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Nominal Moment of RC Beams using Steel Strands as
Longitudinal Reinforcement
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Abstract: The effect of using non-prestressed or partially prestressed steel strands as
longitudinal reinforcement on the structural behavior of concrete beams was studied by testing
large-scale beam specimens size 40x70cm, spanning over 8 meters. The test variables of the
beam specimens were the longitudinal reinforcement ratio, prestress level (non-prestressed or
partially prestressed), and types of longitudinal reinforcement (all steel strands or partial strands
and partial deformed bars). The control beam specimens were conventional reinforced concrete
beams. The main objective of the testing was to observe the strength at the ultimate condition.
Keywords: prestressed concrete beam, high-strength reinforcement, steel strands, partial pre-
stressing.

Introduction

Recently, the use of high-strength steels (up to 690 MPa and 890 MPa) have increased
remarkably in many areas around the world. Many researches on the behavior of structural
elements using high strength steel have been conducted to analysis and propose the guideline
to help the engineer community for application. Steel strands has been used for prestressed
structure (Figure 1-1) in Taiwan for more than 60 years, since the first prestressed bridge with
a span of 30 meters constructed in Taoyuan. It has been extensively proven to be effective in
controlling deflection and cracks. Steel strands (Figure 1-2) not only have large stress capacity
(currently, the tensile strength of commonly used strands can reach 1860 MPa), but their unit
strength cost is also lower than that of traditional deformed steel bars. In addition, the twisted
wire gathering method (Figure 1-2 (a)) makes the steel stranded wire can be transported to the
construction site in a considerable length, which is more convenient for cutting on site directly
according to the requirements, and can also save the space for the construction site. Hence,
seven-wire steel strands have the potential to be used as a type of high-strength steel. However,
until now there was very few research carried on this topic.
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(a) (b)

Figure 1: Pretension system: (a) slab; (b) beam

(b)

Figure 2: Pretension system: (a) slab; (b) beam

This research aims to study the flexural behavior of concrete beams using seven-wire strands
replacing for normal deformed bars as longitudinal reinforcement with replacement rate varies
between 0% to 100%, with and without partial prestress, compare with control specimens using
conventional deformed bar. Numerical analysis by program (XTRACT) was also carried out,
to predict the nominal moment and compare with experiment results.

Section configuration

The beam spanning over a span of 8m with simply supported beams at both ends, the cross-
sectional width is 40cm and the height is 70cm. Cross section can be divided into three types:
all steel strands, all deformed bars (control specimen) and some combined sections, the purpose
is to observe the different types of longitudinal reinforcement, and design the components under
the same bending moment strength design. Some of them will be the preload to observe the
influence mode of preload on crack development and deflection.

All deformed bars used are grade 420 MPa with diameter of #9 for longitudinal bars and #3 for
transverse reinforcement. Seven-wire strands are D15.2 grade 1860 MPa, with cross section
area is 137mm2. The designed compressive strength of concrete used is 35 MPa at 28 days.
Transverse reinforcement is designed at distance of 100mm c/c over the span, and reduced to
70mm c/c near the supports.

Table 1: Section configuration

. Rebar ratio .
Name Description Prestress %) Rebar info
0
ST4 All steel strand No 0.22 4D152
ST4P Partial prestress 0.22 2 D15.2 + 2 D15.2 (prestress)
s4 All deformed No 103 4 49
bar
SR4 No 0.62 2#9 + 2 D15.2 (prestress
Combined . (p )
SR4P Partial prestress 0.62 2#9+2D15.2

10
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Table 2: Material parameter table for cross section

Steel strands Deformed bar Stirrups Concrete
Diameter D15.2 Diameter #8 & #9 Diameter #3 Compressive strength 350
Grade 1860 SD 420 SD 420 kgf/cm?
* 0 0 W I B I R a 88 o &+ 8 0
S SR ST SR4 ST4
& 8 & @ v & & ¥ E & W W v & & 0 a = & D

@ Eebar & Steel wire O Prestressed steel strand
Figure 3: Section configuration

Experiment setup

The experiment was configured with a left-end of rolling support and a right-end of twisting
support. Load-cells were arranged at both ends to measure the reaction forces there.
Displacement meter (LVDT) was also put at two supports and reflectors (makers) were stick on
the beam side and cooperated with the optical space coordinate monitoring system (NDI) to
observe the displacement of system. A pair of actuators having stroke of 50 cm and capacity of
100 tf were placed vertically and used for applying the load. The strain gauges were pasted to
deformed bars, wire strands, stirrups and anchor heads and connected to the receiver for
observing the strain during testing.

This experiment used 25 kN as the initial force control step. After cracking happens in the
specimens, the control method could be changed to displacement control, depend on the
cracking condition of the specimens.

11
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Figure 5: (a) Maker; (b) NDI detection; (c) Maker case
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Numerical analysis

Moment-curvature by XTRACT

XTRACT is the software to be used for obtaining the moment curvature analysis for reinforced
concrete cross sections. It had the capability of performing realistic analysis of cross section
incorporating the effects of increased strength and ductility of confined concrete as well as
nonlinear steel behavior within a graphical environment (Chadwell and Imbsen 2004). In this
case, unconfined concrete model (Mander et al. 1988) can be used with specified strength f,
got from material test, no tensile strength, K=1, £.,=0.002 and ultimate failure strain is 0.003.

Confined Strength Rotio £ /f!,

o
< 1.0 1.5 2.0
= 0 R
o I,
£ 1NA N
u . YRR
w
E a 0.1 \
& £ N
& “ A \I LWLy =
E g‘ g Sl —— -‘li il ¥ |\\ 2172
] € 0.
g S 02 TR
o
§ < Biaxial \
@ |
®0.3 11 \
Compressive Strain, Ec S 0 ol 02 03
Smallest Confining Stress Ratio , f, /T
(a) (b)

Figure 6: Mander concrete model: (a) Concrete model; (b) Strength ratio

Similar to concrete, strands and deformed bars were also modelled with values of strength and
modulus got from material test. Bilinear model used for deformed bars, with failure strain of
0.11. Strands 1860 MPa was imported to XTRACT with ultimate strength for strength of strands
is fou = 1937 MPa. The pre-stress was defined with Pe= As*fpe with fpe= 0.7f,, and As =
137mmz2, for each strands having prestress.

£ps < 0.0086: fos = 173343 X £, (MPa) (1-1)
£, > 0.0086: _ ;0276 (1-2)
ps fps = fpu £ps—0.007 (MPa)

Table 3: Concrete strength test

?»120x200 (mm) First batch Second batch Third batch
Compressive force 403.78 396.58 361.35
(kN)
Ult(ilg?;s rTs]tzlgess 363.93 357.45 325.69
N(IES?/ s:rr]g)ss 349.02

Testing photos

13
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Figure 7: Stress-strain curve of steel bar tensile test: (a) #3 SD420W; (b) #8 SD420W;
(c) #9 SD420W; (d) D15.2 1860MP a seven-wire steel strand

Test results

All specimens were failed with breaking of deformed bars or strands. S4 with only deformed
bars has performed well, with very large displacement and many cracks developed before
collapse. It also appears that S4 is still be the best among five specimens, with highest value of
nominal moment My. The stiffness and ductility of concrete beam degraded when we started
replacing the deformed bars by strands as in specimens of SR4 and SR4P, and these outputs got
worse as replacement rate increased. ST4 and ST4P had the lowest value of moments and

relatively short displacement before failure.
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Figure 6: Force and displacement curves

Table 4: Maximum load capacity and bending moment of each test body
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N Maximum jacking force Maximum bending moment of
ame (kN) section (kN — m)
S4 620.5 1009.3

SR4 508.8 836.1

ST4 447.6 741.3

SR4P 486.3 801.3

ST4P 405.8 676.5

Discussion

Nominal moment Mn

The flexural strength (nominal moment) were analyzed with XTRACT and compared with
experimental values. Both results agree that when we increase the replacement rate of strand
for conventional rebar, it will reduce the ultimate. The presence of prestress can enhance the
cracking capacity as moment of cracking will be higher than the sections without pre-stressing.
The ratio between experiment and numerical analysis were more than 1 for all specimens,
meaning that the estimation by XTRACT are conservative or in other words, ACI formula are
applicable for the sections using strands as longitudinal reinforcement.

Table 5: Comparison about nominal moment between experiment and XTRACT analysis

Name Experimental My (kN-m)| XTRACT My (kN-m) Ratio
(a) (b) (a)/(b)

S4 1009.3 691.8 1.46
SR4 836.1 666.8 1.25
ST4 741.3 627.7 1.18
SR4P 801.3 666.1 1.20
ST4P 676.5 627.1 1.08

Summaries and Conclusions

Five prototype beams were tested using monotonic loading in this research, with replacement

rate varies from 0% to 100% and including the section having partial pre-stressing. The

following main points below can be made for the design of beam containing main bar made
from seven-wire strands.

(1) Fle xural behavior of structure like stiffness, nominal moment and cracking capacity will
decline when we substitute the normal deform bar by wire strands. The nominal moment
could be estimated by software like XTRACT with fiber analysis method, which based on
ACI 318 applied to normal section.

(2) The more replacement rate of steel strand, the less of nominal moment and stiffness of beam
element. Aso, the number of cracking also increases.
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Minimum Shear Reinforcement for Columns with High-

strength Reinforcement and Concrete
FEANCRRE RIAFT Y R E P EERIE TR
PR A CHATAIR B R SRR B
3+ 3% %% 06108A1A00
PHEAEL T EEA
$HAR 24
B % § #% : yuchenou@ntu.edu.tw
HHRPF 12019 # 8
I B 55 B Rk (MATS)

ek p e
The main objective of this research is to investigate the effect of axial compression and the
amount of shear reinforcement on shear behavior of high-strength columns.

i
The columns were tested using the multiaxial testing system (MATS) (Fig. 1) at the National
Center for Research on Earthquake Engineering (NCREE). The columns were tested by lateral

double-curvature loading with the application of constant axial compression during testing.
6300 6700

[ [ 4300 |

MATS

|800| 1800

(b)
Figure 1 (a) Multi-axial testing system (MATS); (b) photograph of test setup.

BHRAY

During testing, an axial compression was applied first through hydraulic jacks beneath the steel
floor supporting the column. The axial compression remained constant through the testing.
Lateral cyclic loading was later applied by hydraulic actuators placed at the bottom of the
MATS using displacement control to drift levels of 0.25%, 0.375%, 0.5%, 0.75%, 1.0%, 1.5%,
2.0%, 3.0%, 4.0%, and 5.0% (Fig. 2). Each drift level was repeated three times.
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Figure 2 Loading protocol
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Figure 3 shows lateral force-displacement relationship for all tested columns. All specimens
indicated shear failure as expected in design. The damage distribution of each specimen at the
end of test is shown in Figure 4.

3500 T T T T 3500 T T T T T T 3500 T T T T T T
2800 1 2800 : 2800
2100 2100 2100

=2 P L pzd L

< 1400 < 1400 A6 < 1400 B3l

g 700 g 700 | g 700

o 0 o 0 = = A o o 0

h = g7 i =

g -700 g 700 = 5 700 f

§ -1400 | [ oimaum e § -1400 | 4/ s 1400 el
-2100 } Y!Peak applied load | -2100 / Y ‘Peak applied load -2100 #r!Peak applied load |
-2800 1 -2800 : -2800
-3500 TR S R S T -3500 R S T R S T -3500 R S T R S T

5-4-3-2-1012 345 5-4-3-2-1012 3405 5-4-3-2-1012 3405
Drift (%) Drift (%) Drift (%)
(@) (b) (©
3500 T T 3500 T 3500 T
2800 b 2800 2800
2100 b 2100 2100

z L 4 b L p=d L

g 1400 | ot Z 1400 2 1400 | e

g 700 | 1 g 700 g 700 |

o 0 o 0 o 0

g 700 | 1 € -700 ¢ S 700 |

§ -1400 | prmmen 4§ 1400 | Dfpuds 1§ 1400 [| o
-2100 Y!Peak applied load | -2100 }+ ¥ :Peak applied load -2100 F #r:Peak applied load - 4
-2800 b -2800 . -2800
-3500 R T T R T T -3500 R S T R S T -3500 R S T R S T

5-4-3-2-1012 3425 5-4-3-2-1012 3465 5-4-3-2-1012 3 45
Drift (%) Drift (%) Drift (%)
(d) (e) ®
3500 T T 3500 T — T 3500 — T —
2800 2800 2800

__ 2100 2100 2100

z L = L =z L

£ 1400 | T Z 1400 s g 1400 | e

§ 700 F g 700 | 8 700

S o g o0 g o -

® -700 | T 700 T 700 / /

& 1400 | sl § 1400 | gommen 1§ <1400 | A oo
-2100 F Y !Peak'applied load | -2100 +!Peak applied load | -2100 t “c:Peak applied load |
-2800 . -2800 -2800
_3500 1 1 1 1 1 1 1 1 _3500 1 1 1 1 1 1 1 1 _3500 1 1 1 1 1 1 1

5-4-3-2-1012 345 5-4-3-2-1012 3425 5-4-3-2-1012 345
Drift (%) Drift (%) Drift (%)
(9) (h) (i)

Figure 3 Lateral force and displacement relationships: (a) A-3.1; (b) A-6; (c) B-3.1; (d) B-5;
(e) B-6; () C-5; (g) C-6; (h) D-5; and (i) D-6
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(a) (b) (© (d) (e) ® (9) (h) (i)
Figure 4 Damage columns at the end of test: (a) A-3.1; (b) A-6; (c) B-3.1; (d) B-5; (e) B-6; (f)
C-5; (g) C-6; (h) D-5; and (i) D-6.

Shear failure of 25 New RC columns including 9 columns in this research and 16 columns from
previous studies (Ou and Kurniawan 2015a and 2015b) are classified into 4 types as shown in
Table 1. Type A and B are considered as acceptable shear failure modes in which column can
sustain lateral strength higher than 80% of maximum shear strength at the next drift level of
loading. Type C shear failure do not fail right at the diagonal cracking but cannot sustain lateral
strength more than 80% of maximum shear strength at the next drift level of loading. For Type
D, shear failure occurs at diagonal cracking condition. Both Type C and D shear failure modes
are unacceptable and should be avoided because they show a sudden failure without any
warning. Also, the reserve shear strength ratio a is shown in Table 1, defined as the ratio of the
ultimate shear strength at peak load to the diagonal cracking strength.

Table 1 Examination of minimum shear reinforcement equations using 25 columns

Pt Pt | Type of Pt Pt | Type of

Column | pe.minact Peminyp | failure a | Column | Pt minacl Ptminp | failure a
A-1 1.30 0.67 A 1.25 |C-1 1.22 0.31 D 1.00
A-2 1.23 0.62 A 1.27 |C-2 1.06 0.24 D 1.00
A-3 2.20 1.12 A 1.39 |C-3 211 0.53 A 1.03
A-4 2.09 1.04 A 1.37 |C4 1.90 0.44 C 1.00
A-3.1 2.25 1.16 A 131 |C-5 3.94 1.09 B 1.00
A-6 5.24 2.71 A 185 |C-6 5.58 1.53 A 1.13
B-1 1.20 0.48 A 112 |D-1 1.24 0.25 C 1.00
B-2 1.12 0.37 A 1.14 |D-2 1.11 0.21 C 1.00
B-3 2.03 0.66 A 1.15 |D-3 2.09 0.42 C 1.00
B-4 1.96 0.62 A 1.20 |D-4 1.91 0.35 C 1.00
B-3.1 2.45 0.90 B 1.00 |D-5 3.86 0.85 B 1.00
B-5 3.98 1.46 A 1.09 |D-6 5.42 1.18 A 1.08
B-6 4.97 1.67 A 1.30
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Table 1 indicates that the provided to required amounts of shear reinforcement ratios
(pt/ Pt minacr) are greater than one for all columns. It means that the amounts of shear
reinforcement provided satisfy the minimum requirement of the ACI 318-19 code. However,
many columns subjected to high axial compression (series C and D) done by previous studies
show unacceptable shear failure modes (Type C and D). Therefore, high axial compression
columns may need more amounts of shear reinforcement than the amounts required by the ACI
code to make sure successful redistribution of internal forces. It is noted that the current
equation for minimum shear reinforcement is the function of concrete compressive strength and
yield strength of shear reinforcement only. It does not include the effect of axial compression.
Thus, this research proposes a new minimum shear reinforcement equation (Eq. (1) or (2)). This
equation is based on the V. equation of ACI 318-19 code and can consider the axial
compression effect. When axial compression is zero, Eq. (1) or (2) becomes the current
minimum shear reinforcement of ACI code. It can be seen in Table 1 that for high compression
columns with unacceptable shear failure modes, the ratio p./pgminp (Proposed) are much
lower than one (< 0.5). In other words, these columns do not have enough amounts of shear
reinforcement to prevent sudden shear failure at diagonal cracking.

- N, \bys
Av,min,p = 0.062 fc + 1-02Ag E = Av,minACI (Mpa) (1)
N, \ 1
pt,min,p = 0.062 fc + 1-02Ag E = pt,minACI (MPa) (2)

A test database of 86 shear-critical high-strength columns is used to evaluate the proposed
equation as shown in Fig. 5. The comparison shows that all columns failed at diagonal cracking
condition do not meet the proposed equation. In addition, the proposed equation can provide a

clear trend between reserve shear strength and the amount of shear reinforcement.

3

3
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Figure 5 Examination using 86 high-strength columns: (a) ACI 318-19 minimum shear
reinforcement equation; (b) proposed minimum shear reinforcement equation
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FRAR(2019) TR RSt 2 b e A RiESR G AP Y REF AT L%
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Chou C. C., Chen, G. W. (2020). “Lateral Cyclic Testing and Backbone Curve
Development of High-Strength Steel Built-Up Box Columns Under Axial Compression.
Engineering Structures 223, 111147.

Chou C. C., Kuo M. C. (2019). Seismic Test and Analysis of Wind-Turbine Hollow Steel
Round Columns with a Large Diameter-to-Thickness Ratio. International Conference in
Commemoration of 20th Anniversary of the 1999 Chi-Chi Earthquake, Taiwan.
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1.

Chou, C. C., Chen, G. W. (2020). “Lateral Cyclic Testing and Backbone Curve
Development of High-Strength Steel Built-Up Box Columns Under Axial Compression.
Engineering Structures 223, 111147

Chou, C. C., Lin, T. H., Lai, Y. C., Xiong, H. C., Uang, C. M., El-Tawil, S., McCormick, J.
P., Mosqueda G. (2020). “US-Taiwan Collaborative Research on Steel Column Through
Cyclic Testing of Two-Story Subassemblages”, 17th World Conference on Earthquake
Engineering, Paper No. C4352 (2i-0213), Sep. 13-18, Sendai, Japan.

Chou, C. C., Wu S. C. (2019). “Cyclic Lateral Load Test and Finite Element Analysis of
High-strength Concrete-filled Steel Box Columns under High Axial Compression.
Engineering Structures, 189(15), 89-99.

Chou, C. C., Lin, T. H., Xiong, H. C., Lai, Y. C., Uang, C. M., EI-Tawil, S., McCormick, J.
P., Mosqueda G. (2019). “US-Taiwan Collaborative Research on Steel Columns: Cyclic
Testing of Two-Story Subassemblages”, International Conference in Commemoration of
20th Anniversary of the 1999 Chi-Chi Earthquake. Taiwan. Sep. 15-19.
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Chou, C. C., Hsiao, C. H, Chen, Z. B, Chung, P. T, Pham, D. H. (2019). “Seismic Loading
Tests of Full-scale Two-story Steel Building Frames with Self-Centering Braces and
Buckling-restrained Braces. Thin-Walled Structures, 140, 168-181.

Chou, C. C., Beato Ovalle, R.A. (2018). “Gusset Design Considering Buckling Forces in
Frame and Brace Action Directions: Test and Finite Element Analysis of a Self-Centering
Braced Frame for Verification” Engineering Structures, 173, 643-655.

Chou, C. C., Tsai, W. J.,, Chung, P. T. (2016). “Development and Validation Tests of a
Dual-Core Self-Centering Sandwiched Buckling-Restrained Brace (SC-SBRB) for Seismic
Resistance.” Engineering Structures, 121, 30-41.

Chou, C. C., Chung, P. T., Cheng, Y. T. (2016). “Experimental Evaluation of Large-Scale
Dual-Core Self-Centering Braces and Sandwiched Buckling-Restrained Braces.”
Engineering Structures, 116, 12-25.

Chou, C. C., Chen, Y. C. (2015). “Development of Steel Dual-Core Self-Centering Braces:
Quasi-Static Cyclic Tests and Finite Element Analyses” Earthquake Spectra, 31(1), 247-
272.

Chou, C. C., Chung, P. T. (2014). Development of Cross-Anchored Dual-Core Self-
Centering Braces for Seismic Resistance. J. Constructional Steel Research, 101, 19-32.
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%o AR 00T E U B AhIRRI R b AR

G A g SRR R T S SR 2 S e Y T S 4B I (AD 2 1997) 0 B2t
FAEH TAGFHFAMEEL AL B EREPE T BRI X ey
%o R R TS RAET I RUE A e R R ST IR T A
SR LA GE FT S FAYAT I AE RIS Y R REER gE
FEYREEI RN FEHA LA GG E WA LT R PP T RTR
f> 2 424 1 i (ACI Committee 318, 2019) - Jedbic 33+ 3 - 4w 54 iR jE 4 R R0 4 485
ELOF AT R Y RE ERERPLM SRR FREL SRS 2T
AFTRLRRR B RRH R e BRI AR L A R REREK 7 (DT R
FIRORBBEUTAPFERRTE - EQRE S TIE s RIRPEE S 2T HH
BIRASECH RSN P PR RN G BE 0 2 550 4 R s A
BERAT LA HERL AN A -

i

Z 1 FRE T ik

Shear demand
Shear Vy, Transverse
. pr .
Specimen span — reinforcement S Vs
Name ratio® byd_[f. (psi) spacing, in. dy Vvipr
(a/d) (mm)
(MPa)
L6 2.0 2.0 2.0(0.2) 6 (150) 6 1.3
L5 2.0 2.0 2.0(0.2) 5 (125) 5 15
L4 2.0 2.0 2.0 (0.2) 4 (100) 4 1.9
M6_2.0 2.0 5.0 (0.4) 6 (150) 6 1.3
M5 2.0 2.0 5.0 (0.4) 5 (125) 5 1.5
M4 2.0 2.0 5.0 (0.4) 4 (100) 4 1.9
H6 2.0 2.0 8.0 (0.7) 6 (150) 6 1.0
H5 2.0 2.0 8.0 (0.7) 5 (125) 5 1.3
H4 2.0 2.0 8.0 (0.7) 4 (100) 4 1.6

(1) ais the shear span, distance from the lateral force application center to the base block; d'is the effective depth, calculated as 90%
section height (0.94) here in this table.
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% 2 A REREE

Longitudinal Reinforcement Transverse Reinforcement ke
Specimen c', KS|
P Size fy ksi | fu, Ksi Size fo ksi | fu ksi | (MPa)
(MPa) (MPa) (MPa) (MPa)
L6 2.0 No. 8 65.7 85.5 No. 4 67.2 85.2 5524
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (38.1)
L5 20 No. 8 65.7 85.5 No. 4 67.2 85.2 6037
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (41.6)
L4 20 No. 8 65.7 85.5 No. 4 67.2 85.2 6120
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (42.2)
M6 2.0 No. 8 66.0 86.0 No. 4 67.2 85.2 5289
- (D25) (455.4) | (592.7) (D13) (463.5) | (587.2) | (36.5)
M5 2.0 No. 8 65.7 85.5 No. 4 67.2 85.2 5102
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (35.2)
M4 2.0 No. 8 69.8 89.2 No. 4 67.2 85.2 5658
- (D25) (481.3) | (614.9) (D13) (463.5) | (587.2) | (39.0)
HE 2.0 No. 8 65.7 85.5 No. 4 67.2 85.2 3773
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (26.0)
H5 2.0 No. 8 65.7 85.5 No. 4 67.2 85.2 4538
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (31.3)
H4 2.0 No. 8 65.7 85.5 No. 4 67.2 85.2 4219
- (D25) (453.2) | (589.4) (D13) (463.5) | (587.2) | (29.1)
FUEFRE
& éé“%%_@/%ﬁ Blir@®l 4477 > B¢ SAFLAFIRCT RS FLEA TR EFRE
PR F A IE F R bud B AR )*}; #oogruFEk diEn
:é?r}%ﬁ BRI g3 Rl s R B R RIVERSD
Bt & (52 %4 ¢ B RIVE T B A o
A RRREREET AN B FYE du Bd T BRI TE ]
EAT () E-fe RRIPHES 2 RERF A 20%0FH o (2) 3% mf% ET4E
4 20%8 T - BSR4 Lo RAFT T TE A AR Sk 2 0 J B4
T

2437 Al R § AR R AR F T R R R Y
R PP R F S S N s P ST S
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Shear Stress/\f, (psi)

Shear Stress/\f. (psi)

Shear Stress/\f." (psi)

10.0 0.83
1.5 0.62
5.0 0.41
25 021
0.0 0.00
2.5 -0.21
-5.0 -0.41
7.5 -0.62

-10.0 -0.83
-10-8-6-4-20 24 6 810

Drift (%)

(a) Specimen L6_2.0
10.0 0.83
7.5 0.62
5.0 0.41
2.5 0.21
0.0 - 0.00
25 L 021
50 -0.41
-7.5 -0.62
s 62202406 s8100"

Drift (%)

(d) Specimen M6_2.0
10.0 0.83
75 0.62
5.0 0.41
2.5 0.21
0.0 0.00
25 -0.21
=50 -0.41
7.5 -0.62
T s 62202468100

Drift (%)

(9) Specimen H6_2.0
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Shear Slressfﬂ'f;' (MPa)

Shear Stress/\f.' (MPa)

Shear Stress/\f. (MPa)

Shear Stressf\l'fr' (psi)

10.0
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25
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0.83

Al0-R -6 -4 20 2 46

Drift (%)
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0.41
0.21
0.00
-0.21
-0.41
-0.62

-0.83
8 10

(b) Specimen L5_2.0

10.0
7.5
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0.0
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Shear Stress/\f,’ (psi)
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(e) Specimen M5_2.0
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% 0.0
i
w25
H
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"5
-10.0

0.83
0.62
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-0.62

-0.83

L10-8 64202 46 810

Drift (%)

(h) Specimen H5 2.0

Bl 4 & B
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Shear Stress/ \n'ﬁ' (MPa)

Shear Stresshl'fl_'(MPa)

Shear Stressh'f‘.' (MPa)

Shear Strcsshffc‘ (psi)

Shear Stress/\f. (psi)

Shear Stress/\f. (psi)

10.0 0.83
75 0.62
5.0 0.41
25 0.21
0.0 0.00
25 021
5.0 -0.41
-7.5 -0.62
s 6420240651000
Drift (%)

(c) Specimen L4 _2.0
10.0 0.83
75 0.62
5.0 0.41
25 oz
0.0 ~o.00
25 -0.21
-5.0 -0.41
75 -0.62
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Drift (%)

(F) Specimen M4_2.0
10.0 0.83
75 0.62
5.0 0.41
25 021
0.0 0.00
25 -0.21
5.0 041
7.5 0.62
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-108-6-4-20246 810
Drift (%)

(i) Specimen H4_2.0

Shear Stress/\f, (MPa)

Shear Stress/\f, (MPa)

Shear Stress/Vf,' (MPa)
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# 3 R

] Vpeak/(bwd\/?)

Loading Vpeak, kip psi dpeak, % du, %
Specimen direction (kN) (MPa)

88.65 2.35 2.93 6.71
East (+) (395.14) (0.20)

L6_2.0 -84.22 -2.23 2.92 -5.95
West (-) (-374.63) (-0.19)

88.12 2.24 2.8 6.31
East (+) (391.97) (0.19)

L5 2.0 -87.86 -2.23 -2.88 -5.96
West (-) (-390.81) (-0.19)

89.09 2.24 278 5.81
East (+) (396.30) (0.19)

L4_2.0 -86.75 -2.19 294 -5.93
West (-) (-385.86) (-0.18)

172.32 4.68 375 3.76
East (+) (766.54) (0.39)

M6_2.0 -175.37 -4.76 -3.64 -3.67
West (-) (-780.09) (-0.40)

164.50 4.55 3.57 5.61
East (+) (731.75) (0.38)

M5_2.0 -164.71 -4.55 -3.66 -5.73
West (-) (-732.66) (-0.38)

170.46 4.47 378 5.77
East (+) (758.24) (0.37)

M4 2.0 -175.59 -4.61 -3.76 -3.77
West (-) (-781.06) (-0.38)

237.45 8.03 274 3.73
East (+) (1056.21) (0.67)

H6_2.0 -240.37 -8.13 -2.66 -3.72
West (-) (-1069.21) (-0.67)

238.75 7.37 270 3.71
East (+) (1062.01) (0.61)

H5_2.0 -241.38 -71.45 -2.68 -3.77
West() | (1073.73) (-0.62)

241.47 7.73 372 3.74
East (+) (1074.09) (0.64)

H4_2.0 -251.08 -8.03 -2.72 -3.73
West (-) (-1116.88) (-0.67)

—fe=s

o arn s B o s
KET Rz BB R L B 4 R R KR S A %‘”’iﬁ:« &
Elwood # Moehle £31(2005) - Park # Choi f-1) (2010) - # A.”fff 51997)?;‘111 par
2 Choi 041 (2010) 22 AlJ 54 (1997) 7% ¥ 4 § 4w 4t~ 247§ % 418 B 4 pes
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CH PR R4 R A5 Park 22 Choi 223438 3977 > SA(3)d M AL R

% Hognestad (1951) » @ &uftf i 5% %4995 Roy £ Sozen (1986) » & Ed =0.5f " (es0-g0)
& &_Park 22 Choi(2010)#12= 2% » goHR & 2 £ 3] fo’ ¥ R 2 J& % (Collins et al., 1993) -

esodp /B 4 P B~ EIF % 50% 74t 2 J& % P~ 0.004 (Legeron and Paultre, 2003) - 2
oS AT ER R EEP M BTG PR SR ET NA)EE A

? |h=0.5ad/h ¥ *T4] In 4 *+ 0.75d < | < d 2. & (JCI 1988; Lee and Watanabe, 2003) > ¢a4_
KP4 F TETG F FE @ Gy AR R g S R R S E .

24
e

o = 1.[2(2) - (2)] foreses

au(e) = f'— Ey(e — £)=0 fore > eo £(3)
f'rn
_ <X . = ' o .
= £ [n_l L E, = 3320\/E+6900 (MPa) ;n = 0.8+f'/17 (MPa)
0 = da(as3) for pa < dy
7 (4)

0 = ¢y(@/3) + (¢a - dy)ln for da <y

Z AR R A R R S % o) 5(2)-(C) T 0 B % 00 E A TR o g b 0

B RAETRN- BEHVE RN G) T o AL R SR BRHT RS E

fo AR du B T R4 B RPER M e B 6 7T e

YL Ve .
u(pred) = 3~ §bwd—\/F (pst) (5
C
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(b) Proposed Model
6 %) 4 42
W

AR A SRR BRI Y R RSN 4 TR B R pR L

#e 7)) PRAZR-EQBF A SIS RGRREET BT A % o

1. =i ’i'}f%’f'“r@féii A0 TG %s‘?i"]f;fi (AR R

2. o TS EHBNE AU TR BRI L 3AEF > PR HEws %28
PERLIPE FHEVEEETVRA F R 4eq Ko
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232 )fie :

1. ACI Committee 318, 2019, “Building Code Requirements for Structural Concrete and
Commentary (ACI 318-19),” American Concrete Institute, Farmington Hills, Ml, 623
Pp.

2. ASCE, 2017, “Minimum Design Loads and Associated Criteria for Buildings and Other
Structures (ASCE/SEI 7-16)”, American Society of Civil Engineers, Reston, VA, 822
Pp.

3. ASTM, 2020, “Standard Test Methods and Definitions for Mechanical Testing of Steel

Products (ASTM A370-20)”, American Society for Testing and Materials, West
Conshohocken, P, 50 pp.
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B4~ kit 7 &M

Bt A T AR A B 4 9T o X Bhe SIRET SER G e o AF % T 40 cm X
40 cm X 20 cmz %EA5 Kk 0 St ETd 15 F PVC e srfs|a & > B PVC T 35
BOAORHR 00D B ARG kR 40 2 FIP R R RS 25 24 0 o] 5 ArT o
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32 4w RHWAERGE R A ap Rl

iITETA » R (E4 A RCFO1)

W B (4 B RCF02)

BRO[HASER | BHEY | PR [ FAaRi | RHEY
B (gal) (sec) B (gal) (sec)
: 0 0.29 : 0 0.30
1/3.25 91.8 0.32 1/3.25 127.2 0.34
1 298.4 0.38 1 4135 0.40
1.2 358.1 0.63 1.2 496.2 0.41
1.4 4177 0.71 14 578.9 0.59
16 4774 0.85 1.6 661.5 0.60
18 744.2 0.67
1.9 785.6 0.71

o 3 A RS FMELEKRF B RN

e B R (324 A 1 RCFO1)

K+ (4 B RCF02)

PRO|EASGERE | BHTY R A AR | By
s (gal) (sec) B (gal) (sec)
- 0 0.274 - 0 0.277
1/3.25 91.8 0.281 1/3.25 127.2 0.294
1 298.4 0.282 1 4135 0.298
1.2 358.1 0.286 1.2 496.2 0.317
1.4 417.7 0.287 1.4 578.9 0.336
1.6 477.4 0.298 1.6 661.5 0.347
1.8 537.1 0.302 1.8 744.2 0.363
1.9 785.6 0.378
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21 FEorEY 13wy R4
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1. Chen, P. C., Dong, M. W., Chen, P. C., and Nakata, N. (2020) “Stability Analysis and
Verification of Real-Time Hybrid Simulation Using a Shake Table for Building Mass
Damper Systems”, Frontiers in Built Environment 6, 109,
https://doi.org/10.3389/fbuil.2020.00109
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