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Abstract 

The ultimate objective of the investigation is the combined dynamic 
response of the pebble bed core and the graphite side wall reflectors 
of the proposed High Temperature Reactor power plant (HTR 500). 
Shaking table tests have been carried out at the 'HBR Vibration Test 
Facility JCilich', FGR, to investigate this combined behaviour. Here, 
mainly the tests are considered, in which the behaviour of the pebble 
bed without side reflectors was investigated. 

The paper describes the constitutive modelling of the assembly of 
spheres comprising the core and the finite element simulation of 
shaking table tests conducted on a 1:6 physical modei of the core. 
The core of the HTR 500 consists of graphite spheres 60 mm dia. 
encapsulating the nuclear material contained in several thousand 
coated particles of about 0.35 mm diameter. The spheres, of which 
there are over one million in the core, are fed in at the top of the 
vessel and pass through it over a period of roughly 2 years. The 
spheres are surrounded by graphite reflector biocks, a metal thermal 
shield and a thck concrete containment. 

The analytical studies and the shaking table tests have been 
performed with the aim of gaining a fundamental understanding of 
the dynamic behaviour of such core material and validating the 
numerical mode. The dynamic analysis of a graphite pebble-bed core 
could be a fairly complex undertaking if all nonlinear effects were 
considered. However, to achieve a practicable solution the ensemble 
of spheres must be replaced by a statistically equivalent continuum. 
Based on the Hertz theories for regular configurations, the 
mechanical characteristics, at small shear strains, correspond to 
those of an isotropic nonlinear hypoelastic medium, in which the 
Lame constants are a function of volumetric strain. Thus, the initial 
modulus values depend on confining pressure, so that the medium is 
inhomogeneous with respect to depth. During seismic excitation the 

volumetric strain, and thus the moduli, will change with time. To 
simplify the analysis, however, a linearized form of the model has 
been adopted, as well as considerations concerning damping effects. 

The numerical simulations carried out thus far concern mainly the 
1:6 rigid wall model (i.e. with a cylinder diameter of 1.5 m) 
investigated experimentally and take the form of a back-analysis. 
Subsequently, the walls were tested separately and finally the 
combined behaviour was investigated. To date only preliminary 
results for the modelling of the reflector walls have been obtained. 

The objectives of this paper are thus twofold. Firstly, to discuss the 
constitutive law and its implementation in a general purpose finite 
element program. Secondly, to present some preliminary results of 
the dynamic analysis and to compare these with data obtained from 
the shaking table tests. 

1 Introduction and Problem Definition 

The seismic safety analysis of the newly designed HTR 500 nuclear power plant re
quires an understanding of the dynamic behaviour of the pebble bed core and the 
graphite reflector wall surrounding it. The wall consists of blocks which are supported 
by springs attached to the outer steel shield. The possible problem that arises is that the 
motion of the mass of the pebble bed core could cause a so-called ovalizing of the 
graphite walls, such that the blocks surfer excessive displacements affecting the core 
geometry. The base also consists of graphite blocks, but it is more stable and does not 
pose a problem. Since little is known about the response to seismic loading of the core 
and wall components and thus of the combined system, an extensive series of shaking 
table tests on a 1:6 model scale has been carried out. 

In order to isolate the behaviour of the individual components these experiments were 
performed in three phases, considering first the pebble bed core placed in a rigid con
tainer, then the spring-supported side wall alone and. finally, the combined behaviour, 
the tests now being in their final stages. Here only the first phase of the accompanying 
numerical investigations is described. 

The shaking table tests were conducted for two purposes. Firstly, on an observational 
basis to verify that the model stands up physically to simulated earthquake loadings in 
the form of harmonic loading and recorded earthquake motions, whose time histories 



were modified to suit the model conditions. Mainly harmonic loading was applied, and 
up to levels which in fact greatly exceeded the expected maximum ground acceleration. 
Secondly, the tests were also carried out to provide data for developing and confirming 
appropriate methods of analysis and numerical models. 

Eventually, it is the aim to model numerically the complete sub-system of core, side 
wall and base. Because of the lack of know-how regarding each of the components, 
however, the theoretical studies have also been broken down into partial investiga
tions. In Phase 1 reported here the goal is to model the pebble bed core by itself and to 
back-calculate the model tests under the assumption of a completely rigid container. 

Because of the particular constitutive model describing the core material a straightfor
ward theoretical investigation using a proprietary computer program was decided 
against. The Finite Element program FLOWERS, developed at the Swiss Federal Insti
tute of Technology in Zurich, has been modified to implement this model together with 
other necessary computational features. 

1.1 Brier Description of Core of HTR Facility 

The High Temperature Reactor type has been developed by the firm Hochtemperatur 
Reaktorbau HRB. Mannheim. FRG. to produce heat for a variety of puposes. The fa
cility provides high safety against melt-down since the core consists of a so-called 
pebble bed of graphite spheres each of 60 mm diameter encapsulating the nuclear fis
sion material. The latter is in the form of small circa 0.5 mm diameter pyrocarbon 
coated particles. Each graphite sphere contains over 16.000 of these particles. The core 
is cooled by nelium gas at a pressure of 55 bar (5.5 MPa) circulating through the pebble 
bed_from top to bottom, the gas temperature rising by about 450 "C. The propose 
HTR 500 has a capacity of 550 MW. 

The core is of 6 m dia. giving circa 200 cubic metres volume. Thus it holds over a mill ion 
(around 1.145,000) of these spheres. They are fed in at or near the top and slowly pass 
through continuously under gravity to the three extraction pipes located in the base. 
The passage through the core takes roughly 2 years, a process that depends on the rela
tive looseness of the pebble bed. 

The pebble-bed is surrounded by graphite reflector blocks, which form a fairly rigid 
base with a spring-supported graphite side wall and pendulum-supported roof blocks. 
The radially arranged springs are attached to a steel thermal side shield, outside of 
which the heat exchangers and ancillary equipment are housed. The whole is then sur
rounded by a circa 5 m thick prestressed concrete containment structure, which is de
signed to withstand the high internal gas pressures. 

The reaction control rods pass down into the core and through the side wall. Under 
normal operating conditions the forces exerted on this wall derive from the thermal 
expansion of the blocks due to neutron radiation, the self-weight of the pebble-bed 
core and the forces exerted by the introduction of the shutdown rods into the core. The 
safety aspects concern above all the proper functioning of the control system both un
der operating and extreme loading conditions, the latter requiring in addition a knowl
edge of the combined response of the pebble-bed core and the wall to seismic loading. 

The side wall consists of two cylindrical layers of interlocking blocks. The inner cylinder 
acts as a radiation barrier, whereas the outer one has the function of mechanical sup
port. The springs supporting it are designed to accommodate the thermal strains in the 
blocks, being stiff enough to sustain extreme load cases. Theoretically, under the action 
of inertia effects the quasi-rigid block elements can deform with partial loss of contact, 
resulting in an oval shape; hence the term ovalizing. If this happens the functioning of 
the control rods passing through the wall may be impaired. Basically the elucidation 
this problem forms the main goal of the general investigation. Indirectly the seismic 
calculations can also throw light on this phenomenon, especially fcr the prototype. 

1.2 Brief Description of Shaking Table Tests on Scale Model of Core 

The HRB SAMPSON shaking table facility in Jiilich. FRG, has a table size of 5 m x 5 m 
and is capable of testing a reasonably sized physical model of the reactor core. The sys
tem has been designed for a 25 t mass. The effective range of vibration frequencies is 
0.1 to 100 Hertz, whereby excitation in all 6 degrees of freedom, i.e. 3 translations and 3 
rotations, is possible. Harmonic, sine sweep or an arbitrary time history of motion (e.g. 
an actual earthquake) can be input. The facility is furnished with advanced signal re
cording and analysis equipment. 

Different series of tests on 1:6 scale models - rigidly contained to simulate the thick 
thermal shield - of the pebble-bed core alone (with spheres of 10.30 and 60 mm dia.). 
of the spring-supported cylindrical side reflector wall alone, and of the combined core / 
reflector wall model have been carried out. More recently a truer modelling with the 
actual number of graphite block layers for the reflector wall and base has been under
taken. Based on the results of the preliminary tests for the core alone it was decided to 
stiffen the container walls, so as to avoid spurious vibrational effects in the container 
wall itself. Various other tests have also been carried out. e.g. two dimensional tests. 

The harmonic excitations were specified as follows: 
excitation type: sinuisoidal (slow sine sweep) 
frequency range: 0.5 - 90 Hertz 
acceleration components: horizontal and horizontal/vertical 
acceleration amplitudes: 2.5. 10 and 15 mis1 (v.rtical = 50% of horizontal) 



The various responses to the applied excitations have been measured at a number of 
points on the model. The results are contained in several reports and for Phase 1 there 
is also a summary in the dissertation of (Kemter. 1988]. Altogether, the following ob
servations and measurements of selected quantities have been made: 

Observations: 
change of static or "at rest" wall pressure due to dynamic loading 
compaction of core caused by dynamic action 
movetrents at the surface of the core 
movements at upper and lower parts of wall. 

Measurements: 
excitation (acceleration of base and of rigid wall at mid-height) 
normal forces and accelerations at 5 stations over the wall height with 
accelerations also observed along the axis of the core. 

The results are presented in terms of time histories and transfer functions, the latter 
between measured quantity and base or wall excitation. In many of the frequency plots 
it is possible to identify peaks in the curve, indicating resonant frequencies. 
The general observations indicate that there is: 

an increase of the static wall pressures due to dynamic loading 
no effect comparable to liquid sloshing at the surface of the core. 
although the surface spheres tend to jump about 
some relative movement of the spheres at the wall surface 
some vibration-induced compaction and tendency to form a more regular 
pattern. 

Comments: 
In general, the results exhibit considerable scatter, probably due to arching action of 
spheres against the container wall. The other important quantity that was evaluated 
from the amplitude-frequency response curves is the equivalent linear damping. This 
was found to be remarkably high for a relatively dense granular material, lying between 
14% and 30%. Damping in granular media is of a hysteretic nature, i.e. fricticnal or 
plastic and not viscous in origin. These frictional effects occur mainly within the mass of 
spheres, but contributions from the boundary with contacts between sphere and wall 
are by no means negligible. It is difficult because of these zonal differences to quantify 
the damping in a linear analysis, in which global values, introduced as a linear viscous 
modal damping, are assumed. The values resulting from the tests correspond to high 
plastic deformations. However, inconsiderable plastic deformations (i.e. only a small 

135 dynamic compaction effect) actually occurs the tests. 

2 Deformational Behaviour of Pebble Bed Material 

A single particle of pebble-bed material exhibits well-defined properties, i.e. spherical 
shape, uniform size (60 mm dia.) and constant elastic parameters. However, due to 
placement by random filling the packing arrangement is irregular. Thus despite the uni
formity of the particles the material laws describing the pebble bed are subject to the 
usual complexities encountered in other granular media. 

Specific investigations of the mechanical behaviour of the pebble-bed material have 
dealt primarily with the elastic properties of a single sphere or the contact properties of 
two spheres (i.e. one contact point). For the present study the stress-strain properties 
are required for both static and dynamic loading and have to be in the form of an appro
priate consitutive model to be implemented in a suitable computer program. The ap
proach adopted in preliminary investigations [Darbre & Wolf, 198S] was to take the 
Hertz theory for the loading of two spheres in contact and to generalize it, with some 
simplifying assumptions, for a random packing. The constitutive model thus obtained 
describes the incremental elastic stress-strain relations for the medium. The constitu
tive model, in which there are no empirically determined parameters for the mass of the 
pebble bed core, gives an estimate of the isotropic elastic moduli of the medium for an 
assumed initial stress state. The limitations of the theory are discussed later. 

2.1 Theoretical constitutive laws for pebble bed 

Because adequate empirical data is not available for the pebble bed material resort has 
had to be made to theoretical studies. There are two basic approaches for granular type 
media, namely the continuum approach, which is by far the more important, and the 
so-called distinct element approach. Although some promising work has been done in 
the latter field, including also studies of random arrays of rigid and elastic spheres, the 
method involves the solution of the equations of motion of each sphere with appropri
ate frictional interparticle contact conditions and kinematic boundary conditions. Al
ready computer solutions of arrays of around 1000 spheres are relatively time-consum
ing. The HTR 500 has around 1.1 million spheres in the core, so that the application of 
the distinct element method would not be feasible. The continuum approach on the 
other hand assumes that it is possible to replace the ensemble of spheres by a statistical
ly equivalent continuum. Of course, with this assumption it is meaningless to consider 
stresses at the structural level, i.e. in elements whose size is of the same order of magni
tude as that of the spheres themselves. 



2.2 Hertz theory of contact between two spheres 

A. Normal force between two equal spheres 

The original Herts theory of contact considers two equal elastic spheres (shear modulus 
G. Poisson*s ratio v) of radius R. Under the action of a static normal compressive force 
N the spheres deform and a plane circular contact zone is predicted. 

The force-deformation relationship exhibits nonlinear behaviour. The initial normal 
stiffness k„: 

* . - | - r H (3KA0« (11) 

B. Normal combined with tangential force between two equal spheres 

Later research work (see (Deresiewicz. 1958]) considered normal contact combined 
with an additional tangential two-way oscillating force. Whereas the normal stress is 
maximum at the centre of the contact area and zero at the edges, for the shear stress it is 
found that a singt larity (i.e. an infinite value of shear stress) occurs at the edges. In prac
tice, as observations confirm, there is an outer annulus in which slip occurs, and the 
distribution of the shear stress over the contact radius exhibits discontinuity. Inelastic 
unloading/reloading characteristics and physically plausible hysteresis effects have 
been predicted. 

For large tangential tractions severe purification of surface asperities results in a 
marked increase in energy dissipation. However, based on the work by Deresiewicz. if 
the spheres are actually at the point of sliding over the whole contact area the value of 
equivalent viscous clamping may be shown to be only 6.4% considering a single contact 
point. Each grair has several contact points but an analysis along the lines of the sim
pler case would seem to be intractable. The high damping values obtained in the tests 
imply large fricnonal dissipation with corresponding large plastic shearing. 

The inherent nonlinearities characterizing the basic Hertz theory for two spheres in 
contact will obviously be present in assemblies of spheres. The nonlinear behaviour will 
be more complicced due to the possibility of spheres rolling relative to one another in 
addition to tangential traction effects. Further, in an irregular assembly contacts are 
continually being tost and reinitiated. 

2.3 Recent extensions of Hertz theory to assemblies of spheres 

Subsequent developments of the Hertz theory have considertd various regular arrays 
of spheres with several points of contact. The latest developments are due to [Darbre <fc 
Wolf. 1985) and [Walton, 1987], who attempt to describe the behaviour of random as
semblies of spheres. A brief summary of the first of these two theories is now presented. 

To arrive at an approximate solution for a random assembly of spheres Darbre & Wolf 
assumed that the second order terms that appear in the expressions tor the compliance 
tensor components for certain close-packed arrays may be neglected. They further as
sume-that the coordination number n. i.e. the number of contact points per sphere, is a 

simple function of the fill factor p: n = 6(—) 2 

•t 

This expression for n corresponds to the regular closely-packed arrays. The general 
expressions for the Lame constants K> and u„ of the pebble bed are given in terms of 
the normal and tangential stiffness coefficients k„ and k,. 

where p is the fill factor. k„ is given by eqn.(2.1) above, with a similar expression for k,. 
This corresponds to the initial tangent to the load-displacement curve. Darbre & Wolf 
suggest taking two-thirds of this value, which corresponds to the secant;) the point 
the load-displacement curve at which sliding at a contact occurs (i.e. the slip annulus 
covers the whole contact area). For frictionless spheres the value of k, is zero. Thus 
there are three alternative values for k,. Adopting the initial slope assumption the 
Lame constants are: 

«-m {$)'>» 
If instead of the Lame constants the shear modulus Ga and Poisson's ratio va for the 
assembly of spheres are employed, the following relations hold: 



The elastic moduli can also be expressed in terms of the volumetric strains, i.e. 

(2 -c ) ( l -v ) j , 2 ^ .T J 

For finite element calculations the expressions for the moduli in terms of volumetric 
strain are suitable for nonlinear analysis. The initial moduli are found from the known 
in situ stresses (e.g. for a hydrostatic stress state). From eqn.(2.5) it is evident that the 
Poisson's ratio (for a homogeneous pebble bed with spheres of identical properties) is 
constant with depth, i.e. does not vary with volumetric stress. For a typical value of v = 
0.15 for graphite. va turns out to be very small, i.e. 0.016. For perfectly smooth spheres. 
on the other hanc. v„ = 0.25 and is completely independent of v (this result being ob
tained also by [Walton. 1987]). Taking the intermediate value of k, the value va = 
0.084 results. 

2.4 Appraisal of Darbre/Wolf model for earthquake loading 

Hertz theory is based on static compressive forces and the feasibility of its extension to 
assemblies of spheres in which dynamic vibrations can cause loss of contact would ap
pear to be problematic. There is another consideration, however, which would invali
date the use of the theory for loading involving stress reversals. From the equations 
presented in section 2.3 the constitutive model for the pebble bed material may be seen 
to bg£onlinear elastic. Infact. iiisof the/ivpoWu-stictype, in which in general the moduli 
are a polynomial function of the components of the stress (or s'rain) tensor. This type of 
law implies isotropy. The incremental stress-strain relation is of the form: 

do,, = F(am>) de,j (27) 

In the present case F depends on the volumetric stress (or strain) only. 

With this type of iaw unloading is not explicitly defined as the model lacks rules for 
stress reversal as well as a memory parameter. There is no proper description of cyclic 
dissipation effects and for certain stress paths spurious energy production cannot be 
ruled out. i.e. this law does not introduce hysteretic damping in a stable way like elasto-
plastic type laws. Accumulated cyclic loading effects such as vibration induced perma
nent compaction (or dilation) are also not accounted for. Thus, with the current volu
metric strain alottj it is not possible to describe the relevant mechanical history. 

In conclusion, therefore, the approach adopted in this study was to linearize the 
Darbre/Wolf model, so that it was only used to provide the initial elastic moduli and 
then to carry out a linear elastic analysis with modal damping corresponding to that 
obtained in the tests. For the combined physical model of core and reflector walls a 
nonlineariry is introduced by the contact between the graphite blocks and due to the 
nonlinear characteristics of the spring supports. In this case modal damping can no 
longer be assumed and has to be replaced by Rayleigh damping. 

3 -Computational aspects 

3.1 Steady state frequency sweep analysis 

The dynamic loading applied in the majority of the tests was in the form of a slow sinu-
soidally varying frequency sweep. For this investigation the steady state response is of 
greatest interest, so that from the computational point of view the analysis can be 
speeded up considerably. In the FLOWERS program [Anderheggen et al. 1985] the 
dynamic routines were modified in a relatively straightforward way such that once the 
eigenvalues and mode shapes had been calculated - which are in any case of impor
tance for comparison with the test results - the modal analysis is carried out without 
resorting to numerical integration in the time domain (which would involve a very large 
number of time steps). For each excitation frequency all that is reouired is a summation 
over all the modes for each quantity of interest like acceleration, stress, etc. 

3.2 "Numerical model and results 

New volume elements were added to the element library of the program FLOWERS to 
cater for the linearized form of the Darbre/Wolf material law. By inputting the single 
sphere parameters, the hydrostatic stress conditions (unit weight, lateral pressure coef-
ficien. and depth below surface) and the tangential contact stiffness parameter the ini
tial elastic constants are calculated automatically for the pebble-bed material at each 
integration point in the elements. The elements used were the isoparametric brick and 
prismatic elements with S and 20 and 6 and 15 nodes respectively. For the brick ele
ments Iron's 6 and 14 point mixed integration rules were employed in addition to the 
standard Gauss rules. 

The meshes used (taking one half of model due to symmetry) consisted of both brick 
and prismatic elements, with 138 elements in the coarsest mesh (# of joints = 177 with-



out and 653 with mid-side joints). The mesh was then refined to 456 elements (538 and 
2052 joints resp.). and finally to 1080 elements/1213 joints. 

In the subsequent investigations the first 12 eigenfrequencies (to above 90 Hertz) were 
calculated tor various parametric values and boundary conditio..., ."•*' the tunnel-
shaped base. Note, if the rough wall condition is assumed over the whole mantle surface 
the lowest eigenfrequencies all lie outside the range of observation. By changing (he 
boundary conditions the torsional modes were also obtained, but these have little im
portance for uniform base excitation. The only material parameter varied was the tan
gential contact stiffness between two spheres. For the coarse mesh the first three eigen
values are tabulated below. 

Taott I Imflufnct o/tangmtial contact tfiffntu and fixity condition ovtr bast on tixtnfrtautncits in Htrt; 

base condition: smooth rough smooth rough smooth rough 
mode 

1 35.2 35.5 41.9 42.2 44.8 45.3 
2 40.9 44.1 50.5 52.0 53.2 54.1 
3 51.5 52 1 63.5 69.7 67.8 76.4 

contact assumption: frictionless secant to curve initial tangent 

The first mode is a purely vertical one. There follow mixed modes (mainly rocking) of 
increasing complexity (see Fig.!). It is evident that the lowest moduli and thus eigenva
lues corresponded to k, = 0. i.e. for fnctionless spheres. The secant assumption of 
Darbre/Wolf produces the next lowest values. It is evident that the tangent contact stif
fness condition has a more important influence on vibrational behaviour than the 
boundary condition over the base. It should be noted, however, that at the corner be
tween cylinder and funnel part fixity was assumed for continuity reasons. 

The influence of mesh refinement on the eigenfrequencies was very minimal, varying 
e.g. for the 3rd mode (with k, = 0) from 51.5 Hertz for the coarse mesh to 52.2 Hertz for 
the finest mesh investigated with 456 elements/2052 joints. Of course, for higher modes 
the influence of mesh refinement becomes important, but they have insignificant dy
namic participation for the frequency range of seismic loading. 

Having analyzed :he eigenvalues for various model parameters some dynamic calcula
tions were performed using the intermediate mesh (138 elements/658 joints) for hori
zontal harmonic excitation. Because the system is linear there is no need to vary the 
magnitude of the base acceleration. The only parameter varied was the modal damping 
value, assumed equal in all modes, with the values 1.5.15 and 19% of critical damping. 
Some typical curves are shown in Fig. 2 in which peaks are evident. The corresponding 
magnification factors, of course, simply reflect the damping values input. 
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4 Concluding remarks 

The experimental results had shown the material to exhibit a considerable scatter with 
peaks observable for horizontal excitation at around 40 to 50 Hertz in the frequency 
response curves. From these curves relatively high (well-behaved) damping values, 
with a minimum of 15% of critical and an average of 19% were obtained. 

In the theoretical study there was no way of verifying closely the observed damping. The 
material law derived by Darbre/Wolf does not eonsidei cyclic hysteretic effects, from 
whichequivalent viscous damping values could be estimated. 

The computed eigenfrequencies show fairly good agreement with test results. In addi
tion, the parametric studies allowed clarification of certain points, e.g. required mesh 
refinement. It was shown that the influence of the tangent contact stiffness condition in 
the Hertz theory plays an important role. The secant condition postulated by Darbre/ 
Wolf, those not producing the best results, appears to be the most realistic one to adopt, 
since it gives eigenfrequencies near to the measured ones and is consistent (unlike the 
k,"Q assumption) with the high dampin? values measured. 
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