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Abstract

Double-curvature cyclic tests of large-scale columns were conducted to investigate the seismic performance of precast high-
strength reinforced concrete columns. High-strength concrete and high-strength longitudinal and transverse reinforcement
were used. The use of grouted coupler splices for the high-strength longitudinal reinforcement in the plastic hinge zone and
the use of butt-welded splices for the high-strength transverse reinforcement were examined. Test results showed that
precast columns with the grouted coupler splices exhibited comparable seismic performance with monolithic counterparts.
The butt-welded splice had a negligible effect on the tensile behavior of the spliced bars. However, precast columns with
such welded splices in transverse reinforcement showed smaller ultimate drift capacities than their counterparts with hooked
transverse reinforcement. This was due to the reduced resistance of butt-welded transverse reinforcement to buckling of
longitudinal reinforcement..
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1. Introduction

Reinforced concrete (RC) structures have the advantages of lower cost, higher stiffness, and better sound
insulation than steel structures. However, when used in high-rise buildings, traditional cast-in-place RC
structures are usually less attractive than steel structures due to two major issues: large column sizes in lower
stories and low construction speed. The former issue can be addressed by using high-strength materials and the
latter by using precast construction. This study investigates the seismic behavior of precast high-strength RC
columns and is a part of Taiwan New RC research effort which aims to develop high-strength RC structures for
high-rise building construction.

This study used high-strength longitudinal (SD685) and transverse (SD785) steel reinforcement having specified
yield strengths of f = 685 MPa (100 ksi) and f = 785MPa (114 ksi), respectively. High-strength concrete

with a specified compressive strength of f_ = 70 MPa (10 ksi) was also used. The SD685 longitudinal
reinforcement and SD785 transverse reinforcement were originally developed in Japan[1] and slightly modified
by Taiwan Concrete Institute (TCI)[2]. The specifications of the two types of reinforcement can be found in Ou
and Kurniawan[3]. Hwang et al[4] examined the cyclic behavior of five large-scale columns under axial load
ratios of 0.42-0.67 (P/Ag f.) with concrete f, of 83-112 MPa (12-16 ksi), and with the SD685 and SD785

reinforcement. A confinement design equation modified from the CSA A23.3-04[5] confinement equation was
proposed for such high-strength columns. Test results showed that the proposed equation can be conservatively
used to design confinement reinforcement to achieve a drift capacity of =3%. Ou and Kurniawan[3],[6]
investigated the shear behavior of 16 shear-critical large-scale columns with f_ of 93-139 MPa (14-20 ksi) and
with the SD685 and SD785 reinforcement. Test results showed no yielding in the SD785 transverse
reinforcement at peak applied load. This observation is consistent with the findings of earlier studies on high-
strength columns[7],[8].

Prefabricated butt-welded hoops were used in this study. The use of welded splices eliminates the possibility of
pullout failure of hook anchorages and reduces reinforcement congestion. However, the ACI 318 code[9] does
not permit longitudinal or transverse reinforcement to employ welded splices in plastic hinge zones. This is
because the ACI 318 code only requires welded splices resisting earthquake-induced forces to develop 1.25 f

of the spliced bars, same as for type 1 mechanical splices, and reinforcement stress in plastic hinge zones can
exceed 1.25 f, . Restrepo et al[15] tested bridge columns with butt-welded hoops and showed that butt-welded

hoops can be used for A706 reinforcement16. However, butt-welded hoops should not be used for the high-
strength reinforcement examined ( f,, =827 MPa or 120 ksi) in the plastic hinge zones due to the limited strain

capacity at peak tensile force of the welded hoops. The welded splices used in this study were able to develop
the specified tensile strength of the spliced bars, same as for type 2 mechanical splices. They were used in the
entire column including the plastic hinge zone.

This study tested six large-scale columns to examine the seismic behavior of precast high-strength RC columns.
The effect of using grouted coupler splices for longitudinal reinforcement and butt-welded splices for transverse
reinforcement in the plastic hinge zone was evaluated by comparison with monolithic columns with conventional
details. One unique aspect of this project is that the high-strength columns tested had 600> 600 mm (23.62 X
23.62 in) square cross-sections. Thus they are considerably larger-scale than those tested in previous studies

[11.[71.[8].[14],[17].
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2.1. Column design

Six large-scale high-strength columns were tested. Table 1 lists the column design parameters and Fig. 1
illustrates the reinforcement and cross-sectional details of each column. The nomenclature of the columns is as
follows: “C” and “G” denote conventional monolithic column and precast column with grouted splice,
respectively; “H” and “W” denote transverse reinforcement with hook anchorage and welded splice,

respectively; and “10” and “33” denote axial load of 0.1 and 0.33 A, f_, respectively. A set of three columns
were tested under low axial load (0.1 Agfc'), and a second set of three were tested under high axial load

(0.33 A, f.). In each group of three, one baseline column was designed using transverse hoop reinforcement with

seismic hook anchorages and was monolithically constructed (CH10 and CH33). The remaining two columns in
each group (four columns total) were precast and employed grouted couplers within the lower plastic hinge zone
for the column-footing joint. Two precast columns used transverse hoop reinforcement with seismic hook
anchorages (GH10 and GH33), and two used butt-welded splices (GW10 and GW33). The monolithic columns
(CH10 and CH33) served as baselines to evaluate the effect of grouted couplers on column performance, and the
effect of transverse reinforcement anchorage was evaluated using the precast models. Lastly, effect of axial load
could be examined by the comparing the two groups of three.

Table 1 — Column design parameter

Concrete Longitudinal Reinforcement Transverse Reinforcement Axial

SD685 SD785 load

Name ¢ 2 I fyi ful s e % fut P
c Si Spli Si T -

T 0 A B IO M il B il A

CH10 77 C D13 2.12 H 886 | 1095 0.1
GH10 74 G D13 2.12 H 886 | 1095 0.1
GW10 73 16 G D13 212 | W 868 | 1104 0.1
CH33 75 D25 218 C 13 932 D16 100 3.20 H 836 | 1020 | 0.33
GH33 77 G D16 3.20 H 836 | 1020 | 0.33
GW33 77 G D16 320 | W 818 | 1022 | 0.33

f, =compressive strength of concrete; p, =ratio of area of longitudinal reinforcement to gross area of column section;
f,, =yield strength of longitudinal reinforcement; f, =ultimate strength of longitudinal reinforcement; p, =ratio of volume of
transvers reinforcement to gross area of column section; f, =yield strength of transverse reinforcement; f, =ultimate strength
of transverse reinforcement; C : continue without splice; G=grouted coupler splice; H=hooked anchorage W=welded splice

All the columns were designed with high-strength SD685 longitudinal steel reinforcement, SD785 transverse
steel reinforcement, and concrete having a specified compressive strength of 70 MPa (10 ksi). Measured material
properties are listed in Table 1 along with other column design details. Each measured property was obtained

from the average of three samples. Columns tested under 0.1 and 0.33 A, f, were designed to have flexural

strengths of 1686 and 1919 kN-m (1243 and 1415 kips-ft), respectively. The longitudinal reinforcement ratio
was 2.18% for all columns, which is representative of many building columns. The volumetric ratios of
transverse reinforcement for low and high axial load columns were 2.12% and 3.20%, respectively and were
determined based on the confinement equation proposed by Hwang et al[4].
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Fig. 1 — Cross Sectional Details (a)columns without grouted couplers (b) column with grouted couplers (c)
section design

2.2. Splice Testing

Uniaxial load tests were conducted on the grouted splice assembly to quantify the behavior of these splices
according to the TCI acceptance criteria[22]. Tests were conducted using the same grouted couplers and
longitudinal bars (D25 — SD685) as those used for precast column construction. During loading, specimens were
subjected to load reversals to determine if permanent deformation occurred within the assembly, otherwise
referred to as “slip”. A summary of test results exhibited that in both monotonic and cyclic tests, specimens were
able to develop the 1.25 times the specified yield strength (ACI 318, Type 1 requirement) and the specified
tensile strength (ACI 318, Type 2 requirement) of the spliced bars. The grouted couplers also satisfied the SA
criteria, which is the highest performance level specified by TCI [22] In all cases, splices failed by pullout of the
reinforcing bar from the grouted coupler. Prior to failure, the maximum strain developed in the bars at ultimate
splice bar assembly ranged from 0.049 to 0.079, which should be adequate to withstand the strain demands in
building columns.

A series of butt-welded splices were tested under monotonic tensile loading until failure. Three samples for each
bar size with the butt weld located in the middle of the samples were tested. Test results showed fracture
occurred in the bar away from the weld. The average elongation was 11% and 13% for D13 and D16 bar splices,
respectively. The elongations are similar to those obtained from tensile testing of bars only, which were 12% and
13%, respectively, which indicates that butt-welded splices had a negligible effect on the mechanical behavior of
the bars.

2.3. Construction of columns

Columns CH10 and CH33 were constructed as would conventional building columns and were cast
monolithically. The precast columns (GH10, GW10, GH33, and GW33) were constructed in two pieces. The
upper piece included the upper footing, the column, and the grouted coupler sleeves as shown in Fig. 2a. Figure
2b depicts the high-strength butt-welded hoops that were used in constructing the column of GW10 and GW33.
The lower footing was constructed second and included longitudinal reinforcing bar dowels for the grouted
coupler connection (Fig. 2c). The two pieces were joined together by placing the upper piece on the top of the
lower piece with protruding bars being inserted into the coupler holes at the bottom of the column. A 20-mm
(0.79-in) bedding layer was formed between the lower and upper pieces using steel shims (Fig 2c). High-strength
cementitious grout with a compressive strength of 120 MPa (17.4 ksi) was pumped into the bedding layer and

4
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through the couplers using inlet ports at the bottom of the column until it flowed from the outlet ports at the top
of the couplers (Fig. 2d). The ports were plugged and assembly process was completed.

(d)
Fig. 2 — (a) Grouted coupler splices at the column base; (b) welded spliced hoops (welded locations indicated by
circles); (c) top face of the lower piece with steel shims for bedding layer and longitudinal reinforcing
bar dowels; and (d) grouting operation

2.4. Test Setup and Instrumental

The columns were tested using displacement-controlled double-curvature cyclic loading under constant axial
load. The cyclic loading was based on ACI 374.1-05[26] and contained nominal drift ratios of 0.25%, 0.375%,
0.5%, 0.75%, 1%, 1.5%, 2%, 3%, 4%, 5%, 6%, and 7%. The actual drift ratio achieved for each drift level was
smaller than the nominal value. Three full cycles were applied at each drift ratio. An optical motion tracking
system was used to monitor the coordinates of twenty sensors installed on the column and the footings to capture
column deformations during testing. Strain gauges were installed on longitudinal reinforcement, transverse
reinforcement and grouted couplers to monitor strain response at various locations during testing.

3. Test Result and Discussion

3.1. Force-displacement relationship and damage

The lateral force versus drift relationship for each column is shown in Fig. 6, in which the P — A effect due to
the lateral movements of applied axial load has been removed. Important events are indicated in the figure:
idealized yield point, peak applied load, yielding of longitudinal or transverse reinforcement, buckling of
longitudinal reinforcement, and fracture or anchorage failure of transverse reinforcement. Force-displacement

5
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relationships were idealized using a bilinear relationship which was determined according to the procedures
outlined in FEMA 356[27]. The ultimate point is the point in the actual envelope response after the peak applied
load that has a force equal to 80% of the peak applied load. The idealized yield drift, peak applied load, ultimate
drift and ductility were averaged from positive and negative drift cycles and are listed in Table 3.
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Fig. 3 — Hysteretic behavior (a) CH10; (b)GH10; (c)GW10; (d)CH33; (e) GH33; ()\GW 33

Table 2 — Forces and displacements capacities

Name Idealized Yield Drift Peak Load Ultimate Drift Ductility
(%) (kN) (%)
CH10 0.62 2121 3.10 5.0
GH10 0.74 2136 3.06 4.1
GwW10 0.77 2115 2.68 35
CH33 0.51 2752 3.40 6.7
GH33 0.52 2942 3.27 6.3
GwWa33 0.51 2749 3.03 6.0

For low axial load columns, the first flexural crack, flexural-shear crack, and web-shear crack occurred at
nominal drift ratios of 0.375%, 0.5%, and 0.75%, respectively. This cracking pattern can still be observed at
1.5% nominal drift along with initiation of cover concrete spalling at the toe and heel of each column (Figs. 4a-
c). Starting from 2% nominal drift, the column with welded hoops (GW10) began to exhibit wider cracks
between cover and core concrete compared with CH10 and GH10. This can be observed in Figs. 4(g)-(i) which
compares the cracking patterns of these columns at 3% nominal drift. The wider cracks in GW10 were caused by
larger average laterally unsupported length of longitudinal reinforcement compared with that of CH10 and
GH10. The elimination of hook anchorage reduces the number of hoop bars providing lateral support from two
to one at the locations of hook anchorage consequentially increasing the average laterally unsupported length.
This accelerated buckling of longitudinal reinforcement and resulted in earlier spalling of cover concrete and
quicker post-peak lateral load degradation. This also resulted in reduced ultimate drift and ductility. Compared
with GH10, the ultimate drift and ductility of GW10 were reduced by 12% and 15%, respectively (Table 3).



16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

(9) CH10 (h) GH10 (i) GW10 (j) CH33 (k) GH33 (I GW33
Fig. 4 — Damage conditions at 1.5% nominal drift (a-f) and 3% nominal drift (g-i)

For columns under high axial load, the first flexural, flexural-shear, and web-shear cracks occurred at 0.375%,
0.5%, and 0.5% nominal drifts, respectively. Web-shear cracks appeared earlier than those in low axial load
columns because of higher shear demand due to increased axial load. Moreover, increased axial load resulted in
steeper web-shear cracks than those in low axial load columns which can be observed by comparing Figs. 4d-f to
4a-c. At 1.5% nominal drift, comparable crack patterns and spalling of cover concrete was observed among the
columns with high axial load (Fig. 4d-f). The peak applied loads of high axial load columns were reached at
nominal drifts of 2-3%. Visible widening of web-shear cracks and vertical cracks between core and cover
concrete started at 2% nominal drift. As drift levels increased, cracks continued to widen and number of wide
cracks increased (Fig. 4j-1). Compared with CH33 and GH33, GW33 showed faster strength degradation after
reaching the peak applied load due to increased laterally unsupported length as discussed previously in low axial
load columns. Compared with GH33, GW33 showed 7% and 5% reduction in the ultimate drift and ductility,
respectively. At 4% nominal drift, the longitudinal reinforcement in the column with welded hoops (GW33)
showed visible buckling. The longitudinal reinforcement in the other two columns (CH33 and GH33) did not
show visible buckling until the following drift level (5% nominal drift). This observation supported the
statement above that relates the faster strength degradation of GW33 to the earlier buckling of longitudinal
reinforcement. Soon after the visible buckling of longitudinal reinforcement the transverse reinforcement of the
three columns fractured at 5% nominal drift due to extensive kinking and localized plastic straining. The
columns suddenly lost their axial load carrying capacity and the tests could not be continued. Based on bilinear
idealization, the three columns under high axial load showed a similar idealized yield drift. The decrease effect
in initial stiffness of gaps resulting from precast construction was minimized due to high axial load. The
monolithic column (CH33) showed the highest ductility than the other two columns (Table 3).
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3.2. Transverse reinforcement strain

. )

The measured strain responses in transverse reinforcement showed that the maximum strain exceeded the yield
strain in all columns prior to reaching ultimate drift capacity. No clear trend of difference in strain responses was
observed between monolithic and precast columns, and between hoops with hook anchorage and welded hoops.
The detailing requirement of the current ACI 318 code for hook anchorage was adequate for SD785 transverse
reinforcement.

The low and high axial load columns started to show significant softening in hysteretic behavior at 2% and 1.5%
nominal drifts, respectively. After which point, wide cracks were observed as previously mentioned and dilation
of confined core concrete, otherwise referred to as the “confinement effect,” started to play a significant role in
increasing the strain in transverse reinforcement. Prior to these drift levels, shear deformation was the main
contributor to strain in the transverse reinforcement. The maximum strains developed in transverse
reinforcement at these drift levels were approximately 0.0035-0.004 and 0.002 for low and high axial load
columns, respectively. The 0.0035-0.004 and 0.002 strains provided evidence that shear was able to develop a
stress in transverse reinforcement as high as 700-800 MPa (100-116 ksi) and 400 MPa (58 ksi) in low and high
axial load columns, respectively. Note that since the columns did not fail in shear at the two drifts, the observed
maximum strains may be higher if shear continued to increase and hence cannot be used to set the upper limit on
transverse reinforcement stress for shear design.

3.3. Shear deformation, curvature and strain of longitudinal reinforcement

Using an optical motion tracking system the column deformations were monitored. The measured deformations
at 2% and 0.75% nominal drift for low and high axial load columns, respectively, were decomposed into shear
strains and curvatures along the length of each column. Shear strain was spread uniformly along the height of
each column. Thus, it can be inferred that the test variables had little influence on the shear deformation of these
columns. As would be expected, the largest curvatures were measured at the column joint locations of each
where the maximum moments occur. Curvatures measured at the bottom of the column were larger for the
precast columns (GH10, GW10, GH33, and GW33) than for monolithic columns (CH10 and GH10). This
behavior was caused by the presence of grouted couplers which stiffen the connection region and result in
reduced rotation capacity of the plastic hinge. Reduced rotation capacity requires redistribution of elastic and
plastic deformations within the column to achieve the lateral displacement demand. Whereas the rotation
demand of the monolithic columns is distributed throughout the plastic hinge zone, it was shown by Haber et
al.10 that the rotation demand of the precast columns primarily occurs at the joint between the column and the
adjacent member. This was further substantiated by examining the distribution of flexural cracks in columns
with grouted coupler compared to monolithic columns (Fig. 4a-f). No flexural cracks were observed in the
bottom 150-mm (6-in) region (from the column base to the first horizontal grid line) in precast columns while at
least one was observed in monolithic columns. A slight increase in curvature from the region covering the top
end of the grouted couplers was observed for one of the precast columns in low axial load (GH10).

Based on the measured deformations, the lateral displacement of the columns was decomposed in percentage
contribution from shear deformation, flexural deformation and concentrated rotation due to bar slip at the joints.
Shear contribution was in average 30% at 2% nominal drift for low axial load columns. For high axial load
columns, shear contribution increased significantly to approximately 50% when significant cracking started to
occur at 1.5% nominal drift for GH33 and 1.0% nominal drift for GW33. The high contribution of shear to the
column displacement was due to the lowa/h of 1.5, which is common for lower story columns in high-rise
buildings.

The measured maximum tensile strains in longitudinal reinforcement at the base of the low axial load columns
were 0.0093, 0.013, and 0.0072 for CH10, GH10, and GW10. For high axial load columns, these strains were
0.0082, 0.0034, and 0.0039 for CH33, GH33, and GW33. These strains were much smaller than the maximum

strain measured in the bar-splice assembly tests. This confirms that the grouted couplers examined can be used in
the plastic hinge zones of the columns tested. The strains directly above the grouted coupler, 455 mm (18 in)
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above the base, were approximately the yield strain (Figs. 12b and 12d). Moment-curvature analysis shows that
the tensile strain at this location is much lower than the yield strain. The increase in the actual strain was due to
the tension shift effect caused by flexural-shear cracks around the top of grouted couplers (Fig. 4). In other
words, the tension shift effect increased the demand to the upper portion of the coupler.

. )

4. Conclusion

This study investigated the seismic performance of large-scale precast high-strength RC columns tested using
double-curvature cyclic loading. The use of grouted coupler splices for the SD685 longitudinal reinforcement in
the plastic hinge zone and butt-welded splices for the SD785 transverse reinforcement were examined. Important
conclusions are summarized as follows:

(1) The bar-splice assembly testing showed that the grouted coupler splice was capable of developing the
specified tensile strength of SD685 reinforcement. Although bar-splice assemblies failed by bar pull-out, the
maximum strains measured in the spliced bars before failure were 0.049-0.079, which should be sufficient based
on column test results. Column tests indicated that maximum tensile strain in the spliced bars close to the
grouted couplers were 0.013 and 0.0034 under low and high axial load, respectively, which were well below the
measured capacity of the splice. The precast columns with such splices and with hooked transverse
reinforcement (GH10 and GH33) showed comparable seismic performance with monolithic counterparts (CH10
and CH33).

(2) Testing of bar-splice assemblies showed that the butt-welded splice had a negligible effect on the tensile
behavior of the spliced bars. The assemblies fractured in the bars away from the weld location. However, testing
of columns showed that the columns with such splices in the transverse reinforcement (GW10 and GW33)
showed a faster post-peak strength degradation, which resulted in smaller ultimate drifts than their counterparts
with hooked transverse reinforcement (GH10 and GH33). This was due to increased average laterally
unsupported length and hence earlier buckling of longitudinal reinforcement in columns with welded transverse
reinforcement compared with hooked transverse reinforcement.
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