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ABSTRACT: Severe damage to six out of a total of 21 subueatyoss in the Kobe area
during the 1995 Hyogoken-nanbu earthquake indicatede@l for more attention to be
given to the earthquake design of rectangular @ndend structures. This paper presents
work undertaken to extend the present knowledge of the dymateraction of box-section
structures with the surrounding soil, and a desigithod for predicting the earthquake
loads on underground structures such as basemdist temks, subways, utility boxes,
highway underpasses, and culverts.

1 INTRODUCTION

Seismic design methods for underground structiesiat adequately covered in New Zealand design
codes and guidelines. For example, the currentsitrdtew Zealand Bridge Manual identifies the
problem of the seismic design of underground stirestfor culverts and subways with moderate depths
of cover, but suggests using an out-of-date angtysisedure known as the “stresses at infinity matho

Many small underground structures exist in urb@asin New Zealand. For example there are about 13
underground subways, box culverts and highway undsegsain the Lower Hutt City area located in
sediments close to the Wellington Fault. None eSéhhave been specifically designed for earthquake
effects. Large underground car-parking buildingd kaildings with significant underground basement
structures have been constructed in major New Adatities. Earthquake loads have usually been
considered in their design, but the analyses hase based on simplified theory developed for retgjni
walls with the wall top at the ground surface amelfoundation assumed to be rigid. When the streictu

is constructed below the surface in deep soil Bytbese simplified methods have obvious limitations

Underground structures are constrained by the wodiog soil or rock and cannot move independently
so are not generally subjected to significant dynaamplification effects. They are affected by the
deformation of the surrounding ground and not leyittertia forces acting on the structure. In catfra
above-ground structures often have natural freqesertbat are within the range of the predominant
frequencies of earthquake ground motions, resuitimgsonant effects with the accelerations aabimg
the structure amplified with respect to the grosadace.

The earthquake response of underground structarasually considered with reference to the three
principal types of deformations: axial, curvatured aacking (rectangular cross-sections), or ovaling
(circular cross-sections). Axial and curvatureodefations develop when seismic waves propagate
either parallel or obliquely to the longitudinaliswf the structure (Figure 1a). The general bahavof

a long structure subjected to a component of phmaige deformation is similar to that of an elastic
beam embedded in the soil. In simplified analy#ies structure is assumed to be flexible relativéhéo
surrounding soil or rock, and to respond with thene deformation pattern as in the free-field adasti
seismic waves. These simplified analyses are ofteployed for pipelines that have relatively small
cross-sectional areas and for the preliminary aesalyof tunnels. When the structure is stiff in the
longitudinal direction relative to the surroundiagil, it will not be compliant with the soil or rkc
deformations. For this case, interaction effectsdne be considered by employing either numerical
methods or approximate solutions developed fromewawpagation theory for beams on an elastic
foundation (Wang, 1993).
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Ovaling or racking deformations develop in an undmrgd structure when the seismic waves propagate
in a direction perpendicular to, or with a sigréfit component perpendicular to, the longitudinas,ax
resulting in distortion of the cross-section (s@gufe 1b). For this case, and if the structuresiatively
long, a plane-strain two-dimensional analysis magimployed.
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Figure 1la. Axial and curvature deformations. Feglb. Ovaling and racking deformations.
(Source Owen and Scholl, 1981) (Source Yang, 1993)

In the past, earthquake analysis of underground structures focuseidcalar cavities in elastic
continua and then advanced to consider lined cavities located witstic half-spaces. These shapes
were a reasonable approximation to typical tunnel cross-ssatiod could be analysed by analytical
theory of elasticity and approximate elasticity methods. Wighrapid advance of numerical methods
in the last decade, satisfactory analysis procedures e developed for rectangular structures.
Prior to this, rectangular cross-sections were designed bynags that they were subjected to the
free-field soil or rock shear strains and by the applicatiorstahdard structural frame analysis
methods. Rectangular underground structures are suitable fondtateer construction and are
therefore often constructed close to the surface in relatedt soils. In this situation, the assumption
of compatibility with the free-field shear strains may in some daséisto very conservative designs.

2 ANALYSIS METHOD FOR RACKING

The evaluation of the racking performance of the cross-sectiomeatangular underground structure
subjected to earthquake ground motions can be undertaken using the following steps:
(a) Evaluation of the free-field peak shear strairhim $oil at the average depth of the structure.
(b) Evaluation of the elastic and post-elastic stiffnekthe structure.

(c) Evaluation of the racking deformation of the structurenfthe free-field strain, struc-
ture stiffness and soil-structure interaction carve

(d) Evaluation of the member forces in the structusenfthe racking deformation.

2.1 Free-Field Strain

The shear distortion of the ground from verticalipgagating shear waves is usually considered to be
the most critical and predominant effect producemking type deformations in underground rectangular



structures. Numerical methods have often been expgb estimate the free-field shear distortions,
particularly in sites with variable stratigraphyor@puter codes such as SHAKE based on one-
dimensional wave propagation theory for equivalemgar systems have been developed to carry out
these types of analyses.

An alternative to undertaking numerical analysis to predéd-field shear deformations is to evaluate
theory of elasticity analytical solutions for verticaffyopagating shear waves in a layer of uniform
thickness. These solutions provide sufficiently good approximatfonsthe design of smaller
underground structures, particularly where the site soil piiepesire not know in any great detail.
They are also helpful in providing quick solutions for preliminamalysis work, and provide a useful
verification method for more sophisticated numerical analysis.

In the present study, analytical solutions were evaluated forf@ermnelastic shear layer of infinite
horizontal extent overlying rock assumed to form a rigid lower boyn&alutions were evaluated for
the following depth profiles of the elastic shear modulus, G.

(a) Uniform.

(b) Parabolic with the surface valug €0.

(c) Linear variations with G increasing with depth. G defined by) @ G,(1 — q y/H), where &
is the shear modulus at the base of the layer, y is thbtreigve the base, H is the thickness
of the layer and q is a parameter varying between 0 and 1.

Plots of G versus depth for the layers investigated apevrstin ~ Table 1. First mode periods

Figure 2. Layers included uniform, parabolic, and linear variations sye, Period
with g = 0.75, 0.95, 0.9 and 0.95. Analytical solutions by Wooldpescription T1sec
(1973) were used to evaluate first horizontal mode displacemdnt 4 Oniform 0.894
shear strain responses fidr= 50 m,G,, = 100 MPa, and uniform :
soil densityr = 2.0 t/nf. First mode displacement and shear strainParabolic 0.811
responses calculated for a one-g static base acceleraishawn in Linear, g = 1.0 0.826
Figures 3 and 4. First mode periods of vibration for the ardlyse _
. . . Linear, g = 0.95 0.819
layers are given in Table 1. The response to a dynamic base
acceleration input is obtained by scaling the one-g stafoness by | Linear, g =0.90 0.818
Sa(T)/g where Sa(f) is the spectral acceleration of the input Linear, q=0.75 0.826
acceleration response spectrum aftfie first horizontal mode period
of the layer.
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Figure 2. Variation of layer shear modulus, G. IFégB. First shear mode displacement response.

Layer period of vibration, displacement and shear strappree can be scaled to give corresponding
values for a layer of any thickness, average shear modulusnsitydéassumed uniform). Scaling
functions to give the required site values for period, displaotrand strainTs, us, and & from the

H =50 m,G,e = 100 MPa, and = 2 t/nf layer are as follows:
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WhereT,, u; andg are the reference layer values given in Tabled Fgures 3 and 4.

The analytical solutions for the first shear mottais response (Figure 4) show that different rafes
increase in the shear modulus with depth can peotiuge variations in the strain profiles. In paftcu
strains near the surface for a linear increase witld a low value near the surface can be muchenigh
than is the case for a uniform layer.
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Figure 4. First shear mode shear strain response. igure™s. Single-barrel box frame.

2.2 Structure Stiffness and Flexibility

Most underground structures of rectangular shape are designedat rigitl-jointed box structures.
The simplest example of this type of structure is the single-dasrethown in Figure 5. To assess the
racking stiffness or flexibility, the structure is loadedhaa horizontal load P at the roof level to
produce a racking or shear deformationDof The structure is assumed to be of sufficient extent
normal to the plane of the section for plane-strain conditions $b. &imple closed-form solutions for
the racking stiffness and flexibility of this single-barstructure have been published previously
(Shepherd & Wood, 1966). The elastic flexibility can be written as:

D_ H? 1
fst === ; (4)
P 24K, 2+3r +3jr
2+2r(2+2j+3jr)
El El _K
Where: K =—2Y K, =— r=-—
" H L Ky

E is Young’'s modulus for the structure material §pendl, are the moments of inertia per unit length
of the wall and roof respectivelid, L andj are defined in Figure 5.

There are no simple closed-form solutions available foritbaltel structures, but reducing the multi-
barrel structure to an equivalent single-barrel structunepoavide a good approximation (within 6%)
for the stiffness or flexibility. Each wall element of trgu@valent single-barrel structure has one-half



of the sum of the flexural stiffness of all the wall elersantthe multi-barrel structure, and the roof
and floor elements of the equivalent structure have the sum of the coriegpaud or floor elements
in the multi-barrel structure.

Under high racking deformations, yield in the members may oeeulirig to plastic hinge formation
in the walls, roof or floor members. Progressive developmetiteohinges can be investigated by a
pushover analysis using nonlinear frame analysis software.

2.3 Soil-Structure Interaction

Because of both soail-structure interaction and dynainertial effects, the soil shear strains in the
vicinity of the structure are generally signifidgndifferent to the free-field shear strain at the

corresponding depth in the soil layer. Often thessnchange at the cavity created by the strucsure i
small in relation to the total mass in the layer acting inaimigith the structure during dynamic loading,

and previous research has indicated that dynamitaheffects are sufficiently small to be negéett

In contrast to the influence of soil inertial etgcsoil-structure interaction effects may produce
significant changes in the shear strains neartthetsre. If a cavity in the soil is unlined, thiére shear
strains in the soil near the cavity would clearty greater than the free-field shear strain. Ififi st
structure is inserted in the soil cavity, then shear strains may be less than the free-field. Gealye
with a very flexible structure, the shear strairag/rhe greater than in the free-field.

In assessing soil-structure interaction effectainderground structures it is usual to define skaain
deformation and flexibility ratios. The shear strdeformation ratio, R, is defined by: D
— st (5)

— Shear deformation of structure embedded in soil (including interactiarlpff
Free-field shear deformation over height of structure

The flexibility ratio,F, is defined by:

F, = Shear flexibility of free standing structure without soil inter@ati = & (6)
Shear flexibility of soil block of same overall dimensions as strictu fq

Soil shear stiffness is defined by:

K,=G=L (7)
g

Where: G = soil shear modulus in the soil at the level under consideratmrsoil shear stress and
g= soil shear strain.

From the soil shear stiffness definition it followet the shear flexibility of a block of soil oéight H
and length L is given by:

_H
s LG (8)

The flexibility ratio F, can be readily computed from the soil shear mod@uand the structure
flexibility coefficient fs. Methods for calculating the shear deformatioor&tfrom the flexibility ratio
have been investigated in several previous resgaojbcts (Wang, 1993; Penzien, 2000; Nishioka and
Unjoh, 2003) and also in the present study. Thecttre shear deformation (including soil-structure
interaction)Dg; can be readily calculated from the shear defoomatatioR and estimates of the peak
free-field shear deformatidd; during the design earthquake event. The structure sheamd&bn can

be used to calculate the earthquake-induced fanctee members of the structure using analytical or
numerical methods. For example, the moment at #ise fpints of a single-barrel box are given by
Wood, 2004 as:

6DK | j_(3+q) q:& o)
H (j- 2j+g)(2+0) K,

f

M, =



In the present studyR versusF, relationships were evaluated for box structuressioyplifying a
dynamic finiteelement analysis procedure originally used by Wd9§3). The dynamic analysis was
simplified by undertaking a modal analysis and stigating the strain field in the first mode of il
layer. This simplification enabled a wide range of the itgmbmparameters to be investigated. By using
a refined mesh, it was also possible to reliablgutate the forces in the members of the structiiee
rigid-frame single-barrel and twin-barrel box structugieswn in Figure 6a and 6b were analysed using a
range of layer depth and shear modulus profilesnd?train conditions, and linearly-elastic materia
properties for soil and structure were assumed.
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Figure 6a. Single-barrel box model Figure 6b. IDetbarrel box model.

3. RESULTS OF ANALYSES

R versusF, curves for the single and twin-barrel structures analyséeipresent study using a soil
Poisson’s Ratio of 0.4, depth of cover of 5 m and a 50 m deep soilvétyema shear modulus

increasing parabolicaly from zero at the surface are cadparFigure 7 with the results of Wang
(1993), Penzien (2000), and Nishioka and Unjoh (2003), for similar assums\ptiThere is good

general agreement between Rigersus-, curves produced by the various methods, particulaffy at
ratios less than 2.0.

The results in Figure 7 show that when the fleitibratio approaches zero, representing a perfeicjigt
structure, thdk value also reduces to zero. FAt= 1, the structure has the same stiffness asothesd
the structure has a similar racking distortionhe ground in the free-field, resulting in Rwvalue of
approximately 1.0. When the flexibility ratio isegter than 1.0, the structure is flexible with eztgo
the ground, and the racking distortions become miagnifith respect to the free-field shear distortion
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Figure 7. Interaction curve comparison. Figurtng&raction for single barrel at various depths.

R versus Fcurves for the single-barrel structure in a uniform 50 rktkayer are shown in Figure 8
for a range of different cover depths. There is little ateoh between the curves for cover depths
between 5 and 20 m. Surface-layer effects cause moderate clranbesinteraction for shallow
covers at high fratios, but once the structure is covered by more than itkthaigoil, the interaction
does not change significantly with increasing depth of the structure whithiayer.



The effects of the depth of the layer, strain profile, Poig&atio and the box shape on the interaction
curves are presented by Wood (2004) in a more detailed report pmetfent study. Provided the
depth of cover is greater than the height of the structuregstfound that the variation in the shear
modulus or strain field has little influence on the interaction curves.

The bending moments and shear forces at the bottom of the side-wall méontiee single and twin-
barrel box structures with a 5 m depth of cover are shown in Fiueesl 10. Both the plotted
interaction bending moments and shear forces have been rsauniyi dividing the computed values
by the corresponding values for the structures without surroundihgS&wilar variations with F
were obtained for the moments and shears at the tops of the walld,(¥0604).
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Figure 9. Bending moments at base of side wall. gutiéi 10. Shear force at base of side wall.

From Figures 9 and 10 it is apparent that the interacfif@cte significantly modify the bending
moments and shear forces in the box members for lamgdids.

4. BOX CULVERT ANALYSIS EXAMPLE

Table 2 summarises calculations based on the above analysexipre for a large single-barrel box
culvert with outside dimensions 4 x 4 m and uniform wall thickreés#800 mm. The structure was
assumed to be covered by 5 m of soil in a 50 m deep soil layeavAbisson’s ratio of 0.4 and shear
modulus varying parabolicaly from zero at the surface to 200 MRaigid base. It was assumed that
the cracked stiffness of the walls was 50% of the elasiftness. A ground-surface design
acceleration of 0.4 g was adopted.

For the assumed soil profile, the structure has a flexibiltip Fa of 2.27, indicating that it is more
flexible than the replaced soil, with the induced stragatgr than the free-field strain by a moderate
margin (strain ratid? = 1.4). The maximum earthquake-induced moment at the base wélibevas
133 kN m/m which is greater than the cracking moment of about N6/, and of similar order to
gravity and water pressure induced moments (Wood, 2004).

A refined version of the above analysis procedure is negesgwn the nonlinear response of the
structure becomes significant. In this case, it is necessary tococdiray inelastic pushover analysis of
the structure (without soil interaction) to define the stmectforce/displacement relationship. The
analysis is then advanced by estimating a ductility factdcutating the equivalent flexibility factor,
and undertaking a standard interaction analysis to estimatetéhehear deformation of the structure.
From this deformation and the yield displacement, an improved tyésititor can be calculated and
the process repeated until convergence (Wood, 2004).

5. CONCLUSION

Large earthquake-induced forces in the culvert structure obtheeaexample indicate that earthquake
racking effects need to be considered in the design of rectanguderground structures. The



analysis method first described by Yang (1993) and advanced inebenpistudy provides a suitable
design approach for small structures and preliminary design for kaugtuses.

Table 2. Box Culvert Analysis Example

Iltem Symbol Value  Units Comment or Formula

Soil layer depth D 50(m

Soil cover depth over structure Ds 5.0|m

Shear modulus at base of soil layer Gp 150{MPa Layer assumed to have parabolic varation of G
Soil density rs 2.0|t/m*

Soil Poisson's ratio n 0.4

Outside height & length (overall) H 4lm

Wall, floor and roof thickness tw 0.40|m

Young's modulus for concrete E. 25,000|MPa

Cracked section MOI reduct. factor Fes 0.50 Stiffness reduction for concrete cracking
Ave soil shear mod over struct. height Gs 39.0(MPa

Cracked wall moment of inertia I 0.00267|m*/m

Structure flexibility fsi 5.8E-05|m/kKN/m From Equation (4)

Displaced soil block flexibility fs 2.6E-05|m/kN/m From Equation (8)

Flexibility ratio F. 2.27 From Equation (6) Struct. Flexibility / Soil flex.
1-g free-field shear strain en 0.0049 From Figure 4 for G, = 150 Mpa

1-g free-field displacement diy 0.243|m From Figure 2 for G, = 150 MPa

Layer period of vibration Ty 0.811|s From Table 1

1-g free-field acceleration a; 14.6|m/s a;=dp (2 p)/Tl)2

Design level peak ground acceln. ay 0.40(g Typical for Wellington

Design level free-field shear strain €4 0.0013 eq=9.81/a; &1 a4

Interaction strain ratio Rp 1.40 From Figure 7

Structure shear deflection Dy 7.4lmm Dy; = €y RpH x10°

EQ moment at bottom corners M¢ -114(kNm/m From frame analysis (Wo0d,2004)
Correction factor for bottom moments Fof 1.17 From Figure 9

Corrected EQ mom. at bottom corners M -133|kNm/m M = M¢ Fry

Cracking moment of wall section M, 100[kNm/m M, = 0.75 x 10°Sqrt(f,) t,2/ 6
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