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1.0 INTRODUCTION

The Nuclear Regrlatory Commission Standard Review Plan,
NUREG~-0800, requ.:es the preparation of Design Reports for
Category 1 structures.

This design report represents one of a series of 11 design

reports and one Seismic Analysis Report prepared for the Vogtle
Electric Generating Plant (VEGP). These reports are listed
below:

. Containment building Design Report
Containment Internal Structure Design Report
Auxiliary Building Design Report
Control Building Design Report
Fuel Handling Building Design Report
NSCW Tower and Valve House Design Report
Diesel Generator Building Design Report
Auxiliary Feedwater Pumphouse Design Report
Category 1 Tanks Design Report
Diesel Fuel 0il Storage Tank Pumphouse Design Repor
Category 1 Tunnels Design Report

Seismic Analysis Report

The Seismic Analysis Report describes the seismic analysis
methodology used to obtain the acceleration responses of
Category 1 structures and forms the basis of the seismic

in all 11 design reports.

The purpose of this design report is to provide the Nuclear
Regulatory Commission with specific design and construction
information for the Category 1 tunnels, in order to assist in
planning and conducting a structural audit. Quantitative infor-
mation 1s provided regarding the scope of the actual design

computations and the final design results.

The report includes a description of the structure and its func-
tion, design criteria, loads, materials, analysis and design
methodology and a design summary of representative key stru

elements i1ncluding governing design forces
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2.0 DESCRIPTION OF STRUCTURES

- P | GENERAL DESCRIPTION

There are 17 tunnels in the two unit VEGP design. Eight

are associated with Unit 1, seven with Unit 2, and two are
common to both units. Thirteen of the tunnels house safety-
related systems and components and are designed to all

Category 1 requirements. Due to their proximity to and inter-
face requirements with other safety-related structures, the
remaining four tunnels, which do not house any safety-related
systems or components, are designed to maintain their structural
integrity under earthquake and tornado conditions. This report
is limited to the 13 seismic Category 1 tunnels housing safety-
related systems and components. A summary of these tunnels 1is
given below. All of the tunnels are constructed of reinforced
concrete and are placed within and founded on densely compacted

sand and silty sand Category 1 backfill.

Number o

Tunnel Tunnels

#
S U S U —— ,; RS— -AT; |

Nuclear Service Ccoling

Unit
water (NSCW)
Diesel Generc¢tor Pilping

Diesel Generator Electrac

Auxiliary Feedwater
-
5

urbine Electric | Common

The primary function of the tunnels 1s to

/or piping systems routed between the
Each has a unigque set of requirements which
layout, configuration, and design These 1nclude

Lnspec G of safety-related piping plant 2CU
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access, ventilation, and high-energy line effects. A description

of the primary functions of each tunnel follows.

NSCW Tunnels

The four NSCW tunnels (two per unit, trains A and B) serve to

protect, house, and support safety-related piping and electric
circults between the NSCW valve houses, refueling water storage
tanks, and reactor makeup water storage tanks and the auxiliary
building and diesel generatlor piping tunnels. These are enclos

rectangular tunnel structures located below grade except for the
tank i1nterface structures which rise above yrade next to the
tanks. A center wall divides the tunnel into two chambers 1in

order to separate the piping and electric circuits.

Diesel Generator Piping Tunnels

The fcur diesel generator piping tunnels (two per unit, trains A

and B) primarily serve to protect, house, and support the safety-

related cooling water supply and return piping between the diesel
generator building and the auxiliary building and NSCW tunnels
These are enclosed rectangular tunnel structures located

grade except for the associated ventilation shafts

Diesel Generator Electric Tunnels

The two dlesel generator electric tunnels (one per unit) ¢
to protect, house, and support the train A and B safety-re
electric circuits between the control and diesel generatol
buildings. These tunnels are divided into two chambers by
continuous center wall i1n order to maintain separation bet
train A and B components These are enclosed rectangular

structures located below grade, except for the assoc

i

lon shafts at the control buildings and acc

generator buildings
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2.1.4 Auxlislary Feedwater Tunnels

The two auxiliary feedwater tunnels (one per unit) serve to
protect, house, and support the safety-related piping between
the auxiliary feedwater pumphouses and the auxiliary and control
buildings. These are partially double chambered where required
to 1solate independent trains. These are enclosed rectangular

tunnel structures, located w.th their roofs above grade. Special

ventilation shafts are provided for pressure release due to high

energy lines. The main steam tunnel has a section which allows

the auxil.ary feedwater tunnel to cross over 1it.

Turbine Electric Twnnel

ine turbine electric tunnel (one tunnel common to both units)
serves as the transition structure to protect, house, and
support electric circuits between the control and turbine
buildings. A divider wall at the plant centerline separates
the units. It 1s an enclosed rectangular tunnel structure

located below grade.

LOCATION AND FOUNDATION SUPPORT

All Category 1 structures are founded within the area of the

¢

pow2r block excavation. The excavation removed in-situ solls

13

elevation 130't where the marl bearing stratum was encountered.
All Category 1 structures are located either directly on the

marl bearing stratum or on Category 1 backfill placed above the
marl bearing stratum. The backfill consists of densely compacted
select sand and silty sand. The nominal finished grade elevation

18 220'=Q". The high groundwater table 1s at elevation 165

All Category 1 tunnels are placed within and founded on Catego
backfill. 'ney are burjed at various depths as required by
layout 1n relation to the other structures Location drawil

for Units 1 and 2 are provided in figures 1 and 2
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GEOMETRY AND DIMENSIONS

Developed elevations, as cut in figures 1 and 2, along with

'

typical cross-sections for each tunnel, are shown in figures 3
through 8.
2.4 KEY STRUCTURAL ELEMENTS

Each tunnel 1s a box section with either one or two chambers.

The walle, roofs, and floors are continuous except for the

of the auxiliary feedwater tunnel. Selismlic separation gaps of

3 inches minimum are provided at all interfaces with other
structures. The primary structural elements are, therefore,

the floor, walls, and roofs. The cross-section and length of

Ol

each tunnel containing safety-related components is investigated

for seismic wave propagation effects.

EQUIPMENT

There 1s no major equipment lccated i1n any of the tunnels. There
are safety-related heating, ventilating and air conditioning (HVAC)

ocated 1n the access shafts of the NSCW and diesel
generator electric tunnels. There are various sumps -and P pumps
as required.

SPECIAL FEATURES

5

2.6.1 Pressure Relief Shafts

Pressure relief shafts are provided on the auxiliary feedwater
tunnels due to the high-energy lines. These shafts allow direct
venting to the atmosphere while maintaining the security and

tornado missile integrity of the tunnel.

Removable Covers

Removable covers are provided on the auxiliary feedwater tunnel
to allow access for in-service 1inspection of critical piping.
The covers are designed to Category 1 criteria and are bolted

down to prevent them from being lifted by internal pressurization

Jil
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DESIGN BASES

CKiTERIA

The following documents are applicable to *he design of the

Category 1 tunnels.

Codes and Standards

American Concrete Institute (ACI), Building Code
Requirements for Reinforced Concrete, ACI 318-71,

including 1974 Supplement.

American Institute cf Steel Construction (AISC),
Specification for the Design, Fabrication, and
Erection of Structural Steel for Buildings, adopted
February 12, 1969, and Supplements No. 1, 2, and 3.

Regulations

10 CFR 50, Domestic Licensing o. Production ard

Utilization Facilities.

General Design Criteria (GDC)

GDC 1, 2, 4, and 5 of 10 CFR 50, Appendix A.

3.1.4 Industry ctandards

Nationally recognized industry standards such as American
for Testing and Materials (ASTM), American Concrete Institute,
and American Iron and Steel Institute (AISI) are used to speci
material properties, testing procedures, fabrication, and

construction methods.

LOADS

The basic loads applicable for consideration in design of
tunnels are individually discussed below. A summary of
term definitions 1s provided in Appendix A. Additional con

struction loads from sources such as cranes and transporte:
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have been considered but are not discussed as they are

coincident with those postulated during plant operation.

Normal Loads

Dead Loads (D)
Reinforced concrete
Subsystems (piping, cable tray,

and conduit applied to walls

and roofs where applicable

directly supported

Live Loads (L)

Concentrated load applied to
slabs (applied to maximize

moment and shear) to provide
design margin for additional

support and construction loads
ributed load on roofs
lied directly to roof or as
11l surcharge)

ributed load on floors

ral at-rest scil pressure

harge effects due to an AASHTO HS20-44

Operating Thermal Loads (T )

O
No long duration temperature differentials

pated on thes structural elements

Embedment of the tunnels will moderate the

amblient temperatures.




VEGP-CATEGORY 1 TUNNELS DESIGN REPORT

vsd B Pipe Reactions (RO)

lncal effect of pipe reactions have been considered.

Severe Environmental Loads

o .
PR S A

Operating Basis Earthquake, OBE (E)

Based on the plant site geologic and seismologic investigations

the peak ground acceleration for OBE is established as 0

- e (.

The free-field response spectra and the development of horizontal

and vertical structure accelerations and in-structure response

spectra for the Category 1 tunnels are discussed in the

Seismic
Analysis Report. The horizontal and vertical structure OBE

accelerations are shown in table 1. As all key structural ele-

ments are comprised of reinforced concrete, the OBE damping

value, as a percentage of critical damping, applicable t

O ‘\_k‘&('
Category 1 tunnels 1s 4 percent.

The
rh

he basic OBE selsmic wave particle acceleration and corresponding

particle velocities applicable to the analysis and design for

wave propagation ‘ects are as follows:

L Particle acceleration, Am = 46 1n./sec”

Compression wave particle velocity,

‘mp
Shear wave particle velocity, vms = 7.2

Surface wave particle velocity V"I
|

Dynamic lateral earth pressures are developed by the Mononabe-

analysis of dynamic pressures

110 mph wind per ANSI A58.1-1972 (reference 1).
per Exposure C, applicable to flat open country.

wi..d velocity pressure profil 1S shown 1n table
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. B P Extreme Environmental Loads

- % 5 Safe Shutdown Earthquake, SSE (E')

Based on Lhe plan’ site geologic and seismologic investigations,

the peak ground acceleration for SSE is established as 0.20g.

The free-field response spectra and the development of horizontal
and vertical structure accelerations and in-structure response
spectra for the Category 1 tunnels are discussed in the Seismic
Analysis Report. The horizontal and vertical structure SSE
accelerations are shown in table 1. As all key structural ele-
ments are comprised of reinforced concrete, the applicable SSE
damping value, as a percentage of critical damping, applicable

to the Category 1 tunnels is 7 percent.
The basic SSE seismic wave particle acceleration and corresponding

particle velocities applicable to the analysis and design for

wave propagation effects are as follows:

-
3 Particle acceleration, Am = 77 in./sec”

. Compression wave particle velocity, Vmp

* Shear wave particle velocity, sz = 12.0
1

. Surface wave particle velocity, er = 12.0
Dynamic lateral earth pressures are developed by applying the
Mononabe-Okabe analysis of dynamic pressures in dry cohesionless
materials. The dynamic incremental soil pressure profile is

shown 1n figure 9.

Loads (W_)
Loaa (wt‘

Loads due to the design tornado include wind pressures, atmos-
pheric pressure differentials, and tornado missile strikes.
Tornado wind, pressure drop, and missile effects are applie
all parts of the tunnels extending above grade. Tunnel sect
below grade are evaluated for pressure drop and tornado

effects. The design tornado parameters, which are in
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with the Region I parameters defined in Regulatory Guide 1.76,
are as follows:

L3 Rotational tornado speed 290 mph

. Translational tornado speed 70 mph maximum
5 mph minimum

Maximum wind speed 360 mph

Radius of tornado at maximum 150 feet

rotational speed

Atmospheric pressure

differential

Rate of pressure differential

change

The tornado effective velocity pressure profile is provided in

table 2, and 1s in accordance with reference 2.

The Category 1 tunnels are partially ventzd structures. Con-
servatively, all walls and roofs are designed for a tornado
pressure effect of 3 psi. The tornado missile parameters
applied to the Category 1 tunnels are listed in table 3.
Missile trajectories up to and including 45 degrees off of
horizontal use the listed horizontal velocities. Those tra-

jectories greater than 45 degrees use the listed vertical

velocities.

Tornado loading (W.) 1is defined as the worst case of the

following combination of tornado load effects.

(Velocity pressure effects)
(Atmospheric pressure drop effects)

(Missile 1mpact effects)
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. % gy B Probable Maximum Precipitation, PMP (N)

PMP loads are only applicable to the roofs of the access shafts
of the diesel generator electric and NSCW tunnels. Special roof
scuppers are provided with sufficient capacity tc ensure that the
depth of ponding water due to the PMP rainfall does not exceed

18 i1nches. This results in an applied PMP load of 94 psf.

Blast Load (B)

The biast load accounts for a postulated site-proximity explo-

sion. The blast load is conservatively taken as a peak positive
incident overpressure of 2 psi (acting inwards or outwards)
applied as a static load.

3.2.4 Abnormal Loads

There are high-energy lines in the auxiliary feedwater and
diesel generator piping tunnels. Pressure and temperature
time-histories, pipe reactions, jet impingement, and pipe
impact loads have been developed for postulated breaks and are
applied to the tunnels as applicable.

- #. LOAD COMBINATIONS AND STRESS/STRENGTH LIMITS

The load combinations and stress/strength limits for structural

steel and reinforced concrete are provided in Appendix B.

MATERIALS

The following materials and material properties ware used in the

design of the Category 1 tunnels.

Concrete

Compressive strength
Modulus of elasticity
Shear modulus

Polsson's ratio
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Reinforcement

ASTM A615 Grade 60

Minimum yield stress = 60.0 ksi
alt * 90.0 ksi

Minimum elongation = 7=-9% 1in 8 inches

4
Y
F

Minimum tensile strength

Welded Wire Fabric - ASTM Al85

Minimum ylield stress

Minimum tensile strength

Structural Steel - ASTM A36

Minimum yield stress = 36.0 ksi

E
Minimum tensile strength Fult = 58.0 ksi
E

Modulus of elasticity = 29,000 ksi

S

Structural Bolts - ASTM A325 (1/2 inch to 1 inch inclusive)

Minimum yield stress

Minimum tensile stren th

Anchor Bolts and Headed Anchor Studs

ASTM A36:

Minimum yield stress

Minimum tensile strength

ASTM Al08:

Minimum yield stress
Minimum tensile strength
ASTM A307:

Minimum yield stress . 1s not applicable
J

Minimum tensile strength ale * 60 ksi
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3.4.6 Foundation Media

The Category 1 tunnels are founded in densely compacted sand and
s1lty sand Category 1 backfill. The design parameters of the

Category 1 backfill are as follows.

3.4.6.1 General Description

See section 2.2

Category 1 Backfill Properties

Moist unit weight = 126 pcf

Saturated unit weight Yo = 2 pc
Shear modulus Depth (Feet)

0-10
10-20
20-40
40-Marl
bearing
stratum
Angle of internal friction

cohesion

Selsmlic Wave Propagation Parameters

Poisson's ratio, p = 0.4

Friction coefficient, pu. = 0.5
-

Compression wave propagation velocity

Shear wave propagation velocity, C

Surface wave propagation velocity, C,
The wave propagation velocities are average values

depths between 400 and 500 feet.

STRUCTURAL ANALYSIS AND DESIGN

This section provides the methodologies employed to analyze

design the key structural elements of the Category 1 tunnels
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using the applicable loads and load combinations specified 1n
section 3.0.

A preliminary proportioning of key structural elements 1s based

on plant layout and separation requirements, and, where applicable,
the minimum thickness requirements for the prevention of concrete
scabbing or perforation due to tornado missile impact. The pro-
portioning of these elements 1s finalized by confirming that
strength requirements and, where applicable, ductility require-
ments are satisfied.

Two independent analyses are performed on . = Category 1 tunnels,
with the results combined as appropriate. The first analysis
consists of analyzing typical transverse cross-sections of each
tunnel as closed frames, primarily for out-of-plane bending and
shear effects. The second analysis consists of analyzing the
gross tunnel longitudinally to account for seismic wave pro=-
pagation effects.

The structural analyses are primarily performed by manual cal-
culations using standard structural analysis techniques. The
analysis techniques, boundary conditions, and applications of
loads for each of the key structural elements are provided to
1llustrate the method of analysis. Representative cnalysis and
design results are provided for each key structural element to

1llustrate the final analysis and design results.

4. SELECTION OF GOVERNING LOAD COMBINATION

An evaluation of load magnitudes, load factors and load combina=-

tions is performed to determine the load combination that governs

the transverse response of the structure. It 1s determined that
load combination equation 3 (Table B.2, Appendix B) containing
OBE governs over all other load combinations for reinforced
concrete design, and hence forms the basis for the overall

structural analysis and design of the Category 1 tunnels.
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All other load combinations, including the effects of abno:
loads and tornado loads, are investigated where applicable
local area basis, (1.e., section 5.2). The localized respc
1s combined with the analysis results of the overall struct
response, as applicable, to confirm that design 1integrity

maintained.

4.2 COMBINED EFFECTS OF THREE COMPONENT EARTHQUAKE LOADS
The combination of co-directional responses due to three compor

earthquake effects for the transverse analysis 1s performed

using the Square Root of the Sum of the Squares (SRSS) method

Component Factor method,

wherein 100 percent of the design forces from any one
three components of the earthquake 1s considered i1n combilne

with 40 percent of the design forces from each of the other

components of the earthquake.

TRANSVERSE ANALYSIS ANL DESIGN METHODOLOGY

transverse section of each tunnel 1s analyzed for the
of ocut-of-plane loadings. The primary loads considered are
that exert inward pressures on the tunnel cross-section.
tunnel cross-section 1s evaluated on the basis
>ombinations of design load intensity, span and tunnel
tion along the tunnel length. Each cross-section 1s mod
two-dimensional closed frame. Each frame 1s analyz

ssical beam formulas and moment

determine the maximum moments and
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The primary pressure loads considered are the static at-rest soil
pressure, horizontal and vertical seilismic 1nertial loads due to
the structure mass, the lateral dynamic incremental seismic so1l
pressure, lateral and vertical surcharges from adjacent structures,
and surface iive load surcharge effects. These loads are applied

as equivalent static uniform or linearly varying pressure loads.

The transverse reinforcing steel 1s proportioned and detailed to
ACI 318 Code requirements. In general, the maximum reinforcement
determined for a governing face of a key structural element 1is

provided on both races.

Appropriate design consideration 1s given to large openings 1n

any of the key structural elements. Typical analysis and design

results for the key structural elements 1n selected tunnels 1s
provided in table 4.

4.4 LONGITUDINAL ANALYSIS AND DESIGN METHODOLOGY

The longitudinal analysis and design of underground tunnels to
acccunt for seismic wave propagation effects considers the
fellowing:

. Axial tension and compression due to traveling seismicC
wave
Shear and bendina due to traveling seismic wave
Strain caused by dynamic differential movement at

tunnel connections and bends

Analytical procedures for evaluating these effects are described
in reference 3. For very long structures, the procedures are
based on the assumption that there 1s no relative motion between
the flexible structure and the ground. Seismic stresses 1n the
tunnel are estimated from the calculated strains and curvature
in the surrounding soil due to the passage of seismic waves.

For short structures, slippage may occur between the tunnel and
the soil and the calculated axial stresses are proportionately

less than those assuming strain in the tunnel equal to the
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maximum sol1l strain. The effects of bends are evaluated using
procedures based on equations for beams on elastic foundatio
The calculated seismic stresses from the longitudinal analysis

are combined with stresses from the transverse loading conditions

to confirm that design integrity is maintained.

The amount of stress or strain induced in a tunnel sect

seismiCc wave propagation is proportional to the uninterrupted
length and the frictional force developed per unit length Fouzr
tunnel configurations are evaluated in detail which envelope
these parameters The tunnels evaluated are the Unit

tunnel (train B), Unit 2 diesel generator piping tunnel (

& \ L4

1 auxiliary feedwater tunnel (train A), and the common

ulis

turbine electric tunnel. All other tunnel configurations
less severe combinations of uninterrupted length and fric
force per unit : herefore have lower values of

selsmic stress strain an > cases analyzed.

raight Sections

o v
A

e anffiriar
€ sufricien

>\ 4

: " ianceae nA - — 11 +1

1ICeS O 2nd boun : 1ons, and that
external support other than the surrounding soil, are assumed
be flexible and to fol } essent lly the displacements and
deformations of the soil « 1g sel1smlic ground motion
displacements due to DasSSeé f shear, compression,
surface waves are calculated based on wave propag:

and the maximum ground particle acceleration and

to the design earthquake. The apparent stresses

tunnel are calculated using the resulting strain,

modulus of elasticity of the

Wave propagation velocit 3 are calculated 1in
reference 3 where effective propagation veloc
the propagation velocity of underlying

For VEGP, the estimated propagation v

feet are used The maximum ground pa
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for the OBE and SSE earthquake motion 1s taken as the peak ground
acceleration. Maximum shear wave and surface wave particle
velocities are based on scaling the results of an integration of

the VEGP acceleration time history which gives a maximum particle
velocity of 5 feet per second for a 1.0 g maximum ground acceleration.
The maximum particle velocity for a comprecsion wave 1s conserva-

tively taken as one-half the maximum shear wave particle velocity.

In the case of a straight tunnel, the transfer of soil strain as
axial strain into the tunnel depends on the end bearing of the
element against the soil and the frictional resistance between
the element surface and the soil. Neglecting end bearing, the
minimum length of structure required to develop full

s twice the maximum slippage length which 1is calculate
accordance with reference 3. For tunnels where the

length is less than twice the maximum slippage length,

tunnel will displace relative to the surrounding soil due to
strain incompatibility between the soil and the tunnel element,
and the calculated axial stresses will be proporticnately less
than those calculated assuming no relative slippage between

the tunnel and the soil.

The frictional force per unit length of tunnel of rectangular
cross section is the sum of the frictional forces acting on each

face and 1s given by

I =32 P (pf)

a tunnel face

4.4.2 Stresses at Bends

The analysis of tunnels with bends or restrained

on the eguations for beams on elastic foundations
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Hetenyl (reference 4). In the case of a bend, the

transve

IsSeé

leg 1s assumed to deform as a beam on an elastic foundation

to the axial for 1in the longitudinal legq.

e I
defined by the overall spring

at the bend 1is
bend which depends on the stiffness of

transverse legs as well as the degree of fixity a

at the far ends of both legs. The stiffness
re

classified (according to ference 4) as rigid,

flexible.

™

The effective slippage length at the bend is calcul
the unit frictional force, spring constant at the b
ground strain, and the cross-sectional propert

Having the effectiv slippage length, the displacem
bend 1s calculated. displacement, the she

ransverse calculated for the approp

C Wave Incidence Angle

The maximum ground velocity and acceleration for an
motion contain contributions from compr 1onal sh
surface waves. Sirice 1t s not pos )le to determi
ribution 2ach of the various wave types

und motion, and since the maximum values are not
sinultaneously, the axial and bending stresse
culated separately, according to wave type and angl
and the maximum values for each wave type are combi
SRES method. The maximum combination of axial and
for an angle of incidence between 0° and 45° is
The governing angle of incidence s determined to

The equations used are

Applicatior
eacn case anc«

lacements

bend

ated based

ermediate,

due

and

on

end, maximum

ent at
ar anda

riate

+he

(S

earthquake

ear, an
ne the

to the

S
.
ned by

bendi

d

moment

rela=-

t ¢

t

tal
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critical locations. The results of these calculations, which are
based on the assumption of an uncracked transverse section, are
provided 1in table 6.

The forces and strains computed are secondary (displacement
controlled) forces and strains. Load factors and stress limits
based on stress generated by mechanical loads are not applicable
in this case. Seismically induced stresses based on the uncracked
concrete section reduce as strain increases and the concrete
cracks. The maximum amount of strain that can occur in the

tunnel is limited to the maximum seismically induced ground
strain.

Evaluation of seismic effects, therefore, depends on whether or
not the concrete tunnel 1s expected to crack as a result of the

earthquake ground motion.

If the maximum calculated seismically induced combined axial and
bending stress at any point in the tunnel does not exceed the
tensile strength (modulus of rupture) of the concrete, the

tunnel 1s assumed to remain uncracked. Since the longitudinal
stiffness of the tunnel is based on the full, uncracked concrete
section, selsmicaliy induced strains in the tunnel are minimized,
and the relative displacement between the tunnel and soil are
maximized. The calculated displacements are, therefore, compared
with gaps and clearances that are provided to assure that any

relative movement is within tolerable limits.

If the maximum calculated seismically induced combined axial and
bending stress at any point exceeds the modulus of rupture, the

concrete 1s assumed to crack. The longitudinal reinforcing

ac
steel in each of the tunnels is selected based on the minimum

ACI 318 Code requiremente for temperature and shrinkage steel.
These reinforcing bars are distributed over the zone of concrete
tension, and carry the full tensile force, thus ensuring that
only fine closely spaced cracks develop. In this case, strain

1n the reinforcing steel 1s distributed along the length of the
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tunnel, and the average strain is checked to assure that it is

well within the allowable ductile limit of the steel.

wWhen cracking occurs at a bend, and is primarily the result of
bending moment calculated on the basis of an uncracked sectiocn,
the bending moment is recalculated using a cracked moment of

inertia for the tunnel section. Since the bending moment is

S

strain-induced, the resulting increase in strain at the bend
significantly reduces the induced bending moment. The resulting
strain at the bend is then checked to assure that it is within
the allowable ductility limit of the steel.

4.4.5 Analysis and Design Results

A list of the major results of the longitudinal tunnel

evaluation are itemized as follows:

A. Calculated seismically induced strain in the long leg

portion of all tunnels under both OBE and SSE
C

onditions 1s less than the cracking strain of
concrete. However, even if the concrete were to
crack, all tunnel cross-sections are adequately
reinforced with well-distributed rebar such that
strain would be distributed along the length of the
tunnel. The maximum ground strain (SSE) 1s calculated

to be

It 1s found that this maximum ground strain cannot be
transferred to the tunnels since all tunnels are
than twice the calculated maximum slippage
1S maxlimum grounda
a cracked tunnel secti
average 1 strain would be far lesc

=3,
strain of the ste & )
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At bends, the calculated strain due to axial force and
bending moment is found to exceed the cracking strain
of concrete in several cases. However, using the
reduced bending moment due to the cracked f :>tion,

the rebar does not yield.

The Zalculated maximum displacement of the tunnels
relative to the soi1l at free ends and at bends under
both CBE and SSE conditions 1is considerably less than
the minimum gaps provided.

COMBINATION OF TRANSVERSE AND LONGITUDINAL ANALYSES
AND DESIGN DETAILS

In general, the axial and bending stresses due tc seism.c wave
propagation affect only the longitudinal tunnel steel
reinforcement and concrete stresses, while the stresses due to
the transverse analysis affect only the transverse steel rein-
forcement and concrete stresses. However, at bends, the axial
movement of the long leg induces lateral earth pressures on the
inside wall of the short leg. These pressures are included 1in

the cross-sectiocnal analysis when significant.

Typical reinforcing details for each of the Category 1 tunnels
1s provided in figures 10 through 14.

MISCELLANEOUS ANALYSIS AND DESIGN

As described in section 4.1, the Category 1 tunnels are evaluated

for the effects of tornado loads on a local area basis. In

addition, the stability of portions of the Category 1 tunnels 1s

evaluated. This section describes these analyses and signifi-
cant special provisions employed in the Category 1 tunnels design.
STABILITY ANALYSIS

Overall safety factors for stability of the Category 1 tunnels

are not calculated, as significant sliding or overturning cannot
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occur under design load conditions. Also since the foundation
levels (the lowest foundation elevation is elevation 174'-7") are
above the high water table (elevation 165'-0"), the Category 1
tunnels are not subjected to flotation effects.

b TORNADO LOAD EFFECTS

Tornado load effects result from wind pressures, atmospheric
pressure differentials, and tornado missile strikes. The magni-
tude and combinations of tornado load effects considered are
described in section 3.2. The load combination involving tornado

load effects is specified by equation 8 of Table B.2 in Appendix B.

Controlling roof and exterior wall panels are evaluated for tornado

load effects, and the localized response is combined with the

analysis results of the overall structural response, as applicable,

to confirm that design integrity is maintained. Additional
reinforcing steel is provided, if necessary, to satisfy design

requirements 1n accordance with the ACI 3.8 Code.

In addition, barriers are provided for the openings in the
exterior walls or roofs unless the systems or components located
in the exterior rooms are nonsafety-related. In this case, the
interior walls and slabs are treated as barriers for the safety-
related systems or components located in the interior rooms. Any
openings 1n the exterior walls or slabs and the interior walls or
slabs that may be susceptible to missile entry are evaluated

to ensure that no safety-related systems or components are

located in a potential path of the missile.

The methodology vsed to analyze and design the structural elements
to withstand the tornado load effects is described in reference 2.
Specific procedures used for analysis of missile impact effects

are described in Appendix C.

Representative results of the tornado missile analyses are pro-

vided 1n table 7.
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All wall and roof panels providing protection against tornado
load effects have a minimum thickness of 24 and 21 inches,
respectively, to preclude missile perforation and concrete

scabbing.

6.0 CONCLUSION

The analysis and design of the Category 1 tunnels includes all

credible loading conditions and complies with all applicable

design requirements.
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TABLE 1

CATEGORY 1 TUNNELS SEISMIC ACCELERATION VALUES

Operating Basis Earthquake

g
|

Horizontal 0.15g
Vertical 0.15g

Safe Shutdown Earthquake

Horizontal

Vertical
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TABLE 2

WIND AND TORNADO EFFECTIVE VELOCITY
PRESSURE PROFILES

wind Pressures

All parts of turnels within 30 feet above grade -
32 psf

All parts of tunnels above 30 feet above grade -
40 psf

Tornadc Pressures

All parts of tunnels above grade - 292 psf

(Includes a typical size factor, CS = 0.88)




VEGP-CATEGORY 1 TUNNELS DESIGN REPORT

TABLE 3

TORNADO MISSILE DATA

' End-On End-0On

Height Horizontal | Vertical
Limit Velocity Velocity |
Missile (ft) (ft/sec) (ft/sec)

&% % 12" 2 12' Plank 216 200

|
|
{
|
|
|
i
|
|

;3" @ std x 10' Pipe ‘ 212 200
il” g x 3' Steel Rod Unlimited 317
6% g std x 15' Pipe 101
12" @ std x 15' Pipe 46

13-1/2" g x 35' 30(1)
Utility Pole

-
Automobile (20-ft”“
Projected nrea)

(1) To 30 feet above all grade levels within 1/2 mile of
facility structures.




TABLE 4

SUMMARY OF TRANSVERSE ANALYSIS AND DESIGN RESULTS (Sheet 1 of 2)

Governing
Load ' ' 2 2

Structural | Combination A din. YA -LaAB: )

Tunnel Element Equation ; quuired pPPovided |Reinforcing

N - — — e—

NSCW Tunnel : 1.00 iy #10 @ 12"
(Train A) - - -

0.44(1) 0.44 #6 @ 12"

1.04 4 12"

NSCW Tunnel ‘ o f 0.49 .60 12"

(Train B) e - . . A
0.44(1)

.60 ? 12"

0.69 | 0.79 a2

Diesel Generator ' d - .44(1) .44 B
Piping Tunnels f 1)
(Train A) - > .44 ) .44 12"

STANNNL T A¥0OILVO-dO3A

.44 12"

'blesel Generator o8 d .44 D 12"
Piping Tunnels S e — g
| (Train B) wall : . 0.44 12"

. SIS
| Mat | - | 0.4a1) | o0.44 ) 12"

LY0d3¥ NOIS3A

{ NSRS SETISS.

e ———————————————

(1) Governed by minimum code reinforcing requirements




TABLE 4

SUMMARY OF TRANSVERSE ANALYSIS AND DESIGN RESULTS (Sheet 2 of 2)

Tunnel

§ ——— e——————

|
|
|
+

| Turbine Electric

Structural
Element

Governing
Load
Combination
Equation

Design
Moment
Mu (ft-k)

_ 2
A (1in.

quuired

)

2
A_ (in.
pPPovided

)

Reinforcing

——

3

o8+ 3

073

0.79

#8 @ 12"

| Tunnel
|
r
}_ et — ——————————————————————————

Auxiliary Feed-
water Tunnel

3

0.44'1)

0.44

#6 @ 127

86.

1.00
s

#9

Removable
Covers

5 I

0.58

#5

wall

0.

.44

#6

21.

#6

e ————————————————————————————

Diesel Generator

143.3

#9

Electric Tunnel

105.8

#9

Sals3

Governed by minimum code reinforcing requirements

LJY0Od3¥ NOISIA STIANNNL T A¥ODILVYO-dO3A
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TABLE 5

SEISMIC WAVE STRESS EQUATIONS (Sheet 1 of 2)

COMPRESSION WAVE

—2P  ~0s?p
P

EV
- <
«

m

ERA |

t —E——E sin® cos?e
p

SHEAR WAVE

Evms
s1nb cos6

B . p
o = + ——— sind cos?9
br Cx

COMBINED STRESS DUE 'fO INDIVIDUAL WAVE TYPES

Axial Stress
Bending Stress

Modulus of Elasticity for the
Structure

Partical Velocity due to Com=-
pression Wave, Shear Wave, and
Surface Wave Respectively
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TABLE 5

SEISMIC WAVE STRESS EQUATIONS (Sheet 2 of 2)

Particle Acceleration due to
Compression Wave, Shear Wave,
and Surface Wave, Respectively

Distance from the Cross-Sectional
Neutral Axis of the Structure to
the Extreme Fiber

Angle of Incidence of Propagating
Wave from the Structure Axis

ion Wave,
ace Wave,

Velocity of Compress
Shear Wave, and Surf
Respectively.




TABLE 6

SUMMARY OF LONGITUDINAL ANALYSIS RESULTS

+ o, (psi) Displacement, A (in.) Fxceeds
' , Tensile Maximum
Maximum ] Capacity Strain 1in
in of Reinforcing
Straight | At Free Concrete Steel (in./in.)
Section End | (1) % (2)
. | — -
Tunnel | ; | OBE SSE X CBE JSSE OBE SSE SSE
| Unit 1 ' 134 | 154 | 0. ).32| 0.52
| Auxiliary | | | | ‘
| Feedwater
Tunnel

|

o

.97 | No Yes | 0.60190

0.00175

o
Ry
p—

346 | 560

| Diesel

| Generator
Piping
Tunnel -
Train A

—_—

il ST ol &

Unit 1 NSCW 113 | 170
Tunnel ‘ ; i

| Train B | | 5
RS S——— : — et
1

|

|

e an——

I¥O4d3¥ NOISIA STINNNL T A¥YOODILVY2-dDIA

| Common N/h | N/A | No

|
Turbine |

Electric

|
|
|
|
|

‘ :
T 1] | 1 |
| SRR e e | L RS

oY ¥

(1) Tensile capacity of concrete = 7.5 (£f.) = 474 psi
(2) Yield strain in reinforcing steel = 502 (in./in.)
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TABLE 7

TORNADO MISSILE ANALYSIS RESULTS(I)

-
! Panel Size

Panel | T 2y 1
Description | Length | Wwidth | Thickness | Computed Allcwvable
and Location | (ft) | (ft) | (ft) Ductility | Ductility

Auxiliary L8 ] 2.8 2.0 5.5 10
Feedwater

Tunnels

Removable

Covers

Turbine
Electric
Tunnel
Rcof

| NSCW
Tunnel
Roof

|

|

|
-

(1) Governing load combination of toinado effects 1is:

We = We o + .5 W + W

(2) Effective width used for one-way slab analysis.
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NSCW TUNNEL 1A
DEVELOPED ELEVATION AND CROSS SECTION




VEGP-CATEGORY | TUNNELS
DESIGN REPORT

/\..
5-1/2" GAP

5-1/2" GAP

——EL.216'-0"

EL. 205'-0"

NSCW VALVEHOUSE

AUXILIARY BUILDING

DEVELOPED ELEVATION

5-1/2" GAP
-

ki i L

57'-9"
0'-5-1/2 ’
GAP

DEVELOPED ELEVATION

[}
=
o
-
>
=
>
- 4
-
=
>
=
<

_EL.216°-0°
EL.214'-0

EL.205'-0

TYPICAL CROSS SECTION

Figure 4
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HEIGHT FROM BASE OF STRUCTURE TO SOIL SURFACE
DYNAMIC INCREMENTAL SOIL PRESSURE

RESULTANT FORCE
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*DERIVED USING THE PEAK GROUND ACCELERATIONS OF 0.12g AND
0.20¢g FOR OBE AND SSE RESPECTIVELY

Figure 9
DYNAMIC INCREMENTAL
SOIL PRESSURE PROFILE
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Figure 10
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(Sheet 2 of 2)
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APPENDIX A

DEFINITION OF LOADS

The loads considered are normal loads, severe environmental

loads, extreme environmental loads, abnormal loads, and potential
site proximity loads.

A.l NORMAL LOADS

Normal loads are those loads to be encountered, as specified,

during construction stages, during test conditions, and later,

during normal plant operation and shutdown. They include the
following:

D Dead loads or their related internal moments and
forces, i1ncluding hydrostatic loads and any permanent

loads except prestressing forces.

Live loads or their related internal moments and
forces, including any movable equipment loads and
other loads which vary with intensity and occurrence,
e.g., lateral soil pressures. Live load intensity
varies depending upon the load condition and the type

of structural element.

Thermal effects and loads during normal operating

or shutdown conditions, based on the most critical
transient or steady-state condition.

Pipe reactions during normal operating or shutdown

conditions, based on the most critical transient or

steady-state conditions.
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A.2 SEVERE ENVIRONMENTAL LOADS

Severe environmental loads are those loads to be infrequently

encountered during plant life. Included in this category are:

E Loads generated by the operating basis earthquake
(OBE). These include the associated hydrodynamic

and dynamic incremental sull pressures.

Loads generated by the design wind specified for the
plant.

A.3 EXTREME ENVIRONMENTAL LOADS

Extreme environmental loads are those loads which are credible

but are highly improbable. They include:

E' Loads generated by the safe shutdown earthquake (SSE).
These include the associated hydrodynamic and dynamic

incremental soill pressures.

Loads generated by the design tornado specified for ti
plant. They include loads due to wind pressure,

differential pressure, and tornado-generated missiles.
Loads generated by the probable maximum precipitation.
Loads generated by postulated blast along transporta-

tion routes.

A.4 ABNORMAL LOALS

Abnormal locads are those loads generated by a postulated high-
enerqgy pipe break accident within a building and/or compartment

thereof. Included in this category are the following:

Pressure load within or across a compartment and/ol

building, generated by the postulated break.

Thermal loads generated by the postulated break and

including T
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Pipe and equipment reactions under thermal conditions

generated by the postulated break and including Ru

Load on a structure generated by the reaction of a

ruptured high-energy pipe during tLhe postulated event.

Load on a structure generated by the jet impingement
from a ruptured high-energy pipe during the postulated
break.

Load on a structure or pipe restraint resulting from
the impact of a ruptured high-energy pipe during the

postulated event.
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APPENDIX B

LOAD COMBINATIONS

B.1 STEEL STRUCTURES

The steel structurecs and components are designed in accordance
with elastic working stress design methods of Part 1 of the
American Institute of Steel Construction (AISC) specification,

using the load combinations specified in table B.l

B.2 CONCRETE STRUCTURES

The concrete structures and components are designed in accor-

dance with the strength design methods of the American Concrete
Institute (ACI) Code, ACI 318, using the load combinations

specified 1n table B.2.




TaBLE B.1'2)

DESIGN LOAD COMBINATIONS
ELASTIC METHOD

Strength
Lll\t(i',

Service Load Conditions

Factored Load

(See note b.)

(See notes c and

(See notes c and

See Appendix A for definition of load symbols. f is the allowable stress for the elastic design method defined
in Part 1 of the AISC, "Specification for the Design, Fabrication, and Erection of Structural Steel for
Buildings.” The one-third increase in allowable stresses permitted for seismic oI wind loadinge is not

considered

when considering tornado missile load,
function of any safety-related system
also to be corsidered.

when considering Y., Y_ and Y
function of any sa?rtyErPIAVFa system

Q)
o
|
0
>
-3
2
o)
<
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m
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x
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O
o
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local section strength may be exceaded provided there will be no loss of
In such cases, this load combination without the tornado missile load 1is

loads, local section strength may be exceeded provided there will be no loss of

In such cases, this load combination without Y., Y , and Y_ is also to be
e ) r m

considered

For this load combination, in computing the required section strength, the plastic section modulus of steel
shapes, except for those which do not meet the AISC criteria for compact sections, may be used




taBLE B.2(3) (%)

CONCRETE DESIGN LOAD COMBINATIONS
STRENGTH METHOD

Strength
E’ 3 < Limit

Load Conditions

{See note b.)

{See note c.)

Factored Load Conditions

(See

{See

(See

;ee Appendix A {or definition of load symbols U is the required strength based on strength method per ACI 318-71
Unless this eguation is more severe, the load combination 1.2D+1.7W is also to be considered
Unless this eguation is more severe, the load combination 1.2D+1.9E is also to be considered

» considering tornado missile load, local section strength may be exceeded provided there will be no loss of function of
iy safety-related system In such cases, this load combination without the tornado missile load is also to be considered
when considering Y., Y and Y_ loads, lcal section strength may be exceeded provided there will be no loss of function of
ny safety-related’'system In such cases, this load combination without Y_, Y and Y, 18 also to be considered

t | ad factors used in design may have exceeded those shown in this table
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APPENDIX C

DESICGN OF STRUCTURES FOR TORNADO MISSILE IMPACT

ZNTRODUITION

This appendix contains methods and procedures for analysis and
design af steel and reinforced concrete structures and structural
elemonts subject to tornndo-generated missile impact effects.
Postulated missiles, aad other concurrent loading conditions are
ldentified in Section 3.2 of the Design Report.

Missile impact effects are assessed in terms of local damage and
structural response. Local damage (damage that occurs in the
immedlate vicinity of the impact area) is assessed in terms of

perforation and scabbing.

Evaluation of local effects 1s essential to ensure that protected
items would not be damaged directly by a missile perforating a
protective barrier or by scab particles. Empirical formulas are
used to assess local damage.

Evaluation of structural response is essential to ensure that
protected items are not damaged or functionally impaired by

deformation or collapse of the impacted structure.

Structural response 1s assessed i1n terms of deformation limits,
strain energy capacity, structural integrity, and structural
stability. Structural dynamics principles are used to predict

structural response.

Procedures

The general procedures for analysis and design of structures o1

stiuctural elements for missile impact effects include:

a. Defining the mitsile properties (such as type, material,
deforaation characteristics, geometry, mass, trajector

Y
J

strike orientation, and velocity).
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Determining impact location, material strength, and
thickness required to preclude local failure (such as
perforation for steel targets and scabbing for rein-
forced concrete targets).

Defining the structure and its properties (such as
geometry, section strength, deformation limits, strain
energy absorption capacity, stability characteristics,
and dynamic response characteristics).

Determining structural response corsidering cther
concurrent loading conditions.

Checking adequacy of structural design (stability,
integrity, deformation limits, etc.) to verify that
local damage and structural response (maximum defcr-
mation) will not impair the function of safety-related
items.

C.2 LOCAL ErFECTS

Evaluation of local effects consists of estimating the extent of
local damage and characterization of the interface force-time
function used to predict structural response. Local damage is
confined to the immediate vicinity of the impact location on the
struck element and consists of missile deformation, penetration
of the missile into the element, possible perforation of the

element, and, in the case of reinforced concrete, dislodging of
concrete particles from the back face of the element (scabbing).

Because of the complex physical processes assocliated with missile
impact, local effects are evaluated primarily by application of
empirical relationships based on missile impact test results.
Unless otherwise noted, these formulas are applied considering a
normal incidence of strike with the long axis of tie missile
parallel to the line of flight.
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4 Reinforced Concrete Elements

The parts of the building structure that offer protection for

safety-related equipmert against tornado-generated missiles are
!

provided with fc = 4000 psi minimum concrete strength, have
24-inch-minimum-thick walls, and have 2i~-inch-minimum-thick roofs.
Therefore, the walls and roofs of these structures are resistant
to perforation and scabbing by the postulated missiles discussed

in Section 3.2 of the Design Report under tornado loads.

C. 22 Steel Elements

Steel barriers subjected to missile impact are designed to
preclude perforation. An estimate of the steel element thick-
ness for threshold cf perforation for nondeformable missiles is
provided by equation 2-1, which is a more convenient form of the
Ballistic Research Laboratory (BRL) equation for perforation of

steel plates with material constant taken as unity (reference 1).

steel plate thickness for threshold of perforation

(1R, ).

missile kinetic energy (ft-l1lb).

9
<

mass of the missile (lb-s /ft).
missile striking velocity (ft/s).

a
missile diameter (lﬂ.).( )

a. For irregularly shaped missiles, an equivalent diamete:

used. The equivalent diameter 1is taken as the diameter of a
circle with an area equal to the circumscribed contact, or
projected frontal area, of the noncylindrical missile. Fol

pipe missiles, D 1s the outside diameter of the pipe.
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The design thickness to prevent perforation, Lp' must be greater

than the predicted threshold value. The threshold value 1is
increased by 25 percent to obtain the design thickness.

design thickness to preclude perforation (in.).

s STRUCTURAL RESPONSE DUE TO MISSILE 1ru T LOADING

When a missile strikes a structure, large forces develop at the
missile-structure interface, which decelerate the missile and
accelerate the structure. The response of the structure depends
on the dynamic properties of the structure and the time-dependent
nature of the applied loading (interface force-time function).
The force-time function is, in turn, dependent on the type of
impact (elastic or plastic) and the nature and extent of local
danage.

C.3. General

In an elastic impact, the missile and the structure deform
elastically, remain in contact for a short period of time (dura-
tion of impact), and subsequently disengage due to the action of

elastic interface restoring forces.

In a plastic impact, the missilc o> the structure or both may
deform plastically or sustain permanent deformation or damage
(local damage). Elastic restoring forces are ~mall, and the
missile and the structure tend to remain in contact after impact.
Plastic impact is much more common in nuclear plant design than
elastic impact, which is rarely encountered. For example, test
data indicate that the impact from all postulated tornado-

generated missiles can be characterized as a plastic collisior.
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If the interface forcing function can be defined or conserva-

tively 1dealized (from empirical relationships or from theoreti-

cal considerations), the structure can be modeled mathematically,

and conventional analytical or numerical techniques can be used
to predict structural response. If the interface forcing func-
tion cannot be defined, the same mathematical model of the

structure can be used to determine structural response by appli-
cation of conservation of momentum and energy balance technigues

'1th due consideration for type of impact (elastic or plastic)

In either case, 1n lieu of a more rigorous analysis, a conserva-
tive estimate of structural response can be obtained by first
determining the response of the impacted structural element and
then applying i1its reaction forces to the supnorting structure.
The predicted structural response enables assessment of struc-
tural design adequacy in terms of strain energy capacity, defor-

mation limits, stability, and structural integrity.

Three different procedures are given for determining structural
response: the force-time solution, the response chart solution,
and the energy balance solution. The force-time solution involves
numerical integration of the equation(s) of motion and 1is the
most general method applicable for any pulse shape and resistance
function. The response chart solution can be used with compar-
able results, provided the idealized pulse shape (interface
forcing function) and the resistance function are compatible

with the response chart. The energy balance csolution 1s used 1n
cases where the interface forcing function cannot be defined or
where an upper limit check on structural response 1s desired.
This method will consistently overestimate structural response,

since the resisting spring forces during impact are neglected.

In defining the mass-spring model, consideration 1s given to
local danage that could affect the response of the element.
concrete slab elements, the beneficial effect of formation of a
fracture plane which propagates from the impact zone to the back

of the s3lab (back face fracture plane) just prior to scabbing
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(reference 2) is neglected. The formation of this fracture plane

limits the forces transferred to the surrounding slab and signifi-
cantly reduces overall structural response. Since scabbing is

to be precluded 1n the design, the structural response check 1is
made assuming the fracture plane 1s not formed. It 1s recognized,
however, that should the missile velocity exceed that for thresh-
old of scabbing, structural response would be limited by this

mechanism.

Therefore, the structural response 1s conservatively evaluated
ignoring formation of the fracture plane and any reduction in

response.

S Structural Assessment

The predicted structural response enables assessment of design
adequacy 1n terms of strain energy capacity, deformation limits,
stability, and structural integrity.

For structures allowed to displace beyond yield (elasto-plastic
response), a check is made to ensure that deformation limits

would not be exceeded, by comparing calculated displacements or
required ductility ratios with allowable values (such as those

contained in table C-1).
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TABLE C-1

DUCTILITY RATIOS (Sheet 1 of 2)

Maximum Allowable Value
Member Type and Load Condition of Ductility Ratio ()

Reinforced Concrete
(1):

Flexure

Beams and one-way slabs(?) .10 <10
“P
1

Slabs with two-way relnforcing(z) .10

4

10 or 30
See 3 and 4)

<
{
Axial compre551on(l):

wWalls and columns

Shear, concrete beams and slabs 1n
region controlled by shear:

Shear carried by concrete only

Shear carried by concrete and
stirrups

Shear carried completely by
stirrups

Shear carried by bent-up bars

Structural Steel
(3)

Columns £/r <20
p/[ \20
Tension due to flexure

Shear

Axial tension and steel plates in

(6)

membrane tension

Compression members rot required
for stability of building structures
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TABLE C-1

DUCTILITY RATIOS (Sheet 2 of 2)

Notes:

(1) The interaction diagram used to determine the allowable
ductility ratio for elements subject to combined flexure and
axial compression 1s provided in figure C-l.

p and p' are the positive and negative reinforcing steel
ratios, respectively.

Ductility ratio up to 10 can be used without an angular
rotation check.

Ductility ratio up to 30 can be used provided an angular
rotation check 1s maaqe.

2/r is the member slenderness ratio. The value specified 1s
for axial compression. For columns and beams with uniform
moment the following value 1s used:

Y4
e
Y

X
)

e, and e_ are the ultimate and yield strains.

e, shall’be taken as the ASTM-specified minimum.
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M. = DUCTILITY RATIO FOR
COMPRESSION ONLY

My = DUCTILITY RATIO FOR

Mb = AXIAL LOAD AND
FLEXURE ONLY

MOMENT UNDER
ALANCED CONDITION
FOR VALUES OF % AND U, LA -
SEE TABLEC 9

AXIAL LOAD
AXIAL LOAD

“0
ALLOWABLE DUCTILITY RATIO

(A RE!NFORCED CONCRETE INTERACTION 8)
NIAGHAM (P VS M)

ALLOWABLE DUCTILITY RATIO MVS P

Figure C—1
MAXIMUM ALLOWABLE DUCTILITY RATIO
FOR REINFORCED CONCRETE SECTION
WiTH BEAM-COLUMN ACTION




