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I. INTRODUCTION

A. BACRXGROUND

Except for the contents of structures, this dJdocument provides
structural seismic design criteria for underground structures of
the Southern California Rapid Transit Digtrict (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 subsectiqn 4.4.6 of Part II,

Appendix A, Seismological Investigation & Desion Criteria (Con~-

.verse, 1983; hereinafter referred to as Appendix A). Portions of
Appendix A are incorporated by reference.
Tnis decumeni RKAs BE=n wWIitieEn o addéress  The general selsmdc

design conditions that apply to the underground structures of the

Metro Rail Project. It is recognized that special problems mnmay
arise for individual section design., Ropresentative examplas of

such special problems are chahge of materials from "rock" to allu-
vium, Zfault crossings, and joints between ‘tunnels and stations.
Section designers are to review their site-épecific conditions for
these types of problems and identify those 4that 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 EARTHQUARES

ts of earthquakes on underground structures may be broad-

ec
ly grouped izto two general classes -- shaking and faulting.

06/21/84 , 1 | SNTT340
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i, Shaking

3
In response to earthguake motion of hedrock (shaking), the
soil transmits energy by waves., Seismologists idenzify wvari-
ous types of earthguake waves; structural engineers are gen-.
erally interested in the effects of shear waves, which
produce a displacement of the ground transverse to the axis

of wave propagationR.-- —w . —.

The orientation of propagation is generally random with re-
spect to any specific structure, Waves propagated parallel
to the long axis of a linear structure, such as a subway
tunnel, will tend to force a corresponding transverse distor-
tion on the structure. Waves traveling at richt angles to
theistructure will tend to move it back and Zforth longitudi-
nally, and may tend to pull it loose at zones of abrupt tran-
citionms inm scil cenditicns, whers wave propertiss may Vvary.
Diagonally impinging waves subject different parts of a lin-
ear structure to out-oi-phase displacements. This resul:s in
a longitudinal cpmpression-rarsfaction wave that travels:

along the structure.

2. Faulting

Faulting generally represents primary shearing displacements
of bedrock, which may pass through the overburden layer(s) to
the ground surface,. Such physical shearing of the rock or
soil is generally limited to relatively narrow seismically
active fault zones, which may be identified by geological and
seismclogical surveys. From a structural &iewpoint, faulting
may evidence itself as major soil displacements, for sxample,

liguefaction or landslide.

In general, 1t 1s not Zeasibkble to desiga struchturss fo re-
n

s=rain majer soil displacements., Usesul design measures ars

v
-
w
N
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limited to identifving and avbiding sensitive areas, or if
this is not possible, accepting the displacement, localizing
and minimizing dJ&amage, 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
of earthguakes, including the following:

Strong ground motions
Fault rupture T :
Regional tectonic movements

Landslides

Ligquefaction
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Instances of complete tunnel closure were associated with combined
primary and secéndary effects of earthguakes, such as fault rup-

tur=2 and slope failure. However, in general, tunnels are safar

than = aboveground structures for a ‘given level of shaking.

A majcr contributof to deformationé ahd corresponding stresses in
long linear structures, such as tunnels, is traveling wave ef-
fects, which can ke accounted for by'assuming that the tunnel and
surrounding soil move together as the wave passes, and that motion
from point to point alcng 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 0f an
eartiquake on underground structures is the imposition of a defcr-
mation which cannot be changed substantially by strengthening the
stracture. Thersliore, the structural design sclution is provision

¢ sufficient ductility to absorb the imposed defcrmation wiithout

06/21/84 3 SNT73540



losing the capacity to carry static loads, rather than desicning
to resist inertial loads at a specified unit stress.

Nonetheless, it should also be recognized that although the abso-

lute amplitude of earthqﬁake 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 structure. If it can be es-
tablished that the maximum deformation imposed by the specified
earthquake, when combined with other appropriate loading condi-
tions, will not strain the structure beyond the elastic range, nc
further provisions are regquired. If certain parts of the struc-
sure are strained into the plastic range, the ductility of such
parts should be investigated.

Plastic straining in conformance with shearing distortion of the
ground may affect the eléstiq properties of the structurse. If
continuity of the structure has been assumed in the design for
static loads, the effects of plastic distortions will ‘regquire
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 analvzing

their impact on structural design are presented.

06/21/84 ' 4 SNT73540
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II. ZENVIRONMENTS

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 PARAMETERS
Design ground motion wvalues for the underground structures are

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

TABLE II-1
DESIGN EARTHQUARKE PARAMETERS

DESIGN GROUND MOTION PARMMETERS

' Agceleration Velocity (v ) Dispalcement
Design Foundation (“max) (g} (ft/sec) T&X po
Earthguake Condition Bor. Vert. Hor. vVert. Hor. Vere.
QDE ’ Soil S 0.30 .20 1.4 1.0 1.6 1.0
. Rock 0.30 0.20 ¢.8 0.6 0.5 0.3
MDE Soil 0.60 0.40 3.2 2.1 3.3 2.2
Rock . 0.60 0.40 - 1.9 1.3 1.0 0.7

The shearing distortion of the ground shall be determined as given
in Figures III-1 and III-2. (Trhese figure are reproduced from Part
ITI o0of the Seismological Investigation, and are shown there as

Figures 4-2 anéd 4-3.  For the purposes of this report, curves have
been added for New Alluvium.} Unless more site-specific data are
available Zfrom dynamic laboratory or field tests, as given in the
individual gectechnical repert for each désign section, the veloc-
ity of preopagation of the earthguake shear waves shall be- taken
for desicn purposes as shown in Table II-2.

06/21/84
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TABLE II-2
SHEAR-WAVE SEISMIC VELOCITIES
{FOR USE IF SPECIFIC DATA ARE UNAVAILABLE)

Shear Wave

Seismic
Soil Classification ’ Velocity, CS
New Alluvium 300 fps
0ld Alluvium 1200 £fps
"C" Units < 1700 £ps }
Basalt 3000 £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 Hollywbod faults, the
MDE fault displacement shall be taken as 6.61ft. and 4.9 Zft.,
respectively, for these <faults (Appendix A). The MDE Richter
magnituds is 7.0 £or Santa Monica and 6.5 for Hollywood. Table

A-3 of Appendix A contains additional <details. of fault

displacements.
B. APPROACH

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 0ld Alluvium with a
shear wave velocity of 1200 fps. Pseudostatic procedures may be
used for the design of all underground stzuctures.

It is recognized that the use of the component of efifsctive shear-
wave velocity in the direction of the axis of the s+tructure, as
used in Table II-3 and in Annex A, is mcre conservative than the
use oI apparent wave velocity in the design of buried lifelines %o

ot

resist earthquake shaking motionms., It is Zurther recognized tha

Lifelines are critical structures whose survival is desired in =h

[{

h
fu
[N

be!
s

immediate postearthquake period, especially for fighting fires
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maintaining safety. EHowever, in terms of potential loss of lives,
an underground metro often presents a higher risk thaﬁ 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 o

arthquake.

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 materials, the large combination of conditions that are
expected to occur throughout the Metrc Rail Project, and the lack
of actual measurements in metro tunnels subjected to eart hcuakes,

the conservative approach is deemad sporoprizts.

..J

=

Using the assumntlon that the soil does not lose its integ £
h

r
lb

during the design earthquake, the basic concept governing

I_l

1

<

¥

respense of underground structures is that the soil is gen

ra
a

-
yreh

e
stiff when compared to the structure and, therefore, the e

o

cuake deformation of the secil is meosed on the structure, whic
" must conform to this deformation. For very soft soils, interac-
tion between the soil and the structure may be considered, but for
any reasonably competent soil this interaction may be neglected,
and the structures should be desigrned to conform to the free soil
deformations. Ignoring interaction generally induces larger de-
formation and strain; <thus, it is conservative to neglect

interzction.

The imposed deformations are of two types -- curvature and shear-
ing. The Zormer represents the direct impesition of the soil

curvature cn the structure, which must have the capacizy to absorkt

~}
wn
A
+3
-3
i
£
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.- ) TABLE 1I-3

SELECTED PRINCIPAL EFFECTS OF EARTIQUAKE GENERATED WAVES ON FLEXIBLE UNDERGROUND STRUCTURES

Propagation . Effect of Combined Waves .
Pirection Axlal Strains Tnduced in Medium
Wave Type Relative to Generala Representative Remarks
Tunnel Axis Formula Numerical Value for {See Annex B)
(6) 0ld Alluvium {(in/in)
vmax b.c
Dflatlonal 0° € s r — t+ 0.0017 ° No curvature is induced
(P-) Wave P CPE ) for 0° incidence.
: v “max b d
Shear (S-) 45° €, =+ D% 0.7 R + 0.0018 R = 10" (asaumed)
Wave . ' 2c 2
se ae
v ax amaxs' b ‘ d
Recommended Shear Wave at El a g X 4 0.7 R + 0.0018 R = 10' (aasuned)
Value 45° 2c . c?
ae se
a Assumes a . and v are produced only by the wave considered and they occur ailmultaneously which is phyaically

lmpusslblgagut an Jg?éptable conaervative approximation.

b For 0ld Alluvium and MDE; c, = 1200 fpa and Cse = (0.8 2 1200 = 960 fpa (See Annex A)

coo= 2c for u = 1/3; thia 1s a better approach for deciving atrain in the soil than a meaaured valued !n saturated
of near y saturated soil for which cp approachea that for the water in the interaticea. For dry sofla cp ! ZCB

I .
® Coeffictent includes required trigonometric terms for angle of incidence,

10/31/8 8 SNT1540



the resulting strains. The latter represents the displacement of
the soil in response to a base acceleration imparted to it through
the pedrock,

C. APPLICATION

Application of the design methods for underground station struc-
tures is discussed 'in Sectioms III through V and for circular

running tunnels in Section VI. Section VII contains design meth-
ods for structural connections and other special considerations.
The special design cases £for fault crossings, landslides, and
liquefaction are presented in Section VIII. Section Designers are
~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 location(s) of ‘special problems discussed in
Section VIII; the resclution ¢f these specizl conditicons shall be

agreed upon among SCRTD, MRTC, and the Section Designers.

06/21/84 ) 9 SNT7340



ITII. EARTHQUARE DESIGN CF STATIONS AND
OTHER SHALLOW, RECTANGULAR, FRAMED STRUCTURE

The effect of earthquake racking (see Section IV) on the structure
requires that the structure conform to the free-field soil defor-
mation. If it can 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 (Eg.)
IV=-2 or IV=-3, no further provisions to resist the deformation are
required. If certain joints are strained into the plastic range
by the MDE, the structure shall be checked, and redesigned as
necessary, %o ensure that no plastic hinge combinatiorns can be
formed that are capable of leading to a collapse mechanism.

A GINERAL PROCEDURE

1. Base initial size of members on static design, Eg. IV-1
or Eq; V-1, and appropriate strength requirements. Building
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 momgnts and internal £forces in the structure. 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 (LACBC), or
Uniform Building Code as appropriate for determining member
stifinesses, Pseudohorizontal loads, to provide racking de-
formations egqual to that of Figure III-3a, mav be apclied at

the floor levels (Figure III-3b) Zor arnalvsis puzposes. It

06/21/84 B 10 SNT7340
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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 i, Converse, 1983; Seed and Whitman, 1970).
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 (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 Egs, IV-2
or IV=3 or Egs. V-2 or V=3, and Steps 1 and 2, and then 1 and
3. The more critical (Step 1 plus Step 2, or Step 1 plus
Step 3) shall apply.

n ¢ompisted 1L adeguate strengtil conditions in the
context of the appropriate building code(é) exist at all
polints for static and ODE conditions. Design completed when
ultimate conditions in the context of plastic design as hare-
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 FPigure III-4a, are acceptable
because a failure (collapse) mechanism has not formed. Con-
ditiens with four hinges, such as illustrated in PFigure
III-4b, are acceptable because collapse is prevented by the
surrcunding material, even though such a stricture would
collapse if it were aboveground. However, fcrmation of any
of mechanisms such as 1, 2, 3, 4, or 5 in Figure III-dc,
would lead to collapse and these mechanisms are, tharefcre,

not acceptable. Similarly, 1if soils are susceptible tc¢

=
s
[1}]
A
3
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N
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liguifaction, 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.

06/21/34 12 SNT7340



| 3 W

FIGURE III-1

ECRIZONTAL SEHEZIAR DEFCORMATION IN VARIQOUS GZOLOGIC UNITS
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FIGURE TIII-4

STRUCTURE MECHANISMS FOR MDE
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IV. DESIGN OF STATION AND OTHER SHALLOW, RECTANGULAR,
. FRAMED CONCRETE STRUCTURES

A, STATIC LOADING CONDITIONS

Stations shall be designed for static loading conditions following
the direction giwven in SCRTD Design Criteria and on directive
drawings. Reinforced concrete design shall follow ACI. 381-83, the
commentary to ACI 318-83, the LACBC, Division 26, and the

following:
U= 1.4D + 1.7L + 1.7H Eg. IvV-1
where: U = Required strength to resist factored loads or re-
lated intarnal momants and forcss, '

. D = Dead loads due to soil, water in soil, structural
components, or oStiier materisls, or related incernal
moments and forces

L = Live loads or related internal moments and Zorces.
H = Loads due to horizontal pressure of soil, water in

soil or other materials, or related intermal mo-

ments and forces. .-
B, DYNAMIC LOADING CONDITIONS

tation designs shall then Dbe checked £or dynamic loading condi-
ticns using ACI 318-83 and the following:

U=D+L +8 +Q : Eg. IV=2

SNT7340
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for the maximum design earthguake, and

,0=10.75 [1.4D + 1.7L + 1,7H + 1.87QJ Eg. IV-3

fcr the operating design earthguake (ODE).

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

fects induced by the éafthquake.
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 (198C), and Park and Paulay ({1537
Stability considerations are applied at the ultimate-limit

n

LY
i -

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) ¢f the ACI

Commentary (13983), and Section 10.3.3 of ACI (1983).

4. The earthquake design of underground structures shall
consider the more critical ‘of the following two conditions:

a. Applicable static lozding conditions plus the rack-

ing effects described herein.

b. Applicable static loading conditions plus a dvnamic
soil=-pressure increment {(Aprendix A and Seed and whit-
man, 1%70). -

06/21/84 18 SNT7340 .




3. Vertical loads from soil backfill, water in soil, struc-
tural ccmponents, or other 'materials . over cut-ané-cover
structures shall be increased by 20 percent and 40 percent
for operating design and maximum design earthguakes, respec-
tively (Table II-1).

l_l
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V. DESIGN OF STATIONS AND OTHER SHALLOW, RECTANGULAR, FRAMED
STZZL STRUCTURES

A, STATIC LOADING CONDITIONS

Stations shall be designed for static loading conditions foliowing
the direction given in SCRTD Design Criteria and on directive
drawings. Steel design shall follow AISC {(1%78), LACBC (Division
27), Uniform Building Code, Chapter 27 (1%82), and the following:

U=1.7 (D + L + H) ‘ Eg. V-1

where the terms are as defined in Section IV.'

SIEAMIC LOADING COWRITICNS

&4

Station designs shall then be checked for dynamic lbadinq condi-

tiens using khz fellowing:

U=D+ L+ H+ 0 ) Eg. v-2

for the maximum design earthquake, and

U=1.3 (D+ L + H + Q) Eg. V=3
Zor the operating design earthguake.
C. DESIGN DETAILLS
i, Designrner shall pfoportion steel structures under static
loading conditions in accordance with provisions of AISC

(1878), Section 2702 of the Uniform Building Code (1982), arnd
LAC3C, Division 27. '

06/21/84 20 SNT
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2. Designer may prdportion steel structures under dynamic
loéding conditions in accordance with provisions of Sec+ions
2721 ané 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 ghall

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) . '

4, . Vertical loads £fzcm soil backfill, water in ssil, struc-
tural compenents, or other materials over cut-and-cover
structures shall be increased by 20 percent anéd 40 pércent
for operazting design and maximum design earthquakss, respec-

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 si?es
along the alignment.* Linings for tunnel sections in the Topanga
Formation will be designed by that section's designer.

3. DYNAMIC LOADING CONDITIONS

The adegquacy of these designs to resist the possible static plus

LR}

superimposaed dynamic lcading conditions must be checked Zcllcocwing

the steps given pelow.

The running tunnel structure is more £lexible than the surroundin

medium with respect to distecrticons in anes perpendicular tc the

'l)

axis of the structurs (Annex D and Append 1) . These di stortions
are, =zhus, the same as those of the surrounding medium. Although
the =running line structure is longitudinally stiffer than the
surzounding medium, imposing the motions induced in 4she mediur
cnto the structure is generally conserzvative.

cC. STEP?S IN DESIGN

1. Designer shall determine %he app

[

icable shear-wave ve-

locity, ¢c_, Zor each segment of &}

(&
*
m
"
[
¢

s ning line considerin
the appropriate geotechnical data. I more specific data are
not available, use Table II-2,

* Scil or soft rzock describes all cground conditicns except

the Topalga Tcrmaticn.

tn
h
v
-
(W1}
e
o
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2. Define appropriate value of effective shear-wave veloci-
Ly, Cee’ consistent with the strain level expected. In gen-
eral, unless explicit data are available, Cge Shall be 0.3 c
for ODE and 0.8 Cse for MDE: however, in isolated cases where
the line is within new alluvium, Cse shall be 0.75 S forAODE

and ¢ = 0.5 ¢_ for MDE (see Annex ).
se s

3. Compute maximum induced longitudinal strains using "rec-
ommended value” from Table II-3 for the ODE and MDE. Fric-
tional soil drag should be checked as in Step 7 for the
station. The maximum usable compressive strain for this case
is 0.002 (Park and Paulay, 1975; 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
MDE, ~explicitly ~considering effacts anéd capabilities 2f ar-

ticulation (O0'Rourke, 1984). Ductile bolts shall be usged in

all cases.

S. ~When necessary,  medify longitudinal reinfcrcement,
Dolts, and/or joint £iller details to ensure no adverse dis-

tress for ODE conditions and no collapse for MDE conditicns.

‘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
tunnel produced by excavation using Figure VI-1 (Ranken et
al, 1978, Figure 3.8) in combination with racking deformation

0

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

3}

-

that produced by a shear wave with princizal distortion

8]
th

the plane oI ‘the tunnel which is perpendicular to the axis

the tunnel.
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The strains are approximately:

v E
= S £ 2z R T -
€rack - (c ) (2 (R) + IE (£ (t)] Zg. VI-1
se L
in compression, and
v ‘
= 2 (== (& L -
€ rack = 2 (c ) (R) Eg. VI-2
se
in tension.
where: ) Ve = Peak particle velocity produced by earth
quake (Table II-1).
Cse T Effective shear-wave velocity ZIor the value
of Ve (see Grant and Brown, 1981).

t . = Thickness ¢f lining.

R = Mean radius of lining.

Ern = Modulus of elasticity of medium.

EE = Modulus of elasticity of lining (cylinder).
The at-rest condition, Ko = 0.5, shall be assumed. The averacge
compression {average KO = 0.5 in Figure VI-1) produces a uniform
strain of aAD/D. It is reccmmended <for hcrizontal and vertical

displacement that the average for no- and £full-sliprage be as-
sumed. The strain due to average ccmpression shculd be superim-
zosed on the strain due to horizomtal or vertical displacement.
‘Note zhat these last values 0f strain are due to flexure ané that

the maximum straias ave as follcws:

<
Oy
~
(9]
*_.I
~—
w
e
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t e
e - 3 (Ag) ( ou;s;de) Eq. VI-3
8 . 2 'D R
outside
e = 3 (2B (Eiﬂéiéﬁi Eg. VI-4
8. . 2 'D R d-
inside .
where: €5 = Strain on the outside of the lining.
outside )
€g = Strain on the inside of the lining.
inside
AD/D = Appropriate value from Figure VI-1.
toutside = Distance from geometric axis to out=-.
side of cylinder.
“ingide = Distance from geometric axis to inside
of cylinder.
R ‘ = Mean radius c¢f c¢ylinder.

The maximum usable compressive strain, ec} for flexure shall be
0.004 (Ford et al, 1981 a, b, and c).

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-cf-round tolerance
and racking. The cus-cf-round tolerance shall not exceed
0.005D.

(9]
wn
n
w
3
~1
wn
e
[}
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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 (0O'Rourke, 1984). In no case should the

reinforcing ratio exceed three-fourths of the balanced rein-
forcing ratio. ' '
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FIGURE VI-2

VARIATICN OF APPROXIMATE DIAMETER CHANGE
WITH FLEXIBILITY RATIO FOR LOOSENING LOAD
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VII. CONNECTIONS AND OTHER SPECTIAL CONSIDERATIONS
A, TATION END WALLS o

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 consmder +the following
items:
1. 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.

Th Ammimem Eha mem S =TT m
Rt PP S '«...’."ﬁ-& — -t TT v -

2. Loading conditions described inn Section III shall be

3. The standard design provides a reinforced concrete Zoun-
ation "approach span" transition where the tunnels enter the
ion %o minimize the differential movements at thaz point.

rt
‘_.l

a
lystyrene or other materials to accommodate shears shall be
e

n.

B, ERZZ-DIMENSIONAL UNDERGROUND STRUCTURES

The gecmetry of some underground structures may regquire that they
be considered three-dimensional rather than two-dimensional. When
that is the case, designer shall apply the imposed racking defor-
mations or incremental earth loadings consistent with those pre-
ented in Section III. The following cases and the effects o=

4]

{1

ach must ke evaluated:

i, One hundred percent in the £irst axial directicn,

V)]
2
D]
i |
ol
KN
(e
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2. One hundred percent in the second axial direction,

3. Seventy percent ‘superimposed in each of the two axial
directions simultaneously.

C. DUCTILITY

The prime consideration in earthquake desién is to provide a
structure capable of behaving in_a ductile manner when subjected
to several cycles of earthquake deformations. Thus, even mnore
than in usual design, the ultimate success of the structure is
dependent upon 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 procedures to the underground structures.

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

following:

ol Steel - LACBC ‘Specification, Part 2 (13978) or - the
LACBC, Division 26

o Concrete - ACI, Appendix A (1983) or the LACBC,
Division 26

Cther applicable references include: ACI 318-83 and Ccmmentary,

UBC, 1982; Housner and Jennings, 1982; Newmark and Rosenblueth,
1971; Park and Paulay, 1973; Wiegel,  197C; Blume, et al, 1961;
Rosenblueth, 1980; and Newmark and Hall, 1982,
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VIII. FAULT AND RELATED CROSSINGS, LANDSLIDES, v
AND LIQUETACTION

Design of systems 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 0f 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 gquestion primarily of

the total length of steel lining recuired. In turn, this total
izng=h dezends con the distanca raodired o devslinsp suffisisne
ngle change to accommodate conservatively that lateral displace-
ment (s) specified for the MDE (6.6 £ft.) in Section II. The gecme-
t= of the distcorted running line i3 shownh in Figure VIII-1, and

the critical dimensions of the standard steel lining in ceneral

tarms are shown in Figure VIII-2 (see also Annex B).

In all soils (Nyman, 1983) and in rock where the shear zone asso-
ciated with a fault is distributed over hundreds of £eet, the
lining will tend to conform to the distributed displacement of the
medium.

Landslides may develop only whers alluvium with sufficient surface
slore and water content intersects the axis of a structure. MRTC
has conducted a review of the City of Los Angeles Planning Depar

rent's Seismic Safety Zlement Report (1974} and their P:el.m_na_.
Geclcgic Maps (1964), These cdocumen+s identify possi siice

it
r2as in the Citv of Los Angeles. During this review no signifi-
an

cant existing landslide arsas cr arzeas susceriible o édslides



rom earthquakes were identified along the alignment of the SCRTD
Metro Rail Project. This preliminary finding, however, does not
relieve the section designgr ?f the responsibility of evaluating
the potential of and providing mitigation against landslide(s)

along each specific section.

The final special design condition of potential concern is ligue-
faction. Current data regarding possible areas of licuefaction
are presented in individual design unit geotechnical engineering
reports. Where concern regarding ligquefaction is expreésed, the
section designer shall assess the effects of such behavior on
design and ensure that the structures are not adversely impa;ted.

~

3
Ny
o
[ =9
o
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FIGURE VIII-1

DISTORTION OF RUNNING LINE
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APPENDIX 1

DESIGN EXAMPLES




APPENDIX 1

This appendix is provided for information only. It has no con-
tractual implication, but provides numerical examples to illu-
strate the application of the supplemental criteria. Because tae

examples are illustrative and are focused on the préblémrét 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 £rom earthguakes will occur
for underground structures located totally or partially in New
Alluvium. Nevertheless, each Section Designer is responsible for
applving these criteria to his site specific conditiomns.
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Desicn Examples
{All examples use numbers rounded to two significant figures.)

Al LONGITULINAL STIFTNEZISS OF STATION

1. Compare longitudinal stiffnesses of station and replaced
grasund. For illustration, assume a structure 55 ft. wide by

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

intermediate level. Assume effective modulus of elasticity
of soil of 50,000 psi, representative of alluvium, and modu-

lus of elasticity of concrete of 3.6 X 105 psi.

AE (Scacion) | (2x55fr.sbfr.+55fc.xdfr.-2x33fe.x2ft.)xldbin®/Er. 2e3 6x10%s61 _
AE (Soil) 55 fe. x 43 fr. x 144 n° /fe.® x 30,000 psi

tne stacicn is ralactively stiff compared to the

soil, so that the soil would be compressed more
structure by a longizudinal wave. Thus, the structure would
exPerience the full frictional drag exerted by thes s

tends %o be the upper bound (see Annex B).

. smrute th train resulsing Zrom Zriczion rag.
2 Cemrute +he s+trai resulting Zrom Zrictional dra
1]
! 7
43"
'
) i

Iy
1]
-‘ '
(1]

o?
2 T omam i-i- - T am et - “— PP - 4 - i .
- ZzTlnace saé  L2ngdTl 91 stIucture Cver wniilgn Lo s
strains as cnre-guartar the wave length. Asstme :the Zfresguency

058/21/84



LI )
ih

N

o the earthguake wave-to be aprroximately three cvcles/sec-

onéd from Zl Centro records. Then wave length = Eg = 1000
' ' 3 3

300 ft.,'a;d the involved length of structu:é 75 fe.

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 £t. % tan 40°
6

= 0.0002 in./in.

282 .x1f4.x144sg.in./s5. ££.x3.6%10 psi

S. Assume the allowable strain in #2ension is ten percent
that in compression, and considering these to be axial
trains, the allowable strain is 0.10 x 0.002 = 0.00C02

in./in.

L e o amma

i
l -
1Y

llowakle and no provision £or axial strain need ze made

7 . Desicner shall analyvze the ac%tual structures in ligh+t of

sitce=specific conditions and prooerties.
E PICT

ZCRIZONTAL RACRING OF SEALLOW RECTANGULAR FRAMED STRUCTURS

l. Make a prsliminary design of tihe struchure. For =his

example assume centerline dimensions ané member thicknesses

are as follows:
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2. Calculate the differential horizontal récking distor- '
tions £from bottom to top of structure. Using Figure III=-2
(assuming +the top 50 'f£. of the curves £for alluvium as an
illustration), the racking cdeformation is estimated by taking
the slope 9f the curve for 0ld Alluvium, approximately one in
400. Therefore, for the 38.7 £t., high structure the tctal

racking is 2521 = 0.097 ft. (say 0.1 £t).
4C¢C
3. Calculate the relative racking distortion of each floor

0L the structure:

Bottom floor = 2227 x 0.1 = 0.0S56 ft.
38.7 "

Togp flcor = 17 x 0.1 = 0.044 £t.
Te = .

LRI

4. Impose these horizontal racking distortions on the
- structure and bring the structure to equilibrium, cbktaining
the following rounded mements (in in.-kips) at the goints in-

-

dicated:

1878 ' 1878

1878 1378

714 | 714
1328 1326

812 512

1542 1542
1542 ' 1542
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5 The above moments resulting Irom the dyrnamic racking
. shall then be combined with the static moments and thrusts
defined previously to check the members. As an approximate
check, calculate the approximate capacity at vyield of the

two=-£ft. thick section

Mcap = 0.9 pbdzfy (ignoring for this illustration capacity
e oo reduction factor and p')
= 0.9(0.02) (12 in) (21 in.)? 60,000 = 5,720 in kip
.. U=5,720 = (1.4D + 1.7L +1.78) static

[
"

1.0 {(1.0D + 1.0L +1.0H + 1.0Q) 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= 4,030 +.1,880 = 5,940

or approximately four percent over the static capacity.

& Obhviausly £ar +thi

tn

axam

1

le it appears necessary =2
raise tﬁe section capacity slightly so that the addition of
the dynamic racking does not impose a bending recuirement in
excess of the static section capacity. Before making such a
change, the designer shall consider the redistribution o¢f
bending strssses brought abcut by the formation of plastic
hinges and compare with conditions shown in Figure III-4. If
the resulting structural capacity still 1s less than the
requirement, then the design shall be modified as reqﬁired
to satisfy the combined conditions.

The designer shall periorm and complete such azalyses for all
arpropriate conditions and combinations con a site-specific

basis.
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PLAN VIEW RACXING OF A TEREE DIMENSIONAL STRUCTURE

1. Make a preliminary design of the structure. For this

s

example assume centerline dimensions as follcws (plan view):

40'

. g0’
2. Review geotechnical data to .define soil classifica-
tion(s) encountered £for the reaches and derths under con-
sideration. Assume for this example that the structure :is
located in "C" units. '

3. From Table II.2, define seismic velocity, Cg = 1,700

fps.

4. Define Cse from Annex A:
for CODE, ¢ = O.9cs = 1,330 £ps

se
£ m o h~d = - =
fcr MDE, Cee 0.8cs 1,360 Z£ps
3. Istimate the racking strain by: -
y = —X— where v is from Table II.1
c,
3 b — rF _1.4
fcr OBE, v = 1.4 £ps,y = = (0.00092
1,330
- - _ = 3.2
Sor MDE, v = 3.2 fps,y = =——— = (,0024
1,360

=

or Lllustraticn, use the MDI.

,.
e
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. the racking distorzi
irection:
--__-——— q*
'
‘ ____.—-—_-'

Calculaze

0.0024 x 60
ft.

0.144

Calculate the racking distortion in the second major

direction:

Calculate 0.70 of

ané surerimpose:

0.0%6 x 0.7

the distor<icn

0.0024 x 40 = 0.0¢%6

major direc<ion

O
.
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9. Impose these racking distortions (steps 6, 7, and 8) on
the structure ané bring the structure to equilibrium under

each, obtaining moments 1in 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 stresses brought
about by the formation of plastic hinges. If the resulting
structural‘capacity'is less than the requirement, modify the
static design to satisfy the requirement.

12. Perform anéd complete such analyses Zfor all appropriate
zonditions and combinations on 2 site-specific basis,
TARTEQUARE RESPONSE OF RUNNING LINE IN EHOMOGENEOUS MEDIA
following examples arplies Steps 1 through 9 of Chapter VI.)
For illustraticn only, it has been assumed here that %the
data for the "C" units indicate a shear wave seismic

velocity near the upper limit of the specified range =--
or ¢, = 1700 fps.

1. Review gectechnical data available to define soil class-

ification(s} encountered for the reaches and depths under
consideration. Assume £or this example that all of the

structure will be located in "C"™ units.
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2. For Table II.3 and Figs. III.1 and III.2, define seismic
velocity for "C" units: '

és = 1700 fps (see above)

2.2 Define cse: .
From more complete data, including techniques used'by Grant
and Brown (1981), or, if more data are not available, Annex 2
(Annex A is used here):

For ODE, ¢ = 0,9 ¢

<o ¢ = 1,530 fps

se 0'3 €s

For MDE, ¢ 1,360 fps

3. Compute axial strains induced:
From Table B. l: _ , . .

v a g
- - max . 4 , p _Max
max = T -
2c 4
se Cse

From Table II-3:

For ODE, Ymax = 1.4 fps and Arax = 0.3 g

[}
L
[N

For MDE, v

max fps and a = 0.6 g

max

Thus, for ODE:

ft.
0.3 g x 32.2 —
1.4 Zos sec?
€ = % o - R Ea= = ) =
“max -2 x 1,330 fps -~ 0.7 x 10 £« 1.330 Fas)z * ¢.0Qaqs
' -
(Assumed radius o tunmel is 10 £+.)
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[

fmax T * T x 1,360 fps :

[P}
[y

For QDE in compression,

If more compiete data were available, the designer would now .

compare this strain with that assumed in Step 22a.. If they
were not consistent, the computed value here would e used to
define a new value of cse' By iteration, the appropriate ¢
and corresponding € max would be defined.

For MDE,

se

ft.

0.6 g x 32.2 sec?

3.2 fps

(1,360) £fps)?

Again, if more data were available, the iterative process
mentioned above would be used. '

Compare with maximum usable strains:

£ = 0.002 since strain. is nearly
allow <

purely axial. Also since (¢.0005 < 0.002 ok.

Since (—0;0005 > |=0.0002|, a plain concrete lining would
crack in tension for the ODE; howéver, the segmented linings:
are reinforced and this tension strain (0.0005) is well
below the minimum vield value of 0.0014. Thereiore, any
small cracks that tend to open in the segments will be closed
by the reinforcing steel. Thus ok.

For MDE in compression, €allow = (0,002 since again strain is
almost purely axial. Also since 0.0012 < 0.002 ok.

Since |=0.0012 > |-3.0002 | , a plain concrete lining would
crack in tension £for the MDE also; however, the segmentad
linings are reinforced and this tensile strain (0.0012) is
still less than the minimum yield wvalue of 0.0014. Thus ok.

/83 10 SNT73540~-1
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Should a continuous liner be used for the turnel passing
through the basalt in the Hollywood Eills, it will require
minimum reinforcement (p = p' = 0.002 as specified in Chapter
vI). Such reinforcement will adequately distribute +ension
cracks induced by either the ODE or MDE.

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

reguired.

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

change coefficient for an assumed Ko = 0.5, from Figure VI.1,

is:
E
AD m
_(_) —.-..) = 0.08
D vH
tinward Aisplacszment) for 21l flozinilicy -azics of iz

terest. Thus,

32 = ge = 0.08 ﬁ
D £
ave m
or
. . )
< = 0.08 —L20 pCEf X 50 ft. = 0.000067

ava S0,000 psi x 144 in.2/£t.3

{shortening . causes compression) <£for an average depth to
springline of 50 ft.

o
n
—
[ |8}
.-l
—
w
N =Y
|._l
'_J
w
4
+3
-1
ut
o
[w]
|
._l



From the same £figure, +the varving component of diameter

change i1s approximately:

E

(AE) (42) = 0.5 (shortening of vertical diameter)

D vH

Thus, at the springline:

oD _ 0.5 120 pecf x 50 fx. = 0.00042
D 50,000 psi x 144 in,2/f£.2
Since:
_3 (& A0 L2 8 in, a
Ee =3 (R) ( D) 5 X 10 £c. x 13 in./ft. X 0.00042 = 0.000042

The maximum strain produced by excavation is obtained by summinc
£ £ '

g nd &
- Yave @ var

€ = 0.000067 + 0.000042 = 0.00011.
max _

Similarly, the minimum strain is approximately (Figure VI.1l) =

£ 35 -
22 = 0.3 120 pcf x 50 ft. = -0.00025 at the crown

50,000 psi x 144 in.3/ft.2

and invert.

3 = AD
g =3 R F)

8 in. :

* 10 £t. x 12 in./FEt.

= % x (-0.00025) =

-
—

~0.000025 ané em.n'= 0.000067 - 0.000025 = 0.000042.

. D AR A i -
Cuzvature ¢0f z circular secticn = 2 = 3 == = 3 (—%) (5) anéd s=zrzi:
Ll 3 - ‘\D r4 - =
€ = a2 = or ¢ == () (==) )
var 2 ... 2 R D




The racking deformation causing compressive strain for cocmbi-

>

nation with strain reproduced by excavation is defined b
Zquation B.17 in Annex 3; that ‘causing tensile strain by
Zquation B.18. In both cases the Poisson's Ri;i? was assumed
to be one-thizxd. If better values exist, they should be used

and the egquations modified as indicated in Arnnex B.

v E :
s £ 3 R m
€ = (=) 2 () + = () (=) Eg. 3.17
tot Cse R 16 ‘¢ E£] .
' - t Vs
‘and ot ==2 (g) (E——) Eg. B.18
: se
For ODE, max = 1.4 fps'and Coa = 1,530 fps (see Steps 2a and 3).
Thus:
c (1.4 £os ) | 2¢ g in. ) - 3 (10 f£. x 12 in./%t.,
tot 1,530 ips T = x 12 mn./=. 1% g8 in. !
20,000 osi 0.00015
4.8 x 105 psi '
i ' =
e =-2 g in. ) (=4 288, - _g 00012
tot 10 £t. x 12 in./ft. 1,330 fps

'

And +the combination of strains Adue %o excavation load and

racking are:

0.00C1l1 + 0.000Q01l5 = 0.00026

"

(Emax) combined

0.000042 ~ C.00012 = ~(¢.00008

(Emin) combined
The maximum compressive strain of 0.00026 is well within =he
Jmaximum allowable value o 0.004 (the allowable value Zor

mainly ZIlexure). The tensile strain of 0.00008 is less #zha=x

]

—
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that expected to cause cracking. Thus, no cracking is ex-

pected.
?or the MDE, Voax = 3.2 fps and Ceo = 1,360 fps (see steps 2a
and 3). )
Thus:

- (3.2 fos 24 8 in. y oy S {10 fr, x 12 in./ft.,
"tot © 1,360 s’ | “'10 fx. x 12 im./e. 16 g in. ’
20,000 psL_ |- 0.00039
4,4 x 107 psi
- 8 in. 3.2 fos

- | [ Y
‘ot = 72 GO E. % 12 In./E.) 1,380 Bos) 0000

And the combination of strains due to excavation load and
racking are:

Cii + 0.0003% = 0.,00030
0042 - 0.00031 = -0,00027

(Emax} coembined 5.0
0]

{Emin) combined

[}
[ ]
.

!_l.

The maximum compressive strain of 0.00050 remains well with
the allowable value of 0.004. though the tensile strain is
slightly larger than that nofmally associated with cracking,
it is still much less than that normally encountered in con-
ventional reinforced concrete beams or slabs.

7. According to the approximate procedure given in Annex E,
as reflected in Figuzre VI.Z2, the maximum strains due to the
locsening load are computed as follows:

ute preperties of transformed secticn. (Because of the
irrsgular section due to belt pockets, it is probablv satis-
facto