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I. INTRODUCTION 

A. BAC:KGROUND 

Except for the contents of structures, this docwnent provides 

structural seismic design criteria for underground structures of 

the Southern California Rapid Transit District (SCRTD) Metro Rail 

Project. For the sake of clarity, this document was written as a 

complete criteria for· the seismic design· of underground structures 

and as such replaces Section 4.3 and subsection 4.4.6 of Part II, 

Appendix A, Seismoloaical Investiaation & Desian Criteria (Con-

. verse, 1983: hereinafter referred to as Appendix A). Portions of 

Appendix A are incorporated by reference. 

-··-- ';;.cc._.,_-;.~;-.t. t-.as Z,i;en ·..1ri~~i;~ ~c a.d.C..=css 'Ct.~ ger.eral s~ism~r,,; 

design conditions that apply to the underground structures of the 

Metro Rail ?raj ect. It is recognized that special • problems may 

~,-; _c;f? for indi<t.ridual section C.e;ig~. P.:::presentat:...ve e:.ca.:."'!!pl:s of· 

such special problems are change of materials from "rock" to allu

vi=, fault crossings, and joints between ·tunnels and· s·tations. 

Section designers are to review their site-specific conditions for 

these types of problems and identify those that cannot be solved 

by direct application of all applicable criteria and standard and 

directive drawings. Solutions to these remaining problems shall 

then be subject to further discussion between the section design

er, SCRTD, and SCRTD's consultants. 

B. GENERAL EFFECTS OF EA.tlTHQUAKES 

The effects of earthquakes on underground str~ctures may be broad

ly grouped into tNo general classes -- shaking and faulting. 

06/21/84 1 SNT'i540 



l. Shaki:ig 

In response to earthquake motion of bedrock (shaking), the 

soil transmits energy by waves. Seismologists iden~ify vari

ous types of earthquake waves; structural engineers are gen

erally interested in the effects of shear waves, which 

produce a displacement of the ground transverse to the axis 

cf wave propagation .. ---·--~--- ---

The orientation of propagation is generally random with re-

structure. Waves propagated parallel spect to any 

to the long 

specific 

axis of a linear structure, such as a subway 

tunnel, wil·l tend to force a corresponding transverse dis tor-

tion on the structure. Waves traveling at right angles to 

the structure will tend to move it back and forth longitudi

nally, and may tend to pull it loose at zones of abrupt tran

s~ t~or:.z in sc-il -::cnditicns, where: ~..;ave prcpert.i.e·s may vary~ 

Diagonally impinging waves subject different parts of a lin-

ear structure to out-of-phase displacements. This results in • 

a lcngitudinal compression-rarefaction wavd 

along the structu=e~ 

2. Faulting 

th~ t. . . --.,, .... ' ... .._,_...,.,,_ _ _, 

Faulting generally represents primary shearing displacements 

of bedrock, which may pass through the overburden layer(s) to 

the ground su:.face ~ Such physical sheari:ig of the :-ock or 

soil is generally limited to relatively narrow seismically 

active fault zones, which may be identified by geological and 

seismological surveys. From a structural viewpoint, faulting 

may e 11idence itself as major soil displacements, for exa..rnple, 

liquefaction or landslide. 

In ge::e=al, it is not .:easible to· desig:1 st~ct"J.=es to =-e-

st=a~.:1 majo:- soil: displacements. Use:ul desig~ ~easu~es a- 0 

2 SN':' i 5 4 0 
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• limited to identifying and avoiding sensitive areas, or if 

this is not possible, ac_cepting the displacement, localizing 

and minimizing damage, and providing means to facilitate 

repairs. 

C. EFFECTS ON UNDERGROUND STRUCTURES 

Past performance of underground structures during seismic events 

indicates that damage may result from primary or secondary effects 

0£ earthquakes, including the following: 

o .Strong ground motions 

o Fault rupture 

o Regional tectonic movements 

o Landslides 

o Li_quefaction 

C 

• Instances of complete tunnel closure were associated with combined 

primary and secondary effects nf P.arthq11a1<~s, such as fault rup

ture and slope failure. However, in general, tunnels are safer 

than abovearound structures for a •given level of shakiJ19". 

A major contributor to deformations and corresponding stresses in 

long linear structures, such as tunnels, is traveling wave ef

fects, which can be accounted for by assuming that the tunnel and 

surrounding soil move together as the wave passes, and that motion 

from point to point along the route follows the wave pattern and 

differs from point to point only due to a time lag. 

It is important that the designer recognize that the effect of an 

earthquake on underground structures is the imposition of a defor

mation which cannot be changed substantially by strengthening the 

S°t.=-'-:.c-:1.1:e. The=e=_ore, the structural design solutio_n is ;,rovi.si.on 

0 --- su-~-Ficient c·uctil::_+-_,_, to abso-b -1-.e u·mposed -=e"~=a•ion w.: ... ._,au· -- - - - ... ....... \,.;. _....., ....... -- ---.... '-
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losing the capacity to carry static loads, rather than designing 

to resist inertial loads at a specified unit stress. 

Nonetheless, it should also be recognized that although the abso

lute amplitude of earthquake displacement may be large, this dis

placement is spread over a long length. The gradient of 

• earthquake distortion is generally small, and often within the 

elastic deformation. capacity of the struct=e. If it __ can be es

tablished that the maximum de.formation imposed by the specified 

earthquake, when combined with other app:i:opria te loading condi

tions, will not strain the structure beyond the elastic range, no 

further provisions are required. If certain parts of the struc-

ture are strained into the plastic range, the ductility of such 

parts should be investigated. 

Plastic straining in conformance with shearing distortion of the 

qrouncl. may affect the elastic properties of the structure. If 

conti·nuity of the structure has been assumed in the design for 

static loads, the effects of plastic distortions will • require 

special consideration as outlined in these criteria. 

In the following sections, the effects of shaking and faulting on 

underground structures are considered and methods of analyzing 

their impact on structural design are pre.sented. 
' 
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II. ENVIRONMENTS 

This section provides criteria for the earthquake-related environ

ment applicable to the design of underground structures on the 

Metro Rail Project. Except where specifically referenced, this 

section takes precedence over Section 4.3, Appendix A. 

A. DESIGN PARAJ-1..ETERS 

Des_ign ground motion values for the underground structures are 

given in Table II-1 (from Appendix A, Converse, 1983). 

TABLE II-1 

DESIGN EARTHQUAKE PAR.l\ . .'1ETERS 

DESIGN GROUND MOTION PAR.Al-'..ETERS 
Aiceleration Velocity(v J Dispalcemen-i: 

Design Foundation ( max) (a) (ft/sec) max ( ft) 
Earthauake Condition ~ Vert. ~ Vert. Hor. Vert. 

ODE Soil 0.30 0.20 1. 4 1.0 1.6 l . 0 
Rock 0.30 0.20 0. 8 0. 6 o·. s 0.3 

MOE Soil 0.60 0.40 3.2 2. 1 3.3 2. 2 
Rock 0.60 0.40- 1. 9 1. 3 l.O 0. 7 

The shearing distortion of the ground shall be determined as given 

in Figures III-1 and III-2. (These figure are reproduced from Part 

II of the Seismological Investiaation, and are shown there as 

Figures 4-2 and 4-3. • For the purposes of this report, curves have 

been added for New Al.luvium.) Unless more site-speci:ic data are 

a•;ailable from dynamic laboratory or field tests, as given in the 

indi,;idual geotechnical report for each design section, the veloc

ity of propagation of the ea.r":hquake· shear waves shall be· taken 

for design purposes as shown in Table II-2 . 
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TABLE II-2 

SHEAR-WAVE SEISMIC VELOCITIES 

(FOR USE IF SPECIFIC DATA ARE UNAVAILABLE) 

Soil Classification 

New Alluvium 
Old Alluvium 
"C" Units 
Basalt 

She'ar Wave 
Seismic 

Velocity, Cs 

900 fps 
1200 fps 
1 700 fps 
5000 fps 

Design for fault displacement is required only for maximum design 

earthquake (MDE) conditions. Where actual surface faulting may be 

expected to occur, at the Santa Monica and Hollywood faults, the 

MDE fault displacement shall be taken as 6. 6 ft. and 4. 9 ft. , 

respectively, for these faults (Appendix A) . The MDE Richter 

'""'':"'; '""·"""' is 7. O for Santa Monica. and 6. 5 for Hollywood. 

A-3 of Appendix A contains additional details. of 

displacements. 

3. APPROACH 

Tabl,;, 

fault 

Table II-3 provides the recommended general value for strain to be 

used in design for earthquake inputs ( line 3, column 3) ; • this 

table also gives representative values for Old Alluviur.t with a 

shear wave velocity of 1200 fps. Pseudostatic procedures may be 

used for the design of all underground st:=uctures. 

It is recognized that the use of the component of effective shear

wave velocity in the direction of the axis of the structure, as 

used in Table II-3 and in Annex A, is more conservative than the 

use of apparent wave velocity in the design of buried lifelines to 

=esist ea=thquake shaki~g motions. 

l~:elines a=e c=itical st=uct~=es whose su~rival is desi=ed i:1 the 

L~ed=-.ate posteart:lqua~<e period, especially :or :ighti:1c; fi=es and 
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ma~ntaining satety. Howeve=, in terms of potential loss of l~ves, 

an underground metro often presents a higher risk than failure of 

a typical lifeline system. Measured in terms of depth of burial 

relative.to diameter of opening, an underground metro is generally 

closer to the surface than other lifelines; for some conditions, 

this shallow relative depth can increase distress due to 

earthquake. 

Therefore, the writers of these supplemental criteria adopted the 

more conservative approach. As noted in the brief study in Sup

plement F, this approach may produce strains in the structures 

approaching a factor of two higher than might be the actual case. 

However., given the inherent variability in properties of natural 

earth ma.terials, the large combination of conditions that are 

expected to occur throughout the Metro Rail Project, and the lack 

of actual measurements in metro tunnels subjected to earthquakes, 
=-,..-.-.-. .,...r-i ~+--=- ~ -- . 

Using t.::i.e assumption that the soil does not lose its integrity 

during the design earthquake, the basic concept governing the 

response of u.,dergrourid structures is that the soil is generally 

when compared to the structure and, the ea=th-
quake deformation of the soil is imposed on the structure, which 

must confor.n to this defer.nation. For very soft soils, i~te=ac-

tion bet·Neen t...11.e soil and the structure may be consiCered, but for 

any reasonably competent soil this interaction may be neglected, 

and the structures should be designed to confor.n to ~~e free soil 

defor.na tions. Ignoring interaction generally induces larger de-

for.nation and strain; 

intera:ction. 

thus, it is conservative to neglect 

The i:nposed defor:nations are of two types -- curvature and shear

The :o=:ner represents t.."le direct imposition o:: the soil 

cu=---ratu=e er.. the str.1cture, which must ha"'{re the capacity to absor~ 

06/21/84 i SNT7540 



• • 
TAIILE ll-J 

SELECTED l'RINCIPAL EFFECTS OF EARTIIQUAKE GENERATED WAVES ON FLEXIBLE UNDERGROUND STRUCTURES 

--
Propagation Effect of Combined Waves 
Olrectlon Axial Strains Induced in Medium 

Wave Type Relative to General Representative Remarks 
Tunnel Axis Formula a 

Numerical Value for (See.Annex 8) 
(0) Old Alluvium (in/in) -

V 
max 

JI lat Iona l o• E ;; :t -- :t 0.0017 b,c No curvature is induced 
(P-) Wave p 

C for 0° incidence. 
pe 

V a 
max8 

0.0018 b d - max 
10' Shear (S-) 45• E - :t -- :t o. 7 R --- :t R • (asaumed) 

a 
2c c• Wave 

se ae 

V a 
max8 • 

0.0018 b d max o. 7 10' RecobUneuded Shear Wave at El " :t -- :t R --- ! R • (aasumed) 
Value 45° 2c c• 

ae Se 

a 
Assumes a . and v are produced only by the wave considered _and· they occur aimultaneously which Is phyalcal ly 

maJC max 

h 

C 

d 

i111pu~sihle out an acceptable conaervative approximation. 

t"or Old Alluvium and· HDE; c - 1200 fpa and C = 0.8 :.< 1200 • 960 fpa (See Annex A) 
s se 

c - 2c for u - 1/J; thla is 
or near1y saturated soil for 

a better 
which c 

p 

approacl, for d11·riving atraln in the soil tl1an a meaaured 
approachea thnt for the water in the interaticea. For 

Coefficient includes required trigonometric terms for·angle of incidence. 

10/:11/H-I II 

valued In saturated 
dry Bolla c f 2c 

p s 
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the resulting strains. 

the soil in response to 

The latter represents the displacement of 

a base acceleration imparted to it through 

the bedrock. 
' 

C. APPLICATION 

Application of the design methods for underground s~ation struc

tures is discussed in Sections III through V and for circular 

running tunnels in Section VI. 

ads for structural connections 

design cases for 

Section VII contains design meth

and other special considerations. 

fault crossings, landslides, and The special 

liquefaction are presented in Section VIII. Section Designers 

responsible for implementation of criteria in Sections III, IV, v, 

and VII. The General Architectural/Engineering Consultant (MRTC) 

will implement the criteria in Section VI. Section Designers 

shall identify the loca.tion (sl of special problems discussed in 

Section VIII; the resolution of these special co~~itions shall be 

agr==d ~pon among SCRTD, MR~C, and the Section Designers . 

9 SNT'.'540 



III. EARTHQUAKE DESIGN OF STATIONS AND 

OTHER SH.tu.LOW, RECTANGULAR, FR."'J-'.ED STRUCTURE 

The effect of earthquake racking (see Section IV) on the structure 

requires that the structure confo= to the free-field soil defor-

matiOn:· If· it cari be established that the maximum deformation 

imposed by the specified earthquake will not strain the structural 

frame beyond yield at any point, using the loads of Equation (Eq.) 

IV-2 or IV-3, no further provisions to resist the defo=ation are 

required. If certain joints are strained into the plastic range 

by the MDE, the structure shall be checked, and redesigned as 

necessary, to ensure that no plastic hinge combinations can be 

formed that are capable of leading to a collapse mechanism. 

J'> . GENERAL PROCEDU°RE 

1. Base initial size of members on static design, Eq. IV-1 

or Eq. V-1, and appropriate strength requirements. B\1 i. 1 <i ing 

code design methods shall be. applied, recognizing that the 

structure is surrounded by geologic materials. 

2. Impose earthquake deformation (racking) on the structure 

using data from Figures III-1 and III-2, following the con

cept shown in Figure III-3. These racking deformations in

duce moments and internal forces in the struct=e. These 

effects, treated _as values of Q in Sections IV and V, are to 

be added to those from the static analysis in accord with the 

complete equations defining demand, also in Sections IV and 

V. Follow ACI, Los Angeles City Building Code (!..ACBC) , or 

Uni::orm Building Code as appropriate for determining member 

sti::::nesses. Pseudohorizontal loads, to provide racking de

formations equal to that of Ficrure III-3a, rnav be aoclied at .. -- . -
the floor levels (Figure III-3b) :or analysis pu=,,oses. It 

06/21/84 10 SNTi540 
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is essential that these loads be adjusted to account for the 

changes in member stiffness and the effect of the surrounding 

soil in limiting the racking of the structure. 

3. Impose a dynamic soil-pressure increment on the struc

ture (Appendix A, Converse, 1983; Seed and Whitman, 1970). 

These effects, treated as values of Qin Sections IV and V, 

are to be .added to those from the static • analysis in accord 

with the complete equations defining demand (Sections IV and 

V). Follow ACI, Uniform Building Code, or LACBC as appropri

ate for determining member stiffness. 

4. Evaluate conditions in the ·structure applying Eqs. IV-2 

or IV-3 or Eqs. V-2 or V-3, and Steps land 2, and then land 

3. The more critical ( Step l plus Step 2, or Step 1 plus 

S~ep 3) shall apply. 

if conclitions in the 
context of the appropriate building code (s) exist at all 

points for static and ODE conditions. Design completed when 

ultiJllate conditions in ~~e context of plastic design as here

inafter provided are not exceeded at any point for MDE 

conditions. 

6. Evaluate possible mechanisms for MDE conditions (see 

Figure III-4) •· Conditions with only two hinges in any one 

member, such as illustrated in Figure III-4a, are acceptable 

because_ a failure (collapse) mechanism has not formed. Con

ditions with four hinges, such as illustrated in Figure 

III-4b, are acceptable because collapse is prevented by the 

surrounding material, even ~~ough such a str,~cture would 

collapse if it were aboveground. However, formation of any 

of mechanisms such as l, 2, 3, 4, or 5 in Figure III-4c, 

would lead to collapse and these mechanisms are, therefore, 

not acceptable. Similarly, if soils are susceptible tc 

10/31/83 11 SNT7540 



liquifaction, the conditions of Figure III-4b could lead to 

collapse and are not acceptable. 

7. Check the structure for strain in the, longitudinal di

rection resulting from frictional soil drag (see Appendix 1). 

This strain from soil drag is the upper limit on strain in 

the longitudinal direction. 

8. Modify the structure elements as necessary so that an 

acceptable design results. 
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IV. DESIGN OF STATION AND OTHER SHALLOW, RECTANGULA."<., 

FRAMED CONCRETE STRUCTURES 

A. STATIC LOADING CONDITIONS 

Stations shall be designed for static loading conditions following 

the direction given in SCRTD Design Criteria and on directive 

drawings. Reinforced concrete design- shall follow ACI. 381-83, the 

CO!lll!\entary to ACI 318-83, the LACBC, Division 26, and the 

following: 

where: 

u = 1.4D + 1.7L + 1.7H Eq. IV-1 

U = Required st:::ength to resist factored loads o::: re-

D = Dead loads due to soil, water in soil, structural 

cOmponen-c.s, or O'Cher ::ia-cerials·, or rela-ced in-cernal 

moments and forces 

L = Live loads or related internal moments and forces. 

H = Loads due to horizontal pressure of soil, water in 

soil or other materials, o::: related internal mo

ments and forces. 

E. DYNA.'1IC LOADING CONDITIONS 

Station designs shall then be checked for dynamic loading condi

tions using ACI 318-83 and the following: 

U = D + L + H + Q Eq. !V-2 
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for the maximum design earthquake, and 

,U = 0.75 [1.4D + l,7L + 1,7H + l,87Q] Eq, IV-3 

fer the operating design earthquake (ODE). 

where: U, D, L, and Hare as defined in IV.A, Q being the ef-
···- ··-- . ·-· ------ ----· 

fects induced by the earthquake. 

C, DESIGN DETAILS 

1. Designer shall select the design tension steel percent

age, p, to avoid brittle behavior. 

2. Redistribution of moments in accordance with ACI 318-83, 

Section 8.4, is acceptable for ODE. 

3. Consideration of plastic hinges is acceptable for MDE 

and shall follow procedures such as given in Blume, et al 

(1961), Rosenblueth (1980), and Park and Paulay (1975). 

Stability considerations are applied at the ultimate-limit 

state and stiffnesses should be representative of this state. 

In lieu of more precise. values, calculate EI following prcce

dures in Sections .10.10 and 10.11 (paragraph a) of the ACI 

Commentary (1983), and Section 10.3.3 of ACI (1983). 

4. The earthquake design of 

consider the more critical ·of 

underground structures shall 

the following two conditions: 

06/21/84 

a. Applicable static loading conditions plus the rack

ing effects described herein. 

b. Applicable static loading conditions plus a dynamic 

soil-pressure increment (Appendix A and Seed a:id Whit

man, 1970). 
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5. Vertical loads from soil backfill, water in soil, struc

tural components, or other ' materials over cut-anc-cover 

structures shall be increased by 20 percent and 40 percent 

for operating design and maximum design earthquakes, respec

tively (Table II-1) . 
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V. DESIGN OF STATIONS AND OTHER SHALLOW, RECTANGDLAR, FRAHED 

STEEL STRDCTURES 

A. STATIC LOADING CONDITIONS 

Stations shall be designed for static loading conditions following 

the direction given in SCRTD Design Crit~ria and on directive 

drawings. Steel design shall follow AISC (1978), LACBC (Division 

27), Uniform Building Code, C~apter 27 (1982), and the following: 

U = l.7 (D + L + H) Eq. V-1 

where the terms are as defined in Section IV.· 

Station designs shall then be c:i.ecked for dynamic loading condi

t ic~s usi:i.g- t:l~ • tel lcwi.ng: 

U = D + L + H + Q Eq. V-2 

for the maximum design earthquake, and 

U = l.3 (D + L + H + Q) Eq. V-3 

for t:i.e operating design earthquake. 

C. DESIQT DETAILS 

1. Designer shall proportion steel structures ~nder static 

loading conditions in accordance with provisions of AISC 

(1978), Section 2702 of the Uniform Building Code (1982), and 

!..ACEC, Div::.sion 27. 
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2. Designer may proportion ·steel st=-uctures under dynamic 

loading conditions in accordance with provisions of Sections 

2i21 a_nd 2722 of the Uniform Building Code, and Division 27, 

LACBC. Requirements for, Seismic Zone 4 shall apply, with 

plastically designed members permitted. 

3. The earthquake design of underground structures shall 

consider the more critical of the following two ·conditions: 

a. Applicable static loading conditions plus the rack-

ing effects described herein. 

b. Applicable static.loading conditions plus a dynamic 

soil-pressure increment (Appendix A; Seed and Whitman, 

1980). 

tural components, or other materials over cut-and-cover 

st=-uctures shall be increased by 20 percent and 40 percent 

for opera-ting design and maximum df=l~ign ~~rthquakes, rr:spec

tively (Table II-1) . 
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VI. DESIGN OF CIRCULAR RUNNING TUNNELS 

A. STATIC LOADING CONDITIONS 

The current•specified concrete segments for circular running tun

nels have been designed by MRTC (following O'Rourke, 1984) for 

static loading conditions existing at all soil or soft rock sites 

along the alignment.* Linings for tunnel sections in the Topanga 

Formation will be designed by that section's designer. 

B. DYNAMIC LOADING CONDITIONS 

The adequacy of these designs to resist the possible static plus 

sup1:=impcsed dynamic loading conditions must be checked .!oJ.J.owi::g 

the steps given below. 

The running tunnel structure is more flexible than the surrounding 

med.i:.izn with respect to disto=tions in pl.~~es pe:pendio~!.az -to -t:~e 

axis of t~e st=-ucture (A.r.nex O and Appendix 1). These disto=tions 
a=e, ~~us, the same as those of the su=rou..~di~g rnediu.rn. Al t:'!ough 

the running line structure is longitudinally stiffer than the 

surrounding medium, imposing the motions induced in the medium 

onto the structure is generally conservative. 

C. STE?S IN DESIGN 

1. Designer shall determine the applicable shear-wave ve

locity, c
5

, for each segment of the r~nning line consideri~g 

t~e a;prop=iate geotec~nical da~a. !! ~o=e S?eci!ic da~a a=e 
not available, use Table II-2. 

* Seil o= soft =ock desc=ibes a: 1 grou~d condi~icr:.s exce;,t 

~~e Topanga ;c=:naticn. 
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2: Define appropriate value of effective shear-wave veloci

ty, cse, consistent with the strain level expected. In gen

eral, unless explicit data are available, c shall be 0.9 c . · se s 
for ODE and 0.8 c for MDE; however, in isolated cases where • se 
the line is within new alluvium, c shall be 0.iS cs for ODE se 
and c · = O. 5 c for MDE ( see Annex A) . se s 

3. Compute maximum induced longitudinal strains using "rec

ommended value" from Table II-3 for the ODE and MDE. Fric

tional soil dr.ag should be checked as in Step i for the 

station. The maximum usable compressive strain for this case 

is 0.002 (Park and Paulay, 19i5; Ford, et al, 1981 a, b, and 

c) • 

4. Assess the longitudinal capabilities of the lining to 

provide for no adverse distress for ODE and no collapse for 

~..D;:, ··ex;:li-c±:tly -consideri=.g· effects and capabili.t:..ss a f a..r-

ticulation (O'Rourke, 1984) . 

all cases. 

Ductile bolts shall be used in 

5. • When necessa:y, modify lorigi t".ldi::.al =ei::.!c=:::ement, 

bolts, and/or joint filler details to ensure no adverse dis

tress for ODE conditions and no collapse for MDE conditions. 

The minimum reinforcing percentage for concrete segmental 

linings shall be 0.003 in either direction. 

6. Check strains in plane perpendicular to the axis of the 

tur.nel produced by excavation using Figure VI-l (Ranken et 

al, 1978, Figure 3.8) in combination with racking defor:nation 

(see Appendix 1). The strain due to racking deformation is 

t.'la-:: produced by· a shear wave with principal distortion 1::. 

the plane of ·the tunnel which is pe:=-pendicular to the- axis of 
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The strains are 

'rack 

in compression, 

!: rack 

in tension. 

where: 

approximately: 

V 

1!) 3 E 
(~) 1 = (-s-l [2 + (....!!!.) 

cse R T6 E1 t :Sq. VI-1 

and 

V 

( !: ) = 2 (--2...) 
C R 

Eq. VI-2 
se 

vs = Peak particle velocity produced by earth . 

quake (Table II-l). 

- = Effective shear-wave velocitv. for the value '-se 
of vs (see Grant and Brown, 1981). 

t = Thickness of lining. 

R = Mean radius of lining. 

Em = Modulus of elasticity of medium. 

E1 = Modulus of elasticity of lining (cylinder). 

The at-rest condition, K
0 

= 0.5, shall be assumed. The average 

compression (average K
0 

= 0.5 in Figure VI-1) produces a unifo= 

strain of .uD/D. It is recommended .for horizontal and vertical 

displacement 

su.med. The 

t.'1.at t.>-ie average for no- a:r.d full-slippage be as

strain due to average compression should be superim-

posed on t."ie strain due to horizontal or vertical displacement. 

Note ~~at these last values of strai~ are due to flexure and that 

t~e ~axinum strai~s a=e as follcws: 
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where: 

3 (t.D) t • 'd 
ee = 2 

( OU.Sl. e) 
outside D R 

Eq. V!-3 

= 3 ( t.D) (tinside) e 2 e. 'd D R insi e 
Eq. VI-4 

e9 = Strain on the outside of the lining. 
outside 

e = Strain on the inside of the lining. 9 inside 

t.D/D = Appropriate value from Figure VI-1. 

toutside = Distance from geometric axis to out-_ 
side of cylinder. 

R 

= Distance from geometric axis to inside 
of cylinder . 

= Mean radius of cylinder .. 

The maximum usable compressive strain, 

0.004 (Ford et al, 1981 a, b, and c). 

for flexure shall be 

7. Check strain due to loosening of medium above the struc

ture in combination with racking distortions for lateral 

distortions (Appendix l). The diameter change due to loosen

ing load may be approximated from Figure VI-2. This change 

produces a flexural strain which is treated as above in Step 

6 . 

8. Check strains for combination of out-of-round tolerance 

and racking. 

0.005D. 

06/21/84 
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9. Compare circumferential strains for Steps 6, 7, and 8 

with allowable values. Modify reinforcement and joint de

tails if necessary (O'Rourke, 1984). In no case should the 

reinforcing ratio exceed three-fourths of the balanced rein

forcing ratio. 

06/21/84 26 SNT7540 

• 



• 

• 

•i .., 
~ 

"' ll 

~ 
= ,, 

l.Z 

a.a 

0.4 

0.0 

. -0. 4 

~ -0.8 

-1.2 

:5/Z:/s..; 

0 

.. 
(!rom Ranken, 1977) 

----No sll~ 

C = 0.4 

------Full sll;:.,:c.c;e 

"m = o. 4 

---------- ---- --------- ----
, 

----,.- --- -
Ver-..ical, K = 2.0 

0 

-- ---- --- ---- -- -- ------- --- ---- ------ --
·Eortzontal, K

0 
= 0.5 

K 
C 

Ave..';.c;e, K 
0 

= 2.0 

I __ , 

I 
_j 

\. Ver-..;:.,::al, K = 0. 5 I 
'-:":.::._::_:::_:-:---------_::.==:_...:.::o:_~ _ _J . -------------- --- --- -- ---- ---- ------ --

-20 40 60 ao lrJO 

C • c....:;:.: si:ri, 't:'f ?.a.1::.0 (See ~ e-1: al (:972), .!.c:ex :,, at:C ':..'":e -~ 
:<0 • ?.a'tio C: :a'c.eral =i ve:-:.c:a.l St..-ess ~ ~:.ln 

V :a ~' S ?.a'C.O :f :1!!Cit.:n ::, 

'=' ~ :-t::i:::ul:.:s of E:!.a.st=.=; of· ~:.=n ·::i 

'I"" ~ :;r,.:.,:. ·...eic;-::-t. c:: :1ec::.-..:t 
~.::) ~ :i~ ~-e :f •'::fl• -,.;;e.., 

:, :a :iaret.er of':'/~ 
3 ~ :e;:,:.."'l = s;:--_~--..e 
. ~ .::e.x:.:i.:..:.=7 ?..a-c.;.:i {See~ e: a.l. (l9i2l, .!w."":".ex ::. :r..C:. :..'-.e -~•x) 

Zi 



•' 

100.0 

10.0 

~D/1J 
~1" - -:n 

r.o 

0.1 

,.. 

,_ 
' 

l 

FIGURE VI-2 

Vrl.R!ATICN OF A.?PROX!M.ATE DIAMETER CHANGE 

WITH FLEXIBILITY RATIO FOR LOOSENING LOAD 

10 100 

" = Fle."<::.;;)ili t:y ?.atio (See ?ec.'< st al ( 1972)) 

• 

~ 
--l 
i 

1• 
J -' 7 

7 
7 

1 1 r I r 

1, OGC 

? = L--:."t.Sr..s:. ~ of Lccser..:..--:.c; Loa.C.. .~.S.$1.X'SC t~ be a T=iar..c;-1..:.lar Ji.st... ..:..:.."""tlticr: 
a= a Cent..-al .~r-s;le of 90 •. (::::rY = 120 ;:c:: ar.c:. ?. = ·9 .5 .:_., 
? = 3.5 ;:s:..) (see F::.,;,.:=e E.15, .;r.r.e.-v; E) 

10 = Siarret..e.:" C-:ar..:;e cf CJl:..--:.CS!."' • J = 

23 SN~7540 



• 

• 

• 

VII. CONNECTIONS AND OTEER SPECIAL CONSIDE?-.;..TIONS 

A. STATION END WALLS 

For all cases, the end walls shall be designed integrally with the 

walls, roof, and flocr but separate from the tunnels. In develop

ing the design, the section designer shall consider the following 

items: 

l. End walls will behave generally as shear walls. They 

generally will not experience sidesway since they are stiff 

relative to the soil in resisting the imposed shear distor

tion of the soil. 

2. Loading conditions described i:t Section III shall be 
. . . 

- _±_.~ __ - - _..._ - - •~ ::: .. G.~ ::3:_g~ 

The sta:tda:rd design provides a reinforced concrete foun

dation II approach span" transition where the timnels enter the 

station to minimize the differential movements at that poi:tt. 

Polystyrene or other materials to accommodate shears shall be 

used. 

3. TEREE-DL'-IENSIDNAL UNDERGRO~"ND STRUCTURES 

The geometry of some underground structures may :require that they 

be considered three-dimensional :rather than two-dimensional. When 

that is the case, designer shall apply the imposed racki:tg de.for

mat~ons or incremental ea=t:l loadi:igs consistent with those pre-

se:i..ted in Section III. 

eac::. :rn.tst be evaluated: 

The followi:tg cases and the e:fects a: 

One hund=ed percent i~ the first axial di=ection . 
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2. One hundred percent in the second axial direction. 

3. ; ?eventy percent superL'llposed in each of the two axial 

directions simultaneously. 

C. DUCTILITY 

The prime consideration in earthquake design is to provide a 

structure capable of behaving in_a ductile manner when subjected 

to several cycles of earthquake deformations. Thus, even more 

than in usual design, the ultimate success of the structure is 

dependent up?n attention to details in both design and construc

tion. This set of criteria cannot address all the considerations 

to be applied by the designer, who should be familiar with the 

available information for aboveground structures and apply appro

priate prccedures to the underground structures. 

• 

As a minimum, the designer shall follow the most stringent of the • 

following: 

0 

0 

Steel 

Concrete 

LACBC Specification, Part 2 (1978) or ·the 

LACBC, Division 26 

ACI, Appendix A (1983) or the LACBC, 

Division 26 

Other applicable references include: ACI 318-83 and Commentary, 

UBC, 1982; B:ousner and Jennings, 1982; Newmark and Rosenblueth, 

1971; Park and Paulay, 1975; Wiegel,• 1970; Blume, et al, 1961; 

Rosenblueth, 1980; and Newmark and Hall, 1982. 

10/31/83 30 SNT7540 

• 



• 

• 

• 

VIII. FAULT ANO RELATED CROSSINGS, LANDSLIDES, 

A.ND LIQUEFACTION 

Design of sys-:ems that cross faults capable of offset, as expected 

a-: the Santa Monica and Hollywood fault crossings, .is a difficult 

problem. As already· noted;··-it is virtually· impossible to provide 

a structure that will impede fault or related abrupt lateral mo

tion; thus, the structure must be capable of accommodating the 

motion without collapse. These design solutions are expensive and 

they become even more expensive if an abrupt fault exists but, as 

in this case, its exact location is unknown. 

Use of the standard steel lining becomes a question primarily of 

t.'"ie total length of steel lining required. In turn, this total 

angle change to accommodate conser-,atively that lateral displace

ment(s) specified for the MOE (6.6 ft.) in Section II. The geome-
··--- .. .. ... -~~--, ..:1;!W. 

t::e critical dimensions of the standard steel lining in general 

te=s are shown in F.igure VIII-2 (see also Annex Bl. 

In all soils (Nyman, 19?3) and in rock where the shear zone asso

ciated with a fault is distributed over hundreds of feet, the 

lining will tend to conform to the distributed displacement of the 

medium. 

Landslides may develop only where alluvium with sufficient surface 

slo~e and ~ater content intersects the axis of a str~cture. M.."l.TC 

::as conducted a review of t..,e City of Los A.~geles Planning Depart

~ent's Seismic Safety Element Report (19i4) and t..,eir Preliminary 

Geclcgic Ma;;,s (1964) These doc·..:.men-ts ide~ti ::y ;ioss ib le s 1::..c:.e 

a=eas i~ t~e Cit7 of Les A~geles. During t::is review no signifi-

ca~~ existi~g landslide a=eas or a:eas susceptible to landslides 
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from earthquakes were identified alon_g the alignment of the SCRTD 

Metro Rail Project. This preliminary finding, however, does not 

relieve the section designer of the :::esponsibility of evaluating 
' I 

the potential of and providing mitigation against landslide (s) 

along each specific section. 

The final special design condition of potential concern is lique-

faction. Current data regarding possible areas of liquefaction 

are presented in individual design unit geotechnica; engineering 

reports. Where conce:::n regarding liquefaction is expressed, the 

section designer shall assess the effects of such behavior on 

design and ensure that the structures are not adversely impacted . 
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FIGURE VIII-1 
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FIGURE VIII-2 

CRITICAL D!~~SIONS OF STAND~-"ID 

STEEL LINING SEG~~NTS 
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APPENDIX 1 

This appendix is provided for info=mation only. It has no con

tractual implication, but provides numerical examples to illu

strate the application of the supplemental criteria. Because the 

examples are illustrative and are focused on the problem at hand, 

the calculations have been kept as simple as possible. 

Based upon the considerations reflected by these illustrations, it 

is expected that the. greatest impact from earthquakes will occur 

for underground structures located totally or partially in New 

Alluvium. Nevertheless, each Section Designer is responsible for 

applying these criteria to his site sp~cific conditions . 
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De siaii Examo le s 

(All examples use numbers rounded to two significant figures.) 

A. LONGITUD!~!AL STIFFNESS OF STATION 

1. Compare 

ground. For 

longitu_dinal stiffnesses of station and replaced 

illustration, assume a structure 55 ft. wide by 

43 ft. high with 2 ft. walls, 4 ft. top and bottom, and 2 ft. 

inte=ediate level. Assume effe~tive modulus of elasticity 

of soil of 50,000 psi, representative of alluvium, and modu

lus of elasticity of concrete of 3.6 X 10 6 psi. 

AE (Station) 

AE (Soil) 
- ( 2x5 5 ft. x4f t. +S 5 ft. x2f t. +Zx33 ft. x2f t.) x l 44in 2 /ft. 2x3. 6x l 06.osi 

55 ft. x 43 ft. x 144 in2 /ft. 2 x so,ooo psi 
• 21 

• 1 so 1. ... t. so 

St='J.C-t.,.1=e 

that 

by a 

experience the 

s-ta~:..c::: is relatively stiff compa=ed 1:.0 ete 

t..'le soil would be compressed more than the 

longitudinal wave. Thus, the st=-ucture would 

full £rictional drag exerted by the scil ·.:hi.ch 

tends to be the upper bound (see Annex B). 

I 7' 

43' 

1 

T~e a~-rest p:essu=e a~ the base ·o: the st~Jctu== .~s: 

('K
0

, t:..e at.-::-est coe!:f~cie:r .. t, is taken equal to 0.5)·. 

Si.:..'"':l 

2 

• 

• 



• 

• 

• 

of the ea=thquake wave-to be app:oximately th:ee cycles/sec-

and from El Centro records. Then wave length 

300 ft., ·and the involved length of structure 

= 

iS 

C 
s 

3 ... -~. 
= 1000 

"' -3-

4. Calculate the indicated strain in the concrete at point 

A, using a conservative soil friction of tan 40°: 

300 osf x 1 ft. x 75 ft. x tan 40° = 0.0002 in./in. 

2ft.xlft.xl44sq.in./sq.ft.x3.6xlo 6psi 

5. Assume the allowable strain in tension is ten ;iercent 

that in compression, and considering these to be axial 

strains, the allowable strain is O.lO x 0.002 ·"' 0.0002 

in./ in. 

.-... .: -,_. '- ..: . . - =-~ .. =, =: ..... ~---

t~e allowable a~d no provision fo: axial st:ain need be made 

in the design. 

i. Designer shall analyze t...~e actual st=-uctu:es in li~h~ a: 
site-speci!ic conditions and pro;e=ties. 

Make a ?relimina=:, design of tb.e st:-.ic~u:e. 

example ass1.1.me cent.erli:1e di:nensior:.s a.:1C. me..'!l.ber t:lick::.esses 

a.:-e as follows: 

t = 4 ft. 17 1 

t = 2 ft. 38. 7' 

t = 4 

7 
21. 7' 

53 .3' 

3 



I 

2. Calculate the di:ferential horizontal rack.i,ng distor

tions from bottom to top of structure. Using Figure III-2 

(assuming the top SO ·ft. of the curves for alluvium as an 

illustration), the racking deformation is esti.~ated by taking 

the slope of the curve for Old Alluvium, approximately one in 

400. Therefore, for the 38.7 ft. high structure the total 

racking is .ll.:1 = O ~ 09 7 ft~ ( say a~ l ft) ~ 
400 

3. Calculate the relative racking distortion of each floor 

of the structure: 

Bottom floor = 21. 7 
X 0. 1 = 0.056 ft. 

38.7 

Tep flcor = 17 
X O . l = 0,044 ft .. 

38.7 

4 . L~pose these horizontal racking distortions on the 

· structure and bring the structure to equilibrium, obtaining 

~he following rounded moments (in in.-kips) at t..~e ?C~nts ~n

c.icated: 

1878 1878 
1878 1878 

714 714 
1325 1326 

612 512 

1542 

06/21/84 4 SNT"7S~O-l 

• 

• 

• 



• 

• 

5. The above r:1oments resulting from the dynamic racking 

shall then be combined with the static moments and thrusts 

defined previously to 

check, calculate the 

two-ft. thick section 

check the members. As an approximate 

approximate capacity at yield of the 

2 = 0.9 pbd fy (ignoring 

..... ·-----~~-.reduction 

for this illustration 

factor and p') 

capacity 

= 0 . 9 ( 0 . 0 2) ( l i in) ( 21 in. ) 2 6 0 , 0 0 0 = 5 , 7 2 0 in kip 

0 = 5,720 = (1.40 + l.7L +l.7H) static 

0 = 1.0 (1.00 + l.0L +l.0H + l.0Q) dynamic 

Obviously, the static loading can be no greater than 5,720/ 

1.4 = 4,080 in kip. Therefore the dynamic (MDE) loading is 

no greater than 

u _= 4~050 +.1,880 = 5,9;0 

or approximately four percent over the static capacity . 

raise the section capacity slightly so that the addition of 

the dynamic racking does not impose a bending requirement in 

excess of the static section capacity. Before making such a 

change, the designer shall consider the redistribution of 

bending stresses brought about by the for.nation of plastic 

hinges and compare with conditions shown in Figure III-4. If 

the resulting structural capacity still is less than the 

requirement, then the design shall be modified as required 

to satisfy the combined conditions. 

The designer shall perfor.n and complete such analyses for all 

app=opriate conditions and combinations on a site-s?ecific 

basis. 
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c. PI.A.~ VIEW RACKING OF A TEREE DIMENSIONAL STRUC~URE 

1. Make a 'preliminary design of the s;=ucti.:re. For this 

example assume centerline dimensions as follows (plan view) : 

40' 

60' 

2. Review geotechnical data to -define soil classifica

tion (s) encountered for -the reaches and depths under con-

sideration. Assume for this example that the st=uc-::ure ·is 

located in "C" units. 

3 . 

4. 

From Table 

fps. 

II.2, define 

Define Cse from Annex A: 

seismic velocity, 

for ODE, cse = 0.9cs • 1,530 fps 

fer MDE, cse = 0.Scs = 1,360 fps 

5. Es~imate the racking strain by: 

y -
V where vis from Table I!.1 

fc= ODE, v = 1.4 fps,y = 

for MDE, v = 3.2 f;s,y = 

6 

1. 4 

1,530 

3 . 2 

1,360 

= 0.00092 

= 0.0024 

= 1,700 

SNT7540-l 

• 

• 



• 

• 

• 

6. Calcula 1:e the 

direction: 

racki~g distortio~ 

_____ .. 
---

~ = 0.0024 X 60 = 

ft. 
0.144 

7. Calculate the racking distortion in the second major 

direction: 

,...,.....-----..+11 
1 

~ = 0.0024 X 40 = 0.096 

8. Calc~late O.iO of t..~e distortion i~ eac~ majo= di:ection 

and superimpose: 

0.096 X 0.7 = 0.07 

------~ 

----

I 
I 
I 

I ----•-!·--

7 

i 

0. ~ 4 4 X 0. i = 0. : 0 



9. Impose these racking distortions (steps 6, 7, and 8) on 

the structure and bring the structure to equilibrium under 

each, obtaining moments in each major structural member. 

10. The moments and thrusts resulting from the dynamic 

racking shall then be combined ( in turn if necessary, or 

using the. maximum if obvious) with the static moments and 

thrusts defined previously to check the members. 

11. Consider the redistribution of bending 

about by the fo=ation of plastic hinges. 

stresses brought 

If the resulting 

structural capacity is less than the requirement, modify the 

static design to satisfy the requirement. 

12. Perfo= and complete such analyses for all appropriate 

•=c•nd.i tio~s and combinations on· a- si te-:;peci£i.c basis. 

D. EARTHQUAKE RESPONSE OF RONNING LINE IN HOMOGENEOUS MEDIA 

(The following examples applies Steps l through 9 of Chapter VI.) 

l. 

For illustraticn only, it has been assumed here that tbe 

data for the "C" units indicate a shear wave seismic 

velocity near the upper limit of tbe specified range -

or cs= 1700 fps. 

Review geotechnical data available to define soil class-
ification(s) encountered for the reaches and depths under 

consideration. Assume for this example that all of the 
structure will be located in "C" units. 

06/21/84 8 SNT7540-l 
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2. For Table II.3 and Figs. III.land III.2, define seismic 

velocity for "C" units: 

cs= 1700 fps (see above) 

2.a Define c se 

From more complete data, including techniques used by Grant 

and Brown (1981), or, if more data are not available, Annex A 

(Annex A is used here): 

For ODE, C = 0.9 C = 1,530 fps se s 

For MDE, C = a.a C = 1,360 fps se s 

3. Compute axial strains induced: 

From Table B. l: 

V a 

:t 
max 

f). 7 ?. 
max , = :t max 

2cse C;;. 
se 

From Table II-3: 

For ODE, V = 1. 4 max fps and a = max 

For MDE, V = 3. 2 fps and a = max max 

Thus, for ODE: 

::0.7x10 

(rl.sst:...~ec raC.i1..1s o:: tt::1:1el is 10 :t.) 

10/31/83 9 

g 

0.3 g 

0. 6 g 

0.3 g X 32.2 

( 1 , 5 3 0 fps) 2 

ft. 

sec• 
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, 
If more complete data were available, the designer would now 

compare this strain with that assumed in Step 2a .. -If they 

were not consistent, the computed value here would be used to 

define a new value of cse· By iteration, the appropriate cse 

and corresponding "max would be defined. 

For MOE, 

• 

"max 
3.2 fps 

2 x l,360 fps 
0.6 g X 32.2 !!~a 

± 0.7 X 10 ft.-------=~=± 0,0012 
( 1 , 3 6 0) fps) • 

Again, if more data were available, the iterative process 

mentioned above would be used; 

4. Compare with maximum usable strains: 

For ODE in compressi.~n, r:- = O. 002 si:1ce strain. 1.s near.ly "allow 
purely axial. Also since 0.0005 < 0.002 ok. 

Since 1-0.0005 > 1-0. 0002 I , a plain concrete lining would 

crack in tension for the ODE; however, the segmented linings 

a=e reinforced and this tension strain (0.0005) is well 

below the minimum yield value of 0.0014. Therefore, any 

small cracks that tend to open in the segments will be closed 

by the reinforcing steel. Thus ok. 

For MOE in compression, "allow = 0.002 since again st=ain is 

almost pu:ely axial. Also since 0.0012 < 0.002 ok. 

Since 1-0.0012 > 1-0.0002 I , a plain concrete lining would 

crack in tension for the MOE also; however, t.'le segmented 

linings are reinforced and this tensile strain (0.0012) is 

still less than t.'le minimum yield value of O. 0014. Thus ok . 

10/31/83 10 SNT7540-l 
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Should a continuous liner be used for the tunnel pas sing 

through the basalt in the Hollywood Hills, it will require 

minimum reinforcement (p = p' = 0.002 as specified in Chapter 

VI). Such reinforcement will adequately distribute tension 

cracks induced by either the ODE or MOE. 

5. Since no adverse distress is induced, no modification is 

required. 

6. According to Ranken et al. (1978), the average diameter 

change coefficient for an assumed K = 0.5, from Figure VI.l, 
0 

is: 

E 
c~o l ul = a 0.0 

0 yH 

terest. Thus, 

= 0.08 

ave 

or 

== 0.08 120 ocf x 50 ft. 

_,,s...--·· -;:; ____ ._.. .......... 

= 0.000067 
ave 50,000 psi x 144 in. 2 /ft. 2 

(shortening. causes compression) for an average depth to 

springline of 50 ft. 

06/21/84 .L..!. SNTi540-l 



From the same figure, the varying component of diameter 

change is approximately: 

(shortening of vertical diameter) 

Thus, at the springline: 

t.D 

D 

Since: 

·e 
var 

= o.s 120 ocf x SO ft. = 0.00042 
50,000 psi x 144 in.>/ft.> 

3 
2 X 10 S in• X O. 0 0 0 4 2 = 

ft. X 12 in./ft. 0.000042 

The maxi.'TI.um strain pr.educed by excavation is obtained by s~.m.ins 

';; and •e 
ave var 

Thus: 

"max= 0.00006i + 0.000042 = 0.00011. 

Similarly, the.minimum strain is approximately (Figure VI.l) = 

t.D -
0 - -o.3 120 ocf x 50 ft. = -0.00025 at the crown 

50,000 psi x 144 in. 2 /ft.> 

and invert. 

•e 
var 

= J S in. X (-0. 00025) 2 X 10 ft. X 12 in./ft. = 

-0.000025 and E · = 0.QQQQ6i - 0.QQQQ25 = 0.QQQQ42. min 

a::C 
~ 

s a = o. 1 or 
va.:-

05/21/84 12 SN':7540-1 



• The =acking de!ormation causing comp=essive st=ai~ for cc~bi

nat.ion with strain reproduced by excavation is defi:ied by 

Squat ion B. l 7 in Annex B; that • causi:ig tensile strain by 

Squation B.18. In both cases the Poisson's Ratio was 
I 

ass~7Led 

be used to be one-third. If better values exist, they should 

and the equations modified as indicated in Annex B. 

V 

G (!) 3 (.!3.l (Em] •tot = (-2-) + T6 cse R t E.i. 
Eq. B. l 7 

(!) 
V 

and •tot =-2 (-2-) 
R C se 

Eq. B. 18 

For ODE, = l.4 fps and cse = l,530 fps (see Steps 2a a:id 3). max 

Thus: 

(l.4 f:ls ) ro( 8 in. ) 3 (10 ft. X 12 i'1./ft.i 
•tot = l,:,30 rps L: 10 · r:t.. x 12 i.n. / r:t.. + IT 8 i.n. 

50,000 'OSpis=li = 

4. 6 X 10
6 

•~ 

0.00015 

E: = -2 ( 8 in. ) 
tot 10 ft. X 12 in./ft. 

( l.4.fos 

1,530 fps 
= -0.00012 

And the combi:iation of strains due to ex:::avation load and 
::-acki:ig are: 

( • ) combined= 0.00011 + 0.00015 = 0.00026 max 

(E: • ) combined= 0.000042 - 0.00012 = -0.00008 min 

The maximum com?ressive strain of 0.00026 is well within the 
max::..-nu..'1! allowable value of 0.004 (t~e allowable value 

:::a inly flexure) . T~e tensile s~rai~ of 0.00008 is less tta~ 

G6/2:./94 SN':'/ 5 4 0-1 



that: expected to cause cracking. 

pected. 

Thus, no cracking is ex-

For the MDE, 

and 3). 

v = 3.2 fps and cse = l,360 fps (see steps 2a max 

Thus: 

"tot= (i;~6ftpsl G(lO ft.! ~-in./ft.l -+- i6 (lO ft.ax~~ in./ft.l 

50,000 ~si ]= 0_00039 
4.4 X 10 ps~ 

- Sin 3.2fos 
"tot= - 2 (10 ft. x 12 in./ft.l (1,360 fps) =-o.ooo 3i 

And the combination of strains due to excavation load and 

racking are: 

(i=- ' ccrr~i.ned = 0.00011 -Y- o·.ooc·39· ~ o.o·u0so -max, 
( • ) combined= 0.000042 - 0.00031 = -0.00027 min 

The maxi= compressive strain of 0.0.0050 remains well within 

the allowable value of 0.004. Although the tensile strain is 

slightly larger than that no=ally associated with cracking, 

it is still much less than ~~at no=ally encountered in con

ventional reinforced concrete bea.~s or slabs. 

7. According to the approximate procedure given in Annex E, 

as reflected . in Figure VI. 2, the maximum strains due to the 

loosening load are computed as follows: 

Com?ute ?roperties of transformed section. (Because of the 

i=~egular section due to bolt pockets, it is probably satis

factory to ignore the presence of compression steel and use 

an ap~roxi~ate recta~gula= sec~ion with effective dept~ cf i 

J..n. ) • 
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k = ~pn 
2 

- pn - pn p = 0,005, f~ = 6,500 psi 

n = 
29,000,000 osi = 

29,000,000 
, I = 6,3, pn = O.OC-5 x 6.3 = 

57,000 fl; 57,000 /6,500 

0.032 

k = 0.22, kd = 0.22 x 7 = 1.5 in.,I 1 = b(~d)> + nAs (1 - k} 2 d 2 

For b = 1 in.: 

Ii= l x (l:i 5l' + 6.3 x 0.005 x 1 in. x 7 in. (1 - 0.22) 2 x 7 2 

Ii -= 7.7 . .4 / . in. in. 

E 1 - . ui • 
( .J!! ) a> 

F = El. 
Crr:-l 

-i 

I.:2 t : : = 0 . 2 • i. 

( 
1 + 

F = (50,000 
4.6 X 

osi l 
10 6 psi 

F = 290 

u 
) , 

m 
=rom Peck, et al (1972), 

ft.) 3 x (12 in. /ftll2] 

6x7.7in. 4 /in. J 

From Figure VI.2 for F = 290: 

~DID F:p: = 16 
• -m 

p = average load intensity (see Annex El 

p Area 120 ~cf· 1 = X X 

1,728 in. 3 /ft. 3 R ff 

Area= 

06/21/84 :. s 

Annex D. 

( 1 0. 2 2) 
l + 1/3 
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p ( ff- ! ) Rl 1 1 
= X 14,4 X 4 IT R 

p = 3.5 psi for R = 120 in. (10. ft,) 

60 16 3,7 osi 0.0012 0 = X 50,000 psi = 

•e = 3 (~) 1!) (See above from transformer section} t = kd 2 D R top 

3 0.0012 0.22 X 7 in. 0,000023 = 2 X X 120 = in. 

•e 3 (60) (1 - k) d) = - 2 ( R 
bottom 0 

=- 3 X 0.0012 X (1 - 0,22) X 7 
2 120 

in. = -0,000082 
in. 

These g-t,:::-~ins are produced by the gr.a vi ty load a.,;.::;ne ~ 

c:alculations in Annex E assume linear elasticity, the effect of 

the vertical acceleration on the loosened material can be computed 

by firs-t:. ct.dding the acceleration t~ t:le gravity ::ompcnent ~~ .. ~ -!--~=~ 

multiplying that number by the strain; thus, 

·For ODE: (a }vert = 0.2 g max -

Thus •ioo = (1 + 0.2) x computed strains= 0,000028 and -0,000098 

For MDE: (amax)vert = 0.4 g 

Thus: •ioo = (1 + 0.4) x computed - -s .... ra.1.ns = 0.000032 and -0.00011. 

The strain due to racking is the same as that in the pre

ceding step; t.,us, 

For ODE, C = 0.00015 -tot 
'c __ = -0.00012 
~o~ 
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And ·the cornbinatio_n of st=a.ins due. to the locseni:ig load and 

racking are: 

I I 
(£max)combined = 0.00015 + 0.000028 = 0.00018 

(emin)combined = -0.00012 - 0.000098 = -0.00022 

The maximum compressive strain of 0.00018 remain well within 

the maximum allowable of 0.004. The tensile strains are just 

in excess of those associated with cracking, but much less 

than those normally encountered in beams or slabs. 

For MDE: : tot 

e:tot 

= 0.00039 

= -0.00031 

(emax)combined = 0.00039 + 0.000032 = 0.00042 

(e: . )combined= -0.00031 - 0.000011 = -0.00042 min 

Although the compressive strain is obviously larger for MDE 

compared to ODE, the same conclusion applies. The te:c.sile 

strain is above that normally associated with cracking, but 

it is much less than that in normal reinforced beams or 

slabs. 

8. If an out-of-round tolerance of t.DID greater than O. 0012 

(value !=cm Step 7) is allowed i:1 the exa.m.Ple, the st.=ai.:i 

e~i.valen't. to this tolerance will be i;reater than t:la-: cc.•..:..sad 

by loosening. 

as: 

Si~ce this tolerance i~plies a value as s~all 

~D = 0.0012 X 1 X 10 

10/31/33 1 -- I 

x 12 in./ft. = 0.29 in. 
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it is lic-,ely that out-of-round tolerance combined with -

racking may control.. The steps for evaluating this case 

should be cbvious from the two preceding cases. 

9. The comparison and allowables has already been made in 

the three preceding steps (steps 6, 7, and 8). Obviously, 

for the conditions assumed here, step 7 governs for compres

sion; step 8 for tension unless a tolerance greater than 

0.0012 is allowed. 

E. EARTHQUAKE RESPONSE OF RUNNING LINE.AT FAULT CROSSINGS 

The required clear circle within the tunnel cross section is 17.S 

ft.; simultaneously the chord length which must be maintained to 

clear the individual cars is 40 ft. The minimum radius of curve 

to accommodate the rolling stock is 750 ft. All of these condi

-:-~ c-~.,= ;";";~~=~ b.a conside.red i~-- aC.diticn to- the rc:quirement illu

strated by the example in Annex B. 
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e • 
•r l-1 D J.E E. 1 

Run Suu~ary Mal:rix 

llun Load Vs so 11 v~ so 11 E so 11 v sofl K sot l G soil E u loosened' nter- f c - pS 
Ho. Sha11e ft./sec. f ./sec. (!SI (!SI (!SI ·s I zone-psi face"- s I 

1 Un I form 1,500 5,000 184,700 0.45 622, ,,00 63,700 18,500 63,700 8,000 

5 Triangular 1,500 5,000 184,700 0.45 622, ,,00 63,700 18,500 63,700 8,000 

9 Triangular 1,200 2,400 103,600 0.33 103, ~00 38,900 0.0 38,900 4,000 

10 Triangular 1,200 5,000 114,200 0.47 621,MO 38,900 o.o 38,900 4,000 

11a Triangular 1,200 2,400 103,600 0.33 103,'00 38,900 o.o 38,900 4,000 

13 Triangular 830 1,670 50,000 0.3) -· 
50,COO . 18,700 0.0 18,700 6,500 

14 Tr langu I ar 830 1,670 50,000 O. 3J b 50,(,\)0 18,700 o.o 1,870 6,500 

15 Triangular 830 1,670 50,000 0. 33 C. 50,c,qo 18,700 o.o o.o 6,500 

17 Triangular 830 1,670 50,000 0.33 50,000 18,700 5,000 1,870 6,500 

18d Triangular 830 1,-670 50,000 0.33 50,(00 18,700 0.0 1,870 6,500 

a ' lle11Lh of Burial = 65 ft. 1n this case only, otherwls,, 140 ft. 
b 

I 
; At Interface = 0.48 

c Al Interface = 0.50 

d lwo rings of Interface elements 

I 'I 



TABLE F.2 

Comparison Between Time History Solution and 

Yeh's Expressions (Yeh 1974) for the Strain in 

Results Using • 

the T'.innel Wall 

Results are presented for the maximum design earthquake (MOE) and 

the op~rating design earthquake (ODE) for the' five material con

figurations of Table F.2. The term Yeh-strain is derived by util

izing Equations. 16 and 23 of Yeh (1974) with a radius of the 

tunnel equal to 9. 5 feet and the local seismic velocities from 

Table F. 1. 

The MOE and ODE levels are defined as follow: 

._ a . .c .... s -~ a - .k-illE, Vertical Veluc:ity = 2. l ft./sec. 
Horizontal Velocity = 3. 2 ft./sec. 

Vertical Acceleration = 0.4 G's 

Horizontal Accleration = 0.6 G's 

Table 2b - ODE: Vertical Velocity = l.O ft./ sec. -

Horizontal Velocity = l. 4 ft./sec. 
Vertical Acceleration = 0.2 G's 

Horizontal Accleration = 0 . 3 G's 

06/21/84 20 SNT7540-l 

IJ' 



METRO RAIL TRANSIT CONSULTANTS 
' ' DMJM/PBQD/KE/H'vVA 

FOR 

SOUTHERN CALIFORNIA RAPID TRANSIT DISTRICT 

INFORMATIONAL ANNEXES TO 
SUPPLEMENT AL CRITERIA FOR 
SEISMIC DESIGN OF UNDERGROUND 
STRUCTURES 



•· 

• 

• INFORMATIONAL ANNEXES TO SUPPLEMENTAL CRITERIA FOR 

SEISMIC DESIGN OF UNDERGROUND STRUCTURES 

These annexes are provided for information only. They have no 

contractual implication; as the title indicates, they provide 

general background for seismic design of underground structures. 

Because they are focused on the problem at hand, the derivations 

have been kept as simple as necessary to address the specific 

oroblems encountered. For more. general derivations, references . . 
have been provided at the end of each annex. 

Although an effort has been made to build one annex on the data 

from preceding annexes, it was not always possible to do so. As a 

cevelopea during the preparation of the criteria themselves . 
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ANNEX A 
I I 

DERIVATION OF EQUATIONS ANO EFFECTIVE SEISMIC VELOCITY 

(FOR SIMPLE STRESS WAVES PROPAGATING IN CONTINUOUS MEDIA) 

For a Simole Wave Prooaqating in a Slender Rod 

dx 

I • I 
§ § 

0~ ~ ~ ~ 0 + ao dx ax 

p = mass density 

A= cross sectional area 

u = displacement in x-direction 

U 
___ a2 u = acceleration in x-direction 

:Equilibrium requires: 

+ pud.x ( 0 + 
ao d.x) since A is to all terms 0 = common 
ax 

OU = 2...£ E: c; . 
ax 

and au 
e; = 

X ax 

:or elastic cor.ditions: 

-.:" C: E 
3u 

anc 
3o 

E 3 2 u cr = = = - X 
ax ax 3x 2 

.'I. 
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, 
Thus: E 

alu 
PU = 

axl 

Define c• = E or C =f where C is the stress Eq. 3 wave p 
propagation velocity 

Cl alu . . u = ax• 

The general solution is u = f(x - Ct) + g(x + Ct) 

If consideration is restricted to waves propagating ~ in the 

positive x-direction: 

u = f(x - Ct) Eq. l 

EX = au 
ax = f' (x - Ct) Eq. 2 

(J = EEX = pC 2 c 
X X 

= pClf' (X - Ct) Eq. 3 

velocit:y = au 
Cf 1 (x Ct) -Cc Eq. 4 u = at = - - = 

X 

= 
alu 

= Cl f" (x Ct) Eq. 5 u TTY -
; E . alu 1 X f" (x Ct) Eq. 6 ax = axr = - = ""cT u 

(from (3) and ( 4) ' rJ X = -pCu) 

For a Concave Downward Stress-Strain Curve 

Equation A imposes- no assumptions of stress-strain properties. If 

the condition is imposed that S = instantaneous slope of stress-

strain curve, 

s 3 O' = 
oE 

X 

:'';:::m E~".;.ation A: 

3 cr 
OU = 

,x 

; cr 3c 
a E a~ 

3 ,~- . X s X -- . = 7x = ,x 3£ ;:,c 
X 

PU = s 
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• But: e = l;: PU = s a 2 u 
X 

ax ax 2 

and the solution 1 as that given above results i.:: 
I 

define same we now 

c = ff where s is the instantaneous slope of tl:e concave down-p c ward stress-strain curve and substitute for C. The results 

above can be generalized for a plane wave propagating in a con

tinuum by use of the Lame relationships: 

a X = ).e + 2Ge 
X 

a = y 
). e + 2Gey 

a = z ). e + 2Gez 

with + + and ). 
uE e = e e e = u) (1 2u) X y z (1 + -

and G E = ( l+v) 2 

where: ). and G are Lame constants and E and u are modulus of 

elasticity and Poisson's Ratio, respectively. 

e = ex and a = ( ). + 2G) e 
X X 

Eq. 7 

a = ). ex y 

a z = ACX 

a ). O' z ). V - = = 2G a X ex ), + = u 
l - u 

F=cm simila=ity of Equations 3 and 7, the solution in Equations 1 

through 6 holds if we substitute Cp for Cs 

_ I, + 2G -· 0 
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It can be shown that the governing equations are of the same form 

for a shear wave propagating in the x-direction with a (seismic) 

velocity 

= /f where G = modulus of rigidity. 
p 

Thus, Equations 1 through 6 apply for a shear wave. with appro

priate changes in notation, such as Yxy substituted for "x and Txy 

for crx. A more general derivation of all wave equations may be 

found in several references such as Ewing, et al (1957) and Kolsky 

(1963). 

The value of the instantaneous slope, S, referred to above has 

been the subject of research for several years. An often used set 

cf laboratory data for soils giving the effective shear-wave ve

locity as a function of shear strain is Seed and Idriss (1970). 

~~ ~h~wn in G~ant and B~own \198l), eithe= t~e la;)oratory or field 
da~a seem more appropriate for approximating the ef:ective shear

wave velocity in the New Alluvium encountered in only limited 

se~en'":s :=f ~he routi:ig fa: the Les Angeles Me~=o Rail P=oject, 

and even t:i.en only at relatively shallow dept.'l.s. The ::ield data 

are mere appropriate for most of the aligr-.ment, since for Old 

Alluvium or rock the laboratory data give 

e::::ective shear-wave velocities than the in situ :ielC. data Ceter

mined by in situ impulse tests. 

Figures A.1 through A.4 are taken directly from Grant and Brown 

( 19 81) where t:i.ey appear as Figures 5 t:i.rough 8. Note that t.'l.e 

feature disti::iguishing "Medium Stiff to Stiff Clay/Silt" from 

":lard Clay/Silt" is shear-wave seismic velocity of 1000 fps. As 

noted by Grant and Brown (1981), the laboratory values for eit~er 

:na t.er:.al ty?e are c;:ui te similar; hcweve=, the field values a ...- 0 

sig=.:..::.car.tly highe= t.:J.a_1. -=.he laboratory values for "Ea=d Clay/ 

S ~ , - ,, -- -. The notation • (S-!l" on E'igures A. 3 and A. 4 are cu:::'1es 

I~ accor~ with t~e defini-

06/20/84 



ticns given above, the moduli cf rigidity in Figures A. 3 and A. 4. 

a=e derived !rem: 

where: 

G 

G 
""G max 

= 

= 

= 

c> 
s 

Effective modulus cf rigidity at the strain cf 

interest. 

Modulus cf rigidity at small strain consistent 

with conventional methods cf measuring seismic 

velocities. 

Shear-wave velocity at _the value cf strain cf 

Conventional shear wave seismic 

very low strains cf about 10-= 

velocity {at _, 
(lG ... pe!'ce~'t)). 

Since the strain levels induced by the postulated earth~uakes for 
-1 

Me~=o Rail a=e i:i t~e range of 0.001 (10 percent) and si~ce most 

cf the aligr-'llent is underlain by Old .;.lluvium or rock, t:-,.e ef

fective seismic velocities a=e app=cxL~ately 80 to 90 pe=cent of 

the measured seismic velocities and the effective moduli cf rigid

ity are approximately 60 to 80 percent cf those values L'llplied by 

~~e meas~:ed seismic velocities. The higher numbers apply gener-

ally to ODE; lower values generally to MDE. These values a-" 

:.a:<en di=ectly f=cm Figu=es A. 2 a:id A. 4. It is reccrn:ne~ded that 

:.~e values wit~i.:1 t~e ranges given above be used ur.less othe= Ca~a 

a.=e available which allcws =e::i.:1ement of t:"'le val.'l.:.es =ecc::mte~C.ed 
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FIGURE A.l 

Shear-Wave Veloci~y Attenuation -

Medium Stiff to Stiff ·clay/Sil~ 

(from Grant and Brown, 1981) 
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E'!GURE A.2 

Shear-Wave Velocity Attenuation -

Hard Clay/Silt 

(from Grant and Brown, 1981) 
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FIGURE A. 3 

Normalized Shear Moduli -

Medium Stiff to Stiff Clay/Silt 

(from Grant and Brown, 1981) 
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Nor:nalized Shea= Moduli -
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(f=om Grant and Brown, 1981) 
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ANNEX B 

DISTORTION REQUIREMENTS FOR RUNNING LINES 

Shaking Motion 

Following the procedures by Peck, et al (1972), the running lines 

are flexible relative to the media surrounding them; consequently, 

the shaking motion of these structures wiil be nearly identical to 

the shaking motion of the immediately surrounding soil or rock. 

In the following, therefore, only the motion in the ground (or in 

the volume of soil or rock displaced by the structure) is specifi

cally considered. In this annex only the longitudinal and racking 

distortions are considered.• the "sn,:1k.ing"' di -=:,..,....,"r;- i ,.,.,.., , -= ~.; s,....~ .. es 0 n 

in Annex D. 

If we define £k as the strain induced locally in the surrounding 

medium due only to curvature of the earthquake generate<::. stress 

wave, we find from Newmark (1968) that the curvature is numeri

cally equal ·to the acceleration divided by the square of seismic 

velocity. The associated strain is the product of this curvature 

and the radius of the cylinder of soil or rock displaced by the 

structure: 

where: 

= 

10/31/83 

Eq. B. l 

Strain induced by curvature of stress wave 

motion. 
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R = Internal radius of structure (or mean distance -

between geometric center of structure and 

a = 

g = 

C = 

point of maximum strain for a noncircular 

structure). 

Component of local acceleration in g's. 

Acceleration of gravity. 

Propagation velocity for appropriate wave. 

A..lso from Newmark (1968), the maximum value of local strain di

rectly· induced by a wave in the medium is: 

,., ...... ~ ~. ····---. 

V 

C 

V = -
C E:q ... 5. 2 

= directly induced component of strain 

= maximum local particle velocity 

= propagation velocity for appropriate wave 

For a dilitational or P-wave, the strain is in the direction of 

propagation of the wave. For a shear or S-wave, the shear strains 

are in any one of a group of planes perpendicular to the plan of 

the wave front; in turn, these shear strains produce a linear 

strain at 45° to the direction of propagation and its magni~ude is 

one-half the shear strain. Thus, for a shear wave: 

Eq. B. 2a 
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where e: and v are as defined above and c ( see Annex A) is the 
se 

shear wave· propagation velocity consistent with the amplitude of 

the wave (typically less than the sma_ll amplitude shear wave seis

mic velocity). 

The values of a and v are the ·values of acceleration and particle 

velocity induced by a single wave, which in the general case 

impinges on the structure at some angle, e, as shown in Figure 

B. l. As noted by Kuesel (1964 and 1969), Newmark (1968), Yeh 

(1974), ASCE (1983), and Nyman (1983), the maximum strain e:max 

induced in the structure is likely to occur for angles of inci

dence other than. parallel or perpendicular to the longitudinal 

axis of the structure. 

To account tor the effect of angle of incidence, the procedure 

initially suggested by Kuesel (1964) may be used. ,;:,..-!"'Im +,,i-o,Q ,..,...-,,...,ro-- ----- --·- ~ ---~ 
dures ·c.erived by Yeh (1974), Equations B.l and B.2 can be combined 

taking into account t.~e geometry specified in Figure B.l. 

gardless of its source, A sine is the component along the axis of 

the structure, A case is the component perpendicular to the axis 
• L . c 

• and case is the apparent length of the structure affect; thus cosa 

is the aooarent wave velocity 

lows, the peak amplitude, A, 

along the structure. In what fol-

is treated for each wave (P or S) 

typically as either the maxi.~um induced acceleration or the maxi

mum induced particle velocity. Theoretically these maxima cannot 

occur at the same instant in time for any single wave, but the 

co~servatism imposed by assuming t~at they are coinciden~ i~ time 

~ay not be_e~cessive; furthe=:nore, the temporal spreading of tiese 

~a=a..rnete::-s is probably im-possible to ;iredict. for any ?OStulated 

:uture earthgua:-,e. The results o: combining Equations B. l and 3. 2 

~~ ac:::ord. w:.~h F:.gu=e 3 .1 a:id Yeh' s solutions a=e shown i;1 Table 

3.1. T~e =ows of this table specify the si:igle wave type asst.:...~ed . 
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In each· case it' is also assumed for conservatism, even though it -- • . 

may be physically impossible, that the values 

induced by this single wave type, and,·as 

occur simultaneously. 

of vmax 
already 

and amax are 
noted, they 

The second column of Table B. l specifies the angle (9) of direc

tion of propagation of the assumed wave relative to the axis of 

the running line. 

The third column gives the general formula used while the fourth 

column gives as a representative value, the strain for Old Alluv

ium and the maximum design earthquake (MDE). The effective shear 

wave seismic velocity c for Old Alluvium and MDE is assumed in se 
the absence of better data to be 0.8 x 1200 fps= 960 fps (see 

Annex A). Similarly, for the operating design earthquake (ODE), 

the value is 0.9 x 1200 = 1080 fps. As noted in the footnote, the 

bet~S:= · -appI:"oach for defining the effective:•- seismic 7elcci ty for 

the P-wave in wet soil (cpl is to define it from the S-wave veloc- -

ity; the measured P-wave velocity in saturated soils is governed 

primarily by the wave propagating through the water in the 

The recommeneded value, which is the same as the maximum for the 

S-wa,,e at 45° angle of incidence, is shewn in the last line of 

Table B.l. The result, even for the nearly worst case considered 

in Table B.1 (vmax = 3.2 fps and amax = 0.6g for the MDE), pro
duces values of strain for the Old Alluvium (c = 960 fps) which . s 
do not exceed the compressive strain capability of a reinforced 

concrete lining. The joints in the segmented lining will mitigate 

undue damage in the lining. However, if the effective seismic 

velocity is below 800 fps it may be necessa=y to consider placing 

soft spacers within the circumferential joints to accommodate the 

compressive strain~ 
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For the operating design earthquake (ODE) , the maximum particle 

velocity in alluvium is 1. 4 fps and the maximum acceleration is 

0.3 g. Use of the recommended value in Table B.1 gives a value of 

maximum strain in Old Alluvium (c = 1080 f'Os) of 0.00071 in./in. 
se • 

Such a value is well within the allowable range for compression in 

concrete. For "such a strain in tension, of course, a solid lining 

would be cracked, but the joints in the segmented linings will 

mitigate this strain within the circumferential joints and the 

reinforcement will distribute any cracks which might develop be

tween joints, so that servicability is maintained. 

As noted at the outset in this annex, the structures are assumed 

to move with the surrounding soil during the shaking motion. As a 

result, no differential motion occurs and the shear which develops 

on the surfaces . of the structure due to shaking are only .those 

consistent with forcing the structural motion to conform to that 

ed in the strains considered above. Near bends in the structure, 

additional constraints generally will develop; however, the mini-

mum radius of any c1.1rve must be large to a.ccon,.moda~2 ~~e =~lli::.; 

stock. The effect of these constraints will be much less than the 

induced conditions produced by lat~ral relative displacements cf 

the type considered by Kennedy, et al (1977). 

The effects must also be considered of relative displacement and 

strain inc.uced by a wave over a finite length of the structure, 

such as bin Figure B.l. As stated by Newmark (1968), the follow

ing relations apply if: 

= Maximum acceleration induced by a stress· wave. 

= Distance between points land 2. 

C = A'Ooarent seismic velocity alcng axis 
tunnel. 
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= 

= 

= 

= 

umin2,l = 

= 

= 

= 

= 

• 
maximum displacement at point 2 along axis of 

structure. 

Maximum displacement a-:. point l' along axis of 

structure. 

• Maximum change in distance between points l 

and 2 along axis of structure. 

Maximum displacement of point l relative to 

point 2. 

Minimum displacement of point 2 relative to 

point l. 

Maximum strain at any point between points l 

and 2. 

Maximum induced particle velocity of point 2 

relative to point l. 

Maximum amplitude of displacement perpendi

cular to axis of tunnel. 

Maximum acceleration perpendicular to axis of 

tunnel. 

Quoting directly from Newmark ( 19 6 8) and changing only Equations 

21 to 26 in the original to Equations B.3 to B.8 here, produces 

the :ollcwing: 

"Other relationships are o: importance in the case where the mc

ticns are caused by more general disturbances than a wave of near-

ly ccns~ant sha?e transmitted in one direction. For example, it. 

is appazent t~at ~he maximum change in t~e d~stance between ?Oi~~s 
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l and 2, ob 21 , is related to the ,maximum displacements at points 

2 and l in the following way: 

Eq. B.3 

In many instances, this relation may be trivial because the maxi

mum displacements may be nearly equal, but since they do not occur 

at the same time, it i:S obvious that the maximum transient: change 

in length must be gr.eater than the difference in the maximum dis

placements. It is, however, true that the maximum change in 

length is less than the difference between the maximum displace

ment at ·either point l or point 2, less the minimum displacement, 

or the displacement in the opposite direction, at the other point. 

The minimum displacement would of course be zero, if the displace

ments do not reverse in direction. This relation is expressed as 

follows: 

Eq. B. 4 

must be less than the maximum strain anywhere along the line con

necting the two points, multiplied by the length, as given i~ the 

following relation: 

Eq. B. Sa 

•~or the special case where the maximum strain is related to the 

maximum velocity by Equation 18,* corresponding to a wave trans

mission situation, then one can derive from the preceding equation 

the following results: 

Eq. B.5b 

V 
E: max= max 

C 
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"For the s~ecial case where the deflection transverse to the line 
is give by.an arc of a sine curve, as in the relation 

y Eq. B.6 

then the curvature is obtained by the second derivative of this 

relation as follows: 

a•v, curvature I = - = max ax• max 
". y 

- ST m = Eq. B. 7 

From this relation and Equation 19** one derives the following 

result: 

~ Eq. B.8 

!or 

considered." • 

!'.=om the ,=quations abcv.:s, it is obvious thaL if the displacements 

defined by u with various subscripts are axial in nature, the 

induced strain in the segment of lining are axial in nature and 

these strains are 

Eq. B.9 

with ob 21 defined by Equation B.4 taking appropriate account of 

signs of the displacements. 

** 

= c•a m The approxi:na te sign is neeC-

ed s:.::ce Equation B.6 ·does :iot assume a stress wave wit:i peak 

accele=ation of am~ 

06/21/34 3-8 SNT'iS-10-3 

• 



• 

• 

If these axial displacements are accompanied by lateral displace-, 
ments, ym, Equations 3.1,_ B.7, and B.9 give a maximum strain in a 

finite length b of 

= :!: 
ob21 

:!: R 
ymg 

£max --s- cT , or Eq. B. i Oa 

:!: 
ob21 

+ R 
"2 £ = Ym max b b2 

Eq. B. lOb 

If the displacements defined by u with various subscripts are 

lateral in nat=e, the maximum strain in a finite length b accord

ing to Equations B.1 and B.7 is 

"2 = R ST Eq. B. 11 

.. ..:..: :,~r :.:•= ~~..::;;ia.i. case wt.ere Ym :; 00 21 stat:ed in Equation B. Sa, 

all strains induced in a finite length are less than those recom

mended in Table B .1; it is proper to use the s_maller value com;:,ut

ed as defined above in Equations B.-9 to B.11 if the length b is 

less than approximately 2,000 ft. The actual length depends on the 

effective shear-wave seismic velocity ~ the effective shear 

st:::eng'th at the structure-medium interface. For distances less 

than this limit the st:::ucture must be capable of resisting the 

di.:ferential shear_s (frictional drag) which may develop along its 

length (see Example l in Appendix 1), or the reduced strain noted 

i.mr.iedia tely above whichever is grea·ter. For lengths greater than 

approximately 2,000 ft., Table B.1 prevails. (Soil drag is con

sidered to produce an upper bound on axial strain as limited by 

i~te=face friction o= soil strength). 
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Rackinq Strain 

Racking stain is defined for the purpose of these criteria as that 

distortion induced in planes of the running line perpendicular to 

the axis and caused by a shear wave. Shear acting on an element 

of soil or rock, treated as an elastic medium, is the equivalent 

of a compression- in one---direction and an equai tension in a direc

tion perpendicular to that of the compression, see Figure B. 2. 

For this case, the maximum displacement of the circular hole, for 

conditions of plane strain along the axis of the tunnel, occurs as 

indicated in the figure B.2 and it is equal to: 

u Eq. B .12 

where the notation is defined in Figure B.2. If e,D is defi::1ed as 
I 

the maximum 

becomes: 

change in diameter, D (=2a) , then this last equatic~n 

If the hole is lined by 

to t.D ID I the st=ain in 

fe:-ence in outside to 

= ± 3 (!) ( ,rn l or 
ceb 2 75" R 

E V 

But: s = m s 

(1 - u 2 ) m 

a st=-uc-tu=e which distorts 

the structure, except for 
mean diameter, caused by 

"eb = :: 6 
( t) s ( l R Em - u 

m 

from Figure B.2 
2(l+u )c m se 

Thus: (~ ) 
l-u 2 

Eeb = :: 3 (!) ( ml 
R cse (l+u ) 

m 
V 

~;o = :: 3 (~) (-s-) ( 1- u ) 
R cse m 

06/22/8.\ 3-10 

Eq. B.13 

ar. arnou:it equal 

the slight dif-

the racki::1g is: 

2) Eq~ B.14 

Eq. 3. 15 

SNT7540-B 
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• 
= ± 2 

V 
(-s-) 
cse 

This is the bending component of strain induced in the lining. 

The distortion will_also produce thrust, or a uniform component of 

strain at least in compression. ( Since only limited tensile 

strain can develop across the soil or rock surface to the outside 

of the structure, little or no added tension will develop). The 

added compressive strain induced in the structure, if the soil and 

structure column and soil columns above and below it (the soil 

columns in Figure B.2) have the same stiffness, is 

Eq. B. 16 

where E1 is. the modulus of elasticity of the lining material. By 

• superposition, the total maximum strain "tot' is 

• 

(1) 
V 

"tot = 2 (2-) + 
R C se 

V 

E(i) Or: 
·- t 

= (_s_ 
~o C se 

I ". ... u = m 1/ 3. 

The maximum tensile strain is: 

:'or: 

= -2 

u = 1/3. m 

t .,, 
' ( m s ) (~) (--'-) 

4 (l+u )c t El. . m se 

3 (Em~ + 16 (.B) Eq. B.17 t El. 

Eq. B. 18 

A sincle calculation was completed using an elastic, finite ele

~ent ccCe. T~e distortion shewn in tbe upper figu=e in Fig~=e S.2 

was L-nposed with vs = 3. 4 fps and c se = 1, a a a fps. The st::--.1ct-.:.re 
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used was an 8 in. thick concrete lining, 

maximum compressive strain calculated in 

114 in. in radius. The 

the lining was 0.0009. 

Use of the 

psi and El. 

same parameters in Equation B.17 and with Em• 50,000 
. 6 

• 4.6 x 10 psi as were also used in the finite element 

calculation, yields: 

"tot • 0.0006 

Certainly a single calculation cannot be used to qualify an ap

proximate procedure; a series of calculations should be run, espe

cially to measure the effect of relative stiffness of lining to 

medium. However, 

the approximation 

until such a set of calculations is completed, 

used in Equations B. l 7 and B. 18 can be used 

• 

directly, or if more conservative results are desired,· the results 

of the equation can be multiplied by 1.5 (the ratio of the value 

from the single. calculation to that given by the equation). 

Whether or not this amplification is used, the compressive strain 

is well below the allowable of 0.004. Even for very low values of • 

effective shear wave velocity, cse' it is unlikely that the com

pressive strain will cause serious problems for flexible linings. 

Of ccurse, the racking strain must be added to strains caused by 

other loads, but even the combination does not appear to be severe 

( see example in 

spacers in the 

Appendix) unless c is low. As already ncted, se 
longitudinal and circumferential joints may be 

required when cse is low. 

The tensile strain due to racking will be generally larger than 

chat which causes tension cracking. However, the strain will be 

generally significantly less than that no=ally allowed en the 

tensicn side of reinforced concrete beams ( in the range of 0.001 

even at design loads I . The lining segments being doubly rein

::o::-ced, the rein=orcement is generally distributed. ac==>ss eac!': 

The rei::forcemer..t will aC.ec;:uat.el:l 

dist~ibi.:.te any c::-acks which might c.e,,elop. Fu=the=:nore, even 

thcugh cracks caused by racking may generally exter-.d throuqh tr:e • 
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thickness, the two layers of steel. will maintain the flexural 

strength at essentially the original value; thus, the section will 

adequately resist any return loadings (dead, live and earthquake). 

In similar fashion, the bolts fastenin·g l"the longitudinal joints 

may actually yield when subjected to the imposed racking but they 

will maintain their shear and flexural ~trength; thus no adverse 

situation should-be expected from the tension. 

Lateral Distortion 

Some tendency toward abrupt lateral distortion may develop where 

the running line crosses clearly defined faults. Such a condition 

may develop at the Santa Monica Fault whe~e the MDE fault dis

placement has been estimated as 6. 6 ft. (Appendix A, Converse, 

1983). 

,~':"":~"."'" .. ~ :.=,.,""7;1~71~::: ~'1--.-t,;,, ---·-·-~ --~--·-·--- --·-···· 
. B. 3 in the logi tudinal direction, it is impractical to provide a 

sufficient number of bolts to develop the yield strength of the 

skin plate. For example, with 48 bolts (AJ25) in the circu.~terer.

tial joints and a minimum thickness of 3/8 in. in the skin plate 

the stress in the plate is approximately: 

Approx. Stress 
Bolt Allow. Direct in 3/8" Plate 

Diameter Tension on Bolt for 48 A 325 Bolts 
(in. ) (ki-os) (ksi) 

3/4 17.7 l.3 
l 31.4 2.3 

* * With the gage (g) of 3.5 in. and the edge distance (e) 2.5 in. 

i:i Fiqu=e B. 4 and t!i.e flange bent in double cur,a ture, causi:1g 

As su."'l!ed values . 
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compression over the edge distance e, a 1/ 2 in. flange thickness • 

(tw) will develop the forces in the 1 in. bolt indicated above at 

initial yielding of the flange. Although a smaller flange thick-

ness could be usad with 3/ 4 in. J::ol ts, it seems desirable to 

-transmit the higher force 

length of lining must be 

tion. 

indicated since, as shown below, a large 

mobilized in accommodating the distor-

For the dimensions shown in Figure B.4, the deflection (o 1), con

servatively ignoring stretching of the bolt, is: 

0 .!. 
Tx 3 

+ Tx 2 
(g X) T (g x) , = m 2EI - + 3EI - Eq. B. 19 

If X = kg: 

6 .!. = Ta 3 I½ - k - 3k 2 ~l ti -r --~--- - ....J 
Eq. B.20 

The term in brackets is; 

k Bracketed Term 
1/4 0.169 

1/3 0.148 
3/ 8 0.143 

1/2 0.146 
5/ 8 0.172 

2/3 0.185 
3/4 0.216 

Since the smallest o l is the conservative case, use 

cl = Ta 3 

7EI Eq. 3.21 
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(Although this deflection is less than half that in single curva

ture, 

developing single curvature requires leaving the bolts loose; such 

a practice is hard to control to attain and maintain a specified 

looseness, but more importantly, it exacerbates any waterproofing 

problems.) 

For the values of oi in Equation B.21 and the geometry shown in 

Figures B.3 and B.4: 

R 
= 2 L f but< 0.013 in.fin. 

in. and g = 3.5 in., o l O. 0 2 4 in. 

Eq. B. 2 2 

The tension in 

t.l.;.::;: ::;;-... ,i.;1 pl.:..ts to develop a l in., A.325 bolt wit!"i the flange in 

double curvature is l.2 k/in. (The bolt force is 2.l k/in. while 

the total compressive force on the edge distance e is O. 9 k/ in. 

assuming a linearly distributed bearing force ranging from zero a~ 

~::e ::enter of the bolt to a max.iznum at t.he t=-.p of the =ia~ge). 

Obviously o1/L for any practical value of i is less than the limit 

(0. 013 in. /in.) required to maintain the required minimu.'!l radius 

of curve. 

:reed.cm to slip along ~ axis of ~ t,.i::nel can somehow :,e 

?=::,viC.ed -=o allow :ncbil:..zing the :1umber of steel segme::-:s ::eeded 

~o C.evelop tb.e C\:.~tatu=e sl:cwn i=1 Figure B. 3, the lengt:l o= tu::.nel 
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2. o2./2. L (ft.) 
(ft.) (in./in.) for R = 114 in. 

&o = 6. 6 ft. 

2 0.0010 350 
2 1/2 0.00081 390 
3 0.00068 430 
3 1/2 0.00058 460 
4 0.0005 500 

The forces developed by such slip must remain significantly below 

the 2. 1 k/ in. ( of circumference) in the bolt since the axial ten

sion is governed by the~ force, allowing for compression of the 

toe. As indicated above this net force is 1.2 k/in. but if the 

bolts should loosen for any reason the force could reach the full 

capacity of the bolt of 2.1 k/in. Thus, shear failure in the 

interface must occur below 1.2 k/in. even though the force capa

bility of the lining may be as high as 2.1 k/in. 

The analysis given above is appropriate for the bolted standard 

steel lini_ng. The approach given by Kennedy et at. (1977) and 

refined by Nyman (1983) is not considered appropriate for the 

cu~~ent case since this l~st methcu was developed 

small diameter unifo= thickness pipe with fullv 

tion) welded joints. 
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• ':fAlll.E 11-1 

_:;i~~!:t:TEII _I~_ I NC I l'AI. EHECTS OF EAR'l'llt/llAKE-G ENERA'l'Ell ~•,IVES ON n.EXIBI.E UNDERGROUNll STRUCTlll!ES 

Pn>pagal'Jun 
l)Jrectlon 

Rt!lall\lt! to 
Tunnel A)(Js 

( 0) 

Ef feet of CoonG lued Wavee 
Ax la I St ,a 1118 I 11duced in Hed l um 

---c-=--e_n_e_r_a~lc---
a 

1''on11u la 

V 

Rep.-eeentative 
Numerical Value for 
Old Alluvium (in/ln) 

Remarks 
(See Annex II) 

1)1 lal.lonal 
(I'-) Wave 

o· ;; :t Ula>: 

C 
pe 

:t 0.0017 b,c No curvature Js induced 
for (0° incidence) 

a 

h 

C 

,I 

Shear (S-) 
\Jave 

Uec,numendc,l 

Vuluc 

45° 

Shear Wave at 
45° 

E ;; :t 
s 

V 
mal': 

2c 
St, 

V 
ma>1 

2c 
se 

t o. 7 R 
il; 

mox8 
·;:·2·--

at: 

:t 0. 7 R 
11

max8 
·;:·z--

;,e 

:t 0.0016 
b 

:t 0.0018 b 

d 
R • 10' (assumed) 

d 
R • 10' (assumed) 

AtHiumeH a and v a.-e produced only by the wave considered and they occur simultaneously which is phys:lcally 
ma.x IUUX 

i111posolhle hut iu1 ucceptablc conse.-vatlve a1>p.-oxJ111atJon. 

for· Old Al luvlum and HllE· c • 1200 fps and C • 0.8 x 1200 • '160 fpe (See Annex A) 
' ti se 

~ 2c for 11 ~ 1/3; this ls 
ncar,y Dalurute,I t:ml l for 

a better 
whl ch c 

approach for d~riving strain in the soil than a. mcae_ured valued in satu.-atcd 

p 
ttipproaches th.:..1t for th,! ,,1ater :In the :l.ntersticet1~ For dry soils c - 2c 

p s 

CocfflcJent J11cJudet:. re,111Jred trJgonomet.-Jc terms for angle of lncJdence. 
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FIGURE B .1. 

Geometrical Parame~ers for Wave Intersecting 

A Structure at an Angle 

Plane of 
~ Wave Front 

b = __ L..,,.._ 
cose = 

C t 

cose 

\ 
\ 

b = L:ength of Structure Enveloped 
in iime, t 
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• FIGURE 3.2 

Shear Stress and Equivalent pirect Stresses 
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FIGURE 3,4 

Critical Dimensions of Standard 
Steel Lining Segments 

.i 1. 

ts (typ. 

( typ. ) 
g 

e 
t " g + e 

0 ~ 

ITT ___ _, I r---
1 / 
\ I 
\ I 
\ I 

\ I 
\ I 

i 

3-21 

See Detail 
Below for 

Deflected 
Shape 

SNTiS40-3 



REFERENCES .. 

B.l Kuesel, T.R. (1964), "Earthquake, Design Criteria for Sub

ways," Article 190 6 of Design Criteria for Bay Area Rapid 

Transit (BART) System, San Francisco. 

B.2 Newmark, N.M. (1968), "Problems- in Wave Propagation in Soil 

. and Rock," Proceedings, International Symposium: Wave Propa

gation ~nd Dynamic Properties of Earth Materials, Albu

querque. 

B.3 Kuesel, T.R. (1969), ".Earthquake Design Criteria for Sub

ways," Journal of Structural Division, Proceedings, ASCE, 95: 

ST6, New York (with Discussions by A.H. Hadjian (96: STl) and 

A.A. Eremin (96: ST3). 

B. 4 ?eek, ii..B., Hendron, Jr., A.J. and Mohraz, B. (l9i2), "State 

of the Art of Soft-Ground Tunneling," First North American 

Rapid Excavation and Tunneling Conference, AS CE-AIME, Chi-

3.5 Yeh, Gordon C.K. (1974), "Seismic Analysis of Slender Buried 

Beams," Bulletin, Seismolog-ical Society of America, !,±: 5, 

Oakland. 

3.6 Kennedy, R.P; Chow, A.W. and Williamson, R.A., (1977), "Fault 

Effects on Buried Oil Pipeline," Transportation Engineering 

Journal, ASCE, New York. 

3.7 ASCE Committee on Seismic Analysis, Structural Division Com

mittee or. Nuclear Str.ictures and !-!aterials (1983), "Seismic 

Response of Pipes and Structural Components," New Ycrk. 

3.8 N:nnan, D.J. (1983), Private Communication. 

06/22/84 B-22 SNT7540-3 

• 

• 



• 

• 

• 

ANNEX C 

EFFECTS OF TEMPORAL CHARACTERISTICS OF 

EA..~THQUAKE-GENERATED WAVES ON UNDERGROUND STRUCTURES 



• 

• 

• 

ANNEX C 

EFFECTS OF TEMPORAL CHARACTERISTICS OF EARTHQUA.~E-GENRATED WAVES 

ON UNDERGROUND STRUCTURES 

Because earthquake shaking is a dynaI!lic effect, it is often temp

ting· to consider the detailed time-varying characteristics of the 

waves. Such consideration is proper for above-ground structures, 

especially when non--linear response is allowed. Dynamic response 

is also appro-priate for elements mounted on the interior of 

structures, regardless of their location relative to the ground 

surface. For the basic underground structural response, however, 

it appears that the time variations are not important. This annex 

si.:...-i:mar i z es the f•w:da.'!:e n ta l analyses !.;,,•hich sunoort .. the 

~.;:;ucl~sion t.hat. time:: v-ariations of the s·haking mot.ion a=e not 

important in the basic design of underground structures . 

Nu.1?1erous writers, each in many papers prepared ove.r several years, 

such as, in alphabetical order, Barton, Blume, Fung, Housner, 

Mohraz, Newmark, Rosenblueth, Shah, ·Tung, • and Veletsos, have con

sidered the effects of temporal characteristics of earthquake 

motions, especially on shapes of response spectra. However, the 

randcrn nature of these motions and complex paths over which they 

propagate for shock isolation have made generalizations difficult; 

they have been especially. difficult when non-linear response is 

included with or without relatively higher percentages of critical 

Most of these studies have considered ranges of periods 

of st:-u.ctu=es from short to long. More importantly most have 

i.11plicitly or explicitly addressed the response of above ground 

s-::--1ctures or shock isolation of equipment in underground struc-
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:or che basic underground structures (running lir..e or stati•ons) • 

encountered in subway systems, fundamental periods of response are 

short compared to those for typical above ground structures. For 
' I 

exaJnple, the fundamental period for the running line is of the 

order of 5 msec. (see Merritt and Newmark (1964); period is ap

proximately radius divided by 1800 fps) The fundamental period 

for the station is in the range 0.1 to_ 0.4 sec. (see Merritt and 

Newmark (1964); 

period in seconds is at least (3 , 000 fps) d {; with L and d in ft. 

and 0, the reinforcing ratio, in percent). 

Figures C.1 to C.3 show earthquake records with amplitudes in the 

range of interest or even exceeding it. 

quakes produce motions which tend to be 

As already noted, earth-

random in nature. Never-

·t.heless·, certain conditions of interest. can be deduced from 

cou.il.iing zero crossings of the typical accelerogram. These cross

ings may reflect, in· selected instances, points of in:lexion in 

the velocity record; even then they reflect higher frequencies of 

respcnse .. The nt:...""t.ber of zero -==ossings in the accele=og=~ ra-

:lect. very nearly twice the frequency of the velocity pulse. As 

seen in the :igures, the number of crossings is in 

range of 10 to 20 per second. Thus, the inherent 

t:'le approximate 
.: . 1 -_requencies o:: 

velocity, which is proportional to strain and stress, are in the 

range of 5 to 1 0 hertz or the periods are 0. 1 to 0. 2 sec. The 

rise time of these disturbances is in the range of one-fourth to 

one-h.al: the period; thus, the rise times of the velocities or 

1 
·Alt.hough a standard seismograph is limited in the frequen-

cies it can =espond to, it will be shown later tba~ even the 

highest frequencies cause only minor overshoot oft.he dynamic 

:espcnse over the static response. 
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strains are in the range of 25 t~ 100 msec . (It shoult be noted 

also that the durations of these pulses are comparable to the rise 

times.) For the running line, the ratio of rise time to period is 

in the range of S to 20 times the fundamental natural period; for 

the stations, one-fourth to one times the fundamental natural 

period. (The durations of the individual spikes of velocity or 

strain are approximately double the values.just given.) 

Figures 

(1964). 

C. 4 to C. 6 are copies directly from Merritt and Newmark 

Although they were generated for blast loads, they apply 

to individual spikes of stress or strain for earthquakes when the 

temporal characteristics are defined in terms of period as noted 

above. 2 

The effect of rise-time of loading, as reflected by the velocity, 

is perhaps most clearly indicated by solutions for response of a 
3 - ·~- - - - ----

si~;:-:l:":;; v..;,,_.:_:.:.Q,;_._,.... Fi•~== C.4 ~~~;..;.~--;..=.:,;.~~~ ~~e C.j,·na..UJ.C a..-np.i..:.Z:.-

cation of the displacement of a sL~ple oscillator when subjected 

to step pulses of infinite duration (the worst case for a single 

pulse) with rise tL~e measured in r.P.l~tion to the natural peric~ 

of vibration. For a zero rise time, 1:.he ratio of the maximum 

deflection (Ym) to the _static 

the amplitude of the load and 

deflection (Y = P /K where P is 
s m m 

K is the stiffness of the oscill-

2veloci ty pulses generated by ear-':hquakes produce a contin

uous series of waves while in blast waves there is only a 

single_ pulse of primary concern; however, earthquake motions 

tend to be random, thus, resonance or near resonance with 

associated enhancement of response by the string of waves is 

mini=nal. 

that :or elastic st=-~ctures, modal =esponse techniques 

allow consideration of response of several simple oscillators 

and adding these separate moCal =es;onses to defi~e t~e total 

response of multi-degree of freedom systems . 
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ator) is 2. The amplification factor is identically unity for all • 

rise times which are integer multiples of the period. For all 

rise times greater than one times the period, the peak amplifica-
1 

tion factor is progressively smaller with the largest value of 

approximately 1.2 occurring for tr/T = 1.5; thus the maximum over

shoot of the dynamic over static deflection is approximately 20 

percent for an elastic oscillator subjected to a pulse of infinite 

duration. Since for the running lines, the ration of tr to T is 

at. least 5·, Figure C. 4 implies essentially no dynamic amplifi

cation. For the stations, the amplification could be as high as 

1.4 (tr/T = 3/4) according to Figure C.4, but the duration is much 

les$ than that assumed in this figure and some non-linear response 

is acceptable for at least the Maximum Design Earthquake (MDE) • 

For inelastic oscillators (Ym greater than Yv' the deflection at 

yi.elding), and/or for finite durations of loading, the results in 

In ~he se· iig-ii=es , the Ordinate is :-~cw 

the ductility factor (ratio of maximum deflection to vield deflec

tion) and not the amplification factor. When response is measured 

in te...'"lD.s o.f duc:,t ili ty factor, this paz:ameter can l:>e quite l;,rge 

for a step pulse of infini~e duration as illustrated by the top 

curve in Figure C. 5. Note, however, that this figure is con-

structed for a ratio of peak· applied load (Pm) to the yield resis

tance (Ry) of 1.0. Figure C.6 addresses the question parametri

cally in values of Pm/Ry while holding the ratio of pulse duration 

(td) to period (T) constant at 2 (the value for the lowest curve 

in figure C. 5). Since the duration of earthquake loads relative 

to the period of the runn.ing line is at least 2, the maximum duct

ility factor required would be at. the most 3 (Figure C. 5 or C. 6) 

with a zero rise time, but the r~se time is at leas~ S ti~es the 

period; thus, the required ductility factor is one and the ru::ining 

li::ie remains elastic. Also from these figures, the maximum duct

il~ty factor requ~=ed for t~/T equal to or g=eater than about 0.9 

is 1. 4 for any static 

which the peak load is 

06/21/84 
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< 2 (i.e., a design for 

yield resistance). Si~ce 
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the maximum ratio of td to Tis < 2 for the stations, the maximum 
' , 

ductility factor required is 1.4 to allow a static design; since 

this is the worst case for a single pulse, little non-linear re

sponse can be expected even for the MDE. 

From the above, it is clear that the maximum overshoot is 1.2 (the 

dynamic response is 20 percent higher than the static response) 

for all elastic cases where the period of the mode of response 

being considered is less than the rise time of the spike of motion 

of primary concern in the earthquake shaking. 

inelastic cases, allowing a ductility factor 

deflection of l. 4 times the yield deflection) 

Similarly for all 

of l. 4 (a maximum 

will allow static 

designs for all modes with natural periods less than 't!:le rise time 

of the spike of motion of con·ce=. More importantly, it is neces

sary to note that the "spike of motion of concern" is a postulated 

quantity and the associated time variation is also postulated; 

better known quantities than the principal parameter on which 

their definition must be based! 

As noted by the footnote above, ii:. is probable that standard 

seismographs may filter out frequencies of motion abov·e 20 t·o ·30 

hertz as a result of their mechanical characteristics. As a re-

sult, 

ently 

it is desirable to 

filter out higher 

investigate how 

frequencies of 

bu::ieC. . st=-.:ic-t.u.res in..~er-

response. Behavior of 

lined and unlined.tunnels in elastic media was considered by ?aul 

(1963), Yoshihara (1963), Ali-Akbarian (1967) inelastic response 

was considered by Belytschko (1978). The first three writers 

specifically addressed the stresses (and by uplication the 

strains) induced around lined or unlined t-:.innels subjected to 

either side-on loads (traveling per;iendicular to the longitudinal 

axis) or end-en loads (traveling parallel to the longi t-:.J.dinal 

axis) (see Figure c. 7) T!'le. ::ou:.-:h i-lri te: maC.e a complete =eview 

of tte blast-loadir:g prcblem, and it iJas ccncluC.ed t:la:t. blast 
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loads (primarily loads with a single 4 important spike) may be • 

treated as quasi-static; i.e., although there is a minor Dotential 

for dynamic amplification of response, its magnitude, if preser:t, 

has a smaller effect than the uncertainty in temporal and ampli-

tude characteristics of the associated loading. 

FIGURE C.7 

Geometry and Parameters Used by Paul (1963) 

Direction of Stress Wave Propagation 

a 

Circular Tunnel 

(Note: a in above Figure is the radius, denoted by R else-

where in these criteria.) 

4 
As already noted, the random nature of the string of pulses 

in an earthquake minimizes the tendency toward resonance and 

associated major enhancement of response. 
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a= peak,amplitude of stress wave; in all cases tension 

is positive 

n = mode numl:>er 

t = time measures from time of first arrival at tunnel 

c 1 = velocity of wave propagation of P-Wave 

c 2 = velocity of wave propagation for S-Wave 

a 99 = circumferentail stress at tun.nel boundary 
V 

- = V 
l - V 

= "plane strain" lateral stress coefficient in 
elastic medium 

"Static Value" = Value defined for static conditions 

To place this last assertion into context it is only necessary to 

refer to Fi9:lres C.8, ~.9, C.lO, C.ll and C.12 taken directly 

from Paul (1963) (originally Figures 6.l, 6.2, 6.12, 6.10 and 6.ll 

of the reference) . The first figure shows the maximum stress 

produced for side-on conditions, withe= o• the point of initial 

i.;-~ci-ici'":i.ce u:i: i.:i.t::: wav~. !he wa.v~ is a. step-pulse of infinite ciura

tion. The solution assumes only elastic materials. The maximum 

overshoot over the static value occurs at o•, and it is 29 per-

cen-c.. th~ next larg~r oversnoot occurs at e = so= and it is 11 

percent. Similar results are shown for. a different Poisson's 

ratio in Figure C.9, and for a pure shear wave in Figure C.lO. 

T!le effect of an exponential decay (k is the coefficient of tue 

as illustrated in the inset to Figure C.ll) of the incident pulse 

is compared with the result for a step pulse in Figures C.ll and 

C.12. Although the increase in tensile stress (values above the 

. origin) in Figure C. ll may be startling for the decaying pulse 

(or Figure C.lO for the shear wave), it must be remembered that 

t:iese are theoretical stresses around an unlined tunnel i:1 an 

elastic medium, and the proposed tunnels will be lined. At the 

same time, the lining will probably.not be strongly bonded to the 

surrounding medium, and most important of all, the lining will be 

a=ticulated. All of these last conditions ameliorate t:ie effect 

of t.'-:.e tension in the su=rounding medium, and for t.:le joi:1ts i:1 
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the segmented linings, the effects of any tension may be accom

modated. Thus, the result in Figure C.12 is the important" one. 

It is seen there that a decay coeffis;ient (as 'defined by Paul, 

1983) of less than 100 will eliminate the 10 

the static value 

percent overshoot of 

for the step-pulse of· the peak 

infinite 

c.12. 

stress compared to 

duration in Figure C.9 which is the solid curve in Figure 

The above discussion indicates that .a static treat.'tlent of the 

strain pulse, which is proportional to the stress or velocity 

pulse, will provid~ a solution which is entirely consistent with 

the degree of knowledge of the temporal characteristics of the 

~ostulated earthquake. 

\ 
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FIGURE C.l 

Ground Acceleration, Velocity, and Displacement, 
El Cer.tro, CA, E:arthqua},e of May 18, 1940 

N-S Component 
(from Blume et al, 1961) 
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FIGURE C.2 

Plot of Digi~ized Acccelerogr~~s 

Recorded at Pacoima Dam 

(from NOAA, 1973) 
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USGS 

1979 

FIGURE C.3 

USGS Accelerograms 

Accelerograms From Stations Within 30 km 

Earthquake Showing Peak Accelerations. 

of Fault Ru?ture of 

Solid Horizontal 

Lines -are Zero Reference Traces. Poor Quality of Some Data Traces 

is due to High-Frequency High-Amplitude Motion 

Optical Accelerographs (from USGS, 1982). 
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' FIGD'RE C,4 

Effect of Rise Ti.;ne of Load ?ulse en 
Response of Simple Elastic Oscillat:,r 

1~ 
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FIGURE C.S 

Aooroximate Effect cf Rise Ti:ne on Resoonse 
• - I I ., 

Simple Oscillator 

of 1.0; 
for a Damage-Pressure Level (P /R) 
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FIGURE C. 6 

Approximate Effect of Rise Time on Response of 

SiIDple Oscillator for a Ratio of Pulse Duration to Period of 2 

15-----------See tnser In Figure .G.,..5 
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FIGURE C.8 

.Boop Stress at the Boundary due to an Incident Wave of 
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Dilation Using n = 0, l, 2 (~ = 0) 

(from Paul, 1963) 
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FIGURE C.9 

Hoop Stress at the Boundary due to an Incident Wave of 

Dilation Using n = 0, l, 2 (: = l/3) 

(from Paul, 1963) 
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FIGURE C.10 

Eoop Stress at the Boundary duet~ an Incident Shear Wave 

Osing n = 0, l, 2 (v = 0) 

(from Paul, 1963) 
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FIGURE C.ll 

Hoop St=ess at the Bounda=y vs. Time due to an Incident Wave of 

Dilation with 4,000 psi at the F=ont and Various Rates of 

Decay Behind the Front (~ = l/3, e = 0°) 

(from Paul, 1963) 
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(Note, Ordinate nor:na.lized by peak amplitude of incident st.=ess 
for direct comparison with Figure C.9 fore= 0°; in original doc-

1.::.:nent ordinate was in absolute value of stress.) 
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FIGti'RE C,12 

Eloop Stress at the Boundary vs. Ti.me due to an IncidentWave of 

Dilation with 4,000 psi at the Front and Various Rates of 
Oecay Behind the Front (v = l/3, 8 = 90°) 

(from Paul, 1963) 
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STIFFNESS OF UNDERGROUND STRUCTURES 
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) ANNEX D 

/ 

STIFFNESS OF UNDERGROUND STRUCTURES 

Tunnel Lining 

The general approach taken in assessing either the static or dyna

mic behavior of a lined tunnel depends on the relative 

of the liner/soil system is conveniently considered as being 

divided into two separate and distinct types. The first is exten

sional stiffness, which is a measure of the equal all-arounc:. 

uni!"o= pressure necessary to cause a unit diametral strain of the 

liner with no change in ·shape. A measure of the extensional 

the comnressibilitv ratio C (Peck, et al, 1972): 

whe.:-e: 

E (1 -m C = . E 
. 1. 

E = m modulus of 

El = moc:.ulus of 

R = radius of 

u m = Po·isson' s 

UJ. = Poisson's 

.. . ) " V _t .l.'. 

u)(l-2u) 
m m 

elasticity of medium 

elasticity of li:1er 

line= 
ratio of mec:.ium 

ratio of liner 

ti = average thickness of liner cer unit length. 

s:.::ce t.:le ear":.::.(=iuake leadings involve shear wa~,es whic:l p=.; marily • 

c~a~ge t.~e shape of elements in the s=ound mass withcut signifi

ca::tly changing tbe average ~rincipal stress, the ccmpressibility 

=atic of the tu~~el has very little effect on the behavior-of t~e 
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The second measure of stiffness is flexural stiffness, which is a 

measure of the magnitude of the nonuniform pressures necessary to 

cause a unit diametral change in shape or an ovalling of the 

liner. 

The flexibilitv ratio is a measure of the flexural stiffness of 

the medium relative to that of the lining. The flexural stiff-

nesses of both the medium and the liner, as defined here, are 

• essentially measures of the resistanc_e of each to a change in 

shape under a state of pure shear. The flexibility ratio, F, is 

given by the following equation (Peck, et al, 1972): 

Eq. D. 2 

I 1 = Moment of inertia of the liner.cross-section per 

unit length along the axis of the.tunnel. 

Calculations of liner-medium interaction for various loading con

ditions, (Peck, et al, 1972, and Mohraz, et al, 1973) show that a 

liner will be_have essentially as a perfectly flexible structure if 

the flexibility ratio is larger than 20. That is, the liner will 

conform to the distortions imposed upon it by the medium and, 

therefore, the distortions experienced by the liner can be esti

mated by calculating the distortions for the free field. For the 

Metro Rail Project, it is reasonable to assume that the most un

favorable soil conditions are in the alluvium where a representa

tive (low) seismic velocity is 900 fps. The following material 

properties are then obtained for an 8 in. thick lining with a mean 

radius of 109 in. and an ultimate concrete strength of 6,500 psi. 

G . . 
seismic = 120 -ocf pvl = _ _::..:..;:.....;=.:..._ __ 

s 32.2 ft./sec. 2 
X 

(900) lft. 2 

sec. 2 

= 3.20 x 10 6 psf = 21,000 psi 
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G - ,. .. 
eI: .. ec't..ive = (0.6 to 0.8) Gseismic = 12,600 to 16,800 psi 

·E 
m effective = 2 (l + u)Geffective = 2 • 6 Geffective 

= 32,750 to 43,700 psi 

R = 109 in. 

E = s1,ooo Jtc 57,000 J6 , 5 0 0 
1 

= 

I = 

4.6 X 10 6 psi 

( 8) l • '"T2 per inch of length 

Th~refore, the flexibility ratio for the precast concrete lining 

F = ( 3 2 , 7 5 0 to 4 3 , 7 0 0) ( l - 0 . 2 •) ( l 0 9) 3 

6(4.6xl0 6) (8) 3 (l+0.15) 
12 

= 30 to 40 

Thus since the flexibility ratio for the articulated liner under 

consideration is even larger than that indicated above, it is 

certainly above the 20 imposed by Peck, and the liner will behave 

as a flexible liner; as discussed above, the liner will confor:n to 

the distortions imposed by the medium. 

Snakinc Mode for Tunnel Linincs and Stations 

Flexibility of the subway st=-~cture in plan view, where the st=uc

~u=e appears as a long nar::ow tube er n snake II subj ecteC. to the 

ear<:hquake g::-o_und wave motion, has not been defined matllematically 

~n the literatu.=e. However, it is recommended that the s~=-~cture 

be investigated by imposing on the st::-ucture the strains produced 

• in the g::-ound by the ear<:hc;uake (derived in Annex B) as a desigr'. 
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bound. 

tions: 

This recommendation is based on the following considera-

a. If the structure exhibits the same flexibility as the 

ground replaced, then assuming the structure strains are 

equal to the strains in the ground is the exact solution. 

b. If the structure is more flexible than the ground (as 

preliminary calculations indicate), the structure will cer

tainly follow exactly the ground motions so that once again 

assuming the structure strains equal to the strains in the 

ground is the exact solution. 

c. If the structure is less flexible than the ground, it 

will attempt to move less • than the ground moves in_ the free 

field. By moving less than the ground, the structure nee-

i;~E;.zil;[· is stzairrecr less than the ground. Therefore t:LE: 

strains in the ground are an upper bound to the strains in • 

the structure and imposing the strains in the ground on the 

structure is conserva~ive_ 

Thus, for all cases of structural flexibility ( less than, equal 

to, or greater than the replaced ground) t.,e strain in the ground 

·is either equal to or a bound of the strain in the st=-ucture, and 

L~posing the strain in the ground on the structure is a conserva

tive assumption. 

Rackina Mode for Stations 

Preliminary calculations in_dicate t.,at t.,e station may be less 

flexible than t.,e ground under racking motion. As discussed 

above, however, it is conservative to assume that the motion of 

t.'le station structure is the same as that of the surrounding· 

ground. Even ~ith t.,e conservative assumption it is expected that 

the earthquake conditions will impose only minor, if any, modifi

cations to the static design (see Appendix l). 
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ANNEXE 

TUNNEL ANALYSES FOR LOOSENING LOAD 

I. Int:::-oduction 

The basic design of the precast concrete segments has been per

formed by MRTC following the "Guidelines for Tunnel Lining Design~ 

(O'Rou:::-ke, 1984). It is recognized, however, that those guide

lines a:::-e general· in nature and address, for the mo st part, only 

static loading conditions. Under the dynamic loading conditions 

induced by a earthquake, the tunnel will be subjected to: 

o Distortions which have been discussed elsewhere in these 

Annexes: arid 

0 Ve=tical accele=ations. If, du:::-ing construction, loosen-

tbese vertical accelerations will inc=ease the impact a: this 

loosened load on the tunnel; This probl~'Tl has not been ad-

dressed fully in the literature. 

Available in:o:::nation indicates the L'Tlpact of this loosened load 

is ext:::-emely sensitive to methods of construction and to assump

t:.ons =egarding the properties and condition of the tunnel lining 

and su=rounding materials. With the recognition of this sensitiv

ity, a prel:.minary investigation of the SCRTD tunnel line= section 

was pe=!or:ned to provide estimates of the adec;uacy a: the secticn 
to =esist ng=avity loadir.gn :esul~i~g f=cm tte weight of a zone of 

lccser.eC mate=ial above the tunnel. 

te:-::ts of ~or:nalized th:ust and bending moment distributions around 

tie tu~nel cross-section. A ;ia=amet=ic app=oac;;. was adc;:ted to 

:ie'Ce=::iine t.::e ser .. siti'.rity of ;eak bendi.:1g mcmen-ts to v"ariaticn of 
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key variab
0

les. T!:le problem was analyzed in a. s.tatic, plane strain • 

configuration with a vertical axis of symmetry. The SATUR!'I pro-

gram (Sweet, 1979) was used with the existing grid shown in Figure 

E.l. As discussed below, a grid with a shallower tunnel was later 

used and the results agreed to the third significant figure. The 

liner was modeled as a continuous concrete cylinder containing 20 

elements surrounded by a medium herein referred to as "rock" or 

"soil" and composed of 280 elements. Both materials were modeled 

as linearly elastic. The boundary conditions used are as ·shown in 

Figure E.l. 

Table E.l summarizes the 11 problems analyzed to show the parame

ters investigated. Symbols used in Table E.l are defined in Table 

E.2. Section II discusses the problems chosen for analysis and 

discusses the rationale for varying each parameter. Section III 

~ disr-usses the processing models used and the method cf computing 

conclusions therefrom. Section V offers recommendations for more 

study. Section VI provides the detailed data from the calc-..ila-

tions. 

II. Assumotions for Problems Analvzed 

Figure E. 2 illustrates the general configuration of all problems 

analyzed. The uniform load shown in (a) was used for Run l only; 

all other runs used the triangular load shown in (b) . All loads 

we::::e applied over the top 90° segment as shown, and the uniform 

and triangular load magnitudes were selected to result in the same 

total applied load for all runs. Boundary conditions for the 

remaining 2;0• were varied as described below. The total applied 

load was t!:le weight of a triangular "loosened" zone of rock 12 
R in widt!:l and h high, as shown in Figure E.3. The unit weight of 

rock was taken as 120 lb./ft. 3 • The ratio, h/R was taken as one. 

Table E. 6 shows peak moments at other h/R ratios :or all r-,1ns . 
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All runs except Run 11 were modeled with a 140-ft. depth of burial 

to the tunnel springline. 

The material properties used for the analysis were obtained from 

representative data used to approximate the layered geology an

ticipated for the tunnel system. These data are ·shown in Table 

E.3 and are those used for the new SHAKE computer runs reflected 

in Figures III-land III-2. 

Runs 1 and 5 used identical material properties, differing only in 

the load shape which was uniform in Run 1 and triangular in Run 5. 

For these runs, the soil was considered representative of a soil 

below the water table at approximately 100 ft. with a shear-wave 

velocity of 1,500 ft./sec. and a P-wave velocity of 5,000 ft./ 

sec.a The "loosened zone" above the tunnel section had elastic 

prope=~ies of one-tentb the insitu material. '!'hese reduced val~es 
.... .,, ............ ~ ..... -~ --r- ..... -- '-.1 "",I,, this 

better represent the actual behavior. The strength of the con-

crete was assumed as 8,000 psi in_Runs land 5. 

The second series of runs varied the soil/liner stiffness charac

teristics. The properties of Run 9 represent a dry soil with a 

shear-wave velocity of 1,200 ft. /sec. and a P-wave velocity of 

2,400 !t./sec. A wet soil with a similar shear strength was used 

for comparison _(Vs = 1,200 ft./sec.; VP = 5,000 ft./sec.). For 

these t-..,o runs a· lower concrete strength was used ( fc, = 4, 00 O 

psi). In addition, the stiffness of the loosened zone was set to 

zero, thus eliminating any transfer of stress into this material. 

Run 11 was a repeat of Run 9 except the depth of burial was re-

duced to 65 (Figure E. 4) . 

a Despite the recommendation in Appendix B that v
0 

be tac-,en 

eq-.:.a:. to twice v 5 , it was necessa.:'y to use v~ fo:= -:.!le wa te= 

~n sa~ura~ed cases in t~is a.~~ex because SAT~°:t.~, tbe ccm=u~e= 

progra.":1 used, has appropriately considered the e::::ec~ive 

st=ess i~ a satu:ated so~l; it prcpe=ly t=a~sfe=s ~~e st=es
ses bet"iJee:1 soil ar..d wa-:e:. 

06/21/84 E-3 SNT7540-E 



Runs 13 through 18 used a common set of soil and liner properties • 

throughout but included slight variations in the loosened • zone 

properties. • These properties represent a dry soil near the sur-

face and above the water table (V = 830 ft./sec.; V = 1,660 
s p 

ft./sec.). Also, material properties of the elements adjacent to 

the liner were varied as a means of approximating a slip condition 

or slip layer. 

design value of 

the grid. 

The concrete strength was increased to the 

6,500 psi. Figure E.S shows the materials 

actual 

within 

Run 13, the control run, used properties of the slip layer the 

same as the surrounding soil in order to assess the effect of the 

new soil and concrete properties when compared to previous runs. 

Loosened zone stiffness was again zero, the same as Runs 9 toll. 

Run 14 differed from Run 13 in .that a "slip layer" was apprcxi

lli~~~~ Zy reducing the· Shear· modu·l~s co one-tenth· that of-- the sur-

rounding medium. In Run 15, the _slip layer shear modulus was 

reduced further, to zero. 

In both Runs 1 7 and 18, the slip _ layer was made the same as for 

Run 14, i.e., one-tenth the shear modulus of the surro.unding me

dium. The loosened zone in Run 17 was given one-t_enth the elastic 

properties of the in situ material. 

Run 18 again used zero stiffness in the loosened zone, but em

ployed two layers of "slip" elements in the slip layer with a 90 

percent reduction in shear modulus. 

Scluticn !-!ethod 

The initial solution step was to define and set up the problem, 

including t:he element grid geometry and the applied loading. The 

g:::ic.s used have been previously c.escri::ied; s:r.:,.metry abcut: the 

ve=tical tunnel axis was employed for computa tionil efficiency. 
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Figure E.3 details the load geometry resulting from a triangular 

loosened zone above the tunnel. For a= 9.5 ft. and h = a, the 

net area is found to be 56.8 ft~. With 

120 lb. /ft. 3 this gives a load of 6,810 

The same total load was applied in the 

though the shape was different. 

a unit weight of 

lb. per foot of 

unifo= loading 

soil of 

tunnel. 

?.un 1) 

SATURN is a generalized three-dimensional finite element computer 

code with dynamic and nonlinear capability. All runs for these 

analyses were made with static loadings and linearly elastic mate

rials. All grid elements were quadrilateral continuum elements in 

plane strain. 

The nodal displacements obtained from SATURN were used to compute 

circ'\llllferential strains at the interior and exterior surface of 

each liner element. Figure E. 6 details the strain calculation 

pu-ceci irom: 
,: ,: 

Axial strain= Ec = 0 + i 
2 Eq. E .1 

Flexural strain Eq. E.2 

in which € i and •o are the interior and exterior circumferential 

strains respectively. Thrust and moment were then computed assum

ing an elastic ring of unifo= thick..~ess: 

Thr.ist = T = Et •c Eq. E. 3 

Moment = = . Et 2
e:l! 
~ Eq. E.4 

6 

where Eis the modulus of Elasticity and tis t~e line= thick~ess 
:or a unit length . 
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Ranken et al (1978) provide solutions to various relatec. problems • 

which are useful for comparison. Since those solutions are nor

malized by the factors Pa for thrust and Pa 2 for moment, these 

factors must be computed for the present analysis. P is the 

equivalent uniform load magnitude per unit tunnel length; that is, 

the total appliec. load divided by the loaded spa:n. The tunnel 

radius is a. 

For the present problem a is 114 in. giving a load span of a ff= 
161 in. The total load was computed ear lier as 6, 81 O lb./ ft. so 

that P is (1/12) (6,810) /161 = 3.520 lb./in 2 • Pa is then 400 per 

inch of tunnel length and Pa 2 is 45,750 per inch. 

Pa was also used as a normalized factor for thrust computed. from 

SATURN. Moments computed from SATURN were normalized with respect 

to __ u~_t.Luate moment capacity in view of the fact that moment con

tr:31.~---tha des·ign. This ultiJnate· moment capacity was computed. from 

M = 0. 9 u 
taken as 

As is 1/2 percent, fy is 40,000 psi and d is 

Using As O. 005 d gives Mu = O. 0045 fyd 2 = 8,820 

The values of C and F listed i:n Tab le E. 4 can be used to enter 

plots of coefficients for the terms in Equations E.7 and E.8 and 

Equations 7.1 and 7.2 of Ranken to obtain normalized thrusts and 

moments for comparison pur;ioses. 

Table E.4. 

IV. Results 

These results are tabulated in 

The ccmplete results of the finite element calculations a=e ?re
sentec. i:n Section VI. These results are given in terms of thrust 

ar.C. moment as a :unction of angular posit:.on arounC. the ci=cum

!e=ence of the li~er. In this sec~ion· :.nfluences of t~e various 

parameters are c.iscussec.. Peak moments are swnmarized for all 

:--..:::s expresseC. i:i te=:ns of a pe=centage of the ul~~~ate moment 
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capacity of the section. These moment values, presented in Table 

E.6, are given for several values of h/r, where his the height of 

the triangular "loosened" zone above the tunnel. The calculations 

were performed with an h/r = l. 

portion to the change in weight 

of h. The last three columns 

Other values were scaled in pro

of the :cosened zone as a function 

in Table E. 6 related •to values of 

maximum moment from Ranken for a tunnel and medium with the same 

flexibility and compressibility factors. A comparison. of these 

values will be discussed later. 

Runs land S investigated the effect of a uniform vs. a triangular 

load distribution on the liner. Results of these two calculations 

are presented in Figures E .10 and E .11 in terms of normalized 

thrust and moment around the liner. These normalizing factors are 

discussed in Section III. The two figures show that the triangu

lar load distribution generates higher moments and less thrust 

for the triangular load . 

The next series of runs looked at the variation in stiffness of 

the medium. In addition, a zero stiffness was assumed for the 

"loosened-zone" as a worst case_ assumption. Run 9, using a "dry"· 

material with Vs= 1,200 ft.sec.-and VP= 2,400 ft./sec., resulted 

in higher moments and thrust than the previous runs as shown in 

::igure E.12. Figure E.13, a similar run (Run 10) with a we-t mate

rial (Vs = 1,200· ft./sec.; VP = 5,000 ft./sec.) produced very 

little change. The difference between these two runs and ·Run 5 

are attributed to the reduced shear stiffness of the medium 

(63,700 psi vs. 38,900 psi) and the zero stiffness of the loosened 

zone. Results of Run 11 showed the calculations to be relatively 

insensitive to burial depth (material properties held constant 

frcm Run 9). 

T~e final series of calculations was concerned prima=ily wit~ the 

e=::ect of slip bet"'Neen t:le concrete liner anC. the su=rou::ding 

medium. Run .1.3 was a repeat of Run 9 with near surface soil and 
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the design strength concrete. Results indicate a 38 percent in

crease in maximum bending moment for the weaker .soil (no slip) . 

By incorporating a layer of elements with lower shear stif:ness 

(slip layer) the calculated peak moment increased signi:icantly to 

62 percent of ultimate section capacity (Run 14). By decreasing 

the shear stiffness to zero (Run 15) a full slip condition was 

approximated and the peak moment increased to 75 percent of ulti

mate. !t should be noted that for these runs, the elastic proper

ties of the "loosened" zone are zero; thus, there are no forces 

acting between the loosened zone and the surrounding medium. 

To assess the relative importance of "loosened" zone properties, 

Run 17 was performed w~th elastic properties of this zone at one 

tenth their in situ values. Comparing this run with Run 14 one 

sees a 33 percent reduction in peak moment in going from O to 

one-tenth the elastic properties. The last cal.c-:ilati.cn 
·• . 

was a repeat of Run 14 only with 2 slip layers. This resulted in 

a slight increase in maximum moment a f approxUl.a tely 8 ;iercent ~ 

='=cw the a.bo,re calculations it is evident that the wcrs~-case 

conditions are a zero sti:fness (E = G = K = O) "loosened" zone 

combined with a full-slip condition (Run 15). It ~ppears that 

some sli.p resis-:ance as well as some soil ::-esistance in tl':.e 

·"loosened" zone may be a more realistic assumption. Nevertheless, 

the worst-case (Run 15) assumptions result in a maximum bending 

resistance cf only 72 percent of the ultimate section capacity. 

By assuming some small amount of slip resistance between t:,e liner 

and soil (Run 14), a maxi.~= moment of 62 percent of ultimate is 

Fi~ally, by allowing some stress capability i~ t~e 

loosened zone (Run 17) the peak moment is reduced to only 42 per-

ce~~ a: ultimate~ o: these three calc-:.ilations, the second case 

(::-
1.:.n 14) prc-viC.es a reasonably conse~1ative estimate of sec":ion 

capacity. The last case (Run 1 7) may overesti..~a te the stress 

ca~ab~li~y cf ~~e lcosened zone by allcwi~g some tensi:e st=eSses 

to c.evelop. 
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The last three columns in Table E.6 provide a means of comparison 

between the method of analysis of "gravity loading" presented in 

Ranken and the preceding calculations. The first of-these columns 

are for a unifo= lead with the same, total weight of ~he assumed 

"loosened" zone dis~ributed over a 

slip and liner separation from the 

These values should be compared to 

second of these columns, the peak 

90° arc of the lining. Both 

"loosened" zone are allowed. 

the h/r = l column. In the 

moments are multiplied by a 

factor of 2 reflecting the difference between the peak load of the 

triangular distribution versus the unifo= distribution. The last 

column represents_ the peak moment of the first column multiplied 

by the ratio of the peak moment of Run 5 (triangular) and Run l 

(uniform) . This approximates the difference between the uniform 

load assumption of Ranken and the triangular load used for_ the 

present calculations. If one assumes this ratio (2. 75), the peak 

mcment given by Ranken is in good agreement with the worst case 

most like that of Ranken . 

V. Recommendation 

Based on the preceding results, the assumed unifor.n ring appears 

adequate to resists the assumed "gravity loading." More research 

is required to deter.nine the behavior of actual liners. 

The proble.~s reflected in Table E.6 and Section VI have gaps; they 

certainly do not represent a complete parametric study·. Neverthe

less, as already noted, the approximate results indicate that the 

"loosening load" by itself is relatively benign. In fact it is 

perhaps so benign that even when combined with the racking distor

tion, which most likely would occur after any strain due to loos

ening load has developed, gives a total distortion which is not 

going to create any condition which approaches collapse unless the 
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effective shear-wave velocity in the surrounding soil is low. 

Because in New Alluvium this velocity may be low enough to create 

difficulty, the following approximate procedure is suggested. 

The approximate procedure is generally based on the plots in Fig

ure E.14. The open circles represent, for modulus of the loosened 

zone of O and 5,000 psi, Runs 13, 14, 15, and 17, from Table E.6. 

The two open circles at a modulus of 16,700 psi are from new runs 

just completed. The curves drawn are best slopes interpolated or 

extrapolated from the data available. The square solid point 

represents a result using an entirely different finite element 

model, but otherwise using parameters essentially the same as for 

the run immediately above it. The models are so different that 

the results cannot be considered comparable; the comparison merely 

shows the results of two independent model formulations. (Sow

e·:er; it is probably not entirely coincidental that the ratic of 

the ordinate for the square and the circle immediately above it is 

nearly equal to the ratio of the total loads; the square assumes 

approximately a sinusoidal loading while the circle assumes ap

proximately a triangular loading, each acting over one-fourt..~ the 

circ".Jlllference.) 

Si:-ice the results described i:1 detail in this An:::ex 

conservative than earlier work (Ranken) they may be used for the 

current design efforts. To be reasonably sure that refinements 

are not going to ·produce results which are worse (higher strai:-is 

than those implied here) than those deduced from the followi:-ig 

proced=e, the data from Run 14 (stiffness of loosened zone 5,000 

psi) are used to defin- conditions for using Ranken as the basis 

for accounting for vari_ations in lining stiffness. 

The s-tiff=.ess of the linings 1.1sed in the ~=eceC.i:1g calculations is 

defined as that for an uncracked; homogeneous concrete ring with 

modulus of elasticity of 4.6 x 10 6 psi. The segmented li:-iings, on 

the ot:ier hand, have a stiffness more consistent with a cracked 

sec~ion. Since the moment coef:icient is only 68 ?ercent a: ulti-
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• mate and since the yield moment is essentially numerically ec;ual 

~o t~e ultimate moment, t~e st:ain in the steel is a~~roxi;nately 

• 
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e= percent of 

.0.:. this level 

that corresponding t·o i:ii tial yielding of the 
I 

of strain in the steel, the concrete is still in its 

ne~rly linear range of behavior. Thus even for the case recommen

ded, essentially elastic conditions are maintained. Since the 

solution used in this annex and that used by Ranken are for elas

tic conditions, it is an acceptable approxi.~ation to use the com

parison bet·..;een uni fo= load and triangular load in Table E. 6 

(Runs l and 5) to define, on a consistent basis, the ratio of 

moments at the crown produced by a triangular and a unifor:n load 

distribution. As already noted, this ratio is 2.75. At the same 

time it is noteworthy that Run 15 comes as close as possible to 

t.~at used by Ranken. The detailed results for this ru..~ are con-

sistent with those of the model used by Ranken as generally in-

dicat.ed by the compa=ison in Table E.5 . 

3efore t;;.is coe:::icient was applie~, hcweve:, ot:"le: data ·:iaC. to ~e 

develo;ied from Ranken to provide data for a range of relative 

:1exi.bili 'ties !or the linin_g /medium combinations. As noted ea:-

1..=ae=, Ran:<en developed an a:pprox.:;la te equation to :ep:eser.::. his 

com;uter-ger..e:ated data for va:ious dis-t.::i~u-:io~s o: u.,i:'o~ly 

distributed loosening loads (distributions from 6 O 0 . 
• • d d l ) T""' • • 'C" ... • - _, ::.nc::.u e a.ng e . ..ese are given a.cove as -c;ua ... ::.oc.s a.., 

1ao• of 

and E. 8. 

.!:..C.C.i tionally, some Ce:ivations were re~i:ed. These a-.. given 

As al:eady noted, the cu=vatu:e (a) induced =y :endi~g in 

a unifor:n elastic ri!lg is: 

a = ! l l a 

3Ut a 

-:-.: :1 ::.s sc.a2aed. ::y ?a: 

:1 = , ~D) -?al D 
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l l 6D b P th f But Ranken a so sea es - y - , ere ore: 
D Em 

M ,· 60/D Ei. P I i. 
=3( ) (-) -) or 

Pa 2 P/Em PEm 
l a 

6D/D 1 .J:L_) 
E a> 

and 
P/Em 

= 3 
~) -) 

Pa 2 ·E _It t 

but F (Peck, et al, 1972) is: 

Therefore: 

60/D 
P/E m 

a• 
6I 1 

1 - V 2 
t 

l+ V m 

= 2F ( .J:L_) 
Pa 2 

1 + V 

1 -

m 
V 2 

t 

M =3 
Pa 2 ·-

(6D/D ) 
P/Em 

Eq, 

Equation E.11 obviously can be used to plot the left hand term as 

a function of F if• values of M/Pa 2 are know. They are know ap

proximately from Equation E.7 and E.8. The results are plotted in 

Figure E. 15 as an approximation to the diameter change (downward 

in the vertical direction and outward in the horizontal) for the 

loosening load. 

Finally we address the significance of the 2.75 mentioned prior to 

the above derivation: To investigate the implications of the ap

proximation in Figure E,15, and attempt was made to derive Figure 
. . 

7.9 ( ~~~D vs. F) of Ranken from Figure 7.8 (M/Pa 2 vs. F). This 
• -m 

comparison is shown in Figure E.16. To make the computations, a 

ccrrec~ion had to be included for the differences in load distri

bution be~""'!een the computations given .in this annex { triangula= 

or si::-.usoidally distributed loads) and those in Ranken (uniform). 

( :::-.cidentally, a sinusoidal distri!lution is inherent in Ec.uation 
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• E.10; also Equation E.10 can be derived assuming a circle is de

formed into an_ ellipse.) The 2. 75 factor from Table E. 6 was used 

for this adjustment. The adjusted values agree approximately with 
' 

Ranken over the range from F = 4 to 500. A somewhat better fit 

would be given by: 

0. SF ( ...lL) + l 
Pa 2 

Although there is theoretical justification for a fit of this 

form, it required assuming a cracked section to define moment of 

inertia, (I 
1

) and area (A1 ) , rather than an uncracked section. 

Since an uncracked section was apparently • assumed by Peck and 

carried forward to Ranken, there appears to be no current justifi

cation to use a cracked section to interpolate Ranken' s data. 

• VI. SATURN Calculations;-Oata 

• 

which were made . In subsequent pages, •liner strains and forces 

are tabulated for all 20 liner elements df each run. The columns 

tabulated are described in Table E.7 . 
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'l'l\lll.E E. I 

Hun Summary _Matri.x 

Run Load Vs so 11 V sol I [ sol I v soil K !:011 G sol i [ "loosened'' G "Inter- f' - psi 
rt/sec. 

C 
No. Shaee ft./sec. es I (l!i I e!- I esl zone-es l face"-es l 

1 Uniform 1,500 5,000 104,700 0.45 622,300 63,700 18,500 63,700 8,000 

5 Triangular 1,500 5,000 104,700 0.45 622,300 63,700 18,500 63,700 8,000 

g Triangular 1,200 2,400 103,600 0.33 103,500 30,900 0.0 38,900 4,000 

10 Triangular 1,200 5,000 114,200 0.47 621,800 30,900 0.0 38,900 4,000 

11a Triangular 1,200 - 2,400 103,600 0.33 103,500 38,900 0.0 30,900 4,000 

13 Triangular 830 1,670 50,000 0.33 50,000 18,700 0.0 18,700 6,500 

14 Triangular 830 1,670 50,000 0. 33b 50,000 10, 700 0.0 1,870 6,500 

15 Triangular 830 1,670 50,000 0.]3C 50,000 18,700 0.0 0.0 6,500 

17 Triangular 830 1,670 50,000 0. 33 50,000 10,700 5,000 1,870 6,500 

10d Triangular 030 1,670 50,000 0.33 50,000 18,700 0.0 1,870 6,500 

a Depth of Burial = 65 ft. ln this case onll', olhen-ilse l40 ft. 

b .At Interface = 0.48 

c /It Interface = 0."50 

d Two rings of Interface elements 

06/21/114 
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TABLE E.2 

Definition of Symbols 
I 

Modulus of esasticity (soil mass, loosened soil, or 
concrete) 

Poisson's ration (soil mass, loosened soil, or concrete) 

Bulk Modulus = E 
3-(~l---z-v-) -

Shear modulus= __ E __ 
2(l+v) 

Concrete compressive strength (28-day) 

Shear-wave velocity 

P-wave velocity 

E-15 SNT7540-E 



T.;:aLE E.3 

Shea= wave Velocities :rem SF.AKE Computer Runs (ft./sec.) • 

; 

* ·~ater tab 1 e 

SHAKE 

~ l 2 3 4 
Death • 

0 800 1200 1200 1200 

25 990* 1200* 1900* 1200 

50 1120 1900 1900 1900 

75 1300 1900 . 1900 1900 . 

100 1500 1900 2500 1900* · 

130 2000 1900 1500 1900 

200 3000 4000 4000 4000 

Yp = 2V 5 above water table; i.e. ,·v = 1/3 

Yp = 5,000 ft./sec. below water table 

I 5 

1200 

1200 

1900 

1900 

1900 

1900 

4000" 

• 
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'!'.ULE E.4 

Pea~ Mcrnen't:s a::id T:l~..:.sts .:;..;:;i=~xi=na teC. f=om 
?..an.ke:i, et al. , (l9i8) Equations 

Run No. C ·~ T M M ., 2Ma ., 
' Pa ~ Mu]t 

-,. Mu]t -,. 

l 3.297 124.7 I 0. 644 0.0326 16. 9 33.8 

5 3.297 124.7 0.644 0.0326 16. 9 33.8 

9 · o. 855 107.8 0.663 0.0309 16.0 32.0 

10 4.671 176.6 0.646 0.0266 13.8 27.6 

11 4.671- 176.6 o. 646 0.0256 13. 8 27.6 

. 13 0.323 40. 7 0.538 0.0551 28.6 57. 2 

14 0.323 40. 7 0.538 0.0551 28.6 57.2 

15 0.323 40. 7 0.538 0.0551 28.6 57. 2 

17 0.323 40. 7 0.538 0.0551 28.6 57 .2 

18 0.323 40. 7 0.538 o. 0551 28.6 • 57. 2 

C Compressibility ratio 
~m a (l-v,~J 

= r] (t)[(l+vmJ(l-2-;ml] (:'..5) 

2 
Em , 3 .2<1-v, l. 

• F1 ex i b il i ty !"'?tic = _,, ;,;;:.) l • J 
E 1 't ( l +•'111) 

T ' cl.11 ( Ran ken , 7:1)::i,c (::. i) Pa = ( St l • • <Ftli,j - Mi et al.' 19 78, eq. 1 • J 

,.., = (Mf) i ,j + ( 3. 53 cLlli (Mcfli,j (Ranken, et a 1 . , 19 78, eq. 7.2)::i,c (::. 8) 

~ 
M M Pa2 = M 45,750 ( E. 9) ----:-

Pa2 Mult Pa2 8,820 Mu]t 

Ir. c and F cefinitions above (Peck, et al. 1972), "a" is the tunnel 
raCius and ··t 0 is tlie liner t:iickness. The subscripts 11 m11 and '1 111 

refer to t~e medium (soi n and t:ie 1 iner respectively. 

-,c- 0 r o:, •use~•, ad'us• •0 s•,'1•- : •• m Ranke" ~,. al ( 100 ~) '"o cive ,•"" -.,.., I - ,_. ._.... J "' 1 - "" ... ~ I , >.i , ; I ' - ,. • •• I -.,.. • ""' 

t:-ce same toc:al aopli ed load. 
b ~ o See iab1e ::.5 ·,1hic:i is Table i.2 from ~anken for :i=90 ; 

Table i.l of ~Jnken. 
c See F"i;ure.s. ~-i~ and b, ~.:a and b ¼nd ~.9a and b 'l'f'hic:1 

7. :s a anc o, anc i .20 a and b from ,an ken. 

J5/2:!./!4 

i =3 and m=O .023 frcr:i 



, TABLE E. 5 • 3ase Values of the Th:ust Coefficient fer use in Equation 7.1 

0\>1,j (Bt)2,j (Bt)3,j (Bt)4, j 
j 

ll • l80" • ll • 120" ll • 90° 11 • so 0 

l .540 .540 .520 .440 

2 .582 .582 .563 .483 

3 .7l2 . 712 .700 .621 

4 .872 .872 .849 .671 

5 l.015 . 997 .873 . 653 

~ 1.068 .989 .833 .653 

7 1.084 .964 .817 .619 • 8 l.083 .960 . 815 .615 

9 l.080 .957 .814 .614 

lO l.079 .957 . 813 .613 

ll l.078 .957 .8l2 . 613 

12 l.077 .957 .811 .613 

13 l.076 .957 .810 .613 

• 
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TABLE E. 6 

Results s=.rna:::-,y 

l'AXlMI.H M0'1e<T FOR VARl DUS /v'R VALIJES (7.l 
2 I 2. 75 I 

Ref 2 Ref 2 Rei 2 
11/R 0,2 0.4 0.6 a.a l. 0 1.5 2. 0 2.5 3.0 1.0 1.0 1.0 

RIJ! NO 
l ••• 2.07 3.SJ 4.94 6.37 9.15 13,53 lo.SJ 20. 70 16.90 33.30 46. 48 
5 l.76 5.70 9.69 13.58 17 ,52 27,36 37.21 46.26 56.90 16,90 33.80 46.48 
9 3.44 11.12 18. 90 26,48 3◄ .16 53.34 n.56 90.22 110, 95 16.00 32.00 44,00 

10 3.34 10. 81 18.37 25.73 33.2D 51.35 70.51 87 ,67 107 ,82 13.80 27 . .!D 37 .95 
11 3.42 11 , 07 18,82 26.U 3◄ .00 53. ll n.22 89 .80 110,44 13. ao 27.60 37 .95 
13 4,76 15.39 26.15 36.63 47.26 73.Sl 100.37 12 ◄ .80 153,49 29,.iO 57 .2D 78.65 
l ◄ 6.22 2L13 34.21 47 ,92 61.81 96.55 131 .29 163.25 200.n 29 . .iO 57 .20 78.65 
15 7.25 23.J4 39 .34 ::.SJ 72.00 112. 46 1s2.n 190.14 233;34 29. JO :7.20 7S.i5 
!7 4.11 " on 2~.JJ .,~ .. ,, " '" 6!.:S .,,. e11 • • .. 'I~ ,,._. ,.,.. If :; ,-,~ Si .1U 7; _ _.;_: 

~ .. ··" .... .:1" •U,,U :;;o, .. w J •• ,;;'I ........... ·i 
18 6.74 21.SO 37 .04 51.39 66.,4 104.56 142.18 176.79 217.4, 11 29.60 57 .20 78 . .iS 

• 

• 



, - -.::. • I • 
ELEM - Element number, 1 at crown, 20 at invert 

E0 Exterior element strain - microstrain, + ccllljlression 

Ei Interior element strain - microstrain; + compression 

Ee Axial element strain - microstrain, + compression 

Ef Flexural e1ement strain - :nicros-train,. + tension on inside fiber 

ihrust - Axial force, K in Kips/in., Tf normalized to Pa. 

Mcment - Flexural force, K in in.-Kips/in., Mf, fraction of ultimate mcmer.t 

capacity of 8,820 in.-kips/in. 

• 



T.;.BLE - -!. • I (CONT!:::•lU:SD) 

• De=ir:.ition of "a-~~e- 0 -s 
.'<UN rwr1BER: . --·· ,---

E!...~1 Eo Ei E, Ef K -THRUSi- Tf K -i-10MENT- Mf 
l 17,3 -3,4 7.0 l O, 3 0.284 0 . 71 0 0.562 0.064 
2 15,4 -0.7 I 7.3 8.0 0 .299 0.748 0.438 0 . 0 50 
3 l l. 9 4.7 8,3 3,6 0. 337 0.843 0, l 95 0.022 
4 9,2 I 2 , I IO, 6 -l. 4 0,433 I . 0 84 -o . 0 78 -o. 0 0 9 
5 4.0 17,9 I l. 0 -6.9 0.448 I. 11 9 -o, 377 -o . 0 43 
6 0, 9 19,6 IO, 2 -9.3 0 . 4 I 7 I . 0 43 -0.508 -o , 0 58 
7 3, I 16,9 l O , 0 -6.9 0,408 l , 0 20 . ".'..0 ,~76 -o ,043 . 
8 5.9 11.6 8,7 -2,9 0,356 0 . 89 I -0 . I 57 -0.018 
9 4,7 7.8 6.2 -J.5 0,254 0.636 -,Q,083 -0.009 

I 0 5,4 7.7 6,5 -I.I 0.266 0.665 -o . 062 -o . 0 0 7 
11 5,2 6, 6 5,9 -0.7 0,239 0.599 -0.037 -o . 0 0 4 
12 0, 7 0 .9 0,8 -0, I 0.033 0.084 -o .006 -0, 0 0 I 
I 3 2,5 2,9 2,7 -o, 2 0 , I 11 0,277 -0 , 0 I I -0 , 0 0 I 
14 4,6 4,2 4,4 0.2 0, I 8 I 0, 45 I 0 . 0 I 0 0, 0 0 l 
15 0,6 0, 6 0,6 0, 0 0, 0 25 0:062 0.000 0 . 0 0 0 
16 3.7 I , 5 2,6 I.I 0,105 0.262 0.059 0.007 
17 -0.3 -l.7 -1.0 0.7 -o, 042 -0 , l O 5 0. 037 0, 0 0 4 
19 0, 4 -1.5 -0.5 1.0 -0.022 -0.055 0, 0 52 0 , 0 06 
19 -o, 6 -2,5 -1. 6 0, 9 -o, 0 63 -0 . I 59 0 . 0 so 0 . 0 0 6 
20 2.2 0. 2 1 . 2 l.O 0.049 0. ! 22 0 .056 0.006 

• 
.~LiN ~~ur-1EER : 5 

EL.?1 :o Ei Ee Ef K -THRUS,- Tf K -i'10'1ENT- Mf 
I 37.6 -19,2 'i. 2 28.4 0.374 0;935 l. 545 0 . 175 
2 24, I -3,9 I O . I 14, 0 0 . 4 I 3 I . 0 32 0,763 0.087 
3 7.6 15,4 11.5 -3.9 0.468 I , I 70 -0.212 -o. 0 24 
4 -2.3 29,8 13,7 -16, I 0,560 l , 40 I -0.374 -o . 0 99 
= -2.a 29. I 13,2 -16,0 0.537 I . 343 -o. 369. -o. 099 
6 I , I 18 ,.3 9.7 -8,6 0,396 0.991 -0,469 -o . 0 53 
i 6,9 l 3. 5 l O, 2 -3.3 0. 416 I . 0 40 -0. I 79 -o, 0 20 
8 6.8 IO . 6 8.7 -I . 9 0. 356 0.889 -0, I 04 -o . 0 ! 2 
9 4,9 7.0 S.9 -1.0 0.243 0. 607 -o. 057 -o, 006 

1 0 5.4 7.2 6.3 -o. 9 0,257 0.642 -o. 0 so -o. 006 
1 ! :.o 5.9 5.4 -a. 4 0.222 o.=s5 -0.,,24 -·J. 003 
•o 0. 5 O,o 0. 6 -o. 0 0.023 0. 0 Si -0.002 -0.000 

'3 2.6 2.7 2.7 -o. 0 0. IO 8 0 . 271 -o. 0 0 2 -o. 000 
I 4 J,5 3.7 4. 1 0.4 0.1'57 0,419 0 .023 0.003 
1: I . 3 -o, 4 0.4 a.a 0 . 0 l 8 0.045 0.045 0 . 0 0 S 
! ~ 2.4 l . i 2, l 0 , 4 0.084 0 . 21 0 0 , 0 l 9 0. ,JO 2 
17 -·J. ~ -2.0 -1 . 3 0.7 -o. 0 54 -•J . 1 30 0.038 0.004 
: ; 0.0 -1 . : -,J. 7 o.s -o. 030 -o. 0 7J 0.042 0. 00 S 
l ~ -o. '° -2., -1. 5 l . ! -•J .072 -•J , lo l 0,062 0 . 0 0 i 

• 20 ! . 3 -o. 3 0.7 !. 0 0 . 030 O.Oi5 0 ."'11:'-C::: 
• l,i-..,,., •J . ·JO 6 



TABLE -=- --. , (CCNT!NDEO) 

RLt, NUMSER: 9 
De::..nition of Pa=amete=s • EL21 :o Ei Ee Ef K -THRUST- IT K -MOMENT- Mf 

l l O O. 5 -56.4 22, l 78.5 0.636 l , 590 3.013 0.342 
2 68,4 -20,5 23.9 44,5 0.690 l. 724 l , 709 0 . l 94 
3 25.0 29,5 26.7 -l. 7 0, 770 l, 925 -o , 0 67 -0.008 
4 -10.5 69,9 29.7 -40 .2 0. 855 2. l 38 -1.545 -0 , l 75 
.. -18,3 80,4 31.l -49,3 0.895 2,237 -1,894 -0,215 • 
6 -5,3 ·59,9 27.2 -32.5 0. 785 1 , 96 l -1,249 -o . 142 
7 9,9 40, 1 25,0 -1 5, l 0,719 l, 797 -0.580 -o, 0 66 
8 14. 0 28,6 21.3 -7.3 0.614 l . 535 -0.279 -0.032 
9 12,6 20, l 16,4 -3,7 0, 471 l , l 78 -0, l 44 -0, 0 l 6 

l 0 12.2 16.4 l 4, 3 -2. l 0, 412 l , 0 29 -o . 0 79 -o . 0 0 9 
l l 10,5 12, 6 11.6 -1 .o 0.333 0.833 -o . 0 40 -o. 0 0 5 
12 4,6 4.9 4,8 -0 , l 0. 137 0,342 -o .006 -o . 001 
13 5,3 4,0 4.6 0, 6 0, l 34 0,335 0.024 0 , 0 0 3 
14 6,2 3.9 5, l l.2 0, 146 0.365 0.045 0 , 0 0 5 
15 2,0 -1. 9 0 , l 2,0 0 . 0 0 2 0.004 0.076 0 , 0 0 9 
16 2,7 -2,3 0, 2 2,5 0.006 0, 0 l 6 0.095 0 , 0 l l 
17 -1.5 -6,9 -4,2 2, 7· -0 , l 21 -O . 30 l 0, l O 4 0.012 
18 -o ,6 -7,8 -4. 2 3.6 -o, 121 -o , 30 2 0. 137 0 . 0 l 6 
19 -2,7 -9. 2 -6.0 3,2 -o, 172 -o. 429 o .. 124 0 . 0 14 
20 0. 0 -7.0 -3,5 3.5 -0, l 00 -0 . 25 l 0. 135 0 . 0 15 

., 

.~UN NUt18Ert: 10 

:LE1'1 Eo Ei Ee E-f K -THRUST- if K -MOMENT- Mf 
l 99.S -52.•7 23.5 76.3 0.678 l , 694 2. 929 0.332 
2 60,4 -17,5 21. 5 39.0 0 , 61 9 l. 547 l , 496 0 . l 70 
3 23.4 30. 5 26.9 -3.5 0. 775 l, 938 -O. I 36 -0 . 0 I 5 
4 -9.9 70, 4 30.2 -40, l 0. 871 2. l 78 -!.540 -0. l 75 
s -15.6 78. 3 31.4 -46.9 0.903 2,257 -l,802 -o . 20 4 
6 -3.7 56. 5 26.4 -30 . l 0. 760 l . 90 l -1. 155 -0 . l 31 
7 9,2 38 ,·l 23.6 -!4.4 0.680 l , 70 l -0.555 -0. 063 
a 13.8 25,0 19,4 -5.6 0.!57 l . 394 -o . 215 ~o. 024 
9 l I , 7 l 7. 0 14.3 -2.7 0.413 l . 033 -0.103 -0. 0 l 2 

10 l l. S 13.8 12.6 -1 . 2 0. 364 0 . 9 l ! -•'.) .045 -o. 005 
l l 9.9 l O, 6 l O . 2 -o, 4 0.295 0. 737 -0 . 0 l 5 -o . 0 0 2 
1 2 .: ' 1 3.5 3.8 0.3 0 . ! ! 0 0. 274 o. a 1 3 0 . 0 0 ! 
l 3 4.7 3.0 3.9 o.s 0 . 111 0, 2i8 0. 0 32 0 . 0 0 4 

l 4 ••• 2.9 4,8 l.8 0. 137 0.343 0 . 071 0 . 0 0 8 
1 : ! . 7 -1 . 7 -•'.) . 0 l . 7 -0 , 0 0 l -o . 0 0 2 0.065 0. 007 
: 6 2.4 -l.6 0.4 2.0 0 . 0 l 2 0 . 0 30 0 .077 0 . 0 0 9 
~ i -o. a -5.8 -3.3 2.5 -o . 0 95 -0,238 0.095 0 . 0 ! l 
·~ •• -o. a -5.7 -3.2 2.4 -o . 0 9 4 -o. 234 0,093 0 . 0 I l 
! 0 -1 . 8 -7.4 -~. 6 2.3 -o., 33 -•'.). 332 0 . ! 0 9 J • 0 l 2 
2a 0.6 -5.0 -2.2 2.8 -o . 0 <i3 -o. t 59 0 . l 08 0 . 0 l ~ • 

::::-22 
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.,t.N NL.!'18:R: ! l 

:!..:.>1 Eo 
I l O O . l 
2 63.4 
3 24,5 
4 -1 0. 0 
5 -18,2 
6 -4 .9 
7 IO , I 
8 14; 2 
9 12, 9 

I 0 12,5 
11 l O. 9 
12 s.o 
13 5.7 
I 4 7,0 
I 5 1.6 
16 2,6 
17 -1.0 
I 8 -0.7 
19 -2.2 
20 0.2 

Rl.:N Nl.al'19ER: 13 

2 
3 
4 

5 

i 7 
1 9 

:o 
98,6 
70. 9 
30 . I 
-7.3 

-2S, l 
-27.7 
-13,4 

-2.2 
_3. 0 
6.5 
7.7 
3.5 

7.6 
3.9 
5.3 
! . 5 
3.1 
! . 7 
4,3 

Ei 
-56. 1 
-20.5 
29,0 
69,7 
80, 2 
58.8 
40,8 
28,4 
20.5 
17,2 
13,3 
5.3 
4.8 
3,8 

-1. 9 
-1.6 
-6.9 
-7.6 
-9,2 
-7.0 

'Ei 
-71:.i,2 
-40. 4 

5.6 
48.9 
72,0 
68,0 
53,7 
36,3 
23.3 
17.4 
12,4 

3.6 
3,4 
2. I 

-3.4 
-3. 5 
-S,4 
-9,2 

-! 0. 9 

-:.7 

.. 

T."3LE E.7 (CON':':NUED) 

De!i~iticn of 
• 

Sc: 
22.0 
23,9 
26,8 
29.9 
31.0 
27,0 
25,5 
21.3 
16,7 
I 4, 9 
I 2, I 
5,2 
5,2 
5,4 

-o. 2 
0, 5 

-3.9 
-4, I 
-5.7 
-3.4 

.:, 
13,7 
I 5. 3. 
17.9 
20, 9 
22, 0 
20,2 
20,2 
l 7. I 
l 3. I 
11 . 9 
IO. 0 
3,5 
4.4 
4.9 
0.3 
l.l 

-3.5 
-3.0 
-4, 6 
-2.2 

-·-,. 
CT 

78. l 
44, 5 
-2,3 

-39,8 
-49,2 
-31. 8 
-15.3 
... ,,7..1. 

-3 .8 
-2,4 
-1.2 
-0.2 
0, 4 
1.6 
I. 7 
2, I 
2,9 
3,4 
3,5 
3.6 

Ef 
84.9 
5'5.7 
12,3 

-28. l 
-50, 0 
-47. 9 
-33,6 
-19.2 
-IO, 2 

-5 .4 
-2,4 
-0, l 

l , 0 
2,7 
3.7 
.! • 0 
:.O 

" .. -
6.3 
6.5 

Parar:iete=s 

K -iHRUST- -, 
I' 

0. 632 1 . sa 1 
0. 690 l . 724 
0, 771 l, 928 
0.860 2, I 50 
0.893 2,232 
0. 777 I . 943 
0. 734 I, 835 

. 0 , 614 I, 534 
0.482 l , 204 
0,429 1,071 
0,348 0, 870 
0,149 0.372 
0 .150 0,376 
0, I 55 0,399 

-.o. 005 -0.013 
0, 0 I 5 0.036 

-0 , I I 4 -0,284 
-0 , I I 9 -o. 298 
-0, I 65 -o . 412 
-o . 0 97 -o, 244 

K -THRUST- if 
O.S04 1,260 
0.562 J.404 
0.657 1,6.12 
0.765 1.9!2 
0.809 2.021 
0.743 1.95,o 
0.742 1,855 
0,629 1,571 
0 .484 I .2!0 
0.439 1.098 
0.369 0.923 
0.!30 0.324 
0,161 0.402 
0 , l 79 0 . 44 7 
0.0!1 0,027 
0 ,QJ'.2 0. iOS 

-0 , ! 2S -·J . 32 0 
-•J.lll -;J . 277 
-•J', ! 69 -o. 423 
-•J,080 -·J. 1 99 

' -l·WMe./T- Mf 
2,999 ·o. 340 
l . 70 9 0.194 

-o . 0 8 7 -0 , 0 l 0 
-1.529 -0. l 73 
-1.888 -o . 214 
-1 . 221 -o, 138 
-0.589 -o . 0 6 7 
-0,271 -0 . 0 3 I 
-0 . I 4 7 -0 , 0 I 7 
-o .091 -0 . 0 l 0 
-o. 0 46 -o. 0 0 5 
-o . 0 0 7 -0.001 

0 .017 0.002 
0 . 0 61 0,007 
0.067 0 . 0 0 8 
0 . 0 8 I 0.009 
0.113 0 , 0 I 3 
0.131 0 . 0 I 5 
0 . I 34 0 . 0 I 5 
0 .139 0 . 0 I 6 

K -110ME:',T- M f 
4.168 0,473 
2.731 0,310 
0.603 0.068 

-1.379 -·J.!56 
-2. 4S~ -·J . 2i3 
-2.348 
-1, 64,o 
-0.944 
-0,499 
-0.26,o 
-0.116 
-•J.003 

0 . 0 49 
0 . 133 
0. 1 79 
0. 226 

0.304 
0. 30i 
a . 318 

-,J. 2~6 
-0. l Si 
-0 . IO 7 
-o . 0 56 
-,J,030 
-o .013 
-·J .JOO 

0.006 
0 . 0 ! S 
0. 0 20 
o . a 2~ 
0.029 
,J , 0 34 
•J. 035 
0 , 0 36 



TA...ELE E~i (CONT!NUED) 

Defi:ii t.ion o: ?a=amete:::-s • RUN NUMS:~: I 4 
, 

S:L~ Eo Ei Ee Ef K -THRUST- H K -MOMENT- Mf 

l 121 . 0 -101.2 9,9 111. l 0.364 0 , 911 5.452 0 , 618 
2 90.3 -66.3 12.0 78.3 0,. 443 1 , 1 0 7 3.943 0. 436 
3 42.2 -13.3 14,5 27,8 0,533 I , 332 l , 362 0 , I 54 
4 -6.7 42,6 17.9 -24,7 0.660 I , 650 -1 .210 -0 , l 37 
5 -44,0 84. I 20,1 -64, I 0.739 l , 84 7 -3, 143 -0.356 
6 -52,7 92, 3 19,8 -72,5 0. 729 I , 8 I 9 -3,558 -o , 40 3 
7 -46, I 81.9 I 7, 9 -64,0 0,660 1 , 649 -3, I 40 -0.356 
a -22.7 54, 3. 15,8 • -38 .5 0.580 I , 451 -I. 889 . -o , 21 4 
9 -5.5 29,7 12, I -17.6 0,445 !. 114 -0.863 -o , 0 98 

l 0 7.7 17,4 12.5 -4 .8 0.460 1 , l 5 I -0.238 -0.027 
l l - 13, 6 IO , 5 12, 0 1.5 0,443 1 , 1 08 0. 0 75 0 . 0 0 8 
12 11.2 3 , l 7,2 4,0 0.264 0,659 0. l 97 0 .022 
l 3 14.0 4,4 9,2 4,8 0.338 0,846 0.238 0.027 
14 15,9 5,7 1 0, 8 5, 1 0.398 0, 995 0. 252 0,029 
15 13.5 2, 1 7,8 5,7 0,287 0, 718 0.278 0 .032 
16 15.8 2,6 9,2 6,6 0,338 0,844 0 .323 0 , 0 3 7 
l 7 12.4 -1.6 5,4 7,0 0 , l 99 0,498 0.344 0.039 
18 14,4 -o ,8 6,8 7.6 0. 250 0,625 0,374 0, 0 42 
19 l 3, 6 -2,7 5,4 8, 1 0. 20 0 0, 50 0 0,399 0,045 
20 16, 3 -0,5 7,9 8,4 0 , 291 0,728 0.413 0. 047 

., 
RUN r!UMSER: 15 

:'1 :,..i ___ , :o -• :1 Ee Ef t< -.THRUST- if K --Mcr-1ENT- Mf 
136.6 -122.3 7, l 129.4 0 , 2 63 0 ,'657 6. 350 0 ,720 

2 103.0 -84, l 9.4 93.6 0.347 0,369 4,592 0 , 521 
3 50.0 -25.2 12.4 37,6 0,456 1 , l 40 l , 843 0.209 
4 -7, 1 39,7 16. 3 -23,4 '0 . 60 0 1 , 50 0 -1 . l 49 -o , 1 30 
5 -57, l 93,9 18. 4 -75.5 0 .677 l , 693 -3.706 -o, 420 
6 -69, 8 l IO , .0 20, 1 -89.9 0, 740 l , 850 -4 . 411 -0.500 
7 -:;3. 3 99,7 l 8, 2 -81, 5 0,669 l , 6 72 -3.996 -0,453 
8 -34.5 65.5 15.5 -so.a 0.570 l , 424 -2.455 --0.279 
9 -9.0 34,8 12.9 -21 . 9 0,474 l ,195 -1 . 0 74 -o . 122 

l 0 9.2 18.2 13.7 -4 .5 0. 50 5 l , 261 -0.222 -o . 0 25 
l l ·- 9 ~ I • . 10,5 14,2 3.7 0.524 l . 3 l 0 0 , l 82 0 . 0 21 
l 2 l " • 9 3.6 10, 2 6.7 0. 377 0 , 942 0. 327 0.03i 
1 3 20.2 5,6 12, 9 7.3 0.4i5 l , ! 87 0. 360 0. 0 J l 
I • . - 22 .0 S.5 15.2 6.7 0,561 1 , 40 2 0.329 0.037 
l 5 19.7 S.3 12.5 - , 

I • - 0. 460 l , 1 50 0 . 35 l 0,0JO 
lo 

., , "- .... 6.8 14,5 i.i 0, 534 ' ~-,c. J • ..,..,.., 0.379 0, 043 
.: 7 19,: 3,5 11.5 s.o 0.422 1 . 0 55 0.393 0, 0 45 
: 3 2: . : 4,0 , .. 

~ ~ • I 3.7 0.469 1,173 Q,429 0,049 
l? :o ', 2~0 '' -• • • I 9,2 0, 432 t , 0 81 0 . .14 9 o . a: 1 
:: 0 23. a 5.0 l "t. 4 -~ -• 0.529 l, 324 0.4~0 1J. C52 , . ., • 



TABLE "' -~' I (CON':'INUED) 

.,uri NUMBER: 17 De::inition of Pa=amete=s 
) • , 

ELEM E:::i Ei Ee E -f K -THRUST- T-f K -MOMENT- Mf 
l 80,5 -69.3 5.6 74,9 0,208 0,519 3,675 0,417 
2 57 ,6 -43, l . 7 ,2 50,4 0,266 0,664 2,471 0,290 
3 24, l ·-5,2 9,5 14,7 0,348 0. 870 0.721 0 ', 082 
4 -7,9 32,6 12,3 -20.2 0,454 l , 136 -0.?92 -0.112 
5 -28,9 55,7 13,4 -42,3 0,493 l , 232 -2,076 -0,235 
6 -34,3 58,0 11.9 -46, l 0,437 l , 093 -2,264 -0,257 
7 -24,4 48,9 12,2 -36,7 0 ,449 1 , 123 -1 , 799 -0,204 
8 -10,9 32.2 l O, 7 . -21, 6 0,392 0, 980 -1 , 059 -a. 120 
9 -2,7 la·: 2 7,8 -10,5 0,285 0,714 -0,514 -a. a 58 

10 5,0 12,8 8,9 -3,9 0,328 0,820 -0, l 92 -0.022 
11 8.2 9, 1 8,7 -0,4 0, 31 9 0,797 -0.021 -0.002 
12 5.5 3, l 4,3 !.2 0, 158 0.396 0.057 0,006 
13 8, l 4,2 6,2 !.9 0,228 0.569 0,096 0.011 
14 11.3 5.6 8.4 2,9 0, 3 l 0 0, 775 . 0, l 40 0,016 
15 8,3 2,4 5,3 3,0 0, l 97 0,492 0, l 46 0,017 
16 l !. l 2.s· 6,9 4, l 0.256 0,639 0,203 0,023 
17 8,7 -1.2 3.8 4,9 0, 139 0,347 0,242 0,027 
18 9,5 -a.a 4.3 5. l 0.159 0.398 0.253 0.029 
19 9.3 -2·.2 3.6 5. 7 • 0. 131 0,328 0.280 0 ,032 
20 12,3 0 .3 6.3 6,0 0,232 0.580 0,296 0,034 

• R!_~ NL!!"'!SE:!: !S 

E!.?1 Eo i: • 
. • I Ee Ef K ;_THRUST- if K -MOMENT- 11•· 

l 129,5 -111.1 9,2 120. 3 0.338 0,845 5,904 0,669 
2 98,3 -76, l l l , l 87,2 0 .408 l , 0 20 4,277 0,485 
3 50, 2 -22.2 14,0 36 .2 0. 516 l , 290 l, 777 0,202 
4 0.6 34. l 17.4 -16.7 0,639 l, 597 -0,922 -o, 093 
e -36, 9 76, l 19,6 -se.s 0, 721 l . 90 l -2, 773 -0.314 
6 -56,7 93.2 18,2 -75,0 0. 670 1 , 675 -3, 678 -0, 4 l 7 
7 -54,S 92, 4· 18.8 -73,6 0, 69! l, 729 -3.612 -a . 41 a 
8 -40.4 73,9 .16. 8 -57, 1 0. 6 ! 7 1. 542 -2, 803 -o , 31 9 
9 -24,6 50,4 12,9 --37.5 0.474 1 , 186 -1.841 -o, 209 

1 0 -6,4 31.6 12,6 -!9,0 0.462 l . l 56 -a. 932 -a . 1 a 6 
l l 6,4 16,5 11.4 -5,0 0, 421 1 , 0 53 -0 ,2•!i -o, 029 
~2 l 1 , 0 2. l 6,6 4,4 0,242 0,605 0,217 0.025 
13 ! 7. l -2,0 7,5 9,6 0,277 0,<592 0,469 0,053 
J 4 22. l -1 , 4 10,4 11.8 0.382 0.955 0,57i 0,065 
l 5 13,6 -S.6 6.5 12, l 0,240 0,600 0, 593 0,067 
l 6 19,9 -2,8 8.6 11 , 4 0,315 0, 788 J, 558 0,063 
l 7 15,3 -5.5 4,9 10,4 0, 181 0,452 J, 509 0.058 
! 3 15,S -3.0 6.4 9,4 0,234 a.sss .J . ..!61 0.052 
19 t <l. 4 -3.? 5.3 9,2 0, l 93 0,483 o.~:o 0,0'::! 
20 I • ' • 0 . .:I -0. 7 s.o 3,3 0.296 o. 7.;o 0,,30 0.049 

• 
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Geomet=y anC LoaCings 
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FIGURE E.3 

Net A=ea Used To Compute Weight of the 
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FIGURE E.5 

Material Zones 
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FIGURE E:.6 

St=ain Determi~~tion 
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FIGURE E:.7a 

F~ Ve=sus Flexibility Ratio for a = 90° (j = 1 - 5) 
(From Ranken et al 1978) 
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FIGURE E. 7b -
"'' Versus Flexibilitv Ratio for a = 90° ( j = 6 - 13) ·t 

(F;-om Ra:::iken et al 1978) 

1.6 I I 

t I l l i 

1.4 10,11 12,13 

6 7,8,9 

7 j 
8 

l.2 
...., -... ..... 

... ..,i ... 

~ 
..., 

l.O • 
6 

0.8 ( F •) . . 
t: i,J 

vs F 

i = 3 (1 = 90° 

j = 6 - 13 

0.6 
12,13 

0.4 I I ! I ! 1 

l 10 100 1000 

• 
06/2lt34 



• 
0. 12 

0. 10 

0 .o 8 

I • 0 .06 

...., . --'-= -
0.04 

0.02 

0 

• l 

FIGURE E. 8b 

Mf Ve:.-sus Flexibilitv Ratio fo:.- " ;,: 9·.) 0 (j = 4 - 9) 
(From Ra;ken et al 1978) 
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Flexibilitv Ratio for a= 90° (j = 
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FIGURE E.10 

Ncr::i.alized T~rust and Mcments f=c~·Run 1 (Uni=or:n Load) 
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FIGURE E.11 

~or::ializec Thrust anc Moment from ~un 5 {Triangu:ar Lcac) 
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FIGURE E.·. 12 

Normalized Thrust amd Moment from Run 9(Vp = 2,400 =~./sec.) 
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• .• FIGURE :S.13 

Normalized Th=ust and Moment f=om Run 10 (V· = 5,000 ft./sec.) p 
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FIGURE E.14 

Acoroxima te Ma.:<imc.m Moment due to ":Loosening Lead 11 as a 
.... Function o: As·sw'Tted Sti!fness of Locsened Zone 
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FIGURE E.15 

Variation of Approximate Dia~eter Change with Flexiblilty Ratio 
for Loosening Load 
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F = Fiexibility Ratio (See Peck et al (1972)) 
P = Intensity of Loosening Load, Assumed to be a Triangular Distribution 

over a Central Angle of 90°. (for y = 120 pcf and R = 9.5 ft,, 
P = 3.5 psi) 

.. = ~c du 1 us a f E 1 as tic i ty o f 1~e di um ·m 
AO = Diameter Change of Cylinder 
D = Diameter of C;linder 
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FIGURE E.16 

Variation of Vertical a::d Horizontal ·Diameter Changes 
with Flexibility and Com;,ressibility ?-atios ( a =180°) 
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ANNEX F 

PREDICTION OF STRAINS IN SELECTED SOIL COLUMNS RESULTING 

FROM EARTHQUA,CE EXCITATION - TIME HISTORY ANALYSIS 

Introduction 

The prediction of the stain in tunnel walls in an earthquake 

environment has been addressed by several authors with Kuesel 

(1969) and Yeh (1974) being typica·1 examples. The approach util

ized in previous studies is to apply the theoretical solution for 

simple wave propagation configurations to a more general situation 

by superimposing individual wave-type solutions. 

The complexity of this problem forces the engineer to make con

servative assumptions when utilizing the approach of Kuesel and 

Yeh. However, with9ut a more detailed analysis, it is L'llpossible 

to assess the degree of conservatism in the solution. The purpose 

o: this study is to investigate the influence.-o: dif:erent layered 

geologic configurations as well as the in:luence • of the use of 

act~al earthquake time history records on the peak strain induced. 

It is implicitly assumed here, as is the case throughout this set 

of guidelines, that the tunnel walls experience the same strain as 

that in the immediately surrounding medium. As shown earlier in 

Annex 0, this is generally a conservative assumption. It also 

s:..11pli::ies tb.e problem because it allows use cf solutior:s wr..ere 

t~e wave p=opagates only in the medium. 

06/2~/84 ::-1 SN':' i S 4 0 - : 
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Problem Conficruration 

Assuming that the geologic material is defined by a single mater

ial characterized by its P-wave· ands-wave velocities, Yeh (1974) 

presents equations for the prediction of stresses in tunnel walls 

due to both oblique shear and compressional waves. These equa

tions (Equations 16 and 23 of Yeh) are. converted to strains and 

repeated as follows: 

s-wave strain= 
coses 

(cs sines + R as cos•es) V 

c• s 
s 

Eq. F. l 

P-wave strain = 
cos•ee 

(cp + R sinep) V ap 
c• p 

p 

Eq. F.2 

where R is the radius of the tunnel (assumed to act like a slender 

be~m\.: c' s are the seismic 1.reloci ties, "7 1 s. are the e~:rthquak2 

maximum velocity levels, a's are the earthquake maximum accelera

tions, and the subscripts p and s refer to the P-wave and s-wave 

te=s. It is important to note that the equations of Yeh (1974)· 

have been generalized to include differences between the angle of 

incidence of the P-wave and S-wave excitations. These angles are 

influenced by the ?-wave and S-wave seismic velocity configura

tions and thus should be considered independently (see Figure 

B. l) . 

Equations F.l and F.2 are derived by utilizing the fact that dis

placements transverse to the tunnel axis produce a bending strain 

and the displacements parallel to the tunnel axis produced axial 

strains. Also, it has been recognized that an obli~ue shear wave 

results in an apparent compressional wave of amplitude As sines 

plus an apparent shear wave _of amplitude As cases, both propa

gating wit~ an apparent wave velocity of cs/coses. Similarly, an 

oblique ccnpressional wave is equivalent to an apparent compres

sional wave of amplitude AP cosep plus an apparent shear wave of 

06/21/84 F-2 SNT7540-F 
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>amplitude AP sinep, both propagating with an aooaren~ wave velo

city of cp/cosep. The terms AP and A·5 are the amplitudes of the 

compression and shear waves, respectively. 

Since even for a single wave-type the maximum velocities and 

accelerations usually occur at different values of time for typi

cal earthquakes, the superposition used in Equations F.1 and F.2 

as well as the superposition of these equations can be overly con

servative. Also, the influence of actual. geologic layering has 

not been included. The approach used in this study has the objec

tive of treating the superposition and geologic layering ques

tions. These topics are treated by analyzing the earthquake mo

tions in the time domain using typic=:al soil geologic material 

configurations. The five configurations utilized here a::e illu-' 

strated in Table F.1. 

finite element mesh which represents the geologic laye::ing c::in

figura tions of Table F .1. To • make the problem tractable, this 

probiem is assumed to be di 11ided in~o the P-wave a~d s-wave sclu

tions. 

These solutions, in turn, are derived by applying an acceleration 

::ecor~ at a depth of 200 feet to finite element mesh with a free 

surface boundary condition at O feet. The P-wave solution util

izes the P-wave velocity of Table F.1 and 1940 El Centro Earth

quake (Caltech, 1972) vertical acceleration. The S-wave solution 

utilizes the s-wave velocities of Table F .1 and El Centro East

West acceleration record (see Figures F.1 through F.3). The 

SATU"1'1 finite element program (Sweet, 19i9) • .has been used t::i gene

=a~e t~e tL~e histcry soluti.ons. 

T:le app=oach defined above also has its inherent di!!iculti.es. 

~ct~al ea=~~quake are, o: cou=se, much mo=e ccmplicated than the 

su;:e=7osi.tion a: cr:e-C..:..mensi.onal P-wave ands-wave soluti.cns . 

06/21/84 F-3 SN':'i540-F 



is not suggested here that this approach. represents actual ground • • 

motion environments. It must be remembered that the intention of 

this study is to investigate several of the assumptipns utilized 

in the earlier approaches by assessing their degree of conserva

tism and represents the next step in theoretical sophistication. 

The utilization of the P-wave and S-wave solutions to predict the 

_strain environments closely follows the approach of Kuesel (1969) 

and Yeh (1975). Namely, these solutions are assumed to be appro

priate for a zero angle of incident and solutions at oblique 

angles are defined by reducing the amplitudes of the signal and 

modifying the time scales according to the geome.t:::y represented by 

the angl~ of incidence. Thu~, the P-wave solution produces both 

compressional and shear wave contributions of reduced amplitude. 

These solutions (defined by a spatial distribution of displace

ments) can then be used to define the strain environment due to 

be~~ axial a~d bending Contributions. The s-wave one-dimensional 

solution is similarly treated to_ produce its contribution ·to the 

time history prediction of the strain in the tunnel wall. The 

total strain· is then defined as the s=ation of the P-•.:,::·;e 

S-wave solutions. Since the computations use time intervals wh.ich 

are ~ small compared to the smallest periods inherent in the 

wave, the effective "sampling rate" assures picking of several 

values along each leg of each soike within the wave. Thus, the - -- • 
time histories represented by the superposition process are an 

accurate reflection of all temporal characteristics in the input 

waves. 

Numerical Results 

~he approach outlined above has been applied to the five geologic 

configurations of Table F.l. Velocity records as a function of 

depth for the P-wave solution, 3.1, ands-wave solution, 3.2, can 

be seen in =igures F.4 and F.5. Also, the surface velocity rec-

06/21/84 F-4 SNT7540-F 

• 



• ords for each of the ?-wave and s~wave configurations defined in 

Table F.l are shown .in Figures F.6 and F.7. 

I 

The axial and bending strains at several depths resulting from 

these one-dimensional solutions are summarized in Figures F.8 

through F.14. These solutions are the "zero angle of incidence" 

cont:z:ibutions and results from scaling the surface velocity re

cords of Figures F. 6 and F. 7 to the maximum design· earthquake 

(MDE) levels of 2.1 (?-wave) and 3.2 (S-wave) ft./sec. The super

position of these time history solutions is governed by the P-wave 

and S-wave angles of incidence. Typical tabulated results for 

both the MDE and operating design earthquake (ODE). are summarized 

in Tables F.2a and b, respect.ively. 

Discussion 

Tt'.1.e result.£ pr~setit~d in Table F.2a and b are, for the most part, 

in agreement concerning several general behavioral trends. As an 

example both approaches are more sensitive to the maximum velocity 

rather than the maximum acceleration level as far as the predic

tion of ·strain is concerned. Also, the relative effect of dif.fer

ent seismic velocities is in general a_greement. As an example, 

Material i3 has the largest s-wave velocities and both Yeh's equa

tions and this time history analysis predict t:.at the strain is 

minimized for this configuration. 

Yeh' s equations p:z:edict that, similar to the seismic velocity 

distributions, the tunnel strain decreases with depth. The time 

history results, however, show an opposite trend for all cases 

except for Material #1. Finally, the superposition approach from 

Kuesel (1969) and Yeh (1974) results in an over-prediction of the 

strain in the tu..,nel wall by a factor of generally 2 or more com

pared to the time history solution utilizing the El Centro records 

as shewn in Table F.3. 
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It is obvious by studying Table F. 3 that use of tne "Yeh ap- • 

preach," as reflected in Table B.l of Annex B, produce strains for 

design which maybe conservative by a factor of apprcximately 2. 

Thus, even though no load factor or capacity reduction factor is 

used in the guidelines, the resulting design will be adequately 

conservative. 

~0/31/83 F-6 SNT7540-F 



• 

• 

TAELE F. I 

Definition of che ?ive Lavered Geologies of This Scudv, 

T"~e P-Wave velocic:i.es are defi:ied· as equal co c-wo times che S-\.,lave veloc~cies 
above the water table and equal to 5,000-ft./sec. below the water table. 

Depth 
fa ,c. 

0 

50 

75 

100 

L30 

:oo 

:,..·a car 
Table 
Location -

?-~ave 
Cal:-:1la:ion 
Solution 

s-:,,;ave 
Calc".Jla:ion - . . ;;o.:.'J.::.:.cn 

Material ill 

800 

990 

ll20 

1300 

I.SOO 

2000 

3. l 

3.2 

UYER!D GEOLOGY CONF~GUR.-\.TIONS 
CS-Wave Velocities in ft./sec.) 

~.aterial 112 Material ;/3 Material 114 

1200 t200 1200 

1200 1200 1200 

1900 1900 1900 

1900 1900 1900 

1900 1900 

1900 2500 1900 

25 25 

3.3 3.3 3.6 

3.4 

. ?-i 

1200 

1200 

1900 

1900 

1900 

200 

3. 7 



TABLE F. 2 

Comparison Between Time History Solution and Results Using 

Yeh's Expressions (Yeh (1974-)) for the Strain in the Tunnel Wall 

Results are presented for the maximwn design earthquake (MDE)- and 

the operating design earthquake (ODE) for the five material con

figur.ations of Table F.2. The term Yeh-strain is derived by util

izing Equations 16 and 23 of Yeh (1974) with a radius of the 

tunnel equal to 9. 5 feet and the local seismic velocities from 

Table F. l. 

The MDE and ODE levels are defined as follow: 

Table 2a - MDE: 

Table 2b - ODE: 

Vertical Velocity 

Horizontal Velocity 

Vertical Acceleration 

Horizontal Accleration 

Vertical Velocity 

Horizontal Velocity 

Vertical Acceleration 

Horizontal Accleration 

= 2. 1 ft. !sec, 

= 3. 2 ft./sec. 

= 0.4 G's 

= 0.6 G's 

= 1.0 ft./sec. 

= 1.4 ft./sec. 

= 0.2 G's 

= 0.3 G's 

• 
06/21/84 F-8 SNT7540-: 



TABLE F. 2. a 

• DE?iH EQUALS 150. FEET M.D.E. MATERIAL CONFIGURATION NUMBER I 

THETA-S THETA-? YEH-STRAIN STRAIN-MAX 
DEGREES DEGREES PER CENT F'ER ,CENT .. r .0602 . 0 l 29 ., . ., . .. ., . l 5. .0577 . 0117 

5. 30. .0501 .0131 .. 45. .0396 .0109 ., . .. 60. .0290 .010:: ., . .. 7S. .0213 .0070 ., . 
5. 85. .0188 .0069 

l "' -. 5. .0859 .0159 
15. 15. .0934 .0195 
lS. 30. .0758 .0149 
15. 45. .0653 .0156 
15. 60. •. 0547 .0171 
15. 7~. .0470 .0148 
15. 85. .0445 .0149 
30, 5. .1140 .0'.2:53 
30. 15. . l l l 6 .0'.277 
30. 30. .1039 .0303 
.30. 45. .0934 .o::73 
30. 60. . 1)9::9 . 0:.:.3 
.~• .. :. 75. . C;7"5l . t~2:2 
30. 95. .07Z6 .0260 
45. .. l:233 .C>392 _, . . 
45. 15. .1209 . 1)398 
4=. 30. . 1 l3~ .0391 
45. 45. . 102s . o::a7 
45. 60. .0~2:: . 0-365 
45. 75. .0845 .035:2 
45. 85. .0919 .0353 
:,I). .. .lllo, . 0489 _,. 
60. 15. . 10~2 .0500 
60. .'30. . 1015 . 0440 
60. 45. .0910 .0454 
60. 60. .0805 . 0449 
60. 75. .07Z7 .04=1 
60. 85. .0702 . 1)432 
75. .. .0919 .0487 ., . 
75. 15. . 1)794 .0512 
75. .30. .0718 .o~::~ -.. '-· 45. . 1)6 13 . 0489 
7S. 60. .0507 .0510 
7'3. -.. I ...; • . l)A::9 .C.479 
75. a~. .0404 .0471 
65. .. .o~~Q .0510 ., . 
65. l5. .o~::= O·-· . -.:= 
25. .:o. .0456 .0463 
:5. 45. . 0-35 l • ()46..:. 

• 85 . 60. .(J:~5 . <)501 
C,. -.. .0167 .0477 -- . ;_. 
=e: 35. O •• - ,,., . -. . .:.-- . ,_, .. ,:.;. 

."; ;:: ,, ; . . , - . :'-? S~i77:.; C-:' _, • I - - f ::: ""! 



TABLE F. 2 .b 

DEPiri E:OUAL.S 150. FEET O.D.S. MATERIA~ CONFIGURATION NUMBER 1 

THETA-S THETA-P YEH-STRAIN STRAIN-MAX 
DEGREES DEGREES ;:oC'-, 

'-,"'\ CENT F'S:R CENT 
~ C" .028:? . 0060 . .., . .., . 
~ .., . 15. .0271 .0055 
!5. 30. .0234 .0061 
5. 45. .0184 .0050 
5. 60. .0134 .0047 
5. 75. .0097 .0031 
5. ·as. .0085 . 0030 

15. 5. .OI94 . 007 l 
l 5. 15. .0383 .0087 
15. 30. .0347 . 0066 
15. 4!5. .0297 .0069 
15. 60. .0246 . 0<)77 
15. 7S. .0209 .0064 
15. 85. .0197 .0065 
30. 5. .0517 . 0 l l l 
30. 15. .0505 .0122 
30. 30. .0469 . 0134 ' 
31). 45. .0419 .01=0 
::o. 60. .03C9 . 0 l 18 
. :: c) • 75 . . 033= . 0 l 15 
:::o. 85. .03::ZO . 0 l 14 
45. 5. .0557 .0173 
45. 15. .0545 .0171 
45. 30. .0509 .0173 
45. 45. .0459 .Ol7t 
45. 60. .0409 . 0 l 60 
45. 7S. .037~ .0154 
45. es. .1)360 . <)l54 
60. 5. .0505 .().=16 
60. 15. .0493 .0:22 
60. .:o. .0457 .0193 
60. 45. . 04<)7 . 02(H) 

60. 60. .0357 • 01 C?8 
6<). 75. .0320. .0134 
60. 8~. .0308 .0190 
75. 5. . (J37 4 .0214 
75. 15. . 03"6.3 . ()::::: 
7'5. -30. .0326 . o::::7 -.., 
I - • 45. .o::70 .0=15 
75. 6(). .0=26 . 0.2::5 
7'5. 7~. .0189 .0::10 
-c-
I _, • 85. .0177 .l)::Z06 
55. 5. • t):~~ . 02:: A 
:c- 1 =' . !)2~8 .C"J::1.:: --· . .., . 
55. ::o. . ,)::2 .o::o:: 
S5. a <e 

-...; . .0162 .O:CI::: 
==: --· !:O. . 0: l ~ . o::::o 
55. 71=:. ,(H)/J. . t:i:t.19 
s::. 55. .0062 .0=10 

:
1 6/2:/:.; :-'.O SN:--:~.:-: 



• 

/'1at' l 
Config. 

J. 
1 
1 
2 
2 
2 
3 . 

--1 

4 
4 
4 
5 
• 
5 

1 
l 
l 
2 
2 
2 
3 
3 
3 
4 
4 
~ . 
' . 

TABLE f. 3 

Comoarisor.s of Max~~a =y Yeh (1974) and TL~e and 
Space ~istcry,Approac~es 

Maximum Design Earthquake 

0epth • ,'1ax. by Max. by Ratio: 
ft. Yeh ( 19 7 4) current Yeh: Current ., 

approach '" 
" '" 

/~ a. l't 0. U:1 1.9 
150 0.12 a.as 2.4 
175 a .12 0.06 2 

75 a. 13 0.03 4.3 
150 a. 13 0.06 2.2 
175 0.13 0.07 1. 9 

75 a. 13 0.03 4.3 , =,, " 
,, 

0 .. 03 'j • I ... '.,I •. .l,,_,\, 

17: ,• .. .-. .~ .. 
~ .. .::i ...i .. ..... ,..;. :_;4 

75 0.14 0.04 3.5 
150 0 .13 0.06 2.2 
175 0.13 0.07 1. 9 

75 a. 14 0.04 3.5 
150 0.14 0.06 2. 3 
-175 0.14 0.07 2 

0cerat i ng Design Ear":hquak e 

75 0.08 0.04 2 
150 a. 06 0.02 3 
175 0.06 0.03 2 

75 a. 06 0.01 6 
150 0.06 0.03 2 
175 0.06 0.03 2 

75 0.06 0.01 5 
150 a. os 0.02 2.: 
175 0.05 0.02 ? --·' 75 0.06 0.02 3 
1:0 0. 06 0.03 2 
175 0.06 0.03 2 

75 0.06 0.02 3 
150 0.06 0.03 2 
l7 5 0.06 0.03 2 
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