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ABSTRACT: This paper describes various aspects of the seismic engineering of the
Replacement Research Reactor Project (RRRP) at Lucas Heights near Sydney, Australia.
They include: seismic hazard studies; codes and criteria; 3D response spectral analyses of
the Reactor Building and design of shear walls; 3D time history analysis of the Reactor
Building under synthetically generated ground accelerations; derivation of floor spectra
for equipment design; seismic qualification of the Reactor Block; and Beyond Design
Basis assessment of the Reactor Building using push over analysis.

1 INTRODUCTION

ANSTO's Replacement Research Reactor (RRR) is a 20 MW pool reactor fuelled by low enriched
uranium producing radioisotopes and neutrons for medical and research purposes. The reactor pool is
housed inside a thick concrete containment referred to as the Reactor Block, which itself forms part of
the concrete structure of the multistorey Reactor Building.

The RRR has been designed to comply with the most demanding safety regulations. The “defence-in-
depth” approach provides the facility with multiple levels of protection against the accidental release
of radioactive materials and ensures compliance with the fundamental safety objective of protecting
individuals, society and the environment from the harmful effects of radiation.

To achieve the required level of reliability and operational availability, stringent criteria have been
imposed on the structural design of the RRR. In this regard, the design brief has paid particular
attention to the seismic performance of the Reactor Building (RB) and its associated facilities under
two levels of earthquake, namely, the Safe Shutdown Earthquake (SSE) and the Operating Basis
Earthquake (OBE). With a mean return period of 1 in 10,000 years, the SSE governs most aspects of
the seismic design of the RB.

Various aspects of the seismic engineering of the Reactor Building are discussed in this paper.

2 SEISMIC HAZARD STUDIES

The site of the RRRP has been the subject of numerous seismic hazard studies over the past two
decades or so. These studies employed both deterministic and probabilistic methodologies in order to
predict the Peak Ground Acceleration (PGA) and, its associated Design Response Spectrum (DRS) for
the OBE and SSE events.

In general, lack of field data relating to strong motion earthquakes of long return period in South-East
Australia has caused significant difficulties in characterising potential source earthquakes and
attenuation relationships. As a result, there have been significant variations in the levels of PGA and
shape of DRS proposed by these studies.
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To overcome this problem, a reasonably conservative (upper-bound) approach has been adopted for
design purposes, resulting in values of 0.09g and 0.37g for the horizontal PGA of the OBE and the
SSE, respectively.

For the DRS, the method and control points given in US AEC Reg guide 1.60 were used to derive a
generic broad-band spectrum for the site. Once scaled to the corresponding horizontal PGA, this
spectrum envelops the smoothened versions of the spectra proposed in the aforementioned seismic
hazard studies. The generated horizontal DRS curves are presented in Figure 1 with indicated levels of
damping in accordance with the codes of practice for design of nuclear safety structures such as
ASCE-4 (1998) and IAEA Techdoc-348 (1985).

For vertical accelerations a scaling factor of 2/3 has been applied to the horizontal DRS curves.

Figure 1 Horizontal acceleration response spectra

It is worth noting that a detailed geoseismic  assessment of the RRRP site was recently completed.
This involved “near field studies”, and excavations and dating of the rocks and local faults. These
studies concluded that the local faults are “incapable” of moving during the design earthquake and the
that PGA and DRS shown in Figure 1 adequately represent the seismic hazard for this site.

3 CODES AND CRITERIA

While there is a good body of codes and criteria for seismic design of nuclear power plants, the same
cannot be said in the case of research reactors. At the time of the design of the RRRP, the only
available document specifically referring to seismic design of research reactors was IAEA Techdoc-
348 “Earthquake Resistance Design of Nuclear Facilities with Limited Radioactive Inventory”. This
code is currently the subject of a major revision with a comprehensive draft (Techdoc-xxxx 1999)
issued for review.

While seismic codes applicable to nuclear power plants can be used for design of research reactors
such as the RRRP, they are in many cases unduly onerous. This is because typical nuclear power
plants have much larger footprints, are much more complex, and contain quantities of radioactive
material that are orders of magnitude larger.

Given the above, a combination of different nuclear and non-nuclear codes and standards were
considered for design of RRRP. After careful examination of the issues concerning compatibility of
different codes, Table 1 was devised for the applicable codes for seismic analysis and design of the
Reactor Building. The details of these standards are listed under References at the end of this paper.

It is worth noting that a  fundamental design criterion adopted for the Reactor Building is that the
structure shall remain generally elastic (ductility factor=1) under both OBE and SSE events. This
approach is conservative and should ensure that the structure would exhibit minimal damage under
design earthquakes. In the case of structural elements, which are not required to maintain
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“containment” around the reactor, some localised redistribution of stresses is permitted, within normal
limits.

STRUCTURAL
AND SEISMIC
DESIGN:

IAEA
50-SG-
S1

IAEA
50-SG-
D15

US Reg.
Guide
1.60

IAEA
Tech
Doc-348

ACI
318

ACI
349

ASCE
4-98

AS
1170

AS
3600

AS
4100

AS
3735

AS
1418

DOE
STD-
3014-96

Load and Load
Combinations

√ √ √

Design Response
Spectra

√ √ (1)

Damping Factors √

Ductility Demand √

Modelling and
Analysis

√

Structure/Rock
Interaction

√

Floor Spectra √

Concrete Design √ √ √

Steel Design √

Aircraft Impact
Grillage Design

√ √ √

Crane Design √ √

Structure/Process
Combined

√

√ Denotes code applicability

 (1) Adopted design response spectra exceeds minimum requirements from TECDOC-348

Table 1. List of applied standards for seismic design of the Reactor Building

4 3D RESPONSE SPECTRAL ANALYSES

A response spectral approach has been adopted for determining the structural actions imposed by the
OBE and SSE events on the Reactor Building (RB). For this, 3D mathematical models of the RB have
been developed using ETABS7 and SAP2000 suite of analysis programs. While the ETABS model
has been used for preliminary design purposes, the final design has been verified with the SAP2000
model (refer Figure 2).

In the SAP2000 model, beam, plate/shell and brick finite elements have been employed to represent
linear, planar and solid zones of the structure, respectively. Concrete shear walls, which are the main
lateral load resisting elements of the RB are modelled using shell elements with both in and out of
plane response characteristics included. A typical mesh size of 1m by 1m was used for the plate and
shell elements. The Reactor Block, which also provides significant seismic stiffness and strength to the
whole RB, is modelled using 3D brick finite elements.

This FEA model is first analysed as an eigen-value problem to obtain the modal dynamic data required
for the subsequent spectral analyses. Table 2 summarises the results of this stage of analysis. The
natural frequencies and periods of the first 2 fundamental vibrational modes of the structure (ie,
longitudinal and lateral modes) are shown in bold numbers.

Also presented in Table 2 are the modal mass participation ratios for the first 8 modes of vibration.
The cumulative modal mass ratios of 90% in both lateral directions confirm that global seismic
response of the RB structure can be adequately represented by the seismic responses of these 8 modes.
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Figure 2.  Three dimensional finite element model of the Reactor Building using SAP2000

The modal response superposition has been performed using a Complete Quadratic Combination
(CQC) technique. Furthermore, a 100%-30%-30% rule has been applied for directional combination of
the spectral results.

Modal mass participation
ratio (%)

Cumulative modal mass
participation ratio (%)

Global
Mode

Frequency
(Hz)

Period
(s)

X Y X Y

1 6.8 0.148 0.6 55.2 0.9 56.0

2 7.5 0.133 22.4 0.0 23.3 56.1

3 8.1 0.124 43.4 2.0 66.7 58.1

4 8.5 0.118 1.8 3.6 68.6 61.7

5 11.4 0.088 0.3 0.2 68.8 61.9

6 16.9 0.059 1.3 31.0 70.1 92.9

7 17.6 0.056 14.9 1.5 85.1 94.4

8 19.6 0.051 11.8 0.1 96.9 94.5

Table 2. Modal dynamic analysis data for the Reactor Building

The SAP2000 model accurately models the geometry of the shear walls including all irregularities and
penetrations.  Therefore, the response spectral wall stresses have been used directly to check the
adequacy of the walls in diagonal compression and to design reinforcements to resist diagonal tensions
and out-of-plane bending. Figure 3 depicts the response spectral stresses for two major shear walls in
perpendicular directions of the RB.

Figure 3. Response spectral seismic stresses for two major shear walls
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5 3D TIME HISTORY ANALYSES

The design brief required seismic qualification of all sensitive floor-mounted equipment using direct
methods or shaking table tests. This required provision of “floor response spectra” and time histories
of earthquake response at various locations throughout the Reactor Building.

To generate this information a series of 3D time-history finite element analyses were conducted using
modified versions of the SAP2000 model.  The acceleration time histories and response spectra for the
two horizontal components (longitudinal and lateral) of the floor response were obtained using the
SAP2000 model with rigid diaphragms modelling the floors. In another version of the SAP2000 model
plate elements were used to model the floor. In this case, modelling the out-of-plane stiffness of floor
diaphragms allowed the floor response spectra to be obtained in the vertical direction as well.

Synthetically generated ground motion accelerations were used as input excitations to the time history
analyses (refer Figure 4). Guidelines described in ASCE-4 (1998) were used to generate synthetic
ground motion acceleration time histories with their spectral shapes conforming to the DRS in Fig. 1.

Time history analyses inherently require substantial computational power, ie, long running time. This
situation is further aggravated for the reactor building model due to the large number of degrees of
freedom involved in brick and shell elements. In order to achieve efficiency, a mode super position
technique involving “Ritz-vectors” (as opposed to the conventional “eigen-vectors”) were used.  This
allowed the intricate local response of the walls and floors to be incorporated in the global analysis
efficiently and with sufficient accuracy.

Other key aspects of the time history analyses included: (a) modelling “softening” effects of cracked
concrete using secant moduli derived for each element depending on the level of sustained loading; (b)
modelling of soil-structure interaction with discreet springs; (c) provisions for flexible diaphragms.

The raw floor spectra generated by SAP2000 (Figure 5) were post-processed in accordance with
ASCE-4 (1998) recommendations. This involved developing routines for “averaging”, “broadening”,
“lowering” and “smoothing” of the raw spectra. Typical “processed” floor spectra are depicted in
Figure 6.

Figure 4. 3D time history analysis of the Reactor Building and derivation of floor spectra

Reactor Block
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Figure 5 Typical “raw” floor spectra

Figure 6 Typical “processed” floor spectra

6 SEIMIC DESIGN OF THE REACTOR BLOCK

The reactor block is an 18-meter tall high-density reinforced concrete structure with thick walls
enclosing the reactor pool.

The designed thicknesses of the concrete walls are controlled by functional requirements such as
radiation shielding and containment rather than any strength criteria. The details of the steel
reinforcements are also governed by the requirements for crack control under various operational and
accidental thermal conditions.

However, the over-sized (and hence overly stiff) nature of the Reactor Block results in its receiving
around 40% of the seismic loads generated within the Reactor Building.  This in turn leads to a level
of overturning which needs to be controlled by rock anchors at the base of the Block to avoid
excessive cracking of the base slab.

In order to calculate the distribution of overturning-induced stresses at the level of base slab and to
confirm that seismic stresses are not governing the design of the Reactor Block itself, a series of 3D
brick finite element analyses were performed.

This involved the following steps:

•  A “solid” 3D CAD model of the Reactor Block was developed using AutoCad with all complex
geometry around the openings modelled with relative ease (refer Figure 7a).

•  The solid model was then imported into Strand7 finite element program and auto-meshed into
“tetrahedral” brick elements (refer Figure 7b)

•  Finite element stress analyses were conducted under quasi-static seismic loads derived from the
global response spectral analyses of the Reactor Building
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•  Analysed tensile and compressive (Figure 8) stresses were then examined to ensure adequacy of
the concrete and its reinforcements and to determine rock anchor requirements at the base.

Figure 7. (a) Solid Model of the Reactor Block; (b) Tetrahedral finite element mesh of the Reactor Block

Figure 8. Vertical stresses in the Reactor Block due to the combined seismic loads

7 BEYOND DESIGN BASIS ASSESSMENT

The design brief required an assessment of the global performance of the Reactor Building under
seismic events exceeding the specified Safe Shutdown Earthquake (SSE). This was to demonstrate that
the global over-strength and ductility of the structure would allow “Beyond Design Basis” (BDB)
earthquakes to be resisted without loss of the overall integrity and stability of the structure. The
methodology employed for the BDB studies involved generating “pushover” capacity curves
combined with Displacement Coefficient Method as described in Applied Technology Council (1996).

The pushover capacity curves essentially depict the relationship between the total lateral seismic loads
(base shear) and the RB roof drift. This has required simulation of nonlinear behaviour of the structure
under progressively increasing levels of horizontal loads. The key sources of nonlinear behaviour of
the RB under lateral overloads are: (a) nonlinear behaviour of squat shear walls under shear
deformations (OECD 1996); (b) global “rocking” of the building; (c) yielding of rock anchors; (d)
shear/flexural yielding of coupling beams

A nonlinear pushover analysis procedure was developed using a piece-wise linear analysis process
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with bilinear stress-strain relationships for walls, beams and anchors. Lateral seismic loads were
applied in a quasi-static loading pattern conforming to the first mode of the global dynamic response.

These studies indicated that a BDB event with a spectral acceleration more than 2 times the SSE can
be sustained by the RB structure with major shear walls and floor slabs, and the Reactor Block
essentially intact. The damage would be limited to yielding of some rock anchors and shear walls, and
failure of some minor walls in shear.

8 CONCLUDING REMARKS

The need to comply with a suite of unusual and stringent seismic design criteria for the Reactor
Building presented many technical challenges to the design team. In order to demonstrate the
adequacy of the design for the adopted criteria, advanced analysis procedures involving innovative
modelling techniques were conducted. This allowed simulation of complex structural responses, which
would have otherwise required highly specialised personnel and expensive programs, to be carried out
by the in-house engineers using general-purpose finite element programs such as Strand7 and
SAP2000.
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