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ABSTRACT

Reinforced concrete bridge columns located in regions of high seismicity are designed with large
ductility capacity for adequate protection against collapse. This type of design tends to result in
large permanent displacements. To maximize post-event operability and to minimize repair
costs, new design strategies to reduce these residual displacements are necessary.

To minimize residual displacements in reinforced concrete columns, a new method is
proposed whereby longitudinal prestressing strands replace some of the typical longitudinal
mild reinforcing bars. The seismic performance of such columns with prestressing strands is
investigated through a series of quasistatic analyses and dynamic analyses.

The results from quasistatic analyses for more than 250 columns with various
configurations of strands demonstrate that (1) incorporating a single bundle of unbonded strands
a the center of the cross section results in an 85% reduction of the quasistatic residual
displacement; (2) post-yield stiffness can be controlled by varying the amount of strands
incorporated into the columns; and (3) smaller amounts of longitudinal rebar are preferable for
reducing the residual displacement; however, this results in smaller flexural strength and lower
levels of energy dissipation. Additional quasistatic analyses suggest that unbonding of the
longitudinal mild reinforcement accentuates this recentering tendency.

Based on design recommendations developed, a series of columns with different heights
are designed. For the suite of near-fault ground motions considered, the maximum and residual
displacement response spectra for post-tensioned columns and conventional reinforced concrete
columns are generated. The spectra show that the post-tensioned columns exhibit maximum
displacements similar to those for conventionally reinforced concrete designs, and residual
displacements are reduced by more than 50% on average. Larger post-yield stiffness of post-
tensioned columns results in smaller residual displacement. On the other hand, columns with
smaller energy-dissipation capacity and smaller pos-yield stiffness require approximately 10—
30% larger seismic demand than those of conventional reinforced concrete columns, although
the residual displacements of the columns are still reduced from those of the conventional

columns.
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1 Introduction

1.1 RESEARCH BACKGROUND

The goal of the engineer in designing bridges is twofold: (1) to design bridges that will not
collapse in the event of an extreme earthquake and (2) to ensure that the bridges will be
functional after the event.

Since the 1971 San Fernando, California, earthquake, a significant amount of research on
the ductility capacity of reinforced concrete bridge columns has been conducted, resulting in
significant advances in the seismic design of bridges (Priestley et al., 1996; Kawashima, 2000).
Despite these advances, the 1995 Hyogo-ken Nanbu, Japan, earthquake caused destructive
damage to bridges due to the lack of ductility capacity of bridge columns. Additionally, this
earthquake underscored the need to mitigate the residual displacements of bridges to ensure
serviceability after such an event. Although some bridges did not collapse in the earthquake,
many lost their functionality because of permanent deformation. Figure 1.1 shows a bridge
column that suffered large permanent displacement after the earthquake. More than 100
reinforced concrete bridge columns experienced artilt angle of more than 1 degree (1.75% drift).
These columns had to be removed and new columns built because of the difficulty of setting the
superstructure back to the original alignments and levels (Kawashima, 2000).

In light of this damage, the Japanese Design Specification of Highway Bridges was
revised in 1996 to include a requirement for limiting the residual displacement at the top of a

column after a strong earthquake (Japan Road Association, 1996). The requirement is given as:

dg < dg, (1.1)

where
dg = crlu, ~1)-1r)d, (12)



and where dp is the residual displacement of the column, dp, is the alowable residual
displacement, r is the bilinear factor defined as a ratio between the initial stiffness and the
post-yield stiffness of the column (O for reinforced concrete columns), cp is the factor
depending on the bilinear factor r (0.6 for reinforced concrete columns), u, is the response
displacement ductility factor of the column, and d, is the yield displacement of the column.
Here, 1% drift is used as the allowable residual displacement, dg,, , in the specification.

Table 1.1 shows estimated residual displacements of 1.83 m-diameter columns whose
aspect ratios are in the range of 3 to 10 designed in accordance with the Seismic Design Criteria
(SDC) of the California Department of Transportation (Caltrans) (2001). Design details of the
columns will be described in Chapter 2. The residual displacements are computed based on the
Japanese specification, with the ductility demand g, and the ultimate ductility ., , which are
used for u, in Equation (1.2). The residual displacements computed using the ductility
demands are larger than 1% drift, which is the allowable residual displacement, dg,, in the
Japanese specification if the aspect ratio of the column is larger than 3. The residual
displacements of the columns having aspect ratios between 6 and 10 are twice the allowable
residual displacement. When the ultimate ductility is considered, these columns are likely to
develop permanent drifts ranging from 2% to 4% of the column height. If design criteria related
to limiting residual displacements according to Equations (1.1) and (1.2) were used, the target
ductility demand commonly used in U.S. design practice would have to be substantially reduced,
with corresponding impacts on strength, stiffness, and cost.

Furthermore, many researchers (Mahin and Bertero, 1981; Kawashima et al., 1998;
Hachem et a., 2003) have documented that assessment with sufficient accuracy of residual
displacements of reinforced concrete bridge columns subjected to strong ground motion is
difficult because these calculations are strongly dependent on ground motion characteristics.
Clearly, what is called for instead is a method that reduces the residual displacements of

columns.



1.2 PREVIOUS RESEARCH

In the early 1970s, Blakeley and Park (1971) conducted a study to investigate the seismic
resistance of prestressed concrete beam-column joints. It was found from a series of static tests
for four partially prestressed concrete joints that prestressed concrete elements showed unique
hysteresis in which residual deformation and energy dissipation were relatively small. Blakeley
and Park (1973) proposed an analytical model to represent the hysteretic behavior of prestressed
concrete. Later, Thompson and Park (1980) conducted a series of dynamic analyses to sudy the
dynamic response of prestressed and partially prestressed concrete structures, and concluded that
installation of prestressing steel led to larger seismic demand than that of conventional reinforced
concrete columns.

In an effort to satisfy the Japanese specification, Japanese researchers have focused
recently on developing new structures to reduce the residual displacements of reinforced
concrete bridge columns. Ikeda (1998) conducted static and pseudo-dynamic tests on partially
prestressed concrete columns and concluded that vertical prestressing was effective in reducing
the residual deformation of reinforced concrete columns subjected to severe ground motions.
Zatar and Mutsuyoshi (2000) conducted a series of static and pseudo-dynamic tests for partially
prestressed concrete bridge columns and proposed a new hysteretic restoring force model for
partially prestressed concrete columns. lemura et al. (2002) proposed the use of unbonded
high-strength bars in reinforced concrete bridge columns to obtain positive post-yield stiffness,
thus reducing the residual displacements. From these initial studies, it appears that the residual
displacements of seismically excited reinforced concrete columns can be reduced through the use
of unbonded high-strength bars and partial prestressing of tendons. Nonetheless, insufficient data
are available to date to identify the ideal configuration, and the amount of prestress and degree of
debonding needed to achieve a desired peak inelastic lateral displacement while simultaneously
minimizing residual drift.

Seismic design codes in the United States do not yet require a specification for residual
displacements of bridge columns, athough large ductility capacities of bridge columns are
expected once a displacement-based design procedure is completed (Caltrans, 2001). How to
mitigate residual displacements of columns after an extreme earthquake is of major concern.

Mander and Cheng (1997) proposed a damage-avoidance design with the use of post-tensioned

3



tendons in precast concrete columns, and accordingly obtained bilinear elastic hysteretic
behavior. Hewes and Priestley (2001) investigated the seismic performance of an unbonded
post-tensioned precast concrete segmented bridge column and demonstrated that the hysteresis of
the column showed very small residual displacement. Kwan and Billington (2003a and 2003b)
investigated the hysteretic behavior and dynamic response of unbonded post-tensioned precast
concrete bridge piers through a series of static and dynamic finite element analyses. They
quantified the effect of the amount of unbonded post-tensioning for single-column piers and a
two-column bent on residual displacement, and then developed a set of criteria for the definition
of functional- and survival-level displacement capacities. The results from the dynamic analyses
demonstrated that the displacement demand for post-tensioning columns increased by 20-30%
due to their lower hysteretic energy dissipation. Note that such studies undertaken on the
feasibility of using precast, post-tensioned bridge columns in seismic-resistant bridge structures
have generally not focused on the issue of minimizing residual displacements, nor on issues
related to partially prestressed, monolithic construction.

1.3 RESEARCH SCOPE AND ORGANIZATION

The research presented here investigates how to reduce such residual displacements of reinforced
concrete bridge columns by determining (1) the effects of magnitude of axial load and amount of
longitudinal reinforcing bars on hysteretic behaviors of conventional reinforced concrete
columns; (2) the predominant factors to consider for reducing residual displacements of newly
proposed columns that include prestressing strands; and (3) the dynamic response of the
proposed design.

Chapter 2 contains the seismic design of the reinforced concrete bridge columns analyzed.
The analytical model and conditions are described in Chapter 3. Chapter 4 summarizes
quasistatic behaviors of conventional reinforced concrete columns. Chapters 5 and 6 show the
quasistatic behavior of reinforced concrete columns with prestressing strands and determine
which configurations of strands achieve the best seismic performance. Chapter 7 shows the
dynamic response of the columns with prestressing strands. Conclusions and recommendations
are presented in Chapter 8.



Table 1.1 Residual displacement of columns evaluated based on Japanese Design Specification

Aspect | Column Height & Ductility Residual displacement from Eq. Ultimate Residual displacement from Eq.
Ratio demand u; | (1.2) anditsdrift basedon u,; |ductility u, | (1.2)and itsdrift basedon w,
3 5.49 m (18 ft) 3.19 0.04m( 1.4in), 0.67% 6.19 0.09 m( 3.4in), 1.58%

4 7.32m (24 ft) 4.05 0.09m( 3.6 in), 1.24% 5.69 0.14m(5.5in), 1.91%

5 9.14 m (30 ft) 4.37 0.16 m( 6.21in), 1.72% 5.40 0.20m( 8.1in), 2.24%

6 10.97 m (36 ft) 4.15 0.21 m( 8.3in), 1.92% 5.19 0.28 m (11.1in), 2.56%

7 12.80 m (42 ft) 3.81 0.26 m (10.1 in), 2.00% 5.05 0.37 m(14.5 in), 2.89%

8 14.63 m (48 ft) 3.52 0.30 m (11.8 in), 2.05% 4.94 0.47 m (18.5in), 3.21%

9 16.46 m (54 ft) 3.24 0.34m (13.3in), 2.05% 4.86 0.58 m (22.9 in), 3.53%

10 18.29 m (60 ft) 2.95 0.36 m (14.3 in), 1.99% 4.79 0.71 m (27.8in), 3.86%




Figure 1.1 A bridge column that suffered large permanent displacement after 1995

Hyogo-ken Nanbu earthquake (Courtesy of Prof. K. Kawashima)



2 Seismic Design of Reinforced Concrete
Bridge Columns

2.1  SEISMIC DESIGN OF BRIDGE COLUMNS

2.1.1 Performance Criteria

In accordance with the Seismic Design Criteria (Caltrans, 2001), the performance criteria of a

single-column bent is defined as follows:

dD < dC (21)
where dp and d- arethe displacement demand and the displacement capacity of the column,
respectively.

2.1.2 Displacement Capacity
The displacement capacity of the column, d-, isobtained from

de=d,+d, (2.2)

where d, and d, are the yield displacement and the plastic displacement capacity,
respectively. They are computed from the equations as follows:

dy="%9, (2.3)



d, =9p><[h—%”j (2.4)

where
0,=L,x¢,-9,) (2.5)

and where h isthe column height, L, isthe plastic hinge length, &, isthe plastic curvature
capacity, and ¢, and ¢, are the yield curvature and the ultimate curvature, respectively,
obtained from a moment-curvature analysis.

The plastic hinge length, L, , iscomputed based on the equation proposed by Priestley et
al. (1996).

L, =0.08h+0.022f,,Dy; 2 0.044f,, Dy (MPa) (2.6)

where f,, and Dy, arethe expected yield strength and the diameter of the longitudinal rebar,
respectively.

2.1.3 Displacement Demand

The displacement demand dj, of a bridge column with fundamental structural period that isin
the range of 0.7 sec and 3 sec is estimated from a linear elastic response spectra analysis based
on the equal displacement observation for a single-degree-of-freedom system. Note that the
ductility demands do not exceed 4 for single-column bents supported on fixed foundation. Figure
2.1 shows examples of Acceleration Response Spectrum (ARS) curves.

The effective period of a single-degree-of-freedom system, 7, , isgivenas

m

Ty =2m
e

(2.7)

where m isthemassand K,; istheeffective stiffness. K, iscomputed from



MP

where M , isthe plastic moment capacity obtained from a moment-curvature analysis.

2.1.4 Moment-Curvature Analysis

Figure 2.2 shows the concept of a moment versus curvature curve obtained from a
moment-curvature analysis. The curvature capecity, ¢, , is defined as the concrete strain
reaching the ultimate strain, &

ultimate strain, X .

w » O the confinement reinforcing steel reaching the reduced
The curve is idealized to be an elasto-perfectly plastic system. The elastic portion passes
through the point where the first yielding of longitudinal reinforcement occurs. The yield

curvature is computed from

_ )4
¢y = (El)eﬁ‘ (2.9)
where
M
(EI)y = —¢yy00 (2.10)

and where (EI),; is the flexural cracked tiffness, and Mo and ¢,o are the bending
moment and the curvature, respectively, at the first longitudinal rebar yielding point.

The plastic moment capacity, M ,, in Equation (2.9) is obtained by balancing the areas
between the computed and the idealized moment versus curvature curve beyond the first
longitudinal rebar yield point.

Mg

M, = 2.11
P ¢u_¢y0 ( )

where



M= [M(p)do (2.12)

2.1.5 Shear Capacity

The shear capacity for ductile concrete members is evaluated by

0.85xV, >V, (2.13)

where
V,=V.+V, (2.14)

and where V,, is the nominal shear strength, and V. and V; are the concrete shear capacity
and the shear reinforcement capacity, respectively. V, is the overstrength shear, which is

obtained from

12xM p

V,=——F~ (2.15)
h

The concrete shear capacity is obtained from Equation (2.16), considering the effects of

flexure and axial load as follows:

V, =v,x0.84, (2.16)

where

Factorlx Factor2x./ f/, <0.33,/ f/, (Insidetheplastic hinge zone) (MP8) (217)
V. = MPa A7
“ | 0.25% Factor2x A flo £0.33y/ f (Outside the plastic hinge zone)

Factor1l=0.025< Plsz_fy; +0.305-0.083u,; <0.25 (MPa) (2.18)
Factor 2 :1+L <15 (MPa) (2.19)
13.8x A

8

and where v, is the permissible shear stress carried by concrete, A, isthe gross section area,
10



fio s the compressive strength of unconfined concrete, p, is the volumetric ratio of
transverse reinforcement, f,;, isthe nominal yield stress of transverse column reinforcement,
M, isthe ductility demand of the column, and P isthe column axial force.

The shear reinforcement capacity for confined circular core sectionsis given as

_ 7Z'Ab . fth,

\%
s 2 S

<067/, x0.84, (2.20)

where A, isthe area of individual shear reinforcing steel bar, D’ is the diameter of the core

concrete, and s isthe pitch of the spiral or the hoop.

2.1.6 Material Properties

2.1.6.1 Reinforcing Steel

Figure 2.3 shows the nonlinear reinforcing steel stress-strain curve used in design of bridge

columns. The stress on the stress-strain curve is given as

E g EgSEye
fye Eye <EgSEg
2
fS = 851 _gs R (221)
fue_(fue_fye)>< R Egp <Eg S Ey
Esu —Esh
R
fue Eqy <Eg S &g

where E; isthe modulus of elasticity of steel, &,, isthe expected yield tensile strain, &, is
the strain at the onset of strain hardening, £X isthe reduced ultimate tensile strain, £y, Isthe

ultimate tensile strain, and  f,,, isthe expected tensile strength.

1



2.1.6.2 Concrete

Figure 2.4 shows the stress-strain curves of concrete. The stress-strain curve is idealized by the
model proposed by Mander et al. (1988).

e For confined concrete

fo=derXr s (2.22)
r—1+x
where
Eec Ecgcc - fcc

and where E, is the modulus of elasticity of concrete, f/. is the compressive strength of

confined concrete, and ¢.. isthestrain at peak stress of confined concrete. E. isgivenas

E,=4700/f,,  (MPa) (2.24)

Considering the confinement effect of concrete, f.., is obtained from the Mander model.

fl.= ng{-1.254+ 2.254 |1+ 7‘9flf L_2 fl j (2.25)
fCO fCO
where
, 1

fl =§kepsfyh (2-26)

— 2“;), (For spirals)
ke = g 2 (227)

[1— 2D’j (For hoops)

and where f; isthe effective lateral confining stress, and k, is the confinement effectiveness
coefficient.

&

. and &, aregiveninthe Mander model as

12



Eee = gc{l+ fC:C —1}} (2.28)

co

1 4ps fyhgsu

Equ =0.004 + (2.29)
cc
where ¢, isthesdtrain at peak stress of unconfined concrete.
e For unconfined concrete
Jeex T 0<e.<2¢,
r—1+x"
fo= ﬂxf’ 2e,,<E. <€ (2.30)
c= 2% _g co2 co =€c =€Csp :
co sp
0 E > &g
where
€co Ecgco - fce

and where f/,, isthestressat ¢, =2¢,, and g, isthespalling strain. f/, isthe expected

sp
concrete compressive strength, and is given as the greater of

13/,
fle=14 or (2.32)
34.5MPa

2.1.6.3 Prestressing Steel

Figure 2.5 shows the stress-strain curves of prestressing steel given in the SDC. The curves in

Figure 2.5 are given as follows:

13



» For 250 ksi (1725 MPa) Strand

Epsgps gps = gps,EE
fps = 172 (MPe) (2.33)
Py 11725~ 8 Eps > Eps EE

ps

e For 270 ksi (1860 MPa) Strand
Eps€ps Eps S Eps EE

fps = 0.276 (MPa) (2.34)
PP 1860-————— £, > &) EE

£y —0007 7

where E, is the modulus of elasticity of prestressing steel and ¢, gr is the essentially
elastic strain, which are assumed to be 0.0076 and 0.0086 for the 250 ksi strand and for the 270
ksi strand, respectively. The reduced ultimate strain eR s assumed to be 0.03.

ps,u

2.2 BRIDGE COLUMNS DESIGNED IN ACCORDANCE WITH CALTRANS SDC

To investigate mitigating residual displacements of reinforced concrete bridge columns subjected
to severe ground motions, single-column bents with different aspect ratios are designed in
accordance with the SDC. For simplicity, specific construction sites of the columns are not
determined.

Figure 2.6 shows the cross section of the columns. The diameter of all the columns
designed, D, is fixed to be 1.83 m (6 ft); the columns are reinforced with 48 No. 9 (29
mm-diameter) deformed bars and No. 5 (16 mm-diameter) spirals at 76 mm (3 in.)-pitch. The
longitudinal reinforcement ratio, p;, and the volumetric ratio of spiral reinforcement, p,, are
1.18% and 0.61%, respectively. The material properties of the columns are summarized in Table
2.1. The unconfined concrete strength is 34.5 MPa (5 ksi), and reinforcing bars with the expected
yield strength of 475 MPa (Grade 60) are used for both longitudinal and spiral reinforcement.

Figure 2.7 shows the columns with different aspect ratios. The aspect ratios of the
columns range from 3 (2 = 5.49 m [18 ft]) to 10 (A = 18.29 m [60 ft]). The dead load
supported by the columns, P, is assumed to be 4.5 MN (1020 kips); therefore, the ratio of the
axial load to the axial load capacity of the column, P/ f:,A, ,is5%.

14



Because no specific construction site is considered as mentioned above, footings are not
designed in accordance with the SDC. Described in Chapter 5, 1.83 m (6 ft) thickness footings
are used for convenience to install the prestressing strands along the columns.

Figures 2.8 shows results of a moment-curvature analysis of the cross section. The first
yield curvature and the first yield moment are 0.002 /m (0.0006 /ft) and 10.3 MN (7590 kip-ft),
respectively. The column reaches the ultimate limit state when the strain induced in the extreme
core concrete fiber reaches &.,. The curvature and the moment at the ultimate point are 0.041
/m (0.0125 /ft) and 15.1 MNm (11,100 kip-ft), respectively. The maximum tensile strain induced
in the extreme tensile rebar is 0.054, which is 45% of &, . By balancing the areas between the
computed and the idealized moment versus curvature curve beyond the first longitudinal rebar
yield point, the plastic moment capacity, M ,, is computed to be 14.1 MNm (10,400 kip-ft).

Table 2.2 and Figure 2.9 show the seismic evaluation of the columns based on the SDC.
An ARS curve with the strongest intensity of ground motions is considered for this study. The
soil profile type is assumed to be D, which has a wave velocity of 180<v, <360 nvs
(600< v, <1200 ft/s), earthquake magnitude, M , and peak ground acceleration of 8.0+ 0.25
and 0.7 g, respectively. The columns designed in this study have ultimate ductility, g, , in the
range of 4.8 to 6.2, and the ultimate ductility decreases as the column height increases. Note that
the columns with aspect ratios of 3 and 4 have the fundamental periods that the equal
displacement rule cannot be applied to. For such bridge columns, some methods such as
designing the bridge to perform elastically or using protective systems like isolation or sacrificial
members are recommended to use in the SDC. Since this study aims at investigating the seismic
response of bridge columns with various natural periods, however, the columns with aspect ratios
of 3 and 4 are analyzed asthey are.

15



Table 2.1 Material properties

(a) Concrete

Strength of unconfined concrete f/, 34.5 MPa (5 ks)
Young's modulus E,. 27.6 GPa (4000 ksi)
Expected concrete compressive strength 17, 44.9 MPa (6.5 ks)
Unconfined concrete compressive strain at the pesk stress &,.,, 0.002
Spalling strain of unconfined concrete &, 0.005
Strength of confined concrete f;’.. 42.4 MPa (6.14 ksi)
Strain at peak stress of confined concretee,... 0.00429
Ultimate strain of confined concrete &, 0.01402

(b) Steel (Grade 60)
Young's modulus E| 200 GPa (29,000 ksi)
Expected yield strain ¢, 0.0024
Expected yield strength £, 475 MPa (68.8 ks)
Onset of strain hardening £y, 0.0125
Reduced ultimate tensile strain gffd 0.090
Ultimatetensile strain ¢, 0.120
Expected tensile strength  f,,, 655 MPa (94.9 ksi)

16
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Table 2.2 Seismic evaluation of designed columns by SDC

_ Effective Yield Ultimate Ultimate Ductility Shear
Aspect | Column height _ _ _ - _ Overstrength
_ period T, |displacement | displacement| ductility |demand from| capacity
ratio h h shear V,
(sec) d, (m) d, (m) U, ARS u, 0.85xV,
3 5.49 m (18 ft) 0.44 0.028 0.173 6.19 3.19 5336 kN 3092 kN
4 7.32 m (24 ft) 0.68 0.050 0.283 5.69 4.05 4490 kN 2319 kN
5 9.14 m (30 ft) 0.96 0.078 0.418 5.40 4.37 4175 kN 1855 kN
6 10.97 m (36 ft) 1.26 0.112 0.580 5.19 4.15 4396 kN 1546 kN
7 12.80 m (42 ft) 1.58 0.152 0.768 5.05 381 4726 kKN 1325 kN
8 14.63 m (48 ft) 1.94 0.199 0.981 4.94 3.52 5009 kN 1160 kN
9 16.46 m (54 ft) 2.31 0.251 1.220 4.86 3.24 5285 kN 1031 kN
10 18.29 m (60 ft) 2.71 0.310 1.485 4.79 2.95 5424 kN 928 kN

Note 1: ARS curve for soil profileD, M =8.0%0.25 and PGA= 0.7 g was considered.

Note 2: Ductility demands do not exceed 4 for single-column bents supported on fixed foundation.
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Figure 2.6 Cross section of reinforced concrete bridge column analyzed
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3 Fiber Element and Constitutive Models of
Concrete and Steel

3.1 INTRODUCTION

Fiber elements are used to represent the hysteretic behavior of the reinforced concrete columns.
Recent studies (e.g., Sakai and Kawashima, 2001; Hachem et al., 2003) demonstrate that lateral
force versus lateral displacement hystereses including residual displacements under quasistatic
loading and overall lateral displacement and that base shear under dynamic loading can be
predicted well by fiber elements, and also that there is uncertainty in the ability of the analytical
method to predict residual displacement after dynamic excitation; relatively small values
compared with results from dynamic tests are likely to be computed as residual displacements.
However, such analyses are till useful in preliminary assessment of design and construction
methods that might be used to reduce the amplitude of residual displacement after earthquake
excitation.

3.2  STIFFNESS MATRIX OF TWO-DIMENSIONAL FIBER ELEMENT

Figure 3.1 shows the two-dimensional fiber element used in this study. The nonlinearity of the
element is computed at the middle cross section of the element, which is discretized into a
number of fibers designated n, . Each of the fibers is assigned a uniaxial constitutive model
corresponding to a material it represents, which will be described in Section 3.3 and 3.4.
Incremental axial strain at the centroid, Ae,, and incremental curvature, 4¢, of afiber

element betweentime ¢ and 7+ At aregivenas



Ag,=—d =L (3.1)

(3.2)

where L istheelement length, Aw; and Au; aretheincremental end displacements at the i
end and the j end, respectively,and 46; and 46; aretheincremental end rotations at the i
end and the j end, respectively.

Employing the assumption of plane section remaining plane after deformation (as shown

in Fig. 3.2), the incremental strains of the k -th fiber can be obtained as:

Agk ZASa—yk'A¢ (33)

where y, isthe distance from the centroid to the reference point of the & -th fiber. The area of
the k-thfiber, A, and tangent stiffness, E;;, (which isobtained from strain state in each fiber
at time t), can be used to obtain the element incremental axial force and bending moment

betweentime ¢ and ¢+ Ar:

k * *
AN=[,AcdA= Y (Ae Ey Ay )=EA Ae.—EG; A¢ (3.4)
I’lle
k * *
AM =—[,AcydA=— ¥ (A&} Ey Ay yi)=—EG; Ae.+El, A¢ (3.5
I’lle
where
% k
EAt = 2 (EktAk) (3-6)
I’lle
.k
EG, = X (EktAkyk) (3.7)
I’lle
* k 2
El, = X (EktAkyk ) (3.8)
I’lle

In matrix form, the relationship between the incremental end forces, {4f}, and the

incremental end displacements, {Au}, can be written as;
26



{ari=lkKau} (3.9)

where {Af} and {Au} arerepresented, respectively, as:

{Af}={aN;, 40, AM;, AN ;, 40, am ;}T (3.10)
{au}={Au;, Av;, 26;, Au;, Av;, 46,17 (3.11)
Assuming the deformed shape of the element as
u(x)=co+cpx (3.12)
(3.13)

v(x) =Cop+C3x+ C4x2 + C5)C3

the stiffness matrix of the two-dimensional fiber element, [k, |, can be expressed as follows:

EA” 0 _EG. EA] 0 EG,"
L L L L
12E1, 6EI, 0 _12E1, 6EI,
L3 L? L3 L?
EG,” 6EI," 4E1" EG, _6EL 2E1,
L 2 L L 2 L
k1=| ~, L . . L . (3.14)
L L L L
0 _12E1]7  6EI, 12E1, _ BEI,
L3 L? L3 L?
EG,” 6El," 2FI, _EG,  BEl 4EI"
L 12 L L 12 L
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3.3 STRESS-STRAIN MODEL FOR CONCRETE
3.3.1 Envelope Curve Proposed by Mander et al.

Table 3.1 shows the material properties of concrete used in the fiber analyses. Figure 3.3 shows
the stress-strain model of concrete for fiber elements. The compressive strength of unconfined
concrete of the column, f;,,, is34.5 MPa (5 ksi). The strain at pesk stress, &,.,,, and the spalling

strain of cover concrete, &, , are assumed to be 0.002 and 0.005, respectively. The strength of

sp
core concrete, f., strain at pesk sress, €., and ultimate strain, ¢, , are 42.4 MPa (6.14 ksi),
0.00429 and 0.014, respectively, based on the model proposed by Mander et al. (1988).

A stress versus strain correlation for core concrete is idealized according to the Mander

model as follows;

0 >0
fo=4 floxer (3.15)
¢ Lee 2L £.<0
r—=1+x
where
Eec Ecgcc_fcc

and where E,. isthe modulus of elasticity of concrete.
For cover concrete, the descending branch is idealized as a linear function, whereas the

Mander model is used for the ascending branch as follows:

0 >0
Jeo x: EpSE.Z0
r—=1+x
fc,o + €0 (gc - gco) EpSESE
Eco ~ gsp
0 E <Egp
where
x=Stc r:Lco, (3.18)
Eco Ecgco - fco
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Tensile stress of concrete is disregarded in this study.

3.3.2 Unloading and Reloading Model Proposed by Sakai and Kawashima

To represent the hysteretic behavior of confined concrete, the model proposed by Sakai and
Kawashima (2000 and 2004) is used. The model was developed based on the results from a
series of uniaxial compressive loading tests for reinforced concrete column specimens, taking
into account the effects of repeated unloading/reloading excursions and partial loading.

To include the effect of repeated unloading and reloading, the following assumption is
made: the number of cycles is counted only when one of the following two conditions is
satisfied: (1) when unloaded from an envelope curve or (2) when unloaded from a reloading path
that satisfies the conditions shown in Equation (3.19).

frl =0and YRL > 0.7 (319)

where f,; is the stress at the reversal point, and yp; is the partial reloading ratio, which is
defined as:

(3.20)

where g,; isthe strain at the unloaded point on an envelope curve, ¢,;.;, Iisthe strain at the
unloaded point from a partial reloading path, and ¢, is the plastic strain after the first
unloading path from the envelope curve.

The number of cycles goes back to O when the unloading/reloading hysteresis returns to
the envelope curve, and n is counted from 1 when another unloading initiates from the

envelope curve.
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3.3.2.1 Unloading Path

The unloading path from an envelope curve is idealized as a parabolic function as shown in

Figure 3.4. The stress on the unloading path is obtained from:

2
E—Epla
fe= fua —= (3.21)
Eul —€pl1
where f,;1 isthe stress at the unloaded point on the envelope curve.
The first plastic strain, &1, is dependent on the unloaded strain, &,;, as shown in
Figure 3.5. (Note that experimental data obtained from the test conducted by Sakai and

Kawashima are included in the figure.) Thus, &1 isgiven asfollows:

0 ~0.001<¢g, <0
€11 =10.43(g,; +0.001) ~0.0035< ¢,; <-0.001 (3.22)
0.94(g,; +0.00235) £, <-0.0035

The unloading path after partial reloading is also idealized as a parabolic function, as shown in
Figure3.6 and in Equation (3.23).

2
£, =fuz.l-n(m} (3.23)

Eul-in —Epl-

where f,;.;, isthe stress at the unloaded point on the partial reloading path and ¢, is the
plastic strain after the n -th unloading path, and given as:

Epln = (1_ Vn-in ) Eul ¥ Vn-in*€Epl-n-1 (3.24)

where 7,,., isobtained from the correlation with yg; (asshowninFig. 3.7):
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Ynin=Vnt 0'2(1_ YRL) <1 (3-25)

7, Is the increasing ratio of the plastic strain and is obtained from the following correlation,
which takes account of the dependence between the number of cycles, n, and y, shown in

Figure 3.8 and asfollows:

v, =1 -0001<¢,; <0
0945 n=2 (3.26)
y, = -0001> ¢,
0965+ 0.005(n-3) n>3

3.3.2.2 Reloading Path

Figure 3.9 shows the reloading paths. The reloading path from zero stress is represented as

follows:

2
E.—&,). E.—E,J.
25 ful.n[c—pl”j 0< [C—Pl”j <02

Eul —E€pl- Eul —Epl
e = . co (3.27)
gc_g [ E.,— & I
pitn re pi-n
E.p (gc - gul)"' ful-n+l 0.2< <
Eul —€pln Eul —€pln

where f,;.,+1 IS the unloaded stress after the n-th reloading. E,.,; is the averaged modulus

of the reloading in the linear portion and is given as follows:

E _ ful-n+l_0~ 1ful-n (3.28)

crl 0'8(814[ _gpl'n)

&, Isdetermined as the point where the linear function in Equation (3.27) reaches the envelope
curve.

When a hysteresis is reloaded at the point where f,; is smaller than O, the reloading
path to the point where the reloading path intersects the envelope curve is idealized as a linear

function as follows:
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fe= Ec-rlp (8c —&ul )+ Jul-n+1 (3.29)

where E..,;, isthe averaged modulus of the reloading after partial unloading and is given as

rlp
follows:

E — ful-n+l - frl (330)

crip Eul — €&l

where &,; isthestrain at the reversal point. f,;.,.1 ispredicted from
Jut-n+1= Brin* fut-n (3.31)
B.in 1s0btained from the correlation with yg; (asshownin Fig. 3.10):
Brin = B +0.201~yp,) <1 (3.32)

B, s the stress deterioration ratio, which has the dependence on ¢,;, as shown in

Figure 3.11; thus, it is given as follows:

e 1<n<2
1 -0001<¢g, <0
B, =41-(10n—-42)(¢,; +0.001) —00035< ¢,; <—0.001 (3.33)
0.92+0.025(n —1) £, <-00035
e n>3
1 -0001<¢g,, <0
B, =+1-(2n—20)(g,; +0.001) —0.0035< ¢,; <—0.001 (3.34)
0.965+ 0.005(n — 3) £, <-00035

If the degree of partial unloading is small, i.e., Equation (3.35) or (3.36) is satisfied, the
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hysteresis is reloaded at the previous hysteresis value of the unloading, as shown in Figure 3.12.

ﬂUL <025 (335)
:BUL-in <0.25 (336)

Here, Sy and By, aredefined, respectively, as follows:

:BUL ful n—Ju (3.37)
Juia
:BUL-m ful in — S (3.38)
Jul1

If unloading occurs from a point between ¢,, <&, < ¢, (as shown in Fig. 3.13) on a
reloading path, the unloaded strain ¢,; is renewed and the new unloaded point between
E0 SE.< g, isused as the predominant parameter; however, the number of cycles continues

re —

to be counted until the hysteresis returns to the envelope curve.

3.4  STRESS-STRAIN MODEL FOR LONGITUDINAL MILD REINFORCING BARS

3.4.1 Envelope Curve

As described in Chapter 2, No. 9 (29 mm-diameter) Grade 60 deformed bars are used for the
longitudinal reinforcement. Table 3.2 and Figure 3.14 show the material properties of the Grade
60 bar based on the SDC. The modulus of elagticity, E, the expected yield strength, f,,, and
the expected tensile strength, £, , are 200 GPa, 475 MPa, and 655 MPa, respectively. The strain
at onset of strain hardening, &g, the reduced ultimate tensile strain, 554, and the ultimate
tensile strain, &, , are 0.0125, 0.09, and 0.12, respectively.

To represent the envelope curve of the rebar, a bilinear model with an initial modulus,
Eg, and ayield strength, f;, , equal to 200 GPa (29,000 ksi) and 414 MPa (60 ksi) is used in the
analyses. The strain-hardening ratio, R, is assumed to be 2%. As shown in Figure 3.14, the
bilinear model overestimates the stress when strain exceeds 7%; however, this idealization
represents with sufficient accuracy the hysteretic behavior of rebar in this study because the rebar
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strain obtained from the analyses is always less than 7%, as described later.

3.4.2 Modified Menegotto-Pinto Model Proposed by Sakai and Kawashima

To represent the hysteretic behavior of reinforcing steels and taking into account the Bauschinger

effect, the Menegotto-Pinto model (1973) is used. The model is represented as follows (see Fig.

3.15):

where

and where R, isgivenas:

F=RzE : (1: 23))1/8& (3.39)
g=5"% (3.40)

80 —Sr
Fods=Ir 3.41
f fO - fr ( )

_ Es2
Ry =" (3.42)

g, and f, arethe strain and the stress at the reversal point, and &y and f; arethe

strain and the stress at the intersection of two asymptotes, which are given as:

&=

fo=E(eo—€.)+ f; (3.43)
fsy_fr"'Es(gr_ngsy) £.>0
Es(l_Rs) T (3 44)
_fsy_fr"'Es(gr"'ngsy) £.<0
Es(l_Rs) ’

R;, in Equation (3.39) is the Bauschinger effect coefficient and given as follows:



a
Ry, = Ryo - azlig (3.45)

where

_leo—¢7

3

(3.46)
Egy

In Equation (3.45), R,q isthe value of R, for the virgin loading, and should be determined
along with the two other parameters a; and a, for the respective steel type. R,g, ¢ and
a, are often assumed to be 20, 18.5, and 0.15, respectively, for mild reinforcement and these
values are used for the mild rebar in this study. &. in Equation (3.46) is the strain at the
previous reversal point.

Although the Menegotto-Pinto model has been widely used because its simplicity is
attractive, the model often exhibits a peculiar response associated with a sudden change of the
stiffness after partial unloading/reloading hystereses, as shown in Figure 3.16. Therefore, Sakal
and Kawashima (2003) proposed a modified model to represent realistic hystereses after partial
unloading/reloading excursions. According to the modified model, the current loading curve after
a partial unloading/reloading cycle follows the previous loading curve when the current curve
reaches the previous curve, as shown in Figure 3.17. The modified model is represented as

follows:

e When &, >0 (Tensileloading),

fsl fsl = fsp't
_ (3.47)
fsp-t fsl > fsp-t
e When £, <0 (Compressive loading),
fsl fsl 2 fsp-c
f = (3.48)
fsp-c fsl < fsp-c

where &, is the increment of steel strain. f; is the stress on the loading path from the

reversal point B, as shown in Figure 3.17.
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fa=Fffo-f)+f, (3.49)

fopr @A fy, . are the stress on the loading path after the partial unloading from Point C to
Point D in Figure 3.17. They are represented as follows:

e When &, >0 (Tensileloading shown in Figure 3.17 (a)),

Fopt = Fpa Fopa = Fop ¥ Fup (3.50)
~ _ (1-R,)E,.
foi =REp, + RS Ij’/;b - (3.51)
(1+ Ep bp't) ’
Eg—Epp.
Epp=— T (352)
80p~t _grp'l
a §p~t
Ry, =Ryo————— 3.53
bp-t = Rpo a2+, (3.53)
E0pt — Erpt
Epi =—‘ £ . v (3.54)
sy
e When &, <0 (Compressive loading shown in Figure 3.17 (b)),
fsp-c = ]?p~c (fOp-c - frp~c )+ frp~c (3.55)
~ ~ (1-R,)E,.
fpe=R&pct d p]/;b . (3.56)
(1+ gp,CRbpf ) e
B Eg—Epp.
Epc= —go;-c _r;;.c (3.57)
a §p~c
Ry, . =Ryog———— 3.58
bp-c b0 a2+§p~c ( )
£0p.c —Emp.
Epe JOP—P (3.59)

gsy

The modified model has two features: a definition of partial unloading and equations
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computing &. Partial unloading is defined as the unloading when its reversal point satisfies the

following condition:

20 & 20
(3.60)
<0 £,<0
Equation (3.61) isused to obtain ¢ instead of Equation (3.46).
£ - o= (3.61)
Esy
where
Emax  E520
Ep = (3.62)
Emin  &,<0
and where ¢, and ¢g,;, arethe maximum and the minimum strain in the past hysteresis.

For thevirgin loading, ¢

m isgiven asfollows:

Egy £,20
Ep = (3.63)

—Egy & <0

Likewise, &), and &,.. inEquation (3.54) and (3.59) are obtained from

80 -t_g
it :_pg—m‘ (3.64)
sy
80 ~— &
Epe= P; A (3.65)
sy
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3.5  STRESS-STRAIN MODEL FOR PRESTRESSING STRANDS

As described in Chapter 5, Grade 270 strand is used for the prestressing strands. Table 3.3 and
Figure 3.18 shows the mechanical properties of the Grade 270 strand according to the SDC and
s the
essentialy elastic strain, &, gg , the ultimate strength, £, ,,, and the reduced ultimate strain,
€§s,u , are 196.5 GPa, 0.0086, 1860 MPaand 0.03, respectively.

To represent the envelope curve of the strand in the analyses, a bilinear model with an
initial modulus, E,, and ayield strength, f, ,, equal to 196.5 GPa (28,500 ksi) and 1794

MPa (260 ksi) is used. The strain-hardening ratio, R, isassumed to be 2%.

the stress-strain bilinear model used in the analyses. The elastic modulus of the strand, E

The modified Menegotto-Pinto model is again used to represent unloading and reloading
paths of the strands; R,q, a1, and a, areassumed to be 20, 18.5, and 0.15, respectively.
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Table 3.1 Material properties of concrete

Young's modulus E,. 27.6 GPa (4000 ksi)

Cover concrete
Strength of unconfined concrete f/, 34.5 MPa (5 ks)
Strain at peak stress ¢,.,, 0.002
Spalling Strain &, 0.005

Core concrete (o, =0.61%)
Strength of confined concrete f.,. 42.4 MPa (6.14 ks))
Strain at peak stress ... 0.00429
Ultimate strain &, 0.01402

Table 3.2 Material properties of steel (Grade 60)

Young's modulus E, 200 GPa (29.0x 10° ksi)
Expected yield strength £, 475 MPa (68.8 ks)
Strain at onset of strain hardening &g, 0.0125
Ultimate strain &, 0.120
Ultimate strength  f,,, 655 MPa (94.9 ks)
Bilinear model

Yield strength £, 414 MPa (60 ks)

Strain at yielding point &g, 0.00207

Strain hardening ratio R 2%

Table 3.3 Material properties of prestressing strand (Grade 270)

Young's modulus E 196.5 GPa (28.5x 10° ksi)
Essentially elastic strain €, gp 0.0086
Ultimate strength f 5., 1860 MPa (270 ksi)
Reduced ultimate strain gl’fs’u 0.03
Bilinear model
Yield strength £, 1794 MPa (260 ksi)
Strain at yielding point &, ,, 0.00913
Strain hardening ratio R, 2%
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Figure 3.3 Envelope curves of concrete stress-strain model
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4 Quasistatic Behavior of Reinforced Concrete
Bridge Columns

41 INTRODUCTION

The first step in these investigations is to conduct a series of quasistatic cyclic analyses on
conventional reinforced concrete bridge columns with an aspect ratio of 6 to study the tendency
of the conventional columns to recenter following lateral displacement excursions, and to
determine the effects of magnitude of axial load and amount of longitudinal reinforcement on
guasistatic behaviors of reinforced concrete columns. As described in Chapter 2, the axial load is
4.5 MN, and No. 9 (29 mm-diameter) deformed bars are used for the longitudinal rebar in the
column designed in accordance with the SDC. This column is used as a reference for comparison
with results obtained considering partially prestressed designsin Chapters 5, 6, and 7.

To investigate the effects of magnitude of axial load and amount of longitudinal
reinforcement, the axial load is varied from O to 18 MN, and No. 6 (19 mm-diameter) and No. 11
(36 mm-diameter) are used for the longitudinal reinforcement, with the same configuration to
that of the column designed in accordance with the SDC (the reference column). Accordingly,
axial load retio, P/ foAy , and longitudinal reinforcement ratio, o , are varied from 0% to 20%
and from 0.52% to 1.84%, respectively. Although absence of axial load is not realistic for bridge
columns in the field, nor would a column with p; of 0.52% satisfy the SDC, these values are
included in this study to help identify behavioral trends.



42  MODEL ANALYZED

To investigate quasi static behaviors of reinforced concrete columns, the columns are idealized as
two-dimensional discrete models, as shown in Figure 4.1. The flexural hysteretic behavior in the
plastic hinge region is idealized by a two-dimensiona fiber element with 96 fibers for the
concrete and 25 fibers for the longitudinal reinforcing bars, as shown in Figure 4.2. The plastic
hinge length, Lo, is computed to be 1.18 m, according to Equation (2.6).

Rigid bar elements are used to model the footing and the element from the top of the
column to the center of gravity of the superstructure. Linear beam elements with cracked
stiffness properties are used for the remainder of the column. Potential P-A effects are not

included in the analyses.

43 LOADING HYSTERESIS

For the quasistatic analyses, predetermined cycles of displacement are imposed at the center of
gravity of the superstructure. The amplitude in the first cycle, d;, is 0.127 m (5 in.), which is
almost the same displacement as the yield displacement of the reference column (equal to 0.112
m, as shown in Table 2.2). As shown in Figure 4.3, the lateral displacement isincreased stepwise
up to 0.635 m, which is little over the estimated ultimate displacement of the reference column
(equal to 0.58 m).

44  QUASISTATIC BEHAVIOR OF CONVENTIONAL RINFORCED CONCRETE
COLUMN (REFERENCE COLUMN)

Figure 4.4 shows lateral force versus lateral displacement relation of the reference column. The
skeleton curve, which will be described later, is also shown in Figure 4.4. When the rebar at the
tensile edge yields at displacement of 0.072 m (the first-yield displacement, dyq) in the first
cycle, the lateral force (the first-yield force, Fyq) is 0.89 MN. The lateral force at the peak
displacement in the first cycle (equal to 0.127 m) is 1.16 MN. In the unloading path from the first
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peak point, the hysteresis loop does not return to the origin; thus, a displacement of 0.015 mis
sustained when the force is unloaded to zero.

The remaining lateral displacement when the force returns to zero is defined in this study
as the residual displacement, although residual displacement should be defined as the permanent
displacement after earthquake excitation. This is because the displacements at zero force in the
guasistatic cyclic analyses provide a general indication of the ability of the column to recenter
following inelastic deformations. In particular, the residual displacement on the unloading path
from the peak displacement, which is similar to the ultimate displacement, is defined as the
quasistatic residual displacement, d;.q -

The residual displacement increases from 0.015 m to 0.434 m as the lateral displacement
increases from 0.127 m to 0.635 m. d,.q5 Of the reference column is 0.434 m. The maximum
flexura strength, Fax, 1S 1.44 MN at displacement of 0.635 m, and the accumulated energy
dissipation through the cycles, Ep, is3.52 MNm. The post-yield stiffness, K,, is0.48 MN/m,
which is 3.9 % of the initial stiffness, K;. The initia and the post-yield stiffness and the
post-yield stiffnessratio, &, are defined here as:

F
Ky=—2 (4.2)
F5— F>
Ky=—2—2 4.2
2= e —d, (4.2)
K
chy=?i (4.3)

where F, and d, are the force and the displacement at the maximum displacement in the
second cycle, and Fg and dg arethe force and the displacement at the maximum displacement
in the fifth cycle. The skeleton curve, see Figure 4.4, consists of lines with the initia stiffness
from the origin and with the post-yield stiffness through (d,, Fy) and (ds, Fsg).

Figure 4.5 shows the stress versus strain hysteresis of the core concrete at the
compressive edge and the rebar at the tensile edge of the reference column. The maximum
concrete strain is 0.0145 in compression, which slightly exceeds the ultimate strain of concrete
&qy (equal to 0.014) at the maximum displacement. The maximum tensile strain is 0.06 in

tension, 50% of the ultimate tensile strain &y, (equal to 0.12); thus the bilinear model
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represents the hysteretic behavior of rebar with sufficient accuracy, as can be seen in Figure 4.5

(b).

45 EFFECT OF MAGNITUDE OF AXIAL LOAD

Figure 4.6 compares the force versus displacement hystereses between the columns with
P/ féoAg = 0%, 5% (reference column), and 10% when longitudinal reinforcement ratio, p , is
fixed to 1.18%. When P/ feoBy 1S 0%, the flexural strength is 15% smaller than that of the
reference column; on the other hand, the flexural strength is larger by 11% for the column with
P/feoAy = 10%. The maximum flexural strengths vary from 1.23 MN to 1.6 MN as P/ foAq
increases from 0% to 10%.

Figure 4.7 shows how the residual displacement increases as the lateral displacement
increases for these three columns. In Figure 4.7, the results in the positive direction are shown
because the same trend is observed in the negative direction. As the lateral displacement
increases, the residual displacement increases, but decreases as the axia load increases. In the
unloading path from the maximum displacement in the fifth cycle, the residual displacement of
the column with P/ floAq of 10% is 0.35 m, which is 76% of d;.qq of the column without
axial load.

Figure 4.8 shows the stress versus strain hysteresis of the core concrete at the
compressive edge and the rebar at the tensile edge at the bottom of the columns. Naturaly, the
concrete strain increases as the axial load increases, resulting in exceeding the ultimate strain
ey in the fifth cycle for the column subjected to the axial load corresponding to P/ feoly =
10%. The core concrete strain increases by 30% when P/ feoAy increases from 5% to 10%. On
the other hand, the maximum tensile strain of rebar is still about 0.06, eveniif P/ feoAy Changes
from 0% to 10%.
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46 EFFECT OFAMOUNT OF LONGITUDINAL REINFORCEMENT

Figure 4.9 shows the effect of the amount of the longitudinal reinforcement on the hysteresis and
on the residual displacement. The results of columns subjected to the larger axial load equal to 9
MN (P/fioAy = 10%), are shown here because the behavior of the columns with larger axial
load shows the effect of the amount of longitudinal reinforcement clearly.

When p decreases from 1.82% to 0.52% under P/fc,Ay of 10%, the quasistatic
residual displacement, d,.q5, decreases from 0.424 m to 0.02 m. In terms of reducing the
residual displacement, the column with p; = 0.52% performs the best; however, smaller
flexural strength might be a disadvantage as the maximum flexural strength is only 1.06 MN,
66% of that of the column with p; = 1.18%. As the amount of reinforcement decreases from
A = 1.82% to 0.52%, the compressive strain of the core concrete decreases by 20%, and the
tensile strain of the rebar increases by 10%, as shown in Figure 4.10.

The hystereses of all the columns considered in this chapter are found in Appendix B.

47 SUMMARY

Based on the results detailed above, reducing the residual displacement of a reinforced concrete
bridge column is possible by reducing the amount of longitudinal reinforcement and adding
compressive axial load. Therefore, this study suggests that replacing some of the longitudinal
reinforcing bars with prestressing strands in order to compensate for column stiffness and

strength, and then adding axial load to the reinforced concrete columns.
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5 Methods to Mitigate Residual Displacements
of Reinforced Concrete Columns

5.1 INTRODUCTION

This chapter explores two methods to mitigate residual displacements of reinforced concrete
bridge columns: (1) by replacing some of the longitudinal mild reinforcing bars with prestressing
strands and (2) by debonding the mild longitudinal reinforcement from concrete.

A similar series of quasistatic analyses is carried out to help understand the effect of using
prestressing strands to reduce residual displacements of reinforced concrete columns. This
chapter focuses on the fundamental effects of the use of prestressing strands on the quasistatic
behavior of reinforced concrete columns, including studying the effects of the configuration of
the prestressing strands, the additional confinement of the core concrete, and the unbonding of
prestressing strands.

The effects of debonding mild longitudinal reinforcement from concrete are also
examined as an effective method to reduce residual displacements of reinforced concrete

columns.

5.2 COLUMNS WITH PRESTRESSING STRANDS

Different configurations of strands are considered, as shown in Figure 5.1. For all of the cases
presented, half of the longitudinal reinforcement (twenty-four 29-mm diameter (No. 9) bars) is
replaced with an equivalent area of post-tensioning strands. In two cases, 24 bundles of strands
that have an area equivalent to a 29-mm diameter bar are each positioned in a circular pattern

having a diameter of either 1.67m (Column PC-A) or 0.91 m (Column PC-B), whereas in the



third case, a single bundle of strands that has an area equivalent to 24 No. 9 bars is idealized at
the center of the section (Column PC-C). Of the three cases, Column PC-C is expected to be
more practical and economical to construct. The strand is anchored at the bottom of the footing
and the top of the column. The thickness of the footing is assumed to be 1.83 m, which, to
simplify, isthe same as the column diameter, D .

Grade 270 strand is used for the prestressing strands. Using the elastic modulus of the
strand, E,s (equal to 196.5 GPa), the uncracked transformed second moment of the area of
Columns PC-A, PC-B, and PC-C is a little smaller, i.e., by 0.1%, 4.4%, and 6.2%, respectively,
than that of the reinforced concrete column designed in accordance with the SDC (the reference
column).

The prestressing force is assumed to be 4.5 MN, which is equivalent to the axial load due
to the dead load, resulting in 10% of the total axial load ratio, ¢, . The stress induced in the
strand by 4.5 MN prestressing force is 293 MPa, which is only 16% of the ultimate strength of
the Grade 270 strand.

To prevent undesirable premature crushing of concrete due to the additional axial load by
the prestressing strands, it would be necessary to provide additional confinement for the column.
To enhance the confinement of the core concrete, the spiral pitch, s, isreduced from 76 mm to
38 mm. Accordingly, the denser spirals increase the volumetric ratio of spiral reinforcement p,
up to 1.22%. Figure 5.2 shows the stress-strain model of the confined concrete based on the
Mander model; ¢,.., f..,and &, increasefrom 0.0043, 42.4 MPa, and 0.014 to 0.0063, 49.3
MPa, and 0.021, respectively, when p, increases from 0.61% to 1.22%.

Strand yielding reduces the effectiveness of the applied post-tensioning force, and only
relatively small inelastic strain is needed to fracture strands. Fracture of strands may cause
significant loss of the flexural capacity of columns and possible bridge collapse. Therefore, the
potential for strand yielding is investigated considering different strand layouts and the use of
ducts or other medium to debond the strands from the surrounding concrete. This study assumes
here that the ducts provided at the bottom of the footing to the top of the column would debond
the strands (Fig. 5.3). The unbonded length of strand, L.y, , is 10.97 m, six times the column
diameter, D. As mentioned above, Columns PC-A and PC-B are challenging to construct, and

unbonding the strands will make it much more difficult to build the columns.
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5.3 ANALYTICAL MODELS FOR COLUMNS WITH PRESTRESSING STRANDS

To idealize the column with the bonded strands, fibers representing the property of the strand are
added in the fiber elements. The unbonded strands, however, are idealized by spring elements, as
shown in Figure 5.4. Potential P - A effects are not included in the analyses.

The stress-strain envelope curve of the strand is idealized as a bilinear model, and the
modified Menegotto-Pinto model (Sakai and Kawashima, 2003) is used to represent unloading
and reloading paths. The properties of the model are summarized in Section 3.5, Table 3.3 and
Figure 3.18.

5.4  EFFECT OF STRAND CONFIGURATION

Figure 5.5 compares the lateral force versus lateral displacement hystereses computed for the
reference column and the three columns containing the different strand configurations. In this
figure, the strands and the reinforcement are assumed to be fully bonded to the concrete. To
remove the sensitivity of the results to differences in confinement, the spiral pitch used for the
reference column (s =76 mm) istemporarily assumed for the post-tensioned columns as well.

As seen in Figure 5.5, the four columns have nearly identical uncracked stiffness.
However, the lateral loads required to initiate cracking in the post-tensioned columns are twice
that needed for the reference column due to the additional axial compressive force induced by
the prestressing strands. The initial cracking force for the post-tensioned columns is 0.26 MN.
After cracking, the tangent lateral stiffness of Column PC-A remains larger than that of the
reinforced concrete column; the cracked stiffness of Columns PC-B and PC-C is slightly reduced,
since the strands are located closer to the center of the cross section, but still exceeds that of the
conventional column.

The ultimate lateral load capacity of Column PC-A is 2.52 MN, 74% more than the
reference column. According to capacity design concepts (Caltrans, 2001; Priestley et al., 1996),
such a large increase in the flexural capacity may not be desirable, as it would necessitate

corresponding increases in column shear capacity and in the strength of other portions of the
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structure, such as the footing and supporting piles that are expected to be free of damage during
an earthquake.

For Column PC-C, where a single large central strand is used, the force increases as the
displacement increases, and the flexural stiffness decays gradually due to yielding of the rebar in
the first and second cycles. Moreover, when the lateral displacement increases, the force reaches
the peak strength (equal to 1.60 MN, 10% larger than the reference column) at the lateral
displacement of 0.38 m, after which the lateral force decreases gradually as the lateral
displacement increases. At a lateral displacement of 0.635 m, the lateral load resisted by the
conventional reinforced concrete column and Column PC-C is virtually identical.

By incorporating post-tensioning strands, residual displacements are reduced by 25%
compared to the reference column. However, as shown in Figure 5.6, the strand configuration has
little effect on the degree of reduction. In general, Column PC-C tends to have slightly smaller
residual displacements than Column PC-A and PC-B.

Figure 5.7 compares stress versus strain hysteresis of a strand, the rebar at the tensile
edge, and the core concrete at the compressive edge; the hysteresis of the tension-most strand is
presented for Columns PC-A and PC-B, while the hysteresis of the center strand is presented for
Column PC-C. Strains induced in the tension-most strand in Columns PC-A and PC-B exceed
3%, the reduced ultimate strain of the strand, gﬁs,u
displacement. This is a critical problem, potentially causing bridge collapse. In contrast to
Columns PC-A and PC-B, the strand at the center of Column PC-C does not yield.

during cycles with large lateral

The core concrete strain is more than twice the ultimate strain in Column PC-C. Losing
the load-carrying capacity of the core concrete moves the neutral axis toward the center of the
column, as shown in Figure 5.8, resulting in smaller tensile strain in the rebar at the tensile edge;
i.e., 0.043, which is 15% smaller than that of Columns PC-A and PC-B and 30% smaller than

that of the conventional reinforced concrete column.

5.5 EFFECT OF ADDITIONAL CONFINEMENT OF CORE CONCRETE

As suggested previously, Column PC-C needs additional confinement of the core concrete to

prevent premature failure. Figure 5.9 compares the force versus displacement hystereses and the
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increment of the residual displacements between Column PC-C with 76 mm-pitch spirals versus
38 mm-pitch spirals. The flexural strength increases steadily for the column with the denser
spirals, while the flexural strength for the column without additional confinement decreases after
the peak in the third cycle, as described above. Accordingly, the maximum flexural strength for
the column with the denser spirals is 1.87 MN, which is 30% greater than that of the reference
column. As can be seen in Figure 5.9 (b), the additional confinement results in smaller residual
displacement.

Figure 510 shows stress versus strain hystereses of the center strand, the
compression-most core concrete, and the tension-most rebar. Although the core concrete strain
decreases due to the additional confinement, it still exceeds the ultimate strain, ¢, i.e., 0.027,
which is 29% greater than ¢.,. Because the core concrete carries a larger force due to the
additional confinement, the strand strain increases, which leads to dlight yielding of the strand as

the neutral axis moves toward the compressive edge, as shown in Figure 5.11.

5.6  EFFECT OF UNBONDING OF PRESTRESSING STRANDS

It was noted previously that strand yielding should be avoided. Unbonding of the strands from
the adjacent concrete is an efficient means of reducing the local fluctuations in strand strain
associated with plastic hinging. Figure 5.12 shows how unbonding the center strand affects the
global hysteretic behavior of the column. The spirals are spaced at a 38-mm pitch. As shown in
Figure 5.12, the initial lateral stiffness does not depend significantly on whether the strand is
bonded. However, the tangent lateral stiffness of the column with the unbonded strand changes
much more abruptly when the mild reinforcement yields. After yielding, the lateral force resisted
by the column with the unbonded strand ill increases steadily with increasing lateral
displacement, but at a more modest rate than for the case with the bonded strand. Consequently,
the envelope of the lateral force-displacement curve for the column with the unbonded strand is
smaller than that for the column with the bonded strand, but is virtually identical to that
computed for the conventional reinforced concrete column. The origin-oriented unloading

tendency is further enhanced by unbonding the strand; and thus further reduces residual
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displacements. The quasistatic residual displacement, d is 0.061 m, only 14% of that of the

r-sta
reference column.

Unbonding of the strand also has a beneficial effect on local hystereses, as seen in Figure
5.13. Note that the strain of the strand is only 0.0035, 40% of &, gg . Furthermore, the core
concrete strain decreases and does not exceed the ultimate strain &, even for the largest
displacement excursion. When the strand is unbonded from the concrete, the strain induced in the
strand decreases; thus the force carried by the strand decreases as well. To compensate for the
loss of the force carried by the strand, the neutral axis moves toward the compressive edge, as
shown in Figure 5.14, explaining why the core concrete strain decreases by unbonding of the

strand. The rebar strain increases by 27%, which is still about 50% of the reduced ultimate

R
ps,u -

Figure 5.15 demonstrates the effect of unbonding the strands for Columns PC-A and

tensile strain, ¢

PC-B; the spiral pitch is 38 mm. In terms of the residual displacement, unbonding of the strands
has a similar effect as exhibited in Column PC-C; however, higher flexural strength and the
difficulty in construction remain considerable disadvantages for Columns PC-A and PC-B.

As a whole, Column PC-C with the unbonded prestressing strand at the center of the
cross section has the most superior performance: it has desirable flexural strength, but the
residual displacement is still reduced, and it is the easiest to construct. Thus, the column with the
unbonded prestressing strand at the center of the cross section and with the denser spirals is
referred to hereinafter as the “recentering RC column,” and further investigations are conducted
for the recentering RC columns to determine the optimum amount of strands and rebar, the
magnitude of the prestressing force, the unbonded length, etc., to achieve the best seismic

performance.

5.7  EFFECT OF UNBONDING OF LONGITUDINAL MILD REINFORCEMENT

5.7.1 Concept of Unbonding of Longitudinal Mild Reinforcement

The analysis results in Chapter 4 demonstrate that reducing the amount of longitudinal

reinforcing bars results in smaller residual displacement, leading to the logical assumption that
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the hysteretic behavior of the reinforcement is one of the principal causes of large residual
displacement.

The next phase of this study assumes that unbonding of the mild reinforcement would
reduce the hysteric behavior of the rebar and that this might also be an effective way to mitigate
the residual displacement of reinforced concrete columns. This would also be expected to reduce
the residual rotation due to strain penetration and bond slip of the rebar from the footing if the
rebar is unbonded from inside the footing.

To determine whether these assumptions are valid, quasistatic behaviors of reinforced
concrete columns with unbonded longitudinal mild reinforcement are compared, and additional
analyses are performed to determine how unbonding of longitudinal mild reinforcement affects
the hysteretic behavior of the column with the unbonded prestressing strand (recentering RC

column).

5.7.2 Analytical Models of Columns with Unbonded Mild Reinforcement

Figure 5.16 shows analytical models of columns with unbonded longitudinal mild reinforcement.
Factors, such as the effect of dynamic performance, ease of construction, and the potential effect
on the shear capacity, should be considered to determine the location and length of the unbonded
region. However, as a preliminary assessment of this concept, the mild reinforcement in the
region from the bottom of the footing to 3.66 m above the bottom of the column is unbonded
from concrete with a debonding media; thus, the unbonded length, L, ,

the diameter of the column, D). In addition, the regions from the bottom of the footing to 1.83

is 5.49 m (three times

m and 5.49 m above the bottom of the column are also considered for the unbonded region of
mild rebar to study the effect of the unbonded length, L,,.; the unbonded length of the mild
reinforcement covered in this study isfrom3.66 m (2D ) to 7.32m (4 D).

As shown in Figure 5.16, the unbonded longitudinal mild rebar is idealized by spring
elements with steel properties (see Fig. 3.14). Because all the rebar in the unbonded region are
unbonded, the fiber element representing the hysteretic behavior of the reinforced concrete
consists of only concrete fibers. Currently, no appropriate model exists to represent the strain

penetration and bond slip of rebar from footings; therefore, these effects are not included in this
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study for the column with bonded rebar. The effect of the strain penetration and the bond dip
must be accounted for to conduct a more accurate evaluation of the effect of unbonding of the
rebar. Thisis an area deserving further study.

5.7.3 Quasistatic Behavior of Columns with Unbonded Mild Reinforcement

To investigate the effect of unbonding of mild reinforcement, a series of quasistatic cyclic
analyses is conducted. All the hystereses of the columns considered in this section can be
referred to in Appendix C. Three axial load ratios, P/f/,A, = 5%, 10%, and 20%, are
considered; however, the analyses for P/f/,A, = 5% are terminated in the second cycle
because the fiber elements, which contain no steel fibers, result in numerical instabilities when a
crack in the concrete opens widely.

Figure 5.17 shows the effect of unbonding the longitudinal mild reinforcement on the
hysteretic behavior of the reinforced concrete column with p;, = 1.18% and L, = 3D,
subjected to axial force of 9 MN (P/ fC’OAg = 10%). The columns in which the rebar is bonded
to the concrete yields in the first cycle, then the force increases gradually as the lateral
displacement increases. The maximum strength is 1.6 MN in the fifth cycle. In contras, the
column with the unbonded rebar yields in the second cycle. Thus, unbonding of the rebar results
in decreasing the initial stiffness by approximately 20%. The lateral force reaches the maximum
(which is equal to 1.38 MN, 14% smaller than that of the column with the bonded rebar) in the
third cycle, and then the force decreases as the latera displacement increases. The unloading
tangential stiffness decays sharply when the rebar is unbonded, resulting in smaller residual
displacement. In the fifth cycle, the residual displacement of the column with the unbonded rebar
is0.245 m, which is 30% smaller of that of the column with the bonded rebar.

As anticipated, the nonlinear hysteretic behavior of the rebar decreases significantly. In
the case where the 5.49-m long unbonded rebar is used, the maximum steel strain becomes only
24% of that of the bonded rebar at the tensile edge.

Figure 5.18 shows the effect of the unbonded length of the mild reinforcement on the
hysteretic behavior of the reinforced concrete columns that are subjected to axial force of 9 MN
(P/ feoAg = 10%). As the unbonded length of the longitudinal mild reinforcement, L,

un-s
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increases from 3.66 m (2D) to 7.32 m (4D), the quasistatic residual displacement, d,.;, .
decreases from 0.287 m to 0.199 m. The maximum lateral force is about 1.4 MN regardless of
the unbonded length.

5.7.4 Effect of Unbonded Mild Rebar on Quasistatic Behavior of Columns
with Unbonded Prestressing Strands

Figure 5.19 shows the effect of the unbonding of the longitudinal mild reinforcement on the

hysteretic behavior of the recentering RC columns. L = 3D isconsidered for the unbonded

un-s
length of the mild reinforcement. As in the conventional reinforced concrete columns, the
unbonding of the rebar results in smaller residual displacement, but also smaller flexural strength
and initial stiffness. The quasistatic residual displacement, d,.;, ., is 45% smaller for the largest
displacement excursion, with 7% smaller flexural strength and more than 30% smaller initial
stiffness.

The study conducted above proves that unbonding of the mild reinforcement effectively
reduces residual displacement, athough some improvements should be considered to
compensate for the loss of the flexural strength and the initial stiffness. For a more accurate
evaluation of the effect of unbonding the mild reinforcement, a refined model should be

developed that considers strain penetration and bond slip.

5.8 SUMMARY

A series of quasistatic cyclic analyses are conducted to evaluate different methods to mitigate the
residual displacements of reinforced concrete bridge columns. From the analyses presented

herein, the following conclusions are reached:

e Replacing half of the rebar with strands and applying prestressing force that is equivalent to
the axial load due to the dead load results in a 25% reduction in the residual displacement at

the maximum displacement compared to a conventional reinforced concrete column
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designed in accordance with the Caltrans SDC.

Considering the desirable flexural strength and the ease of construction, incorporating a
single bundle of strand at the center of the cross section results in the best performance.
Additional confinement for the core concrete is required to prevent premature crushing of

the concrete due to the additional prestressing force.

Unbonding of the center strand in Column PC-C results in aresidual displacement of 0.061
m (which is only 14% of that found for the conventional reinforced concrete column) on the
unloading path from the maximum displacement, and desirable flexural strength is obtained.
Furthermore, unbonding the strand decreases the core concrete grain; thus the concrete

strain does not exceed the ultimate strain if the additional confinement is provided.

Unbonding of longitudinal mild reinforcement effectively reduces the residual displacement.
Additional research is required to incorporate the effects of the residual rotation due to strain

penetration and bond slip of longitudinal reinforcing bars from footings.
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6 Quasistatic Behavior of Columns with
Unbonded Prestressing Strands

6.1 INTRODUCTION

The use of unbonded prestressing strands at the center of cross sections of reinforced concrete
bridge columns effectively mitigates residual displacements of the columns; however, further
investigation is required to optimize the seismic performance of columns with unbonded
prestressing strands.

The following parameters still need to be determined: the magnitude of confinement of
concrete, the unbonded length of the prestressing strand, the magnitude of the prestressing force,
the amount of strands, and the amount of longitudinal mild reinforcing bars. In this chapter, a
series of quasistatic cyclic analyses are conducted on reinforced concrete bridge columns with
unbonded prestressing strands (recentering RC columns) to determine which configurations
achieve the best seismic performance. The focus of this chapter is on the effect of providing
prestressing strands; the effect of unbonding mild reinforcement is not considered, and remains

for future study.

6.2 VARIABLES CONSIDERED AND DEFINITIONS OF VALUES REPRESENTING
PERFORMANCE OF COLUMNS

Table 6.1 shows parameters considered and their variables: the magnitude of confinement of
concrete, the unbonded length of the center strand, Lyn. s, the magnitude of the prestressing
force, Pps, the amount of the strand, and the diameter of the longitudinal rebar. The prestressing

forceratio, apg, andthestrand ratio, pps, are defined here as:



ps
Cps =70 (6.2)
Y

A

ps

Ay

where Ay and Aps arethe gross section area and the area of the center strand, respectively.
As shown in Chapter 4, the quasistatic residual displacement, d;.¢5, the maximum
lateral force, Fay, the first yield force, Fyq, the accumulated energy dissipation through all
the cycles, Ep, and the post-yield stiffness, K, of the reference reinforced concrete column
are 0434 m, 1.44 MN, 0.89 MN, 3.52 MNm, and 0.48 MN/m, respectively. To evaluate the
guasistatic performance of recentering RC columns, the ratios of the values described above
between the reference column and the recentering columns are computed. The maximum
compressive concrete and tensile rebar strains are expressed as a percentage of the appropriate
ultimate values, &5, and &£g,. The maximum tensile strand strain is divided by the essentially

elastic strand strain & g g -

6.3 EFFECT OF CONFINEMENT OF CORE CONCRETE

To evaluate the effect of confinement, the spiral pitch, s, isvaried from 76 mm ( ps = 0.61%)
to 25 mm (pg = 1.83%). Figure 6.1 shows the stress-strain relations of the core concrete
evaluated based on the model developed by Mander et al. (1988). The core concrete strength,
féc, the strain at the peak stress, &y, and the ultimate strain, &, increase from 42.4 MPa,
0.0043 and 0.014 to 55.4 MPa, 0.0081 and 0.027, respectively.

Figure 6.2 shows the effect of the degree of confinement of the core concrete on the
computed hysteretic behavior of recentering columns. The hysteresis of the reference column is
also shown in Figure 6.2 for comparison. The strands in the recentering columns in this figure
are assumed unbonded from the bottom of the footing to the top of the column (as shown in Fig.
5.3), whereby the unbonded length Ly, ps is 10.97 m, six times the diameter of the cross
section D; aps, pps, ad p are assumed to be 5%, 0.59%, and 0.59%, respectively. The

guasistatic residual displacements of the columns with unbonded strands are 10 to 20% of that of
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the reference column regardless of the degree of confinement considered. Note that the skeleton
curves of the recentering columns are very similar to the reference column.

As shown in Figure 6.3, the effect of confinement is more apparent in the maximum core
concrete strain, which decreases when pg increases from 0.61% to 1.81%; thus, the core
concrete strain does not exceed the ultimate strain if the pg is higher than 1.22% even for the
large lateral displacement considered here. There are no significant effects observed in the
hystereses of the center strand and the rebar at the tensile edge.

The effect of varying the amount of confinement on the residual displacement, the
maximum latera force, the first yield force, the post-yield stiffness, the accumulated energy
dissipation, the maximum compressive concrete strain, the maximum tensile rebar strain, and the
maximum tensile strand strain are summarized in Figure 6.4. This figure shows that the lateral
strength of the reference and the recentering columns are nearly identical, whereas the energy
dissipated and residual displacement are roughly 40% and 85% less, respectively. The peak
strand strain remains less than half of the essentially elastic strain, and rebar strain never exceeds
half of the ultimate strain capacity.

While there are minimal effects on the residual displacement, the maximum force, the
first yield force, the capacity for energy dissipation, and the maximum tensile strain of rebar and
the strand, the maximum compressive strain of core concrete significantly decreases and the
post-yield stiffness increases when pg increases. If pg drops below 0.92%, the core concrete
strain exceeds the ultimate strain &, . Because of the cost and difficulty in construction, a very
small spiral pitch is not practicable, and other means of confinement might be considered such as
using high-performance concrete or jacketing with steel or other materials. This study uses a
38-mm pitch for the spirals ( pg= 1.22%) for the remainder of the analyses, which corresponds to
half the pitch used for the reference column, and which gives reasonable confinement to the

columns with additional post-tensioning force considered in this study.

6.4 EFFECT OF UNBONDED LENGTH OF STRAND

Figure 6.5 shows the sensitivity of hysteretic behavior of the columns to the length of unbonded
prestressing strand. Here, pg, aps, pps, ad p are 1.22%, 5%, 0.59%, and 0.59%,
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respectively. The cases where the strands are considered fully bonded, and where they are
debonded for alength extending from the base of the foundation, Ly ps, equal to 2D, 4D, and
6D, are shown here. The reference column is also shown for comparison.

When the strand is bonded to the concrete, relatively large residual displacement occurs,
and the maximum lateral force is 30% larger than that of the reference column. In addition, the
strand yields slightly. These behavior characteristics are considered undesirable. When the strand
is unbonded from the concrete and the unbonded length increases, the residual displacement
becomes smaller and the peak strain in the post-tensioning strands decreases. The skeleton of the
hysteresis for the reference reinforced concrete column and the recentering column are nearly
identical when Ly, ps isequal to6D.

The sengitivity of the quasistatic residual displacement, and other response parameters,
on the unbonded length is shown in Figure 6.6. The residual displacement, the flexural strength,
the maximum concrete strain, and the post-tensioning strand strain all decrease with increasing
Lunps- On the other hand, the tensile strain in the rebar is seen to gradually increase with
increasing Lyn.ps- The post-yield tangent stiffness initially increases then decreases with
increasing unbonded length of the strands. The effect of changing the unbonded length from 4 D
to6D isrelatively modest for al the parameters shown.

6.5 EFFECT OF MAGNITUDE OF PRESTRESSING FORCE

When the prestressing force increases by increasing the initial stress in the strand, both the first
yield strength and the maximum lateral force increase as shown in Figures 6.7 and 6.8. Here, pq,
Lunps: Pps, ad py are assumed to be 1.22%, 6D, 0.59%, and 0.59%, respectively. The
quasistatic residual displacement decreases when the prestressing force ratio, ops, increases
from 0% to 7.5%, and then increases as «ps increases from 7.5% due to the crushing of core
concrete that occurs at large displacements for these prestress levels. The maximum core
concrete strain exceeds the ultimate concrete strain when s exceeds 10%. As expected, the
peak strain in the post-tensioning strands increases when the prestressing force increases.
Nonetheless, the strand does not yield, even when a ¢ reaches 20% if the unbonded length,
Lun.ps» and the strand ratio, pp, areequal to 6D and 0.59%, respectively.
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6.6 EFFECT OF QUANTITY OF PRESTRESSING STRAND

The area of strand provided does not significantly affect the hysteretic behavior of the column for
a constant prestressing force, as shown in Figures 6.9 and 10, where pg = 1.22%, Lyn.ps =
6D, aps= 5%, and p = 0.59%. These figures suggest that varying the area of prestressing
strand is an effective means of controlling the post-yield tangent stiffness. However, the strain in
the core concrete and in the post-tensioning strand should be carefully reviewed because the
concrete strain increases as the area of strand increases, and the strands are likely to yield when

Pps becomes sufficiently small.

6.7 EFFECT OFAMOUNT OF LONGITUDINAL REINFORCING BARS

Figures 6.11 and 6.12 show the effect of the area of longitudinal reinforcing bars on the behavior
of the columns. Here, pg, Lynps, @ps, ad pps ae 1.22%, 6D, 5%, and 0.59%,
respectively. The residual displacement, the flexural strength, the first yield force, the post-yield
stiffness, and the capacity of energy dissipation increase with increasing p; . Although smaller
P is preferable because it results in smaller residual displacement; however, it also leads to
smaller flexura strength and energy-dissipation capacity. Smaller flexural strength and energy
dissipation are likely to increase seismic demand. Therefore, the appropriate amount of

longitudinal rebar should be determined based on the results from dynamic analyses.

6.8 ANALYSESFOR OPTIMIZATION

6.8.1 Variables Considered and Required Performance Criteria

The effect of each variable on residual displacement has been demonstrated above. As the next
step, a series of quasistatic analyses is again performed to explore the optimum combination of
variables to achieve the best performance of recentering RC columns. Variables considered here
are the unbonded length of the strand, the magnitude of the prestressing force, the area of the

strand, and the area of the longitudinal mild reinforcement. Table 6.2 shows the four values of
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each variable considered, written in bold; atotal of 256 columns are considered. The columns are
analyzed considering the same quasistatic displacement history used in the previous analyses.
To evaluate the seismic performance of the recentering RC columns, five required

performance criteria are considered:

1. Quasistatic residua displacement should be smaller than 20% of that of the reference
column;

The maximum compressive strain of core concrete should be smaller than the ultimate strain;
The prestressing strands should remain elastic;

Thefirst yield force should be larger than 90% of that of the reference column; and

a & W DN

The maximum lateral force should be smaller than 110% of that of the reference column.

If the first yield force is considerably smaller than that of the reference column, it might
cause the column to yield in the event of frequently occurring earthquakes, causing undesirable
maintenance problems. On the other hand, considerably larger maximum strength might develop
unwanted yielding outside of the designated plastic hinge region as discussed in Chapter 5. These

factors necessitate including performance criteria numbers 4 and 5.

6.8.2 Columns Satisfying Required Criteria

The hystereses of all the 256 recentering RC columns can be found in Appendix D. The analyses
of the 256 columns found that only 12 columns satisfy al the performance criteria, as shown in
Table 6.2. Longer unbonded length, Lyn ps, and the prestressing force ratio, o g, between 5%
and 10% are seen to be preferable. The strand ratio, pps, can be taken from 0.15% to 0.88%,
depending on the combination with ops and p, but the total steel ratio, which is the ratio of
total amount of the strand and the longitudinal rebar to the gross section area, pps+ py, should
be larger than about 0.7%. The longitudinal reinforcement ratio, p;, cannot be larger than
0.59% because increasing the amount of the longitudinal rebar resultsin relatively large residua

displacement.
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Figure 6.13 shows peak response parameters computed for the 12 columns. Although
these 12 columns satisfy the performance criteria, they have various properties. As shown in
Figure 6.14, Column No. 3 has the smallest quasistatic residual displacement, which is only
3.9% of that of the reference column. On the other hand, Column No. 3 also has the smallest
flexural strength and energy-dissipation capacity among these 12 columns. As shown in Figure
6.15, Column No. 5 has the largest first yield force, flexura strength, and energy-dissipation
capacity; the quasistatic residual displacement of Column No. 5 is 11.6% of the reference
column. In terms of the post-yield stiffness, Columns No. 9 and 11 show the largest values as
shown in Figures 6.16 and 6.17. These columns have aimost identical hysteresis. The post-yield
stiffness of both columns is 6.5% of the initial stiffness, about 61% larger than that of the
reference column. Columns No. 9 and 11 have amost the same flexural strength and the
energy-dissipation capacity of Column No. 5, but also have the largest quasistatic residual
displacement among these 12 columns. The quasistatic residual displacement is 4.6 times larger

than Column No. 3, but still only 18% of the reference column.

6.9 SUMMARY

To explore the best seismic performance of reinforced concrete columns with unbonded
prestressing strands (recentering RC columns), a series of quasistatic cyclic analyses is

conducted. Below are the conclusions determined from these analyses:

e A denser spira configuration results in smaller residual displacement and larger post-yield
stiffness. Because of ease of construction and performance, the half spira pitch of the

reference reinforced concrete column is recommended for columns with unbonded strands.

e Longer unbonded length and a prestressing force ratio between 5% and 10% are preferable.
The post-yield stiffness can be controlled by varying the amount of prestressing strands
incorporated into the column. Although smaller p; is preferable for reducing residual
displacement, it results in smaller flexura strength and reduces the energy-dissipation

capacity of the column.
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e A series of quasistatic analyses for 256 columns with various configurations for the
unbonded length of the prestressing strand, the magnitude of the prestressing force, and the
amount of the strand and the rebar demonstrate that the strand ratio, pps, can be taken from
0.15% to 0.88%, depending on the combination with s and py , but the total steel ratio,
Ppst P, should be larger than about 0.7%. The longitudinal reinforcement ratio, pj,
cannot be larger than 0.59% to obtain small residual displacements.



Table6.1 Variablesconsidered

Variables Values

Spiral ratio pg 0.61%, 0.92%, 1.22%, and 1.83%
(Spira pitch) (76 mm, 51 mm, 38 mm, and 25 mm)
Unbonded length of center strand L. ps Bond,2D,3D,4D,5D,and6D
Prestressing forceratio o pg 0%, 2.5%, 5%, 7.5%, 10%, and 15%
Strandratio pps 0.15%, 0.29%, 0.59%, and 0.88%
Longitudinal reinforcement ratio p 0.18%, 0.35%, 0.59%, and 0.92%
(Nominal diameter of rebar) (16, 22, 29, and 36 mm)

Note: Values written in bold are used in parametric study in Section 6.8.

85



Table6.2 Columnsthat satisfy performance criteria

Colurmn rps pos ’ A+ s -Resi dual Flexural First Yield Po.st-Yi eld | Dissipated
D No. Lun. ps %) %) %) ) Disp. dr.qq | Strength | Force Fyg | Stff. Ky | Energy Ep
(mm) Frax (MN) (MN) (MN/m) (MNm)
RC | === | === | =ee-- 1.18 1.18 434 1.45 0.89 0.48 3.52
1 029 | 0.35 0.65 20 1.29 0.98 0.30 1.42
2 0.59 0.88 38 1.47 1.07 0.37 2.02
3 10 0.18 0.77 17 1.25 0.90 0.40 1.02
4 059 | 0.35 0.94 26 1.38 0.98 0.44 147
5 6D 1.18 50 1.56 1.07 0.51 204
6 0.15 0.74 35 1.25 0.86 0.40 2.00
7 0.29 0.88 42 1.33 0.86 0.52 1.99
8 059 | 0.59 1.18 61 1.44 0.86 0.67 2.00
9 5 0.88 1.47 78 1.52 0.86 0.78 2.01
10 4D 0.29 0.88 51 1.39 0.86 0.61 1.99
11 0.59 1.18 78 1.52 0.86 0.78 2.02
12 3D 0.29 0.88 62 1.44 0.86 0.67 2.00
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7 Dynamic Response of Columns with
Unbonded Prestressing Strands

7.1 INTRODUCTION

Designing reinforced concrete columns with unbonded prestressing strands (recentering RC
columns) are likely to require large ductility demands because incorporating strands changes the
hysteretic behavior of reinforced concrete columns, leading to less energy-dissipation capacity.
Therefore, this research program next studies the dynamic response of recentering RC columns
to determine how lower levels of energy dissipation affect the dynamic response of the columns
and which column design achieves the best seismic performance.

Based on the results from the quasistatic cyclic analyses described in Chapter 6, Columns
No. 3, 5 9, and 11 display the most desirable characteristics, i.e., the smallest residual
displacement, the largest flexural strength, and the largest post-yield stiffness, respectively,
among the 256 columns considered. Because Columns No. 9 and 11 show amost the same
hysteresis loops, only Column No. 9 is selected for the dynamic analyses from these two
columns. Thus, the dynamic response of the conventionally designed reinforced concrete column
(the reference column) and recentering Columns No. 3, 5, and 9 are studied here. The properties
of the columns are re-summarized in Table 7.1. Later, a series of bridge columns having different
aspect ratios (and periods) will be designed and analyzed to explore general trends of the

dynamic response of the columns.



7.2  ANALYTICAL MODELSAND GROUND MOTIONS

The two-dimensional models shown in Figu=~ 2 * ~~ = 4 (b) are used to carry out the dynamic
analyses of the columns. The response of lumns in the transverse direction is
analyzed. The inertial mass for the horizontal and vertical directions, and the rotational moment
of inertia of the superstructure for the reference column and the recentering columns are assumed
to be 4.62x10° kg, 4.62x10° kg, and 3.2x10° kg m?, respectively. The models are considered
fixed at the bottom of the footing, so potential soil-structure interactions are disregarded.
Potential P-4 effects are also disregarded for the sake of simplicity.

Based on an eigenvalue analysis of the model assuming cracked stiffness properties for
the reference reinforced concrete column, the first, second and third modes have periods of 1.30,
0.18, and 0.05 sec, respectively, as shown in Table 7.2. Rayleigh damping is used to represent
viscous damping. A damping ratio equal to 5% of critical is assumed for the first and third modes.
To remove the sensitivity of the results to differences in assumptions about damping, the
Rayleigh damping used for the reference columnis aso used for the recentering columns.

An ensemble of severe near-field ground motions summarized in Table 7.3 and Figure 7.1,
chosen from a database compiled by the SAC Steel Project (Somerville et a. 1997), is used in
the dynamic analyses. The ground motions used are recorded on soft rock/stiff soil. These ground
motions were modified from the original ground motions in order to represent ground motionsin
the fault-normal and -parallel directions. The ground motions were also processed by lowpass
filtering and baseline removal to ensure not to produce large permanent displacements when
integrated twice to displacement. Only the generally more severe fault-normal components of the
ground motions are used in the analyses.

Figure 7.2 shows acceleration, velocity, and displacement response spectra of the
fault-normal component of the records. For comparison, the ARS curve used in designing
conventiona reinforced concrete columns is shown in Figure 7.2. A damping ratio of 5% is
assumed.

The Japan Meteorological Agency (JMA) Kobe record has the largest peak ground
acceleration. From the response spectra, the Los Gatos record, the Lexington Dam record, and
the Takatori record appear destructive for the analyzed column, whose fundamental period is 1.3

sec, among the 10 ground motions considered.
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Time histories, Fourier spectra, and response spectra of all the ground motions, including

the fault-parallel components, can be found in Appendix F.

7.3 DYNAMIC RESPONSE OF COLUMNS WITH UNBONDED PRESTRESSING
STRANDS

Figure 7.3 compares the dynamic response of the recentering RC columns and the reference
reinforced concrete column subjected to the Lexington Dam record obtained during 1989 Loma
Prieta, California, earthquake. To draw force-displacement hystereses, the lateral force at the
center of gravity of the superstructure is obtained by dividing the bending moment at the bottom
of the column, M, by the height from the top of the foundation to the center of gravity of the
superstructure, h.

The maximum response accelerations of the reference column is 4.8 m/sec?, while those
of the recentering columns are approximately 4.4-5m/sec®. All the columns have nearly the same
force-displacement characteristics when moving away from the origin as expected. The reference
column has the smallest response displacement, while Column No. 5 has the largest, which is
18% larger than the reference column. The pronounced origin-oriented nature of the hysteretic
loops of the recentering columns upon unloading can be clearly seen in Figure 7.3 (c).
Accordingly, the residual displacement of the reference column is 0.042 m, while those of the
columns with the strands are only smaller than 0.01 m.

Figure 7.4 compares stress versus strain hystereses of the center strand, the core concrete
at the compressive edge, and the longitudinal reinforcing bar at the tensile edge. A thicker strand
resultsin smaller tensile strain induced in the strand during the earthquake. The maximum tensile
strand strain of Column No. 9 is 0.0025, while the maximum strains in Columns No. 3 and 5 are
0.0046. The largest compressive concrete strain is observed in Column No. 5, which experiences
the largest response of the columns considered. The concrete strain induced in Column No. 9 is
smaller than the other recentering columns because of the smaller post-tensioning force. Column
No. 5 aso develops the largest rebar tensile strain among the four columns, which is 0.051, 10%
larger than the others. Note that the rebar in the reference column experiences two

unloading/reloading excursions after the peak strain, and more than three times the yield strain
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remains as residual strain after the earthquake excitation, while the strains of the rebar in the
recentering columns do not show such excursions and the residual strains are only less than 10%
of theyield strain.

To investigate general response characteristics of the recentering RC columns, dynamic
responses are computed for the 10 severe ground motions listed in Table 7.3. Figure 7.5
summarizes the maximum and the residual displacements of the columns with the natural period
egual to 1.26 sec. The ultimate displacement of the reference column is also shown in Figure 7.5
(). The displacement time histories for al the 10 ground motions can be found in Appendix G.

As awhole, the maximum responses of the recentering RC columns are aimost the same
as that predicted for the reference column. Because of the high intensity of the ground motions
considered, two of the records (Los Gatos and Takatori) cause the response to exceed the
ultimate displacement capacity.

Relatively large residual displacements are produced in the reference column for the
Lexington Dam and Petrolia records. The residual displacements of the recentering columns are
considerably smaller than that of the reference column for all the ground motions. The exception
isfor Column No. 5 subjected to the Takatori record, where the earthquake results in crushing of
the confined concrete core.

The use of prestressing strands in reinforced concrete columns is proved to be an
effective method to reduce residual displacements after earthquake excitations. However, the
residual displacements obtained even for the conventionally designed reinforced concrete
column are so small that they may not cause the problems anticipated, such as less than 50% the
yield displacement of the reference column, because of the analytical model employed in this
study, as mentioned in Chapter 3. However, this approach would still be useful because reduction
of residual displacements in a similar ratio by providing unbonded prestressing strands can be
expected in the dynamic behavior of actual bridge columns. Further analytical and experimental
investigations are required to assess this tendency and to refine the analytica models that can

predict residual displacements with sufficient accuracy.
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74  NORMALIZED RESPONSE

To help assess the seismic performance of the recentering RC columns, the maximum and the
residual displacements of the recentering columns are normalized with the values obtained from
the reference column. Thus, the normalized maximum displacement Np and the normalized

residual displacement Ngp aredefined here asfollows:

ND — ‘dmax-ReC (7.1)
dmaxrc
d,.
Nrp = —(; ReC (7.2)
rrc

where dipaxre a@nd dy . are the maximum and residual displacements of the reference
reinforced concrete column, and dpgxrec a@nd dy.gec are those of the recentering RC
columns.

Figure 7.6 shows the normalized maximum displacement, Np, and the normalized
residual displacement, Ngp, of the columns, which have a natural period equal to 1.26 sec. The
maximum displacements of Columns No. 5 and 9 are approximately 10% larger than those of the
reference column, while 20% larger maximum displacements are obtained for Column No. 3.
When Column No. 3 is subjected to the IMA Kaobe record, the maximum response is 50% larger
than the reference column. The residual displacements of the recentering columns are about 50%

smaller than those of the reference column, especially for Columns No. 3 and No. 9.

75 COLUMNSWITH VARIOUSNATURAL PERIODS

To investigate the sensitivity of the seismic response of the recentering RC columns to natural
periods, additional columns with various aspect ratios designed in accordance with the Caltrans
SDC are analyzed (see Tables 2.2 and 7.4, and Figures 2.7 and 7.7). The aspect ratios of the
columns vary between 3 and 10, but to simplify, comparisons herein have the same section

geometry and reinforcement. As shown in Table 7.4, the fundamental natural periods evaluated
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from elgenvalue analyses range from 0.51 to 2.74 sec.

For the columns containing the strands, three columns are designed for each aspect ratio
with the same section configurations as Columns No. 3, No. 5, and No. 9. The same values of the
column with aspect ratio equal to 6 are used for the spiral pitch, s, the prestressing force ratio,
Ops, the strand ratio, pps, and the longitudinal reinforcement ratio, p;, while the unbonded
length of prestressing strands, Lyngp, varies from 3D to 10D as the center strands are
debonded from concrete between the bottom of the footing to the top of the column, (Fig. 7.8),
so that the recentering columns with various natural periods have similar trends to that of the
columns with natural period equal to 6, as described in Chapter 6.

Figures 7.9 and 7.10 show the effect of the aspect ratio on the quasistatic behavior of the
recentering RC columns. Hystereses of the columns with aspect ratio equal to 4 and 10 are
shown as examples in Figure 7.9. Hysteretic behavior of the columns with the other aspect ratios
can be found in Appendix E. As awhole, the recentering columns with aspect ratio= 3, 4, 5, 7, 8,

9, and 10 have quasistatic behavior similar to the columns with aspect ratio of 6.

7.6  NORMALIZED MAXIMUM AND RESIDUAL DISPLACEMENT
RESPONSE SPECTRA

A series of dynamic analyses is performed for the conventionally designed reinforced concrete
column and three recentering columns subjected to the 10 severe ground motions for each natural
period. The dynamic response of the columns for each ground motion can be found in Appendix
G

Figure 7.11 shows the maximum and residual displacement response spectra, and Figure
7.12 shows normalized spectra for the Lexington Dam record. The residua displacement has no
significant dependence on the natural period, while the maximum displacement increases as the
natural period increases. A comparison between the three columns with prestressing strands
shows that Column No. 9 performs well. The maximum displacements are only approximately
2-12% larger than that of the reference column, and the residual displacements are reduced about
50% compared to that of the reference column; the exception is for the column with natural

period, Ty , equal to 0.68 sec because coincidentally the residual displacement of the
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conventional design isvery small for that period. Column No. 5 also performs well. Column No.
3 performs relatively poorly, especially for the shorter columns. The maximum displacements are
about 20% larger than the conventional column, with even larger residual displacements
sometimes developing in certain cases. As shown in Figures 7.13 and 7.14, similar trends can be
observed for the Los Gatos and Takatori records.

Because the response of the columns is sensitive to ground motion characteristics, the
normalized maximum displacement Np and the normalized residual displacement Ngp are
statically analyzed to investigate genera trends. Figure 7.15 shows the averaged normalized
displacement response spectra. Generally, the residual displacements are smaller than those of
the conventional columns. For shorter natural periods, the maximum as well as residual
displacements of the recentering columns are relatively large. If columns have enough
energy-dissipation capacity (such as Columns No. 5 and 9), however, the maximum
displacements are only about 10% larger than those of the reference column even for the short
columns.

Note that even if larger residua displacements are obtained from quasi static analyses, the
residual displacements after dynamic shaking become even smaller if a column has relatively
large post-yield stiffness. Column No. 3, which has relatively small energy-dissipation capacity
and post-yield dtiffness, develops 10-30% larger maximum response than that of the
conventionally designed column even if the residual displacements are within an acceptable
range. As a whole, the recentering RC column with the largest post-yield stiffness among the
columns considered, Column No. 9, performs the best overall and is recommended for use in

bridge design.

7.7 SUMMARY

To further understand the seismic performance of the recentering RC columns, a series of

dynamic analyses are performed. Below are the conclusions determined from these analyses:

e Columns with unbonded prestressing strands (recentering RC columns) perform very well

under strong ground shaking. A column with larger post-yield stiffness shows better
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performance for both the residual and maximum displacements.

The residual displacement after dynamic shaking becomes even smaller for a column with
larger post-yield stiffness even if relatively large residual displacements are obtained from

guasistatic cyclic analyses.

A column with smaller energy-dissipation capacity and post-yield stiffness performs poorly.
This column’s response is approximately 10-30% larger than that of a conventionally
designed reinforced concrete column, although the residual displacement is still reduced

from that of the conventional column.
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Table7.1 Columnsconsidered in dynamic analyses

CouMNID|  Lunps | @ps (B) | o (8) | pps 8) | £ (%) |pi+pps (%)
RC | - | - 5 | - 1.18 1.18
No. 3 6D 10 15 0.59 0.18 0.77
No. 5 6D 10 15 0.59 0.59 1.18
No. 9 6D 5 10 0.88 0.59 1.47

Table7.2 Natural period, mode participation factors, and effective masses

Mode |Frequency| Natural M ode Participation Factor Percentage of Effective
No. (Hz) |Period (sec)|Horizontal| Vertical |Rotational Mass Ratio (%)

1 0.77 1.305 20.93 0 18.73 44.4

2 5.71 0.175 8.25 0 51.20 51.3

3 21.95 0.046 0 215 0 98.1

4 38.80 0.026 3.27 0 11.87 99.2

5 103.56 0.010 211 0 5.89 99.6

Table7.3 Near-field earthquake ground motion recor ds consider ed

Record Earthquake Magnitude Ep.i centra PGA (misec)

Distance | Normal | Paralel
Tabas Tabas, Iran, 1978 7.4 1.2 km 8.83 9.59
Los Gatos Loma Prieta, USA, 1989 7.0 3.5km 7.04 4.49
Lexington Dam| LomaPrieta, USA, 1989 7.0 6.3 km 6.73 3.63
Petrolia Cape Mendocino, USA, 1992 7.1 8.5km 6.26 6.42
Erzincan Erzincan, Turkey, 1992 6.7 2.0 km 4.24 4.48
Landers Landers, USA, 1992 7.3 1.1km 7.00 7.84
Rinaldi Northridge, USA, 1994 6.7 7.5km 8.73 3.81
Olive View Northridge, USA, 1994 6.7 6.4 km 7.18 5.84
JMA Kobe Hyogo-ken Nanbu, Japan, 1995 6.9 3.4km 10.67 5.64
Takatori Hyogo-ken Nanbu, Japan, 1995 6.9 4.3 km 7.71 4.16
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Table7.4 Natural periodsof columns

Unbonded | Effective Natural period (sec) ¥
e vt e 1 N S:it:n ﬂi‘f"z‘f 1t Mode 2nd Mode|3rd Mode
3 549m 0.74m 3D 0.44 sec 0.51 0.07 0.03
4 7.32m 0.89m 4D 0.68 sec 0.75 0.11 0.04
5 9.14m 1.03m 5D 0.96 sec 1.01 0.14 0.04
6 10.97 m 1.18 m 6D 1.26 sec 1.30 0.18 0.05
7 12.80m 1.32m 7D 1.58 sec 1.63 0.21 0.05
8 14.63 m 1.47m 8D 1.94 sec 1.97 0.24 0.05
9 16.46 m 1.62m 9D 2.31 sec 2.35 0.27 0.06
10 18.29 m 1.76 m 10D 2.71 sec 2.74 0.30 0.08

Note: (1) For recentering RC columns.

(2) Effective periods are computed from Equation (2.7) for reinforced concrete columns.

(3) Natural periods are evaluated from eigenvalue analyses for the models with

108

cracked stiffness properties of reinforced concrete columns.




Acceleration (m/sec?) Acceleration (m/sec?) Acceleration (m/sec?) Acceleration (m/sec?)

Acceleration (m/sec?)

-10

10

-10

10

10

(€3]

o

'
a1

N
o

! I ! 1 -1

(a) Tabas record

(b) Los Gatos record

T T T T l

1 1 1 1 -1

(c) Lexington Dam record

(e) Erzincan record

(f) Landers record

T T T T = 1

! I ! 1 -1

(9) Rinaldi record

(h) Olive View record

T T T T = 1

Time (sec)
(1) IMA Kaobe record

Time (sec)

(j) Takatori record

Figure7.1 Near-field earthquake ground motions used

109

Acceleration (g)

Acceleration (g)

Acceleration (g)

Acceleration (g)

Acceleration (g)



(B) uoirlePIY RS

™ N —
T

- JMA Kobe
Takatori

-------- OliveView

2
Period (sec)

40

(Pes/W) UoTRIRPADY [eN10RdS

(B) uoirle Y RIBdS
™ N

Lexington Dam

Tabas
- Petrolia

- Los Gatos

ARS
- Erzincan

(Pes/W) UoIRIRPDY [eA1BdS

(a) Acceleration response spectra

200

(93su1) AyoPA [e1109ds
(@] o o
Ln o Lo
— —
T T

o

200

(09s/w) K100 A [ea1090S

(dssu1) Aop A fenoeds
o o (@]

Tp] o [Ye]
— —
H] T T
K 1

[

[ /
i/ r

|

1

(93s/w) AyoPA ehoads

Period (sec)

Period (sec)

(b) Velocity response spectra

(u1) Wewede(ds1q es10eds

o o
o0 O
T
| 1 ] |
N n — To) o
— o
(W) wewede|ds1q [e109ds
(u1) Jwewee|ds1q [es108ds
o o
o0 (o]
T
l l 1 1 M
N n — 0 o
— o

(W) wews2e|dsIq [es1090S

Period (sec)

Period (sec)

(c) Displacement response spectra

Figure7.2 Response spectra of records

110



Acceleration (m/sec?)

Displacement (m)

Input ground mation (L exington Dam record)

RC column

———— Re-Centering Column No. 3|
''''''''' Re-Centering Column No. 5
""""""""" Re-Centering Column No. 9|

RC column |
———— Re-Centering Column No. 3
--------- Re-Centering Column No. 5

""""""""" Re-Centering Column No. 9 |

5 10 15 20
Time (sec)

(b) Response displacement at the superstructure

Lateral Displacement (in)

-20 -10 0 10 20
2 T T T T
RCcolumn 1_ 400
==~ No.3 el
P B - No.5 =TT (v
Z 1 o No. 9 T . 200 &
S
= L
o O/ = 0 =
O o)
(e}
L ®
—
S
4 -200
B ar N Ty
1-400
06 0.3 0 03 06

Lateral Displacement (m)
(c) Force-displacement hystereses

period = 1.26 sec)
111

0.8

04

0.4

-0.8

20

10

0

-10

-20

Acceleration (g)

Displacement (in)

Figure7.3 Dynamic response of columns subjected to Lexington Dam record (natural



Stress f, (MPa)

2000 | —4--No.3 1300
_ ~-#- No.5
g | | - - No.9 -
s 1200
2 1000t . 8
8 / 1100 4
&3 Ve 3

EpsEE
0 0
0 0.005 001 0015
Strain €ps

(a) Strand at center

-20

-0.02 -0.01 0
Strain &c

(b) Core concrete at compressive edge

' " J100
1 50
D
X
0 o
| 50 8
&

1-100

-800 ' '
-0.04 0 0.04 0.08

Strain &g
(c) Rebar at tensile edge

Figure7.4 Sressvs. strain hystereses of columns

112



Re-Centering RC columns

¢ No.3
Il No.5
® No.9

O RC column

(u1) WweWBZR |dS1 WINWI IXe A

’_—_—_—
* [}
8

O

\

8 3

Ultimate Displacement

[ce) © <

o o o

(W) wewede|ds1g wnwixe

o

lomxe

900N VINC

NOIASAIIO

PreUl

Ssipue

ueduizig

elj019d

(a) Maximum displacement

weq "X

SOR9) S0

seqe L

(u1) wewee|dsIq [enpisay

N — o

e 4

1oexe L
@) #8300 YINC
O e MIASAIO
O e PrUNM
@) D siepue]
O WE®ueouizi3
O - eljoird
O H Wueq xe

O H ®4¢s0E)soT

_ T

0.06

S S e
o o
(W) Wwewede|(dsIa enpissy

(b) Residual displacement

=1.26

Sec
113

Figure7.5 Maximum and residual displacements of columnswith natural period
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8 Conclusions

Conventional reinforced concrete bridge columns located in regions of high seismicity are
designed with large ductility capacity for adequate protection against collapse. This type of
design tends to result in large permanent displacements. To maximize post-event operability and
minimize repair costs, new design strategies to reduce these residual displacements are
necessary.

To minimize residual displacements in reinforced concrete columns, a design is proposed
whereby some of the usual longitudinal mild reinforcing bars are replaced by longitudinal
prestressing strands. The seismic performance of such columns with prestressing strands
(recentering RC columns) is investigated through a series of quasistatic analyses and dynamic
analyses. Conventiona reinforced concrete columns and columns with mild reinforcement
combined with prestressing strands are analytically idealized as two-dimensional models with
fiber representations of sectionsin the plastic hinge region.

From the quasistatic cyclic analyses presented herein, the following conclusions were
reached:

e The residua displacements of reinforced concrete columns decrease as the amount of the
longitudinal reinforcing bars decreases or the magnitude of the axial force increases. Under
an axial load of 9 MN (total axial forceratio ¢ = 10%), the residual displacement from the
ultimate displacement decreases from 0.424 m to 0.02 m as the longitudina reinforcement

ratio decreases from 1.82% to 0.52%.

e Replacing half of the rebar with strands and applying an axial load that is equivalent to the
axial load due to the dead load as a prestressing force results in a 25% decrease in the

residual displacement on the unloading path from the ultimate displacement compared to a



conventional reinforced concrete column designed in accordance with the Caltrans SDC.

In terms of flexural strength and ease of construction, incorporating a single bundle of strand
at the center of the cross section results in the best performance. Additional confinement for

the core concrete is required to prevent premature crushing of the concrete.

When the center strand is unbonded, the residual displacement from the ultimate
displacement is 0.061 m (which is only 14% of that found for a conventional design), and
desirable flexural strength is obtained. Furthermore, unbonding the strand leads to the strand

remaining elastic and the core concrete strain smaller than the ultimate strain.

Unbonding of longitudinal mild reinforcement also effectively reduces the residual

displacements of reinforced concrete columns.

A denser spira configuration results in smaller residual displacement and larger post-yield
stiffness. Considering ease of construction and performance, the half spiral pitch of a
reinforced concrete column designed in accordance with the Caltrans SDC is recommended

for columns with unbonded prestressing strands.

Longer unbonded length and a prestressing force ratio between 5% and 10% are preferable
for columns with prestressing strands. The post-yield stiffness can be controlled by varying
the amount of strands incorporated into the column. Smaller p, is preferable for reducing
residual displacement, however, it results in smaller flexural strength and reduces the

energy-dissipation capacity of the column.

The parametric analyses for 256 columns with unbonded prestressing strands find that strand
ratio pps can be taken from 0.15% to 0.88%, depending on the combination with o g
and p, but the total steel ratio (pps+ ) should be larger than about 0.7%. The
longitudinal reinforcement ratio p; cannot be larger than 0.59% to obtain small residual

displacement.
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From the dynamic analyses presented herein, the following conclusions were reached:

Columns with unbonded prestressing strands perform very well under strong ground shaking.
Columns with larger post-yield stiffness shows better performance for both the residual

displacement and maximum displacement.

The residual displacement after dynamic shaking becomes smaller due to larger post-yield

stiffness even if relatively large residual displacement is obtained from a quasistatic analysis.

A column with smaller energy-dissipation capacity and post-yield stiffness performs poorly.
The response of this column is approximately 10-30% larger than that of a conventional
design, although the residual displacement is still smaller compared to the conventionally

designed reinforced concrete column.

To apply this technology in bridge design, additional research in the following areas is

necessary:

Experimental investigations are required to develop analytical methods predicting with
sufficient accuracy residual displacements after earthquake excitation of columns with

unbonded prestressing strands..

The analyses presented in this report do not include P-delta effects. Post-yield stiffness of
columns with unbonded prestressing strands as well as reinforced concrete columns
decreases due to P-delta effects and this may require larger seismic demand. Additional
analyses are required to assess P-delta effects on the dynamic response of columns with
strands. Research on this subject is under way and partial results can be found in Appendix
A.

The effect of multi-directional loading should be determined by dynamic tests as well as
analytical study.
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Experimental research is necessary to determine the advantages and disadvantages of
unbonding of longitudinal mild reinforcement of reinforced concrete columns and columns
with prestressing strands. The effects of the residual rotation due to the strain penetration and
the bond dlip of the rebar from the footing will be determined when a refined model is
developed.

Dynamic analyses of multi-span bridges supported by columns with prestressing strands are

required to explore the system response.
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Appendix A: P-Delta Effects

A.1 INTRODUCTION

As a bridge column deforms laterally during earthquake excitation, the gravity load of the
superstructure induces column moments in addition to those resulting from lateral inertial forces,
this is referred to as P-4 effects. This results in smaller post-yield stiffness or even negative
post-yield stiffness, which in turn can lead to larger seismic demand.

To assess P-A effects on the hysteretic behavior and the dynamic response of recentering
RC columns, a series of quasistatic cyclic analyses and dynamic analyses are conducted for the

columns with aspect ratio = 6.

A.2 INITIAL STRESSMATRIX

The initial stress matrix [kg| is added to the stiffness matrix of beam elements and fiber

elements to include P- A effects due to the gravity load of the superstructure.
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where P isthe gravity load induced in the elementsand L isthe element length.

A.3 P-DELTA EFFECTS ON QUASISTATIC BEHAVIOR OF A CONVENTIONAL
REINFORCED CONCRETE COLUMN AND RECENTERING RC COLUMNS

Figure A.1 compares the hysteretic behaviors of a conventional reinforced concrete column
designed in accordance with the SDC (the reference column) with and without P- A effects. The
lateral force remains almost constant at 1.15 MN after yielding when P- A effects are included in
the analyses, while the lateral force increases up to 1.44 MN with 3.9% of the post-yield stiffness
ratio without P- A effects. As shown in Figure A.1 (b), the residual displacements obtained from
the analysis including P- A effects are 5 to 10% larger than those from the analyses without
considering P- A effects.

Figure A.2 shows the hystereses of the recentering RC columns No. 3, No. 5, and No. 9;
Table A.1 summarizes the results from the quasistatic analyses. As seen in the reference column,
the post-yield stiffness and the flexural strength decrease and the residual displacement increases
when P- A effects are included.

A.4 P-DELTAEFFECTSON DYNAMI|C RESPONSE OF COLUMNS

The two-dimensional analytical model shown in Figures 4.1 and 5.5 (b), and the ensemble of
severe near-field ground motions shown in Table 7.3 and Figure 7.1, are again used to carry out
the dynamic analyses of the reference column and the recentering columns. The natural period of
the model of the reference column including the initial stress matrix [kg] is 1.33 sec, which is
0.03 sec longer due to including [kG] The Rayleigh damping used in the dynamic analyses
described in Chapter 7 is also used to represent viscous damping here.

Figure A.3 shows the P- A effects on the dynamic response of the reference reinforced
concrete column. This figure suggests that including P- A4 effects directly results in neither a
larger seismic demand nor a big increase of residual displacement, although this leads to smaller

post-yield stiffness and a smaller flexural strength. If the first big pulse of the ground motion
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results in the maximum response displacement, as shown in Figure A.3 (a), the maximum
displacement increases 4% because of the smaller flexural strength and the smaller post-yield
stiffness. On the other hand, if the second big pulse following the first big pulse in the opposite
direction generates the maximum displacement, the maximum displacement becomes even
smaller with P- A effects included because the larger displacement occurs in the opposite
direction due to the first pulse, as shown in Figure A.3 (b). When the column is subjected to the
Lexington Dam record, the maximum response decreases by 12%, while the maximum response
in the negative direction, which results from the first big pulse, increases by 12%. Note that the
residual displacements increase by 0.01 m anyway in both responses when the [kg] matrix is
included in the analyses.

Figure A.4 summarizes the maximum and residual displacements of the conventionally
designed reinforced concrete column. While the maximum displacements do not increase so
much as expected as a whole, the residua displacements tend to increase slightly due to P- 4
effects.

Figures A.5 and A.6 show the dynamic response of recentering RC columns for the
Petrolia record and the Lexington Dam record, respectively, and Figure A.7 shows the summary
of the maximum and residual displacements. No significant P- A effects on the maximum and
residual displacements are observed.

Figure A.8 shows the normalized maximum displacement, Np, and the normalized
residual displacement, Ngp, of the columns. The same conclusions as outlined in Chapter 7 are
applicable here: the column with the larger post-yield stiffness (Column No. 9) shows better

performance for both the residual displacement and the maximum displacement.

135



TableA.1

column and recentering RC columns

P-4 effects on quasistatic behavior of conventional reinforced concrete

Conventional column

Recentering column

No. 3
No With No With
P-A effects P-A effects P-A effects P-A effects

Residual Displacement (mm) 434 490 17 18
First Yield Force (MN) 0.89 0.85 0.90 0.87
Flexural Strength (MN) 1.45 1.17 1.25 1.01
Initial Stiffness (MN/m) 12.3 11.9 11.8 11.4
Post-Yield Stiffness (MN/m) 0.48 0.04 0.40 -0.02
Post-Yield Stiffness Ratio (%) 3.90 0.36 3.35 -0.14
Dissipated Energy (MNm) 3.52 3.51 1.02 101

Recentering column

Recentering column

No. 5 No. 9

No With No With

P-Aeffects | P-Aeffects | P-Aeffects | P-Aeffects
Residual Displacement (mm) 50 61 78 117
First Yield Force (MN) 1.07 1.06 0.86 0.83
Flexural Strength (MN) 1.56 1.30 152 125
Initial Stiffness (MN/m) 12.6 11.9 119 115
Post-Yield Stiffness (MN/m) 0.51 0.09 0.78 0.36
Post-Yield Stiffness Ratio (%) 4.01 0.78 6.49 3.16
Dissipated Energy (MNm) 2.04 2.04 2.01 2.01
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Quasistatic Behavior of
Reinforced Concrete Columns

Appendix B:

This appendix shows the lateral force-lateral displacement hystereses and the stress-strain
hystereses of the core concrete at the compressive edge and the longitudinal reinforcing bar at
the tensile edge of all the reinforced concrete columns considered in Chapter 4. Various

considered are:

Magnitude of axial load: P/ feoPg = 0%, 5%, 10% and 20%

Amount of longitudinal reinforcement: o =0.52%, 1.18% and 1.82%
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FigureB.1 Hysteresisof referencecolumn (p; =1.18% and P/féOAg =5%)



Lateral Force (MN)

Lateral Force (MN)

Lateral Displacement (in) 0 ' - 0
30 20 10 0 10 20 30 ) —
; 2
T T T T T T é _20 B , :sc/
ol Reference column > 4
1 400 2 X
§ -aof e 8
z & @
200 = 60 . . 1-8
Q -0.03 -002 -0.01 0
0 5 Strain &
LL
T (a) Core concrete
800 :
200 85 - 100
2 o | ©Z
1 -400 = 0
21 ~ 0 0 .
' : 8 40| 19053
-0.8 -0.4 0 0.4 0.8 7 100
Lateral Displacement (m) -800 ! TR E R
-0.04 0 _ . 004 0.08
Strain &g
_ . (b) Rebar
(1) Force-displacement hysteresis (2) Stress-strain hystereses
FigureB.2 Columnwith p; =0.52% and P/fl,Aq =0%
Lateral Displacement (in) 0 ' 0
-30 20 -10 0 10 20 30 5 =~
12®
T T T T T T é _20 B é
oL Reference column o 14
1 400
§ -aof J6 8
—_ = e/_)'
s 7 |8
< -60 ! '
) -0.03 -002 -0.01 0
LBL Strain &c
T (a) Core concrete
ks 800 — 7 100
S ~
% 400+ 1 50 g
L 0 0+’
' ' 8 40| |50 8
-0.8 -0.4 0 0.4 0.8 &
Lateral Displacement (m) -800 . l . . 1100
-0.04 0 . 004 0.08
Strain &
(b) Rebar

(1) Force-displacement hysteresis

146

(2) Stress-strain hystereses
FigureB.3 Columnwith p; =0.52% and P/fiAg =5%
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Appendix C: Quasistatic Behavior of
Reinforced Concrete Columns
with Unbonded Longitudinal
Mild Reinforcement

This appendix shows the lateral force-latera displacement hystereses and the stress-strain
hystereses of the core concrete at the compressive edge and the longitudinal reinforcing bar at
the tensile edge of the columns to show the effect of unbonding of longitudinal mild

reinforcement described in Chapter 5. Variables considered are:

Unbonded length of rebar: L. =3.66m(2D),549m(3D)and7.32m (4D)
Magnitude of axial load: P/ feoAy = 5%, 10% and 20%

N
() Round bar (b) Deformed bar covered with debonding medium

FigureC.1 Unbonding methods of longitudinal mild rebar from adjacent concrete
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(2) Stress-strain hystereses
FigureC.7 Columnwith P/fcAg =10% and Ly.s =4D
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(2) Stress-strain hystereses
FigureC.9 Columnwith P/fi,Ag =20% and Lyn.s =3D
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Appendix D: Quasistatic Behavior of
Recentering RC Columns

This appendix summarizes the hysteretic behavior of the 256 recentering RC columns described

in Chapter 6. Variables considered are:

Unbonded length of strand Ly ps:
2D (3.66m),3D (549m),4D (7.32m),and6D (10.98 m)
Prestressing forceratio «ps (Prestressing force):
0% (0 MN), 5% (4.5 MN), 10% (9.1 MN), and 15% (13.6 MN)
Strand ratio pps (Nominal area of strand):
0.15% (0.0039 m?), 0.29% (0.0077 m?), 0.59% (0.0155 m?), and 0.88% (0.0232 m?),
Longitudinal reinforcement ratio p; (Nominal diameter of rebar; Imperia size):
0.18% (16 mm,; #5), 0.35% (22 mm; #7), 0.59% (29 mm; #9), and 0.92% (36 mm; #11)

Values considered to assess the performance of the columns are:

1. Quasistatic residual displacement d,.g,
(Residual displacement on the unloading path from near the ultimate displacement)
2. Firstyield force Fyq (Forceat thefirst rebar yielding)
3. Flexural strength Fox (Maximum lateral force)
4. Initial Stiffness K, (See Equation 4.1 for definition)
5. Post-Yield Stiffness K, (See Equation 4.2 for definition)
6. Accumulated energy dissipation through all the cycles Ep



TableD.1 Performance of recentering columns(Lyn.ps =6D and ppg =0.15%)

Coum| | | pps | A | aps | Resdud | FirstYied gf::;'] S't;'ftr'ﬁ‘;s P;ﬁ?r::sd D:‘:e'“r’gtyed
ID No. P51 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | - 118 | ---- 434 0.89 1.45 12.3 0.48 3.52
PC1111 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC1112 0.18 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC1113 5 5 0.66 0.89 11.1 0.23 0.81
PC1114 0 2 0.42 0.68 9.0 0.33 0.76
PC1121 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC1122 0.35 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC1123 5 9 0.76 1.05 11.3 0.31 1.34
PC1124| 6D 0.15 0 17 0.51 0.84 10.0 0.40 1.34
PC1131 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC1132 0.59 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC1133 5 35 0.86 1.25 11.9 0.40 2.00
PC1134 0 226 0.61 1.06 11.0 0.51 2.05
PC1141 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC1142 0.92 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC1143 5 217 101 153 125 0.51 2.82
PC1144 0 370 0.75 1.35 11.9 0.63 2.90

NOTE:PC1133 is Column No. 6 in Table 6.2.
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FigureD.1 Performance of recentering columns(Lyn.ps =6D and pps =0.15%)
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TableD.2 Performance of recentering columns(Lyy.ps =6D and ppg =0.29%)

Coum| | | pps | p | aps | Resdud | FirstYield gf;‘:éi Sltlrll‘:‘trllis P;ﬁ;:::sd D;fe‘:jyed
ID No. PS1 (%) | (%) | (%) | Disp.(mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | - 118 | - 434 0.89 1.45 12.3 0.48 3.52
PC1211 15 19 1.10 1.23 12.4 0.02 1.07
PC1212 018 | 10 13 0.90 1.15 11.8 0.25 0.95
PC1213 5 6 0.68 0.99 10.7 0.39 0.84
PC1214 0 3 0.42 0.79 9.1 0.50 0.77
PC1221 15 29 1.17 1.37 12.6 0.08 151
PC1222 035 | 10 20 0.98 1.29 121 0.30 1.42
PC1223 5 11 0.76 1.13 11.3 0.45 1.35
PC1224| 6D | 0.29 0 26 0.51 0.95 10.0 0.56 1.33
PC1231 15 50 1.26 1.55 12.9 0.16 2.08
PC1232 059 | 10 38 1.07 1.47 126 0.37 2,02
PC1233 5 42 0.86 1.33 11.9 0.52 1.99
PC1234 0 197 0.61 1.15 11.0 0.64 2.03
PC1241 15 11 1.40 1.81 133 0.27 279
PC1242 092 | 10 119 1.21 1.73 13.0 0.47 278
PC1243 5 204 1.01 1.59 125 0.62 2.80
PC1244 0 339 0.75 1.43 11.9 0.75 288

NOTE:PC1222 is Column No. 1in Table 6.2.
PC1232 is Column No. 2 in Table 6.2.
PC1233is Column No. 7 in Table 6.2.
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FigureD.3 Performance of recentering columns(Ly.ps =6D and ppg =0.29%)
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TableD.3 Performance of recentering columns(Lyn.ps =6D and ppg =0.59%)

Coum| | | pps | A | aps | Resdud | Firs Yied gf;‘:éi Sllr;'ftr']"f‘;s P;ﬁ?r::sd D:‘:e'“r’gtyed
ID No. P51 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | - 118 | - 434 0.89 1.45 12.3 0.48 3.52
PC1311 15 31 1.10 1.36 12.4 0.22 1.18
PC1312 018 | 10 17 0.90 1.25 11.8 0.40 1.02
PC1313 5 8 0.68 1.11 10.8 0.57 0.89
PC1314 0 5 0.43 0.96 9.1 0.73 0.81
PC1321 15 46 1.17 1.49 126 0.27 1.60
PC1322 035 | 10 26 0.98 1.38 121 0.44 1.47
PC1323 5 16 0.76 1.25 11.3 0.62 1.38
PC1324| 6D | 059 0 45 0.51 1.10 10.0 0.78 1.34
PC1331 15 72 1.26 1.67 12.9 0.33 2.14
PC1332 059 | 10 50 1.07 1.56 126 0.51 2.04
PC1333 5 61 0.86 1.44 11.9 0.67 2.00
PC1334 0 175 0.61 1.29 11.0 0.83 2.01
PC1341 15 132 1.40 1.91 133 0.42 2.83
PC1342 092 | 10 134 1.21 1.81 13.0 0.59 278
PC1343 5 198 1.01 1.69 125 0.76 278
PC1344 0 300 0.75 1.55 11.9 0.92 2.84

NOTE:PC1312 is Column No. 3in Table 6.2.
PC1322 is Column No. 4 in Table 6.2.
PC1332is Column No. 5in Table 6.2.
PC1333is Column No. 8 in Table 6.2.
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TableD.4 Performance of recentering columns(Lyy.ps =6D and p,g =0.88%)

] T | o | e | e | | B | ] e oo
ID No. P51 (%) | (%) | (%) | Disp.(mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | ----- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC1411 15 36 1.10 141 12.4 0.27 1.23
PC1412 0.18 10 21 0.90 1.32 11.8 0.48 1.07
PC1413 5 11 0.69 121 10.8 0.68 0.94
PC1414 0 7 0.43 1.08 9.2 0.86 0.85
PC1421 15 54 117 154 12.6 0.32 1.64
PC1422 0.35 10 33 0.98 1.45 12.1 0.52 151
PC1423 5 22 0.77 134 11.3 0.73 141
PC1424| 6D 0.88 0 59 0.51 121 10.1 0.90 1.36
PC1431 15 85 1.26 171 12.9 0.38 2.17
PC1432 0.59 10 65 1.07 1.62 12.6 0.58 2.07
PC1433 5 78 0.86 152 11.9 0.78 2.01
PC1434 0 169 0.61 1.39 11.0 0.96 2.01
PC1441 15 148 1.40 1.95 13.3 0.47 2.85
PC1442 0.92 10 150 121 1.86 13.0 0.66 2.79
PC1443 5 200 101 1.76 125 0.85 2.78
PC1444 0 279 0.76 164 11.9 1.03 2.82

NOTE: PC1433 is Column No. 9in Table 6.2.
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FigureD.7 Performance of recentering columns(Lyn.ps =6D and pps =0.88%)
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TableD.5 Performance of recentering columns(Lyy.ps =4D and ppg =0.15%)

Coum| | | pps | ;| aps | Resicud | First Yied gfg:gri Sl;;?}‘lg P;ﬁ;:f D:::e'?gtyed
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | -—-- 118 | ----- 434 0.89 1.45 12.3 0.48 3.52
PC2111 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC2112 0.18 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC2113 5 5 0.68 0.91 10.7 0.25 0.83
PC2114 0 3 0.42 0.74 9.1 0.42 0.77
PC2121 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC2122 0.35 10 (The prestressing strand yields when the initial prestressing force isinduced.)
PC2123 5 10 0.76 1.07 11.3 0.32 1.35
PC2124| 4D 0.15 0 21 0.51 0.90 10.0 0.49 1.33
PC2131 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC2132 0.59 10 (The prestressing strand yields when the initial prestressing force isinduced.)
PC2133 5 45 0.86 1.27 11.9 0.42 2.00
PC2134 0 208 0.61 111 11.0 0.58 2.04
PC2141 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC2142 0.92 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC2143 5 223 1.01 1.55 12.5 0.53 2.82
PC2144 0 353 0.75 1.39 11.9 0.69 2.89
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FigureD.9 Performance of recentering columns(Lyn.ps =4D and pps =0.15%)
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FigureD.10 Hysteretic behaviorsof recentering columns (Lyy.ps =4D and

Pps =0.15%)
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TableD.6 Performance of recentering columns(Lyy.ps =4D and ppg =0.29%)

Coum| | | pps | p | aps | Resdud | FirstYield gf;‘:éi Sltlrll‘:‘trllis P;ﬁ;:::sd D;fe‘:jyed
ID No. PS1 (%) | (%) | (%) | Disp.(mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | - 118 | - 434 0.89 1.45 12.3 0.48 3.52
PC2211 15 18 1.10 1.24 12.4 0.02 1.07
PC2212 018 | 10 14 0.90 1.18 11.8 0.28 0.98
PC2213 5 7 0.68 1.06 10.8 0.49 0.86
PC2214 0 4 0.43 0.89 9.2 0.63 0.79
PC2221 15 28 1.17 1.37 12.6 0.08 152
PC2222 035 | 10 22 0.98 1.32 121 0.34 1.44
PC2223 5 14 0.77 1.20 11.3 0.54 1.36
PC2224| 4D | 0.29 0 35 0.51 1.03 10.1 0.68 1.33
PC2231 15 52 1.26 1.56 12.9 0.16 2.08
PC2232 059 | 10 44 1.07 151 126 0.41 2,03
PC2233 5 51 0.86 1.39 11.9 0.61 1.99
PC2234 0 182 0.61 1.23 11.0 0.75 2.02
PC2241 15 124 1.40 1.82 133 0.27 2.80
PC2242 092 | 10 132 1.21 1.76 13.0 0.51 278
PC2243 5 200 1.01 1.65 125 0.69 279
PC2244 0 314 0.76 1.50 11.9 0.84 2.86

NOTE: PC2233 is Column No. 10in Table 6.2.
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FigureD.11 Performance of recentering columns(Lyn.ps =4D and pps =0.29%)
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FigureD.12 Hysteretic behaviorsof recentering columns(Lyn.ps =4D and pps =
0.29%)
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TableD.7 Performance of recentering columns(Lyy.ps =4D and p,g =0.59%)

] T | o | e | e | | B | ] e oo
ID No. P51 (%) | (%) | (%) | Disp.(mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | ----- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC2311 15 37 1.10 141 12.4 0.27 124
PC2312 0.18 10 21 0.90 1.32 11.8 0.48 1.07
PC2313 5 11 0.69 1.22 10.8 0.68 0.94
PC2314 0 7 0.43 1.09 9.3 0.87 0.85
PC2321 15 54 1.18 154 12.6 0.31 1.65
PC2322 0.35 10 33 0.98 1.45 12.2 0.52 151
PC2323 5 22 0.77 135 11.3 0.72 141
PC2324| 4D 0.59 0 58 0.52 1.22 10.1 0.90 1.36
PC2331 15 86 1.30 171 12.8 0.38 2.18
PC2332 0.59 10 65 1.07 1.63 12.6 0.58 2.08
PC2333 5 78 0.86 152 12.0 0.78 2.02
PC2334 0 167 0.61 1.40 111 0.96 2.01
PC2341 15 149 141 1.95 13.3 0.47 2.85
PC2342 0.92 10 151 121 1.87 13.0 0.66 2.79
PC2343 5 199 101 177 125 0.85 2.78
PC2344 0 277 0.80 1.65 11.8 1.04 2.82

NOTE: PC2333 is Column No. 11 in Table 6.2.
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FigureD.13 Performance of recentering columns (Lyn. ps =4D and pps =0.59%)
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FigureD.14 Hysteretic behaviorsof recentering columns(Lyn.ps =4D and pps =
0.59%)
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TableD.8 Performance of recentering columns(Lyy.ps =4D and p,g =0.88%)

e T | | e | o | e | B | ] e | oo
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | --—--- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC2411 15 46 1.10 1.46 12.4 0.31 131
PC2412 0.18 10 28 0.91 1.40 11.9 0.54 115
PC2413 5 16 0.69 132 10.9 0.77 1.01
PC2414 0 13 0.44 122 9.4 0.97 0.92
PC2421 15 67 1.18 159 12.6 0.36 1.70
PC2422 0.35 10 45 0.98 152 12.2 0.58 1.57
PC2423 5 35 0.77 144 114 0.81 1.47
PC2424| 4D 0.88 0 74 0.52 135 10.2 1.02 1.40
PC2431 15 105 1.30 1.76 12.8 0.42 2.22
PC2432 0.59 10 88 1.10 1.69 12.4 0.64 2.12
PC2433 5 102 0.86 161 12.0 0.86 2.05
PC2434 0 166 0.65 152 10.9 1.08 2.02
PC2441 15 171 141 1.99 13.3 0.51 2.88
PC2442 0.92 10 174 121 1.93 13.0 0.72 2.81
PC2443 5 207 101 1.85 12.6 0.93 2.79
PC2444 0 261 0.80 1.76 11.8 1.15 2.80
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FigureD.15 Performance of recentering columns (Lyn. ps =4D and pps =0.88%)
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TableD.9 Performance of recentering columns(Lyn.ps =3D and pp

= 0.15%)

caumnl | o | [ o | rean | v [ SR e e | o
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | -—-- 118 | ----- 434 0.89 1.45 12.3 0.48 3.52
PC3111 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC3112 0.18 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC3113 5 5 0.68 0.92 10.8 0.23 0.84
PC3114 0 3 0.43 0.79 9.1 0.50 0.77
PC3121 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC3122 0.35 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC3123 5 10 0.76 1.08 11.3 0.31 1.36
PC3124| 3D 0.15 0 25 0.51 0.95 10.0 0.56 1.33
PC3131 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC3132 0.59 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC3133 5 63 0.86 1.28 11.9 0.41 2.01
PC3134 0 195 0.61 1.16 11.0 0.65 2.03
PC3141 15 (The prestressing strand yields when the initial prestressing force is induced.)
PC3142 0.92 10 (The prestressing strand yields when the initial prestressing force is induced.)
PC3143 5 234 1.01 1.56 12.5 0.53 2.82
PC3144 0 337 0.76 1.43 11.9 0.75 2.88
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FigureD.17 Performance of recentering columns (Lyn. ps =3D and ppg =0.15%)
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FigureD.18 Hysteretic behaviors of recentering columns(Lyn. ps =3D and ppg =
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TableD.10 Performance of recentering columns(Lyn.ps =3D and pps =0.29%)

Coum| | | s | p | aps | Residud | FirstYield gf;‘:éi Sltlrll‘:‘trllis P;ﬁ;:::sd D;fe‘:jyed
ID No. PS1 (%) | (%) | (%) | Disp.(mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | - 118 | - 434 0.89 1.45 12.3 0.48 3.52
PC3211 15 17 1.10 1.24 12.4 0.03 1.07
PC3212 018 | 10 14 0.90 1.21 11.8 0.29 1.00
PC3213 5 8 0.69 1.12 10.8 0.56 0.89
PC3214 0 5 0.43 0.97 9.2 0.73 0.81
PC3221 15 28 1.17 1.37 12.6 0.08 152
PC3222 035 | 10 23 0.98 1.35 122 0.35 1.46
PC3223 5 16 0.77 1.25 11.3 0.61 1.38
PC3224| 3D | 0.29 0 43 0.51 1.11 10.1 0.78 1.34
PC3231 15 55 1.30 1.56 12.8 0.16 2.08
PC3232 059 | 10 51 1.07 1.53 126 0.42 2.04
PC3233 5 62 0.86 1.44 12.0 0.67 2.00
PC3234 0 172 0.61 1.30 11.1 0.84 2.01
PC3241 15 139 1.40 1.82 133 0.27 2.80
PC3242 092 | 10 146 1.21 1.79 13.0 0.52 278
PC3243 5 198 1.01 1.69 125 0.75 278
PC3244 0 297 0.80 1.56 11.8 0.92 2.84

NOTE: PC3233is Column No. 12 in Table 6.2.
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FigureD.19 Performance of recentering columns (Lyn. ps =3D and ppg =0.29%)
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FigureD.20 Hysteretic behaviorsof recentering columns(Lyn.ps =3D and ppg =
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Figure D.20—continued
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TableD.11 Performance of recentering columns(Lyy. ps =3D and p,g =0.59%)

] T | | e | o | e | B | | s | oo
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | --—--- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC3311 15 43 1.10 145 12.4 0.29 1.28
PC3312 0.18 10 25 0.91 1.38 11.9 0.52 1.12
PC3313 5 14 0.69 1.29 10.9 0.74 1.00
PC3314 0 11 0.44 1.19 9.4 0.95 0.90
PC3321 15 63 1.18 157 12.6 0.34 1.69
PC3322 0.35 10 41 0.98 151 12.2 0.57 1.55
PC3323 5 31 0.77 142 114 0.79 1.45
PC3324| 3D 0.59 0 69 0.52 131 10.2 0.98 1.39
PC3331 15 100 1.30 1.74 12.8 0.40 2.21
PC3332 0.59 10 81 111 1.68 12.4 0.62 211
PC3333 5 93 0.86 1.59 12.0 0.85 2.03
PC3334 0 165 0.65 1.49 10.9 1.04 2.01
PC3341 15 165 141 1.98 13.3 0.49 2.87
PC3342 0.92 10 169 121 191 13.0 0.70 2.81
PC3343 5 203 101 1.83 12.6 0.91 2.78
PC3344 0 263 0.80 1.73 11.8 1.12 2.80
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FigureD.21 Performance of recentering columns (Lyn. ps =3D and ppg =0.59%)
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TableD.12 Performance of recentering columns(Lyn.ps =3D and pps =0.88%)

] T | | e | o | e | B | D] e | oo
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | --—--- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC3411 15 4 111 151 12.4 0.32 1.37
PC3412 0.18 10 35 0.91 1.46 11.9 0.56 1.21
PC3413 5 22 0.70 1.39 11.0 0.80 1.09
PC3414 0 22 0.44 131 9.5 1.02 0.99
PC3421 15 82 1.18 1.63 12.7 0.36 1.76
PC3422 0.35 10 58 0.98 158 12.2 0.60 1.63
PC3423 5 51 0.78 152 114 0.84 1.53
PC3424| 3D 0.88 0 89 0.52 144 10.3 1.07 1.45
PC3431 15 126 1.30 1.79 12.8 0.43 2.27
PC3432 0.59 10 110 111 1.74 125 0.66 2.16
PC3433 5 123 0.87 1.68 12.0 0.90 2.09
PC3434 0 172 0.65 161 11.0 1.13 2.04
PC3441 15 191 141 2.02 13.3 0.52 2.92
PC3442 0.92 10 193 1.26 1.97 12.9 0.74 2.85
PC3443 5 216 101 191 12.6 0.97 2.80
PC3444 0 256 0.80 184 11.9 1.20 2.79
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FigureD.23 Performance of recentering columns (Lyn.ps =3D and pps =0.88%)
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TableD.13 Performance of recentering columns(Lyn.ps =2D and pps =0.15%)

cauml | g | n | oy | memam [ mviea | S [ e e | o
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | -—-- 118 | ----- 434 0.89 1.45 12.3 0.48 3.52
PC4111 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC4112 0.18 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC4113 5 4 0.69 0.93 10.8 0.18 0.87
PC4114 0 4 0.43 0.89 9.2 0.63 0.79
PC4121 15 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC4122 0.35 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC4123 5 17 0.77 1.08 11.3 0.26 1.38
PC4124| 2D 0.15 0 35 0.51 1.04 10.1 0.68 1.33
PC4131 15 (The prestressing strand yields when the initial prestressing force isinduced.)
PC4132 0.59 10 (The prestressing strand yields when theinitial prestressing force isinduced.)
PC4133 5 121 0.86 1.29 12.0 0.37 2.03
PC4134 0 180 0.61 1.23 11.1 0.75 2.02
PC4141 15 (The prestressing strand yields when the initial prestressing force is induced.)
PC4142 0.92 10 (The prestressing strand yields when the initial prestressing force is induced.)
PC4143 5 264 101 1.57 12.5 0.49 2.83
PC4144 0 313 0.80 1.50 11.8 0.85 2.86
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FigureD.25 Performance of recentering columns (Lyn. ps =2D and ppg =0.15%)
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FigureD.26 Hysteretic behaviorsof recentering columns (Lyn. ps =2D and ppg =
0.15%)
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TableD.14 Performance of recentering columns(Lyn.ps =2D and pps =0.29%)

Coum| | | pps | p | aps | Resitud | FirstYied gfg:gri S'Ur;:fr']"f‘;s P;ﬁ;:';'sd D'Efe'“r’gtyed
ID No. P51 (%) | (%) | (%) | Disp.(mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | — | - 118 | - 434 0.89 1.45 12.3 0.48 3.52
PC4211 15 14 1.10 1.24 12.4 0.03 1.08
PC4212 018 | 10 13 0.1 1.23 11.9 0.24 1.04
PC4213 5 10 0.69 1.19 10.9 0.61 0.95
PC4214 0 7 0.44 1.10 9.3 0.87 0.86
PC4221 15 28 1.17 1.38 12.6 0.08 153
PC4222 035 | 10 26 0.98 1.37 12.2 0.31 1.49
PC4223 5 23 0.77 1.33 11.4 0.67 1.42
PC4224| 2D | 0.29 0 57 0.52 1.23 10.2 0.91 1.36
PC4231 15 72 1.30 1.56 12.8 0.16 2.09
PC4232 059 | 10 74 1.10 155 12.4 0.39 2.07
PC4233 5 86 0.86 151 12.0 0.73 2.02
PC4234 0 165 0.61 1.41 11.1 0.96 2.01
PC4241 15 175 1.41 1.82 133 0.27 2.81
PC4242 092 | 10 179 121 1.81 13.0 0.51 2.79
PC4243 5 206 1.01 1.76 12.6 0.82 278
PC4244 0 274 0.80 1.66 11.8 1.04 281
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FigureD.27 Performance of recentering columns (Lyy. ps =2D and pps =0.29%)
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FigureD.28 Hysteretic behaviorsof recentering columns (Lyn.ps =2D and ppg =
0.29%)
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Figure D.28—continued
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TableD.15 Performance of recentering columns(Lyn.ps =2D and pps =0.59%)

] T | | e | o | e | B | D] e | oo
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | --—--- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC4311 15 53 111 151 125 0.30 1.37
PC4312 0.18 10 35 0.91 1.46 12.0 0.55 1.22
PC4313 5 22 0.70 1.40 11.0 0.79 1.10
PC4314 0 22 0.45 132 9.6 1.02 0.99
PC4321 15 81 1.18 1.62 12.7 0.35 1.76
PC4322 0.35 10 59 0.99 158 12.2 0.59 1.63
PC4323 5 52 0.78 152 115 0.84 1.53
PC4324| 2D 0.59 0 88 0.53 145 10.4 1.07 1.45
PC4331 15 126 1.30 1.79 12.8 0.41 2.27
PC4332 0.59 10 112 111 1.74 125 0.65 2.17
PC4333 5 125 0.87 1.69 12.1 0.89 2.09
PC4334 0 172 0.66 1.62 11.0 1.12 2.04
PC4341 15 193 145 2.02 13.2 0.51 2.92
PC4342 0.92 10 195 1.26 1.98 12.9 0.73 2.85
PC4343 5 217 101 192 12.6 0.97 2.81
PC4344 0 256 0.81 185 11.9 1.20 2.80
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FigureD.29 Performance of recentering columns (Lyn. ps =2D and ppg =0.59%)
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TableD.16 Performance of recentering columns(Lyn.ps =2D and pps =0.88%)

] T | | e | o | e | B | D] e | oo
ID No. PS1 (%) | (%) | (%) | Disp. (mm) | Force (MN) (MN) (MN/m) (MN/m) (MNm)
RC | - | --—--- 118 | --—--- 434 0.89 145 12.3 0.48 3.52
PC4411 15 73 114 1.57 12.2 0.28 1.48
PC4412 0.18 10 53 0.92 152 12.0 0.52 1.34
PC4413 5 37 0.71 148 11.2 0.76 1.22
PC4414 0 45 0.46 143 9.8 1.00 1.12
PC4421 15 110 1.18 1.69 12.7 0.33 1.86
PC4422 0.35 10 89 0.99 164 12.3 0.57 1.74
PC4423 5 85 0.78 161 11.6 0.82 1.63
PC4424| 2D 0.88 0 117 0.54 156 10.5 1.05 1.55
PC4431 15 161 131 184 12.9 0.41 2.35
PC4432 0.59 10 151 111 181 125 0.64 2.25
PC4433 5 159 0.91 1.77 11.9 0.89 2.16
PC4434 0 190 0.66 1.72 11.2 1.12 211
PC4441 15 223 145 2.07 13.2 0.51 2.98
PC4442 0.92 10 222 1.26 2.04 12.9 0.74 2.90
PC4443 5 235 1.02 2.00 12.7 0.98 2.85
PC4444 0 260 0.81 1.95 12.0 121 2.82
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Appendix E: Quasistatic Behavior of
Re-Centering RC Columns with
Various Aspect Ratios

This appendix shows the quasistatic behavior of reinforced concrete columns and Re-Centering
RC columns with various aspect ratios. The aspect ratios of the columns vary between 3 and 10
as shown in Table E.1, but the columns have the same section geometry and reinforcement.

For the quasistatic analyses, predetermined cycles of displacement shown in Figure E.1
are imposed at the center of gravity of the superstructure. The amplitudes in the first cycle, dy,
and the maximum displacement in the last cycle, ds, are similar to the yield displacement, dy,

and the ultimate displacement of columns, d,;, respectively, as shown in Table E.1.



TableE.1 Columnswith various aspect ratios

Plastic | Effective . _ Amplitude| Amplitude
Column . . Yield Ultimate _ .
Aspect _ hinge period | _ in 1st in 5th
_ height displacement|di splacement
ratio length Teft cycle d; | cycle dg
h (m) dy (m) d, (m)
Lp (m) | (sec) (m) (m)
3 5.49 0.74 0.44 0.028 0.173 0.038 0.191
4 7.32 0.89 0.68 0.050 0.283 0.061 0.305
5 9.14 1.03 0.96 0.078 0.418 0.089 0.445
6 10.97 1.18 1.26 0.112 0.580 0.127 0.635
7 12.80 1.32 1.58 0.152 0.768 0.165 0.826
8 14.63 1.47 1.94 0.199 0.981 0.203 1.016
9 16.46 1.62 231 0.251 1.220 0.254 1.270
10 18.29 1.76 2.71 0.310 1.485 0.305 1.524

Lateral Displacement
at Center of Gravity of Superstructure
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FigureE.1 Lateral displacement imposed at center of gravity of superstructure
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Appendix F: Characteristics of Ground
Motions

This appendix shows the time histories of ground acceleration, ground velocity, and ground
displacement, and Fourier spectra and response spectra of the impulsive near-field ground
motions from a database provided by the SAC Steel Project. As described in Chapter 7, only the
fault-normal component of each record is used for the dynamic analyses.

To generate ground velocity and ground displacement, the acceleration records are
filtered, and then integrated using FFT (fast Fourier transform). The cutoff frequencies of the
filter are 0.1 Hz and the Nyquist frequency for the lower frequency and the higher frequency,
respectively.



TableF.1 Near-field earthquake ground motion recordsfrom SAC database

_ Epicentral | SAC PGA PGV | PGD
Record Magnitude| Component ,

Distance ID (m/sec?) | (m/sec) | (M)
NFO1 Normal 8.83 1.10 0.57

Tabas 7.4 1.2km
NF02 Parallel 9.59 1.05 0.73
NFO03 Normal 7.04 1.73 0.65

Los Gatos 7.0 3.5km
NFO04 Parallel 4.49 0.91 0.37
_ NF05 Normal 6.73 1.75 0.49

Lexington Dam 7.0 6.3 km
NF06 Parallel 3.63 0.67 0.21
NFO7 Normal 6.26 1.26 0.49

Petrolia 7.1 85km
NFO8 Parallel 6.42 0.93 0.31
NF09 Normal 4.24 1.18 0.37

Erzincan 6.7 2.0km
NF10 Parallel 4.48 0.58 0.21
NF11 Normal 7.00 1.13 0.70

Landers 73 1.1 km
NF12 Parallel 7.84 0.41 0.19
NF13 Normal 8.73 1.74 0.35

Rinaldi 6.7 7.5 km
NF14 Parallel 3.81 0.61 0.17
NF15 Normal 7.18 1.22 0.34

Olive View 6.7 6.4 km
NF16 Parallel 5.84 0.54 0.09
NF17 Normal 10.67 1.60 0.39

JMA Kobe 6.9 3.4km
NF18 Parallel 5.64 0.72 0.16
NF19 Normal 7.71 1.75 0.48

Takatori 6.9 4.3km
NF20 Parallel 4.16 0.64 0.22
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FigureF.4 Petroliarecord (1992 Cape Mendocino EQ)
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FigureF.5 Erzincan record (1992 Erzincan, Turkey, EQ)
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FigureF.6 Landersrecord (1992 LandersEQ)
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(1) Fault-normal component

(d) Fourier spectra

FigureF.7 Rinaldi record (1994 Northridge EQ)
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(2) Fault-parallel component
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FigureF.8 OliveView record (1994 Northridge EQ)
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FigureF.9 JMA Koberecord (1995 Hyogo-ken Nanbu, Japan, EQ)
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FigureF.10 Takatori record (1995 Hyogo-ken Nanbu, Japan, EQ)
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Appendix G: Dynamic Response of
Conventional RC Columns and
Recentering RC Columns

This appendix shows the dynamic response of conventional reinforced concrete columns
designed in accordance with the Caltrans SDC, and recentering RC columns with various natural
periods. A total 3 of 20 responses are computed for combinations of 4 types of columns, 10
ground motions, and 8 natural periods, and the time histories of displacement at the deck and
lateral force-lateral displacement hystereses are shown here. To draw the force-displacement
hystereses, the lateral force at the center of gravity of the superstructure is obtained by dividing
the bending moment at the bottom of the column, M, by the height from the top of the

foundation to the center of gravity of the superstructure, h.

4 columns:
Conventional RC column, recentering RC Columns No. 3, No. 5 and No. 9
10 ground motions:
Tabas, Los Gatos, Lexington Dam, Petrolia, Erzincan, Landers, Rinaldi, Olive View,
JMA Kobe and Takatori records
8 aspect ratios (natural periods T ):
3(0.44 sec), 4 (0.68 sec), 5 (0.96 sec), 6 (1.26 sec), 7 (1.58 sec), 8 (1.94 sec),
9 (2.31 sec), and 10 (2.71 sex)
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FigureG1l Maximum and residual displacements of columnswith natural period = 0.44

sec (aspect ratio = 3)
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Figure G.2 Dynamic response of columnswith natural period = 0.44 sec (aspect ratio = 3)

250



Displacement (m) Displacement (m)

Displacement (m)

Lateral Displacement (in)

-0.4

04

10 15
Time (sec)

04

o
N

o

o
N
T

-0.4

10

20
Time (sec)

B0 5 05 10 15,
—_ 3_
£ =,
*g' é 4 400
g5 8 1
-
8 % o 0
7 =
a g -1
8 af | -400
3L
-15 -800
20 -0.4 0.4
Lateral Displacement (m)
(b) Los Gatos record
15 Lateral Displacement (in)
45 10 5 0 % __,_1.0 5 00
3_
’E ~ -1
= Z /
.,g E 2_ 7/ ] 400
g 8 1f
8 2 o 0
7 5 |
a g -1 i
8ol A {-400
L
-3+ 547
-15 ' ' -800
20 -0.4 -0.2 0 0.2 0.4
Lateral Displacement (m)
(c) Lexington Dam record
15 Lateral Displacement (in)
B0 5 05 10 15,
—_ 3_
£ =,
*g' é 4 400
g5 8 1
-
8 % o 0
7 = |
a g -1
110 § 2 F 7 -400
3L
-15 ] ' -800
30 -0.4 -0.2 0 0.2 0.4

(1) Response displacement

(d) Petroliarecord

Lateral Displacement (m)

(2) Force-displacement hystereses

Figure G.2—continued
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Figure G.2—continued
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Re-Centering RC columns
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Figure G.3 Maximum and residual displacements of columns with natural period =

0.68 sec (aspect ratio = 4)
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FigureG.4 Dynamic response of columnswith natural period = 0.68 sec (aspect ratio = 4)
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Figure G.4—continued
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FigureG5 Maximum and residual displacements of columns with natural period = 0.96

sec (aspect ratio = 5)
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FigureG.6 Dynamic response of columnswith natural period = 0.96 sec (aspect ratio = 5)
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Figure G.7 Maximum and residual displacements of columnswith natural period = 1.26

sec (aspect ratio = 6)
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Figure G.8 Dynamic response of columnswith natural period = 1.26 sec (aspect ratio = 6)
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FigureG9 Maximum and residual displacements of columns with natural period = 1.58

sec (aspect ratio = 7)
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Figure G.10 Dynamic response of columnswith natural period = 1.58 sec (aspect ratio = 7)
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FigureG.11 Maximum and residual displacements of columns with natural period = 1.94

sec (aspect ratio = 8)
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FigureG.12 Dynamic response of columnswith natural period = 1.94 sec (aspect ratio = 8)
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FigureG.13 Maximum and residual displacements of columns with natural period =
2.31 sec (aspect ratio = 9)
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Figure G.14 Dynamic response of columnswith natural period = 2.31 sec (aspect ratio = 9)
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Figure G.16 Dynamic response of columnswith natural period = 2.71 sec (aspect ratio = 10)
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(2) Normalized maximum and residual displacement response spectra

Figure G.17 Displacement response spectra (subjected to Tabasrecord)
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Figure G.18 Displacement response spectra (subjected to L os Gatos record)
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(2) Normalized maximum and residual displacement response spectra

Figure G.19 Displacement response spectra (subjected to Lexington Dam record)
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(2) Normalized maximum and residual displacement response spectra

Figure G.20 Displacement response spectra (subjected to Petrolia record)
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(2) Normalized maximum and residual displacement response spectra

FigureG.21 Displacement response spectra (subjected to Erzincan record)
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(2) Normalized maximum and residual displacement response spectra

Figure G.22 Displacement response spectra (subjected to Landersrecord)
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(2) Normalized maximum and residual displacement response spectra

Figure G.23 Displacement response spectra (subjected to Rinaldi record)
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(2) Normalized maximum and residual displacement response spectra

FigureG.24 Displacement response spectra (subjected to Olive View record)
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(2) Normalized maximum and residual displacement response spectra

Figure G.25 Displacement response spectra (subjected to JIM A Kobe record)
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