Seismic analysis of a reactor building with eccentric layout
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1 INTRODUCTION

Conventional design for a reactor building in a high seismic area has
adopted an essentially concentric layout in response to fear of
excessive torsional effect due to horizontal seismic load on an
eccentric plant. This concentric layout requirement generally results
in an inflexible arrangement of the plant facilities and thus
increases the plant volume. This study is performed to investigate
the effect of eccentricity on the overall seismic structural response
and to provide technical information in this regard to substantiate
the volume reduction of the overall power plant. The plant layout is
evolved from the Bechtel standard plan of a PWR plant by integrating
the reactor building and the auxiliary building into a combined
building supported on a common basemat. This plant layout is
optimized for volume utilization and to reduce the length of piping
systems,

The mass centers at various elevations of the combined building do not
coincide with the rigidity center (RC) of the respective floor and the
geometric center of the basemat, thus creating an eccentric response
of the building in a seismic environment. Therefore, the torsional
effects of the structure have to be taken into account in the seismic
analysis,

2 NUCLEAR BUILDING LAYOUT

The reactor building consists of the reactor external building (REB),
concrete shield building (S/B), and spherical steel containment vessel
(SsCV), Figure 1. The internal concrete (I/C) and the steam
generators (S/G) are enhoused in the SSCV. Fuel handling crane (FHC)
is located at the north side of the plant. The auxiliary building
(AB) is included in the REB. Basically, S/B, SSCV, I/C, and S/G are
axismmetric with respect to the same axis and they are eccentrically
located from the geometric center of the common basemat as shown in
Figure 1,

3  STRUCTURAL SEISMIC MODEL

A 3-D lumped-mass stick model consisted of five sticks (REB and S/B,
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sscv, I/C, S/G, and FHC) is developed as shown in Figure 2. 1In this
analytical model, some of the mass centers are offset from the
rigidity center of the REB., The soil foundation, with shear wave
velocity of 2000 m/s, is represented by a set of springs and dampers
attached to the bottom of the geometric center of the basemat, i.e.,
node No. 101 as shown in Figure 2. In order to compare the seismic
responses at the location most remote from the RC with those at RC,
additional nodal points, connected to RC by fictitious beams, are
provided as shown in Figure 3.

3.1 DERIVATION OF RIGIDITY CENTER

The rigidity center of the shear wall elements between two floors to
resist the horizontal seismic load can be determined by:

X = &Xi-(RYL Y= ZYir(RWi h
r (Ry)i r (Rx)i

where (Rx)i, (Ry)i = rigidity of wall element (i)

_[ hi+ hi3 -1 in respective direction,
AjG  12EI4

Xi, Yj = coordinates of element (i), Aj = effective shear area of

element (i), Ij = moment of inertia of element (i), hj = height of the
wall element (i), E,G = Young's modulus and shear modulus.

3.2 DERIVATION OF TORSIONAL RIGIDITY

A 3-D finite element model as shown in Figure 4 is developed for
computation of the total torsional rigidity of the walls of each
floor. The individual wall in this figure is represented by a beam
element of the equivalent stiffness locating at the wall center with
both ends connected to the floor slabs. The torsional rigidity (Kg)
is obtained by computing the angle of rotation (¢)due to torsional
moment (Mp) applied at the upper floor as:

M (2)
Ky -g—
The center of rigidity can also be obtained by applying a lateral
force in X-direction or Y-direction at the upper floor as shown in
Figure 4 and be expressed as:

X = KT-¢F¥ ’ y = Kp-Pry (3)
r F r F
y X
ere Fx, Fy = lateral force in X- and Y- direction, respecti&ely,
Fx, = torsional rotation due to Fy and Fy, respectively. The

centers of rigidity obtained by Equation (1) and (3) have been proved
to agree very well in this study. Using the reactor center line as
the reference datum, five floors show eccentric layout with respect to
this center line. The offsets of the RC of these floors for
earthquake in N-S direction are shown in Figure 2.
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4  SEISMIC ANALYSIS RESULTS

In order to differentiate the eccentric effect, a concentric seismic
model is created by artificially eliminating the eccentricities of the
nodal masses and the stick elements of the eccentric model. The
fundamental modes of both models are very similar, basically due to
rocking deformation with respect to the horizontal axis of the
basemat, Figure 5. A certain degree of rotational deformation is
obtained at the 2nd mode of the eccentric model, while in the
concentric model it does not occur until the 5th mode.

Time history analysis of seismic load (S2) with 600 gals maximum
acceleration is performed for both models. Nodal accelerations and
element forces of both models are provided in Tables 1 and 2
respectively. Except for the torsional moments, which are negligible
for the concentric model, the differences between the two seismic
models are insignificant. Comparison of response spectra curves at
mid-height of SSCV (Node No. 34) and S/B apex area (Node No. 13) for
both models are provided in Figure 6 and 7 respectively. Again, the
differences are insignificant. Response spectra curves at the center
and the most remote point of REB are compared in Figures 8 and 9.
Slightly higher responses are resulted from the latters for
frequencies higher than 8 cps, which are due to the additional
rotational response at higher modes.

5  STRESS EVALUATION

The computed shear force and torsional moment at each floor are
applied in the 3-D FEM of the corresponding floor. For example, the
distribution of the in-plane shear stress among the major shear walls
at elevation 3.5m is shown in Table 3, which consists the stress
components due to in-place shear force and torsional moment. Table 4
summarizes the maximum shear stress at various elevations of the
structural components. The maximum ratio of the shear stress due to
the torsional moment to the total shear stress is about 38%.. For most
cases, such ratio is less than 20%. However, significant shear stress
due to the torsional moment only occurs at the shear walls located far
away from the rigidity center of the floors which are substantially
eccentric with respect to the geometric center of the basemat, such as
element number 1 and 2 of REB. Nonetheless, by comparing with the
allowable stress of the respective buildings, all of the computed
shear stresses are within the allowable limit.

6 CONCLUSIONS

Based upon seismic analysis of a nuclear building with a significantly
eccentric layout, the following conclusions can be made:

1. Only the areas at the edge of a building experience higher
response spectra than that at the rigidity center.

2. The torsional moment of an eccentric building may contribute a
significant portion of the total shear stress of a shear wall.,
Such high ratio of torsional shear stress occurs only in a small
portion of the shear walls. However, the total shear stresses of
the developed building layout are still within the allowable
limit,

441



It is to be noted that the original plant layout is developed for non-
seismic related requirements (such as shielding requirement) and is

designed for use in low seismic zones (<300 gals).

Based on the

results of this study, the general principle of keeping minimum
eccentricity should not dictate the plant layout development,
especially if such design principle could result in a cost ineffective

building.

TABLE 1
SUMMARY OF NODAL ACCELERATION OF STICK MODEL

TABLE 2
SUNMARY OF ELEMENT PORCES OF STICK MODEL

IC MODEL MODEL ECCENTRIC MODEL NODEL
Strue- | Node
ture | wo. X*_(n/SEC2) X® (M/5EC?} Shear Bend. Tors. Shear Bend.
Ble- | Force Moment oment arce | Moment
azs 2 7.48 7.51 Struc- | ment | (x 163) | (x 10%) (x 104) (x 193) | (x 104)
; : B :; : .09 tute Mo. ton ton-m ton-a ton ton-m
. -39
6 9.45 9.44 s 1 328.9 926.2 397.6 327.2 936.5
7 9.58 9.46 2 016 842.8 397.1 2999 853.9
8 11.23 11,03 3 301.4 769.9 397.1 299.9 788.1
s 13.33 13.32 i 258.3 665.6 386.7 256.8 §75.7
10 15.77 15.99 5 21804 588.5 110.4 218.1 597.3
1 18,13 13.86 6 131.8 362.9 86.8 132.4 36407
12 20.25 20.83 8 85.8 269.1 52.0 86.9 212.7
13 22.19 22.41 ] 7.1 96.4 28.5 47.6 9.
1 23.18 21242 1 234 38.9 7.1 2400 9.5
1n 9.9 4.9 1.8 1.2 15.6
12 a8 4.6 a.5 4.9 4.8
15 9.73 9.78 13 a6 9.3 o9 o6 0.3
e 18 12.69 12.79
21 15.23 15.76
1/c 14 3.1 1.6 9.85 36.3 4.8
15 28.5 3.6 9.77 28.7 31.8
25 11.36 11.34 16 1906 2003 9.39 19.6 20.3
28 21.79 21.66 17 19.6 8.4 9.39 19.6 18.4
sscv | 31 37.98 38,35 18 17.6 6.8 9.39 17.6 6.6
34 45.86 46.47 19 8.6 6.1 9.98 a4 6.8
37 S1.44 56.44 20 8.4 4.2 a.68 8.1 41
0 75.57 76.99 2 6.1 0.7 o.98 6.1 9.7
a 12.26 13.32 sscv | 22 15.32 36.75 2.24 15.68 37.71
e “ 39,58 39.56 23 15, 36.14 2.22 15.66 3.0
s EEY “.7 24 15.21 34061 2.20 15.58 35.52
25 15,08 31.87 2.16 15.46 32,71
" eos s 2 14.93 29.37 210 15.30 30.09 o9
7% 15.53 15.585
8/ 71 22.25 22.67
» 37.98 7.3
TABLE 3
TABLE 4
MAXINOM IN-PLANE SHRAR STRESSES OF MAJOR RESISTING SHEAR
WALLS FOR SEISMIC LOAD IN N-S DIRECTION SUMMARY OF MAXIMUNM IN-PLATE SHEAR STRESSES
Wall Wumber® Shear Area Max. Stress (T/M?) Stick Model The Maximum Stress (T/M2)
o i, +3.9 n2) Oy + T =0a Building Element Ho. + = Umax
I 38,36+ i1 = (I I
LLi ! T92.75 1819 = 1 - = .
£ T e 1s7s = LT nracron e TR
—ip R R aRT A T EXTERNAL 37,48 26.50 = TI3.
=2 i BLDG. 3394 33.20 = 186,04
I, 97 FCR—— Nt e L P M PSSR L
e 35 —t 112, 36 = 1
= - s 585 I3106 = 189,37
R e P W s — T T
-g. =42 323 SUIELD 0.0 e = H,:E
5 T 88 = 81,80 ] %8 T
in Tezist s st Teriae] Bl o R
T8 T9a. 60 s 19,43 = T10.31] H S a4
IE: 99,88+ Yol - 11034 1o E S
ﬂ*“!ﬂ SR 9= G117 1995 et
(1] 3695 LN 3 -1 P -
3 A x - | S—— ) = 198.73 |
T 12 7,47 3 e 96,75 —r R = st
— | 17. 55111 11,30 = 106.30] N
—T Fa 51 & 5= 50 1] 2z WY 4 b 351.96 = ASEA,
1T T T ry = sscv 30 178,20 371,88 = 9450.00
£+ 3 v ICH - LW = O
—35 £ 103.09 v 6.3 = 199.30] -B -2 +

O is shear stress force
T is shear stress due to torsional momeant

*Wall nusber refers to the plant layout at EL. 3,58,
See Pigure 1.

**NHaximum shear stress at shear walls in this floor.
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Ty is shear stress due to lateral loads.
Tt is shear stress due to torsional loads.

*Ses Wall No. 2, Table 3.
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Figure 2
SE!SMIC MODEL FOR ECCENTRIC PLANT CONFIGURATION

Figure 4
3-D FOR COMPUTATION OF TORSIONAL RIQIDITY AND
~ CENTER OF RIGIDITY
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BETWEEN THE MASS CENTER

OF FLOOR SPECTRA
AND THE EDGE POINTS OF THE FLOOR AT EL. 269 m




