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Two series of column specimens were tested to investigate the
behaviour of self-consolidating concrete (SCC) columns under
concentric compression. The first series contained 16 columns
made with normal concrete (NC), and the second 16 columns
were made with SCC. The test variables included the concrete
strength, amount of longitudinal reinforcement, volumetric ratio of
transverse reinforcement, strength of transverse reinforcement,
and arrangement of transverse reinforcement, Comparisons were
made between the SCC and NC specimens. Behaviour of the SCC
used in this study was also compared with that of high-flowability
concretes in other studies. The results show that SCC can have
better structural performance than NC, as long as the concrele is
properly proportioned. The ductility and crack control ability of SCC
columns are better than NC columns. Stiffness of SCC is also higher
than that of NC. Mechanical behaviour of the SCC in this study was
better than other SCC compared due to the larger amount of coarse
aggregate used.

INTRODUCTION

Self-consolidating concrete (SCC) has become more popular in
the past decade due to its excellent flowability. SCC consolidates
under its own weight without the need of external vibration, and
its flowability is even better than that of high workability concrete
(HWC).*? HWC contains more coarse aggregate and exhibits lower
slump than SCC. It is quite suitable for casting heavily reinforced
concrete members such as columns and beam-column joints with
- SCC. In seismic design, it is usually required that a large amount
of transverse reinforcement should be provided to confine the
core concrete and longitudinal reinforcement in those members.”
Apart from easier concrete placement, it has been found that SCC
can have better bond with reinforcing bars* and better ductility.®
In some cases, however, SCC may also exhibit lower stiffness and
strength® and less ductility® than NC. To achieve high flowability,
it is usually necessary to reduce the amount of coarse aggregate
to some extent. For SCC, the amount of coarse aggregate used in
the concrete usually ranges from 750 to 850 kg/m® (46.7 to 53.0
Ib/ft°) of concrete. The amount of coarse aggregate and water in the
fresh concrete, however, has a significant effect on the behaviour
of the hardened concrete. The coarse aggregate provides restraint
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when the cement paste deforms. A larger amount of water used in
the concrete also tends to relatively reduce the amount of coarse
aggregate, and it could result in lower concrete strength. In addition,
less coarse aggregate and a larger amount of water in the fresh
concrete would resultin higher creep and shrinkage of the hardened
concrete, as implied in the ACI 209 report.” In this study, the amount
of coarse aggregate in SCC was kept approximately the same as
in normal concrete (NC) greater than 900 kg/m?® (56.1 Ib/ft?). The
amount of water was kept as low as possible.

RESEARCH SIGNIFICANCE

SCC can be used to ease the casting of heavily reinforced
construction elements such as columns and beam-column joints.
SCC, however, may have lower stiffness and ductility than NC based
on the same strength condition.*® Research on HWC columns has
been reported,’? and it suggests that a larger amount of coarse
aggregates should be used in the concrete for better structural
performance. With a larger amount of coarse aggregate, the column
has larger stiffness and the concrete spalls more gradually after the
column reaches the peak strength. This study used approximately
the same amount of coarse aggregates in the SCC as normally used
in NC. Test results of the SCC columns under concentric compression
were compared with NC, HWC,! and other SCC® column specimens.
The results show that structural performance of the SCC used in this
study was better than NC and other SCC specimens.®

Proportioning of SCC

It is rather easy to meet the flowability requirements in proportioning
SCC, but it becomes difficult when the mechanical behaviour of
hardened concrete is to be considered at the same time. The mixture
proportions of SCC in this study followed the “densified mixture
design algorithm (DMDA)."®! The design procedures are different
from the conventional ACl method.” In ACI procedures, it begins
with determining the amount of water and cement and ends with
calculating the amount of fine aggregates. In the DMDA method, it
begins with determining the maximum density of solid materials and
ends with calculating the amount of water and cement.

It has been found that the maximum packing density of aggregate
is advantageous for making concrete regarding workability, strength,
stiffness, creep, shrinkage, permeability, and durability. The DMDA
method applies the particle packing concept and develops a particle
filling model to proportion material mixture by minimizing voids and
hence maximizing the weight of larger particles. Class F fly ash is
used as fine particles to fill the void between the aggregates rather
than as partial replacement for cement or sand in the traditional
method, and it is expected to react with free lime generated from
the hydration of cement to chemically form low-density gel. Minimum
cement paste acts as glue to bind 426 ACI Structural Journal/July-
August 2008 all solid particles together and to fill the rest of the void.
In this study, Type | Portland cement and blast-furnace slag cement
are used and deemed major binders. Slag partially replaces cement
not only to maintain a proper amount of binder for early strength but
also to reduce the stickiness of SCC due to the large amount of fine
material used. The carboxylic acid-based high-range water-reducing
admixture added to the mixture develops a steric hindrance effect




on the surface of cement particles and can significantly reduce the
internal shear force and greatly reduces the water content.

It significantly increases the flowability of concrete under
minimum water content to ensure SCC with no obvious bleeding
and segregation. Consequently, the cement content of concrete will
be significantly reduced. Also, because the size of coarse aggregate
affects the flowability of concrete, a smaller-sized coarse aggregate
was used in this study, which was limited to 10 mm (0.4 in.). Details
of the DMDA approach can be found elsewhere.’**

To prevent bleeding and segregation, silica fume was added to
the SCC in this study. Silica fume can be categorized as a type of
viscosity-modifying admixture (VMA).22 With the use of silica fume, a
larger amount of coarse aggregate can be used in the SCC, resulting
in high flowability and better structural performance. With the use
of silica fume, SCC can contain more than 900 kg/m? (56.1 Ib/ft3)
of coarse aggregate without difficulty.*

The SCC in this study satisfied the Japan Society of Civil Engineers
(JSCE) flowability requirements.*® The flow test, V-funnel test, and
U-box test were employed to estimate the flowability of the fresh
concrete. The flow test is almost the same as the slump test,
except that the flow test measures the spread diameters of the
concrete specimens after removing the slump cone. The V-funnel
test measures the time that fresh concrete flows out from a funnel.

Table 1—Specimen properties.

Specimen £ S 5 PsSyhs Tie
no. MPa Pg MPa mm MPa |arrangement
N1 31.1  |0.0255 * % * A
N2 432 [0.0255 i * * A
N3 56.1 0.0255 * * » A
N4 31,1 |0.0255] 4472 90 5.87 B
N5 445 |0.0255| 447.2 90 5.87 B
N6 55.1 0.0255| 4472 90 5.87 B
N7 445 10.0172) 4472 90 5.87 B
N8 404 |0.0344| 4472 90 5.87 B
N9 41.3 |0.0255] 560.0 90 6.02 B

N10 442 |0.0255| 3394 90 4.35 B
N1l 437 |0.0255| 4472 150 3.51 B
NI2 432 |0.0255| 447.2 60 8.80 B .
N13 432 10.0255| 447.2 60 13.18 &
Ni4 41.6 |0.0255| 3394 | 684 5.73 B
NI15 445 |0.0255] 560.0 | 112.8 | 4.80 B
N16 444 |0.0255| 4472 135 5.87 c
S1 29.0 |0.0255 * ® ¥ A
52 409 10.0255 x L * A
53 53.7 |0.0255 * ¥ * A
54 30.2 [0.0255| 447.2 90 5.87 B
S5 41.9 10.0255| 447.2 90 5.87 B
-56 532 |0.0255| 4472 90 5.87 B
57 40.6 [0.0172| 447.2 90 5.87 B
S8 39.2 |0.0344| 4472 90 5.87 B
59 412 10.0255| 560.0 90 6.02 B
S10 431 [0.0255| 3394 90 4.35 B
511 41.8 |0.0255| 4472 150 351 B
S12 425 [0.0255| 447.2 60 8.80 B
S13 422 |0.0255| 4472 60 13.18 e
S14 437 (0.0255| 3394 | 684 573 B
815 42.0 10.0255) 560.0 | 1128 | 4.80 B
516 42,7 10.0255| 447.2 135 5.87 C

*Specimens with no ties.
Note: 1 MPa =0.145 ksi; 1 mm = 0.0394 in.

The concrete with good flowability would take a shorter time to flow
out. The U-box apparatus serves as a measurement for the self
consolidation of concrete. The fresh concrete is placed in the upper
box and it flows through the gate into the lower box.

When the flow stops, self-compaction performance is estimated
by the height reached in the lower box.

TEST PROGRAMME

This is the second project of a series of study on high flowability
concrete columns under concentric compression carried out at
the National Chung Hsing University. The first one was on HWC!
columns. The test programme in this second project is similar to that
presented in Reference 1 for easier comparison. Thirty-two column
specimens were constructed and tested in this project. Sixteen of
the specimens were made with NC (slump less than 200 mm [8in.]),
whereas the others were made with SCC. The column ends were
tapered to prevent unexpected local failure at the ends, and the test
region was in the middle (600mm [24 in.]) of the specimen.

The cross section of the columns was 300 x 300mm (12 x 12 in.)
in size, as shown in Fig. 1. Three concrete strengths were used: 28,
41, and 55MPa (4, 6, and 8 ksi). The yield strength of longitudinal
reinforcement was 552MPa (80 ksi). The specimen properties are
shown in Table 1. The f:and f, values shown in Table 1 are actual
material strengths. Series N represents NC columns and Series S
represents SCC columns.

Six specimens (N1, N2, N3, S1, 52, and S3) without ties were
prepared as unconfined specimens to establish the in-place strength
of concrete in columns to be compared with the standard cylinder
test results. The spacing of 10mm (0.4 in.) transverse reinforcement
was 60, 68, 90, 113, 135, and 150mm (2.4, 2.7, 3.5, 4.4, 5.3,
and 5.9 in.) for other specimens, and the amount of transverse
reinforcement used met the requirements of ACI 318-05, Section
21.4.4 7 for seismic design.
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Ties were made of #3 (10 mm) bars.

(a) Cross sections and test strain gauge setup.

300

1400,

15 A

N

250

(b) Front view (c) Side view

Fig. 1—Specimen details.
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The mixture proportions for the concrete are shown in Table 2.

Table 2(a)—Mixture proportions for normal concrete

Concrete Coarse Fine
strength, | Water/ | Cement, | Water, | aggregates, | aggregates,
MPa cement kg,fm3 kg}’m“ ](g)’l'!'l3 kg/m"
28 0.60 359 216 988 762
41 0.54 3098 214 988 735
55 048 465 222 945 700

The maximum aggregate size of SCC was 10mm (0.4 in.), whereas
the maximum aggregate size of NC was 19mm (0.75 in.). Class F
fly ash and Type G high-range

water-reducing admixture were used in this study. The concrete
was mixed and placed in the laboratory. The capacity of the mixer
was approximately 0.3m” (10.6 ft%), and each specimen was cast
with one batch of concrete. The NC was consolidated based on
suggestions by ACI 309. Twelve ¢100 x 200mm (¢4 x 8 in.)
concrete cylinders were made at the time each column specimen
was cast to monitor the strength development of the concrete. The
specimens and the cylinders were covered with wet burlaps for the
first three days and then cured under ambient temperature and
humidity.

The properties of fresh concretes and the JSCE requirements for
SCC are shown in Table 3.

Six electric dial gauges were installed in the test region of the
specimen to measure the axial deformations of the column. Strain
gauges were attached to four longitudinal steel bars and every tie
leg at the mid-height of the column.

Linear variable differential transformers (LVDTs) were also
mounted in the test region to monitor the lateral displacements.

The load was applied by a 6 O00kN (1 348 kip) material testing
system. The specimens were tested under monotonic loading.
During each load step, the crack widths were measured using a
portable stand microscope that contained a 25X magnifier and a
scale chamber with minimum scale division of 0.05mm (0.002 in.).
The applied load was controlled by displacement. The test setup is
shown in Fig. 2. y

Table 2(b)—Mixture proportions for self-consolidating concrete.

Load from Material
Testing System

Fig. 2—Test setup.

TEST RESULTS

General behaviour

Figure 3 shows a typical axial load-axial deformation curve of a
column specimen.

SCC columns used approximately the same amount of coarse
aggregates as the NC columns and they behaved slightly stiffer in
the ascending range than NC columns, as illustrated in Fig. 4. SCC
columns exhibited smaller crack widths than the NC columns.

The crack widths of SCC columns in this study were even smaller
than those of HWC columns® due to better flowability and larger
amount of supplementary cementitious materials added in

the SCC. The maximum load occurred at an axial strain of
approximately 0.00335 for NC columns on average, and 0.00308
for SCC columns on average, as shown in Table 4.

Concrete Water/ | Cement, | Flyash, | Slag, |Silicafume,| Water, |Coarseaggregates,| Fine aggregates, | High-range water-reducing
strength, MPa | binder |  kg/m® kg/m® | kg/m’ kg/m® kg/m® kg/m* kg/m® admixture, kg/m*
28 0.51 188 120 25 5 168 925 919 3.0
41 0.45 226 110 29 10 167 920 897 3.2
55 0.40 264 110 27 20 165 920 853 4.8
Note: | kg=221b; I m=394 in.
Table 3—Properties of fresh concretes.
Compressive strength, | Slump, | Slump flow, | Time to reach 500 mm slump | U-box | V-funnel test,
MPa mm mim flow after 1 hour, seconds  [test, mm seconds
293 190 300 - - —
Normal concrete 41.8 150 275 — - —
55.2 120 245 - — —
292 290 695 - 305 18
Self-consolidating concrete 421 275 685 4 310 15
55.8 265 660 - 312 18
JSCE requirements for self-consolidating concrete - — 600 to 700 3to 15 2300 71020

Note: | MPa = 0.145 ksi; | mm = 0.0394 in.
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Fig. 4—Comparisons of stress-strain curves of SCC and NC.

The slightly smaller strain in SCC could be attributable to higher
stiffness (due to a lower water-cementitious material ratio [w/cm]
and higher density) and finer microcracking. In general, SCC columns
exhibited better ductility than NC columns in the descending range,
and the load dropped more gradually than NC columns after peak
load. The better behaviour of SCC over NC could be attributed
to better particle gradation, fewer voids, and a denser matrix
structure.

Axial strength

Table 4 shows the maximum axial strengths of the specimens.

The nominal strengths calculated by the ACI Code method are also
listed in the table. All the experimental strengths were slightly greater
than the nominal strengths. The average ratio of experimental

Table 4—Axial strains and strengths of specimens.

Specimen | Axial strain at [Maximum load | Nominal axial | Age at test,
no. maximum load| Ppar KN |strength P kKN days
N1 0.00372 3758 3507 30
N2 0.00325 4724 4408 26
N3 0.00290 5768 5372 29
N4 0.00358 3741 3502 29
N5 0.00351 4938 4506 30
N6 0.00328 5572 5296 28
N7 0.00336 4536 4137 26
N8 0.00314 4795 4571 28
N9 0.00358 4551 4266 30

NI1O 0.00334 4814 4487 26
NIl 0.00294 4798 4448 28
N12 0.00348 4809 4409 28
N13 0.00408 4713 4405 29
N4 0.00312 4569 4285 29
NI15 0.00301 4853 4502 26
Nl6 0.00332 4841 4498 26
Average (SD): 0.00335 (0.0003074)
Sl 0.00317 3548 3349 28
52 0.00247 4582 4237 30
s3 0.00240 5673 5191 28
S4 0.00342 3782 3437 26
S5 0.00304 4640 4315 30
S6 0.00278 5637 5160 28
S7 0.00311 4216 3842 30
S8 0.00301 4707 4477 26
S9 0.00302 4619 4260 29
S10 0.00290 4824 4398 30
511 0.00269 4621 4303 28
Si2 0.00367 4711 4355 29
S13 0.00387 4707 4336 28
S14 0.00298 4837 4445 30
Si5 0.00305 4633 4317 29
516 0.00366 4785 4368 30

Average (SD): 0.00308 (0.0004 134)
Note: SD = standard deviation; 1| MPa = 0.145 ksi; | kN = 0.225 kips.

strength P__ to nominal strength P_ was 1.07 for NC columns (with
a standard deviation of 0.0131) and 1.08 for SCC columns (with
standard deviation of 0.0141). This proved that the consolidation
method used for NC was adequate. Both the SCC and NC columns
reached their anticipated strengths in this study. Smaller waterbinder
(or water-cement for NC) ratios were used in SCC and the strengths
of SCC were quite close to those of NC, as shown in Table 1.

The average ratio of unconfined in-place strengths f: to cylinder
strengths f: for Specimens N1 to N3 and $1 to $3 was found to be
89% for both NC and SCC columns. This is approximately the same
as that in HWC columns. The ACI Code uses 0.85 and is slightly
more conservative.

Crack width

Crack widths were observed before yielding of the longitudinal
reinforcement. The columns did not exhibit apparent cracks until
approximately 80% of the peak loads during the tests. The cracks
usually formed in the longitudinal direction, and they coincided with
the cover spalling from core. Table 5 lists the maximum crack width
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at 80% of the maximum load for each column. The values W, . and
W, are the maximum crack width for NC columns and SCC columns,
respectively. Each SCC column, except Specimen S6, had a smaller
maximum crack width than its companion NC column. The average
ratio of W, /W, was 0.822. It indicates that SCC columns have
better crack control ability than NC columns. The ratio was even
smaller than that of HWC* (0.96).

Table 5—Crack widths of specimens.

Specimen no. | Wc-mm |Specimen no. | Wsce. mm | Wsec/Wne
N1 0.358 Sl 0.269 0.751
N2 0.266 52 0.218 0.820
N3 0.227 S3 0.200 0.881
N4 0.170 54 0.160 0.941
N5 0.139 S5 0.110 0.791
N6 0.089 S6 0.092 1.034
N7 0.191 57 0.117 0.613
N8 0.095 S8 0.074 0.779
N9 0.144 S9 0.102 0.708
N10 0.141 S10 0.111 0.787
N11 0.204 Sil 0.179 0.877
NI2 0.106 S12 0.086 0.811

NI13 0.099 S13 0.090 0.909

N14 0.103 S14 0.099 0.961

NI5 0.144 S15 0.106 0.736

N16 0.146 S16 0.111 0.760
Average (SD) 0.822 (0.10634)

Note: SD = standard deviation; 1 mm = 0.0394 in,

It is believed that adding supplementary cementitious materials
such as fly ash, slag, and silica fume can improve the development
of high-flowability concretes to improve the density of the concrete
matrix and enhance the bond between the mortar matrix and coarse
aggregates. The smaller crack widths of SCC could be because SCC
had more supplementary cementious materials than HWC. The
transition zone between aggregate and paste became stronger
due to pore confinement that occurred after using supplementary
cementitious materials.

Stress-strain curves for concrete

The stress-strain curves for different concretes were plotted in
this study. The stress in the longitudinal steel was obtained by the
measured strain and the stress-strain curve of the longitudinal
steel. The force carried by concrete in the specimen was derived by
subtracting the longitudinal steel force from the total applied load.
The concrete stress was then obtained by dividing the concrete force
by the concrete area. Before the peak load (Point C in Fig. 3) of the
specimen, the concrete cover was included in the concrete area;
and it was totally removed after Point D (Fig. 3). Between Points C
and D, the concrete cover spalled gradually, and a linear transition
was used. Figure 4 shows some examples of the comparison of the
NC and SCC stress-strain curves, Generally, SCC exhibited higher
stiffness before peak stress and slower descending rates (better
ductility) after peak stress. The stiffness E_, is defined as the
secant modulus of elasticity of concrete corresponding to 0.45f:,
as shown in Fig. 5.

The E,, /\f; values for NC and SCC are listed in Table 6. The
average stiffness of SCC in this study was 1.20 times that of NC.
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One way of comparing the ductility of concrete is using an index
Z, toreflect the slope of the descending branch of the stress-strain
curve, and it is defined as:

0.50
250 - €50~ 8y

Definitions of the notation in Eq. (1) are illustrated in Fig. 5. The
Z,, values are tabulated in Table 6. Each SCC specimen, except
Specimen S11, had a smaller Z,, value than its companion NC
specimen, and it indicates that the ductility of SCC is better than
that of NC. The averageratioof Z_,... to Z,, . was 0.782. Asmaller
Z, value indicates better ductility of the concrete. The unconfined
specimens (N1 through N3 and S1 through S3) exhibited much
less ductility (as shown in Fig. 4(a)) due to much earlier buckling of
longitudinal reinforcement; Z,  values were not available, and they
were not included in the ductility comparison.

Table 6—Modulus of elasticity and ductility of normal concrete
and self-consolidating concrete, '

spccirrign no.| Ewesd ' | Zsone spcmsn?tg: no. | Eesd NI | Zsosce
NI 3127.96 — Sl 3807.16 —
N2 324843 — S2 384275 —
N3 3490.96 -— S3 4165.59 —
N4 410521 | 37.913 54 4357.64 | 31.965
NS5 2528.99 | 50.186 S5 4430.57 | 33.66!
N6 311555 | 36,930 56 374753 | 23.111
N7 372213 | 49.761 57 4237.15 | 35.293
N8 3240.05 | 48.648 S8 434094 | 41.799
N9 3483.77 | 33.447 S9 374052 | 24341
N10 221799 | 48814 S10 4024.46 | 38.992
NI11 3599.74 | 47.165 S1l 3941.92 | 55.748
Ni2 4378.17 | 20.813 S12 331794 | 17.655
NI13 327540 | 11.145 S13 2102.71 10.239
N14 3054.06 | 22.080 Sl4 4695.49 | 19.923
N15 3476.01 | 50.505 S15 4199.72 | 35.135
N16 3673.63 | 49.130 Sie 3419.89 | 33.775

Note; | MPa = 0.145 ksi; — = not available,




Table 7—Comparison of maximum stress and ductility index p of
confined concrete.

Specimen Specimen
no.  |fees MPalfllfch | Mnc | no.  feor MPalfC UG | Bsce
N4 31.21 | 1.140 | 5.085 S4 30.36 | 1.175 | 6.149
NS5 43,81 | 1.134 | 4977 S5 41.74 | 1.167 | 6.966
N6 52.59 | 1.051 | 7.174 56 51.90 | 1.076 | 9.728
N7 4372 | 1.132 | 4.707 57 39.85 | 1.114 | 5.846
N8 40.28 | 1.043 | 5.176 S8 38.77 | 1.084 | 5.590
N9 41.69 | 1.079 | 6.138 59 41.71 | 1.166 | 8.443
NI10 43.13 | 1.117 | 5.372 S10 41.86 | 1.170 | 6.225
NI 40.80 | 1.056 | 4772 SlI 39.36 | 1.100 | 5.479
Ni2 4478 | 1.160 | 8265 SI2 4412 | 1.233 | 9.342
NI3 4594 | 1.190 [ 7.596) SI13 46.73 | 1.306 |15.538
Ni4 40.72 | 1.054 | 8387 Sl4 4338 | 1.212 |10.114
N15 43.52 | 1.127 | 4.619 S15 41.80 | 1.168 | 6.065
Nl6 4294 | 1.112 | 4760§ S16 42.01 | 1.174 | 7.372

Note: | MPa = 0.145 ksi.

Another way of comparing the ductility of the confined concrete
is using a ductility index W. The ductility index p is defined as AJAp.
where A_is the area under the stress-strain curve before the stress
drops to 50% of the maximum stress and hp is the area under the
stress-strain curve up to peak stress. The values of p are shown in
Table 7. Each SCC column had a larger p value than its companion
NC column.

The average of "SCC/YNC was 1.324. If A, were defined as the
area under the stress-strain curve before the stress drops to 25% of
the maximum stress, the average of YSCC/"NC would be 1.208.

The effect of each variable on ductility index 1 can be seen in
Table 7. An increase of longitudinal reinforcement, increase of
transverse reinforcement yield strength, and decrease of transverse
spacing would improve the concrete ductility. NC specimens with
Type C tie arrangement (Specimen N16) showed less ductility than
that with Type B, although Type C had more transverse reinforcement
than Type B. This could be attributed to the congestion problem

in the NC specimen. On the contrary, the SCC specimen with
Type C tie arrangement (Specimen S16) exhibited better ductility
than the specimen with Type B (Specimen S5), and this was due
to higher flowability of SCC and better concrete quality obtained in
the specimen.

Specimens N5, N14, N15, 85, S14, and $15 had the same p f,
value (5.9 MPa [0.86 ksi]), but different fyh values (447, 339, and
560 MPa [64.8, 49.2, and 81.2 ksi]). It shows that specimens with
smaller tie spacing (larger p_)would have better ductility, although
the values were the same. It also shows that the SCC specimens
had better ductility than NC specimens. As for the effect of concrete
strength, the values of p and Z_ did not show a reasonable trend in
this study as seen in Tables 6 and 7. Usually concrete with higher
strengths exhibit less ductility, but specimens with higher strength
had larger u values (Specimens N6 and S6) and a smaller Z,,
value (Specimen S6) in this study. The f: /f: value, however, did
decrease as the concrete strength increased, as shown in Table 7.
The values for the confined specimens in Table 8 were taken from the
unconfined column (Specimens N1, N2, N3, S1, S2, and S3) tests.
The other test variables had similar effects on the ratio as on the
ductility index u as depicted in Table 7. An increase of longitudinal
reinforcement, increase of transverse reinforcement yield strength,
and decrease of transverse spacing would increase thef: /f: ratio.
The average f_/f: ratio for NC was 1.107 and 1.165 for SCC.

The SCC had approximately the same amount of coarse aggregate
as NC, but it contained more supplementary cementitious materials
and less water content than NC, and it had a denser matrix structure
and exhibited better performance than NC.

Comparisons with other high-flowability concretes

Comparisons between SCC used in this study and HWC," and other
SCC® were made. The results show that the overall behaviour of
HWC was better than the SCC made in this study, whereas the SCC
in this study was better than the other SCC.?

Comparisons with HWC

The HWC specimens had the same cross-section size and were
tested in the same way as in this study. The maximum size of
aggregate used in the HWC was 10 mm (0.4 in.), which is the
same as that used in SCC in this study. The concrete strength and
transverse reinforcement yield strength in HWC were approximately
the same as those in SCC. The slump of HWC was 230 + 20 mm
(9.06 + 0.79in.), which was less than that of SCC (greater than 270
mm [10.6 in.]). But HWC contained more coarse aggregates (>1000
kg/m? [62.3 Ib/ft?]) than SCC, and it exhibited a better mechanical
performance than SCC.

The stiffness E__ depends on the unit weight and strength of the
concrete, as indicated in the ACI 318-05 Code.3 The unit weights of
the high-flowability concretes and NC were approximately the same,
as shown in Tables 8 and 9, and the E{ES/Jf; values listed in Table
8 and 9 were used for comparisons.

Table 8—Modulus of elasticity and ductility of high-workability
concrete! and self-consolidating concrete®.

Specimen no. | Pufyr MPa | 1w, ke/m’ | Eyeil 7 ‘ Zs0
HWC!
H4 5.93 2355 6271.42 18.137
H5 5.93 2351 5318.30 15.875
H6 5.93 2408 5680.45 15.185
H7 5.93 2351 5355.57 15.695
HE8 5.93 2351 4836.83 15.652
H9 6.66 2351 6649.82 15.383
HI10 4.91 2351 4462.21 15311
HIL 357 2351 5059.48 28.818
H12 891 2351 5365.65 9206
HI3 593 2351 545448 19.109
Hi4 6.06 2351 6467.23 11.712
HI5 545 2351 4918.16 19.844
sccht
SCC-28-Q-1 11.06 2334 3528.90 31.118
SCC-28-Q-2 11.06 2334 3145.42 35.413
SCC-28-Q-3 11.06 2334 2800.93 26.507
SCC-28-5-1 8,78 2334 3353.87 T1.306
SCC-28-S-2 8.78 2334 3537.40 65.531
SCC-28-8-3 8.78 2334 3564.23 70.842
SCC-42-Q-1 11.06 2345 2672.70 34.693
SCC-42-Q-2 11.06 2345 2802.48 40.796
SCC-42-5-1 8.78 2345 2083.03 78.040
SCC-42-§-2 8.78 2345 3664.44 77.736

Note: 1 MPa = (0145 ksi.
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Table 9—Modulus of elasticity and ductility of companion normal
concrete for high-workability concrete’ and self-consolidating
concrete®,

Specimenno, | Pofyr MPa | w, kg/ 0’ | Bl Jfe Zsy
HWC!
N4 5.93 2268 5784.45 43.771
N5 5.93 2300 4142.64 40.548
N6 593 2347 7019.37 20.299
N7 5.93 2300 5181.61 40.644
N8 593 2300 2648.98 65.669
N9 6.66 2300 3245.08 32.060
NI10 491 2300 2576.88 41.353
NIl 3.57 2300 7154.99 62.893
NI2 8.91 2300 3867.87 28.840
NI3 5.93 2300 3161.90 59.673
Ni4 6.06 2300 3079.58 33.548
NI15 545 2300 5369.11 73.569
scct
OPC-28-Q-1 11.06 2339 2577.02 28.920
OPC-28-Q-2 11.06 2339 2733.76 32.671
OPC-28-Q-3 11.06 2339 2864.62 30912
OPC-28-5-1 8.78 2339 1866.32 51.937
0OPC-28-5-2 8.78 2339 2134.85 61.516
OPC-28-5-3 8.78 2339 2965.13 69.252
OPC-42-Q-2 11.06 2347 2948.22 41.890
OPC-42-Q-3 11.06 2347 2343.01 31.399
OPC-42-5-1 8.78 2347 2650.14 74.538
OPC-42-8-2 8.78 2347 2619.21 76.593
OPC-42-5-3 8.78 2347 2849.55 67.889

Note: | MPa = 0.145 ksi.

The average stiffness of HWC was approximately 1.39 times that
of its companion NC (with a standard deviation of 0.4878), whereas
the average stiffness of SCCin this study was 1.19 times that of NC
(standard deviation of 0.3470). The HWC exhibited higher stiffness
than the SCC in this study. -

Many studies have shown that transverse reinforcement is quite
essential in confining the core concrete. Spacing, configuration, and
strength of the transverse reinforcement all affect the confining
effect. For simplicity, the product p_f was used to evaluate the
effect of transverse reinforcement on confinement, where p_ is
the volumetric ratio of the transverse reinforcement and reflects
spacing and configuration of the transverse reinforcement, and
f.a. represents the yield strength of the transverse reinforcement.
The p_f,, values of HWC were close to those of SCC in this study,
_ as shown in Table 8, but HWC had better ductility than SCC. The
average ductility indicator Z_, of HWC was 0.40 times that of NC
(standard deviation of 0.1316), whereas the average Z_, of SCC
in this study was 0.81 times that of NC (standard deviation of
0.1477). It is apparent that the better ductility of HWC is not due
to the transverse reinforcement. It has been pointed out that the
column concrete tends to spall more gradually after the peak load
(Point C in Fig. 3) if a larger amount of coarse aggregate is added
to the concrete.1

The stress-strain curves of HWC and SCC in this study were
normalized and plotted in the same figure (Fig. 6). In general, the
HWC curves cover the curves of SCC in this study as shown in Fig.
6. The HWC contained less supplementary cementitious materials
than the SCC in this study and it had better mechanical performance
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than SCC. It seems that the effect of adding supplementary
cementitious materials in the concrete is not as prominent as
that of coarse aggregate on the stress-strain behavior. The reason
why HWC exhibited higher stiffness and better ductility could be
attributed to its larger amount of coarse aggregate. The amount of
coarse aggregate affects both the slope of the ascending branch of
the stress-strain curve (stiffness) and the slope of the descending
branch (ductility index Z_,).

Comparisons with other SCC

Studies on the behavior of confined SCC have also been carried
out.*® The SCC in Reference 5 had less stiffness and strength than
NC, whereas the SCC in Reference 6 had less ductility than NC. The
amount of coarse aggregate contained in the SCC in Reference 5
was approximately 830 kg/m* (51.7 Ib/ft?) of concrete for normal-
strength concrete (f: < 50 MPa [7.25 ksi]). The amount of coarse
aggregate contained in the SCC in Reference 6 was 790 kg/m? (49.2
Ib/ft%) of concrete. These were all less than the amount used in this
study (920 kg/m? [57.3 Ib/ft*] of concrete).

The mixture proportions of SCC in Reference 6 are shown in
Table 10.

HWC

0.0 Illkiillllllll|IIIIiIrIk|1ITT

0 5 10 15 20 25 30
%1%

Fig, 6—Comparisons of stress-strain curves of HWC and SCC in this study.
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Fig. 7—Comparisons of stress-strain curves of SCCs.

The SCC in Reference 6 did not have any VMA added in the
concrete, and a lower amount of coarse aggregate was used to
meet the JSCE flowability requirements. The amount of cementitious
materials added in the SCC in Reference 6 was larger than that of




Table 10—Mixture proportions of SCC®.

Design ) Coarse Fine
strength, | Cement, | Limestone, | Water, |aggregate, |aggregate, HRWRA,
MPa | kg/m® | kgm® | ke/m® | kgm® | kgim® | kgm®
28.0 310 230 170 790 830 44
42.0 350 190 170 790 840 4.6

Note: HRWRA = high-range water-reducing admixture; | kg =2.21b; | m=394 in.

SCCinthisstudy. The p 5_)"" values of the SCC specimens in Reference
6 were larger than those of the SCC specimens in this study, as
shown in Table 8. The average Z_, value of SCC in Reference 6
was approximately 1.07 times that of its companion NC (standard
deviation of 0.1680). The ductility of SCC used in Reference & was
significantly less than that of SCC in this study even though it had a
higher amount of transverse reinforcement. The normalized stress-
strain curves of SCC in Reference 6 were compared with the SCCin
this study, as illustrated in Fig. 7. The figure shows that the curves
of the SCC in this study cover those of the SCC in Reference 6,
and it indicates that the SCC in this study had higher stiffness and
better ductility. Again, this could be attributed to the larger amount
of coarse aggregate used in the SCC in this study.

CONCLUSIONS

Based on the experimental and analytical results presented herein,

the following conclusions can be made:

1. The SCC in this study has higher stiffness than NC (with approxi-
mately 15% increase), but less than that of HWC* (39% increase).
The ductility of confined SCC was found to be better than that of
NC (with an increase of 32%) but is less than that of HWC (77%
increase). The higher stiffness and better ductility of HWC could
be attributed to the higher amount of coarse aggregate contained
in the HWC (>1000 kg/m? [62.3 Ib/ft?] of concrete);

2. SCC columns showed smaller crack widths than NC columns in
this study. The crack widths of SCC columns are approximately
82% of those of NC columns. The crack widths of SCC specimens
are even smaller than those of HWC due to better flowability and
larger amounts of supplementary cementitious materials added
in the SCC; -

3. A larger amount of coarse aggregates improves the mechanical
behaviour of the hardened concrete. It is suggested that the
amount of coarse aggregates in SCC should be kept approxi-
mately the same as that in NC (900 kg/m? [56.1 Ib/ft*] of con-
crete, could be a minimum). The SCC used in this study exhibited
satisfactory structural performance.

NOTATION

A, = gross area of column section

A, = total area of longitudinal reinforcement

b, = core dimension measured center-to-center of perimeter tie

B = modulus of elasticity of concrete corresponding to 0.45 fo'c.
as defined in Fig. 5

)z = concrete strength obtained from cylinder test

f A = compressive strength of confined concrete in member

I A = compressive strength of unconfined concrete in member

L = average confinement pressure

1 = stress in transverse reinforcement

f, = yield strength of longjtudinal reinforcement

/ = yield strength of transverse reinforcement

=

-

= maximum column axial load

a
E

P = nominal column axial strength, = 0.85fc'(Ag - Ast) + Ty Ast
s = spacing of transverse reinforcement

w = crack width

Z = slope of descending branch of concrete stress-strain curve

calculated based on 0.5fcc’
Z, = slope of descending branch of concrete stress-strain curve
calculated based on 0.85fce’
= strain corresponding to peak stress of confined concrete

E

8:0 = strain corresponding to 50% peak stress of confined concrete

et = strain in concrete

P, = ratio of longitudinal reinforcement, Ast /Ag

P, = ratio of volume of transverse reinforcement to volume of con
crete core
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