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Abstract: The molten reactor core-concrete interaction, which describes the eﬀect
of molten reactor spread on the concrete floor of the reactor cavity, is a very complex
process to simulate and predict, but the knowledge of this process is of major
importance for planning the emergency counteractions for severe accidents with
respect to the Stress Tests requirements after the Fukushima-Daiichi accident. The
key issue is to predict the rate and most probable focusation of the melt-through
process which is aﬀected by the concrete composition, especially by the aggregate
type. A limited number of small-scale experiments have been conducted over the
past years along with accompanying numerical models which focused mainly on
the siliceous type of aggregate. It is common for the concrete structures that the
limestone type or the mixture of these two types of aggregate are used as well. Then,
the objective of this paper is to extend the knowledge gained from the experiments
with the siliceous aggregate to the concrete structures which are made of limestone
aggregate or their combination, such as limestone sand and siliceous gravel. The
proposed one-dimensional model of the melt-through process is based on the fuzzylogic interpretation of the thermodynamic trends which reflect the aggregate type.
This approach allows estimating the asymptotic cases in terms of the melt-through
depth in the concrete floor over time with respect to the aggregate type, which
may help to decide the rather expensive further experimental eﬀorts.
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Introduction

The Three Mile Island, Chernobyl and Fukushima disasters occurred with about
ten years interval and showed that the most severe nuclear accidents are possible although each of these cases happened under diﬀerent conditions. Since such
disasters aﬀect vast areas and have a substantial impact on environment, local
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community as well as overall economy, the proper actions of eﬀective countermeasures are absolutely needed and are essential. To do so, a realistic scenario and the
corresponding timeline of the events during the most severe accident, which is the
sudden loss of coolant, needs to be understood through a detailed analysis.
During the most severe accidents, the uranium fuel rods, the controlling mechanisms inside the reactor pressure vessel and its internals become overheated and
melt into the so-called corium pool. The corium pool accumulates in the lower
head of the reactor pressure vessel and can further melt through the vessel wall
and spill on the concrete slab underneath in the reactor cavity, as schematically
depicted in Fig. 1. The knowledge of this process is very important for civil engineers in order to be able to design eﬃcient and consensual structures in the nuclear
power plants, or estimate the times when the corium pool will melt through the
base slab and leak out of the reactor cavity. In case of this accident, in order to
prevent the leakage of the fission products to the environment, three scenarios are
possible. The first scenario is to possess an eﬃcient and reliable cooling system
to keep the corium pool inside the reactor pressure vessel. The second scenario is
to design the concrete base slab thick enough and possibly improved with special
sacrificial material to contain the corium during the melting through the slab inside
the containment hermetic zone. The third option is the corium catcher filled with
sacrificial materials which react with corium and prevent the leakage through the
containment to the outside, however, this facility is still under development and
the cost of containment building rises several times.
There have been numerous simulation eﬀorts around the world, both experimental and numerical, to simulate the melt-through of the corium pool through
the concrete base slab, which are well documented in the reactor benchmarks in
[1] and are discussed later. However, the results diﬀer significantly even for similar
concrete mix compositions, that means generally for the concrete with primarily
siliceous or limestone aggregate. The results of these specialized algorithms indicate melt-through, or ablation, depths which diﬀer by 100 % at given decision
times, or indicate diﬀerences in days when a critical ablation depth is reached,
which is diﬃcult to accept for civil engineers responsible for providing a resistant
concrete structure.

Fig. 1 Corium spill on concrete base slab.
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The civil engineer’s approach to this topic is then to develop a simple and
eﬃcient method, which is based on the available information, for estimation of the
ablation depth during the corium-concrete interaction which happens at elevated
temperatures. Then, based on this estimation, the design of the thickness of the
concrete slab under the reactor is performed or the thickness of an existing concrete
slab is assessed safe or not safe.
Therefore, in this paper, a simple and eﬃcient method for modeling the coriumconcrete interaction, when the pressure vessel ruptures and corium pool spills on
the concrete base slab, is proposed. The corium-concrete interaction is covered by
the coupled model of the heat transfer and the mixing of molten materials. Like
this, the method oﬀers a relatively simple tool for determination of the ablation rate
of the concrete slab and whether and when corium melts through the containment
floor. The heat transfer analysis is based on the finite element method while the
fuzzy modeling is employed for description of material properties.

2.

Problem description

In this section, the basic information is given which is necessary for general comprehension of the problem and derivation of the fuzzy logic model.
When the fuel rods get overheated, the corium pool forms in the lower head of
the reactor pressure vessel, as depicted in Fig. 1. The corium pool stratifies into two
layers, oxidic and metallic. The oxidic part of the corium pool, which contains the
uranium dioxide and the zirconium dioxide, has a higher density and consequently
is formed in the lower part of the corium pool. Also, the heat which is generated due
to the decay of the fission products develops in the oxidic part of the corium pool.
The metallic layer transfers the heat much more easily because of its high thermal
conductivity so the heat generated in the oxidic part is transferred through the
metallic layer to the wall of the reactor pressure vessel. This wall heating process
is called the focusing eﬀect. Then, the reactor pressure vessel wall is heated up
and therefore the reactor pressure vessel may rupture under the heat and weight
of the corium pool. The worst case of rupture is the failure of the entire lower
head which impacts the base floor slab of the reactor cavity. This impact crushes
the upper layer of the concrete slab because the lower head filled with corium pool
weights tens of tons, specifically about 80 tons in case of partial meltdown, with
all reactor internals the weight exceeds 188 tons. The corium pool which is formed
on the top of the slab sinks as the generated heat melts concrete underneath and
the corium mixes with concrete. Other types of the corium pool stratification are
known, however, the stratification described above is mostly considered in current
studies.
Few experiments and calculations of the corium-concrete interaction have been
performed which provide limited, and also diverse, information about the coriumconcrete interaction processes. A fine example of such a summary can be found in
[3] where the presented data indicate that it is far from realistic to make decision
about reactor safety based on the temperature distribution and thus ablation rate
which was obtained from experiments performed with analogous materials, which
may be due to the very uncertain transition of the concrete-corium mixture from
the solid to liquid state and the gases released from the molten concrete, which are
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then discussed in [14]. A review of such experiments, which are always downscaled
from the real reactor size, can be found in [6, 15]. Cranga in his paper [1] discusses
results of these experiments and calculations with few types of the corium-concrete
pools where he distinguishes the homogenized and the stratified pool with the
limestone or the siliceous concrete. The additional phenomenon of oxidation of
metals in the metallic layer is also discussed in [1], which is responsible for the gas
release during the melting of the corium pool through the base slab. The calculation
of the stratified pool in [1] also shows a faster ablation rate in both cases for the
siliceous and the limestone concrete. The main cause of the faster ablation is the
focusing eﬀect, which was mentioned above, which occurs due to presence of the
metals. A very important observation for the proposed modeling is that in the case
of limestone concrete, the corium pool is stratified for approximately one and half
days of the interaction and then most of the metals are oxidized and the corium
pool becomes homogenized, and in the case of siliceous concrete, the corium pool
remains stratified. Nevertheless, despite the relevant information and explanation
of the melting processes, the calculations performed in [1] show diﬀerent results for
the same input data.
The principal diﬀerences between the silica-rich concrete and the limestone-rich
concrete are well described in [6] where it is stated that the limestone-rich concrete
contains the calcium carbonate (CaCO3 ) which is decomposed while heated and
therefore this type of concrete generates more gas than the silica-rich concrete. This
phenomenon supports the idea of homogenization of the corium-concrete pool in the
case of concrete with mainly limestone aggregate. Also, the liquidus, i.e. corium
in the liquid state, temperature for each type of concrete is diﬀerent, when for
the siliceous concrete the liquidus temperature is about 1700◦C for the limestone
concrete it is about 2000◦C.
The gas flow in the molten corium-concrete pool influences the duration of the
ablation. This eﬀect was studied in [4] by a Bulgarian team. Specifically, the
content of H2 O and CO2 in concrete and their eﬀect on mixing the molten pool
was studied. The eﬀect of both the components aﬀects the duration of the axial
ablation with the following tendency: the higher the content of the gas, the longer
the duration of the ablation. The gas release influences the configuration of molten
corium-concrete pool irrespective to whether it is stirred and thus homogenized
or stratified. Also, it is pointed out in [4] that the oxidation of metals, which is
caused by the gas flow, does not allow the stratification anymore. The paper [4] also
presents yet another model which takes into account the important parameters of
the corium-concrete interaction and utilizes the assumptions for the worst scenario
when the ablation is the fastest, which fits best the civil engineer’s needs for the
safe design.

3.

Method of solution

It should be stated at the beginning that the proposed numerical algorithm is
designed for simulation of the meltdown of a VVER-1000-type pressurized water
nuclear reactor, such as in Temelı́n nuclear power plant in the Czech Republic,
Fig. 2. The concrete base slab at the bottom of the VVER-1000 reactor cavity is of
circular shape with the diameter of about 5.5 meters. The simulation is conceived
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Fig. 2 Temelı́n nuclear power plant.

as a one-dimensional problem with the axis identical to the axis of the reactor
and the axis of the slab, as can be seen in Fig. 3. There are two reasons for this
decision. Firstly, the melt-through, or ablation, rate of the concrete base slab is of
interest and it occurs in the vertical direction. And secondly, the reviewed results
of the currently available specialized numerical simulations do not oﬀer a clear idea
about the horizontal eﬀect of the spilled corium pool, [1]. Therefore, due to the
excessive scatter of the results on the horizontal ablation and its varying shape, it
was decided not to investigate the horizontal direction in detail and rather express
the eﬀect of the horizontal ablation by reduction of the decay heat available for
the vertical ablation according to the ratio of the vertically ablated volume to
the total ablated volume, which is estimated from the results in [1]. It should
be also noted that the two-dimensional problem is more related to the structural
collapse of the base slab, rather than to its penetration by the overheated corium
pool. Therefore, the spread of the corium pool on the base slab is take as uniform

Fig. 3 Geometry of problem.
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with the corresponding heights of the metallic and oxidic (mainly uranium dioxide)
layers as shown in Fig. 3.
The review of the available information on the corium-concrete interaction
shows that the problem is still being solved mostly theoretically and experimentally
only on small-scale tests, either of which does not provide any definite information
necessary for reliable safety assessment. The description of this information as incomplete, vague, and scarce seems the exact definition of data which are best fit
for processing with the fuzzy logic. Then, in accordance with the objective of this
paper, it is shown that the proposed method, which makes use of the fuzzy logic,
can extend the up-to-date published experimental and numerical results so that an
estimate on the ablation depth and the ablation rate, which are necessary for the
safety assessment, can be obtained even for the existing types of concrete which
are used at the operating nuclear power plants.
The fuzzy logic, beside the other artificial intelligence techniques, such as the
artificial neural network [18], has already proved itself as a very eﬀective tool for
solution of various civil engineering problems when there were no exact experimental data, the data were limited, or the historical data were extended to the current
situation. Examples of these applications can be found in [7] where the risk of
liquefaction of sandy soils due to earthquake was assessed, in [2] where the poorest link in the ready-mixed concrete distribution was identified, in [11] where the
potential excessive deformation of a diaphragm wall was evaluated based on the
past experience, in [17] where the hydration of concrete and the subsequent risk of
cracking was modeled, or in [10, 16] where the eﬀect of winter road maintenance
and cyclic loading on stiﬀness of concrete in compression was modeled, to name
just few examples. Therefore, the trends identified in the graphs, equations and in
the discussions in [1, 3–6, 8, 9, 12–15] were expressed using the fuzzy logic. In order
to maintain the modeling simple, the number of the fuzzy sets was kept low and
only the triangular membership functions were used. The Mamdani inference is
employed and the deﬀuzification is done with help of the center of gravity method
in all cases.

3.1

General description of algorithm

The ablation of the concrete base slab is computed as a coupled problem of the
one-dimensional heat transfer and the mixing of materials in the melt pool. The
problem is discretized into layers along the main axis as shown in Fig. 4. Each
layer consists of three principal materials, which govern the melt-through process,
namely, these are the metals, oxides and concrete. The amount of each of the
material within the layer is expressed as its volumetric percentage in that layer, as
shown in Fig. 4. The densities of each of the materials within the layer are diﬀerent
but their eﬀect on the vertical position of each of the materials within the layer is
not considered as the layers are defined thin enough to hold this assumption.
For the heat transfer analysis, each layer is then considered as a one-dimensional
isoparametric finite element and the heat transfer analysis is governed by the thermal conductivity equation
k
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Fig. 4 Arrangement of layers and corresponding finite elements.
where k is the thermal conductivity, ρ is density, c is the specific heat capacity, T
is temperature, H is the fission decay heat, t denotes time and x is the depth. The
thermal parameters, including the density and the decay heat, which are used in the
heat transfer analysis, are averaged with respect to the proportional representation
of each of the three materials in a finite element.
The coupled problem is solved using the so-called staggered algorithm where
the heat transfer analysis is solved first and is followed by calculation of the mixing
of the materials. The flow of the staggered algorithm is described in Fig. 5. The
mixing is performed at each time step and it is expressed by mutual exchange of
the volumetric proportions of the three materials between the actual layer and the
layer above (see Fig. 4), which runs as a loop from the lowermost layer up to the
upper surface. Then, the material parameters used in the heat transfer analysis are
reevaluated and used for the heat transfer analysis in the next time step. Therefore,
the length of the time step with respect to the thickness of the layer needs to be
carefully selected with respect to convergence of the algorithm. Based on the
numerical testing of the algorithm stability, it was found that the longest possible
time step is equivalent to about 10 minutes with the corresponding thickness of the
layer of 5 cm. Due to the use of fuzzy logic, it is tedious to derive an analytical
convergence criterion for the developed algorithm, therefore the numerical testing
of the algorithm for all possible ranges of the parameters is taken as a suﬃcient
proof of the convergence.

3.2

Two mechanisms of mixing

While the heat transfer analysis is quite straightforward, the mixing of the materials in the melt pool comprises two diﬀerent mixing mechanisms which are described
using several parameters with highly nonlinear behavior, which are defined below.
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Fig. 5 Flow chart of the staggered algorithm.

The two mixing mechanisms diﬀer in their driving forces. The first mechanism
is driven by the gravity and the other by the stirring which comes with the bubbling gas released from the molten concrete. Those two mixing mechanisms define
the way how the material (metals, oxides and concrete) proportions are exchange
between the two adjacent layers.
The first, gravity-driven, mechanism is controlled by the densities, viscosity
and the degree of stratification. The density of a layer is obtained as the weighted
average of the densities according to the proportions of the three materials in the
layer. The viscosity is defined by fuzzy logic as explained in the following section.
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The degree of stratification is proportional to the content of the limestone and
siliceous aggregate in the used concrete when this parameter controls how much of
the metallic part can mix with the other two parts (oxidic and concrete) in a layer.
The extreme cases are the stratified distribution for the degree of stratification
equal to 0 when only siliceous aggregate is used and homogeneous distribution
for the degree of stratification equal to 1 when only limestone aggregate is used.
Then, in the algorithm, the degree of stratification equal to 0 means a mere swap
of the actual proportion of the metallic part between the two adjacent layers and
the degree of stratification equal to 1 means full mixing of the actual proportion
of the metallic part with the other two materials in the two adjacent layers. Any
value of the degree of stratification between 0 and 1 defines how much of the actual
proportion of the metallic part will be mixed with the other two materials.
The second, bubbling gas-driven, mechanism is controlled by the mixing eﬃciency of the rising gas, which is defined in the following sections. The parameter
denoted as the mixing eﬃciency accelerates the mixing of oxides with molten concrete and in the algorithm, the mixing eﬃciency is defined as a multiplier which
increased the mixed shares of the oxidic and the concrete parts of the two adjacent
layers. As a result, the metallic layer would sink below the oxide-concrete mixture
much faster, provided that the degree of stratification parameter would be close to
0. If the degree of stratification parameter is close to 1, the metallic part would mix
much faster with the oxides and the concrete to form a homogeneous melt pool.

3.3

Fuzzy-logic description of gravity-driven mixing

The gravity driven mixing depends mainly on viscosity of the melt pool which consists of a mixture of molten concrete and corium pool. The volumetric proportion
of molten concrete to the corium pool changes with the progressing ablation of
the concrete base slab and so the viscosity changes. The viscosity also depends on
temperature. The experimental data which are available in [12, 13] for description
of the dependence of viscosity on concrete-corium ratio and temperature are shown
in Figs. 6 and 7. Generally, viscosity describes the relation between the velocity of
material flow and the shear stress on the interface of the material layers. The Newton’s viscosity law says that the stress between the layers depends on the dynamic
viscosity and the velocity gradient. The data presented in [13] describe specifically the temperature ranges when the corium-concrete mixture turns from solid
to liquid state, shown in Fig. 6 where the lower curves define the solid behavior of
the mixture and the upper curves specify when the mixture is totally liquid. The
area enclosed between the curves defines the so-called mushy zone where the solid
and also the liquid phase are present within the mixture. The experimental data
by Seiler, [12], shown in Fig. 7 give a hint on the trends between the viscosity of
the corium-concrete mixture and its temperature and the proportional amount of
concrete in the mixture. It can be noted that the viscosity of the corium-concrete
mixture is strongly dependent on the content of concrete in the mixture, when
more concrete in the mixture means higher viscosity at the same temperature and,
the lower the temperature, the higher the viscosity.
Based on these experimental data (Figs. 6 and 7), the fuzzy rules can be derived
for providing the relation between the corium-concrete mixture configuration and
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Fig. 6 Solidus and liquidus temperatures, [13].

Fig. 7 Viscosity of siliceous concrete, [12].

temperature and the corresponding viscosity of the corium-concrete mixture. It
should be noted that viscosity describes the ease of the mixture to be moved, which
in the algorithm is described by the mutual exchange of the volumetric proportions
of the two adjacent layers. The fuzzy model of viscosity, ν, schematically described
in Fig. 8, considers the two input quantities: temperature, T , and density, ρ, of the
corium-concrete mixture at a given location. The density is proportional to the
concentration of concrete which is melted in corium pool. The output quantity is
356
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Fig. 8 Scheme of fuzzy logic model for viscosity of corium-concrete mixture.

the viscosity, ν, which aﬀects directly the rate of sinking of the corium within the
pool in the numerical analysis. Since the type of aggregate, namely the siliceous and
limestone types, aﬀect the viscosity, as can be seen in Fig. 6, the decision-making
table shown in Fig. 8 is defined twice for the respective type of the aggregate. If
concrete consist of either of the types of the aggregate, then the respective table is
used. If concrete uses both types of the aggregate, then both tables are employed
and the two resulting viscosities are averaged with respect to the weights of the
two types of aggregate which is used in the concrete. Tab. I shows the example of
the medium values (the degree of membership, µ, is equal to unity) of the fuzzy
sets for concrete with the siliceous type of aggregate, shown in Fig. 8.

ρ[%] :
T [%] :
ν[%] :

νEL
0.3

TEL
1400
νVL
1.0

TVL
1500

νL
10.0

ρH
50
TL
1600

νM
100.0

ρM
70
TM
1625

νH
300.0

ρL
90
TH
1725
νVH
1000.0

TVH
1850
νEH
3000.0

TEH
1950
νSM
100000000.0

Tab. I Medium values for fuzzy sets of viscosity, temperature and density.
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3.4

Fuzzy-logic description of released-gas-driven mixing

The basic mixing mechanism in this case is the bubbling gas which rises through
the melt pool from the ablated concrete at the bottom of the pool. There are two
primary gases which need to be considered when the mixing eﬃciency is assessed.
The first is steam which comes from both the free and chemically bound water in
concrete, [9]. The amount of free water is directly related to porosity of concrete,
which is usually up to 5 %, and the relative humidity. Then, the maximum amount
of free water in one cubic meter of concrete may be about 50 kg when concrete is
fully saturated, and 0 kg when concrete is dry. The amount of chemically bound
water, which is a part of the C-S-H gel, is about 40 kg. Then, there is about 90 kg of
water which will turn into steam when heated above 100◦C out of one cubic meter
of concrete. The chemically bound water is released at the temperature ranging
from 180 to 850◦C, while concrete melts at the temperature of about 1200◦C.
The other gas is CO2 (carbon dioxide), which is released from the limestone
aggregate at the temperature ranging from 600 to 900◦C, and its amount in one
cubic meter of concrete is about 750 kg, [9]. In the case of siliceous aggregate, the
amount of released CO2 is negligible.
The mixing eﬃciency of the released gas depends mainly on the speed at which
the gas rises and on the amount of the released gas, [8]. The rise speed then can
be defined as a function of viscosity of the corium-concrete mixture. However, the
measured data on viscosity of the corium-concrete mixture is very limited, [12, 13],
and so the viscosity was defined by the fuzzy logic according to the recognized
trends in the experimental data introduced in the previous section, so that the range
of applicability of the viscosity parameter became wider. Therefore, it is reasonable
to define the rise speed also as dependent on temperature and the corium-concrete
ratio, similarly to the fuzzy definition of viscosity in the previous section, as can
be seen in Fig. 9.
The amount of CO2 is proportional to the amount of limestone aggregate in
concrete. Since it happens that the limestone and siliceous aggregates can be both
used in the same concrete mixture, such as limestone sand and siliceous gravel,
the amount of CO2 depends on the weight ratio of the limestone and siliceous
aggregate, and thus it ranges from 750 kg to 0 kg. The thermal criterion of release
of CO2 is set at 800◦C, [9].
The amount of steam, which can be then merely added to the amount of CO2 ,
also depends mainly on temperature. However, in the case of free water, the actual
amount available in the pores also depends on the moisture content. Therefore,
the steam from the free water is released at the exact temperature of 100◦C and
its amount depends on the moisture content, or the relative humidity. In the case
of the chemically bound water, the available amount is taken as dependent on the
water-cement ratio (ratio given in kg/kg) which is used in concrete and it is released
at the exact temperature of 400◦C, which lies within the temperature interval when
most of the hydrates are dehydrated, [9]. The total amount of gas is then taken as
the sum of steam and CO2 which are released at the actual temperature of concrete
at a time step. The mixing eﬃciency, as a parameter which enters the calculation,
is obtained from another fuzzy-logic description of the trends recognized in the
experimental data and their discussion in [8, 14]. The mixing eﬃciency is given by
the fuzzy rules shown in Fig. 9 which basically express the natural upward flow of
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Fig. 9 Scheme of fuzzy logic model for mixing eﬃciency of released gases.

3

Amount of gas in concrete [kg/m ]
Rise speed [cm/s]
Mixing eﬃciency [–]

Low

Medium

High

0
1.50
1

375
3.15
2

750
4.80
3

Tab. II Medium values for fuzzy sets of mixing eﬃciency, rise speed and amount
of gas.
gas through a liquid or semi-liquid corium-concrete mixture, when moderate rise
speed with a high amount of gas shows the best mixing performance. At higher
rise speeds, the bubbles tend to localize in to a continuous stream of gas which rises
through a single or sever channels and thus the mixing eﬃciency is reduced. Also,
when the rise speed is low and the amount of gas is small, the mixing eﬃciency
is low, as can be seen in Fig. 9. Tab. II gives the medium values (the degree of
membership, µ, is equal to unity) for the fuzzy sets defined in Fig. 9.

4.

Example of application of proposed method to
VVER-1000 reactor cavity floor slab

The applicability of the proposed simulation method is shown in an example of
calculation of the melt-through of corium pool through the concrete base slab at
the bottom of the reactor cavity for two limit cases which diﬀer in the type of
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the aggregate, which develop either a homogenized or stratified melt pool. The
simulations were run in Matlab.
The thickness of the concrete base slab is taken as 2 meters and the objective
of the two following examples is to estimate the ablation rate of the concrete slab.
While the geometry of the problem is constant, all material parameters which
enter the analysis vary with temperature and the changing composition of the melt
pool. For example, the density of concrete is 2500 kg/m3 under normal conditions
but with increasing temperature its density decreases to 2200 kg/m3 . The thermal
conductivity of concrete varies between 2.5 and 1.1 W/m/K and also decreases with
increasing temperature. The specific heat of concrete depends on the aggregate
type. The limestone aggregate has a lower specific heat than the siliceous aggregate.
For the limestone concrete, the specific heat varies between 800 and 600 J/kg/K,
when under normal conditions it is 800 J/kg/K and at elevated temperatures it
decreases to 600 J/kg/K. The specific heat of the siliceous concrete varies between
800 and 1300 J/kg/K, when the specific heat increases with increasing temperature.
The oxidic part of corium pool contains the uranium dioxide and zirconium dioxide
which results in a density of about 8500 kg/m3 . The thermal conductivity of the
oxides is about constant 10 W/m/K and the specific heat varies between 300 and
500 J/kg/K, when it increases with increasing temperature. The metallic part of
the corium pool is lighter than the oxidic part with its density of about 6000 kg/m3 .
The thermal conductivity of the metallic part is much higher than that of the oxides
and concrete and is considered as constant 40 W/m/K. The specific heat of the
metallic part is constant 900 J/kg/K. All these values and their trends were taken
from [5, 8, 9, 13].
In the first limit case, only the limestone aggregate is used in the concrete which
results in a fully homogenized melt pool. Fig. 10 shows the development of density
within the homogenized pool along the thickness of the slab over time. At the
beginning, the pool is stratified into two layers when the metallic layer is above
the oxidic layer. Then, the two materials start mixing gradually. Also, with the
progressing ablation, the molten concrete with the lowest density is visible under
the melt corium pool. Since the heat conduction is faster than the rate of mixing, it
can be observed in Fig. 10 that the amount of the molten concrete increases under
the corium pool. Thus the diﬀerence between the rates of the mixing eﬃciency and
the heat conduction is evidenced. The melt pool density decreases gradually with
time and so the gravity-driven mixing becomes slower. The total ablation (full
penetration) of the slab occurs after 40 hours. The corresponding development of
temperature over time is shown in Fig. 11 where the top layer of the pool suﬀers
from the heat losses to the ambient air. The metallic part of the melt pool has
much higher thermal conductivity than the other two materials, therefore, the heat
losses are greater when the metals constitute the top layer. At about 23 hours, the
metals start to mix with the rest of the melt pool, i.e. with the oxidic and concrete
parts. Since the oxides and concrete have lower thermal conductivity, they serve
as thermal insulation which results in a faster increase of temperature within the
melt pool.
In the other limit case, only the siliceous aggregate is used in the concrete
which results in a stratified melt pool. The stratification of the melt pool is shown
in Fig. 12. The stratification, i.e. separation of the metal parts from the oxidic
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Fig. 10 Development of density for case with only limestone aggregate.

Fig. 11 Development of temperature for case with only limestone aggregate.
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Fig. 12 Development of density for case with only siliceous aggregate.

Fig. 13 Development of temperature for case with only siliceous aggregate.
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and concrete parts, of the pool is maintained at all times. The molten concrete
and the oxidic corium mix together which causes the decrease in density of the
oxidic part of the corium pool. The metallic layer then starts to sink under the
oxide-concrete mixture when the density of the oxide-concrete part of the melt
pool becomes less than that of the metallic layer. The sinking of the metallic layer
occurs between 27 and 37 hours, as can be seen in Fig. 12. The sinking does not
occur at one time because the metallic part has a diﬀerent density at each layer
(finite element) of the model. The top layer of the metallic part is cooled down by
the ambient air and therefore has the highest density. As the layers with higher
density sink first, the hottest part of the metal becomes the top layer. Since this
topmost metallic part is warmer and thus with a lower density, the density of the
oxidic part of the pool needs to decrease through the mixing with molten concrete
before the rest of metals can sink under the oxide-concrete part of the melt pool,
as can be seen in Fig. 12. The total ablation of the slab occurs at 60 hours. The
process of the separate sinking of the metallic part of the melt pool is also visible
in the temperature development shown in Fig. 13 as the two parallel lighter paths.
Figs. 14 and 15 shown the density and temperature distribution over the thickness
of the concrete slab at 10 and 33 hours when the progress of sinking of the metallic
part is also well evindenced. The eﬀect of insulation of the heat source is basically
same in the stratified configuration of the melt pool.

5.

Comparison of computed results with
literature

The results of the two examples which are described in the previous section are
compared with the results published in [1]. Fig. 16 shows the comparison of the
ablated depth over time where the results of the proposed method are at the lower
bound of the band which contains the up-to-date published simulation data for
concrete with limestone aggregate. The results obtained at CEA and VTT were
the lowermost and the uppermost results published in [1]. In this case, the melt
pool is fully homogenized due to the considerable eﬀect of mixing with the released
gases from the limestone aggregate. In Fig. 17, the results of the proposed method
are compared with experimental data from [1] for concrete with siliceous aggregate.
Fig. 17 shows clearly the pronounced stratification between the metallic part and
the oxide-concrete mixture within the melt pool, which is caused by the siliceous
aggregate. The sudden increase in the ablation rate at the depth of 1.5 meters is
caused by sinking of the metallic part through the oxide-concrete mixture of the
melt pool (clearly seen in Figs. 12 and 13), which generates heat, and so the sinking
metal accumulates some of the heat and due to its higher thermal conductivity
heats up the concrete below and thus accelerates its ablation. The results of the
proposed method are in this case also at the lower bound of the band of the data
published in [1] for concrete with siliceous aggregate.
The diﬀerences in the comparison may seem large, but it should be noted that
the data published in [1], which are the only publicly available relevant data to
compare with, were obtained with diﬀerent concrete mix designs (contents of water,
cement, sand and gravel) and corium pool with diﬀerent composition. Another
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Fig. 14 Density distribution for case with only siliceous aggregate.

Fig. 15 Temperature distribution for case with only siliceous aggregate.

source of the underestimation of the ablation rate may come from the decay heat,
which is not defined for the results in [1].
The heat generated by decay of the fission products in the oxidic part of the
melt pool is expressed in the presented examples by the following function which
is generally used for estimation of the residual heat during controlled shutdown of
a reactor
(
)
H = H0 · 0.066 t
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Fig. 16 Comparison of ablation rate for case with only limestone aggregate.

Fig. 17 Comparison of ablation rate for case with only siliceous aggregate.

where H0 is the heat generation at the accident time (VVER 1000 with 66 tons of
fuel generates 3000 MW), t is the instant of the heat estimation and t0 is duration
of reactor operation, which is taken as 6 months. The use of this function may be
one of the principal reasons for underestimation of the ablation rate when compared
with other published data in [1] as in the case of the accident the generated heat
would be higher than the heat considered in these examples.
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6.

Conclusions

This paper presents a simple method for estimation of the ablation rate of the concrete base slab in the reactor cavity when the corium pool leaks from the overheated
reactor. On the contrary to the highly specialized computer codes which require
rather deep knowledge in various scientific fields, the problem here was approached
in the traditional engineering manner when all important phenomena of the problem are expressed in the simplest possible and thus transparent way. Therefore, the
fuzzy logic was employed as it allows direct conversion of the identified trends and
verbal expressions into numbers, which can be then used in numerical algorithms.
The results obtained with the presented method provide estimates which are
similar to the publicly available data on the ablation rate of concrete which is caused
by the spilled corium pool. The obtained results show a consistent underestimation
which is, most probably, caused by underestimation of the generated heat from
decay of the fission products. It was also hinted that the comparison tries to match
data which are not fully comparable due to diﬀerences in concrete and corium pool
composition. Therefore, the results of the proposed method can be considered as
another publicly available data which are calculated for the specific type of reactor,
the VVER 1000. Then, the proposed method can be considered as fit for use for
the preliminary estimation of ablation depth, which is necessary for ensuring safety
when a nuclear accident happens.
However, the most proper conclusion of this study seems to be the declaration
that the best way to avoid the severe accident disaster, especially after recent one at
Fukushima-Daiichi is to install at the existing nuclear power plants cooling systems
which will make sure that corium will never leak from the reactor pressure vessel,
which is commonly known as the in-vessel-melt retention strategy.
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