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Nine model concrete bridge columns using prestressing strand as
transverse reinforcement were tested to establish design parameters
for the use of high-strength transverse reinforcement under seismic
loading. Five of these columns were tested to examine shear
behavior, and four were tested to examine flexural behavior. One
shear test and two flexural tests were dynamic. Moderate volumetric
ratios (less than half of the ATC-32-specified value for Grade 60)
of high-strength steel provided satisfactory performance under
shear-critical conditions. The confinement of flexural hinges was
satisfactory at reinforcement levels below that called for by the
California Department of Transportation Bridge Design Specifica-
tions, provided that the spiral pitch was small enough to prevent
buckling of the longitudinal reinforcement. Dynamic loading did not
have any unanticipated effect on either shear or flexural performance.

Keywords: confinement; experimental; flexure; prestressing; reinforcement;
shear.

INTRODUCTION
Reinforced concrete bridge columns subject to high shear

demand may require a high volumetric ratio of transverse
reinforcement to provide adequate shear strength. Seismic
design generally implies a requirement for ductile response
through which adequate shear strength must be maintained.
Shear strength is carried by aggregate interlock in the concrete,
by dowel action of the longitudinal reinforcement, and by
truss action in the transverse reinforcement. It is enhanced by
axial compression. As the structure passes into the inelastic
range, the opening of wide shear cracks in the concrete
degrades the competence of the aggregate interlock. The
reinforcing steel will therefore be mobilized to a greater degree
than would be implied by elastic analysis, and the contribution
of the transverse reinforcement to the shear strength in a ductile
response is a direct function of the volumetric transverse rein-
forcement ratio. However, high transverse reinforcement ratios
and the ensuing steel congestion are undesirable both from con-
structibility and economic aspects, and may result in premature
spalling of cover concrete.

The ATC-32 seismic bridge design standards1 specify a
force-reduction factor Z lower than that specified by the
Caltrans BDS,2 thereby imposing higher design force levels.
In light of this, the adoption in ATC-32 of a shear model con-
siderably more conservative than that used in the BDS3 can
result in structures that are, in their detailing requirements,
difficult to build.

Consider a bridge column with a diameter of 2.44 m and a
longitudinal reinforcement ratio ρl = 0.02. Material strengths
for seismic design were taken as fce′ = 35.9 MPa, fye = 455
MPa, and fyt = 413 MPa (based on fc′  = 27.6 MPa and fyt,yl =
413 MPa). For an axial load of 0.10 fc′Ag, the nominal moment
capacity would be 55,285 kN-m. For a column height of hc
= 9.75 m, the aspect ratio would be 4 in the transverse direction

of bending (normal to the bridge longitudinal axis, and thus in
single bending) and 2 in the longitudinal direction (in which
direction the rotational stiffness of the bridge superstructure
puts the column into double bending).

The design shear force is1

 = 15,877 kN (1)

The required shear capacity is

 = 18,678 kN (2)

Under ATC-32, the concrete contribution to the shear
strength in a plastic hinge is 

(3)

and the reinforcement contribution by

(4)

The concrete contribution is thus 2276 kN, and the required re-
inforcement contribution is 16,402 kN. With fyt = 413 MPa,
this requires a volumetric ratio of transverse reinforcement
of. This is impractical: the close spiral spacing (14.5 mm
using No. 6 bar) will hinder placement of concrete. If larger
bar sizes were used, they would have to be placed as welded
hoops, or lapped every 2.4 turns if the spiral was made from
standard 18.3 m (60 ft) long bars (for No. 7 bar and higher).
Neither solution is attractive, as welds are subject to failure,
and lapping leads to more congestion.

The fact that the previously described approach results in
an impracticable solution is due in part to the limitation on
allowable stress in transverse reinforcement to 413 MPa.4

This arises from the requirement to control crack widths under
service loads; however, the need to limit service load cracking
is probably inappropriate for transitory effects such as seismic
loading. Column shear retrofit design using composite materials
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at design transverse strains as high as 0.6%—approximately
three times the strain limit implied by current code restric-
tions (and hence implying much higher curvatures)—have
performed satisfactorily.5 If the stress limitation of 413 MPa
on transverse reinforcement were to be lifted, implying the
use of high-strength reinforcement, the congestion de-
scribed previously could be greatly alleviated.

A growing interest in the use of high-strength concrete (HSC)
has led to investigations of high-strength confinement to fully
exploit HSC’s full capacity.6-11 These investigations have used
either high-strength wire or a deformed high-strength bar.

The use of multi-wire prestressing strand offers several ad-
vantages. Prestressing strand is available in a number of diam-
eters, is manufactured in long lengths, and is flexible enough
to be wrapped around a column cage. It is also less expensive,
on a strength basis (per MPa), than a Grade 60 reinforcement.

With the large diameters and high volumetric ratios of
transverse reinforcement required by recent design recommen-
dations,1,4 use of prestressing strand at a higher allowable
stress should reduce congestion of steel.

RESEARCH SIGNIFICANCE
Current code seismic requirements for transverse reinforce-

ment in spirally confined bridge columns such as those adopted
in ATC-32 can result in severe congestion of reinforcing
steel. This is exacerbated by the need to keep transverse
reinforcement at or below a stress level of 413 MPa to control
crack width. The present study shows that the use of high-
strength reinforcing steel can significantly reduce the volumetric
ratio of transverse reinforcement if a higher tensile stress is
permitted, with performance equivalent or superior to that
offered by conventional reinforcement.

PREVIOUS EXPERIMENTAL WORK
The use of HSC has driven research into the behavior of

members confined with high-strength transverse reinforce-
ment. High confining pressures are required to achieve an
adequate increase in ductility for seismic design using HSC.
These can be achieved either through increasing the volu-
metric transverse reinforcement ratio, or using higher-
strength transverse reinforcement.

Previously tested column sections are compared with that
used in the present test program in Fig. 1.

Axial compression tests
Pessiki, Graybeal, and Mudlock6—A procedure for the de-

sign and analysis of high-strength reinforcement was developed
and validated through a number of large-scale axial compression
tests. The design criterion used for detailing the spiral reinforce-
ment was usable strength. Spiral reinforcement yield

strength ranged from 538 to 1345 MPa, and the usable values
ranged from 545 to 1131 MPa. The method showed good
correlation between prediction and experiment for spirals
with usable stress values below 758 MPa.

Li, Park, and Tanaka7—Li, Park, and Tanaka tested a
large number of square and circular columns under axial load,
with normal (fyt = 445 MPa) and high-strength (fyt = 1318 MPa)
transverse reinforcement. The use of high-strength rein-
forcement generally enhanced the axial strength and ultimate
compression strain of the confined concrete. The researchers
noted that, while transverse bar yield stress may be used in
calculating confining pressure for normal-strength reinforce-
ment, it may not be accurate for high-strength reinforcement.

High-strain-rate axial loading (strain rate of 0.0167/s)
showed that, while normal-strength confinement enhanced the
core concrete strength, high-strength confinement did not.

Razvi and Saatcioglu8—Twenty-two circular cylinders of
250 mm diameter were tested under monotonic axial com-
pression. High-strength concrete (60 to 120 MPa) was used.
Yield strength of transverse reinforcement ranged from 400
to 1000 MPa. The proclivity of HSC to brittle failure could
be ameliorated by providing sufficient confining pressure
(proportional to fytρt). The authors observed that increasing
the spiral pitch of the transverse reinforcement increased the
required confining pressure.

Flexural tests of rectangular columns
Muguruma et al.9—Four 200 mm square columns were

tested. Two specimens were reinforced with 6 mm deformed
bars (fyt = 408 MPa); the other two were reinforced with 6 mm
deformed bars with a yield stress of 873 MPa. The reinforcing
hoops were butt-welded. Axial loads were 0.343 and
0.473fc′ Ag.

The use of high-strength reinforcement did not increase
flexural ductility at lower axial loads. However, improvement
was seen at the higher axial load. Longitudinal bar buckling
was delayed in the specimen using high-strength reinforcement.

Sato, Tanaka, and Park10—Two columns 400 mm square
were tested using high-strength transverse reinforcement ( fyt
= 1368 MPa), and normal-strength longitudinal reinforce-
ment. The columns were reinforced for shear and confine-
ment according to NZS 3101.11 A strength of 1275 MPa was
used for designing the transverse reinforcement.

The transverse reinforcement remained well within its
elastic range into high ductility levels (normal-strength re-
inforcement would have yielded). Buckling of the longitudinal
bars was also forestalled.

Li, Park, and Tanaka7—Cyclic lateral loading was carried
out on three square-section columns using HSC. Moderate-
to-high axial load levels were tested. Ductile behavior was
not achieved in the plastic hinge regions. It was suggested
that the lower dilation of high-strength concrete prevented
the full mobilization of high-strength confinement. A maxi-
mum usable yield stress of 900 MPa was proposed for use
in design equations.

Aziznamini and Saatcioglu12—Two 305 mm square columns
were tested with HSC and high-strength ( fyt = 827 MPa) trans-
verse reinforcement. The use of high-strength confinement
was not found to play a significant role in the columns’ flex-
ural response. Dilation of the HSC was not sufficient to fully
mobilize the transverse steel. Also, increasing the transverse
bar spacing to follow ACI minimum requirements based on
yield strength could reduce the antibuckling support for the
longitudinal bars.
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Watanabe and Kabeyasawa13—A number of low-aspect-
ratio column tests were performed at the Osaka Institute of
Technology, Fukuyama University, and Chiba University.
The columns were square-section, and confined with either
hoops or rectilinear ties, or spirals combined with rectilinear
ties. The use of high-strength transverse reinforcement was
generally found to enhance shear strength. Volumetric re-
inforcement ratio was significant. 

The summary of work described previously shows that:
1. Under axial compression, high-strength transverse

reinforcement enhances concrete compressive strength
when compared with normal-strength reinforcement;

2. Axial loading rate did not have a significant effect on
the performance of columns confined with high-strength
transverse reinforcement;

3. Full utilization of the stress and strain capacity of high-
strength transverse reinforcement may be limited by reduced
dilation of HSC;

4. The higher yield strain of high-strength transverse
reinforcement generally delayed the onset of longitudinal
bar buckling; and

5. There is a lack of experimental data addressing the lateral
load performance of spirally-confined circular columns
using high-strength transverse reinforcement.

TESTING PROGRAM
This paper summarizes the results from a series of tests on

spirally-confined columns, performed at the University of

California, San Diego, using high-strength transverse reinforce-
ment. The reinforcing material chosen was Grade 250 ( fpu =
1723 MPa) seven-wire prestressing strand (one column was
tested using single-wire Grade 270 transverse reinforcement).

The testing consisted of three phases:
1. Three shear-critical columns (HS1 to HS3) were tested

quasistatically at two axial load levels and incorporated either
single-wire or seven-wire transverse reinforcement;

2. Four flexure-critical columns (HS5 to HS8) were tested
at two different volumetric ratios of high-strength transverse
reinforcement; one quasistatic and one dynamic test were
performed at each reinforcement level; and

3. Two columns (HS9 and HS10), identically under-re-
inforced for shear to induce ductile shear failure, were tested to
examine the effects of dynamic loading on mobilization of the
transverse reinforcement in shear. HS9 was tested quasistatically,
and HS10 dynamically.

The columns tested during first two phases were compared
to conventionally reinforced columns. Comparison was
made between HS1 and HS3, and NH3 (Vu et al.14), and
HS2 with NH1.14 The reference for flexural tests HS5 to
HS8 was built at the time HS5 and HS6 were built, and was
designated HS4. Table 1 summarizes reinforcement.

Day-of-test material properties and axial loads are shown
in Table 2. Both concrete and steel strengths were taken as
the average of three samples each.

Fig. 1—Comparison of column section tested in present work, with previous research
(dimensions in mm).
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QUASISTATIC AND DYNAMIC SHEAR TESTS
HS1-3 and HS9-10 were 457 mm diameter columns loaded

in double bending (Fig. 2(a)), with a clear column height of
1.83 m (4D). HS1-3 was designed for shear according to the
UCSD shear strength assessment model. This model was
developed to realistically assess the shear capacity of existing
columns; a 15% more conservative model is used for design. It
was anticipated that the columns would fail in flexure. 

In the UCSD model, theoretical shear strength of a circular
section is given by15

(5)

in which Vc is the concrete shear-resisting mechanism, Vs is
provided by the steel truss mechanism, and Vp is an enhance-
ment from axial load forming, in a column in double bending,
a diagonal compression strut on an angle α between the column
axis and the centers of flexural compression in the end regions:

 for µ∆ ≤ 2 (MPa units) (6a)

 for µ∆ ≥ 8 (MPa units) (6b)

(7)

(8)

Vd Vc Vs Vp+ +=

Vc 0.29αβ fc′ Ae=

Vc 0.05αβ fc′ Ae=

Vs
π
2
---

Ah fyt D c– x–( )
s

-------------------------------------- θ θ 30°=( )cot=

Vp Pe αptan=

where
1 ≤ α = 3 – M/VD ≤ 1.5;
β = 0.5 + 20ρl ≤ 1;
fc′ = concrete strength;
Ae = 0.8Agross;
Ah = area of transverse bar;
fyt = yield strength of transverse bar;
D = column diameter;
c = clear cover to spiral;
x = neutral axis depth;
s = spiral pitch;
θ = angle of shear cracks to column axis;
αp = angle between column axis and line connecting

centers of compression zones (double bending);
and

Pe = axial load.
The shear strength given by Eq. (6) to (8) is intended to

provide a best estimate of strength and is to be used in as-
sessment situations. A more conservative version is used
for design.5

Table 1—Test unit reinforcement details

Test 
unit Type

Longitudinal 
reinforcement

(Grade 60) ρl

Transverse
reinforcement 
(Grade 250) s, mm ρt

HS1 Shear 20 No. 5 (D15.9) 0.025 6.2 mm strand 50 0.43%

HS2 Shear 20 No. 5 (D15.9) 0.025 6.2 mm strand 50 0.43%

HS3 Shear 20 No. 5 (D15.9) 0.025 4.4 mm strand
(Grade 270) 35 0.43%

HS5,7
Flexure
(HS7 

dynamic)
20 No. 5 (D15.9) 0.025 6.2 mm strand 36.5 0.57%

HS6,8
Flexure
(HS8 

dynamic)
20 No. 5 (D15.9) 0.025 6.2 mm strand 69 0.32%

HS9,10
Shear
(HS10 

dynamic)
20 No. 6 (D19) 0.035 6.2 mm strand 100 0.22%

Reference tests

NH1 Shear 20 No. 5 (D15.9) 0.025 No. 3 (D9.5)
Grade 60 60 1.1%

NH3 Shear 20 No. 5 (D15.9) 0.025 No. 3 (D9.5)
Grade 60 60 1.1%

NH4 Flexure 20 No. 5 (D15.9) 0.025 No. 3 (D9.5)
Grade 60 86 0.8%

Fig. 2—(a) Installation for shear testing: HS1 to HS3,
HS10, and NH1 and NH3; and (b) installation for flexural
testing: HS4 to HS8.

Table 2—Day-of-test material properties and axial 
load for HS1 to HS8, NH1, and NH3

Test 
unit

Column 
strength 
fc′, MPa

Longitudinal steel 
strength, MPa

Transverse steel 
strength, MPa Axial 

load, 
kN

Axial 
load 
ratio

Pe/fc′ AgYield Ultimate Yield Ultimate

HS1 37.2 442.0 720.0 1569 1908 917 0.150

HS2 37.5 442.0 720.0 1569 1908 1847 0.300

HS3 39.1 442.0 720.0 1378 1757 962 0.150

HS5 32.5 429.2 720.0 1569 1908 794 0.149

HS6 34.3 429.2 720.0 1569 1908 815 0.144

HS7 34.2 429.2 720.0 1569 1908 836 0.149

HS8 35.9 429.2 720.0 1569 1908 848 0.144

HS9 46.8 446.9 735.6 1569 1908 935 0.121

HS10 47.1 446.9 735.6 1569 1908 934 0.121

Reference tests

NH1 38.3 427.5 695 430.2 N/A 1885 0.300

NH3 39.4 427.5 695 430.2 N/A 969 0.150

HS4 32.0 429.2 720 385.8 812.3 793 0.151

(a)

(b)
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Transverse reinforcement was specified using nominal
transverse steel strength of 1033 MPa (0.6 fpu). This value
was chosen to keep the reinforcement well within the elastic
range and limit crack widths. The volumetric transverse
reinforcement ratio was 0.0043.

The shear design methodology outlined in ACI 318 utilizes
a similar approach in considering contributions from concrete
and steel mechanisms. The nominal shear strength

(9)

where 

(10)

in which Nu is the axial load, and the effective column area
Ae is 0.8 times the column diameter times the section depth.

(11)

where the total transverse bar area in a section and transverse
bar yield strength are given by Av and fy, respectively, and d
is the effective section depth (0.8 times the diameter).

Table 3 gives the predicted demand and theoretical shear
strengths of HS1-3, 9, 10, NH1, and NH3, calculated using

Vn Vc Vs+=

Vc 2 1
Nu

13.8Ag

----------------+ 
  f ′cAe (MPa units)=

Vs
Av fyt d

s
--------------=

the UCSD model, ATC-32 (using Eq. (3) and (4)), and ACI
318 (the assumed yield for prestressing strand was 0.6 fpu, to
limit crack width).

A comparison can be made with design guidelines issued by
the manufacturer for Ulbon,16 and those suggested by Li et al.7

Using the maximum volumetric reinforcement ratio of 0.006
and allowable tensile stress of 590 MPa specified by the man-
ufacturer, Ulbon would not supply the required shear strength;
for instance, a counterpart of HS1 reinforced with ρt = 0.006
Ulbon would have a nominal maximum shear strength at µ =
4 of 462 kN. The maximum design stress suggested by Li et
al. of 900 MPa would give a shear strength at µ = 4 of 611
kN, which would be sufficient.

HS9 and HS10 were designed to fail in ductile shear at a
displacement ductility level of 3.

STATIC AND DYNAMIC FLEXURAL TESTS
The test configuration for HS4 to HS8 in Fig. 2(b) provid-

ed an aspect ratio of 5.28 (column diameter 457 mm, length
2.415 m). 

The volumetric ratio of transverse steel in reference test
unit HS4 was determined using the equation developed by
Priestley, Seible, and Calvi,5 and adopted by ATC-32 to en-
sure adequate ductile performance:

(12)

where
fc′ = unconfined concrete compressive strength;
fyt = yield strength of transverse reinforcement;
Pe = applied axial load; and
ρl = longitudinal reinforcement ratio.
Use of the equation would have required a transverse reinforce-
ment ratio of 0.009; however, a lower value of 0.008 was
chosen to ensure that flexural failure would occur within the
stroke capacity of the actuator. This resulted in the use of
Grade 60 No. 3 spirals (413 MPa nominal yield) at 86 mm
pitch (s = 5.4dbl).

Design of transverse reinforcement in HS5 and HS7 used
the equivalent strain energy approach developed by Mander
et al.,17 in which it was assumed that all of the strain energy
absorbed by the transverse reinforcement to an ultimate
strain of 0.07 would be available to balance the compressive
strain energy of the concrete at maximum concrete com-
pressive strain. The modified Mander expression for ulti-
mate concrete compression strain is5

(13)

in which fcc′  is the compressive strength of confined concrete
(taken in a simplified model as 1.5fc′ ). The transverse steel
strain energy in this equation is proportional to the product
fytεut. For a given value of εcu obtained through the use of
Grade 60 transverse reinforcement, one can replace fyt εut
with an equivalent strain energy term reflecting the properties of
high-strength steel. Accordingly, the areas under the stress-
strain curves of Grade 250 and Grade 60 reinforcement were set
equal (Fig. 3) to achieve the following relationship:

ρt 0.16
fc′
fyt

----- 0.5
1.25Pe

fc′
----------------+ 

  0.13 ρl 0.01–( )+=

εcu 0.004
1.4fyt εut ρt

fcc′
------------------------+=

Table 3—Shear column test unit theoretical
shear strength

Test unit

UCSD 
model
µ∆ ≤ 2,

kN

UCSD 
model
µ∆ = 8,

kN
ATC-32,

kN
ACI 318-99,

kN

Maximum
shear

predicted,
kN

HS1 776 583 432 585 548

HS2 858 664 487 656 603

HS3 787 589 437 595 546

HS9 594 410 289 441 586

HS10 595 411 290 442 587

NH1 939 743 524 674 570

NH3 802 604 469 607 516

Fig. 3—Theoretical stress-strain curves for Grade 60 and
250 steel.
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(14)

where
fpu = ultimate strength of high-strength reinforcement

(1723 MPa);
εpu = ultimate strain of high-strength reinforcement

(0.07);
fyt = expected yield strength of Grade 60 reinforce-

ment (455 MPa);
εut = ultimate strain of Grade 60 reinforcement

(0.12); and
k1, k2 = constants (see Fig. 3; k1 = 0.87, k2 = 1.34).

Substituting from Eq. (14) into Eq. (13), the ultimate con-
crete compression strain is

(15)

The manufacturer’s quoted material properties for the pre-
stressing strand were used. Concrete strength fc′  was taken as
34.5 MPa. The steel properties in the Mander model for con-
fined concrete17 were used,18 assuming yield strain of
0.002276 at 455 MPa, a yield plateau to a strain of 0.008, and
a parabolic strain hardening path to an ultimate strain of 0.12
at 689 MPa. Design transverse reinforcement ratio for HS5/7
was ρt = 0.0057.

The transverse reinforcement of HS6 and HS8 was designed
to achieve ultimate confining pressure equivalent to that of
HS4. Confining pressure provided by spiral reinforcement is

(16)

where
Asp = area of transverse bar;
fut = spiral steel ultimate stress;
D′ = spiral diameter to center of spiral; and
s = spiral pitch.

This relates to the volumetric transverse reinforcement ratio,

(17)

to give

(18)

An increase in ultimate strength of the prestressing steel
permits a significant reduction in the volumetric ratio of
confinement. For the ultimate confining pressure in HS6 and
HS8 to be equal to that of HS4, the required volumetric ratio
of confinement in HS6 and HS8 would be

(19)

fpuεpu
k2

k1

----fytεut=

εcu 0.004
0.877fpu εpuρt

fcc′
---------------------------------+=

ft
2fut Asp

D′s
-----------------=

ρt
4Asp

D′s
-----------=

ft 0.5ρt fut=

ρs 0.008
fut

fpu

------ 0.008 689 MPa
1723 MPa
--------------------------- 0.0034=×= =

SHEAR TEST PROCEDURE
The testing of HS1 to HS3 and HS9 was quasistatic and

cyclic. The loading was carried out in load control up to first
yield of the flexural reinforcement. A value for the displace-
ment ductility µ = 1 was calculated, extrapolating the line
from the origin of the force-displacement response through
the first-yield experimental response to the nominal strength.
Displacement levels were chosen such that there would be a
50% increase per step to minimize low-cycle fatigue at low
ductility levels. Three full cycles were performed at each
level of ductility, to observe the stability of the hysteresis loop.

HS10 was tested dynamically. Cyclic loading through
each displacement step of one or three cycles was performed
as a separate dynamic event. A soft start (slow acceleration
of the actuator to full speed, through an extra half-cycle of
displacement) was used in the early (single) cycles; a hard
start was used thereafter, in which the actuator was accelerated
at its full capacity to maximum speed. Frequencies ranged
from 2Hz at small displacements, to 0.6 Hz at a displacement
ductility of 8.

FLEXURAL TEST PROCEDURE
The loading history for the flexural columns HS4, HS5,

and HS6 followed the same general pattern described for the
shear columns.

Dynamic testing of HS7 and HS8 followed the same
displacement pattern as the quasistatic tests. The rate of
cycling was at 2 Hz through µ = 1.5, and as the stiffness de-
creased with the formation of a plastic hinge. The frequen-
cy was progressively reduced to a final value of 0.3 Hz at µ
= 8. Although the reduction in cycling frequency was, in
part, imposed as a consequence of limitations on maximum
loading velocity, it is realistic because the actual effective
frequency of a ductile system reduces in proportion to (µ∆)–0.5.5

A hard start was used for HS7. For HS8, a soft start was cho-
sen. The extra half-cycles that HS8 underwent using a soft
start did result in its early failure.

SHEAR TEST RESULTS
The force-displacement hysteretic response of HS1 (ρaxial

= 0.15fc′Ag) is shown in Fig. 4. Energy absorption was excellent
through µ = 10, as evidently wide and stable hysteresis loops.
Failure was initiated during the third cycle at µ = 10, during
which a spiral strand in the plastic hinge began to fray (indi-
vidual wires broke within the seven-wire strand). Subse-
quently, the damaged spiral ruptured completely,
allowing severe buckling of longitudinal bars.

A comparison with NH3 (Fig. 4) shows that the performance
of NH3 was similar through µ = 8. Confinement failure
occurred during the third cycle at this ductility level.

The force-displacement response of HS2 (Fig. 5) displays
stable response through µ = 8. However, a spiral in the
plastic hinge region began to fray at this level of ductility, allow-
ing buckling of the longitudinal bars and a drop in the lateral
capacity. The buckled bars ruptured en route to the first dis-
placement peak at µ = 10. HS2 is shown at µ = 8 in Fig. 6.

The reference column for HS2, NH1 (Fig. 5), showed
stable ductile response through µ = 6. Direct comparison at
higher levels of ductility is not possible because of an
equipment failure in NH1.

HS3, which differed from HS1 in the use of single-wire
Grade 270 transverse reinforcement, showed performance
similar to HS1 through µ = 6 (Fig. 7). A spiral in the upper
plastic hinge region fractured at the first negative displace-
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ment peak of µ = 8, which allowed longitudinal bar buckling
and subsequent failure.

Visual examination of the columns during the course of
the tests showed some differences from conventionally
reinforced members at high ductility levels. Longitudinal
bar buckling was not as pronounced at equivalent levels of
displacement ductility because the spirals had a longer elastic
range. The fractured ends of the failed spiral rebounded
(pulled far apart) after failure.

In all three columns, shear cracking was extensive; however,
outside the plastic hinge region, shear cracks were elastic,
and closed upon removal of lateral force.

Measured strains in transverse steel at peak ductility levels are
shown for HS1 HS2, and HS3 in Fig. 8, 9, and 10, respectively.
Yield on the figures is considered as the strain at 0.85fpu,
generally considered the beginning of the inelastic regime. The
profiles show peak strain occurring at approximately 0.75D

from the top and bottom of the column. In the central region,
away from the plastic hinge region, transverse reinforcement
strains were much lower as a result of reduced crack widths.
At the base and the top of the column, confinement provided
by the foundation and load stub respectively restricts radial
dilation, and hence, shear strains are also reduced in these
regions. It is noticeable that the region of high shear strain
extends further from the plastic hinge section with the
column HS3, which was transversely reinforced with
smooth wire, than with HS1 and HS2, which were confined
with strand. The reason for this is not clear, but it may be due
to strain penetration from high confinement strains in the

Fig. 6—HS2 at µ = 8.

Fig. 4—Force-displacement response of HS1 (seven-wire
Grade 250; Pe/fc′Ag = 0.15).

Fig. 5—Force-displacement response of HS2 (seven-wire
Grade 250; Pe/fc′Ag = 0.30).

Fig. 7—Force-displacement response of HS3 (single-wire
Grade 270; Pe/fc′Ag = 0.15).
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hinges on the loading faces. The strains developed there may
extend to the column sides as a consequence of the poor bond
characteristics of the smooth wire.

The recorded peak strains correspond to peak stresses of
900 to 1100 MPa, except at ductility µ∆ = 10 when confine-
ment failure occurred (causing higher strains). This agrees
well with the design value of 1033 MPa.

The force-displacement response of HS9 and 10 is shown
in Fig. 11. It may be seen that the peak shear carried by HS10
(at µ = 3) coincided both with the predicted response and the
UCSD shear envelope prediction. The loss of strength beyond
this point was rapid. Significant shear cracking was observed
shortly after µ = 1. The response of HS9, as shown by the
envelope, was similar, with a slightly lower peak shear
(HS10’s was higher due to dynamic effects).

The shear actual versus predicted shear strength of each
test, shown in Table 3, shows some interesting results. While
both the UCSD degrading shear strength model and ACI 318
successfully predicted the satisfactory performance of HS1
to HS3, the equation from ATC-32 did not, underpredicting
shear strength by approximately 20%. The performance of
HS9 and HS10 was likewise well-predicted by the UCSD
model, while in this case, both ACI 318 and ATC-32 under-
predicted it (Table 3 and Fig. 11). It is clear that a degrading

shear-strength model correctly predicts the response of
columns reinforced with this material.

FLEXURAL TEST RESULTS
The force-displacement response of HS5 is shown in Fig. 12.

Also in Fig. 12 is the response envelope of the reference test,
HS4. HS5 showed wide and stable hysteresis loops through
three cycles at µ = 8, with no visible damage to the reinforcing
steel. On the first displacement peak at µ = 10, three longitudinal
bars experienced mild buckling over several spiral turns.
Fraying of one spiral and more longitudinal bar buckling
occurred during the first negative peak at µ = 10. HS5’s per-
formance remained stable through the second displacement
peak at this level of ductility, but reversal of load from this
point saw rapid failure through strand and longitudinal bar
rupture. During cycling at µ = 6 and µ = 8, the footing cover
concrete was undergoing considerable spalling, indicating
that the effectiveness of the confinement about the column
hinge was forcing a significant degree of plasticity into the
footing. HS5 is shown at µ = 10 in Fig. 13, at the end of the
first pull excursion. Damage to the footing is visible.

Fig. 8—Transverse steel strains on shear face of HS1
(seven-wire Grade 250; Pe/fc′Ag = 0.15).

Fig. 9—Transverse steel strains on shear face of HS2
(seven-wire Grade 250; Pe/fc′Ag = 0.30).

Fig. 10—Transverse steel strains on shear face of HS3
(single-wire Grade 270; Pe /fc′Ag = 0.15).

Fig. 11—Force-displacement response of HS9 and HS10
(designed for shear failure: HS9, quasistatic; HS10,
dynamic).
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HS4, in comparison, experienced longitudinal bar buckling
at µ = 6, and failed during cycling at µ = 8. Light footing
damage was seen in HS4.

Figure 14 shows the force-displacement response of HS6.
The longitudinal steel in HS6 began to buckle during the last
cycle at µ = 4. Buckling occurred between spirals; through µ
= 6, no damage to the spirals was seen. Approaching the first
displacement peak at µ = 8, two adjacent spirals began to
fray, allowing severe and widespread buckling of the longi-
tudinal steel, instigating failure.

Damage to HS6 occurred earlier than in HS4 and spread
more rapidly, even though the transverse reinforcement had
a smaller pitch (66 versus 86 mm). This may have been a re-
sult of the lower elastic modulus (189 versus 200 GPa for
Grade 60) and smaller area of the prestressing strand (com-

pared to solid bar), giving a reduced elastic stiffness against
longitudinal bar buckling.

The force-displacement response envelopes of HS5 and HS7
are compared in Fig. 15. The strength of HS7 is approximately
8% greater than that of HS5 due to slightly greater concrete
strength and dynamic amplification of the confined concrete
strength.17 The maximum strain rate at maximum strength
was approximately 0.0133/s. At the end of three dynamic cycles
at µ = 8, no damage to reinforcement was observed.

Force-displacement response envelopes for HS6 and HS8
are shown in Fig. 16. Use of the soft start to the loading of
HS8 resulted in the column absorbing a greater amount of
strain energy when compared to the other specimens. This
resulted in failure at a lower level of ductility than HS6. The
strain-rate enhancement of strength was minimal in HS8.

Strain gage data from the confinement in HS5 to HS8 in-
dicate extensive mobilization. Strains remained in the elastic

Fig. 12—Force-displacement response of HS5 (equivalent
strain energy of transverse reinforcement.

Fig. 13—HS5 at µ = 10.

Fig. 14—Force-displacement response of HS6 (equivalent
confining pressure).

Fig. 15—Force-displacement response envelopes of HS5 (qua-
sistatic) and HS7 (dynamic).
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range in HS5 and HS7, but inelastic strains were observed in
HS6 and HS8.

CONCLUSIONS
Shear tests

Five model bridge columns with an aspect ratio of 2 were
tested, at two levels of axial load, and using either stranded
seven-wire or single-wire high-strength transverse reinforce-
ment. The test units that were designed for adequate shear
strength (HS1, HS2, and HS3) matched or exceeded the duc-
tile performance recorded by conventionally reinforced col-
umns. HS9 and HS10 were tested to investigate the effect of
dynamic loading on shear failure in a column reinforced with
seven-wire prestressing strand. They demonstrated that
dynamic loading had little effect, and that ductile failure was
softened by the fraying rupture of the strand.

The conclusions reached in the testing of HS1 to HS3, and
HS9 and HS10 are as follows:

1. The observed response of the tested columns indicate
that using a conservative value of 0.6fpu for maximum allowable
tensile stress in the transverse reinforcement provided adequate
strength for the steel truss shear-resisting mechanism while
significantly reducing steel congestion. Crack widths resulting
from elastic deformation of the transverse reinforcement were
not large enough to significantly degrade the concrete shear-
resisting response;

2. The transverse reinforcement outside the plastic hinge
regions remained in the elastic range, allowing the shear
cracks outside the plastic hinge regions to close completely
upon removal of load;

3. The transverse reinforcement in the plastic hinge regions
remained, in general, within the elastic range; the strains
recorded would have caused yielding in conventional reinforce-
ment. The sustained elastic stiffness in confinement steel de-
layed the onset of longitudinal bar buckling and thereby
contributed to HS1 and HS2 surpassing the performance of
their conventionally reinforced counterparts;

4. The use of single-wire reinforcement in HS3 gave per-
formance comparable to the level of Grade 60 reinforcement
specified by the UCSD shear model;

5. The progressive, fraying rupture of the transverse strand
softened the brittle shear failure in HS9 and HS10. The par-
tially ruptured spirals could still carry load until high struc-
tural displacements were reached, and wide shear cracks
opened. Both HS9 and HS10 eventually failed through deg-
radation of the concrete component of the shear-resisting
mechanism;

6. While only one dynamic shear test was performed, it
was observed that shear failure induced by dynamic testing
showed a slight delay in the onset of damage to the trans-
verse reinforcement, but overall performance under dynamic
loading was similar. This is an area that should be addressed
through further work; and

A degrading shear strength model can successfully predict
the behavior of columns reinforced with high-strength
transverse reinforcement.

Flexural tests
Conclusions reached in the testing of model bridge columns

HS5-HS8 are as follows:
1. The ability of high-strength strand to remain elastic in

resisting core dilation resulted in good performance provided
spiral pitch was sufficiently close to prevent buckling of the
longitudinal reinforcement;

2. Designing transverse reinforcement using prestressing
strand provides a greater rotational capacity in the plastic
hinge than does conventional reinforcement if transverse
steel strain energy capacity equivalent to that provided by
Grade 60 is assumed for design;

3. Designing transverse reinforcement using prestressing
strand for an inelastic confining pressure equivalent to that
provided by Grade 60 will provide performance similar to
that of conventional reinforcement at greatly reduced vol-
umetric ratios, provided that antibuckling criteria are met;

4. Using prestressing strand as transverse reinforcement, a
nominal spiral pitch of s ≤ 6dbl was inadequate to forestall
buckling of the longitudinal reinforcement. This was caused
by: 1) the lower elastic modulus, and hence lower stiffness of
prestressing steel; and 2) the reduced steel area of the seven-
wire strand when compared to a solid bar. From the response
of HS1 and HS2, which ultimately displayed a flexural re-
sponse, it is suggested that s = 4dbl may be used in design. This
is an area in which a need for further work is indicated; and

5. Though only two dynamic tests were performed, the
results were consistent with those recorded by Mander et al. 15

Dynamic enhancement of the strength of concrete confined
with high-strength transverse reinforcement was increased
on the order of 8%.
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NOTATION
Ae = effective column cross-sectional area
Ag = column gross cross-sectional area
Ah, Av= transverse steel area in given section (UCSD/ATC-32 and ACI

318, respectively)
Asp = transverse spiral bar area
c = depth of concrete cover
D = column outside diameter
D′ = diameter across transverse reinforcement
d = effective column diameter (ACI 318 shear model)
dbl = diameter of longitudinal steel bars
fl = confining pressure from transverse reinforcement

Fig. 16—Force-displacement response envelopes of HS6 (qua-
sistatic) and HS8 (dynamic).
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fpu = ultimate strain of prestressing strand
fut = ultimate strength of prestressing strand
fye = expected yield strength of longitudinal reinforcement
fyl = nominal yield strength of longitudinal reinforcement
fyt = yield strain of transverse reinforcement
fc′ = compressive strength of unconfined concrete
fcc′ = compressive strength of confined concrete
fce′ = expected compressive strength of unconfined concrete for seismic

assessment
hc = clear column height
k1, k1 = constants
Mn = nominal flexural strength
Nu = axial load (notation used in ACI 318 shear equation)
Pe = axial load (notation used in ATC-32 and UCSD shear equa-

tions)
s = spiral pitch
V0 = shear demand (ATC-32)
Vc = concrete contribution of shear strength
Vd = shear strength of a section (UCSD model)
Vn = shear strength of section (ACI 318)
Vp = axial load enhancement of shear strength
Vs = steel contribution to shear strength
α = factor relating to shear span to concrete shear strength component
αp = angel between column vertical axis and center of compression

zone
β = factor relating to longitudinal reinforcement ratio to concrete

shear strength component
εcu = maximum stress of confined concrete
εpu = ultimate strain of prestressing steel
εut = ultimate stress of conventional reinforcing steel
Φ = overstrength factor
µ∆ = displacement ductility
Θ = angle of shear cracks to column axis
ρl = volumetric ratio of longitudinal reinforcement
ρt = volumetric ratio of transverse reinforcement
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