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SUMMARY

The purpose of this study is to investigate seismic wave passage effects to nuclear 

fuel cycle "canyon” type structures which can approach 1000 feet in length. The two prime 

design considerations investigated are: torsional effects due to spatial distribution of 

the seismic wave; and, the effects due to compatibility with waveforms.

The torsional study adopts the average effective torsional input motion, as proposed 

by Iguchi, to evaluate torsional effects to structures of various lengths. The torsional 

response spectra derived show the frequency and amplitude filtering phenomena for Various 

ratios of building and wave length. Torsional and translational responses of simple, 

symmetrical buildings are analyzed, which include the effect of soil-structure interaction. 

Values of eccentricity and response spectra are derived, related to structure dimension, 

seismic wave length, and torsional and flexural rigidity of the structural models. Tor­

sional design considerations for long buildings due to seismic wave motion are discussed.

The additional stresses and displacements of long structures due to compatible soil 

and foundation movement are normally ignored due to rigid foundation assumption. Unlike 

buried piping, which is normally treated as a direct strain compatible problem when eval­

uating wave passage, a long structure should consider strain relaxation due to soil­

structure coupling effects. The analysis is formulated by a mathematical model, coupling 

the foundation with distributed soil springs representing soil-structure interaction. 

The input earthquake motion in terms of displacement time history includes wave traveling 

parameters. A practical technique is developed to evaluate the corresponding displacement 

fields beneath the structure where the strain value is maximum during the seismic wave 

passage. Additional stresses and displacements are obtained by applying soil particle 

movement in a coupled model analyzed statically.

The magnitude of waveform effect is evaluated by: variation of structural rigidity 

versus equivalent distributed soil springs; the dimension of the structure versus wave 

length; and, other parameters. Evaluation of the results provides guidance on the 

relative significance of the additional stresses with respect to various lengths of 

nuclear-related long structures considering soil spring relaxation effect.



1. Introduction

A common assumption applied in seismic analysis of structures is that earthquake 

motion is identical at all points beneath the structure. However, for long buildings the 

complex propagating nature of seismic waves should be considered. For special types of 

nuclear fuel cycle structures which can approach 1000 feet in length, seismic wave passage 

effects are a significant design consideration. Of particular importance for design pur­

poses are the torsional effects due to the spatial distribution of seismic waves, and the 

effects of additional stresses and displacements due to compatibility with waveforms.

The complete analysis of a linear elastic ground supported long structural system 

subjected to seismic wave passage is a complex problem. Mathematically, the seismic re­

sponse of a linear structural system is a homogeneous initial value problem:

920 - L [U] = 0 o
at2

where U is the vector of unknown dynamic response values, U(y,t), and y may be any dimen­

sional vectors. L [U] is a differential operator which depends upon the structural system. 

The system normally assumes zero initial conditions, and nonhomogeneous boundary 

conditions: B [U] = g(y,t). B [U] is a differential operator evaluated at the boundary. 

The boundary conditions g(y,t) are defined as the seismic input motion with a known wave 

velocity. The homogeneous initial value problem with nonhomogeneous boundary conditions 

may be transformed into a nonhomogeneous initial value problem with homogeneous boundary 

conditions [1,2] by introducing a function V(y,t). The function V(y,t) is chosen to 

satisfy the boundary conditions B [V] = g(y,t). By making the substitution W(y,t) = 

U(y,t) - V(y,t), it can be shown that the nonhomogeneous equation of motion is:

32W — a2? (2)
3t2 _ 8t2

The function V(y,t) defined in this manner represents the time response of the system 

due to change in the time dependent boundary conditions as if the excitation were applied 

statically. The response V(y,t) varies with time but does not include dynamic amplifica­

tion effects. This implies:

L [V] = 0 (3)

The total response of the system U(y,t) is obtained by solving V(y,t) statically, 
and W(y,t) dynamically.

For practical purposes, the seismic analysis of a long building can be simplified 

as the combined effects of two parts:

(a) Dynamic analysis of the structural system with the foundation assumed rigid. 
The effective combined motions, which consider wave passage effects due to 

translational and effective torsional motions, are applied to the structure 

dynamic model, as in a conventional analysis.

(b) Static analysis of the structural system with both foundation and superstructure 

exhibiting elastic properties and subjected to waveform induced displacement at 

the foundation base.

2. Torsional Effects

A rigid rectangular foundation is assumed in evaluating the torsional effects to long 

symmetrical buildings due to seismic wave motion. Effective torsional motion is derived 

— 2 — K 2/4



from synthetic earthquake acceleration time history motion using the technique proposed 

by Iguchi [3], Figure 1 shows the foundation model used for calculating effective tor­

sional motion.

2.1 Ground Response Spectra

Translational ground response spectra are generated from horizontal synthetic 

earthquake motion, and torsional ground response spectra are generated from effective 

torsional motion. Figure 2 shows the torsional spectra for buildings of length equal to 

400, 600, 800 and 1000 feet. The magnitude of response acceleration decreases with in­

creasing length for all frequencies, consistent with the input torsional motion. Scanlan 

[4] plotted the torsional amplification of a symmetrical structure as a function of fre­

quency and Cs (where Cs = wave velocity) for input motion in terms of Fourier series. 

Scanlan’s results compare favorably with the torsional ground response spectra generated 

from the synthetic earthquake time history used in this analysis.

2.2 Effective Eccentricity

Effective eccentricity due to seismic wave passage is determined for long sym­

metrical buildings of various lengths and degrees of torsional stiffness. Model 1 of 

Figure 3 shows the lumped-mass stick analytical model in which impedance functions are 

adopted to model soil-structure interaction. The response spectrum technique is utilized 

to determine torsion, T, and shear, S, at the base of each building. Shear is determined 

from the horizontal ground response spectra without considering the filtering effect, and 

torsion is determined from the torsional ground response spectra. The effective eccen- 

tricity for each building is determined by the following equation:

e (percent) = F(100) (4)

The time elapsed as a seismic wave passes through half a building length is:

T - L (5)
2CS

Figure 4 shows the relationship between effective eccentricity and the time of seismic 
wave passage for buildings of various torsional stiffness. For the long buildings ana­

lyzed, an increase in T from 0.10 to 0.25 results in steady to slightly decreasing values 
of e. The range of e is from 2.7 to 6.2 percent in comparison to the minimum value of 

5.0 percent recommended by the United States Uniform Building Code.

2.3 Torsional Effects to Floor Response Spectra

The torsional effects to floor response spectra are determined by the coupled 

motion technique. The results are evaluated and compared to those determined by the 

eccentric model technique. Each technique performs time history analyses to generate 

spectra which consider variation in building length, wave velocity, and torsional and 

flexural rigidity.
Both horizontal motion and torsional motion are input in the coupled motion 

technique. Model 1 of Figure 3 shows the analytical model. Translational and torsional 

floor response spectra are generated at the roof of the building, at the center of ri­

gidity (point A). The equivalent translational response spectra due to torsion at point 

B are calculated by multiplying the torsional response spectra at A by the distance to B. 

The translational response spectra at B including torsion are determined by combining the 

equivalent translational spectra at B, with the translational spectra at A, using the 

SRSS technique as recommended by Ray and Jhaveri [5].
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The eccentric model technique is commonly utilized to determine the torsional 

effects to a symmetrical structure due to seismic wave motion. Model 2 of Figure 3 shows 

the analytical model which incorporates an effective eccentricity. This study assumes 

the values of effective eccentricity derived in section 2.2. Translational time history 

motion is input to generate translational floor response spectra which are assumed to 

incorporate torsional effects.

Both techniques result in significant torsional effects to the translational 

floor response spectra if the torsional frequencies are in the range of maximum torsional 

ground response. Torsional effects are minimal if the torsional frequencies are outside 

of the range. Figure 5 compares the translational floor response spectra derived from the 

coupled motion technique and the eccentric model technique. These spectra include the 

effects of torsion at B for a building of length 400 feet, and fundamental torsional fre­

quency equal to 2.8 cps. The translational spectrum at A is shown in Figure 5 and has no 

torsional effects. The torsional frequency lies in the range of peak ground response of 

Figure 3. Hence, significant amplification results for both techniques. However, the 

eccentric model technique shows amplification of the spectrum at the translational fre­

quencies (2.5 and 12 cps.), whereas the coupled motion technique shows amplification at 

the fundamental torsional frequency. Of particular note, the coupled motion technique 

indicates that the torsion effects to translational floor response spectra may exceed 

those determined by the commonly used eccentric model technique.

Thus, the torsional effects to long symmetrical buildings due to seismic wave 

passage depend upon a number of factors: seismic wave velocity, buildings length, and 

torsional stiffness. The significance of torsional effects is determined by examining the 

torsional ground response spectra derived from the effective torsional motion proposed by 

Iguchi. If the torsional frequencies are in the range of peak response, the torsional 

effects should be considered. If the torsional frequencies are outside of the range, the 

torsional effects are minimal.

3. Waveform Effects

3.1 Direct Displacement Boundary Condition Technique

The equation of additional deformation due to seismic waveforms for a general 

structural system is given in eq. (3) , with the boundary condition taking the form

g(y,t) = X(t “ X) (6)S
Equation (6) is seismic input motion containing the effects of seismic waves 

propagating with velocity C.. It is assumed that a representative earthquake displacement 

time history X(t) is specified at a single soil surface point at y = 0

The solutions of eq. (3) and eq. (6) require that at each time point associated 

with the zero reference point y = 0, there is a set of solutions. Theoretically, the 

maximum response should be obtained from the complete sets of solutions covering the 

entire earthquake time duration.

A practical technique is to preselect a governing displacement field corres­

ponding to a given set of time history and apparent wave velocity. By neglecting the soil 

springs, a governing set of displacement fields is the set that would produce the maximum 

strain and maximum strain energy in a simplified model representing the structural system. 
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This segment of displacement fields is then applied to a complete soil-structure model.

For illustration purposes, a simplified system is adopted as shown in Figure 1. 

This system assumes that the effective section (that is coupled with soil springs) of the 

long building is represented by an equivalent beam with variable or constant section prop­

erties along the length of the building, and assumptions are made such that this simple 

system is formulated as a two-dimensional beam on elastic foundation. The system is sub­

jected to horizontal shear waves propagating along the longitudinal direction. The 

equat ion is:

EEG) a"e(y.t) + k(y)f(y,t) = 0 (7)
dy

and boundary displacement conditions are:

g(y,t) = X(t - X) 
‘s

(8)

The function f(y,t) is the absolute displacement of the foundation away from its 

rest position and g(y,t) is the absolute displacement of the soil at point y, which is at 

the lower ends of the soil springs, away from rest. E, l(y), k(y) are the modulus of 

elasticity, moments of inertia of the effective cross-sections, and spring constants of

the distributed soil springs per length, respectively.

The governing set of displacement fields is defined as 

varies from 0 to L, such that t satisfies:

2

dy Imax W

X(Em - c.) , where y

, x E
&(Em» ym> 2 r(y) ‘S

and:

««.. Ym) - y <« -1> max (10)

t is evaluated from t = 0 to t = ta. the end of earthquake time history, and y is 

evaluated from y = 0 to L.

The set of displacement fields, subtracted by the portion with rigid body 

motion (such as the displacement at both ends of the building equal to zero), 

governing set to be used in the coupled building and soil spring model.

The displacement fields obtained by this technique derive a maximum 

equivalent to that computed by the exact formula used in buried piping due to 

passage [6]: 

r _ X(t) 
TC,2 

where X is the maximum ground acceleration.

Typical examples of the displacement fields developed, based on this technique 

are shown in Figures 6 and 7 for building length of 400, and 800 feet, respectively. 

These displacement fields are developed based on a synthetic time history which spectra 

envelop U.S. NRC Regulatory Guide 1.60 Design Response Spectra, and is normalized to 

maximum ground acceleration of 0.25 g. The shape of the displacement fields for various 

lengths of the building is varied, however, the maximum curvature obtained corresponding 

to the same wave velocity is identical, regardless of building length.

is the

curvature 

shear wave

(11)
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3.2 Curvature Effects of a Typical Long Building

The direct displacement boundary condition technique developed in the preceding 

section is utilized to examine a typical long nuclear fuel cycle building. The simplified 

model is shown in Figure 1. The building is assumed 100 feet wide, with moment of inertia 

I = 478,000 ft2, shear area A. = 500 ft2, and E = 620,000 ksf.

Without soil springs, the effective section due to a 0.25 g maximum ground 

acceleration would experience maximum curvatures of 0.80 E-05, 0.20 E-05 and 0.09 E-05 

for shear wave velocities of 1000, 2000 and 3000 feet per second, respectively.

The structure is coupled with distributed soil springs of various rates. The 

characteristic parameters X computed for various cases as defined by:

4 J 1
a - Ver 02)

Spring rates k (per length) vary from relatively soft, to stiff. They range from a foun­

dation that is ground supported with soil properties corresponding to Vs = 1000 ft/sec; 

to a foundation which is partially embedded to a height approximately 45 percent of the 

foundation width, with soil properties corresponding to Vs = 3000 ft/sec.

The coupled soil spring-structure model is solved as a boundary displacement 

imposed problem by the finite element method. Results in terms of maximum curvature 

versus X, for buildings of length 800 and 400 feet are plotted in Figure 8. Moments and 

stresses can be computed from this data. The results demonstrate that structures, either 

ground supported or embedded, relax some of the ground imposed strain through soil springs. 

A longer building with higher X would relax less strain as opposed to a shorter building 

with lower X, with variation as shown in the plot. Buildings subjected to shear waves 

traveling with low velocity have a higher percentage of relaxation.

The results indicate that unless soil springs are considered for waveform effect, 

for a finite length building within a reasonable range of X, the analysis may be overly 

conservative. This is especially important when the shear wave velocity is low.

4. Conclusion

Wave passage effects to long building seismic design are investigated in this paper. 

Both wave induced torsional effects and waveform effects affect the analysis and design 

processes, and appear to be dependent upon building length, seismic wave velocity, and 

structural and soil properties.

Common techniques used in the inclusion of torsional effects seem appropriate for 

long building design purpose, but may not generate reasonble floor response spectra. 

The analysis should not ignore the torsional response characteristics of the structural 

system, nor the input torsional motion which depends upon the length of building and 

seismic wave velocity.

Waveform effects are significant for a long building subjected to low wave velocity, 

and stiff soil springs. The inclusion of soil springs releases ground imposed strain 

which depends upon wave velocity, length of building, and structure and soil spring ratio. 

The technique of direct displacement boundary solution preserves the effects of maximum 

ground imposed curvature and approximate waveform characteristics. It appears to be an 

efficient method to analyze waveform effects when coupling of the soil springs and 

structure is desired.
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FIGURE 4 ANALYTICAL MODELS TO EVALUATE TORSION EFFECTS
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FIGURE 6 TYPICAL GROUND DISPLACEMENT FIELDS FOR BUILDING OF 
LENGTH 400 FEET, MAXIMUM GROUND ACCELERATION 
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FIGURE 7 TYPICAL GROUND DISPLACEMENT FIELDS FOR BUILDING 
OF LENGTH 800 FEET, MAXIMUM GROUND ACCELERATION 
EQUALS 0.25 g

FIGURE 8 MAXIMUM BENDING CURVATURES FOR LONG BUILDINGS
SUBJECTED TO HORIZONTAL SHEAR WAVE PASSAGE
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