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Question No. 19-64 

10 CFR 52.47(a)(23) states that a design certification (DC) application for light-water reactor 
designs must contain an FSAR that includes a description and analysis of design features for 
the prevention and mitigation of severe accidents, e.g., challenges to containment integrity 
caused by core-concrete interaction, steam explosion, high-pressure core melt ejection, 
hydrogen combustion, and containment bypass. 

Provide the following regarding the discussion on ex-vessel steam explosion as provided in 
APR1400-E-P-NR-14003-P, “Severe Accident Analysis Report,” Rev. 0, Appendix D, “Severe 
Accident Analysis Report for FCI” and revise the design control document (DCD) as necessary 

a. Figure 4-2 shows one dimensional nodalization of TEXAS-V for the ex-vessel steam 
explosion in the APR1400 RPV. Explain and justify using one-dimensional analysis for 
the cavity which has a large cross sectional area. 

b. TEXAS-V code being one dimensional, assumed diameter for the mixing region would 
significantly affect the premixing results as shown in Figures 4-3 and 4-4. As stated in 
Section 4.5.3, mixing has an area of 7 m2, which is significantly larger than the cross-
sectional area of the melt jet of 0.2 m2. Justify using one-dimensional analysis. 

c. Provide the initial void fraction of the melt jet. 

d. Explosion energy generated depends on melt fraction and void fraction before 
triggering an explosion, which are functions of time after the initiation of premixing. 
Provide the timing and justify the time at which triggering was assumed. 

e. Table 4-17 showing cavity structural analysis results lists number of cracks as “47,073 
EA” and a maximum crack width of 0.027 in. with a remark of considerable concrete 
damage. However, Table 5-1 remarks that ex-vessel steam explosion has no threat to 
APR1400 design. Explain what is meant by EA in listing number of cracks and why a 
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possible concrete damage with 47,073 cracks would not cause a threat to the 
APR1400 cavity design. 

Response – (Rev. 6) 

a. TEXAS-V code is a one-dimensional code and the user is expected to input the area of 
the node as a user-defined parameter, ARIY, which corresponds to the cross-sectional 
area of the cavity. This user parameter is used to specify the amount of coolant at given 
node and its cooling capacity, in consequently. ARIY plays an important role in 
determining the vapor fraction during the mixing phase as well as the numerical 
convergence.  

Instead of the actual cavity cross-sectional area (approximately 80 m2), ARIY is set to 
give a maximum energetic load based on the energy index concept, i.e. when the ratio 
of the given melt’s initial thermal energy and the coolant energy places in the optimal 
range the explosion pressure can be maximized. In other words, if user introduces the 
actual cavity floor area of APR1400 as ARIY, the excess of cooling capacity can 
produce the higher void fraction and eventually it can lead to the limited energetic load 
due to one-dimensional characteristics of TEXAS-V code. In contrary for the case with 
too small ARIY, the certain amount of the melt thermal energy may remain inside the 
melt and it can restrict the higher load.  

Energy index, ε, is defined as below: 

 

where, M is mass and e is specific energy. Subscript m and c represents melt and 
coolant, respectively. In the equation, Ac means the cross-sectional area of coolant (i.e. 
ARIY). Under the given initial and boundary conditions the peak pressure and impulse 
predicted by TEXAS-V according to various ARIY is illustrated in the following figure. 
The vapor fraction along the energy index is also given in the figure. 

 

TS 

TS 
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It is seen from this figure that the explosion energy increases along the energy index, 
and it begins to fluctuate as it reaches a transition region.  After the transition region, 
the explosion energy decreases abruptly.  As the index increases, the total vapor 
fraction in the cavity coolant also increases, leading to higher energetics. However, 
after the index exceeds a certain value (the optimal value), the vapor fraction increases 
much faster and the explosion energetics are reduced.  This indicates that the vapor 
fraction and the energy index have a non-linear relationship, reflecting the jet break-up 
and several other explosion dynamical phenomena. If the vapor fraction increases 
rapidly, the explosion energy decreases quickly.  As mentioned above, the calculated 
explosion energy fluctuates substantially in the transition region, due to the vapor 
fraction intermittently exceeding a certain threshold value. In this region, the area effect 
is minor, and the explosion energy is driven by the vapor fraction in accordance with 
the axial dynamic effects.  Hence, the selection of the energy index value from the 
region that precedes the transition region appears to be a reasonable way to achieve a 
stable, converged solution.  Based on this selected ARIY of 7.0 m2, energy index was 
calculated to be [             ]TS, as below. 

ρm = [                     ]TS (density of melt), Am=πDj
2/4=0.071 m2 (melt jet area), um = 4 m/s 

(melt release speed)·tmix = [                ]TS (mixing time predicted from TEXAS-V),  
cp,m = [                  ]TS (specific heat of melt), Tm = 3000 K (initial melt temperature),  
Tw= 351 K (water temperature), hfg,m= [                      ]TS (heat of fusion of melt),  
ρc= [                       ]TS, Ac = 7.0 m2, Hc = 6.4 m (water pool height),  
cp,c = [                    ]TS, Tsat = 393 K (saturation temperature of water at cavity pressure, 
2 bar), hfg,c = [                       ]TS. Using given properties, ε = [             ]TS. 

The influence of the large cross-sectional area of the cavity is eliminated in TEXAS-V 
study in this way from the conservatism standpoint. The selection of ARIY based on the 
energy index concept is appended in APR1400-E-P-NR-14003-P/NP, “Severe Accident 
Analysis Report,” Rev.1, Appendix D, “Severe Accident Analysis Report for FCI”, as 
shown in Attachment 6.   

Predicted pressure profiles by TEXAS-V are then applied to the structural integrity 
assessment conservatively. The methodology, input pressure loading, and the results of 
analyses for APR1400 are also appended in APR1400-E-P-NR-14003-P/NP, “Severe 
Accident Analysis Report,” Rev.1, Appendix D, “Severe Accident Analysis Report for 
FCI”, as shown in Attachment 6. 

In addition, with regarding In-Vessel Retention and External Reactor Vessel Cooling 
(IVR-ERVC) strategy, we did not give credit IVR-ERVC system at present. The 
adoption of this strategy is related with Accident Management (AM). Severe Accident 
Management Guideline (SAMG) contingent to activation of IVR-ERVC is also 
constructed in AM procedure.  For example, applicant of APR1400 plants in United 
Arab Emirates (UAE) does not select IVR-ERVC strategy.  In the case of Korean 
domestic APR1400 plants such as Shin Kori Units 3&4 the applicant selects the IVR-
ERVC as SAMG.  Then the studies for performance of IVR-ERVC and consequences 
from IVR-ERVC failure were done during Operating License Stage because they are 
highly related with Operator actions, ESF’s possibility, and so on.  Therefore the 
evaluation of the steam explosion load and consequential structural integrity 
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assessment under the IVR-ERVC situation will be performed as COL item. To clarify 
this concern, DCD Section 19.2.7 and Table 1.8-2 is revised as shown in Attachment 5.  

b. As discussed in Response a., ARIY represents the node area not the mixing area. The 
editorial error will be revised as Attachment (“mixing” replaced with “node”). 

c. For melt jet, the initial void fraction is set to be zero. 

d. The steam explosion energetics depends largely upon the corium mass participated in 
the interaction. Therefore, it is assumed that the artificial trigger is provided by the 
corium jet contact at the bottom of the reactor cavity. The less conservative results will 
be obtained if the corium jet is triggered before or after the bottom contact of corium 
leading edge to the cavity floor. 

e. EA means ‘each’ and it is already represented in number of cracks, so the table is 
revised like Table 4-20 in Attachment 6. The numbers of cracks described in Table 4-20 
shown in Attachment 6 include all cracks having from a very small crack width to 
maximum 0.818 in crack width. In addition, there are no through cracks in concrete. It 
means that the possible concrete damage did not cause a threat to the cavity design 
even though cracks seem quantitatively much. In the scope of leakage, the damage of 
liner plate rather than concrete crack is more important. By ex-vessel steam explosion, 
the maximum stress in the liner plate is 55.5 ksi which is less than the ultimate tensile 
strength (75 ksi). In addition, the maximum effective plastic strain is around 1.5% which 
is less than the failure strain criteria of liner plate (5%).  Therefore, it can be concluded 
that the APR1400 cavity structure remains intact from the ex-vessel steam explosion. 

Section 19.2.3.3.5.2.2 of APR1400 DCD Rev.1 is revised to reflect the items in this RAI 
and given in Attachment 7. 

 

Impact on DCD 

DCD Tier 2, Section 19.2.3.3.5.2.2 will be revised, as indicated in the Attachment1 associated 
with this response and Section 19.2.3.3.3.3, 19.2.3.3.4.3, 19.2.3.3.5.2.1, 19.2.3.3.5.2.2 as 
shown in the Attachment 4. Section 19.2.3.3.5.2.2 of DCD Rev.1 Tier 2 is revised as shown in 
Attachment 7.  

Section 19.2.7 and Table 1.8-2 will be revised as shown in Attachment 5.  

Impact on PRA 

There is no impact on the PRA. 

Impact on Technical Specifications 

There is no impact on the Technical Specifications.  
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Impact on Technical/Topical/Environmental Reports  

Technical Report APR1400-E-P-NR-14003-P/NP, “Severe Accident Analysis Report,” Rev. 0, 
Appendix D, “Severe Accident Analysis Report for FCI” Section 4.5.3 is revised as shown in 
Attachment 2. Section 4.4.2.1 of Attachment 3 is re-revised as incorporated in Attachment 6. 
Sections connected to selection of coolant node area, pressure profiles on the cavity walls, and 
structural integrity assessment are revised as shown in Attachment 6 based on Severe Accident 
Analysis Report, Rev. 1, Appendix D. 
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designed such that the cavity strength has an adequate capability to withstand the postulated 
pressure load during a severe accident.  

For the assessment of reactor cavity structural integrity against the EVSE pressure loading, 
the concrete cracks of cavity walls and bottom slab, the stress of the RPV column support 
anchor bolts, reinforcement rebars, and liner plates were evaluated using LS-DYNA 
computer program.  The results of evaluation confirm that the reactor cavity is capable of 
maintaining structural integrity when EVSE loads are applied.  

The requirements of ACI 349-97 (Reference 26) were used in determining the ultimate 
static pressure capacity and the dynamic pressure capacity of the reactor cavity wall (except 
no load factors were applied to the loads because of the highly unlikely occurrence of a 
severe accident and the one-time loading condition).  As such, potential additional 
margins in reinforcing strength, concrete strength, and the material ductilities beyond those 
allowable by design code were not used in determining the aforementioned static and 
dynamic capacities of the structure.  The evaluation of the cavity structural analysis 
indicates that the reactor cavity integrity is preserved during both static and dynamic EVSE 
loads. 

19.2.3.3.6 Containment Bypass 

Containment bypass events involve failure of the pressure boundary between the 
high-pressure reactor coolant system and a low-pressure auxiliary system.  For PWRs, this 
can also occur because of the failure of the steam generator tubes, either as an initiating 
event or as a result of severe accident conditions. 

These scenarios are important because, if core damage occurs, a direct path to the 
environment can exist.  This can lead to an early release of fission products outside 
containment and public health risks.  The following sections describe potential 
containment bypass events for the APR1400. 

19.2.3.3.6.1 Steam Generator Tube Rupture 

A thermally induced steam generator tube rupture (SGTR) can occur in severe accident 
sequences where the primary system is at high pressure during core melt.  This condition 
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The structural assessment of reactor cavity under EVSE loading was performed in the reference plant 
project. The results of reactor cavity structural assessment of reference plant are applicable to 
the APR1400 because the design parameters such as geometry, material properties, rebar 
arrangement, and design codes are the same between the reference plant and the APR1400. In addition, 
the EVSE pressure time history curve obtained from the APR1400 is almost identical to that of the 
reference plant with small perturbation after peak pressure. It is noted that this difference is negligible 
because the dynamic structural response depends on the peak value and its time.
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The analysis shows that the peak pressure and corresponding impulse of 60.35 MPa and 194.07 kPa-s, 
as shown in Table 4-12, are estimated. The results are similar to those from the base case. As 
described in Table 4-8, the initial conditions for the SVF case assume that the corium is 100% metallic 
composition with high superheat of corium but lower temperature. In addition, the corium injection 
velocity at the vessel breach location is low due to the small gravitational head of corium in the reactor 
vessel. Comparing to the base case, the peak pressure due to steam explosion is similar but the 
impulse generated by the steam explosion is higher. The steam explosion loadings to the cavity wall will 
be higher than that of the base case due to the location of the vessel failure.

4.5.2 SAMG Related Issues: In-Vessel Corium Melt Retention (IVR)

For the case of IVR/ERVC, the RPV is in a stage of submersion in the fully flooded cavity water up to 
EL114’-4” from the plant ground level, or 13.8 m from the plant cavity floor (see Figure 4-2), to provide the 
external cooling when the core meltdown and relocation to the bottom of the reactor vessel occurs. In 
this situation, there is two potential vessel failure modes; bottom and side vessel failures at the locations 
assumed to be 6.5 and 8.05 m, respectively.

Table 4-12 shows that the peak pressures and maximum impulses for both bottom and side vessel 
failures with IVR-ERVC are 69.79 MPa, 217.33 kPa-s and 48.84 MPa, 226.16 kPa-s. It is noted that for 
the bottom vessel failure in the case of fully-flooded (FF) case, the explosion peak pressure is slightly
higher but the impulse becomes about 20% higher. For the side vessel failure, however, it was 
observed that the tendency of explosion pressure profile was opposite to one for the bottom vessel failure, 
resulting in about 20% lower peak pressure but 26% higher impulse. The result indicates that the 
energetics of the side vessel failure is slightly higher than one of the bottom vessel failure.

4.5.3 Effects of Key Physical Parameters on EVSE Energetics

In this sensitivity analysis, some of key parameters pertaining to the thermal and dynamic properties of 
corium and the conditions of cavity water are examined to investigate their uncertainties on the energetics 
of EVSE in the APR1400 design. In this sensitivity analysis, it is worth to note that the mixing area 
defined by the model parameter, ARYI value of 7 m2, is maintained in most of cases (except corium jet 
diameter effects). 

4.5.3.1 Corium Temperature Effects

The effect of the initial corium temperatures on the EVSE energetics with the minimum and the maximum 
temperatures of 2900 and 3150 K is analyzed as shown in Table 4-13. Those temperatures correspond 
to the corium superheats of 50 and 300 K respectively. The results show that the energetics of EVSE in 
terms of pressure impulse increases with the corium temperature; 168.27 and 216.69 kPa-s for 50 K and 
300 K superheat of corium, respectively. However, it also shows that the peak pressures for three cases;
minimum, base, and maximum, are in a similar range of approximately 57-67 MPa. It indicates that the 
increase of thermal contents of corium enhances the explosion pressure peaks and profiles. 

4.5.3.2 Corium Ejection Velocity Effects

The corium ejection velocity influences directly to the mixing phase of steam explosion process, mainly to 
corium jet breakup. In general, jet breakup length depends on the Froude number, and the ratio of 
density ratios between jet and coolant as shown in Eq. (4-2) below, showing the linear increase of the 
jet breakup length with the jet velocity,L . ( ) .

(Eq. 4.2) 

where,

node
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Figures 4.7(b), (c) and (d) show more insights of the explosion phase of the steam explosions in RPV that 
include the energy partitioning, the coolant kinetic energy and the conversion ratio history during the 
explosion phase. In particular, the conversion ratio of the steam explosion reaches its maximum of near 
1.8% after the triggering of explosion.

4.4.2.1. Evaluation of Dynamic Loads of EVSE at the Cavity Walls

Shock pressure generated from the steam explosion in the reactor cavity pool propagates. In the 
TEXAS code, however, due to its one-dimensionality of computational domain, the pressure generated at 
one location, x(z), can be tractable only in the vertical z-direction. Therefore, the impulse acts to the 
cavity wall in the radial direction requires additional analysis. The most recent version of the TEXAS-V
code encompassed with the ANSYS CFD packages to analyze the radial shock propagation. On the 
other hand, the underwater shock propagation studied by Cole [Reference 46] known as a TNT method
has been well applied for this purpose. 

Figure 4-9 illustrates the reactor cavity arrangement in the APR1400 plant. The distances from the 
center axis of the RPV centerline to the near cavity walls are listed in Table 4-11. It is noted that the 
closest wall from the center has a distance of 2.159 m.

If the maximum explosion pressure at a known distance, for instance, r=Rmix mix, the distance-
dependent maximum explosion pressure, m(r) becomes,

(Eq. 4.1) 

where, =1.13 and all units are the British units, ie., P [psia] and r [ft]. For instance, in the TEXAS-V
analysis, it is difficult to evaluate the exact mixing zone for the steam explosion although the one-
dimensional characteristic parameter, ARIY, was at to 7 m2 that is the diameter of approximately 3 m.
By assuming this diameter be the mixing zone and considering the distance from the outer mixing 
boundary to the near cavity wall, the maximum pressure propagation along the lateral direction to the 
cavity wall can be estimated by Eq. max=60.51 MPa. Table 4-11 shows the estimated 
maximum pressures at the cavity walls that significantly attenuated from the EVSE maximum pressure.
These estimated values can be used for the structure analysis of cavity integrity due to the EVSE 
loadings.

4.5. Sensitivity Study

For the sensitivity study, additional cases for issues associated with (a) vessel failure modes such as 
bottom failure due to penetration tube failure, and side vessel failure due to metallic layer focusing effect, 
(b) severe accident management strategies, and (c) key corium characteristics including the corium 
temperature, the velocity and diameter and the cavity water temperature are examined. Tables 4-12 to 
16 show the result of the analyses in comparison to the base case. The details are discussed in the 
following sub-sections.

4.5.1. Reactor Vessel Failure Mode Issues

For the side vessel failure, the vessel failure location and break size are important parameters that 
determine the energetics of EVSE because it determines the mass of corium participated during EVSE 
and the distance between the mixing zone of steam explosion and the nearest cavity wall. In the case of 
a potential vessel failure due to the metallic corium layer focusing effect with assumption of the side 
vessel failure without IVR-ERVC (In-Vessel Core Melt Retention-External Reactor Vessel Cooling) SAM 
strategy, RPV is exposed to atmosphere and the location of side vessel failure occurs at 8.05 m above 
the cavity floor (~ 80O) as shown in Figure 4-2(A).
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However, regarding the uncertainty of radial mixing zone length and, consequently, the 
radial exact distance from the explosion point to the cavity walls, we impose the peak 
pressure without attenuation on the near cavity wall regions. In other words it is assumed that 
the EVSE occurs at the lower cavity wall surface, as marked `explosion location' in Figure 
4-18. Moreover the explosive load given by TEXAS-V calculation without attenuation is
applied for the lower cavity wall segment `A' in the same figure. The input load on the rest of 
cavity wall segments is determined from the Eq. (4.1) according to the distance from the 
explosion location. The input load used for the cavity wall integrity calculation is given in 
Figure 4-17. 
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TS

TS

APR1400-E-P-NR-14003- P, Rev.0

Table 4-15

Predicted Pressure at the Cavity Wall based on the TEXAS-V Analyses

Table 4-14

Results of the TEXAS-V Analyses for the Base Cases
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sequences as well as a LBLOCA sequence.  Each sequence is run with a flooded reactor 
cavity. 

Debris coolability in the sump is evaluated using CORQUENCH for a conservative 
LBLOCA sequence.   

19.2.3.3.3.3 Analysis Result 

The corium in the APR1400 reactor cavity is quenched, and the integrity of containment 
liners is maintained when the CFS is available, based on the analyses presented in this 
subsection.  This is due to the ample corium spreading area in the reactor cavity, which 
allows for sufficient heat transfer from the corium pool into the overlying pool of water and 
thus prevents the ablation front from reaching the containment liner plate. 

19.2.3.3.3.3.1 CORQUENCH Result for MCCI in the Reactor Cavity 

For the MCCI analysis in the reactor cavity, the conservative large-break LOCA (LBLOCA) 
scenario is calculated by CORQUENCH.  This sequence conservatively assumes early 
relocation of 100 percent of the core inventory into the containment and that no jet breakup 
occurs when the core debris relocates into the flooded reactor cavity.  The depth of 
concrete ablation in the reactor cavity for the conservative LBLOCA scenario was predicted 
to be 0.27 m (0.86 ft) by CORQUENCH. 

19.2.3.3.3.3.2 CORQUENCH Results for MCCI in the Reactor Cavity Sump 

The limiting case for MCCI analysis is large-break LOCA with 100 percent core relocation 
into the reactor cavity.  For the large-break LOCA scenario, corium is predicted to be 
quenched in the reactor cavity sump before the depth of concrete ablation reaches the 
buried containment liner.  This sequence conservatively assumes early relocation of 
100 percent of the core inventory into the containment. 

19.2.3.3.3.3.3 MAAP Results for MCCI in the Reactor Cavity 

The largest amount of concrete erosion in the reactor cavity is predicted to occur for the 
large-break LOCA scenario.  This scenario models a large-break LOCA with MAAP 

(Reference 15)
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determined.  The ejection characteristics of core debris are determined based upon the 
geometrical configuration of the containment.  Probabilistic distribution functions for 
uncertainties in parameters such as core debris mass, degree of Zr oxidation, coherence 
ratio describing heat transfer between dispersed debris and gases in containment, and 
containment failure pressure are determined.  A TCE analysis is performed by sampling 
inputs using 10,000 samples by LHS processing coupled with all generated data. 

19.2.3.3.4.3 Analysis Result 

Figure 19.2.3-14 shows the RCS pressure responses during the rapid depressurization.  
Operation of only two POSRVs within a half hour of the plant entering a severe accident is 
sufficient to decrease the RCS pressure below the DCH cutoff pressure (17.6 kg/cm2 [250 
psi]) for all sequences considered.  Table 19.2.3-3 shows the summary of results for the 
rapid depressurization analysis about the Total Loss of Essential Service Water (TLOESW) 
sequence.  The analysis results comply with SECY-93-087 (Reference 1). 

For each of the three scenarios, no containment failure cases have resulted in 10,000 trials.  
Based on this outcome, the CFP in APR1400 due to DCH is estimated to be less than 0.01 
percent (0.0001).  This indicates that APR1400 meets the success criterion established in 
NUREG/CR-6338 (Reference 18) for PWR large dry containment, where DCH problem is 
considered resolved if CFP is less than 1 percent (0.01). 

19.2.3.3.5 Fuel-Coolant Interactions 

The containment integrity and function may be challenged by dynamic loads from a steam 
explosion resulting from FCI.  For the evaluation of the risks associated with FCIs for the 
APR1400 design, in-vessel steam explosions (IVSEs) and ex-vessel steam explosions 
(EVSEs) are described and analyzed in accordance with 10 CFR 52.47(a)(23) 
(Reference 20). 

(Reference 15) (Reference 15)
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19.2.3.3.5.2 Analysis Result 

19.2.3.3.5.2.1 In-Vessel Steam Explosion 

The key physical processes that can influence in-vessel steam explosions for PWRs are (a) 
melt relocation into the lower plenum, (b) corium jet breakup and coarse mixing formation 
in the lower plenum, (c) triggering of coarse mixing, (d) energetic FCIs, and (e) pressure 
loads to the upper and lower vessel heads and their responses. 

Both NUREG-1116 and NUREG-1524, written by the NRC-sponsored Steam Explosion 
Review Group, concluded that the potential for alpha-mode failure is vanishingly small or 
physically unreasonable.  The OECD/Committee on the Safety of Nuclear Installations 
(CSNI) also confirmed the conclusion of NUREG-1524 and concluded that the alpha-mode 
failure issue was resolved from a risk perspective.   

Because the APR1400 design is not significantly different from current PWRs, the 
NUREG-1524 conclusions are applicable to the APR1400 design, thus no mitigation 
features are provided to prevent or mitigate IVSE.   

19.2.3.3.5.2.2 Ex-Vessel Steam Explosion 

The initial and boundary conditions for EVSE are largely dependent upon the in-vessel 
severe accident progression, severe accident management procedure, and vessel failure 
modes.  Thirteen severe accident sequences were chosen to cover the spectrum of key 
variable parameters and thus characterize the initial and boundary conditions for EVSE 
analysis.  The key parameters considered include corium discharge rates, corium thermal 
conditions, cavity conditions, and related parameters.   

The result of analysis using the MAAP code provided the initial conditions for the 
TEXAS-V code.  TEXAS-V was then used to calculate the peak pressure due to EVSE.  
The pressure at the nearest cavity wall was then estimated by the TNT method 
(Reference 25).   

The reactor cavity and RPV column support have to maintain structural integrity in events 
such as an ex-vessel steam explosion.  The reactor cavity and RPV column support is 

(Reference 15)

(Reference 15)
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designed such that the cavity strength has an adequate capability to withstand the postulated 
pressure load during a severe accident.  

For the assessment of reactor cavity structural integrity against the EVSE pressure loading, 
the concrete cracks of cavity walls and bottom slab, the stress of the RPV column support 
anchor bolts, reinforcement rebars, and liner plates were evaluated using LS-DYNA 
computer program.  The results of evaluation confirm that the reactor cavity is capable of 
maintaining structural integrity when EVSE loads are applied.  

The requirements of ACI 349-97 (Reference 26) were used in determining the ultimate 
static pressure capacity and the dynamic pressure capacity of the reactor cavity wall (except 
no load factors were applied to the loads because of the highly unlikely occurrence of a 
severe accident and the one-time loading condition).  As such, potential additional 
margins in reinforcing strength, concrete strength, and the material ductilities beyond those 
allowable by design code were not used in determining the aforementioned static and 
dynamic capacities of the structure.  The evaluation of the cavity structural analysis 
indicates that the reactor cavity integrity is preserved during both static and dynamic EVSE 
loads. 

19.2.3.3.6 Containment Bypass 

Containment bypass events involve failure of the pressure boundary between the 
high-pressure reactor coolant system and a low-pressure auxiliary system.  For PWRs, this 
can also occur because of the failure of the steam generator tubes, either as an initiating 
event or as a result of severe accident conditions. 

These scenarios are important because, if core damage occurs, a direct path to the 
environment can exist.  This can lead to an early release of fission products outside 
containment and public health risks.  The following sections describe potential 
containment bypass events for the APR1400. 

19.2.3.3.6.1 Steam Generator Tube Rupture 

A thermally induced steam generator tube rupture (SGTR) can occur in severe accident 
sequences where the primary system is at high pressure during core melt.  This condition 

(Reference 15)
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 Conclusions 19.2.6.7

The analyses described in the previous sections analyzed conceptual alternatives for 
mitigating severe accident impacts in the APR1400 design.  Preliminary screening 
eliminated all SAMDA candidates from further consideration, based on inapplicability to 
the design, design features that have already been incorporated into the design, 
inapplicability to a design certification stage, or extremely high cost of the alternatives 
considered. 

The analysis using a 7% discount rate showed that no design changes to reduce risk 
associated with contributors to plant risk would be cost-beneficial to implement. A second 
baseline maximum benefit calculation using a 3% discount rate showed only minor 
variations in the calculated benefits. Therefore, it is concluded that no design changes 
would provide a positive cost-benefit if included in the APR1400 design. 

19.2.7 Combined License Information 

COL 19.2(1) The COL applicant is to perform and submit site-specific equipment 
survivability assessment in accordance with 10 CFR 50.34(f) and 10 CFR 
50.44. 

COL 19.2(2) The COL applicant is to develop and submit an accident management plan. 
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Advanced Light-Water Reactor (ALWR) Designs,” U.S. Nuclear Regulatory 
Commission, April 1993. 

2. 10 CFR Part 100, “Reactor Site Criteria,” U.S. Nuclear Regulatory Commission. 

3. 10 CFR Part 50, Appendix A, “General Design Criteria for Nuclear Power Plants,” 
Title 10, Code of Federal Regulations, ,U.S. Nuclear Regulatory Commission.  

4. 10 CFR 50.34, “Contents of Applications; Technical Information,” U.S. Nuclear 
Regulatory Commission.  
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Table 1.8-2 (28 of 29) 

Item No. Description 

COL 19.1(11) The COL applicant is to develop the fire barrier management procedures that direct the 
appropriate use of a fire watch and use of the isolation devices with a quick-disconnect 
mechanism for hose and cables that bleach a fire barrier. 

COL 19.1(12) The COL applicant is to develop procedures and operator training for reliance (during fire 
response) on undamaged instrumentation (when the location of the fire is known). 

COL 19.1(13) The COL applicant is to develop procedures specifying that a fire watch be present when hot 
work is being performed. 

COL 19.1(14) The COL applicant is to establish procedures for closing the containment hatch (after being 
opened during during LPSD operations) to promptly re-establish the containment as a barrier 
to fission product release.  This guidance must include steps that allow for sealing of the 
hatch with four bolts (versus the 40 bolts used to secure the hatch during at-power 
operation); four bolts are sufficient to secure the hatch so that no visible gap can be seen 
between the seals and the sealing surface. 

COL 19.1(15) The COL applicant is to develop a configuration control program requiring that, during 
Modes 4, 5, and 6, the watertight flood doors and fire doors be maintained closed in at least 
one quadrant.  Furthermore, the COL applicant is to incorporate, as part of the 
aforementioned configuration control program, a provision that if the flood or fire doors to 
this designated quadrant must be opened for reasons other than normal ingress/egress, a 
flood or fire watch must be established for the affected doors. 

The COL applicant is to develop outage management procedures that limit planned 
maintenance that can potentially impair one or both SC trains during the shutdown modes. 

COL 19.1(16) The COL applicant is to develop procedures and a configuration management strategy to 
address the period of time when one SC train is unexpectedly unavailable (including the 
termination of any testing or maintenance that can affect the remaining train and restoration 
of all equipment to its nominal availability). 

COL 19.2(1) The COL applicant is to perform and submit site-specific equipment survivability assessment 
in accordance with 10 CFR 50.34(f) and 10 CFR 50.44. 

COL 19.2(2) The COL applicant is to develop and submit an accident management plan. 
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The factor, F, is a binary variable (1 or 0) that goes from 1 to 0 when the fuel fragmentation ceases (as 
the void fraction becomes large enough to become the continuous phase, fragmentation stops).  This is 
considered a conservative value since fuel solidification effects are not considered.  This fragmentation 
time was empirically found to vary from 0.5 to 2.0 milliseconds for good agreement with all of the 
KROTOS initial tests.  KROTOS tests indicated that 2.0 ms was a bounding value for its one-
dimensional geometry.  The physical significance of this fragmentation time originates from the time it 
takes the explosion shock wave to propagate to the nearest free-surface, thus beginning to relieve the 
explosion pressure to the surroundings; i.e., the acoustic relief time.  This is also correlated with the 
increase of the void fraction in the fuel-coolant mixture following the rapid fragmentation and the 
subsequent coolant vaporization.  This corresponds to a void fraction of about 30 – 40 % based on 
analyses. 

3.4. Evaluation of Dynamic Loads of IVSE 

3.4.1. Mixing Phase of IVSE 

Figure 3-2 (a) illustrate the corium jet penetration during the mixing phase of the base case.  The corium 
reached to the bottom of the RPV about 0.7 s.  The penetration velocity profile shows the typical corium 
penetration behavior in TEXAS where the corium jet is injected with the initial velocity and rapidly 
decelerated where the initial jet break-up occurs and start accelerating again.  The jet break-up 
phenomena in the analysis can also be observed in Figure 3-2 (b) that shows the axial distribution of void 
and fragmented melt fractions. 

Figures 3.3 and 3.4 show the void and fragmented melt fraction estimated all the axial nodes, respectively.  
The stacked plots for the void and fragmented melt fractions can also be found in Figure 3-5.  The void 
fractions at all nodes in a single plot format that helps comparing the magnitudes of data while the 
stacked format plot in Figure 3-5 provides the progression of void fractions along with the corium 
penetration.  The maximum void fraction reached up to 80% at the upper location where the jet velocity 
was rapidly decelerated.  However, the void fractions in the lower region were very low although the 
corium jet fragmented as shown in Figure 3-5.  Therefore, it is expected that steam explosion occurs due 
to the bottom triggering and propagates upward, triggering subsequent explosions.  However, due to the 
large volume of void at the upper location, shock pressure will be diminished.  It is also noted that the 
near saturation water temperature is responsible for this large volume of steam generation. 

3.4.2. Explosion Phase of IVSE 

Figures 3.6 and 3.9(a) show the steam explosion pressure profiles in terms of the explosion time.  The 
maximum pressure and impulse of 37.5 MPa and 62.3 kPa-s, respectively.  the steam explosion 
pressures along the axial direction in terms of the explosion time.  Figures suggest that the explosion 
pressure reached its maximum of 37.5 MPa.  The pressure profiles show the typical shock 
characteristics as the rapid build-up of pressure front and a long tail with respect to time.  The explosion 
pressure front traveled with velocity of 1400~1500 m/s up to the location of L7 and dissipated in the upper 
axial location due to the presence of a volume of steam as shown in the mixing phase.   

Figures 3.7 and 3.9 (b) shows the void fraction profiles during the explosion phase.  The lower part of the 
lower head where steam explosion was triggered builds up their steam due to the explosion near 100% 
during the period the explosion phase.  The upper region where the steam generated in the mixing 
phase shows the rapid condensation during the explosion phase period, 20 ms.   

The impulse asserted to the surrounding structure was estimated by the integration of the explosion 
shock pressure during the explosion period.  The evaluated impulses at each node are shown in Figure 
3-8(a).  The impulse at the node of cavity floor reached 62.3 kPa-s.  The maximum possible energetics 
of steam explosion in this case estimated by the 1-D TEXAS-V analysis will travel (and be attenuated) to 
the surrounding internal structure in RPV.  However, in this analysis to evaluate the RPV structure 
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3.3.3   Cross-sectional Area of Coolant Nodes 

TEXAS-V code is a one-dimensional code and the user is expected to input the area of the coolant nodes 
as a user-defined parameter, ARIY, which corresponds to the cross-sectional area of the coolant. As an 
inherent feature of a one-dimensional analyses, the code assumes molten melt and coolant to be 
uniformly mixed across a given node. This user parameter is used to specify the amount of coolant at 
given node and its cooling capacity, in consequently. ARIY plays an important role in determining the 
vapor fraction during the mixing phase as well as the numerical convergence.  

Instead of the actual coolant cross-sectional area, ARIY is set to give a maximum energetic load based on 
the energy index concept, i.e. when the ratio of the given melt’s initial thermal energy to the coolant 
energy places in the optimal range the explosion pressure can be maximized. In other words, if user 
introduces the actual coolant area of reactor vessel lower head as ARIY, the excess of cooling capacity 
can produce the higher void fraction and eventually it can lead to the limited energetic load due to one-
dimensional characteristics of TEXAS-V code. In contrary for the case with too small ARIY, the certain 
amount of the melt thermal energy may remain inside the melt and it can restrict the higher load. In this 
regard, an energy index, , the ratio of the heat source (total melt energy at initial) to the heat sink (total 
coolant energy) in a region where hot and cold liquids interacts is introduced. Energy index is defined as 
below: 

(Eq. 3.2) 

where, M is mass and e is specific energy. Subscript m and c represents melt and coolant, respectively. In 
the equation,  is the density, u is the velocity, t is the mixing duration, cp is specific heat, T is temperature, 
hfg is heat of fusion of melt, H is water pool depth, and Ac means the cross-sectional area of coolant (i.e. 
ARIY). Figure 3-2 illustrates the inherent characteristic of the index against steam explosion energetics. If 
the index is very high as an upper limit, indicating the melt energy becomes considerably higher than the 
coolant heat capacity, the steam explosion energetics becomes low due to higher void fraction produced 
during mixing. On the other hand, if the index is very low, representing that the heat sink is sufficiently 
large, steam explosion energetics also becomes low. Therefore, it is clearly expected that an optimal 
maximum energetics of steam explosions at a certain value of the index.  A set of the TEXAS-V code 
calculation was performed for the base case to obtain the optimal value of the index and corresponding 
ARIY parameter by simply testing the ARIY values. The results are shown in Figure 3-3 and ARIY of  
[ ]TS is selected based on the energy index corresponding of [  ]TS, as below. 

m = [ ]TS (density of melt), Am = Dj
2/4=0.071 m2 (melt jet area), um = 3 m/s (melt release 

speed), tmix = 0.72 sec (mixing time predicted from TEXAS-V), cp,m = [  ]TS (specific heat of melt), 
Tm = 3000 K (initial melt temperature), Tw = [  ]TS (water temperature), hfg,m = [  ]TS (heat 
of fusion of melt), c = [ ]TS, Hc = 2.4 m (water pool height), cp,c = [  ]TS, 
Tsat = 424.98 K (saturation temperature of water at in-vessel pressure, 5 bar), hfg,c = [  ]TS. 
Using given properties, = [  ]TS %. 
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Figure 3-2 Concept of Energy Index for the Optimal Calculation of the TEXAS-V Code 

 

 

Figure 3-3 Peak pressures and maximum impulses with respect to the energy index of IVSE 

 

 

  

Emelt<<Ecoolant Emelt>>Ecoolant

Energy Index, Emelt/Ecoolant

Optimal Maximum
Ene

rge
tics

RAI 432-8377 - Question 19-64_Rev.6
RAI 432-8377 - Question 19-64_Rev.6 Attachment 6 (3/60)Non-Proprietary 



KEPCO & KHNP  D58 

In summary, Table 4-8 lists the initial and boundary conditions for the base case of EVSE analysis and 
their minimum and maximum ranges.  The base case is assumed to be the EVSE due to the bottom 
vessel failure with the partially flooded cavity.  The side vessel failure case can be considered as a 
sensitivity study if the vessel failure occurs due to the focusing effect.   

4.3. TEXAS-V Modeling 

The plant geometry for the TEXAS-V analysis is shown in Figure 4-2(a).  The computational nodalization 
for the TEXAS analysis for the RPV is built as shown in Figure 4-2(b).   

The first nodalization group that represents the RPV water has 16 nodes that have the thickness of 0.4 m.  
The second nasalization that represents the gas buffer region has 12 nodes with the same node 
thickness of 0.4 m, because of the consideration of water level swelling during the mixing phase.  Lastly, 
the third nasalization has seven nodes with the thickness of 1 m.  The location of corium introduction is 
at 6.5 m.  At the bottom of the nodes, trigger cell is located to provide the trigger pressure.  The 
diameter of the first and second nodes are the user input parameter, ARIY, that should be determined to 
let the 1-D TEXAS-V code produce the maximum energetics for given initial and boundary conditions.  
The diameter of the gas buffer zone is set for 50 m2 sufficiently large. 

4.4. Evaluation of Dynamic Loads of EVSE – Base Case 

4.4.1. Mixing Phase of EVSE 

Figure 4-3 illustrate the void fraction generated by corium jet penetration into cavity water during the 
mixing phase of the base case.  The corium reached to the bottom of the RPV about 1.4 s when the 
explosion starts.  The corium jet penetrates and breaks up into small particles.  Figure 4-3 shows typical 
void generation where the larger amount of vapor void on the top of the cavity water, reaching up to 2% 
average void fraction.  Figure 4-4 shows the fraction of melt along the axial direction in the cavity water.  
The void fractions in the lower region were very low although the corium jet fragmented.  Therefore, it is 
expected that steam explosion can likely occur at the bottom and propagates upward, triggering 
subsequent explosions.   

4.4.2. Explosion Phase of EVSE 

Figures 4.5 and 4.8(a) show the steam explosion pressure profiles in terms of the explosion time.  The 
maximum pressure and impulse of 60.519 MPa and 179.93 kPa-s, respectively.  The pressure profiles 
show the typical shock characteristics as the rapid build-up of pressure front and a long tail with respect 
to time.  The explosion pressure front traveled up and dissipated in the upper axial location due to the 
presence of a volume of steam as shown in the mixing phase.   

Figures 4.6 shows the void fraction profiles during the explosion phase.  The lower part of the lower 
head where steam explosion was triggered builds up steam due to the explosion during the period the 
explosion phase.  The upper region however where the steam generated in the mixing phase shows the 
rapid condensation during the explosion phase period, 20 ms.   

The impulse asserted to the surrounding structure was estimated by the integration of the explosion 
shock pressure during the explosion period.  The evaluated impulses at each node are shown in Figure 
4-7(a).  The impulse at the node of cavity floor reached 179.93 kPa-s.  The maximum possible 
energetics of steam explosion in this case estimated by the 1-D TEXAS-V analysis will travel (and be 
attenuated) to the surrounding cavity structure.  The dissipation of shock pressure from a mixing zone to 
the cavity walls along the single phase cavity water is discussed in the next section.  Figure 4-9 show the 
top view of the cavity structure.  In this figure, seven locations at the cavity wall to evaluate the explosion 
shock attenuation at those cavity wall surface.  The distances from the RPV center to the seven 
locations ranges from 2.159 to 5.744 m. 
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Regarding the cross-sectional area of coolant nodes of EVSE case, the energy index is introduced in a 
same manner presented in Section 3.3.3.  Under the given initial and boundary conditions the peak 
pressure and impulse predicted by TEXAS-V according to various ARIY (consequently, energy index) is 
illustrated in Figure 4-3.  

It is seen from this figure that the explosion energy increases along the energy index, and it begins to 
fluctuate as it reaches a transition region.  After the transition region, the explosion energy decreases 
abruptly.  As the index increases, the total vapor fraction in the cavity coolant also increases, leading to 
higher energetics. However, after the index exceeds a certain value (the optimal value), the vapor fraction 
increases much faster and the explosion energetics are reduced.  This indicates that the vapor fraction 
and the energy index have a non-linear relationship, reflecting the jet break-up and several other 
explosion dynamical phenomena. If the vapor fraction increases rapidly, the explosion energy decreases 
quickly.  As mentioned above, the calculated explosion energy fluctuates substantially in the transition 
region, due to the vapor fraction intermittently exceeding a certain threshold value.  In this region, the 
area effect is minor, and the explosion energy is driven by the vapor fraction in accordance with the axial 
dynamic effects.  Hence, the selection of the energy index value from the region that precedes the 
transition region appears to be a reasonable way to achieve a stable, converged solution.  

The fluctuation in the transition region could be connected to the computational complexity related with 
the two-phase heat transfer, flow regime map, and numerical unstable behavior etc.  For example, in the 
transition region, only a small variation of coolant cross-sectional area from [  ]TS m2 (energy index of 
[  ]TS) to [  ]TS, [  ]TS leads to large peak pressure oscillation from  
[  ]TS to [  ]TS, [  ]TS under the condition of all of the identical inputs.  This 
is regarded as the certain numerical conditions may be out of acceptable range of numerical models of 
TEXAS-V.  Therefore the selection of ARIY at the lower band of transition region is reasonable to get a 
reliable energetic. Based on this selected ARIY of 7.0 m2, energy index was calculated to be [  ]TS, 
as below. 

m = [  ]TS (density of melt), Am = Dj
2/4=0.071 m2 (melt jet area), um = 4 m/s (melt release 

speed)·tmix = [  ]TS (mixing time predicted from TEXAS-V), cp,m = [  ]TS (specific heat of 
melt), Tm = 3000 K (initial melt temperature), Tw= 351 K (water temperature), hfg,m= [  ]TS 
(heat of fusion of melt), c= [  ]TS, Ac = 7.0 m2, Hc= 6.4 m (water pool height),  
cp,c = [  ]TS, Tsat = 393 K (saturation temperature of water at cavity pressure, 2 bar),  
hfg,c= [  ]TS. Using given properties,  = [  ]TS. 

In the light of limiting approach with ignoring the computational argument in the transition region, we 
analyzed the structural integrity against the highest peak pressure expected in the transition region, i.e., 
[  ]TS and [  ]TS case of energy index [ ]TS as well as the pressure of base 
case.  
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Figure 4-3 Peak pressures, maximum impulses and vapor fraction with respect to  
the energy index of EVSE 
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Figures 4.7(b), (c) and (d) show more insights of the explosion phase of the steam explosions in RPV that 
include the energy partitioning, the coolant kinetic energy and the conversion ratio history during the 
explosion phase.  In particular, the conversion ratio of the steam explosion reaches its maximum of near 
1.8% after the triggering of explosion. 

4.4.2.1. Evaluation of Dynamic Loads of EVSE at the Cavity Walls 

Shock pressure generated from the steam explosion in the reactor cavity pool propagates.  In the 
TEXAS code, however, due to its one-dimensionality of computational domain, the pressure generated at 
one location, x(z), can be tractable only in the vertical z-direction.  Therefore, the impulse acts to the 
cavity wall in the radial direction requires additional analysis.  The most recent version of the TEXAS-V 
code encompassed with the ANSYS CFD packages to analyze the radial shock propagation.  On the 
other hand, the underwater shock propagation studied by Cole [Reference 46] known as a TNT method 
has been well applied for this purpose. 

Figure 4-9 illustrates the reactor cavity arrangement in the APR1400 plant.  The distances from the 
center axis of the RPV centerline to the near cavity walls are listed in Table 4-11.  It is noted that the 
closest wall from the center has a distance of 2.159 m. 

If the maximum explosion pressure at a known distance, for instance, r=Rmix, is Pmix, the distance-
dependent maximum explosion pressure, Pm(r) becomes, 

 (Eq. 4.1) 

where, =1.13 and all units are the British units, ie., P [psia] and r [ft].  For instance, in the TEXAS-V 
analysis, it is difficult to evaluate the exact mixing zone for the steam explosion although the one-
dimensional characteristic parameter, ARIY, was at to 7 m2 that is the diameter of approximately 3 m.  
By assuming this diameter be the mixing zone and considering the distance from the outer mixing 
boundary to the near cavity wall, the maximum pressure propagation along the lateral direction to the 
cavity wall can be estimated by Eq.  (4.1) using Pmax=60.51 MPa.  

However, regarding the uncertainty of radial mixing zone length and, consequently, the radial exact 
distance from the explosion point to the cavity walls, we impose the peak pressure without attenuation on 
the near cavity wall regions. In other words it is assumed that the EVSE occurs at the lower cavity wall 
surface, as marked `explosion location' in Figure 4-18. Moreover the explosive load given by TEXAS-V 
calculation without attenuation is applied for the lower cavity wall segment `A' in the same figure. The 
input load on the rest of cavity wall segments is determined from the Eq. (4.1) according to the distance 
from the explosion location. The input load used for the cavity wall integrity calculation is given in Figure 
4-17. 

4.5. Sensitivity Study 

For the sensitivity study, additional cases for issues associated with (a) vessel failure modes such as 
bottom failure due to penetration tube failure, and side vessel failure due to metallic layer focusing effect, 
(b) severe accident management strategies, and (c) key corium characteristics including the corium 
temperature, the velocity and diameter and the cavity water temperature are examined.  Tables 4-12 to 
16 show the result of the analyses in comparison to the base case.  The details are discussed in the 
following sub-sections. 

4.5.1. Reactor Vessel Failure Mode Issues 

For the side vessel failure, the vessel failure location and break size are important parameters that 
determine the energetics of EVSE because it determines the mass of corium participated during EVSE 
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Zones 2 and 3, in Figure 4-20, which closed to the reactor vessel are assumed to have a non-attenuated 
pressure profile given by TEXAS-V, conservatively.  Attenuation along the radial distance from the 
explosion location is only employed for Zone 1 and one single distance corresponds to the shortest 
distance from explosion location to Zone 1 is used for whole Zone 1 when using (Eq. 4.1). 

In terms of the vertical wall segments of Zone A to Zone F illustrated in Figure 4-18, the pressure profile 
for zones under water (Zone A, B, and C) is selected from the highest explosion pressure curves 
predicted by TEXAS-V at corresponding nodes (Figure 4-8 (A)). For example, Zone A covers the 6 nodes 
of TEXAS-V. The highest pressure among these 6 nodes calculated by TEXAS-V is chosen and applied 
to input load for the whole Zone A. The Zone B and C has the same approach. For the air-exposed cavity 
wall zones (Zone D, E, and F), we assume the same pressure of Zone C, conservatively. 

The pressure profiles for the structural integrity study is then summarized in Table 4-18 for the base case. 
In the light of limiting approach with ignoring the computational argument in choosing the coolant nodal 
area in TEXAS-V, the highest peak pressure predicted in the transition region, i.e., [ ]TS with 
energy index [ ]TS is investigated and tabulated in Table 4-21. 
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jet breakup length with the jet velocity, 

 
(Eq.  4.2) 

where, 

 (Eq.  4.3) 

The jet breakup diameter during the breakup process in the TEXAS-V code is calculated based upon the 
Weber number in terms of the relative velocity between jet and coolant.  Therefore, as the corium jet 
velocity increases the jet breakup occurs in a deeper penetration length and the diameter of fragmented 
jet becomes exponentially decreases.  This process provides the finer mixing particle diameters, 
resulting more energetic steam explosion.  Table 4-14 shows that the peak pressures and the impulses 
of steam explosion increases from 48.3 to 83.4 MPa and from 83.1 to 181.9 kPa-s as the jet velocity 
increases from 1 to 6 m/s. 

4.5.3.3. Corium Jet Diameter 

The corium jet diameter directly influences on the corium mass participation in the EVSE process.  For 
the computational stability, the ARIY parameter is adjusted.  As shown in Table 4-15, the effect of the 
corium jet diameter significantly influences on the EVSE energetics.  For the jet diameter of 0.1 and 0.6, 
the resulting peak pressures and the maximum impulses become 12.34 to 86.42 MPa and 35.74 to 
250.12 kPa-s. 

4.5.3.4. Corium Temperature 

Table 4-16 shows that the effect of coolant temperature, the degree of water subcooling in the cavity 
show no significant effect on the EVSE energetics comparing to those from other parameters. 

4.6. Corium Material Effects on EVSE Energetics 

It is worth noting that the analysis was performed with the 1-D TEXAS-V code that potentially provides the 
conservative maximum energetics for the given initial and boundary conditions.  In addition, the TEXAS-
V model has been validated for the KROTOS-alumina tests that provided the high energetics.  However, 
recent experimental results with corium suggested that the energetics of steam explosion with the corium 
composition is very limited.  To verify this issue, TEXAS-V analysis for the recent TROI TS-4 test has 
been performed.  As shown in Figure 4-10 the TEXAS-V significantly over-predict the corium 
experimental pressure, explain the conservatism associated with the present TEXAS-V model and results 
of potential conservatism in the reactor case analysis like in this work. 

4.7. Reactor Cavity Structural Integrity Assessment  

4.7.1. Introduction 

The ex-vessel steam explosion (EVSE) is a severe accident condition that occurs in the reactor cavity.  
During this severe accident event, the reactor pressure vessel (RPV) fails allowing molten core to pour 
into the water under the RPV.  The formation of shock waves from an EVSE may cause damage to the 
reactor cavity structure that supports the RPV and the shield wall.   

The structural assessment of reactor cavity EVSE loading performed in SKN 3&4 project.  As the 
geometries and reinforcement re-bar layout are same between SKN 3&4 and APR1400, the results of 
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reactor cavity structural assessment of APR1400 will be same SKN 3&4 evaluation results if EVSE 
pressure time history is not changed.   

As shown in the Figure 4-11, the EVSE pressure time history curve obtained from APR 1400 shows the 
almost identical values compared with that from SKN 3&4 with small perturbation after peak pressure.  
The difference is negligible because the dynamic structural response depends on the peak value and its 
time.   

Therefore, the reactor cavity assessment of SKN 3&4 EVSE loading is acceptable instead of using 
APR1400 EVSE loading.  The results of reactor cavity assessment of SKN 3&4 provided in following 
sections. 

4.7.2. SKN 3&4 Reactor Cavity Structural Assessment on EVSE loading 

4.7.2.1. Model Description 

The finite element model of the reactor cavity wall are shown and highlighted in Figure 4-12 and Figure 4-
13 respectively.  Figure 4-12 displays a side view and Figure 4-13 the top view of the reactor cavity.  
The model includes the reactor cavity between elevations 66 ft and 130 ft.  Steel reinforcement, liner 
plates, RPV, and the piping between the RPV and the two steam generators were included in the model.  
The steam generators and the Reactor Coolant Pumps (RCP) were partially included in the model to 
predict the motion of the piping more accurately.  The model was composed of solid elements, shell 
elements and beam elements.   

4.7.2.2. Finite Element Model 

The finite element model (Figure 4-13 ~ 4-16) generated to perform the integrity assessment can be 
described in five modularized models: 

 Reactor cavity 

 Steel liner plates 

 Horizontal rebars 

 Vertical rebars 

 RPV, Reactor Coolant System (RCS), and its support system 

The reactor cavity is modeled using 3D solid elements.  The concrete material is modeled using the 
Winfrith concrete material model available in LS-DYNA.  Steel liners are modeled using shell elements 
and they are merged with the concrete; in other words, they have common nodes with the concrete 
underneath.  Two types of liner plates are used in the model: Stainless steel liner plates (SS liner) and 
Carbon steel liner plates (CS Liner) as illustrated in the related figures.  The reinforcement steel bars are 
modeled using beam elements.   

The RCS are modeled as elastic-plastic shell elements.  The support legs are modeled as solid 
elements.  The Steam Generator (SG) and the Reactor Coolant Pump (RCP) are modeled as beam 
elements with elastic properties to represent their stiffness contribution.  The top end of the SG and RCP 
are connected to the RCS using constrained interpolation option in LS-DYNA.  By using this constraint, 
the motion of a dependent node (nodes on SG and RCP) is interpolated from the motion of a set of 
independent nodes (nodes on hot leg and cold leg pipes).   

4.7.2.3. EVSE Locations and Pressure Time History 
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The pressure distribution is calculated using the following equation: 

 (Eq.  4.4) 

where  is the pressure at the explosion location,  is the distance of the segment to the explosion 
location and  is the pressure at corresponding segment. 

The pressure distribution zones and time-history are calculated based on Eq.  (4.4) and shown in Figure 
4-17 & 4-18.  The pressure distribution for Zone 2 and Zone 3 along the elevation is tabulated in Table 3-
4.  The pressure distribution for Zone 1 is assumed to be constant in horizontal direction with a scale 
factor of 0.0297 based on the distance from the explosion location to the wall of Zone 1. 

4.7.2.4. Analysis Results 

The maximum resultant displacement of the concrete cavity wall is 0.48 inch at 4 ms.  The cracks are 
formed in the concrete and the pattern is shown in Figures.  As can be seen, base slab, Zone 1, Zone 2, 
Zone 3 and Zone 4 are cracked.  Also, cracks are formed in the concrete supporting the RPV.  The 
induced maximum effective plastic strain is around 1.1% and it occurs in the bottom liner plate.  The 
effective plastic strains induced in the rebars are around 1.7% for the horizontal rebars and around 0.7% 
for the vertical rebars.  The maximum strain occurs in the base slab rebars.  The rebars in the concrete 
region where RPV supports are anchored remain elastic.  The maximum vertical displacement of the 
RPV is around 0.073 inch.  The displacement is measured at the lower dome section of the RPV. 

The least vertical gap between the penetrations sleeve of primary shield wall and the hot and cold leg 
pipes is 19 in.  The maximum vertical displacement of the hot and cold leg pipes is observed to be 
around 0.043 inch.  The displacement is small and will not lead to interaction between the hot and cold 
leg pipes and the penetration sleeve of reactor cavity wall.  These displacements are measured at the 
top end of steam generator and RCP supports where RCS is connected. 

The maximum axial load acting in the RPV column support anchor bolts is approximately 380 kips.  This 
corresponds to a stress of 21.5 ksi in each anchor bolt.  Hence, the anchor bolts remain elastic. 

The maximum displacements, concrete cracks, liner plate stresses, reinforcement re-bar stresses, RPV 
column support anchor bolt stresses and strains for EVSE loading to reactor cavity are summarized in 
Table 4-17 and analysis result are shown in Figures 4-19 to 4-24.

Severe Accident Analysis Report  APR1400-E-P-NR-14003-NP, Rev.1 

Replaced with "D" in next page

RAI 432-8377 - Question 19-64_Rev.6
RAI 432-8377 - Question 19-64_Rev.6 Attachment 6 (11/60)Non-Proprietary 



“D” 

4.7.1   Introduction 

This section describes the structural integrity assessment of the Reactor Pressure Vessel (RPV) concrete 
cavity for Ex-Vessel Steam Explosion (EVSE) loads based on APR1400. This involves the modeling of the 
subject structures, selection of material models and defining material properties, and evaluation of the 
analysis results. In this assessment, LS-DYNA software is used as the nonlinear Finite Element Analysis 
(FEA) solver. Nonlinear material models from LS-DYNA material library are used to model structural steel 
and concrete parts. Structural steel parts, including the liner plates and reinforcement, are modeled using 
elastic-plastic material model to account for plastic response at higher strain levels. Concrete constitutive 
model, which is Winfrith’s concrete model, is employed to account for the discontinuous behavior of 
cracking, crushing, and shear retention by spreading them across the element depending on crack width 
and aggregate size. The Winfrith concrete is originally developed to address the constitutive behavior of 
the reinforced concrete (RC) material used in nuclear structures subject to accidental impacts from 
external or internal hazards. The Winfrith model is successfully implemented in LS-DYNA to predict the 
local and global response of RC structures subject to accidental impact loadings. The strain rate effects 
are also incorporated in the material models. The material models for rebar and liner plates are defined 
using bilinear stress-strain curves that accounts for the strain hardening. The details of methodology on 
severe accident analysis for FCI are as following sections. 

4.7.2   Finite Element Model 

The finite element (FE) model generated to perform the integrity assessment are described in following 
modularized models: concrete cavity, steel liner plates, horizontal and vertical rebars, RPV, RCS, and 
support systems. The models are composed of solid, shell, and beam elements.  

The concrete cavity is modeled using 3D solid elements. The concrete material is modeled using the 
Winfrith concrete material model available in LS-DYNA. The finite element model for concrete cavity is 
shown in Figure 4-11. In addition, the section view of the model is shown in Figure 4-11. The steel liners 
are modeled using shell elements and they are merged with the concrete; in other words, they have 
common nodes with the concrete underneath. Two types of liner plates are used in the model: Stainless 
steel liner plates (SS liner) and Carbon steel liner plates (CS Liner) as shown in Figure 4-12. The 
reinforcement steel bars are modeled using beam elements. The FE model of reinforcement steel bars in 
reactor cavity is shown in Figure 4-13. The RPV and RCS are modeled as rigid shell and elastic-plastic 
shell elements, respectively. In addition, the support legs are modeled as solid elements. The steam 
generator (SG) and reactor coolant pump (RCP) are modeled as beam elements with elastic properties to 
represent their stiffness contribution. Figure 4-14 shows the FE model for RPV, RCS, and support 
systems. The top end of the SG and RCP are connected to the RCS using constrained interpolation 
option in LS-DYNA as shown in Figure 4-14. By using this constraint, the motion of a dependent node 
(nodes on SG and RCP) is interpolated from the motion of a set of independent nodes (nodes on hot leg 
and cold leg pipes). Due to the element size used for the concrete, modelling the actual number of bolts is 
impractical. Reducing the mesh size would lead to unreasonable computational cost. Therefore, for 
simplicity, instead of modelling 10 bolts, 4 bolts with equivalent area are modelled per support. Each of 
the actual bolts has a diameter of 3.0 , and the total bolt area per support (ATotal) is 70.58 in2. Therefore, 
the modeled 4 bolts have a diameter of 4.74  to match the total bolt area. The modeled anchor bolts are 
shown in Figure 4-15. 

The global FE model combining the concrete cavity, rebars, and RPV is shown in Figure 4-16. The rebars 
are embedded to the concrete using the command: *Constrained_Lagrange_in_Solid option in LS-DYNA. 
No boundary condition is applied to the rebars. Zone 4 is not critical for the purpose of the analyses, 
therefore to reduce the computational time for the analyses the rebars in Zone 4 are modeled using 
smeared model approach (using *Mat_Winfrith_Concrete_Reinforcement option in LS-DYNA). Therefore, 
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it is assumed that Zone 4 has same steel ratio as Zone 1. The mesh generated on Zone 2, Zone 3, and 
the center top hole are not compliant due to the complicated geometry of the reactor cavity walls. 
Therefore, the upper surfaces of Zone 2 and Zone 3 are tied to the bottom surface of the center top hole 
using *Contact_Tied_Surface_to_Surface option in LS-DYNA as shown in Figure 4-17. Contact between 
the penetration sleeve of primary shield wall and the hot and cold leg pipes is defined to capture the 
interaction during the explosion analysis. The LS-DYNA keyword for this interaction is 
*Contact_Automatic_Surface_to_Surface. 

4.7.3   Material Properties 

Concrete constitutive model, which is Winfrith’s concrete model, is employed to account for the 
discontinuous behavior of cracking, crushing, and shear retention by spreading them across the element 
depending on crack width and aggregate size. Detailed description of Winfrith concrete model in LS-
DYNA is shown in the last of this sub-section. For concrete materials, the compressive strength of the 
concrete delivered to the construction is always higher than the design strength fc (design). Per NEI 07-13 
guidelines [Reference 50], the average 28-day cylinder compressive strength fc  exceeds the specified 
design strength, according the relation fc  = fc (design) + 1.34s, where s is the standard deviation of the test 
strength determined for the set of test cylinders. For typical batch concrete production, the variability of 
test cylinder strength may be estimated using a Coefficient of Variation (COV) of approximately 10%. 
However, conservatively this strength increase factor is not being used to calculate the nominal 
compressive strength of concrete. Conservatively in this calculation we ignore the aging effect. The 
compressive strength excluding aging effect is increased by 12% to account for Dynamic Increase Factor 
(DIF) due to dynamic loading [Reference 51]. The concrete elastic modulus is calculated per ACI 349 
[Reference 52], as E = 33(w1.5)(fc  (psi))1/2, and the tensile strength is calculated from the relation ft = 
1.7(fc  (psi))2/3 according to NEI 07-13 guidelines, where fc  is the compressive strength including the 
strength increase due to age (365-day strength). In the concrete model, aggregate size is assumed as 
0.75 inch. 

The steel materials are modeled with *MAT_PIECEWISE_LINEAR_PLASTICITY material. This is a 
piecewise-linear elastic-plastic model that contains formulations of combining hardening behavior with the 
option of including rate effects. The hardening behavior is defined by specifying ultimate tensile strength 
and failure strain. Yielding in material is treated using the classical J2 or Von Mises plasticity formulation. 
In this work, complete fracture of finite element is assumed to occur when equivalent plastic strain 
(erosion strain) reaches the critical failure strain of 5% for reinforcement and liner plate as per NEI 07-13 
guidelines.  

The summary of material properties used for the analysis is given in Table 4-17. 

4.7.4   Loading and Boundary Condition 

The loading is the steam explosion occurring at the bottom of the reactor cavity, on the wall which is 
conservative in the dynamic analysis for a steam explosion. Figure 4-18 shows the location of the steam 
explosion and the pressure time history for the base case. Table 4-18 shows the detailed pressure 
distribution for several zones along the elevation. In addition, the pressure distribution for Zone 1 is 
conservatively assumed to be constant in horizontal direction with the shortest distance from the 
explosion location to the wall of Zone 1. Figure 4-19 shows the schematic description of the pressurized 
walls of the cavity. 

Conservatively, the pressure is applied to the underside (lower dome) of the RPV even though RPV lower 
head does not contact with the cavity water. The magnitude of the pressure (Pressure C) is calculated 
according to the elevation of the lower dome. Figure 4-21 shows the schematic description of the 
pressure loading on the RPV. This artificial input load has the conservative effect on the lift of RPV and in 
consequence strain result of anchor. 
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The boundary conditions are applied to the cavity concrete geometry below EL. 100 -0  by using linear 
springs as shown in Figure 4-22. The spring coefficients (k) are calculated using the elastic modulus of 
the concrete (Ec), depth of the basement concrete (d), area of the region (A), and the number of nodes in 
the region (n). Table 4-19 presents the parameters that are used to calculate the spring coefficients, 
based on the following formula: =                                   (Eq. 4.4) 

In addition, boundary conditions are defined for the SGs and RCPs to constrain only the vertical motion of 
these parts. 

4.7.5   Failure Criteria 

Failure is defined by either the strain exceeding the “limiting strain” for steel or the energy of deformation 
exceeding the fracture energy of the concrete, Gf. The fracture ductilities of the steel materials considered 
herein for A615/Grade 60 deformed bar reinforcement are in excess of 20%, and excess of 30% for 
stainless steel. 

However, it is inadvisable to use the results of uniaxial testing to determine failure points in a full-scale 
structure; the effects of stress/strain triaxiality, stress concentrations, and granularity of the finite element 
mesh all may cause the strain at failure to be substantially less than what a uniaxial test would indicate. 
Therefore, the limiting strain in all steel types is assumed to be 0.05 [Reference 50]. 

The integrity of structure is widely agreed to be defined by confinement rebar failure and simultaneous 
complete concrete failure, as concrete failure only will not cause the confinement structure to collapse. 
Moreover, without collapse of structure or failure of external steel lining, integrity is still intact as 
suggested by one of the studies completed by US Department of Energy [Reference 51]. 

Total failure of the cavity region was assumed to occur if the concrete is fully damaged and the outer 
carbon steel liner plate and rebars have reached 5% effective plastic strain. Total failure of the RPV 
support system was assumed to occur if the concrete underneath the RPV support leg is fully damaged 
and at least for two support legs all the anchor bolts has reached 5% effective plastic strain  
[References 50 and 51]. 

4.7.6   Analysis Results of Base Case 

The maximum resultant displacement of the concrete cavity wall is [  ]TS. The maximum 
displacement contours as shown in Figure 4-23. The cracks are form in the concrete and the pattern is 
shown in Figure 4-24. As can be seen, base slab, Zone 1, Zone 2, Zone 3, and Zone 4 are cracked. Also, 
cracks are formed in the concrete supporting the RPV. The maximum effective plastic strain induced in 
the liner plate is shown in Figure 4-25. The induced maximum effective plastic strain is around [  ]TS 
which is less than the failure criteria 5% and it occurs in the bottom liner plate. In addition, the maximum 
stress on liner plate is [  ]TS in which the yielding and ultimate strength of liner plate are [  ]TS 
and [  ]TS, respectively. The effective plastic strains induced in the rebars are around [  ]TS for 
the horizontal rebars and around [ ]TS for the vertical rebars as shown in Figure 4-26. The maximum 
stress on vertical and horizontal rebars are [  ]TS and [  ]TS, respectively, in which the 
yielding and ultimate strength of [  ]TS and [  ]TS, respectively. The maximum vertical 
displacement of the RPV is around [  ]TS, as shown in Figure 4-27. The displacement is measured 
at the lower dome section of the RPV. 

The least vertical gap between the penetrations sleeve of primary shield wall and the hot and cold leg 
pipes is [  ]TS. The maximum vertical displacement of the hot and cold leg pipes is observed to be 
around [  ]TS as shown in Figure 4-28. The displacement is small and will not lead to interaction 
between the hot and cold leg pipes and the penetration sleeve of reactor cavity wall. 
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The maximum axial load acting in the RPV column support anchor bolts is approximately [  ]TS kips as 
shown in Figure 4-29. This corresponds to a stress of [  ]TS in each anchor bolt where the yielding 
strength of anchor bolt is [  ]TS. Hence, the anchor bolts remain elastic. 

The analysis results for EVSE loading of base case to reactor cavity are summarized in Table 4-20. 

4.7.7   Analysis Results of Sensitivity Case for Coolant Node Area 

As addressed in Section 4.4.3, the highest pressure gained in the transition region of energy index is also 
considered here to reflect the one-dimensional limitation of TEXAS-V code as a sensitivity case. Basically, 
except for loading condition on the cavity walls, the analysis model and methodology are identical to the 
base case analysis. Figure 4-30 shows the pressure time history for sensitivity case. Table 4-21 shows 
the detailed pressure distribution for several zones along the elevation corresponding to Figure 4-30. 

The maximum resultant displacement of the concrete cavity wall is [  ]TS. The maximum 
displacement contours as shown in Figure 4-31. The cracks are form in the concrete and the pattern is 
shown in Figure 4-32. As can be seen, base slab, Zone 1, Zone 2, Zone 3, and Zone 4 are cracked. Also, 
cracks are formed in the concrete supporting the RPV. The maximum effective plastic strain induced in 
the liner plate is shown in Figure 4-33. The induced maximum effective plastic strain is around [  ]TS 
which is less than the failure criteria 5% and it occurs in the bottom liner plate. In addition, the maximum 
stress on liner plate is [  ]TS in which the yielding and ultimate strength of liner plate are [  ]TS 
and [ ]TS, respectively. The effective plastic strains induced in the rebars are around [  ]TS for 
the horizontal rebars and around [  ]TS for the vertical rebars as shown in Figure 4-34. The maximum 
stress on vertical and horizontal rebars are [ ]TS and [ ]TS, respectively, in which the 
yielding and ultimate strength of [ ]TS and [ ]TS, respectively. The maximum vertical 
displacement of the RPV is around [  ]TS, as shown in Figure 4-35. The displacement is measured 
at the lower dome section of the RPV. 

The least vertical gap between the penetrations sleeve of primary shield wall and the hot and cold leg 
pipes is [  ]TS. The maximum vertical displacement of the hot and cold leg pipes is observed to be 
around [  ]TS as shown in Figure 4-36. The displacement will not lead to interaction between the hot 
and cold leg pipes and the penetration sleeve of reactor cavity wall.   

The maximum axial load acting in the RPV column support anchor bolts is approximately [  ]TS kips 
as shown in Figure 4-37. This corresponds to a stress of [  ]TS in each anchor bolt where the 
yielding strength of anchor bolt is [  ]TS. Hence, the anchor bolts remain elastic. 

The analysis results for EVSE loading of sensitivity case to reactor cavity are summarized in Table 4-22. 

4.7.8   Winfrith Concrete Model in LS-DYNA 

The Winfrith concrete constitutive model now available in LS-DYNA, has been developed over the last 
two decades and validated against impact tests for simulated aircraft impact on containment structures, 
floors subject to dropped loads, civil structures subjected to impact from vehicles and falling buildings, 
and protected and unprotected buildings subjected to blast loadings. The theoretical basis for the 
constitutive model is described below with the definition of the input parameters. 

The Winfrith concrete model was originally developed to address the constitutive behavior of the 
Reinforced Concrete (RC) material used in nuclear reactor structures subject to accidental impacts from 
external or internally generated hazards. The Winfrith model has been successfully implemented in LS-
DYNA to predict the local and global response of RC structures subject to accidental impact loadings. The 
data from a wide range of impact and blast experiments have been used to develop improvements to the 
constitutive model, and widely proved its validity for analysis of the dynamic response of structures 
[Reference 53 and 54]. 
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The Winfrith concrete model is premised upon a smeared crack (sometimes knowns as pseudo crack), 
with a constitutive model capable of cracking and crushing and shear retention depending on crack width 
and aggregate size. This model is implemented in the eight-node single integration point continuum solid 
element. In the smeared approach, the calculation of reinforcement stresses are separated from the 
calculation of concrete stresses, and the two components are smeared together according to their relative 
cross-sectional areas to form the total element stresses. In the current analysis, reinforcement has been 
modeled as discrete elements. 

In LS-DYNA, two types of Winfrith concrete models are available which are designated as MAT084 and 
MAT085. The difference between these two models is that MAT084 includes strain rate effects and 
MAT085 does not. For the MAT085 type, material strengths should be multiplied with dynamic increase 
factors [Reference 55]. For the current analysis, MAT085 type has been implemented in the model. 

The features of the Winfrith concrete model in LS-DYNA are given below. 

 The shear can be transferred across the crack depending on the crack width and aggregate size. 
The stress decays as a function of fracture energy and crack width after initiation of tensile crack. 

 The applicability of the Ottosen failure model and material flows plastically up to formation of 3 
orthogonal cracks in response to tensile principal stresses. 

 A basic plasticity model that includes the third stress invariant for consistently treating both 
triaxial compression and triaxial extension, e.g. Mohr-Coulomb like behavior. 

 Uses radial return which omits material dilation, and thus violates Drucker’s Postulate for a 
stable material. 

 Includes strain softening in tension with an attempt at regularization via crack opening width (w), 
fracture energy (Gf), and aggregate size (A). 

 Optional strain rate effects: MAT084 includes rate effects and MAT085 does not. 

 Concrete tensile cracking with up to three orthogonal crack planes per element; crack viewing is 
also possible via auxiliary post-processing files.  

 Optional inclusion of so called ‘smeared reinforcement’ is permitted. 

The given state of stress can be uniquely resolved into a hydrostatic (or isotropic) state and a deviatoric 
(i.e. pure shear) state. The hydrostatic stress state in the Winfrith concrete model is determined from a 
typical non-dimensionalized volume compaction curve shown in Figure 4-38 [Reference 55 and 56]; or 
alternatively may be input by the user as a pressure-volumetric strain curve. 

The plasticity portion of the Winfrith concrete model is based upon the shear failure surface proposed by 
Ottosen (1997) [Reference 57]. The deviatoric stress tensor is incremented elastically, and controlled by 
radial return to a failure surface as shown in Figure 4-39. The failure surface has a smooth triangular 
section, expanding along hydrostatic axis, and is continuous everywhere except at triaxial tensile cusp. 
The form of this yield surface is typical of the response of most concretes, and has been fitted to data 
from a number of sources quoted by [Reference 57]. 

The shear failure surface is described analytically by a function of the stress and stress deviator tensors 
as follows: 

                     ( ,  , cos3 ) =   ( ) +   +   -1                   (Eq. 4.5) 

where a and b are two constants and  is a function of another two constants. These four constants are 
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further explained at below. I1, I2, and I3 are stress invariants; J1, J2, and J3 are deviatoric stress invariants 
derived from deviatoric stresses (S1, S2, and S3); fc  is the unconfined concrete compressive strength; 1, 

2 and 3 are principal stresses. The above is referred to as a four parameter model (a, b, k1, and k2): the 
constants a and b which control the meridional shape of the shear failure surface, and  =  (cos3 ) 
ranging -1  cos3  1 for triaxial compression to triaxial extension control the shape of the shear failure 
surface on the -plane (octahedral or deviatoric plane in which S1 + S2 + S3 = 0). The meridional shape 
parameter constants a and b also depend on the ratio of the unconfined tensile strength, ft, to the 
unconfined compressive strength, fc , i.e. ft / fc . The above (Eq. 4.5) is a quadratic in terms of J2/ fc  and 
can be solved as:   = + 42  
                              = ,   = ,   =  -1                         (Eq. 4.6) 

Thus once the parameters a, b, and  are determined, the invariant I1 can be varied to generate the tri-
axial compression ( 1> 2= 3) and tri-axial extension ( 2= 3> 1) surfaces. The angle in -plane with limits 
0   /3 is defined by  cos3 = .                              (Eq. 4.7) 

The angle  is often referred as Lode Angle or similarity angle, in particular,  =0  to generate the tri-axial 
extension surface and  =60  to generate the tri-axial compression surface.  

The meridional shape parameters a and b can be thought of as best fitting the shear failure surface to 
laboratory data. The Ottosen model emphasizes simultaneous best fits to four types of laboratory data: 

a) Unconfined compressive strength, fc  (  =60  and cos 3  =-1) 

b) Uni-axial tensile strength, ft (  =0  and cos 3  =1) 

c) Biaxial compressive strength ( 1=0, 2= 3=-1.16 fc ,  =0 ) (Ref. A-6 and A-7) 

d) A tri-axial compression state of stress (  =60 ) which gives the best fit to the data of Balmer 
(1949) [Reference 60] and Richart et al. (1928) [Reference 61]. The specific point selected has a 
non-dimensional coordinates (I / 3 , 2/ / ) = ( 5, 4). 

In the Winfrith implementation of Ottosen shear failure surface in LS-DYNA finite element code, the user 
is not allowed to determine the parameters a and b, but rather the parameters are internally generated 
based upon the data fit, and as mentioned above, the ratio of the unconfined tensile strength to the 
unconfined compressive strength, i.e. ft / fc . 

The Winfrith model introduces the following three non-dimensional constants given below. 

 = 1.16,  = 0.5907445,  = -0.6123724                   (Eq. 4.8) 

The constants are used to evaluate the meridional shape parameters a and b as follow. = ,          = +                     (Eq. 4.9) 

where R= ft / fc <1 is the ratio of unconfined tensile strength to the unconfined compressive strength. 

The remaining two parameters k1 and k2 of this four parameter Ottosen’s model are used to define the 

RAI 432-8377 - Question 19-64_Rev.6
RAI 432-8377 - Question 19-64_Rev.6 Attachment 6 (17/60)Non-Proprietary 



shape of shear failure surface in the octahedral plane ( -plane). To define these two parameters k1 and k2, 
the Winfrith model introduces two additional constants defined in terms of the above defined constants a 
and b. = 1 ,       =                   (Eq. 4.10) 

The -plane other two shape factors k1 and k2 are defined as  = cos 3tan ,      = ( )               (Eq. 4.11) 

(Eq. 4.9) and (Eq. 4.11) define the four parameters a, b, k1, and k2 of the Ottosen shear failure surface. 

The function  =  (cos3 ) is now defined in terms of the Lode Angle and the constants k1 and k2 as 

= cos ( )             for cos3  0cos ( )  for cos3  0            (Eq. 4.12) 

-plane, or octahedral plane or deviatoric plane defined by the Ottosen shear failure surface which is 
represented by (Eq. 4.5) is the function of three variables I1, J2, and cos3 . The stress invariant I1 is 
constant regardless with the angle and its value is same on octahedral plane. Therefore, (Eq. 4.5) is only 
a function of two variables J2 and cos3 . These two parameters can conveniently be thought of as a 
radius and angle, respectively, in a polar type plot on an octahedral plane. 

The final procedure to plot the octahedral plane shape of the Ottosen shear failure surface is to select a 
value of the similarity angle  and solve for the corresponding value of J2 from (Eq. 4.5) for the prescribe 
value of I1, i.e. a particular octahedral plane. Then the Cartesian equivalent of polar coordinates are 
defined as = cos , = sin , = 2 , 0 2            (Eq. 4.13) 

The angle  varies continuously to generate the polar plot and it is related to the similarity angle via = ( ) ,   = +                            (Eq. 4.14) 

Here,  is typically referred to as the Lode Angle and varies between - /6    /6. The radius used in the 
octahedral plane is = 2  that radius needs to be scaled by 3/ 2 to determine the corresponding 
stress difference value for triaxial loading since the effective stress = 3 . 

According to the constitutive model, the material flows plastically as a result of failure in compression, but 
up to three orthogonal cracks can be formed due to tensile principal stresses. After the initiation of crack, 
the crack normal tensile stress is allowed to decay as a linear function of crack normal extension (crack 
width). The elastic unloading and reloading to the stress decay path follows the initial stiffness as shown 
in Figure 4-40. The stress decay length or crack width is input to the program which is determined from 
experimental measurement of concrete fracture energy. 

The shear transfer due to aggregate interlock across crack opening is modeled by reducing the calculated 
shear stress along the crack using the parabolic function based on aggregate size, shown in Figure 4-41. 
The crack normal tensile stress decay and shear stress decay along the crack are function of crack width, 
which is determined from the product of the crack normal tensile strain and a characteristic length based 
on the cube root of the element volume.  
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Table 4-10 
 

Results of the TEXAS-V Analyses for the Base Cases 

 

 

Table 4-11 
 

Predicted Pressure at the Cavity Wall based on the TEXAS-V Analyses 

 

  

TS

TS 
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Distances form the Center Axis of the RPV Centerline to the Cavity Walls
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Table 4-17 
 

Summary of Cavity Structural Integrity Analysis Result TS
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Replaced with "Table 4-17" in next page 
and add Table 4-18 ~ Table 4-22
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Table 4-17  

Material Properties used in finite element model – Concrete (upper) and Steel (down) 
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Table 4-18  

Pressure Distribution for Various Zones along the Elevation for Base Case 

Table 4-19 

Parameters Used for the Springs 
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Table 4-20 

Summary of Cavity Structural Integrity Analysis Result of Base Case 

Table 4-21 

Pressure Distribution for Various Zones along the Elevation for Sensitivity Case 
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Table 4-22 

Summary of Cavity Structural Integrity Analysis Result of Sensitivity Case 
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Figure 4-11  Comparison of Ex-Vessel Steam Explosion Pressure  

TS
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Replaced from Figure 4-11 to Figure 4-37 in next page

RAI 432-8377 - Question 19-64_Rev.6
RAI 432-8377 - Question 19-64_Rev.6 Attachment 6 (25/60)Non-Proprietary 



KEPCO & KHNP    D 92 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-12  Side View of the General Arrangement of the Reactor Cavity 
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Figure 4-13  Top View of the General Arrangement of the Reactor Cavity 
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Figure 4-14  Isometric View of all Reinforcement Bars in the Reactor Cavity 
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Figure 4-15  Isometric View of the RPV Model  
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Figure 4-16  Isometric View of the Global Model  
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Figure 4-17  Pressure Time Histories for the Zones  
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Figure 4-18  Applied Pressure Loads to the Reactor Cavity Walls 
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Figure 4-19  Maximum Resultant Displacement Contours for the Concrete Cavity 
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Figure 4-20  Crack Pattern of the Reactor Cavity  
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Figure 4-21  Plastic Strain Contours for Liner Plates  
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Figure 4-22  Plastic Strain Contours in Vertical Rebars  
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Figure 4-23  Vertical Displacement and Anchor Bolt Reaction of RPV 
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Figure 4-24  Vertical Displacements of Cold Leg and Hot Leg Pipes
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Figure 4-11 FE Model (a) and Section View (b) for Concrete Cavity 

Figure 4-12 FE Model for Steel Liner Plates of Reactor Cavity 

 

Figure 4-13 FE Model for Reinforcement Steel Bars in Reactor Cavity 
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Figure 4-14 FE Model for RPV, RCS, and Support Systems 

 

 

Figure 4-15 FE Model for Anchor Bolts 
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Figure 4-16 Global FE Model Combining the Concrete Cavity, Rebars, and RPV 

 

Figure 4-17 Constrained Nodes for Connecting Zone 2 and Zone 3 to Center Top Hole 
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Figure 4-18 Location of the steam explosion and the pressure time history (Base case) 
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Figure 4-19 Schematic Description of the Pressurized Walls of the Cavity – Top view 

 

 

Figure 4-20 Schematic Description of the Pressurized Walls of the Cavity – Side view 
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Figure 4-21 Schematic Description of the Pressure Loading on the RPV 

 

 

Figure 4-22 Boundary Conditions Using Linear Springs 
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Figure 4-23 Resultant Displacement Contour of the Concrete Cavity of Base Case (Unit: inches) 
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Figure 4-24 Crack Pattern of the Concrete Cavity of Base Case 
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Figure 4-25 Effective Plastic Strain Contour for the Liner Plates of Base Case 
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Figure 4-26 Effective Plastic Strain Contour for the Rebars of Base Case 

  

RAI 432-8377 - Question 19-64_Rev.6
RAI 432-8377 - Question 19-64_Rev.6 Attachment 6 (48/60)Non-Proprietary 



 

Figure 4-27 Vertical Displacement of RPV of Base Case (unit: inches) 
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Figure 4-28 Vertical Displacement of Cold Leg and Hot Leg pipes of Base Case (unit: inches) 
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Figure 4-29 Maximum Axial Force in RPV Anchor Bolts of Base Case (unit: lbf) 

 

 

Figure 4-30 Pressure time history for sensitivity case 
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Figure 4-31 Resultant Displacement Contour of the Concrete Cavity of Sensitivity Case  
(Unit: inches) 
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Figure 4-32 Crack Pattern of the Concrete Cavity of Sensitivity Case  
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Figure 4-33 Effective Plastic Strain Contour for the Liner Plates of Sensitivity Case 
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Figure 4-34 Effective Plastic Strain Contour for the Rebars of Sensitivity Case 
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Figure 4-35 Vertical Displacement of RPV of Sensitivity Case (unit: inches) 
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Figure 4-36 Vertical Displacement of Cold Leg and Hot Leg pipes of Sensitivity Case (unit: inches) 
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Figure 4-37 Maximum Axial Force in RPV Anchor Bolts of Sensitivity Case (unit: lbf) 
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5. CONCLUSIONS 

Steam explosion is a remaining risk-significant issue in nuclear power plant due to the threatening of 
integrity of the defense-in-depth barriers by explosive dynamic loadings that could lead to release 
radioactive fission product to public. 

Therefore, it is needed to evaluate steam explosion risk when a new design reactor like APR1400 is 
considered.  The steam explosion risk can be categorized into two groups in terms of the locations of 
steam explosion initiation, that is, in-vessel and ex-vessel. 

In this report, comprehensive analyses on both in-vessel and ex-vessel steam explosion were conducted 
and the most updated technical information on the phenomena, risk evaluation, and analysis 
methodology were collected and utilized for the assessment of steam explosion risk in the APR1400 
design.   

The report describes the analysis efforts by selecting the base case adequate to the APR1400 design 
and examining the ranges of key parameters and their uncertainties.  The analysis results can be used 
for the evaluation of structure integrity relevant to the steam explosion issue in the APR1400 design, 
especially in the case of ex-vessel severe accident progression. 

Table 5-1 summarizes the results of the analysis for the IVSE and EVSE energetics in the APR1400 plant.  
This analysis concluded that IVSE provided no threat to fail RPV.  For the EVSE analysis, reactor cavity 
structure with EVSE pressure loading is evaluated using LS-DYNA and the maximum displacements, 
concrete cracks, liner plate stresses, reinforcement re-bar stresses, RPV column support anchor bolt 
stresses and strains for EVSE loading to reactor cavity are summarized in Table 4-17. 
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Table 4-20

The integrity of cavity structure as well as containment structure against EVSE loading is intact without 
collapse of structure, which can be defined by confinement rebar failure and simultaneous complete 
concrete failure, and failure of liner plate. Although the analysis results show the local yielding of steel 
materials (liner plate and rebar), the structural integrity is satisfied with the failure criteria based on 
Reference 50.
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stress analysis indicates that no threat of the APR1400 lower head due to the IVSE is 
expected. 

19.2.3.3.5.2.2 Ex-Vessel Steam Explosion 

The initial and boundary conditions for EVSE are largely dependent upon the in-vessel 
severe accident progression, severe accident management procedure, and vessel failure 
modes.  Thirteen severe accident sequences were chosen to cover the spectrum of key 
variable parameters and thus characterize the initial and boundary conditions for EVSE 
analysis.  The key parameters considered include corium discharge rates, corium thermal 
conditions, cavity conditions, and related parameters.   

The result of analysis using the MAAP code provided the initial conditions for the 
TEXAS-V code.  TEXAS-V was then used to calculate the peak pressure due to EVSE 
(Reference 15).  The pressure at the nearest cavity wall was then estimated by the TNT 
method (Reference 25).   

The reactor cavity and RPV column support have to maintain structural integrity in events 
such as an ex-vessel steam explosion.  The reactor cavity and RPV column support is 
designed such that the cavity strength has an adequate capability to withstand the postulated 
pressure load during a severe accident.  

For the assessment of reactor cavity structural integrity against the EVSE pressure loading, 
the concrete cracks of cavity walls and bottom slab, the stress of the RPV column support 
anchor bolts, reinforcement rebars, and liner plates were evaluated using LS-DYNA 
computer program.  The structural assessment of reactor cavity under EVSE loading was 
performed in the reference plant project.  The results of reactor cavity structural 
assessment of reference plant are applicable to the APR1400 because design parameters 
such as geometry, material properties, rebar arrangement, and design codes are the same 
between the reference plant and the APR1400.  In addition, the EVSE pressure time 
history curve obtained from the APR1400 is almost identical to that of the reference plant 
with small perturbation after peak pressure.  It is noted that this difference is negligible 
because the dynamic structural response depends on the peak value and its time.  The 
results of evaluation confirm that the reactor cavity is capable of maintaining structural 
integrity when EVSE loads are applied.  

The requirements of ACI 349-97 (Reference 26) were used in determining the ultimate 
static pressure capacity and the dynamic pressure capacity of the reactor cavity wall (except 

determined without attenuation along the wave travelling distance, conservatively.

The structural assessment of reactor cavity under EVSE loading was performed with the conservative
initial conditions. For the assessment of reactor cavity structural integrity, the concrete cracks of cavity
walls and bottom slab, the stress of the RPV column support anchor bolts, reinforcement rebars, and the
liner plates were evaluated using LS-DYNA computer program. The results of evaluation confirm that
the reactor cavity is capable of maintaining structural integrity when EVSE loads are applied.
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