��
��
���
�����
���
���

-0.003

-0.002

-0.001

0

0.001

0.002

0 0.1 0.2 0.3 0.4

Time (sec)

St
ra

in

External Face
Core1
Core2����������������� Internal Face

Fig 19 Circumferential Strain at Impact location
of ICW in combined model

���������������������������������
���
���

���
���

��
��
���
���
��
��
���
���
�������������

����
��
���
�����������

���
���
���
��
��
��
��
����

-0.003

-0.002
-0.001

0

0.001
0.002

0.003

0 0.1 0.2 0.3 0.4

Time (sec)

St
ra

in

External Face
Core 1
Core 2���������������� Inernal Face

Fig.20 Meridional Strain at Impact location of
ICW in combined model



8

Table 1 Summary of Loading Time History Generated for Various Aircrafts

Aircraft model Length of the
aircraft (m)

Total
Weight (Kg)

Engine
Weight (Kg)

Peak Load
Including Engine (MN)

Duration Of
Impact (sec)

Crushed
Length (m)

B 707-320 39.6 90520 14012 72.244 0.39 29.927
B 707-720 43.525 99492 - 71.66 0.41 32.142
B 727-200 46.7 95238 7258 62.945 0.42 33.073
B 737-200 30.5 53297 7258 54.996 0.30 23.001

A300B2-200 53.57 142900 23140 83.151 0.50 39.071
A300B2-100 53.57 158400 23140 92.838 0.52 40.042
A300B4-200 53.57 165900 23802.24 97.443 0.53 40.501

A*300B2-100 53.57 34585 23140 16.14 0.40 28.416
A310-202 43.9 132000 22222 95.738 0.45 34.653

Table 2 Material Properties of OCW and ICW (Concrete)
Parameters OCW ICW

Concrete Grade M35 M45
Comp. Strength 35 N/sq. mm 45 N/sq. mm
Comp. strain 0.35% 0.35%

Tensile Strength 4 N/sq. mm 4.5 N/sq. mm
Tensile Strain 0.2% 0.2%

Modulus of Elasticity 29580.39 N/sq. mm 33541.01 N/sq. mm

Table 3 Material Properties of OCW & ICW  (Reinforcement and Pre-Stress Tendons)
Parameters OCW ICW
Steel Grade  (Reinforcement) Fe 415 Fe 415
Yield Strength (Reinforcement) 415 N/sq. mm 415 N/sq. mm
Modulus of Elasticity (Reinforcement) 2.1 E5N/sq. mm 210000 N/sq. mm
Yield Strength (Pre-stressing Tendons) - 1271 N/sq. mm
Modulus of Elasticity (Pre-stressing Tendons) - 195000 N/sq. mm

Table 4 Maximum Circumferential, Meridional and Radial stress in OCW concrete    
Circumferential Meridional Radial

Outer Surface -35 -65 -50
Inner Surface -10 -0.5 2
Central core -30 -10 -50

 
Table 5 Maximum Circumferential, Meridional and Radial strains in OCW concrete    

Circumferential Meridional Radial
Outer Surface -0.16% -0.1% 0.5%
Inner Surface 0.01% 0.5% 0.35%
Central core -0.11% 0.1% 0.2%

Table 6 Maximum Circumferential, Meridional and Radial stress in ICW concrete    
Circumferential Meridional Radial

Outer Surface -50 -60 -5
Inner Surface 5 5.5  4
Central Core 1 -45 -50 -15
Central Core 2 -20 -25 -3
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 Table 7 Maximum Circumferential, Meridional and Radial strains in ICW concrete    
Circumferential Meridional Radial

Outer Surface -0.25% -0.2% 0.4%
Inner Surface 0.1% 0.25% 0.35%
Central Core 1 -0.15% -0.1% 0.37%
Central Core 2 -0.05% 0.1% 0.38%




