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Introduction

» Chapter V-1 presents the failure mechanisms of reinforced
concrete sections such as spillway piers, walls, slabs, and
buttresses.

v’ factors influencing the strength and stability of the reinforced
concrete sections

v" how to consider National code requirements in the conte

v’ considerations when de
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Factors Influencing the Strength and Stability of
Reinforced Concrete Sections

»Geometry and support conditions of the section
» Material properties of the reinforcement

» Material properties of the concrete

» Amount and detailing of the reinforcement




Geometry and Support Conditions

STABILITY CONSIDERATIONS
FOR

R R D A R o D \CRETE WALLS » Reinforced concrete sections in hydraulic
structures vary greatly in size and shape

Geometry, Height to Width Ratio, Natural Frequency, Toppling vs. Sliding Failure

7/ v'Spillway walls can be very tall and
narrow

v/ Spillway piers tend to be shorter and
wider than walls

Amount of Amount of Shear

Moment  Reinforcementand Lateral Loads (None, Water, Seil) v/ Buttresses can vary from very thin tall

Reinforcement  Lift Line Strength Static and Dynamic

sections to more stout sections

o

» The geometry of the concrete
have a significant imp

Bonded or Unbonded Lift Line / Stirrups
Bridge decks

Support Conditions

No lateral support

Pinned or Fixed Base
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Geometry and Support Conditions - Piers
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Glen Canyon Dam Spillway Gate Piers Canyon Ferry Dam Spillway Gate Plers
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Geometry and Support Conditions - Buttresses
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Geometry and Support Condltlons Spillways
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Stampede Dam Inlet Control
Structur

»Examples
typically not
considered a
reinforced
concrete PFM

» Generally only
consider gated
spillway crest
structure

»How




Geometry and Support Conditions

Response Spectrum

» Structures have definite, signature Max Dynamic Response vs. Frequency
dynamic characteristics Y.

» The geometry greatly affects the
natural frequency of the
reinforced concrete member

Maximum Dynamic Response (Ry)

. -
,,,,, Structure Natural Frequency (fy)

Figure modified from ASCE Seisrc Design and Performance of
Building Structures, 2008
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Geometry and Support Conditions

MNATURAL FREQUENCIES OF VARIOUS SYSTEMS
GRAVITY WALLS [R1]

CRAVITY WALLS [R1]
Hi=30f

07 S=BMH

5=
AA

B=H3 B=Z1f

SeC
Fi= D.DDD425? REINFORCED CONCRETE B
RIGID=GRAMVITY WALL

CANTILEVER WALL FIXED AT BASE (BH < 0.5) [R1]
H:=276ft B =2 33f
A A

F = 00006435
awn i

f=01 RENFORCED CONCRETE CANTILEVER
SEMI—GRAVITY WALL
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Geometry and Support Conditions

» Structural response to seismic loading will be different for
sections:

v" on rock foundations compared to soil foundations

v’ founded on the top of a dam where ground motions are
generally amplified




Geometry and Support Conditions

Sus = F.S, = site adjusted mapped short period MCE; spectral response acceleration
Sy = F,S; = site adjusted mapped 1-sec period MCE; spectral response acceleration
Sps = 2/3S,,s = design short period spectral response acceleration parameter
Sp; = 2/3S,,, = design 1-sec period spectral response acceleration parameter

TABLE 11.4-1 SITE COEFFICIENT, F,

o TABLE 11.4-2 SITE COEFFICIENT, F, Mapped Maximum Considered Earthquake Spactral
Mapped Maximum Considered Earthquake Spectral Response A leration Par; at Short Period
P at 1-s Period Site Class %<035 | =05 | %=075 | =10 | S&>125
Slte Class s1<o1 8§ — 02 s-, 0.3 5, =04 | 5 >05 I “"“““68 08 08 Og"' 08
A 0.8 0.8 0.8 0.8 0 Jre—s : : —— : >
- 08 L 08 B 1.0 1.0 L0 1.0 1.0
) B 1.0 1.(}____ S 1.0 1.0 1.0 o C '] - L ,} - n 10 '"I"U
¢ [ 16 15 | 14 13 s - o . -
D 21_ ._“ B 0- 2 16 s | ‘ 1.6 _ _] 4 1.2 1.1 1.0
E 35 32 28 24 24 | E 25 | 17 12 09 | 909 |
F See Section 11.4.7 F See ?u,tmn 11. 4 7

NOTE: Use straight-line interpolation for intermediate values of S . NOTE: Use straight-line mlcrpnlatmn for intermediate values of Sg.

Site Class
A. Hard rock

. Very dense x(n} and soft rock

D Stift soil

Spectral Response Acceleration,Sa ty)

E. Softcl ay soil

10
Periodd, T isac)

F. Soils. requxrmg. site responxe dnd]ym

FIGURE 11.4-1

DESIGN RESPONSE SPECTRUM



Reinforcement Material Properties

» Material properties of the reinforcement directly contribute to the strength of the
concrete section. While the modulus of elasticity of steel is fairly consistent at
29,000,000 Ib/in?, the yield strength of the reinforcement depends on the era of the

es the years from 1966 through

structure.

Steel Yield | Ultimate Years

Grade From To
33 33,000 | 55,000 1911 1966
40 40,000 | 70,000 1911 present
50 50,000 | 80,000 1911 present
60 60,000 | 90,000 1959 present
70 70,000 | 80,000 1959 present
751 75,000 | 100,000 1959




Concrete Material Properties

» Key contributors to:
v' Member strength
v’ Structural response

»Required concrete properties to estimate reinforced concrete

member strength and structural response include:
v'Density
v'Modulus of elasticity
v'Compressive strength
v'Tensile strength
v'Shear strength

»Standard or assumed values for concrete material properties can be use
preliminary structural evaluations (Reference ASCE 41)

v'Uncertainty

v Unconservatlve results

¢ GERRTNENT OF THE e
_ m _

BUREy OF nECLmM\O“



Concrete Material Properties

» Construction joints

v'Unbonded -> No tensile
strength/reduced shear resistance i i S s J

v Often adversely located in
structure
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Reinforcement Details
> Ductile vs. brittle failures

v'Ductile failure much better than brittle failures

v'Ductile failures occur much slower than brittle failures

v'Ductile failures provide evidence of structural distress prior to failure

v'Ductile failures allows time for repair or evacuation prior to failure

v’ Shear failures tend to be more sudden than ductile type bending or
tensile failures

»Ductile sections

v'Require reinforcement design details per ACI code
v'Detailing examples

sstirrups will confine areas of damaged concrete &
post seismic structural in
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Reinforcement Details

v'Older hydraulic structures were not designed for current
seismic loads

v'Seismic detailing requirements have changed dramatically
over the last several decades

v'Insufficient embedment lengths, splice lengths or hook details
can result in sudden pullout failures

v'Massive hydraulic structures are typically lightly or unde
relnforced and can be greatly overstressed by larg
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Reinforcement Details

1999 Kocaeli, Turkey Earthquake
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Type and Duration of Load
> Static loads

v'Examples - hydrostatic or soil pressures

v Typically act for long durations - sustained loads

v’ There may be no mechanism to stop or resist a section in the process
of failing if the static loads exceed the capacity of the structure

»Earthquake loads

v'are cyclical and change direction rapidly

v’ sections may not crack through the member thickness even though the
tensile capacity is exceeded for short durations

v’ the seismic load may not have sufficient duration or have er
significant stress peaks to completely strain a sectio

v’ as the member cracks and chang
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3.00E+03

Type and Load Duration

Back Calculated Column 1 Stress At4 (c4) _
/ One stress spike

2.50E+03

2.00E+03

_
Py

1.50E+03

1.00E+03

5.00E+02

Stress (osi)

-1.00E+03

-1.50E+03

-2.00E+03

-2.50E+03

£+01

Time (sec)

Expected
Nominal
Capacity

— Model
— Calculated
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Structural System Considerations

» Structural systems that perform well during earthquakes

v'Dissipate energy through inelastic deformation

v'Alter dynamic properties (period shift)

v'"Mobilize additional strength elsewhere in the system (highly
redundant)

»Hydraulic structures are generally not highly redundant

»However, retaining walls have historically perform
during earthquakes
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Structural System Considerations

» Concept of ASCE 7 response modification coefficients (R) that
vary with the type of seismic force-resisting systems

»However, there are specific detailing requirements that must be
met in order to utilize R coefficients to effectively reduce computed

seismic demands
Detailing
Lateral Force Resisting Requirements R Value

System Type

TABLE 12.2-1 DESIGN COEFFICIE AND FACTORS FOR S IC FORCE-RESISTING SYSTEMS
[ - ) Structural Sy5°
’K and Buliding K
Seismic Force—Resfsting System ASCE 7 Section where Rospo Systam Detloction
i B o —
| are Speciiied Coefficient, @ | Factor, 1159 |  Factor, Cy® Salamiz Dey
| B c | D9
A HI‘ARIN( WALL SY“I‘* “q ———— — ——— e - e -
1. EE}\.LIJl n.ml'un,u] onerete -.I\ea( w.ajls “‘_Ei:’ .aml I4.2.§ ﬁ 1 _._é.... . 2'.-" | 5__ ML J’_‘!ll,_ 160}
2. Ordinary reinforced concrete shear 142 and 14.2.3.4 4 "‘h 4 NL | NL | NP
walls
3 D-C-l_a“]lLd pldm concrete shear wal!s 14.2 .u_nl 14232 d _2_ 25 2 NL N_I'f _Ni
a. (Jn]m1ly plain mnueu shearwalls | 14.2and 14.2 J__I_ Mg op 2p ) Ma  |NLINPNP
s, Intermediate precast s ‘zhmr walls L 14 2 and 14 2_3_5_____ 4 By 4 ML | NL
|6 (ermar} precast shear walls ]42.J||LI 14233 3 s 3 NL | NP
; % Spcrl ll mnfumcd masonry »he-nr \nih i !4.4 and 144 3 5 o 24 1 34 NI NI,‘ 16
{78 Intermediate reinforced 1 masoney shear T144and 1243 34 24 2% NL | NL | NP
walls
9. Ordinary reinforced masonry shear 14.4 2 21h 13s NL | 160 |
walls
i3 Dﬂ.ul_c,;;lam masonry 'i"IE‘l!’ wnl]s 14.4 | ______.!_ o 214 13 » NL | NP | NP
11. Ordinary plain masonry shear walls 144 11 24 RS NL | NP |
12 Pre estressed masonry shear walls 44 14 214 L I‘,.h NL L’\i
13. Light framed walls sheathed with 14.1. 14.1.4.2, 6'h 3 4
wood structural panels rated for shear and 14.5
_____ resistance or steel sheets . o a B B
14. Light-framed walls with shear pan»[-. 14.1. 14142,
(if.lll ullw( mal 8 and 14.5
14.1, 14.1.4.2,
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Analysis Results Considerations

»When evaluating D/C ratios, it is important to evaluate
values representative of the structure as a whole and not
just localized maxima

» A progressive failure may occur if a localized area is
overstressed, but this will take time under multiple
earthquake peaks if there is potential for load redistribution

» Displacement criteria should be used to evaluate inelastic
behavior of reinforced concrete members

» Biggest challenge for RA team
v'Severe damage may re
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Code Considerations

» Caution should be exercised when using National codes like ACI
or AASHTO to compute the capacity of reinforced concrete
sections

»Most codes are for new designs and assume ductile sections

with adequate reinforcement details
v'Adequate lap splices
v'Appropriate confining reinforcement — closed ties or stirrups
v'Proper anchorage of ties and hooks — 135° seismic hooks

» Consider looking at a code or reference for evaluation of existing str
v'ASCE 31 - Seismic Evaluations of Existing Buildings
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Code Considerations
» Load factors and strength reduction (¢) factors

v'Used for new designs to
sAddress analysis and design uncertainties and assumptions (LF)
=Account for variations in materials ()
= Account for variations in construction (¢)
mGenerally build-in factors of safety

v'Do not apply for risk analyses of existing reinforced concrete structures
"Compute the demand or load on the section without load factors
=Compute the “true” or “expected” capacity of the section without ¢

»During the risk analyses team members should consider:
v'The condition of the concrete and reinforcement
v'Severity of the environment
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Typical Event Tree for Reinforced Concrete Columns, Piers, and Buttresses

Revision date: March 24, 2015

Concrete Tensile
Stress
Consider: stress
concentrations, extentof
overstress, liftlines, tensile

Reinforcement

Response to Bending
Consider: P vs M diagrams,
excursions, biaxial effects,
magnitude of overioad

Section Response

to Shear
Consider: critical shear capacity
including diagonal reinforcement
or ghear friction reinforcement, if

Displacement Criteria
Consider: System yield
displacement, amount of
confining steel, and
dizplacement given damage

Kinematic Instability
Consider. shape of section (height to
width}, shear friction, cyclicalnature of
load, load duration, crushing of edges

strength, cyclical nature of
oad  Node 1

MNode 2 Mode 3 Mode 4 Mode &

i Section Slides or Topples

&

Section Fails in Shear,' V= Vp

Reinforcement Elastic i 3A :
M <My 0 DICyiee € 1.0 0 1.25; Evaluate Reduced Shear Capacity

ShearDemand (V) and Shear Capacity (V.

Evaluate Kinematic Stabilty
Induced Forces (F)and
Resisting Forces (RF)

Section Does Mot Slide or Topplé

1

i

i

i

i

i

i

| |

i !

i . 3B 1 !

i ; Section Does Mot Fail inE hear, V=V, orWCgpegr =1 !

! : i i

E i ! ! Section Slides or Topples

i i i

E : ; S Evaluate Ki tic St

; '/ Evaluate if Reinforcemsnt i cvaluate Rinematic tabily
Concrete Cracks N ! Section Fails in Shear,; V= Wy ! Induced Forces (F)and
M=Wg orDCmey =1 | vields in Flexure 1 ' == par

¥ Moment Demand(M) and ' J Resisting Forces (RF)

i\, Yield Moment (M,) v 3C ! ' 5D

E : ] i Section Does Mot Slide or Topple

i | : ! Section Slides annppIes.
i ) ]

E ; Evaluate Reduced Shear Gapacity i Evaluate Kinematic Stabiity

i .. . : Ev e Kine 5 y

i ShearDemand (V) and Shi:garuapamt_. Vo) ! nduced Forces (F) and

Reinforcement Yields
Evaluate Concrete Cracking M > My 0r DiCriea > 1.0 to 1,2
Moment Demand (M} and Cracking Moment (M_)

§2210 3Bves Resisting Forces (RF)

4A

1
i
i
1
i
1
i
i
1
i
i
1
i
1
i
i
i
|
!
i . ot S5k Section Does Mot Slide nr]ﬂlple :
Evaluate Displacement Criteria Section Sides or Topples i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i

1C

Concrete Crushes

This branch was not developed because

hydraulic structures are typicall massive and under-
reinforced, so crushing is nota common issue.

C ted Displacement (0)And
3D ompu isplacement (G6)an 5G

iy Mic A wo
Section Does Not Fail in Sheawld Displacement (Byeu) |
W W or DVCopear = 1 ! S :
i 4B Resisting Forces (RF)
; 5 < 2 10 3xByree m..m
i Section Does Mot Slide or ple
I

Section Slides or Topples
. . Al B
Section Fais in Shear, V> Vi ,,-«/ Evaluate Kinematic Stabilty

JE \ Induced Forces (F)and
Evaluate Shear Capacity | 5 Resisting Forces (RF) _4
or Topple

Shear Demand (V) and Shear Capacity (Vn) Section Does Mot Slide

Evaluate Kinematic Stabilty
Induced Forces (F)and

Concrete Does Not Crack
M= W, or WCeam =1

4 = Mo Failure
[ =Failure

Figure 10-8 — Example Event Tree for Failure of a Reinforced Concrete Member

3F

Section Does Mot Fail in Shear, V= VW, orIWCopear = 1



Node 1 — Concrete Stress

» Cracking moment criteria - compare moment demand (M) to
cracking moment capacity (M)

vM< M,
where:

M, =fl./y, (modified ACI Eq. 9-9)

f.= concrete tensile strength per Chapter 20

|, = moment of inertia of the gross concrete section

y, = distance from the section centroid to the extre
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Node 2 — Reinforcement Response to Bending

»Yield moment criteria - compare moment demand (M) to
yield moment capacity (M, )

vM<M,
VMM, <M,

M, = section yield moment

M, = A, (d-a/2) = nominal moment capacity




Node 2 — Reinforcement Response to Bending

Flexural Yielding SectionResponse

0.999 . —e
Lightly
o Reinfnrm M= M
= Section' : !
> Adeql;.aiely '
- M=M reinforced per ™~
@ — Win ACI Copde? !
2 05 I I
LT,
o
P Elastic Performance
E
o
]
2
o

1.0 1.1
Moment Demand to Capacity Ratio (M)
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Node 2 — Reinforcement Response to Bending
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Node 3 - Section Response to Shear

»Response curve more
representative of lightly or
unreinforced sections - shear
reinforcement will add ductility

Shear System Response

(Moment Reinforcement Has or Has Not Yielded) > For slender members (>4H:1W)
1.0 vV =V +V,

s ¢ V_=concrete shear strength

E

£ eV, =reinforcement she

w

E= T T

£ -

s »Shear fric

3 i

=]

a

0.001

0.0 : :
05 1.0 1.1 1.2 15

Shear Demand to Capacity Ratio (DICg,eq)

ARTMENT OF THE
S DEP INTE,?IO#

S N

!

BUREAU oF pecLAMATION



Node 3 - Section Response to Shear

» Sliding

SF =(N-U)u+CA

where:

SF = Shear resistance

N = Normal force on the sliding plane

U = Uplift forces along sliding plane

M = Friction coefficient (tangent of the friction angle)
C = Cohesion (or apparent cohesion)

A = Area of slide surface
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Node 3 - Section Response to Shear

This straight line approximates non-linear This straight line approximates non-

Bonded Lift Line or Construction Joint : .
curve at low normal stress linear curve at high normal stress

1000 — . Apparent Cohesion = 0 Apparent Cohesion = 70 Ibfin?
] ; J Friction = 60 degrees Friction = 49 degrees
000 / / Friction 900 —
] _\,_7'7‘ ngle .
: [ ¥ (dogross) .
- ' = 800 ——
800 LA Wk ]
] o/ ]
_ o ,
o ! Q J 700 ——
= 70000 L g/ , -
a 1 o e/ .
2 g & = .
” 1o ° 4 geoo -—
% 600 C%O Yo J = ]
~ e S0 /O i
5 tgos B 500 <
” 500 :O% / 0} ]
@ 1794% Qf be N
o Jo%° g ¥ 400 -
o 10 o - &7
7p] 400—% o / ; ] : P :
= ,1; w : nﬂqal iﬂ °.
Y 300 . 0f gk
30g~ © 7 w3 :°,*,}7
10 ¢ EE X
(P ol o o e = i - E L
b G IS T _‘:J g 200 . E Ew a ’? ’{ .
Intercept 200 b, T4 5,7 ® Red dash is
4 . e non-linear curve through
¥ 100 -3 © e individual test data
r = SRe. 95
100 =3 :o t
] le’lllr—l_rl||Lll|1[I1i||||tl|il4|]|||||
i y, 0
R EEEREREH——————————T—T— / 0 100 200 300 40 500 600 700
-300 -150 0 150 300 450 600 J Normal Stress (psi)

Normal Stress_ (psi) Unbonded Lift Line or Construction Joint

Peak Shear Strength of Concrete-Lift Joints =liding Friction Shear Strength of Concrete-Lift JToints (UTnbonded joints)
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Node 4 - Displacement Criteria

» Based on research at the University of lllinois at
Champagne-Urbana by Mete Sozen

> Considers nonlinear behavior of section within
structural system

» Determine nonlinear displacements in reinforced
concrete system

» Structure may be viable if: &/ 6y,e,d <

ARTMENT OF THE
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Node 4 - Displacement Criteria

Compute the Mdmum Yieid Otsplacement for a Cantiever Beam

yielg Calculation

D o v'Straightforward — constant E

v’ Actual yield deflections will likely be
larger since moment of inertia will be
that for a cracked section (method is

e conservative)
wold me ] e » 6 calculation

Figure 10-20 - Exarmgle Yisld Deflection Calculaton for a Simple Cantilever Beam

120 | v'Not so easy — variable E
—  Welded wire
fabrc T v" Non-linear FEA ma
.l _ ﬂd’g’/’_ :

Pk
1 /
Grade 40

Stress (ksi)
T
i~

constant E

1 1 1
0 0.01 0.02 0.03 0.04 0.05
Strain (in./in.)
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Node 4 - Displacement Criteria

Uncontrolled Nonlinear Displacement System
Response (No Shear Failure)

0.999 . . —_ 9
Lightly ! L,
Reinforced i i ¥4
= 09 : Auui oo ’ __________
=t .
E i
£5
=R L]
ow
]
‘s 0 _ _ . .
E E D& b-mmmmmm e " - Licimimimen o . R
-
S 2
o

ﬂdeqﬁj ately
reinforced per
ACI Code?

0.0110 0.1 ' '
_ 2xi] 20 50

Nonlinear Displacement Ratio (5/5g4)
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Node 5 - Kinematic Instability

> Three cases to consider

v Independent concrete block separated from structure by
shear failure (sliding)

v’Uncontrolled displacement of yielded member (toppling)
v’ Post-seismic instability of yielded member

new post-seismic load
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