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ABSTRACT

A laboratory test and analytical research prograas wndertaken to characterize the
performance of reinforced concrete beams with IsigbAgth reinforcement subjected to
reversed cyclic lateral loading simulating eartlHgquaffects. The beams are representative of
beams used in special moment frames. Four beams vested in the laboratory test
investigation, one with A706 Grade 60 reinforcement with Grade 100 reinforcement having
tensile-to-yield strength ratio (T/Y) of 1.18, om&h Grade 100 reinforcement with T/Y = 1.30,
and one with A1035 Grade 100 reinforcement. In dmedm, the noted reinforcement grade was
used for both longitudinal and transverse reinforeet. Overall, all beams achieved rotation
capacity of at least 0.045 radians. The beams aitd6 Grade 60 and Grade 100 (T/Y = 1.30)
reinforcement failed by buckling of longitudinalrbaover several hoop spacings. The other two
beams with Grade 100 reinforcement failed by fractof longitudinal bars at the maximum
moment section. Strain gauges installed on longialdbars indicated that beams with higher
T/Y achieved greater spread of plasticity compaogoeams with lower T/Y.

In the analytical study, the seismic performancetaf reinforced concrete special
moment resisting frames with high-strength reindonent was investigated through nonlinear
dynamic analyses. Four 20-story reinforced concretement frames, three reinforced with
Grade 100 steel and one with Grade 60 steel wesigrted in accordance with ASCE 7-16 and
ACI 318-14 at a hypothetical site in San FrancigCalifornia. All four frames had the same
dimensions and concrete properties, resulting @mtidal design drifts. Frames with Grade 100
reinforcement were designed to have reduced amufuleingitudinal reinforcement to provide
equivalent nominal strength as was provided in@nade 60 reinforcement model. Tests had
demonstrated that frames with higher-grade reieiment had greater strain penetration into
beam-column joints, resulting in greater slip oinfercement from connections. This effect
combined with reduced reinforcement ratios causedrames with Grade 100 reinforcement to
be more flexible than the frame with Grade 60 @icément. In addition, some currently
available types of Grade 100 reinforcement havestownsile-to-yield strength ratio and lower
uniform elongation compared with Grade 60 reinfareat. The reduced T/Y results in reduced
strain-hardening, increased strain localizationl imcreased P-Delta effects. The effects of these
local behaviors on overall frame performance angdistl through the nonlinear dynamic
analyses. The various types of reinforcement wened to result in minor differences in overall
frame seismic performance.
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1. INTRODUCTION

1.1. MOTIVATION

The use of higher grade reinforcing steel has thtergiial benefit of reducing material
guantities, thereby leading to reduced reinforceneengestion and reduced construction costs
in reinforced concrete construction. Several stedls in the United States can produce
reinforcing steel of grade 100 (nominal yield sg#nof 100 ksi) and higher. However, at the
time of this writing, none of these higher gradas match the benchmark mechanical properties
of Grade 60 A706 steel. This raises questions alheuperformance characteristics of reinforced
concrete construction that uses the higher-gradéreement.

Figure 1.1.1 depicts typical stress-strain behavairA706 Grade 60 reinforcement and
three different types of Grade 100 reinforcemeihie $tress-strain relations were obtained from
tests of reinforcing bars used in the present st@ynote are differences in the yield point
characteristics, tensile-to-yield strength ratidsY{), and ultimate uniform elongations (defined
as the strain at the ultimate stress). The A706d&®B0 reinforcement shows a defined yield
plateau with T/Y = 1.45 and ultimate elongationldfo (ASTM A706-16). Two of the Grade
100 bars also show a defined yield plateau, but vatuced T/Y (1.30 and 1.18, respectively)
and reduced ultimate elongation (9.4% and 6.8%peds/ely). The third Grade 100
reinforcement (A1035) does not have a defined yddeau but instead has a roundhouse curve
with high T/Y and ultimate elongation around 0.0%ie lower T/Y is believed to reduce the
spread of plasticity in a beam after onset of yreld and that effect combined with reduced
elongation may result in lower rotational capa@fyreinforced concrete members with some
types of higher-grade reinforcement.

The primary motivation of this research is to explathe seismic performance
characteristics of beams constructed of higherggnainforcement. The study includes both
laboratory tests to characterize the beam behavidmumerical studies to understand the effects
on seismic performance of multi-story frames.

13



=
N
(@)
o
f

I

|

|

I

I

I

I

|

|

I

I

I

I

I

I

I

I

|

T

—Gr. 60 A706
1=Gr. 100 T/Y = 1.30
l --Gr. 100 T/Y = 1.18
| " [~Gr. 100 A1035
% 0.04 0.08 0.12 0.16 0.2
Strain (in/in)
Figure 1.1.1: Mechanical Properties of Grade 60G@ratle 100 Steels

Stress (ksi)
(@)
(@)

N
o

1.2. OBJECTIVES AND SCOPE

The objective of this study is to characterize guo@ntify the seismic performance of
reinforced concrete beams typical of those usespetial moment frames reinforced with high-
strength steel bars having yield strength of 100THse scope includes both laboratory testing of
representative beams and numerical modeling of etypk buildings using high-strength
reinforcement.

The laboratory tests include tests on four reprasiee beams. For an individual beam,
longitudinal and transverse reinforcement usesadribe four types shown in Figure 1.1.1. The
beams are designed to have nominally identical nmbrseengths, with nominal shear strengths
exceeding the maximum shear expected during tlheTiks tests specimens are instrumented to
record overall load-deformation behavior, as well spread of plasticity, inelastic rotation
capacity, longitudinal reinforcement buckling chadeaistics and related requirements for
transverse reinforcement, and local bond strepsrslationships for reinforcement anchored in
adjacent connections.

The numerical study begins with development of niraé models for each of the
beams, including relatively simple models for sig$s, strength, and deformation capacity, as
well as relatively complex models to representrhesrsed-cyclic behavior of the beams under
force reversals. Additionally, four 20-story reinded concrete moment frames, three reinforced
with Grade 100 reinforcement and one reinforcechwAi706 Grade 60 reinforcement, are
designed in accordance with ASCE 7-16 and ACI 34.&tla hypothetical site in San Francisco,
California. Nonlinear dynamic analyses are caroed to investigate the seismic performance
characteristics of tall, reinforced concrete speciament resisting frames with Grade 60 and
Grade 100 reinforcement.
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Important and general information about the lalmxatest program is presented in this
chapter including test specimen design, test satup apparatus, instrumentation, preliminary
estimate of load-resisting capacity, and loadingcedure. More details on actual dimensions,
actual material properties, instrumentation, logdginotocols, data acquisition systems, and data
reduction methods are described in Appendix A.

All four beams were designed to have cross sedimh span that are up-scaled (scale
factor is 1.5) from beam specimens previously teste Ma and Bertero (Ma et al., 1976) that
used conventional A615/706 Grade 60 reinforcings baving T/Y equal to 1.45. Three of the
four beams in this experimental program have G longitudinal reinforcement, in which
two have yield plateau and the other one has rtnehd shape in stress-strain relation (Table
2.1.1). The fourth beam was reinforced longitudinalith conventional Grade 60 A706 steel.
All longitudinal steel was laterally supported byops and crossties of the same grade steel used
in each test specimen, except Beams SBL100 and @BHhey both had the same transverse
reinforcement, which was Grade 100 with distine¢iplateau and T/Y of 1.30.

The beam designs were also to result in low nomstaar stress (approximately

), which was to minimize shear cracking along wattsociated effect of increasing
tension shift (Park and Paulay, 1975) and rotatapacity (Moehle, 2014). The design also
satisfied confinement requirements of ACI 318 fpedal moment resisting frame (SMRF)
beams with spacing being reduced to as recommended (ATC-98, 2014) for higher strength
reinforcement with smaller T/Y ratio. For Beam SEHSith No. 9 Grade 60 A706 longitudinal
reinforcement, the transverse steel spacing wasrged by a quarter of section depth per ACI
318-14, which also resulted in 5-inch spacing. Cetec was normal weight with design
compressive strength of 5,000 psi. Table 2.1.1 sanzes the design and material properties
used during design process. Figure 2.1.2 througjur€i 2.1.4 display the general design
drawings of test specimens in this research proguaanthat by Ma and Bertero, respectively.

Similar high-strength reinforcing bars with distingeld plateau of No. 8 bar size have
been tested in the laboratory at University of Bgxaustin in a companion research program.
Early test data on mechanical properties of thggest of Grade 100 reinforcement have been
shared with UC Berkeley for the purpose of estintagxpected moment and shear strength of
our test beams. Grade 100 A1035 mechanical pregedre taken from previous research
(Rautenberg et al., 2013). Grade 60 A706 expedtdd gnd tensile strengths are taken to be 69
ksi and 95.2 ksi, respectively (Bournonville et, #004). These mechanical properties of
reinforcing bars and specified concrete strengtt5,000 psi are used to calculate expected
moment and shear strength of test specimens (Rablg).
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Table 2.1.1: Summary of Design and Material Progef Test Specimens Used During Design

Ma, Bertero &

Author To & Moehle
Popov
Specimen name BEAM R-6 SBL100 SBH100 SBM10( SBH6(0
Scale factor 15 15 15 15
Width (in) 9 135 13.5 13.5 13.5
Height (in) 16 24 24 24 24
Length (in) 62.5 93.75 93.75 93.75 93.75
Effective depth (in) 14 22.125 22.125 22.125 22.125
4 5 5 5 5
Longitudinal reinforcement
Top reinforcement 4 No. 6 3 No. 8 3 No. § 3 No. 8 Neat 9
Bottom reinforcement 4 No. 6 3 No. 8 3 No. § 3 Ro. 4 No. 9
ASTM
Type of steel ASTM A615 A706
Grade 60 100 100 100 60
66 100 100 100 60
95 118 130 140 87.6
Tensﬂe-to-ylllel\((j strength ratio 1.45 118 130 1.40 146
Transverse reinforcement 4 No. 2 3 No. 4 3 No. 4 3 No. 4 4 No. 4
Hoop & crosstie spacing (in) 3.5 5 5 5 5
Grade 60 100 100 100 60
66 100 100 100 60
95 130 130 140 87.6
T/Y ratio 1.44 1.30 1.30 1.40 1.46
Shear strength frorp transverse 4712 58 258 58 206
steel (kips)
Expected Strength
65.5 105 101 120 69
94.2 124 128.5 168 95.2
Yield mom(ek?; g_tirne)”gth of bear 1500 4916 4739 5577 5435
Probable moment strength of 1844 5752 5947 7617 7383
beam (kips-in)
Shear demand (kips) 29.5 61.4 63.4 81.2 78.8
Nominal shear streSs o o o o o

"Strength calculations are in accordance with proasidefined in ACI 318-14 for special

moment frame beams.

" This report uses the inch-lb measurement systemhiohfc is in units of psi.
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In Table 2.1.1, moment strengths and shear demiaBdaon R-6 were taken directly
from test data reported in Ma et al. (1976). Thelsawn for beams SBH60, SBH100, SBL100,
and SBM100 were estimated based on simple monremigsh calculations with the assumption
that concrete reached crushing strain of 0.003 (2IB8-14). Shear demand was calculated using
probable moment strength and shear stress wasrdegel as

— Eq. (1)

Figure 2.1.1: Geometry and Dimensions of Test BBasigns
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Cured specimens were oriented vertically and amschdown on the strong floor of the
laboratory (Figure 2.2.1 & Figure 2.2.2). Since ledmle on the strong floor has nominal
capacity of 100 kips under tension, two large Wisecsteel beams were used to engage three
holes on each side of test beam, resulting in ttdb0 kips on each side (post-tensioning at the
middle hole directly compressed together the cdadick and the floor, enabling a peak post-
tensioning force of 250 kips). The anchorage faweboth sides together created large enough
friction on the interface between test specimen labdratory floor to resist sliding caused by
applied lateral load on top of the beam.

Two actuators were used to apply reversed cycterdaload on the specimen. Each of
actuators formed an angle of about sixty (60) degith the horizontal steel beam on the
reaction frame and was connected to the specinmengh a loading fixture to restrain accidental
out-of-plane bending of the specimen during test.
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Figure 2.2.2: General Test Setup

Strain gauges were installed onto reinforcing lmssinterior instrumentation. Typical
locations of these strain gauges are shown in Eigu2.3. These strain gauges were installed to
measure strain primarily along middle longitudirgrs on both sides of beam, hoops and
crossties, and along anchorage length of middlgitodinal bars.

Exterior instrumentation included displacement srarcers set up to measure global
deflection and local deformations along test speairtength (Figure 2.2.4). Global deflection
was measured by wire potentiometers. Lateral farae measured by load cells attached on two
actuators that were used to apply force on testisms. The total force was the sum of the
force measured by two load cells projected on toacof loading. Local deformation was
measured by LVDTs. From a truss system of LVDTslasvn in Figure 2.2.4, total deformation
was computed from measurement of local deformabased on principle of virtual force
(Appendix A).
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The loading history was developed based on recordatems of FEMA 461 (FEMA,
2007). It consists of two major loading types: loamhtrolled, and displacement controlled.
Figure 2.2.5 displays a typical loading time sekiegg imposed on test specimens. More details
on loading protocol can be found in Appendix A. lBach loading amplitude of either force- or
displacement-controlled, the test beams were lodd®d initial position to the peak in East
direction first, followed by another peak in the $¥direction, and one cycle was completed by
loading the beam back to initial position. The tests stopped for marking cracks when the
specimen was loaded to the peak on the East, astl dWection of the first cycle, and the end of
loading cycles (either second or third) when the-getermined applied load or displacement
became zero.

Figure 2.2.5: Loading History
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3.

TEST RESULTS

3.1. GENERAL OBSERVATIONS

Important observations on both beams tests are swized below:

1)

2)
3)

4)

5)

6)

Flexural cracks in all beams were first observetbadls of approximately 60 percent of
yield force.

Flexural crack patterns were similar in either diien of loading.

From the beginning of test to the end of loadiragetof 1.96y, curvature was visibly
apparent along the length of all of the beams.

After several loading cycles of large displacemantl starting from loading stage of
2.744 y, a couple of major large cracks opened up andezhaignificant shear distortion
in beams SBH100 and SBL100. Also, importantly, beS@BL100 started to have
concentrated rotation at the base, giving the ajppea that the rest of the beam
remained straight to eyes.

All beams vyielded when loaded to pre-computed faoeesponding to nominal yield
stress of reinforcement. Peak strain in longitudme@nforcement measured by strain
gauges also indicated vyield strain of approxima@B02 and 0.0034 for Grade 60 and
Grade 100 reinforcement, respectively.

Beam SBH60 with conventional Grade 60 A706 reirdanent yielded at drift ratio of
0.9%, which is lower than the others with Grade &@@!| yielding at drift ratio of 1.25%.

| J =
== anertal Competiti
— petition Tean

Figure 3.1.1: Deflected Shape of SBH60 at DriftiRat45% (Left) and 3.45% (Right)
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Figure 3.1.3: Deflected shape of SBL100 at DriftiR2.45% (Left) and 3.45% (Right).
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Figure 3.1.4: Deflected shape of SBM100 at DriftiR2.45% (Left) and 3.45% (Right).
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3.2. CRACK DEVELOPMENT

First cracks were observed to occur when test spats were loaded to 0.6% drift ratio
in all tests, except for test of beam with Graderé@dforcement, in which first cracks were
visible at 0.35% drift ratio. These cracks wereraiily horizontal, consistent with expectations
for flexure-dominated cracks. As loading progressedveral inclined cracks appeared,
consistent with expectations for combined flexunel ahear. Figure 3.2.1 through Figure 3.2.4
depict development of cracks. Table 3.2.1 and T8#e2 show crack widths measured during
tests on the East and West sides of test beanpgatesely.

0% 0.6% 0.9% 1.25% 1.75% 2.45% 3.45% 4.85%

Figure 3.2.1: Crack Development on SBH60

0% 0.6% 0.9% 1.25% 1.75% 2.45% 3.45% 4.85%

Figure 3.2.2: Crack Development on SBH100
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0% 0.6% 0.9% 1.25% 1.75% 2.45% 3.45% 4.85%

Figure 3.2.3: Crack Development on SBL100

0% 0.6% 0.9% 1.25% 1.75% 2.45% 3.45% 4.85%

Figure 3.2.4: Crack Development on SBM100
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Table 3.2.1: Measured Crack Widths on East Sidedlmm to West direction)

Location Crack Width (inch)
Drift Ratio | (Percentage
of beam SBH60 SBH100 SBL100 SBM100
length)*
100 0.016 0.005 0.020 0.000
80 0.008 0.010 0.010 0.008
0.6%
60 0.008 0.005 0.005 0.005
40 0.008 0.000 0.010 0.005
100 0.035 0.047 0.030 0.000
80 0.012 0.015 0.015 0.012
0.9%
60 0.008 0.010 0.010 0.012
40 0.008 0.010 0.010 0.008
100 0.040 0.110 0.050 0.030
80 0.012 0.025 0.025 0.020
1.25%
60 0.008 0.010 0.010 0.020
40 0.008 0.015 0.015 0.012
100 0.070 0.156 0.075 0.060
80 0.012 0.030 0.030 0.020
1.75%
60 0.012 0.015 0.015 0.016
40 0.012 0.015 0.020 0.012
100 0.125 0.156 0.110 0.094
80 0.035 0.075 0.040 0.040
2.45%
60 0.016 0.015 0.015 0.030
40 0.012 0.015 0.015 0.016
100 0.219 0.175 0.180 0.125
80 0.070 0.140 0.050 0.060
3.45%
60 0.012 0.015 0.020 0.020
40 0.012 0.020 0.015 0.016
100 0.313 0.220 0.250 0.219
80 0.125 0.188 0.075 0.094
4.85%
60 0.012 0.015 0.020 0.040
40 0.012 0.020 0.020 0.016

*: This location of the crack with measured widkhat a distance as a percentage of beam

length (beam length is 93.75 inches) away fromiappbn of lateral load.
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Table 3.2.2: Measured Crack Widths on West Sidadimy to East direction)

Location Crack Width (inch)
Drift Ratio | (Percentage
of beam SBH60 SBH100 SBL100 SBM100
length)
100 0.012 0.063 0.025 0.000
80 0.012 0.010 0.010 0.012
0.6%
60 0.008 0.010 0.005 0.012
40 0.005 0.000 0.005 0.005
100 0.025 0.094 0.050 0.000
80 0.016 0.015 0.015 0.016
0.9%
60 0.008 0.015 0.00 0.016
40 0.005 0.005 0.010 0.012
100 0.050 0.125 0.050 0.040
80 0.016 0.010 0.025 0.025
1.25%
60 0.008 0.020 0.010 0.020
40 0.005 0.005 0.010 0.012
100 0.050 0.188 0.075 0.094
80 0.012 0.030 0.025 0.040
1.75%
60 0.008 0.020 0.010 0.020
40 0.008 0.005 0.015 0.012
100 0.125 0.156 0.180 0.094
80 0.060 0.120 0.020 0.030
2.45%
60 0.008 0.025 0.010 0.016
40 0.005 0.005 0.015 0.012
100 0.188 0.250 0.250 0.156
80 0.070 0.188 0.050 0.080
3.45%
60 0.012 0.030 0.005 0.020
40 0.008 0.005 0.015 0.012
100 NR* 0.313 0.250 0.344
80 NR* 0.313 0.020 0.094
4.85%
60 NR* 0.025 0.000 0.040
40 NR* 0.005 0.000 0.020

*. Width was not measured for these cracks atltdading stage as condition of test beam

was deemed too dangerous to measure crack width
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3.3. FAILURE MODES

Specimen SBH60 with conventional Grade 60 A706I $teled by twisting of the entire
beam about its longitudinal axis after it achievethtion capacity of 4.85% drift ratio. This
phenomenon was associated with overall instabdftghe flexural compression zone (Figure
3.3.1). Beam SBH100 with Grade 100 T/Y = 1.30 dsled by beam twisting after buckling of
all three longitudinal bars on one side over sdvieo@p spacings were observed in previous
loading cycle (Figure 3.3.2).

Both beams SBL100 and SBM100 failed by fracturdoafitudinal bars (Figure 3.3.3
and Figure 3.3.4). On the loading cycle to 4.85% datio, specimen SBL100 had the first bar
fracture while SBM100 was observed to have bar ingclOuring the last loading stage to target
drift ratio of 6.8%, the remaining two bars on $@me side of first fracture in beam SBL100
ruptured, and all three longitudinal bars in SBM1@(tured simultaneously. Table 3.3.1
summarizes the failure mechanism of all test speesnValues in Table 3.3.1 indicate the drift
ratio that test specimens had achieved beforeréailias observed.

Table 3.3.1: Failure Mechanisms of Test Beams

Specimen
Failure Mode SBH60 SBH100 SBL100 SBM100
Bar Buckling 4.85%
Global Instability 4.85% 6.80%
Bar Fracture 4.85% 4.85%

Figure 3.3.1: Failure Mechanism of SBH60 by Twigtof Beam (Global Instability)
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Figure 3.3.2: Failure Mechanism of SBH100 by Buwnflof Longitudinal Bars Over Several
Hoop Spacings

Figure 3.3.4: Failure Mechanism of SBM100 by Freztnf Longitudinal Bars

31



3.4. OVERALL FORCE-DEFORMATION RELATONS

Overall force-deformation relations of all test cpgens are presented in Figure 3.4.1
through Figure 3.4.4. Figure 3.4.5 shows the emedm®f these force-deformation relations. It is
apparent that all beams have equivalent yield gtheas intended (the scaled values of the

quantity

were the same for all beams). The three beamsGriglle 100 reinforcement are

less stiff than the one with conventional Gradea6@xpected due to lower reinforcement ratio.
Specimens SBH60 and SBM100 had higher peak streéhgththe other two Grade 100 beams
because Grade 60 A706 and Grade 100 A1035 reimfmiocehave more strain-hardening. All

test beams had achieved at least 4.5% drift ratrotation capacity.
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3.5. DEFORMATION COMPONENTS

Total deformation of all test specimens was sepdramto three major components
including flexural, shear, and slip by applying thenciple of virtual forces to the grid of
displacement transducers affixed to the side fdceach beam (APPENDIX A). These three
major components of deformation are plotted in Fag8.5.1 through Figure 3.5.4 for all four
beams. It is worth noting that the contributionfleikural deformations was slightly greater for
beam SBH60 with Grade 60 reinforcement than for diker beams with Grade 100
reinforcement. This may be partly attributable te thigher T/Y ratio for the Grade 60
reinforcement, which tends to spread inelasticutakdeformations along a greater length of the
beam. It may also be partly due to the greaterritrtion of slip in the beams with Grade 100
reinforcement. In all beams, shear deformation iplex as much as 5-8% of total deformation.
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Figure 3.5.1: Deformation Components — SBH60
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Figure 3.5.2: Deformation Components — SBH100
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3.6. SPREAD OF PLASTICITY

The strain profile of the longitudinal reinforcemeasong the height of a beam was
examined to identify if there was a trend for vagyitypes of reinforcement. Figure 3.6.1
presents typical results, in this instance for fifeloading cycle to drift ratio of 4.85%.
Comparing the profiles of beams SBH100 and SBL100Gs apparent that strain is more
localized and concentrated at the base of the beanmg lower T/Y. A direct consequence of
the localized strains is that the beam having loW&f has higher maximum strain under the
same drift demand. It is also observable that #ekstrain at the base is almost the same for
beams SBH60 and SBH100 even though conventionale388@ A706 has higher T/Y or more
strain hardening. It is because higher-grade ste€8BH100 has more slip of longitudinal
reinforcement out of anchorage, providing more digformation to achieve the same drift as

SBH60.

o
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o
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~

Normalized Height of Beam
o
N

Strain (in/in)

Figure 3.6.1: Strain Profiles along Length of TBsams at Drift Ratio 4.85%.

3.7. DEVELOPMENT OF STRAIN AT BASE

The progression of peak longitudinal reinforcemstmain with increasing lateral drift
ratio is plotted in Figure 3.7.1. Grade 60 A706ad 100 T/Y = 1.18, and Grade 100 T/Y =
1.30 all exhibit a jump in strain after yieldingpmarently because they all have distinct yield
plateau in their stress-strain relation. In corradrade 100 A1035 reinforcement with a
roundhouse stress-strain relation experiences @ mgadual increase in strain as drift ratio

increases.
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4. COMPARISON WITH ANALYTICAL MODELS

4.1. STIFFNESS

It is important in analysis of moment frame to mlodppropriately the cracked-section
stiffness of beams. According to ACI 318 requiretserffective, cracked stiffness of beam

element is within the range of ! " #, where#  gross section moment of inertia and
%& = elastic modulus of concrete. Alternatively, AS@GE (2013)
recommends using " # for'( ¢ ) , Which applies for beams. Figure 4.1.1 compares

the stiffnesses suggested by ACI 318 and ASCE 4insgthose of test beams shown by their
envelopes of load-deflection relations.

Lateral stiffness suggested by ASCE 41 agreeswellywith effective stiffness of beam
SBH60 with conventional Grade 60 A706 steel. Aseexgd, all other beams with higher-grade
reinforcement and reduced amount of steel aresligfgshan the stiffness recommended by both
ACI 318 and ASCE 41.
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Figure 4.1.1: Lateral Stiffness Comparison
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4.2. STRENGTH IN MOMENT AND SHEAR

Moment strengthProbable flexural strength, for all test specimens is calculated in
accordance with ACI 318-14 and compared to test (laigure 4.2.1 to Figure 4.2.4). By ACI
318,* . is computed by using nominal (specified) concret@pressive strength
and elasto-plastic stress-strain relation for steéh yield stress equal to 1.25 times specified
yield stress. By design, all four test specimemrsexpected to have equivalent nominal strength.
Therefore) , calculated by ACI 318 is the same for all testbea

As shown in Figure 4.2.1 through Figure 4.2.4, pnebable moment strength by ACI
318 underestimates the ultimate flexural strendgtheams SBH60 and SBM100. This is due to
high strain-hardening property of Grade 60 A706 @ndde 100 A1035 reinforcement. ACI 318
* .+ , however, slightly overestimates moment stren@tbeams SBH100 and SBL100.
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Figure 4.2.4: Lateral Force — Drift Ratio RelatminBBeam SBM100

Shear strengthAccording to ACI 318, nominal shear strengthaswputed as follows:

- - - Eq. (2)
-0 1, Eq. (3)
- X2 B

To accommodate shear strength decay that can edthin plastic hinge regions, ACI 318
specifiesVe = 0 within twice the member depth of intended icait sections. Table 4.2.1
summarizes calculated shear strength of the tesirapns. As designed, all the test beams have

low shear demand of about ~ to minimize the tension shift effect. As measurshttar stress
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demand on all specimens is below  or 40% of shear capacity provided by transverse
reinforcement only.

Table 4.2.1: Shear Strength of Test Specimens

SBH60 SBH100 SBL100 SBM100
- 41 41 41 41
- 206 258 258 258
~789:8 75 61 61 82
08 (1o 3.7 3.0 3.0 4.0
-789:8 (- 0.36 0.24 0.24 0.32
5.
4 @
4
:§3 " e
432
1 $SBHG0
BSBH100
ASBIL100
0 _ @SBM100|
0 1 2 3 4 ]
Specimen
Figure 4.2.5: Normalized Shear Demand
i #SBHG0
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0.8 BL100
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Figure 4.2.6: Shear Demand Normalized by TransvReseforcement Capacity
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4.3. DEFORMATION CAPACITY PER ASCE 41

The monotonic load-deformation relation is calcethin accordance with ASCE 41-13
and compared against those response envelopesamftest data in Figure 4.3.1 to Figure 4.3.4.
Deformation at B is computed by taking nominal flend strength of the cross section divided by
effective stiffness " # suggested by ASCE 41. Nominal flexural strengthtaiken as
strength when concrete strain reaches 0.003 anichadst by using expected concrete
compressive strength of approximately 5000 psi for all test specimesasgd expected yield
stresses of 69 ksi and 100 ksi for Grade 60 A706 and Grdd¥® reinforcement,
respectively. Plastic rotation recommended by ASOE which is 0.025 radians for all test
beams, is added to deformation at B to obtain alttndeformation at C. Strength at C is defined
as strength when concrete strain reaches 0.003il&inthte steel stresses are 0 ;<=
< and O ; 0 for Grade 60 A706 and Grade 100 reinforcement,
respectively.

The ASCE 41-13 load-deformation relations agred wéh test data for beam SBH60
with conventional Grade 60 reinforcement even tioube ultimate rotation is slightly
underestimated. The correlation is less agreeablthé beams with Grade 100 steel. The larger
effective stiffness suggested by ASCE 41-13 asudsed in the previous section results in much
lower deformation at B. Secondly,,. computed according to ACI 318-14 using overstriengt
factor of 1.25 to account for reinforcement straardening provides overestimation of ultimate
strength for beams SBH100 and SBL100 with highadgrreinforcement having T/Y = 1.30 and
1.18, respectively. On the other hand, this underestimates ultimate strength of specimen
SBM100 as discussed in previous section. Disagreenme effective stiffness and ultimate
strength results in poor correlation of load-defation between model and test data for beams
with higher-grade reinforcement.
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4.4. EFFECTIVE PLASTIC HINGE LENGTH

The plastic-hinge model utilizes the idealized telgdastic moment-curvature relation
with a plastic hinge length to estimate displaceneapacity. The member is assumed to develop
linear-elastic curvature along its length. The @&s&t curvature of magnitude?. !? @is

assumed to extend over plastic hinge lemgtiiFigure 4.4.1). According to the model, plastic
rotation is
B C.!C A Eq (5

And the displacement at the tip of a flexural memesisting a concentrated load at its tip is

D =-/>?.1? @AA! 2L Eq.(6)

Inelastic Curvature

—
______ Dy tziu—iF

Loading Moments Curvatures Idealized Curvatures

Figure 4.4.1: Conventional Plastic Hinge Model

In the plastic-hinge model, the plastic hinge léngas been determined empirically. The
tip displacemenD , and curvature€. andC are measured from laboratory experiment. The

plastic hinge lengti& is then computed to satisfy Eq. (6). As a resigfprmations contributed
from shear and slip are accounted for impliciththie plastic hinge length.

Several researchers have proposed expressionsofaputing plastic-hinge length.
Priestley and Park (1987) recommended

A Al &

Berry et al. (2008) suggested

A A/ ( &
In practice, a simpler expression that providesaaable accuracy is

A M
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These expressions for calculating plastic-hingegtlenhad been developed from
laboratory tests of column specimens reinforceth witnventional Grade 60 steel. Consequently,
the expressions do not consider the effect of lestyield strength ratio (T/Y), which has been
shown to significantly affect the spread of plastidrom the test results of this research
program.

Applying plastic hinge model with measured testdat tip deflection and curvatures at
yield and ultimate, the plastic-hinge length iskaalculated for loading cycles with target drift
ratio of 3% for all beam tests and presented inléfdl4.1 and Figure 4.4.2 and Figure 4.4.3.
Measured strain used to calculate curvatures &smtiiom strain gauge reading on longitudinal
reinforcement at base of beam during tests. Inel'dbt.1, yield curvature is also computed by
moment-curvature analysis for beam cross-sectiogerutmonotonic loading, and strain at
yielding is taken as corresponding nominal yieltestes (60 ksi and 100 ksi) divided by
Young's modulus of elasticity (E = 29000 ksi). Catwres at yield measured during tests agree
well with that from moment-curvature analysis, pdivg confidence on performance of strain
gauges and accuracy of strain data.

Under the same drift demand, SBL100 with highedgreeinforcement provides more
slip deformation, and its flexural deformation i®ma localized close to its base than those in
SBH60 with conventional Grade 60 A706 steel. Agsult, similar plastic hinge length can be
expected for beams SBL100 and SBH100. Plasticehimggths of both specimens SBH100 and
SBM100 are approximately 1.5 times the beam cres8emal height, which are longer than that
of SBH60. Plastic hinge lengths of all test beameslanger than half of beam cross-sectional
height that is widely used in practice as explaimegreceding paragraphs.

Table 4.4.1: Plastic Hinge Length at 3% Drift Ratio

SBH60 | SBH100| SBL100] SBM100
Computed Yield Curvature ( N 0.00014 | 0.00022] 0.00022 0.0002p
Measured Yield Curvature ( N 0.00015 | 0.00021] 0.00022 0.00026
Measured Curvature at 3% Drift Ratio( N 0.0014 | 0..00097  0.0014 0.00097
Plastic Hinge Lengtih, N 30 48 27 46
Le(N 1.25 2.00 1.13 1.92
£ (4 0.32 0.51 0.29 0.49
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Figure 4.4.2: Plastic Hinge Length Normalized byaBeCross-Sectional Height

““““ o4 o <

Figure 4.4.3: Plastic Hinge Length Normalized byaielength
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5. NUMERICAL MODELING OF REINFORCED CONCRETE BEAMS AND
COLUMNS

5.1. BEAMS

The load-deflection response of test beams can dleulated using conventional
mechanics approaches. The total displacement suttneof three components (Figure 5.1.1):

D D/Dgy/D Eq. (7)

where D = displacement due to flexural curvature
s = displacement due to conventional shear distortio
D =rigid-body displacement due to reinforcemer §ilom anchorage zone

-5 5

v

(a) Flexure (b) Shear

_———

(c) Slip

Figure 5.1.1: Components of Displacement in Beasedwvith permission from Moehle, 2014)
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Figure 5.1.2: Overall OpenSees Model of Test Beams
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Each of displacement components can be modeledatelyawith sufficient accuracy
within the linear range of response. Nonlinear asgt range response, however, poses
challenges because of interaction between flexack shear. To simplify the calculations, a
common practice is to model shear with a lineastelaspring that is implicitly accounted for
within flexural element through section aggregator.

The test beams were modeled in the computer satpackage OpenSees (McKenna et
al. 2000) and analyzed for cyclic response by disghent control with input displacement
values taken from measured test data.

The overall model has a distributed plasticity &based beam-column element and
zero-length section element to simulate the respofhd$lexure and bar slip, respectively (Figure
5.1.2). Both elements have a fiber cross sectidh woncrete and steel fibers having properties
as described in the next section on materials. rIShehavior is modeled by imposing its
properties onto flexural element through sectiogregator.

a. Materials
Concrete

A simple model of stress-strain relationship is @#dd here for cover (unconfined)
concrete with peak strength taken from the cylinder test of 5 ksi (Figure 8)1.A linearly
descending branch is assumed after reachingtil complete loss of strength at strain of 0.006
Core (or confined) concrete properties were modbklethe algebraic form proposed by Mander
et al. (1988a). The resulting confined concretepprties and stress-strain relation of the test
beams are shown in Figure 5.1.4.

6

4

Stress (ksi)

2

% 0005 _ 001 0015 002
Strain (in/in)

Figure 5.1.3: Cover (Unconfined) Concrete Stresat#®Relation
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Figure 5.1.4: Core (Confined) Concrete Stress-SRalation
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Steel

Uniaxial material ReinforcingSteel (Kunnath et 2009) based on Chang and Mander
(1994) hysteretic behavior is used to model cygtmperties of reinforcement used in test beams
SBH60, SBH100, and SBL100. Table 5.1.1 lists afl garameters used in ReinforcingSteel
material to model the reinforcement propertiesgecsmens SBH60, SBH100, and SBL100.

Grade 100 A1035 steel has distinctly different ertips than the other three by the
round-shaped stress-strain relationship withouldymateau. A new mathematical model has
been developed in OpenSees platform for this reBeprogram to simulate the behavior of
Grade 100 A1035. This new uniaxial material moded the behavior under loading in tension
described by the Ramberg-Osgood equation (Rambetgdoagood 1943). When the loading is
reversed in direction to compression after the rmadtbas yielded in tension under large strain,
the material responds following the Bauschingeeaff For response in large strain region
(greater than 0.02), this material behaves accgrtbnBauschinger effect in both tension and
compression loading conditions (Figure 5.1.8).

All the parameters shown in Table 5.1.1 were setetd obtain the best correlation with
the stress-strain relations of steel bars usedshlieams. Steel specimens were taken from the
same batch used to construct test beams and iestiee laboratory under cyclic loading. Grip
spacing was five times bar diameter, which was #isdransverse reinforcement spacing in the
test beams. The strain histories measured duriagiliests were imposed onto steel specimens
under displacement control. Stress-strain relatignsf the steel models and actual steel bar
tests are shown in Figure 5.1.5 through Figure85.1.

Table 5.1.1: Steel Material Model Parameters

Steel used in
I\féz‘zll Parameters Description SBH6D SBH1PO SBL100 SBMILOO
Yield stress (ksi) 64.5 101.5 105
: Ultimate stress (ksi) 95.5 127.5 124
) Young’s modulus (ksi) 29000 29000 29000
Tangent stiffness at
_ " p initiation of strain 950 950 750
® hardening
o Strain at initiation of
o Cp strain hardening 0.0055 0.007 0.007
'g C. Strain at ultimate stress 0.15 0.08 0.08
= Parameters for buckling
= 5,1.0 510 5 1.0
9 ke, T,V model based on Gomes ..~ o o
@ and Appleton (1997) 0.75, 0.0| 0.85, 0.0 0.75,0.0
a1, limit | Farameters forcontroling , 5 4 1| 43 001 43,001
isotropic hardening
Parameters for controlling
R1, R2, R3| transition from elastic to 0.333, 0.333, | 0.5, 40,
. 20, 6 25,4 1
plastic branches
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Yield stress (ksi)

160

0.12 0.15

‘Strain (infin)

Young’s modulus (ksi) 29,000
T gae Strain hardening ratio 0.001
g RO, cR1, Paramgterfs for C(I)ntrplllng 25,
3 CR? transition from elastic to 0.925,
= plastic branches 0.15
o al, a2, a3, | Parameters for controlling 0.0, 1.0,
) a4 isotropic hardening 0.0,1.0
% a Yield offset’ln Ramberg 0.015
P Osgood’s model
Parameter for controlling
transition from elastic to
n : . 10
plastic branches in
Ramberg Osgood’s model
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Figure 5.1.5: Stress-Strain Relationship for NG&rade 60 A706 Steel Model
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Figure 5.1.6: Stress-Strain Relationship for NGra@de 100 T/Y = 1.30 Steel Model
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In the following sections, test data of beam SBH1€Qused to calibrate numerical
models. Subsequently, numerical models are extetmledodel all other beams tested in this
research program, as well as all column tests @& dbmpanion program conducted at the
University of Texas, Austin.

b. Flexural Element — Force-Based Beam-Column Element

Flexural response of the test beams can be modgladsing the distributed plasticity
force-based beam-column element in OpenSees. Tiwe-liased beam-column element is
formulated based on interpolation of force so thquilibrium between element and section
forces is satisfied exactly, which holds in thegarf constitutive nonlinearity. Section forces
are determined from the element forces by intetmolawithin the element that comes from
static equilibrium with constant axial force anadar distribution of bending moment in absence
of distributed element loads.

Gauss-Lobatto quadrature is used in force-basadesits because it places integration
points at the element ends, where bending momerisaasociating curvatures are largest in
absence of element load. To represent accuratelgdhlinear material response of a force-based
beam-column element, four to six Gauss-Lobatto gratéion points are typically used
(Neuenhofer and Filippou, 1997).

Flexural response of the test beams is modellagsbhg distributed plasticity force-based
beam-column element with four Gauss-Lobatto intigmnagpoints including two points at ends of
beam to account for locations of largest momentamdature (Figure 5.1.9).
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Applying displacement values at tip of the beanmawigd from test data and lateral force
required to achieve specified displacement was ceapthrough iterative procedure. The lateral
load vs. tip displacement for both analytical moaledl test data of specimen SBH100 is plotted
in Figure 5.1.10.
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Figure 5.1.10: Flexural Hysteretic Response

c. Shear Element — Section Aggregator

It is common in practice that linear elastic shbahavior is incorporated in flexural
element through section aggregator to model oveesalponse of reinforced concrete beams. In
this case, flexure and shear are uncoupled withe edlement. A simple force-based beam-
column element is again used with very large flakstiffness to model shear behavior only for
the test beams (Figure 5.1.11). Two types of sipeaperties are presented in this figure
including linear elastic typically used in desigfiia@ and Modified Ibarra-Medina-Krawinkler
Deterioration Model with Pinched Hysteretic ResmoriB1IMK) (lIbarra et al. 2005). Figure
5.1.12 presents the shear behavior of the two reasghg these two types of shear properties
(specimen SBH100).

Incorporating these two shear responses into fexelement developed in preceding
section, the overall responses of the beam modeo cases of shear properties are computed
and shown in Figure 5.1.13. Apparently, using MIgkees better overall hysteretic response as
it results in more accurate post-yield strength ankbading behavior compared to elastic shear
model. They both do not yield accurate initial tatestiffness of the beam.
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d. Slip Element — Zeo-Length Section Element

To model bar slip from the anchorage block, a liredastic rotational spring is often used
in practice and implemented at the base of beammeszie through the zero-length section
element. An improved model to estimate hystereggponse of bar slip involves constructing
fiber section and assigning its properties to te®#ength section element (Figure 5.1.17). The
fiber section has cover and core concrete propesimilar to those described in fiber section of
flexural element. The hysteretic model by Zhao &nitharan (2007) is adopted to describe the
cyclic response of steel fiber in the fiber sectibigure 5.1.14 and Figure 5.1.15). In this model,
stress and slip at yielding and ultimate were tdkem test data. A zero-length section element,
which actually has unit length implicitly, is uséar section analysis to calculate the moment-
rotation response.

Further refinement of the bond-slip model was idtrced as it was recognized that the
model lacked the ability to adjust the center aédl-end rotation based on the changing neutral
axis depth in the adjacent flexural element. A rficdiion of fiber-section spring that results in
the fixed-end rotations caused by bar-slip beingtered at the location of neutral axis of the
flexural element was proposed by Ghannoum (200His can be achieved by using the same
fiber discretization of steel and concrete in tleeozlength section as in the frame section, and
scaling material strain in this bar-slip elementty same factdu:

% B n S
Wevzs s P+ R Eq. (8)
where:" Young’s modulus of steel (ksi)

yield stress of steel (ksi)
Q strain at yield of steel (in/in)
] amount of slip of steel out of anchorage at yi¢tdss (in)

Based on test data, the behavior of the rotatigpaihg is calibrated to have similar
stiffness as the slip response of the test beamghéelastic rotational spring and as well as
reasonably close hysteretic response for the 8ketion rotational spring. The behavior of the
slip from models and test data of specimen SBHX8(@eesented in Figure 5.1.18.
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Figure 5.1.14BondSP1Hysteretic Model Proposed by Zhao and Shritha2@07)
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e. Overall Model Response

Three versions of the analytical model were devesdlognd subjected to the displacement
history measured during the test of specimen SBHIO@ comparison of the calculated and
measured load-displacement relations provides nmtion on the importance of including
various components in the overall analytical mqé&ejure 5.1.19).
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Sritharan
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Figure 5.1.19a presents results for an analytieaehthat considers inelastic flexure and
elastic shear. Although the strength (which is tediby flexural strength) is well modeled, the
initial stiffness is overestimated and the shapeth® load-displacement loops are wider than
those of the test beam, which indicates excessieegg is being dissipated by the analytical
model.

Figure 5.1.19b presents results for an analyticatleh that considers inelastic flexure,
elastic shear, and elastic slip. By including slige analytical model produces a better match to
the measured stiffness. However, the shape ob#kdisplacement relation is still too wide.

Figure 5.1.19c presents results for an analyticatleh that considers inelastic flexure,
shear, and slip, as described previously. This mpa&luces the best hysteretic response as it
matches the initial stiffness, inelastic latera¢sgth, and load reversal behavior of the test beam
reasonably well throughout the entire deformaticstany.

f. All Beam Models

Modeling elements described in preceding sectiomsnaplemented and calibrated for all
other test beams. Important parameters used in bsashels are listed in Table 5.1.2. These are
taken from test data measured during tests. Overadlel responses are plotted and compared
against those measured during all beam tests uré-1.20 to Figure 5.1.23.

Table 5.1.2: Modeling Parameters in Beam Models

Parameters SBH60 | SBH100 SBL100 SBM100

Shear stiffness in section aggregator (kips/rad35000 35000 35000 35000

Slip at yield (inches) 0.025 0.045 0.055 0.055

Slip at ultimate (inches) 0.35 0.25 0.35 0.30
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5.2. COLUMNS

Similar development of OpenSees modeling is cardetto simulate the response of
columns that were tested in a companion laborat®esy program at the University of Texas,
Austin. It has been observed through test dathamnreport of column test program (Sokoli et al.,
2017) that shear deformation contributes a relbtismall percentage to total deformation of all
column tests. This is apparently because the #o@a applied on the columns during the tests
resulted in fewer flexural cracks and ultimatelgdeleformation caused by shear. Therefore, the
analytical model of the columns does not have tketien aggregator to model shear
deformation. The overall model includes only thecésbased beam-column and the zero-length
section elements to model flexure and slippagemditudinal bar behaviors. The amount of slip

is scaled proportionally from the measured slippgam tests by the product ~ of the
column over that of a beam, where (inch) is the longitudinal bar diameter andpsi) is the

concrete compressive strength, and is listed ileral2.1. Responses of the OpenSees models
and column test data are presented in Figure Sgoligh Figure 5.2.4.

Table 5.2.1: Slip Parameters in Column Models

Parameters CH60 CH100 CL100 CM100
Slip at yield (inches 0.02 0.034 0.041 0.041
Slip at ultimate (inches) 0.28 0.19 0.27 0.27
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6. SEISMIC PERFORMANCE OF 20-STORY REINFORCED CONCRETE
SPECIAL MOMENT RESISTING FRAMES

With the representative analytical model developkadt beams and columns,
representative frame buildings were designed amdiesd to explore the effects of high-strength
reinforcement on seismic performance of frame lngjsl through nonlinear dynamic analyses.

6.1. BUILDING DESCRIPTION

Previous studies completed at UC Berkeley invetgajgaeismic response of 20-story tall
reinforced concrete office buildings with speciabment resisting frames and conventional
Grade 60 reinforcement (Visnjic, 2014). The sanuheitype building, shown in Figure 6.1.1, is
re-designed with Grade 100 reinforcement basedesigd requirements per ASCE-7-16 and
detailing requirements per ACI 318-14. As a redhkre are total of four building models being
studied including one building with conventionala@e 60 A706 (SBH60), one with Grade 100
having T/Y = 1.30 (SBH100), one with Grade 100 hgvl/Y = 1.18 (SBL100), and the last one
with Grade 100 A1035 (SBM100). The naming convental test beams is used for these
archetype buildings.

These buildings have two reinforced concrete spectament resisting frames (SMRFs)
as the seismic-force-resisting system in eachetwo principal directions of the buildings. The
special moment frame frames are located on theneéer. They have four 21-ft long bays and
twenty 12-ft tall stories to result in building et of 144 ft.

Figure 6.1.1: Elevation (Left) and Floor Plan (Rigbf Archetype Buildings (used with
permission from Visnjic 2014)
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6.2. SEISMIC HAZARD

All four archetype buildings are hypothetically &ed in the financial district of
downtown San Francisco, California (Figure 6.2ThHe soil condition at the selected location is
categorized as stiff soil and site class D (ASCEFRm the USGS seismic design map, the
ordinates of the pseudo-acceleration spectrum att-sand 1-s-periods arpy  _  and
]~ < , respectively, where g is gravitational acceleratifor a design earthquake level and
5% damping. For the maximum considered earthquakeard, the corresponding spectral
ordinates ard,x _ and]y, =_ . Based on these spectral ordinates, the design and
maximum considered earthquake spectra are coretrastcording to ASCE 7 and plotted in
Figure 6.2.2. In this figure, the RotD50 componehthe design spectrum is also plotted. The
RotD50 spectrum is computed by dividing the MCEelespectrum by 1.1 for period less than
0.6 second and by 1.3 otherwise.

Figure 6.2.1: Hypothetical Location of ArchetypeilBings (marked with a bull’'s-eye)
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Figure 6.2.2: Pseudo-Acceleration Spectra for DEDRO, and MCE Hazard Level at 5%
Damping
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6.3. DESIGN OF BUILDINGS

The designs of four archetype buildings confornmthte ASCE 7-16 and ACI 318-14
provisions. The design with conventional Grade éihforcement serves as the base model.
From this base design, the dimensions of all strattmembers are kept the same and all
reinforcement is replaced with Grade 100 steel.sThhe amount of reinforcement in all
structural members is reduced appropriately to igeequivalent nominal strengths. By code-
based design with linear elastic analysis, thegmssof all four archetype frame buildings with
normal and higher-grade steel are similar excepathount of reinforcement. All three buildings
with Grade 100 are identical in design. The redsorthis design approach is that most frames
are designed near the building code design dnifit land, consequently, the gross cross sections
cannot be decreased without violating the drifitim

According to ASCE 7-16, the archetype buildings éhdvisk Category Il, Seismic
Importance Factot; , and Seismic Design Category D. The design flog load is 60
psf. Gravity loads include self-weight of structamed permanent non-structural components and
contents.

The seismic weight of the archetype buildings idelsi 100% of dead load and 25% of
live load. In each principal direction of the bunlg, there are two special moment resisting
frames that are symmetric over the center lineuwding plan. Therefore, half of total seismic
weight is assigned to each frame and each franagssamed to resist half of the total seismic
force. Note that this sets aside the complicatioacoidental torsion.

The nominal concrete compressive strengths in demig 5.0 ksi for all beams, 8.0 ksi
for all columns from the base to thefloor, and 7.0 ksi for all columns above thé"ffbor.
High-strength concrete is used in columns so dslkowv the recommendation on column axial
load that . ) $(LATBSDC 2014). During the design procedure, theme two types of
reinforcement used including Grade 60 and GradewlitOnominal yield strengths of 60 ksi and
100 ksi, respectively.

The load combinations (numbered consistent with BS{ considered in the design are
the following:
0 Ob/ <c
Ob/ cd "/ 0] rb
% =bd "! 0] b
where:

b dead load,
c live load,
earthquake load,
]~ design spectral acceleration parameter at shadgse(ASCE 7).
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The design procedure follows guidance provided tecanical brief NIST GCR 16-917-
40 document (Moehle and Hooper, 2016) and LATBS[2014). In design, the effective
stiffnesses (cracked stiffnesses) used for beants @lumns are " # and " #,

respectively, wheref gross section moment of inertia ahd %& =
elastic modulus of concrete. Beam-column joints @r@delled as partially rigid using the
assumptions shown in Figure 6.3.1 (Birely et all20 Columns at the base are fixed to the
foundation at the ground level in the model as pigech by ASCE 7 812.7.1 (Foundation
Modeling).

Figure 6.3.1: Partially Rigid Joint Model

The design model of the archetype frame is con&duia the computer software ETABS
2016 (Computers and Structures, Inc.) with all nioderecommendations described in the
previous paragraph implemented. The code-prescrMedal Response Spectrum Analysis
(MRSA) procedure was used for seismic design. Toraptete quadratic combination (CQC)
was used as the modal combination rule for the fwelve (12) modes in the MRSA, which
accounted for more than 98% of the modal mass. afipdicable response modification factor
was e . ASCE 7-16 requires that design base shear giyeMRSA procedure must be
scaled to 100% of calculated base shear usingdbhe/&8lent Lateral Force procedure.

From linear elastic frame model in ETABS, desigixfiral strength in beams is governed
by the load combinations considered. Beam sheangitn demand is computed using probable
moment strength of beam., . Design axial force in columns is determined asagnan all-
beams yielding mechanism with reduction factor & Gravity load is also included in column
axial demands in accordance with the controlliredleaombination. Column flexural strength is
governed by design principle of strong columns aedk beams, as specified by the requirement

f* g:if* (ACI318-14).

Peak story drifts were calculated in the MRSA pdace with design spectrum being
scaled such that modal base shear is equal tosbase determined in accordance with Eq. 12.8-
6 in ASCE 7-16. They are then multiplied by appraigr deflection amplification factgr

for reinforced concrete frame buildings. All fdawildings satisfy story drift limit of OM
per ASCE 7-16Nl,  story height).
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Table 6.3.1 summarizes important design criteriahld@ 6.3.2 presents the dimensions
and longitudinal reinforcement. Note that beams amdrior columns have constant cross
section in the lower ten stories, with reducedisastin stories 11-20. Exterior columns were
constant in stories 1-5, 6-10, and 11-20. Table36dsplays design drift ratio of the archetype
frames determined by linear elastic analysis uddsign level hazard.

Table 6.3.1: Summary of Design Criteria

Building Grade 60 Grade 100
Name SBH60 SBH100, SBL100, SBM10(
Risk Category Il I
Seismic Importance Factag, 1.0 1.0
Seismic Design Category D D
Seismic Response Modification Facter 8 8
Drift Amplification Factor,] 5.5 5.5
Live load (psf) 60 60
Seismic Weight per Framk, 23,000 23,000
Design Base Shear Coefficient (| 0.044 0.044
Base Shear Coefficient for Scaling of Drjift 0.038 0.038
Concrete strength in beams, 5.0 5.0
i 1 h
Concrete strength |r]:I gg:lg)r?nss(loth 80 8.0
Concrete strength in ?lcz)lgg)rjs 120 70 70
Steel yield strength, 60 100
Beam effective stiffness " f " s
Column effective stiffness " f "
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Table 6.3.2: Dimensions and Reinforcement of DeBigimes

Design Grade 60 Grade 100
Zone 1 2 3 4 1 2 3 4
Story 1-5 6-10 11-14  16-2( 1-5 6-10 11-15 164
b (in.) 24 24 24 24 24 24 24 24
£ h (in.) 40 40 40 40 40 40 40 40
3 Top & Bottom| 7No. | 7No. | 7No. | 7No. | 5No. | 5No. | 5No. | 5No.
Reinforcemen] 10 10 9 9 9 9 8 8
= b (in.) 42 42 36 36 42 42 36 36
O h (in.) 42 42 36 36 42 42 36 36
5 Perimeter | 28 No.| 20 No.| 20 No.| 20 No.| 24 No.| 16 No.| 16 No.| 16 No.
Reinforcemen] 10 9 9 9 9 8 8 8
_ b (in.) 42 42 36 36 42 42 36 36
3 h (in.) 42 42 36 36 42 42 36 36
e Perimeter | 20 No.| 20 No. | 20 No.| 20 No.| 16 No.| 16 No.| 16 No. | 16 No.
~ | Reinforcemen 9 9 9 9 8 8 8 8

Table 6.3.3: Design Drift of Archetype Frames

Story Design Level Drift Ratio
20 0.005
19 0.007
18 0.008
17 0.010
16 0.011
15 0.012
14 0.013
13 0.013
12 0.014
11 0.014
10 0.014

9 0.014
8 0.014
7 0.015
6 0.015
5 0.015
4 0.016
3 0.016
2 0.014
1 0.008
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6.4. NUMERICAL MODEL

A two-dimensional numerical model of a single speanoment frame in the archetype
building was constructed and nonlinear history wsial(NRHA) was performed using the Open
System for Earthquake Engineering Simulation sagwaplatform (McKenna et al. 2007,
OpenSees 2016).

Mass and loadseismic mass is lumped and gravity load is agpéiethe joints. Both
seismic mass and gravity load include 100% of dead and 25% of live load in accordance
with ASCE 7.

Gravity framing and foundatiorgravity framing is assumed to have sufficienesgth
and stiffness to resist m effects under gravity load. It is also assumeddbprovide lateral
resistance (Haselton et al. 2008). Foundation liiét is not modeled and all columns at base
level are fixed to the “ground.”

Frame elements and jointall beams and columns are modeled as describEdhapter
5. Force-based Euler-Bernoulli nonlinear fiber-sectframe elements with five Gauss-Lobatto
integration points and m geometric transformation are used to model fleidoehavior. Axial
force — bending moment interaction is modeled Ingias force — bending moment and/or axial
force interaction is not considered. Beam-columntgoare modeled with rigid end zones in both
columns and beams (Figure 6.4.1). Slab effects@atreonsidered in the numerical model.

Rotational springs (slip of reinforcement$train penetration of beam longitudinal
reinforcement into joints and column longitudinainforcement into the foundation are modeled
through nonlinear rotational spring by using zeogth section element as described in Chapter
5. For different sizes of reinforcement, the amaainslip is scaled linearly proportionally from

the measured slip in beam tests by the product where (inch) is the longitudinal bar
diameter and (psi) is the concrete compressive strength.

Section aggregator (shearyhear behavior in beams is only modeled by liredastic
property. The reason is that under ground motiocit&txon, effect of beam elongation, and
kinematics with different column elements, axiatct® is developed in beams and moment
strength of beam constantly changes as a resutIddrra-Medina-Krawinkler model for shear
response through the use of section aggregatorrdmiesiodel shear-moment interaction. Since
deformation contribution from shear into total defiation of beam is very little as observed in
beam tests and discussed in Chapter 3, shear sespoydeled only by linear elastic property is
deemed sufficient and overall behavior of beam rsdemain very similar to that shown in
Chapter 5. Elastic stiffness of shear in frame eleisiis proportionally scaled from the measured

one in beam tests by the produgt ~ where s NK is the frame element cross-sectional area
and (psi) is the concrete compressive strength. Siseaotimodeled in columns.
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Material properties expected material properties are used in the dranodel (TBI
2016). Yield strength of Grade 60 A706 is takerb& 65 ksi, the value measured in test of
specimen SBH60. Expected yield strengths of Grdife with distinct yield plateau (SBH100
and SBL100) are both 105 ksi in frame model bumBaSBH100 has Grade 100 steel with
higher strain hardening ratio as the intent of dyiwaanalysis study is to explore this effect on
the seismic performance of two archetype frameb different types of reinforcement. Concrete
strength is 1.3 times specified compressive streafy8 ksi.

Figure 6.4.1: Typical Model at the Joint

Damping forcesas studied by many researchers, initial stiffieagleigh damping has
been recognized to cause spurious forces in theerayand equilibrium is not maintained
(Chopra and McKenna, 2016). Therefore, tangerfhess Rayleigh damping is implemented in
the frame model such that equilibrium is satise@edrywhere in the system. The damping matrix
is defined as a linear combination of mass matrix tandent stiffness matrix Rayleigh damping
with 2% damping ratio applied in modes 1 and 3. P coefficients calculated front'land
39 modal properties of frame SBH60 are used to defieedamping matrix in analyses of all
frames studied here.

Cyclic response of typical beam and column in gddirames is presented Figure
6.4.2 throughFigure 6.4.7 Figure 6.4.2displays cyclic behavior of typical beam from base
10" floor of frames SBH60 and SBL100. Beams in frarB¢i60 are apparently stiffer and have
higher peak strength than those in frame SBL10@ume of greater longitudinal reinforcement
area and material strain hardening. They both tswvelar yield strength as expected in the
design.Figure 6.4.3shows comparison of response between beams ok$ré®BH100 and
SBL100. They both have equivalent stiffness anengfth at yield. Beam in SBH100 is stronger
after yielding as its longitudinal reinforcemenshagher strain hardening ratio. fiigure 6.4.4
it is also obvious that beam in frame SBH60 idestithan that of beam in frame SBM100.

Similar trend can be made for response of a tygigtdrior column in frame models. The
column in frame SBHGE0 clearly shows higher inig&ffness than other columns in frames with
high-strength steel. It has slightly higher striaardening behavior after yielding. Figure 6.4.6
the column in frame SBH100 obviously responds bettter yield than that in frame SBL100
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due to higher strain hardening ratio. The columirame SBM100 has the higher peak strength
but its strength degrades quicker than the colun®BH60 Figure 6.4.7.
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Figure 6.4.2: Cyclic Response of Typical Beamsrantes SBH60 and SBH100
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Figure 6.4.4: Cyclic Response of Typical Beamsrantes SBH60 and SBM100
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6.5. VIBRATION PROPERTIES AND STRENGTH

Modal periods of the first three translational medéthe planar model based on cracked
section properties are listed in Table 6.5.1. B BTABS model, cracked-section properties are
modeled by applying effective stiffness for beanm&l &olumns of " # and " #,
respectively. In the OpenSees model with fiberisast modal periods are computed after
gravity load is applied onto the frame.

A nonlinear static push-over analysis under latéwald pattern that is similar to the
ASCE 7 Equivalent Lateral Force is performed forframe models after application of gravity
loads. The results are plotted in Figure 6.5.1 Worth noting that frame SBH60 reinforced with
conventional Grade 60 A706 steel and larger amotildngitudinal reinforcement is stiffer than
the other three frames with Grade 100 reinforcem@hframes with higher-grade steel have the
same initial stiffness. Additionally, frame SBH1B0stronger than SBL100 after yielding as its
reinforcement has higher strain hardening. Sinulaservation is made for SBH60 as compared
to the response of SBH100 and SBL100. SBM100 hashiphest peak strength as expected
because Grade 100 A1035 has the highest ultimnratgssdf the four types of steels.

Table 6.5.1: Period of First Three Translationaldds of Archetype Buildings

Building Mode ETABS Period (s) OpenSees Period (s
1 3.41 3.18
SBH60 2 1.16 1.07
3 0.65 0.60
1 3.41 3.82
SBH100, SBL100,
SBM100 2 1.16 1.29
3 0.65 0.71
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Figure 6.5.1: Push-Over Curves for All Frame Modelder ASCE 7 Lateral Load Pattern
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6.6. GROUND MOTION SELECTION

Dynamic analyses are performed at two levels ofkigiga intensities: maximum
considered earthquake (MCE) and the average RotBB&und motions are selected using a
Matlab routine developed by the Baker Research G(dayaram et al. 2011).

Twenty ground motions are selected such that tlkeage spectrum of fault-normal (FN)
component spectra of all ground motions approxiséte MCE response spectrum defined in
section 5.2. From these selected motions, the icha fault-parallel (FP) components are
scaled to agree with the RotD50 response spectftm selection restrictions are: 1) magnitude
of the earthquake is between 6.5 and 8.0; 2) distém site is within 20 kilometers; and 3) the
scale factor is from 0.5 to 5.0. The set of 20delkd ground motions also contains about 10 near-
fault pulse-like motions that have distinct velggiulses due to directivity effects.

Table 6.6.1 lists the individual ground motion imf@tion and their scale factors. Their
FN- and FP-component pseudo-acceleration spearplatted in Figure 6.6.1 and Figure 6.6.2.
The average spectrum of FN and FP components sapeshAlbwn and compared to the target
MCE and RotD50 spectra in these plots, respectively

Table 6.6.1: Selected Ground Motions and ScaleoFsct

GM Record ' Scale | Scale
No. Sequence Earthquake Name Year Station Name Factor | Factor
Number FN FP
1 6 Imperial Valley-02 1940 El Centro Array #9 3.60 2.2¢
2 126 Gazli, USSR 1976 Karakyr 1.50 1.30
3 174 Imperial Valley-06 1979 El Centro Array #11 3.50 2.0¢
4 182 Imperial Valley-06 1979 El Centro Array #7 0.80 1.5Q
5 184 Imperial Valley-06 1979 El Centro Differential Array 1.50 1.40Q
6 495 Nahanni, Canada 1985 Site 1 2.30 3.50
7 721 Superstition Hills-02 1987 EIl Centro Imp. Co. Cent 2.10 3.00
8 725 Superstition Hills-02 1987 Poe Road (temp) 3.60 2.00
9 728 Superstition Hills-02 1987  Westmorland Fire Sta 2.80 2.30
10 779 Loma Prieta 1989 LGPC 0.80 1.20
11 802 Loma Prieta 1989  Saratoga - Aloha Ave 1.80 2.40
12 803 Loma Prieta 1989 Saratoga - W Valley Coll. 1.80 1.60
13 827 Cape Mendocino 1992 Fortuna - Fortuna Blvd 3.20 3.80
14 1045 Northridge-01 1994Newhall - W Pico Canyon Rd. 1.00 1.70
15 292 Irpinia, Italy-01 1980 Sturno (STN) 1.75 1.50
16 6906 Darfield, New Zealand 2010 GDLC 1.20 0.70
17 8119 Christchurch, New Zealand 201Pages Road Pumping Statign 0.85 2.60
18 1605 Duzce, Turkey 1999 Duzce 1.40 1.00
19 2655 Chi-Chi, Taiwan-03 1999 TCU122 2.80 5.00
20 2658 Chi-Chi, Taiwan-03 1999 TCU129 3.60 5.00
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6.7. RESULTS FROM NONLINEAR RESPONSE HISTORY ANALYSIS

General dynamic response characteristics of arpkebuildings are discussed in this
section. Figure 6.7.1 shows the history of roopldisement of all four frames subjected to fault-
normal (FN) component of the ground motion recordedtation TCU 129 during the Chi-Chi
earthquake in Taiwan 2003. Frame SBH60 with congrat Grade 60 A706 reinforcement
achieved the least roof displacement of all thelistli buildings as expected due to its greater
stiffness. Frames SBH100 and SBL100 are both id&nin all aspects except the strain-
hardening property of the longitudinal reinforcemeasulting in almost the same roof response
history. Lastly, frame SBM100 produces the largestf displacement of all frames. It is also
worth pointing out that roof level residual defliect for all three frames with Grade 100
reinforcement is slightly higher than that of thanfie with conventional Grade 60 steel.

Zooming in on the history of the roof displacemaatshown in Figure 6.7.1, it can be
observed that frame SBH60 has a shorter period tharother three frames. Frame SBH60
responds mainly at period about 4.5 seconds wiié dther frames respond at period of
approximately 5.0 seconds.
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Figure 6.7.1: Roof Displacement Response HistorlblFrames under Record Number 2658 —
Earthquake: Chi-Chi, Taiwan-03 — Station Name: TT29 — FN Component

77



Figure 6.7.2 plots calculated roof displacementohiss of the four buildings under the
FN component of ground motion recorded at statidnCEntro Imp. Co. Cent from the
Superstition Hills-02 earthquake. Figure 6.7.3 plaalculated stress-strain behavior of a
representative beam element for the four buildingstesponse under this motion, the beam
element in frame SBH60 sustained the least cakilatrain demand, mainly because the roof
deflection is the least among the four buildingsade 100 A1035 steel used in frame SBM100
sustains the largest strain. Frames SBH100 and @Bhave very similar calculated strains that
are between strains calculated for Frames SBH6G&M100.
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Figure 6.7.2: Roof Displacement Time Series ofi&Allmes Subjected to Record Number 721 —
Earthquake: Superstition Hills-02 — Station NamleCe&ntro Imp. Co. Cent — FN Component
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To study further into the difference in behaviatween frames SBH100 and SBL100,
analysis data of these two frames subjected t@tbend motion measured at station EI Centro
Array #9 from the Imperial Valley-02 earthquakepistted in Figure 6.7.4. Despite the slight
discrepancy in roof displacement response in tis#ige direction, the peak roof deflections are
comparable for both frames. Typical beam in frarB&1800 attains lower peak strain than that
in SBL100 as shown in Figure 6.7.5, most likely daehigher-strain hardening property of
reinforcement. However, this higher-strain hardgnincreases moment strength in beams in
frame SBH100, which in turn results in higher momdamand on the columns. Therefore,
stress demand in longitudinal reinforcement in todumns is higher for frame SBH100,
resulting in larger strain and rotation in the cohs.
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Figure 6.7.4: Roof Displacement Time Series of Frsu8BH10 and SBL100 Subjected to
Record Number 006 — Earthquake: Imperial Valley-G&ation Name: El Centro Array #9
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Individual ground motion response quantities canfdund in APPENDIX B. Average
envelopes of all analyses including FN and FP carapts are presented in Figure 6.7.6 through

Figure 6.7.9.

In Figure 6.7.6, drift along height of buildings mormalized by building height. It is
apparent that frame SBH60 with conventional GradéAB06 reinforcement achieves the least
roof drift of 1.15% while frame SBM100 with Grad® 81035 produces the largest roof drift of
all frames at about 1.45%. Buildings SBH100 and 8Bl both obtain equivalent roof drift of
1.3%. Similar observation is made for story dutios plotted in Figure 6.7.7.
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Story shear is shown in Figure 6.7.8. Frame SBLAfacts the least amount of story
shear (approximately 10% of seismic weight) as etquesince its longitudinal reinforcement of
Grade 100 T/Y = 1.18 is the type of steel with Istv&rain-hardening ratio. SBH100 with Grade
100 having slightly higher strain-hardening (T/YL:30) attracts a little more shear force. Frame
SBHG60 attracts larger story shear force that SBLAGO SBH100. This may be attributable to
larger amount of reinforcement and therefore grestténess, as well as higher strain-hardening
ratio than both Grade 100 steels with distinctdjiplateau. Frame SBM100 develops the most
story shear of about 11.4% of the seismic weighinarease of 12.3% compared to SBL100 and
SBH100. This result is not unexpected, as GradeAll@B5 has the highest ultimate stress of all
higher-grade reinforcement and SBM100 is the seehffame by the push-over analysis.
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Figure 6.7.9: Average Story Moment Envelopes —:L{t Component — Right: FP Component
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Column Forces

Axial forces axial forces in exterior columns of special moimmé&ames subjected to
earthquake excitation come from shear forces apfpjemoment frame beams responding at or
near probable moment strengths plus column selfwteDead loads plus some portion of live
loads may also result in additional vertical irerforces if vertical ground motion component is
present. In the present study, the effect of valrtground motions was not included. Column
axial force for design at levekan be estimated by:

l &\ ' 35&\d an gq\ " +,&0 Eq- (9)
where' .g, = design axial force at level
' 3g1 = design axial force at levetlue to gravity loads (1.0D + 0.25L)
-+ &0 = Shear due tb , at both levels of the beam at leyeinder zero gravity
V;, = reduction factor to recognize that not all bealegelop* . simultaneously,
taken as 0.8 in this report as supported by Visstjial. (2014).

According to ACI 318-14}* , is calculated by using nominal (specified) coreret
compressive strength and elasto-plastic stress-strain relation forlsteth yield
stress equal to 1.25 times specified yield stress.

Comparison between external column axial forcesutaled by the above equation and
the average of those computed from dynamic analgsesesented in Figure 6.7.10 to Figure
6.7.13.

In Figure 6.7.10, it is observed that above equatiarginally overestimates axial forces
in columns on top stories and underestimates tlooséower stories for frame SBH60. The
equation slightly overestimates axial loads foucwmhs in all floors of frame SBL100, probably
because of the lower hardening ratio of Grade 100 3 1.18 reinforcement used in frame
SBL100.

In Figure 6.7.11, it is apparent that the equationsiderably underestimates axial forces
in column in frame SBM100. This occurs mainly besmthe ultimate strength of Grade 100
A1035 is about 1.6 times its specified nominal ¢istrength of 100 ksi, which is much higher
than the factor 1.25 in calculation®f, in beams.

In tension, the equation consistently overestimétestensile force in columns in all
frames except those columns on the lowest stonefsame SBM100. The abrupt change in
normalized axial loads at mid-height of buildingsdue to the difference in sizes and concrete
strength used in column design.
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Figure 6.7.10: Exterior Column Compression in Frai88H60 and SBL100
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Figure 6.7.11: Exterior Column Compression in Frai88H100, SBL100, and SBM100
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Figure 6.7.12: Exterior Column Tension in Frame$i88 and SBL100
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Figure 6.7.13: Exterior Column Tension in Frame$1$80, SBL100, and SBM100
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Column shearEstimation of column shear in design is challaggbecause the shear is
occurring in columns of a frame in which the colwrare designed to remain mainly in the
linear range of response with primary yielding lie beams. It has been recognized that current
methods for approximating design column shear ecisth moment frames do not always result
in conservative estimate of shear forces that cokinmeed to resist (Visnjic et al., 2014; Visnijic,
2014; Moehle, 2014; Moehle and Hooper, 2016). Usstanation of shear demand in columns
could lead to column shear failure, which couldceale to more global response deficiencies,
possibly including local or global collapse.

According to ACI 318-14, the column design shearcdoshall be calculated from
considering the maximum forces that can be gerngedtehe faces of the joints at each end of the
column. These forces shall be calculated using nitaximum probable moment strengths,
* +&rF, at each end of the column associated with thgerani factored axial force®,, acting
on the column, that is,gy, f * . g re(As. In tall buildings with large columns, this appcba
is known to result in large overestimation of cofushears, and the transverse reinforcement
required in some cases might be unfeasible to ngisRecognizing this, 318-14 allows that the
column shears need not exceed those calculated jfiminstrengths based dn, g gg; Of the
beams framing into the joint. A widespread pracisce assume that the probable moment from
the beams is resisted by equal column moments adroddelow the joint, resulting in column
shear-.g s f * . gg9781 (0Ag. In the first story of buildings with fixed-baselomns, one of
the values inf * , ¢g97s\ IS replaced by* . ¢ at base of the building. A drawback of
determining shears based on the beam moments tighthadistribution of column moments
above and below any beam-column joint is indeteateinStudies (e.g., Kelly 1974) show that
moment patterns can vary widely during seismic oasp. As a measure to avoid
underestimating column design shear force whes dietermined from the beam moments, ACI
318-14 also requires that the column design sheefshall be at least the shear from the
controlling load combination determined by (lineamalysis of the structure. This latter
provision seldom controls the column design.

Visnjic et al. (2014) and Moehle (2014) proposeal thn improved estimate of column
design shear can be obtained by amplifying thersbketained from the linear analysis of the
structure. The amplification factors consider systeverstrength and dynamic effects. Based on
this procedure, design column shears can be couhjyte

- U y-asr3 Eq. (10)

where- ;,srz = column shear obtained from modal response spaanalysis
t = 1.3 as a dynamic amplification factor
u, = overstrength of the structural system, which lsampproximated as

u, o Eq. (11)

f axayz(
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f * . =sum of probable moment strengths of all beamcahamn plastic hinges
in a beam-yielding mechanism

f * gasrz = sum of the moments calculated from modal respasEectrum
analysis at all beam and column plastic hinge lonatof the same beam-yielding mechanism in
absence of gravity loads.

Column shear forces computed by these various appes are plotted and compared
against the average of the column shears from meenlidynamic analyses in Figure 6.7.14 and
Figure 6.7.15. As expected,g, f * . g ra(Ag results in large overestimation of column
shears in all cases.g, f * . 589781 (0Ag provides a reasonable central approximation of the
shears, but underestimation or overestimation diividual stories appear to unacceptably large.
The shear obtained from the controlling load corabam determined by linear analysis of the
structure- ,gr3 is well below the shear obtained from nonlineamatyic analysis, as is typically
the case. The last approach of amplifyingrs in accordance with Equation 11 produces the
best overall estimate of shear in all exterioreiiigr, and middle columns. However, it is worth
noting that shear in exterior columns of the fattry is underestimated by this method as it does
not account for the effects of beam elongation,cWwipushes the first-story columns outward,
thereby increasing the first-story shear (Moehl240

It can also be observed that the last method §lighterestimates shear in exterior
columns for frames SBH100 and SBL100 as these sane reinforced with higher-grade steel
that has lower strain-hardening ratio than thatcofventional Grade 60 A706. Hence, the
overstrength factor of the structural system isresemated for these two frames. Nevertheless,
the method provides better agreement in sheardonceolumns for frame SBM100.
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Figure 6.7.14: Column Shear in All Frames — FN Congnt
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7. SUMMARY AND CONCLUSION

The use of higher grade reinforcing steel has thteriial benefit of reducing material
guantities, thereby leading to reduced reinforceneengestion and reduced construction costs
in reinforced concrete construction. Several stedls in the United States can produce
reinforcing steel of grade 100 (nominal yield sg#nof 100 ksi) and higher. However, at the
time of this writing, none of these higher gradas match the benchmark mechanical properties
of Grade 60 A706 steel. This raises questions alheuperformance characteristics of reinforced
concrete construction that uses the higher-gradéreement.

A research program has been conducted at UC Bgrkelevhich four concrete beams
were tested in a laboratory. Each beam was reiefowith a different type of reinforcement,
including conventional Grade 60 A706, Grade 10wity = 1.18, Grade 100 with T/Y = 1.30,
and Grade 100 A1035. The study investigated ss8f#nand strength, local bond stress-slip
relationship of bars anchored in adjacent con@ettions, spread of plasticity, inelastic rotation
capacity, and ultimate failure characteristics.

An analytical study using nonlinear dynamic anaybas also been carried out to
investigate the seismic performance of tall reioéar concrete special moment resisting frames
with high-strength reinforcement. Four 20-story aate moment frames, three reinforced with
Grade 100 steel and one with conventional Gradstéél, were designed in accordance with
ASCE 7-16 and ACI 318-14 at a hypothetical sit&san Francisco, California. All four frames
had the same dimensions and concrete propertigslting in identical design drifts. Frames
with Grade 100 reinforcement were designed to mastaced amount of reinforcement providing
equivalent nominal strength as the frame with Gé@eeinforcement. Tests carried out as part
of this study demonstrate that frames with high@adg reinforcement had greater strain
penetration, resulting in greater slip of reinfar@nt from connections. As a result of this, along
with reduced reinforcement ratios, the frames v@tlade 100 reinforcement were more flexible
than the frame with Grade 60 reinforcement. In taoldi many currently available types of
Grade 100 reinforcement have lower tensile-to-ysttdngth ratio and lower uniform elongation
compared with Grade 60. Less strain-hardening Witfher-strength reinforcement increases
strain localization and P-Delta effects. Seismgponse of these frame buildings with Grade 100
reinforcement is studied and compared againstathatildings with Grade 60 reinforcement.

KEY FINDINGS:

Experimental Investigation:

1. All beams reinforced with Grade 100 steel achienadtion capacity equivalent to that
of a beam with conventional Grade 60 A706.
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. Laterally supporting all longitudinal bars at spaof five (5) times the longitudinal bar
diameter provided adequate resistance againstug&tig between hoop sets.

. Beams SBL100 with Grade 100 T/Y = 1.18 and SBM10 wrade 100 A1035 both

failed by fracture of longitudinal reinforcementir&n of longitudinal bars in SBL100
was most localized and concentrated at base abehaen, resulting in the highest strain
under the same drift among all four specimens.

. Beams SBH60 and SBH100 both failed by twisting @diin about longitudinal axis. This
is also known as global instability. Strain in langinal bars did not reach the uniform
elongation strain capacity.

. Beams with Grade 100 reinforcement apparently sweddamore slip of longitudinal bars
out of the anchorage, resulting in more fixed-emdation, and increasing total
deformation capacity.

. To maintain equivalent beam moment strength foofathe beams, the beams with Grade
100 reinforcement in this study had reduced lomlyital reinforcement ratio. This effect,
combined with increased slip from the anchorageszoeduced the effective stiffness of
the beams with Grade 100 reinforcement compareth wie beam with Grade 60
reinforcement.

. Beam probable moment is affected by the amounteoffarcement material strain-
hardening. Beams with lower T/Y had probable monsér@ingth less than that calculated
in accordance with ACI 318 procedures, while beantk higher T/Y ratio, especially
the beam with ASTM A1035 reinforcement, had probabloment strength higher than
that calculated in accordance with ACI 318 procedur

Nonlinear Dynamic Analysis Study

. Building frames SBH100, SBL100, and SBM100 with @&al00 were less stiff than
building frame SBH60 with conventional Grade 60 A7This is because of reduced
longitudinal reinforcement area and increased oegg@ment slip from anchorages. In
relation to this observation, it should be notedttthe beam and column gross
dimensions were selected to be identical regardbésthe selected reinforcement. A
widespread practice is to design moment frames ghehh gross dimensions are
controlled by the building code drift limits. Byahdesign practice, gross dimensions
cannot be further reduced by using higher graddamiement.

. Frames with higher-grade reinforcement sustainedesity greater drift than that of the
frame with Grade 60 steel. SBM100 with Grade 1003%Lthat had round-shaped stress-
strain relationship had the largest drift. SBH10d &BL100 had similar drift despite the
difference in reinforcement strain-hardening praipsr

. Story shear envelopes varied for the different #arthat were studied. The frames with
ASTM A706 Grade 60 reinforcement and ASTM A1035nfeicement attracted
somewhat higher shear, perhaps because of hightariahastrain-hardening, which
increased the member moment strengths.
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4. ACI 318-14 procedures for determining column desighear forces produced
inconsistent results that, in some cases, werenseceative. An alternative procedure
that produces improved estimates is proposed.

91



REFERENCE

ACI 318 (2014)Building Code Requirements for Structural Conc&€l 318-14) and
CommentaryAmerican Concrete Institute, Farmington Hills,.Ml

ASCE 7 (2016)Minimum Design Loads for Buildings and Other Stawes American Society
of Civil Engineers, Reston, VA.

Arteta, C.A. (2015)Seismic Response Assessment of Thin Boundaryriiteai&Special
Concrete Shear Wall®octoral Dissertation, University of Californiderkeley, CA.

ASCE 41 (2013)Seismic Rehabilitation of Existing Buildings, ASSH/ Standard 41-13
American Society of Civil Engineers, Reston, VA

ASTM A1035 (2016)Standard Specification of Deformed and Plain, Loark®n, Chromium,
Steel Bars for Concrete Reinforcemei®TM International, 8 pp.

ASTM A370 (2014) Standard Test Methods and Definitions for Mechdni@sting of Steel
Products ASTM International, 50 pp.

ASTM C39 (2012)Standard Test Method for Compressive Strength bficical Concrete
SpecimensASTM International, 8 pp.

ASTM C469 (2010)Standard Test Method for Static Modulus of Elastiand Poisson’s Ratio
of Concrete in CompressipASTM International, 5 pp.

ASTM EB8 (2016) Standard Test Methods for Tension Testing of Metislaterials,ASTM
International, 30 pp.

ATC 98 (2014)Use of High-Strength Reinforcement in Earthquaksidt@nt Concrete
Structures ATC-98 Report, Applied Technology Council, Redwdoity, California, 231 pp.

Berry, M.P., D.E. Lehman, and L.N. Lowes (2008)ufihped-Plasticity Models for Performance
Simulation of Bridge ColumnsACI Structural JournalVol. 105, No. 3, pp. 270-279.

Birely, A. C., Lowes, L. N., and Lehman, D. E. (2)1°Linear Analysis of Concrete Frames
Considering Joint Flexibility, ACI Structural Journalv. 109, no. 3, pp. 381-391.

Bournonville, M., J. Dahnke, and D. Darwin (200&}atistical Analysis of the Mechanical
Properties and Weight of Reinforcing Ba&. Report 04-1, Structural Engineering and
Material Laboratory, The University of Kansas, Lame, KS, 198 pp.

Chang, G. and Mander, J. (1998gismic Energy Based Fatigue Damage Analysis dfyBri
Columns: Part | — Evaluation of Seismic CapacityCEER Technical Report 94-006.

92



Chopra A.K., and McKenna F., (2016). “Modeling \Wosis Damping in Nonlinear Response
History Analysis of Buildings for Earthquake Ex¢itan,” Earthquake Engineering and
Structural Dynamics45:193-211.

Chu, T.C., W.F. Ranson, M.A. Sutton, and W.H. Pe(@885). “Applications of Digital-Image-
Correlation Techniques to Experimental MechaniExperimental Mechani¢25(3), 232-
244,

Elwood, K.J., and M.O. Eberhard (2009). “Effectitffness of Reinforced Concrete Columns,”
ACI Structural JournalVol. 106, No. 4, pp. 476-484.

FEMA 461 (2007)Interim Testing Protocols for Determining the SesRerformance
Characteristics of Structural and Nonstructural Quonents Federal Emergency
Management Agency, Washington, D.C., 138 pp.

Filippou, F.C., Popov, E.P., Bertero, V.V. (198Bjfects of Bond Deterioration on Hysteretic
Behavior of Reinforced Concrete JoinReport EERC 83-10, Earthquake Engineering
Research Center, University of California, Berkeley

Ghannoum, W. (2007Experimental and Analytical Dynamic Collapse Staflg Reinfroced
Concrete Frame with Light Transverse Reinforcemiottoral Dissertation, University of
California, Berkeley, CA.

Haselton, C.B., Goulet, C.A., Mitrani-Reiser, Jeck, J.L., Deierlein, G.G., Porter, K.A,,
Stewart, J.P., and Taciroglu, E. (2008). Assessment to Benchmark the Seismic
Performance of a Code-Conforming Reinforced Coreckédment-Frame Buildings
Technical Report Peer 2007/2012, Pacific Earthqlaigineering Research Center,
Berkeley, CA.

Hognestad, E. (1951A Study of Combined Bending and Axial Load imfeeced Concrete
Members Bulletin 399, University of lllinois Engineerirgxperiment Station, Urbana, Ill.,
128 pp.

Ibarra L.F., Medina R.A., and Krawinkler H. (200%jlysteretic Models That Incorporate
Strength and Stiffness Deterioratioiarthquake Engineering and Structural Dynamics
34(12), 1489-1511.

Jayaram, N., Lin, T., and Baker, J. W. (2011). tdputationally efficient ground-maotion
selection algorithm for matching a target resp@pectrum mean and variancarthquake
Spectra27(3), 797-815.

Kelly, T. (1974).Some Seismic Design Aspects of Multistorey ConEraetmes Master of
Engineering Report, University of Canterbury, Ctotsirch, New Zealand, 163 pp.

93



Kunnath, S., Heo, Y., and Mohle, L. (2009). “Nomiar Uniaxial Material Model for
Reinforcing Steel BarsJournal of Structural Engineerind35(4): 335-343

LATBSDC (2014).An Alternative Procedure for Seismic Analysis am$iQn of Tall Buildings
Located in the Los Angeles Regitos Angeles Tall Building Structural Design Coilnc
Los Angeles, Ca.

Lehman, D.E., and Moehle, J.P. (200®¢ismic Performance of Well-Confined Concrete
Columns UCB/PEER 1998/01, Pacific Earthquake EngineeRegearch Center, Berkeley,
California.

Ma, S-Y.M., V.V. Bertero, and E.P. Popov (1976)perimental and Analytical Studies on
Hysteretic Behavior of Reinforced Concrete Rectéargand T-BeamsReport No.
UCB/EERC 76/2, University of California, BerkeleyA, 241 pp.

Mander, J.B., M.J.N. Priestley, and R. Park (1984)smic Design of Bridge PieRReport 84-
02, Department of Civil Engineering, University@anterbury, Christchurch, New Zealand.

Mander, J.B., Priestley, M.J.N., and Park, R. (E988Theoretical Stress-Strain Model for
Confined Concrete,Journal of Structural Engineering/ol. 114, No. 8, pp. 1804-1826

Mander, J.B., Priestley, M.J.N., and Park, R. (1088 bserved Stress-Strain Behavior of
Confined Concrete,Journal of Structural Engineering/ol. 114, No. 8, pp. 1827-1849

McKenna, F., Fenves, G.L., Scott, M.H., and Jere®ic2000. Open System for Earthquake
Engineering Simulation (OpenSees) [software]. Ra&iarthquake Engineering Research
Center, University of California, Berkeley, CAitp://opensees.berkeley.edu

Moehle, J.P., and J.D. Hooper (201%¢ismic Design of Reinforced Concrete Special Mbmen
Frames: A Guide for Practicing Engineers, Secondi&u, NEHRP Seismic Design
Technical Brief No. 1, NIST GCR 16-917-40, Natioiatitute of Standards and
Technology, Gaithersburg, MD.

Moehle, J. P. (2014). Seismic Design of ReinforCedcrete Buildings, Mc Graw-Hill
Education, New York, 760 pp.

Neuenhofer, A., and Filippou, F.C. (1997). “Evalaatof Nonlinear Frame Finite-Element
Models.” Journal of Structural Engineerind.23(7), 958-966

Open System for Earthquake Engineering SimulatipeSees) 2012-2014.
http://opensees.berkeley.edu/

PEER 2014, Ground Motion Databagutp://peer.berkeley.edu/ngawest2/databases/

94



Priestley, M.J.N., and R. Park (1987). “Strengttl Buctility of Concrete Bridge Columns under
Seismic Loading,’ACI Structural JournalVol. 84, No. 1, pp. 61-76.

Ramberg, W., and W.R. Osgood (1943gscription of Stress-Strain Curves by Three
Parameter Technical Note No. 902, National Advisory Commttfor Aeronautics,
Washington DC.

Rautenberg, J.M., S. Pujol, H. Tavallali, and Apage (2013). “Drift Capacity of Concrete
Columns Reinforced with High-Strength SteéClI Structural JournalVol. 110, No. 2, pp.
307-317.

Razvi, S., and M. Saatcioglu (1999). “Confinemerttddl for High-Strength ConcreteJburnal
of Structural Engineeringvol. 125, No. 3, pp. 281-289.

Scott, M.H., and Fenves G. 2006. “Plastic Hingednation Methods for Force-Based Beam-
Column Elements,Journal of Structural Engineerind 32(2): 244-252

Sokoali, D., A. Limantono, and W. M. Ghannoum (2013&fining Structurally Acceptable
Properties of High-Strength Steel Bars through Mateand Column Testing - Part II:
Column Testing RepgrResearch Grant Agreement #05-14, Charles Pankowdation,
Vancouver, WA, 219 pp.

TBI (2016).Seimic Design Guidelines for Tall Buildindg®eport No. 2016/09, Pacific
Earthquake Engineering Research Center, Unives§iBalifornia, Berkeley, CA, 140 pp.

Visnjic, T. (2014).Design Considerations for Earthquake-Resistant fRReted Concrete Special
Moment FramesDoctoral Dissertation, University of Californiderkeley, CA.

Visnjic, T., M. Panagiotou, and J.P. Moehle (2018gismic Response of 20-Story Tall
Reinforced Concrete Special Moment Resisting Frabessgned with Current Code
Provisions,”Earthquake Spectraloi: http://dx.doi.org/10.1193/082112EQS267M.

XTRACT (2009). XTRACT, version 3.0.8. TRC/Imbsenf@a@re Systems,
http://www.imbsen.com/xtract.htm

Zhao, J., and S. Sritharan (2007). “Modeling ohBtipenetration Effects in Fiber-Based
Analysis of Reinforced Concrete Structure&Cl Structural Journgl104(2), pp. 133-141.

95



APPENDIX A. DESCRIPTION OF LABORATORY TESTS

CONSTRUCTION OF TEST SPECIMENS

All specimen formworks were laid down horizontadly the lab floor during construction
(Figure A-2). Reinforcement cages were fabricatadttee side and placed onto the form by
crane. Concrete was cast into forms using a puogktrCast specimens were then covered by
wet burlaps and plastic sheets. Concrete cylinders also made from the same concrete at the
same time that specimen casting was done. Thesgeatercylinders were covered with plastic
sheet and later tested for representative constegrgth of test specimens.

Actual dimensions of test specimens are descrilmedsammarized in Figure A-3 and
Table A-1, respectively. Actual material propertiesluding concrete and reinforcing steel are
presented in Material section.

Figure A-1: Geometry and Dimensions of Test Bearsi@res
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Table A-1: Actual Measured Dimensions of Test Specis

Figure A-2: Construction of Test Specimens

Figure A-3: Typical Dimensions of Test Specimens

SBL100 SBH100 SBM100 SBH60
H (in) 24 24.125 24.25 24
B (in) 13.5 13.5 13.5 13.5
C1 (in) 1.5 1.375 1.25 1.0
C2 (in) 1.5 1.375 1.25 1.5
L1 (in) 24 24.75 25 24
L2 (in) 23.5 23.75 24 23
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MATERIALS
Concrete

Normal-weight concrete with specified compressitrergyth of 5 ksi and six-inch slump
was used for all beam specimens and their founddtiocks. Materials used in mix design are
presented in Table A-2.

Table A-2: Concrete Mix Design Materials

Material Description Design Quantity Actual Quantity*
Cement ASTM C150 547 lbs/yd 548 Ibs/yd
Coarse Aggregate ASTM C33 #67 1675 lbs/yd 1662 Ibs/yd
Fine Aggregate ASTM C33 1424 Ibs/y¥ 1393 Ibs/yd
Fly Ash ASTM C618 Class F 97 Ibs/yd 98 Ibs/yd
Water ASTM C1602 34 gals/yd 31 gals/yd

* Actual quantities were taken from concrete batast for specimens in"®phase. These
quantities varied slightly for specimens ighase.

Plastic cylinders with six-inch diameter and twelmeh height were used to prepare
concrete cylinders during casting. These cylindeese covered by plastic sheets to keep the
same curing conditions as concrete in beam spesimidrey were then tested for compressive
strength at 7, 14, 21, 28 days, and day of beatimges

All concrete cylinders were removed from plasticldsoand capped at both ends with
sulfur-capping compound prior to compression tesninimize stress concentration, and ensure
uniform loading. The loading procedure had two pkasn the first phase, which was intended
to determine modulus of elasticity of concrete daling ASTM C469/C469M-10 standards,
cylinders were compressed to approximately 40%hefarushing load, which was estimated by
testing one sacrificial sample to failure. The liogdrate was about 25 kips per minute for this
phase. The cylinders were then unloaded closertyh aad reloaded in compression again until a
slight drop or plateau of load resistance was ofeskrindicating initiation of crushing of
concrete cylinders. The second phase of testingldtermine compressive strength was
performed per ASTM C39/C39M-12 standards, and dlaelihg rate was approximately 60 kips
per minute. Figure A-4 displays typical concreteess-strain curves. A summary of concrete
strength and moduli is presented in Table A-3.
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Figure A-4: Compressive Stress-Strain RelationsbfgSoncrete Cylinders: Left — Test Day of
SBH60 Beam; and Right — Test Day of SHM100 Beam

Table A-3: Summary of Compressive Strength of CetecCylinders

Cylinder 1 | Cylinder 2 | Cylinder 3 | Average Modulus
SBL100 7 days 2.74 2.74 2.71 2.73
14 days 3.33 3.44 3.32 3.36
21 days 3.60 3.49 3.58 3.56
28 days 3.61 3.65 3.92 3.73
Day of test 5.06 5.09 5.16 5.10 NA
SBH100 7 days 2.74 2.74 2.71 2.73
14 days 3.33 3.44 3.32 3.36
21 days 3.60 3.49 3.58 3.56
28 days 3.61 3.65 3.92 3.73
Day of test 4.91 5.00 5.10 5.00 NA
SBM100 7 days 3.87 4.04 3.96 3.96
14 days 4.79 5.05 4.90 4.91
21 days 5.22 5.01 5.01 5.08
28 days 5.23 5.11 5.34 5.24
Day of test 5.31 5.51 5.60 5.47 3500
SBH60 7 days 4.13 4.10 412 4.12
14 days 5.08 4.89 4.94 4.77
21 days 5.46 5.26 5.30 5.34
28 days 5.26 5.36 5.63 5.41
Day of test 5.87 5.69 5.42 5.66 3200

Note: All units are in ksi.
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Reinforcing Steel

Four test beams in research program were reinfongtd four different types of steel
reinforcement (Figure A-5). Steel bars used in Be&aBL100 were Grade 100 produced by
guenching and tempering, while those in Beam SBHMgde also of the same grade and
manufactured mainly through micro-alloying. Reim@ment in Beam SBM100 was classified as
Grade 100 as well with properties satisfying ASTKMQOA&5 specifications. This type of steel was
a low-carbon steel and produced under controllddigoprocess. The last beam specimen was
reinforced with conventional Grade 60 ASTM A706ette

Coupon specimens were taken from the same batcmg@tudinal reinforcement used in
each test beam and tested under monotonic loadingension to determine mechanical
properties. These monotonic tension tests were umiad following ASTM A370 standards.
Important mechanical properties of reinforcing kteere determined by methods specified in
ASTM ES8/E8M.

Figure A-6 shows a typical stress-strain relatibrome No. 8 Grade 100 used in Beam
SBH100 obtained from monotonic test with 8-inch gmlength. Yield stress was obtained by
the 0.2% offset method (Figure A-7). This method\akso applied to find yield stress of Grade
100 steel bars used in Beam SBM100 that had nmnclistield plateau in stress-strain relation.
Onset and slope of strain-hardening were determgnaphically on stress-strain curve (Figure
A-7). By observation, x-coordinate of the blue lidefined strain at onset of strain-hardening.
Meanwhile, slope of the red line was calibratedhstlwat it represented the slope of strain-
hardening. Uniform elongation was determined byntgikhe average of strains, at which stress
was 0.5% of the magnitude of the peak stress \(&ligeire A-8).

Figure A-9 displays typical stress-strain relatiafisll longitudinal reinforcement used
in all beam specimens. And Table A-4 presents thgiortant mechanical properties.

Figure A-5: Longitudinal Steel Used in Test SpeciseLeft to Right: SBL100, SBH100,
SBM100, SBH60
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Figure A-6: Typical Stress-Strain Relationship af.I8 Grade 100 in Beam SBH10
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Figure A-7: Left: Yield Strength Determination by28-Offset Method; Right: Onset and Slope

of Strain-Hardening

Figure A-8: Determination of Uniform Elongation Byateau within 0.5% of Magnitude of Peak

Force
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Figure A-9: Tension Stress-Strain relationship t@ebCoupon Tests: Top Left: No. 8 Bars Used
in Beam SBL100; Top Right: No. 8 Bars Used in B&RH100; Bottom Left: No. 8 Bars Used
in Beam SBM100; Bottom Right: No. 9 Bars Used imBeSBH60
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Table A-4: Mechanical Properties of Longitudinalif®ercement

Tensile-to- | Strain at Slope of
Yield Tensile Yield Onset of Strgin- Uniform
Specimen | Strength Strength Strength Strain- Hardenin Elongation
(ksi) (ksi) Ratio Hardening (ksi) 9 (%)
arn) (%)
SBL100 106.0 123.9 1.17 0.7 600 6.8
SBH100 101.5 127.6 1.26 0.7 900 9.4
SBM100 120.0 165.0 1.38 0.6 4500 5.6
SBH60 64.5 95.5 1.48 0.6 950 11.4
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TEST INSTRUMENTATION AND DATA ACQUISITION SYSTEMS
Interior (Strain gauges)

Strain gauges were installed onto reinforcing kassinterior instrumentation. Typical
locations of these strain gauges are shown in Eigut0. These strain gauges were installed to
measure strain primarily along middle longitudirrs on both sides of beam, hoops and
crossties, and along anchorage length of middlgitodinal bars.

Strain gauges used were Tokyo Measuring Instrumeaboratory Co., Ltd. Model
YLFA-5-5LT. These gauges are designed for measuntssma large strains up to 15-20%. All
gauges were 0.2-in. long and 0.08-in. wide. Dedaitdormation can be found on manufacturer’s
website (www.tml.jp). To attach the strain gaugeshe rebar, the rebar was smoothed, prepped
with an acid, base, and alcohol, and then the gaugee glued to the bar with CN-Y adhesive.
After the glue had cured, gauges were coated wdk, V8B tape, and epoxy to protect them
during casting. Care was taken to ensure thesedldywaterials took up as little area as possible
at each location on the surface of the bar. SB tapmk CN-Y adhesive are manufactured by
Tokyo Measuring Instruments Laboratory Co., Ltd.

Exterior (Displacement transducers)

Exterior instrumentation included displacement srharcers set up to measure global
deflection and local deformations along test speaimength (Figure A-12).

String potentiometers used to measure global dispients were Celesco Model PT 101-
0015-111-110 (Figure A-11). Detailed informatiomdze found website (www.stringpots.ca). In
all cases, sensors with a 15-in. stroke length weesl. In cases where sensors had to be placed
more than 15 in. from the point on the specimely tneasured, thin braided-steel wires were
used to extend from the point of placement to thiatpof measurement. This was done because
accuracy is related to stroke length, so it waseaimdble to use instruments with greater
extension capacity.

Linearly Varying Displacement Transducers (LVDTsrer attached onto the specimen
at various locations to measure local deformatidiexural, shear, and dilation deformations),
longitudinal bar buckling, slip, beam base slidirggative to concrete foundation, and beam
elongation. Linear transducers used to measure lomal and global displacements were
Novotechnik Models TRS-0025, TRS-0050, and TRS-0Fdgure A-11). Detailed information
can be found on_http://www.novotechnik.com. In ttese of local displacements, instruments
were affixed near the surface of each beam usie{etsyon threaded rods that allowed them to
rotate without distorting their line of measuremewthere the instrument bore on a concrete
surface, a thin sheet of metal was epoxied to dmerete to prevent distortion due to the uneven
surface.
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Figure A-10: Interior Instrumentation — Strain Gasg
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Figure A-11: Typical Displacement Transducers Usebests. Left: String Potentiometer for
Global Deflection Measurement; Right: Novotechnged to Measure Local Deformations

Figure A-12: Schematic Drawing of Exterior Instrumtegions
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Instrumentation for measuring slip of reinforcement

As shown in Figure A-12, Figure A-20, & Figure A;&lip of longitudinal reinforcement
out of anchorage is measured by two LVDTs thatcareected to two threaded rods attached to
reinforcement at base of beams. These two threatlsel rods are brass-brazed onto the
reinforcement. The brass-brazing procedure is desstias followings:

1. At the location of interest (base of beam), thegltudinal reinforcement is surface
cleaned by steel-wire brush (Figure A-13).

2. Heating chemical is applied on the cleaned surédiceinforcement and threaded rod
(Figure A-15).

3. Both cleaned surface of reinforcement and threaded are heated up to
approximately 900-degree Fahrenheit using a tofafufe A-16). At the same time,
a thin rod of brass material is also heated urtteesaime torch and melted.

4. Threaded rod is brought into contact with reinfoneat and melted brass material is
applied in between to bond the threaded rod ontdareement.

5. Heat is removed and a strong connection betweeadled rod and reinforcement is
formed as melted brass material cools off (FiguwE7A

Figure A-13: Brass-Brazing Procedure - Step 1:&@iClean
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Figure A-14: Brass-Brazing Procedure - Placemeiiihoéaded Rod

Figure A-15: Brass-Brazing Procedure - Step 2. Agapion of Heating Chemical

Figure A-16: Brass-Brazing Procedure - Step 3: idgdiy Torch
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Figure A-17: Brass-Brazing Procedure - Step 5: Rexhof Heat and Formation of Bond

This brass-brazing technique is used to attachthitesaded rods onto reinforcement for
measuring slip of steel bars out of anchorage atispens SBH60, SBH100, and SBL100 with
conventional Grade 60 A706, Grade 100 T/Y = 1.1®] &rade 100 T/Y = 1.30, respectively.
This technique has been tested in the laboratadysaown that it does not alter the mechanical
properties of these steel types.

Steel specimens are taken from the same batchrnddreement used in construction of
beams SBH60, SBH100, SBL100, and SBM100. A threadéds attached on each specimen by
brass-brazing technique. All steel coupons are tested under cyclic loading in tension for ten
cycles in Universal Testing Machine. Figure A-1&pdays the setup of one of these tests.
Another set of four steel specimens from the saatehies are also tested under similar loading
conditions. These coupons are plain with no procegerformed on. The force-strain relations
of steel specimens that is Grade 100 T/Y = 1.3@ usebeam SBH100 are shown in Figure
A-19. Both plain specimen and the one with threadedl attached on using brass-brazing
technique have similar mechanical properties inalgidow-cycle fatigue. The other Grade 100
T/Y = 1.18 and conventional Grade 60 A706 specinvelis brass-brazing procedure performed
on also behave similarly with same mechanical ptagseas corresponding plain ones.

Brass-brazing procedure, however, causes premdtacture of Grade 100 A1035
reinforcement. Therefore, Digital Image Correlati@iC) technique (Chu et al., 1985) is used
instead to measure slip of longitudinal bars in sbeam SBM100. More details on DIC
techniques can be found in Arteta (2015).

In the test of specimen SBM100, two small notclresceeated in concrete at base of test
beam to expose the surface of longitudinal reirdorent (Figure A-22). The exposed surface is
cleaned, painted white, and black dots are printesvith random patterns. The region is shined
with LED flash light and high-resolution camerag aised to take pictures of the region every
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ten seconds during test. The first pictures takér fo test serve as initial state of measurement.
Subsequent pictures are taken and analyzed usingputer software Optecal to obtain
displacement field of subsets of speckle, whical$® the slip of reinforcement out of anchorage

(Figure A-23 & Figure A-24).

Figure A-18: Test Setup of Steel Specimen with Bidsazing - Grade 100 T/Y = 1.30
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Figure A-19: Stress-Strain Relations of Steel Speai- Grade 100 T/Y = 1.30
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Figure A-20: General Instrumentation for Measur8iip by Brass-Brazed Threaded Rods

Figure A-21: General Instrumentation for Measur8iipp by Brass-Brazed Threaded Rods
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Figure A-22: General Instrumentation for Measur@iip by Digital Image Correlation (DIC)

Figure A-23: Data Reduction of DIC

112



Figure A-24: Data Reduction of DIC

Data Acquisition System

The data acquisition control system enclosure wasifie Instruments Model 6000
(Figure A-25). Detailed information can be found lottp://www.pacificinstruments.com. The
data acquisition system control system input/outpodules were Pacific Instruments Model
6035, 8-Channel Strain/Bridge Transducer Amplifidter-Digitizer. These modules are
particularly suited to strain gauges.

Figure A-25: Left: Data Acquisition System; Riginalog 1/0 Modules
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TEST PROCEDURES

The loading history to impose on test specimens vdgeveloped based on
recommendations of FEMA 461 (FEMA, 2007). It cotssief two major loading types: load
controlled, and displacement controlled. The detaie described as below.

Load-controlled cycles:

Lateral load was applied to the specimens using datoators that were controlled by
magnitude of applied load from the beginning ot tgsto yielding point, which was defined as
the amount of force needed to apply on top of thecsnen to cause the first longitudinal
reinforcement to yield. Load-controlled was choden these loading cycles because the
magnitudes of load to result in cracking, yieldiagd intermediate stages between cracking and
yielding on the specimens could be estimated welbti accurately. The corresponding tip
displacements resulted from these pre-determineghimales of lateral force were measured
during test. Accordingly, tip displacement at yigidint was measured and used to compute
following magnitudes of displacement to be applied specimens in later displacement-
controlled loading cycles. For each magnitude ofdpthree cycles of loading were applied.

Displacement-controlled cycles:

From measured yield displacement, magnitudes glatiement to be applied onto the
top of specimens in displacement-controlled loadiggles were computed by multiplying the
displacement of previous cycle by a factor of 1s4saggested by FEMA 461. For the pre-
determined displacement amplitudes that resulppndrift ratio less than 2%, three cycles of
loading were applied, while for those resultingop drift ratio larger than 2%, only two cycles
were imposed.

Table A-5 shows the loading sequence of the test8e@ams SBL100, SBH100, and
SBM100 while Table A-6 displays that on Beam SBHBIQure A-26 illustrates the time history
of top drift ratio measured or applied onto therbea

For each loading amplitude of either force- or @ispment-controlled, the test beams
were loaded from initial position to the peak insEdirection first, followed by another peak in
the West direction, and one cycle was completedbhging the beam back to initial position.
The test was stopped for marking cracks when tkeeisgen was loaded to the peak on the East,
and West direction of the first cycle, and the ehtbading cycles (either second or third) when
the pre-determined applied load or displacemeraineczero.
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Table A-5: Loading Protocol for Beams with Grad® Reinforcement

Loading Stage Number of Cycles Loading Type

Cracking Force 3 Force-Controlled
0.60Fy 3 Force-Controlled
0.84Fy 3 Force-Controlled
1.00Fy 3 Force-Controlled
140y 3 Displacement-Controllec
196y 2 Displacement-Controllec
274 y 2 Displacement-Controllec
3.84y 2 Displacement-Controllec
5.38 y 2 Displacement-Controllec

Table A-6: Loading protocol for Beam with Grade&D06 Reinforcement

S e M M M

Loading Stage Number of Cycles Loading Type

Cracking Force 3 Force-Controlled
0.60Fy 3 Force-Controlled
0.84Fy 3 Force-Controlled
1.00Fy 3 Force-Controlled
140y 3 Displacement-Controllec
1.96 y 3 Displacement-Controllec
274 y 3 Displacement-Controllec
3.84y 2 Displacement-Controllec
5.38 y 2 Displacement-Controllec
753y 2 Displacement-Controllec
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AAAAAAAAAAAAA
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Figure A-26: Loading History
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DATA REDUCTION

Global deflection was measured by wire potentioméEégure A-27). Lateral force was
measured by load cells attached on two actuatatsatere used to apply force on test specimens.
The total force was the sum of the force measusetiMo load cells projected on direction of

loading.

Local deformation was measured by LVDTs. From adraystem of LVDTs as shown in
Figure A-27, total deformation was computed fromasweement of local deformation based on
principle of virtual force:

tom  fig \edGe, Eq. (12)

where:}q = virtual force applied horizontally at 52.5 insh&bove base of beam
m = real horizontal deflection of interest at 5hbhes above base of beam
\&o= Virtual internal force in each truss member eausy virtual forcg
mGg, = real deformation in each truss member or thexgéan length of each LVDT in
truss system

Figure A-27: Instrumentation Scheme for Measurih@lmbal Deflection and Local
Deformation.

Flexural deformation is then defined by contribatiof longitudinal truss members (or
LVDTs) and shear deformation is that of diagonall &aransverse members. The bottom two
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longitudinal LVDTs measure both flexural deformatiand slip of longitudinal reinforcement
out of anchorage. Therefore, another set of LVDBs wsed to measure slip of reinforcement
separately (Figure A-28) and decoupled from bottwo LVDTs in truss system to obtain
flexural deformation.

Figure A-28: Instrumentation of Slip Measuremerd &omputation of Slip Deformation.

Deformation due to slip was then computed by:

D ¢ =T Eq. (13)
where:c = length of test beam from base to loading point

b = distance between two slip LVDTs

nt = change in length of LVDT on the left of beam

nmg = change in length of LVDT on the right of beam

All flexural, shear, and slip deformations wereccddted from measurement of LVDTs
truss system up to location of 52.5 inches abowse lzd beam. Deformation of the remaining
section of beam up to tip was computed based atielaeory of mechanics.
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DYNAMIC ANALYSIS DATA

APPENDIX B.

0.01 0.02

0

-0.02 -0.01

S

o_m_._ _omN__mc:

0

Figure B-1: Drift Envelopes for Frame SBH60
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Figure B-2: Drift Envelopes for Frame SBH100 — L&MW Component — Right: FP Component
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Figure B-17: Exterior Column Compression in FranB#80 — Left: FN Component — Right: FP
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Figure B-21: Exterior Column Compression in FranBe 800 — Left: FN Component — Right:
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APPENDIX C. TEST RESULTS

MEASURED CRACK WIDTHS

Crack widths were measured during pauses in eachrig amplitude as described in
Test Procedures section and presented in detads llneeach figure, the left, middle, and right
pictures display measured cracked widths whendsiespecimens were loaded to the West, East
directions, and at the end of loading cycle (oadjiosition), respectively.

Specimen SBH60

Figure C-1: Measured Crack Widths at Drift Ratiddd85% — Specimen SBH60

Figure C-2: Measured Crack Widths at Drift Ratidddd% — Specimen SBH60
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Figure C-3: Measured Crack Widths at Drift Ratiddd6% — Specimen SBH60

Figure C-4: Measured Crack Widths at Drift Ratiddd% — Specimen SBH60

Figure C-5: Measured Crack Widths at Drift Ratidld?5% — Specimen SBH60
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Figure C-6: Measured Crack Widths at Drift Ratidlot5% — Specimen SBH60

Figure C-7: Measured Crack Widths at Drift Rati®?of5% — Specimen SBH60

Figure C-8: Measured Crack Widths at Drift Ratid3of5% — Specimen SBH60
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Specimen SBH100

Figure C-9: Measured Crack Widths at Drift Ratiddd% — Specimen SBH100

Figure C-10: Measured Crack Widths at Drift Rati®®% — Specimen SBH100

Figure C-11: Measured Crack Widths at Drift Ratid 25% — Specimen SBH100
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Figure C-12: Measured Crack Widths at Drift Ratid 5% — Specimen SBH100

Figure C-13: Measured Crack Widths at Drift Rati®@@5% — Specimen SBH100

Figure C-14: Measured Crack Widths at Drift Rati@@5% — Specimen SBH100
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Figure C-15: Measured Crack Widths at Drift Rati@l®5% — Specimen SBH100

Specimen SBL100

Figure C-16: Measured Crack Widths at Drift Rati®®% — Specimen SBL100
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Figure C-17: Measured Crack Widths at Drift Rai®®% — Specimen SBL100

Figure C-18: Measured Crack Widths at Drift Ratid 5% — Specimen SBL100

Figure C-19: Measured Crack Widths at Drift Ratid 5% — Specimen SBL100
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Figure C-20: Measured Crack Widths at Drift Rati@@5% — Specimen SBL100

Figure C-21: Measured Crack Widths at Drift Rati@@5% — Specimen SBL100

Figure C-22: Measured Crack Widths at Drift Ratiagl®5% — Specimen SBL100
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Specimen SBM100

Figure C-23: Measured Crack Widths at Drift Rai®®% — Specimen SBM100

Figure C-24: Measured Crack Widths at Drift Rai®®% — Specimen SBM100

Figure C-25: Measured Crack Widths at Drift Ratid 5% — Specimen SBM100
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Figure C-26: Measured Crack Widths at Drift Ratid 5% — Specimen SBM100

Figure C-27: Measured Crack Widths at Drift Rati@@5% — Specimen SBM100

Figure C-28: Measured Crack Widths at Drift Rati®d@5% — Specimen SBM100
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Figure C-29: Measured Crack Widths at Drift Ratiagl®5% — Specimen SBM100
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