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SUMMARY:
Structural design principles for large undergrostrdctures subjected to severe seismic actionprasented, as
well as a consistent analysis methodology.

Underground structures under seismic actions aogesied to horizontal displacements mainly congieland
imposed by the surrounding soil. Structures hawectmmmodate these horizontal displacement fielgardless

of the resistance of individual structural elemeiftaking into account that one major action is kia¢éic and

that material failure is controlled by strain rathiean stress, design methodology should be basdihematic
variable control, such as displacement or stramerhal forces due to the imposed displacements are
consequence of material constitutive relations, éxlicit flexural resistance checks are neithesessary nor
relevant, as long as material strain limits areenateeded.

The analysis methodology is based on physicallylim@ar structural analysis to adequately evalpatgt-yield
behavior. Material strain limits are checked expiiaduring analysis.

Recommendations for structural conception of unaengd structures are discussed.
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1. INTRODUCTION

The analysis of damage induced by earthquakesde landerground reinforced concrete structures in
the past shows that in general these structureessesensitive to earthquake actions than stregtur
that develop above ground levpkomes, 1999; Hashash et al, 2p0@ fact if the soil deformability is
small, underground structures are subjected tostlnmgid body motions, which induce little internal
forces in the structures. Therefore, no damageltapse is observed in these conditions.

However, the reality shows that this type of stuuetcan also be vulnerable to seismic actions.rguri
the Hyogoken-Nanbu earthquake, which hit the toWwKabe in Japan in 1995, a total of 6 out of 21
underground stations suffered strong danjagstate et al, 1998

Based on numerical studies and shake table testsa@f scale models, Iwatate ef #99 attributed
the cause of collapse of Dakai tube station (spedil) to the distortion field imposed by the goil
the structure during the earthquake movement.



Figurel - Collapse of the central columns of Dakai tuladgish, Kobe, Japan [Iwatate, 1998]

The configuration of the station in plan is simitara rectangle 120m long and 17m wide in the
narrowest zone and 26m in the largest zormsHida et al, 1997 The perimeter walls are almost
undeformable in their own plan, therefore withldittapacity to accommodate significant relative
displacements in this plan. However the availablermation is that collapse of the structure wats no
triggered by the collapse of the perimeter wallsisTmeans that the stiffness of the structure @ th
longitudinal direction counteracts the displacermestil profile in the free-field, and may even ld¢ad
three dimensional soil flow in the vicinity of thextremities of the structure or lack of kinematic
compatibility between soil and structure, as schimally represented in figure 2.
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Figure 2 - Eventual three-dimensional soil flow near th&remities of the structure

The collapse of the central columns of Dakai tulatien occurred essentially due to deformations in
the transversal direction of the statipvatate et al, 1998 in particular in zones not near the
extremities, where three-dimensional effects are retevant and the structure tends to be more
flexible than in the longitudinal direction. Thetal transversal cross sections of the globalctrre,
identified in figure 2, will be referred to as fible alignments and will be the only ones considére
this paper.

The dynamic behaviour of the soil/structure systaloag flexible alignments is dominated by the soll
inertia forces, which are dominant as comparechéoimertia forces generated in the structure. The
structure being flexible in these alignments doe$ oappose significant resistance to the soil
deformations. Therefore there is kinematic comjaibn the vertical soil/structure interface attte
structure is forced to deform along the heightoiwihg the displacement field imposed by the soil on
the interface.

These underground stations, subjected to seisntienacdon’t need to transfer inertia forces to the



foundations, since those forces are directly temnsél to the surrounding soil. However under severe
seismic actions those structures, especially tles embedded in soft soils, may be subjected te larg
relative horizontal displacements mainly controlleg the surrounding soil. Therefore the seismic

design of those structures should aim at proviéingugh deformation capacity while maintaining the

bearing capacity for the permanent loads.

A consistent design methodology with this purpas@resented, based on basic reinforced concrete
behaviour and capacity design principals.

2. BASIC CONCEPTS

It can be shown that reinforced concrete secti@we fa yield curvature that depend very little om th
flexural reinforcement amount (figure 3). As yieldd rupture is controlled by strain, this behawabr
reinforced concrete leads to the conclusion tha&nelarge changes of the flexural reinforcement
amounts do not prevent yield if the curvature iemally imposed.
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Figure 3 — Moment-curvature diagrams of a sample crosseseftr several reinforcement amounts

The enforcement of relative horizontal displaceraehte to the seismic action by the surrounding soil
on underground structures leads to the impositibcuovatures at section level. This will induce
additional curvatures to bended structural elemeaisl therefore additional strain to steel and
concrete. These additional curvatures (or strami)have as a consequence an increase of internal
forces (or stresses), as long as yield does natro®ut in this situation, structural resistance is
assured by the design for permanent and live lgaxtsept seismic load) and the seismic action is not
relevant for safety verifications.

When yield due to seismic actions cannot be prexkrds strains are imposed, additional curvatures
(or strains) will induce small or no increase itemmal forces (or stresses), because stress ikcieas
the post-yield range is rather small. Thereforejeuground structures subjected to severe seismic
actions (and effectively conditioned by this acjibave to withstand imposed displacement fields, bu
do not have to resist to seismic forces, becausestientually emerging forces are small (they are
simply consequence of imposed strain) and the bwota inertial forces are transferred directly from
the structure to the surrounding soil by axial & beams and slabs.

As mentioned, yield and collapse are controlled dbsain, but standard resistance verification
procedures transform those strain limits in intefoece limits, such as bending resistance andrshea



resistance, and compare them to internal desigre$orSafety is guaranteed if the internal design
forces are smaller than the respective resistaridesally this comparison is used to evaluate
reinforcement amounts, assuming that internal ®ofehe structure do not change significantly with
reinforcement changes, what might be acceptablestorctures in service conditions. But for
structures subjected to large imposed displacemnigsprocedure is inappropriate, as it hidesta
nature of collapse control and the implicit assuamppreviously mentioned is not nearly valid.

Safety verification of underground structures scige to severe seismic loads has to be performed
checking explicitly material strain and limitingetm to ultimate strain limits. And as significant
incursions in the post-yield branch are expectégsigally non-linear analysis has to be perfornted t
evaluate those strains.

The use of g-factors to evaluate seismic actioacedf as prescribed by EC8 for structures devedppin

above the ground, is inadequate for undergrounitsires. The seismic action applied to underground
structures do not imply any relevant additional deg moment above the yield moment, and

therefore g-factor would have to be infinite in erdo yield a seismic nil moment. This shows that
extrapolation of code procedures concerning seisiesgn applicable to structures developing above
ground is not adequate for underground structures.

3. STRUCTURAL CONCEPTION

General structural layout design of undergroundcstires subjected to severe seismic actions should
follow some basic rules in order to provide adeguaterall displacement capacity.

The conception of large underground structuresaft soils to resist seismic actions must aim
essentially at providing deformation capacity te ftexible alignments of the structure. This means
that along those alignments the structure mustsbiéezible and ductile as possible. Obviously there
are restrictions to this structural conception tihative from the need to provide resistance torothe
actions. Therefore structural elements must haveinmim dimensions necessary to provide the
necessary levels of stiffness and resistance tmgeznt actions, live loads and other actions (éxcep
seismic action). However, even with these restmdj the designer is left with many options.

For the purpose of the recommendations discusstusisection it is convenient to separate strattur
members in two groups:

* main structural elements: elements whose collapadsl| to unacceptable damage. Examples of
these elements are the perimeter walls, columma fap to bottom of the structure, beams that
transfer strong axial forces due to soil and whtaizontal pressures between opposite perimeter
walls;

» secondary structural elements: elements whosepsellieads to acceptable damage. Examples of
these elements are stairs, small columns that supiher secondary elements, platform slabs, etc.

One of the most important criteria is to minimibe dimension in the plane of flexible alignments of
the main structural elements where plastic hingesifsions in the post-yield branch) may develop. |
general, there is no interest in increasing theufial capacity beyond what is necessary to resist t
other actions but the seismic action, in these efgs In fact to increase the flexural capacitydmely
this limit would only contribute to increase theeah demand and the strength demand in elements
intended to remain elastic. Therefore section dsimrs of elements that are supposed to develop
plastic hinges should be the ones strictly necgskaresist to the other actions. And since it is
important to minimize section dimensions, the desig will be led to design sections with reasonably
high percentages of flexural reinforcement. Howeatvenay not be advisable to design sections near
the allowable upper limits of flexural reinforcemers in general the sections deformation capasity i
lower than if lower percentages of flexural reirtiement are used. The designer must balance adl thes
effects in order to maximize the elements deforomattapacity. The above criteria of minimizing



section dimensions in the plane of the flexiblgmanents may not apply in the cases of elements that
are intended to remain elastic, as in these caseayi be necessary to provide these elements with a
reserve strength (beyond the one necessary ta tesither actions but the seismic action) in ottder
avoid the formation of plastic hinges in those eats.

Considering that deformation capacity of thosecstmes is largely controlled by the behavior and
distribution of plastic hinge zones, brittle stwed elements should at all cost be avoided. Thesef
axial compression of the structural elements shd@dimited to reasonable values, because large
compression reduces cross section ductility. Lagje covers should be avoided, as it will induce
large compression in the columns.

Structural elements with low shear ratio (shortnedats) should also be avoided for two major
reasons. These short structural elements have figkibility, even when PHZ are developed at
element extremities, reducing overall deformatiapacity. On the other hand, high shear forces might
arise at those elements due to equilibrium requeres) and induce a more brittle failure mode than
that associated to ductile flexural collapse.

As an example, consider the transverse verticalofutinderground stations shown in figure 4.
According to the above criteria, structural conaaph) is clearly the the best.
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Figure 4 — Possible structural layouts of flexible alignrgen



4. PROPOSED DESIGN METHODOLOGY

The proposed design methodology comprises two ghédehe first phase the underground structure
should be designed for all actions except the geiastion following standard design procedures. As
result of this phase, minimum structural elementatisions and reinforcements are evaluated.

Regardless of the need to provide horizontal dedtion capacity to the structure to resist to thenma
effect of the seismic actions, the structure hadbdodesigned to resist to the other actions and
eventually to the effects of some vibration modbke, ones with configurations not controlled by the
soil dynamic behavior (vertical vibration modesy fimstance). Therefore the section size and
reinforcement amounts must be enough to resistl tihe static actions-effects (bending moments,
shear and axial forces) due to all code prescribad combinations, including static seismic action-
effects associated to the mentioned vibration modesvever it should be emphasized that in well-
conceived structures, without significant soil cayehe effects of these modes are small and uylike
to condition the envelopes of static action-effeliiractical terms, this means that in such cses
seismic action is not relevant and can be disreghed this phase. This is the first design phase, a
should be performed using current design methodkdognd code procedures. — (EC2 can be used at
this phase).

The second phase of the proposed design methodoéggrds the main purpose of the seismic
design: to provide the flexible alignments of theusture with enough deformation capacity to
undergo the deformation that the surrounding sal rmpose on the structure without losing the
resistance to permanent loads and part of the miésegyloads. The second phase of the design psoces
is based on capacity design principals, provisibloeal ductility and optimization of the distribah

of the ductility demand. As the structure has t@ble to withstand externally imposed displacements
a feasible mechanism has to be provided. Figur®tvs two possible mechanisms for a structure with
adequate conception, showing plastic hinge locatiS8ome of those locations cannot be chosen due to
the large strength difference of the structurainglets. For instance, the strength of the beamsichm
smaller than the strength of lateral walls; therefilne plastic hinge at beam ends is unavoidaltie. T
plastic hinges at internal nodes may be placederitn the columns or on the beams, as the
comparison of the two mechanisms shows.

Figure5 — Global mechanisms

A nonlinear analysis of the structure has to bdopered to evaluate its deformation capacity.
Structural collapse is controlled directly at matkelevel, limiting explicitly concrete and stedtain.

To accurately evaluate material strain due to exsleractions (applied forces and imposed
displacements), structural layout, as well as theumts of flexural and transversal reinforcemert an
respective detailing have to be known, as con@teéss-strain relationships strongly depend orethes
parameters and ultimate concrete strain may vgrnjfegantly.



The second design phase can be performed straigirid after conclusion of the first phase, bus it
useful to make some structural improvements in rotdetry to maximize overall displacement
capacity.

« A feasible mechanism should be selected, choosiaguately the plastic hinge locations;

« Capacity Design principal should be applied to éotice location of the chosen plastic hinges.
Whenever necessary, additional flexural and trassveeinforcement outside plastic hinge zones
should be provided to avoid eventual yield of thesees due to over strength of the PHZ;

* Adequate confinement reinforcement should be pewitb PHZ, in order to optimize local
ductility.

The second design phase is a verification phasause the structure has already to be fully detaile
to perform the structural analysis and safety chelfikthe imposed displacements are higher than the
maximum the structure may sustain, it is necessaagt in one of two ways: (i) increase the streetu
lateral deformation capacity while maintainingatsility to sustain the permanent loads, or (iijreat

the soil to reduce its deformability and the amylé of the displacements imposed to the structure.
The discussion that follows focus on the first objee.

Structural deformation capacity can be improvedgsine or more of several procedures.

* Increase ultimate concrete strain by increasinditement ratio. This might be the single most
effective and easy way to improve deformation cdpaas it acts directly on the available local
ductility.

» Changes of flexural reinforcement of the struct@laiments, in order to change relative element
stiffness and internal force distribution to redudectility demand of critical elements and
therefore improve overall structural deformationpaeity. This procedure is however less
predictable.

« Eventually changes of cross-section dimensions tmigiprove also the overall deformation
capacity, but it is not expected to be an efficignuicedure.

5. APPLICATION OF THE STRUCTURAL DESIGN PRINCIPALS

This section of the paper shows the applicatiothefmentioned design principals to an underground
structure with flexible alignments, the one showrlier in figure 4a.

Application of the first design phase allows actei@valuation of minimum cross section size of all
structural elements (lateral walls, top and botslab, columns and beams) as well as evaluation of
longitudinal and transversal reinforcement. Thepleme size of the structural elements should be
maintained small, in order to maximize deformat@@pacity of each individual structural element,
and therefore of the whole structure. Longitudimadi transversal reinforcement evaluated at the firs
design phase will provide the necessary resistanttee static loads.

The second phase of the design process begins tiithchoice of an adequate deformation
mechanism. For the existing spans and cross sesittes, the second mechanism shown in figure 5,
comprising plastic hinged at column top and bottomall floors, will lead to a larger overall
deformation capacitygrito, 2011. This mechanism is also better if big differengesoil stiffness are
expected, as the imposed displacement field may significantly from the one shown in figure 5,
imposing eventually plastic hinges at some inteiateccolumns.

At all plastic hinges adequate cross section cenfient must be provided, in order to increase
concrete deformation capacity (increase of thelldaatility) and allow adequate development of the



plastic hinges. The development of plastic hingesoeiated mainly with steel hardening will lead to
bending moments at the plastic hinges somewhatbityan the yield moment, and considering static
equilibrium, transversal forces will also be biggban evaluated during the first design phase.
Therefore, even outside the plastic hinge zoneditiadal transversal reinforcement may eventually
be necessary, in accordance with Capacity desigoipals.

The cross section confinement of plastic hingegncseased using transversal reinforcement and
adequate detailing. Longitudinal reinforcement doashave to be changed, as mentioned earlier.

The mentioned design principals will have the failog consequences for each one of the main
structural elements:

» Perimeter walls:

0 At the plastic hinges at the top and the bottorthege walls, confinement reinforcement will
have to be provided, increasing transversal reteioient. Longitudinal reinforcement does
not need to be changed. Usually the amount of todgial reinforcement of these walls will
be conditioned by the construction phase.

* Bottom and top slabs:

0 These structural elements do not have any plastgeh. Development of overstrength at the
plastic hinges at the bottom and top of the peemeflls may induce the need for additional
longitudinal reinforcement at the bottom and togbs| in order to increase their bending
resistance, avoiding steel yield, as well as irsgeshear forces, requiring additional shear
reinforcement.

» Columns:

o Plastic hinges at top and bottom of each columnirecadequate confinement to allow their
adequate development and increase deformation ibaphongitudinal reinforcement does
not have to be changed. Outside the plastic hinge,zshear reinforcement might have to be
increased to provide adequate resistance to shkessfdue to plastic hinge overstrengh.

* Beams:

o0 The plastic hinges of the beams, adjacent to thempter walls, require transversal
reinforcement to increase confinement. Outsidepthstic hinge zones, additional transversal
reinforcement might be required, in order to prevédiequate shear resistance, as plastic hinge
overstrength might increase shear forces. Longialdieinforcement of the beams near the
plastic hinges does not have to change. At beanmolnodes, taking into account that the
plastic hinges are located at the columns, longialdoeam reinforcement might eventually
need to be increased to provide adequate flexasitance, in order to keep plasticity in the
column sections.

The application of the proposed design principalesdnot increase longitudinal reinforcement of the
plastic hinges. Outside the plastic hinges theitad@al reinforcement might eventually increase du
to development of overstrength of the designediplagges.

It has to be noticed that the application of thgisecipals still leaves much freedom to the strraitu
engineer. Deformation capacity of the structuresigeed with a straightforward application of this
procedure is not guaranteed to be adequate. Exbrawiadequate deformation mechanism, adequate
confinement of the plastic hinges and provisionrésistance outside the plastic hinge zones dyctili
demands might somehow overcome the available dyctissuming that the available ductility of the
plastic hinges will not be changed, as it mightbasidered that confinement should not be increased
it is still possible to change the ductility demartanging relative stiffness of the several stradt
elements. According to figure 3 this stiffness deoan be achieved varying the flexural capacigy (b
means of changing of the longitudinal reinforcemesft the structural elements (keeping at least
reinforcement amounts evaluated at the first ploddbe design process). Therefore some tests will
have to be performed to allow adequate stiffnesgildution in order to reduce as much as possible
the maximum local ductility demand for a given irapd transversal displacement. This procedure
might lead to some increase in the longitudinailfiecement of some structural elements, even at the



plastic hinges, but it must be noticed that thisfogcement increase is only to allow relativefatifss
changes and not to resist to seismic forces.

6. ANALYSISMETHDOLOGY

Analysis of several underground structures undegreeseismic actions were performed assuming that
the seismic actions impose a transversal displacefigd. Only global static pushover analyses were
performed. At first this option might seem inadeguas the seismic action is by nature cyclic. {eycl
analyses were performed at section level to shawftin well conceived structures (flexure dominated
behavior) the cyclic nature of the seismic act®nsually not relevant.

It was concludeddrito, 2011 that for flexure dominated behaviour the resaftsnonotonic and cyclic
analysis are very similar, except if certain valoéshe axial compression force are exceeded. Those
values are a function of the level of confinemexst,shown in table 1. Well-conceived structures do
have usually lower compression forces than thossegmted in table 1.

Table 1 — Minimum confinement ratio to avoid deformatimciease due to cyclic nature of seismic action
Normalized axial compression for¢e Lower than 0.5 Between 0.5 and 07 0.7
(V=N/(A fcq))

Minimum confinement ratiop() 0.5% 0.5% + 5% x ¢-0.5) 1.5%

According to many codes, global analysis shouldpbgormed using average values of material
stiffness, and the safety verification should b&qrened at local level comparing action-effectshwit
reduced values of the respective capacities. Therethe fact that, according to the proposed
methodology, the global structural analysis andstifety verifications are done simultaneously saise
the issue of which material properties should bedu3his issue is relevant, as weaker concrete and
steel are more ductile that stronger concrete ta®l. $-or instances a stronger concrete will redinee
dimension of the compressive zone of a cross-sectia reinforced concrete compressed element,
therefore reducing the ductility demand, expressedtrain in the extreme fibers. However it also
reduces the available ductility, casting a doubtvhich properties condition the deformation capacit
Several analysis of simple and complex structuBeiso[ 2011 showed that both situations can occur,
therefore it is recommended that at least two &malgre performed: one with average material
properties (strength and deformation) and one thighrespective design values, and, in conservative
approach, the lower value obtained in both analyisisild be taken as the deformation capacity of the
analyzed structure.

7. SYNOPSIS AND CONCLUSIONS

A consistent design methodology for large reinfdrcencrete underground structrures subjected to
severe seismic actions was presented, based oo igasforced concrete behaviour and capacity
design principals.

Underground structures under seismic actions havathstand horizontal displacements imposed by
the surrounding soil, regardless of the resistafadedividual structural elements.

Material failure is controlled by strain rather thatress. Taking into account that for underground
structures the seismic action is mostly an impadisglacement field, without the need to transfer
inercia forces to the foundation, the proposedgiesiethodology uses explict strain control, without
any need of stress or internal force control, asdtitems are just consequence of material cotigéitu
relations. The design methodology requires phisicabn-linear structural analysis to adequately
evaluate post-yield behavior.



For the purpose of enhancing the structure’s deftoom capacity short span elements should be
avoided and the main structural elements crosgesedimensions on the flexural plan should be as
reduced as possible. For this purpose high resistaraterials should be used. Local ductility should
be enhanced by means of providing significant arteoahconfinement reinforcement at plastic hinge
zones and avoiding large compressive forces owdhanns, by means of reducing soil cover on top
of the structure to the minimum thickness possible.
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