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Axial Load Tests of Concrete
Compression Members with High
Strength Spiral Reinforcement

Axial load tests were performed to evaluate the confinement
effectiveness of high strength spiral reinforcement in concrete
compression members. The tests included 24 and 14 in. (610 and 356
mm) diameter circular cross section compression members with spiral
nominal yield strengths that ranged from 78 to 140 ksi (538 to 965
MPa). It was found that while spiral steel stresses in excess of 60 ksi (414
MPa) are achieved, the nominal yield strength of the spiral may not
be achieved. The stress reached in the spiral depends in part upon the
compression member diameter, with smaller diameter members able
to reach a greater fraction of the nominal yield strength as compared
to the larger diameter members. For a given concrete cover thickness,
these smaller diameter members have a greater volume fraction of spiral
reinforcement as compared to larger diameter members. Compression
members made with high strength spirals exhibit the same ductile axial
load-axial shortening behavior expected from members made with mild
steel spirals.
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piral reinforcement as used in a
S compression member produces

a state of triaxial compression
by restraining the lateral expansion of
the concrete as the member is com-
pressed axially. The lateral confine-
ment created by the spiral increases
both the strength and deformation ca-
pacity of the concrete.

Spiral reinforcement is often used
as transverse reinforcement in com-
pression members such as columns
and precast, prestressed concrete piles.
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Spiral reinforcement is proportioned
in part based on the concrete com-
pressive strength. In short, spiral re-
inforcement is designed so that, in the
event that the compression member is
overloaded, the spiral provides enough
strength enhancement to the core con-
crete to replace the strength lost as the
cover concrete spalls away.

For a given compression member
cross-sectional geometry, a higher
compressive strength concrete re-
quires a greater volume fraction of
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spiral reinforcement. Thus, as con-
crete strengths have increased over the
years, the amount of spiral reinforce-
ment required has increased as well.

This increased amount of spiral rein-
forcement is provided through the use
of a larger diameter spiral bar and/or
through smaller pitch. This can create
a problem during fabrication in that a
small pitch, large diameter spiral bar
can complicate concrete placement and
consolidation. Additionally, restrictions
on spiral pitch may be encountered
based on concrete aggregate size.

One approach to minimize the re-
inforcement congestion problem is to
increase the spiral reinforcement yield
strength. Assuming that the steel has
yielded, a higher yield strength spiral
along with a smaller volume fraction
of spiral reinforcement may be used to
provide the required amount of confin-
ing stress to the concrete.

In general, present design codes
limit the design yield strength of spiral
reinforcement to 60 ksi (414 MPa).
This limit is based on a lack of evi-
dence that steel with a greater yield
strength will achieve yield prior to the
member reaching its peak strength.

OBJECTIVE
AND APPROACH

The objective of this research is to
evaluate the confinement effective-
ness of high strength spiral reinforce-
ment in compression members such
as columns and precast, prestressed
concrete piles. This paper presents the
results of tests of eight large-scale spi-
rally reinforced concrete compression
members loaded in concentric axial
compression. The tests included two
compression member diameters, and
the design nominal yield strength of
the spiral reinforcement varied from
78 to 140 ksi (538 to 965 MPa).

The test specimens were designed
according to the requirements of ACI
318 Building Code Requirements for
Structural Concrete' and American
Association of State Highway and
Transportation Officials LRFD Bridge
Design Specifications? (hereafter re-
ferred to as the ACI 318 Code and
the AASHTO Design Specification,
respectively). Complete details of the
test program are given in Graybeal?
and Graybeal and Pessiki.*
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Fig. 1. Idealized axial load-axial shortening behavior of a spirally-reinforced

member.

BACKGROUND

The general behavior of spirally re-
inforced concrete compression mem-
bers has been thoroughly studied and
documented over the past century. In
the early 1900s, Considere’® found that
the compressive strength of concrete
could be increased if a transverse con-
fining pressure was applied. This con-
fining pressure, whether active (i.e.,
applied externally by a pressurized
fluid) or passive (i.e., created by lateral
expansion of the axially compressed
concrete against a confining material),
worked to resist the lateral expansion
of concrete as it was loaded axially.

Richart, Brandzaeg, and Brown®?®
presented an equation of the follow-
ing form to describe the relationship
between the unconfined concrete com-
pressive strength f,,, lateral pressure
f>.5, and the confined concrete com-
pressive strength f,.»:

Jor=teo 411, (D

Richart et al. also proposed the
following equation which relates
the strain at the peak compressive
strength, €., to the peak compressive
strength, f.,, the unconfined compres-
sive strength, f,,, and the correspond-
ing unconfined strain, €.,

Ep= SCU(S Jeo 4} (2)

-f co

Fig. 1 shows the idealized axial
load-axial shortening behavior of a
spirally reinforced concrete compres-
sion member. Several key load and
shortening values in the response are
indicated in the figure. Loads P;, Pypqy
P, and Py, indicate the loads at the
initiation of cover loss, the conclusion
of cover loss, the confined peak, and
the failure of the member (defined by
fracture of the spiral reinforcement),
respectively. Displacements A, A,y
A;, and A 4, indicate the axial short-
ening values at the corresponding
loads.

A concrete member without spiral
reinforcement exhibits a load capac-
ity approximately equal to P;, and a
continuous decrease in resistance with
an increase in applied deformation be-
yond that point. Fig. 1 shows that the
presence of spiral reinforcement leads
to a second peak in the response, and
that this second peak is reached at a
much greater axial shortening than is
achieved by an unconfined member.

CURRENT DESIGN
CODE REQUIREMENTS

Requirements for the design of spi-
rally reinforced compression members
(such as columns and piles) are given
in the ACI 318 Code and AASHTO
Design Specification.

The ACI 318 Code and the AAS-
HTO Design Specification both state
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that the nominal concentric axial load
capacity, P,, of an axially loaded non-
prestressed member is given by:

P,=0851,(A,~A,)+A,f, 3

where
A, = gross cross-sectional area of
the compression member
Ay, = area of the longitudinal rein-
forcement
fy = yield strength of the longitudi-
nal reinforcement
The Precast/Prestressed Concrete
Institute Industry Design Handbook®
(hereafter referred to as the PCI Hand-
book) provides a similar equation, ex-
cept that it takes into account the pre-
stress force present within a prestressed
member through the equation:

P,=(0.85f, —0.60 £, )A, (%)

where f,. is the concrete compressive
stress due to the effective prestress.
The volumetric ratio of spiral rein-
forcement in a compression member,
defined as the ratio of the volume of
the spiral to the volume of the concrete
core, is computed as:
4A,,
d,s

sp

Psyp = &)

where the spiral wire cross-sectional
area, pitch, and out-to-out diameter are
Ay, 5, and d,, respectively.

The confining pressure f5, which is
applied to the concrete core by spiral
reinforcement can be calculated as:

1

f2—2 = E pspf:vp (6)

where py, is the volumetric ratio of
spiral reinforcement and f, is the
stress in the spiral reinforcement.
Spiral reinforcement is designed
according to the philosophy that the
strength reduction caused by spalling
of the concrete cover should equal the
strength gain of the concrete core due
to confinement. In equation form, this
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is written as:

0.851.,(Ay = Acore) =412 A e (D

where A, is the area of the concrete
core.
Substituting Eq. (6) and solving for

p,p leads to:
_ Jeo
Py =0.42 - 1) ®)

Jeo (i
f:vp Acore

In the design codes, the 0.42 factor
is increased slightly to 0.45, and the
required amount of spiral reinforce-

ment is given as:
—1) (€))

In Eq. (9), the stress in the spiral
reinforcement, fsp, is assumed to equal
fsy» the yield strength of the spiral re-
inforcement. Compression members
designed using Eq. (9) are expected to

A
p, > 0451 (—g
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Fig. 2. Reinforcing cages (spiral strengths A-D from left to right): (a) 10 in. (254 mm)
diameter cage; (b) 20 in. (508 mm) diameter cage.
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exhibit the idealized behavior shown
in Fig. 1.

In the derivation above, the spiral
reinforcement is assumed to act at its
yield stress when A, is reached. How-
ever, in order to ensure sufficient con-
finement, an upper limit of f;, = 60
ksi (414 MPa) is placed on the yield
strength of the spiral reinforcing steel.
Through this means, the volumetric
ratio of transverse reinforcement re-
mains high and the confining pressure
at the second peak is very likely at or
above the expected level.

EXPERIMENTAL
PROGRAM

This section of the paper describes
the experimental program. As noted
earlier, complete details of the pro-
gram are given in Graybeal® and Gray-
beal and Pessiki.*

Test Matrix

The test matrix, presented in Table
1, includes a total of eight compres-
sion member specimens. The primary
variables treated were compression
member diameter and spiral yield
strength. Table 1 includes an alpha-
numeric identifier for each specimen.
The prefixes ‘24’ and ‘14’ refer to
specimens with 24 and 14 in. (610 and
356 mm) diameters, respectively, and
the ‘A’, ‘B’, ‘C’, and ‘D’ are used to
denote the nominal spiral steel yield

Table 1. Description of test specimens.

strengths as follows: A = 78 ksi (538
MPa); B = 107 ksi (738 MPa); C =
121 ksi (834 MPa); and D = 140 ksi
(965 MPa), respectively. These nomi-
nal yield strength values were pro-
vided by the spiral manufacturer.

Specimen Details

Table 1 also summarizes the details
of each specimen. The 24 in. (610
mm) diameter specimens all measured
96 in. (2.44 m) in height and the 14 in.
(356 mm) diameter specimens all mea-
sured 56 in. (1.42 m) in height. Thus,
all specimens had a height-to-diameter
aspect ratio of 4 to 1. All specimens
had a 2 in. (51 mm) clear concrete
cover between the outside diameter of
the spiral reinforcement and the outer
surface of the specimen. The design
concrete compressive strength was 8.0
ksi (55.2 MPa).

Fig. 2 shows the completed rein-
forcement cages. As shown in the
figure, the portion of each specimen
within one diameter of height from
each end was provided with extra spi-
ral reinforcement to increase the con-
finement in these end regions. The test
region was defined as the section of
the specimen which was between the
more heavily confined end regions.

Within each test region, the spi-
ral reinforcement was proportioned
according to the ACI 318 Code and
AASHTO Specification based on the
design concrete compressive strength

and the manufacturer-supplied nomi-
nal spiral yield strengths as stated
above. All spiral wires treated in the
study had a diameter, d;,, of 0.35 in.
(8.89 mm).

Also, to provide additional clear
spacing between spiral turns, two
wires were bundled to create the spiral
in the two lower spiral yield strength
specimens of each diameter (14-A, 14-
B, 24-A, and 24-B). This is shown in
Fig. 2 and Table 1 (n, is the number
of wires in the bundle). The mild lon-
gitudinal steel reinforcement shown in
Table 1 was used to hold the spiral in
position during fabrication.

Instrumentation

Electrical resistance strain gauges
were used to monitor strains in both
the spiral and longitudinal reinforce-
ment. A total of twelve strain gauges,
all placed within the test region, were
used on each specimen. The general
layout of the gauges on each specimen
was similar to that shown for a 14 in.
(356 mm) diameter specimen shown
in Fig. 3.

In the specimens with bundled spi-
rals, the gauges were located alter-
nately on each spiral in the bundle.
In addition, linear variable differen-
tial transformer (LVDT) displacement
transducers were used to measure the
overall axial shortening.

Longitudinal
Specimen Spiral reinforcement reinforcement
LD. | Diameter ez d,, ng, Agp Psp Pre
(in.) (ksi) (in.) (in.2) (in.) (percent) Bars |(percent)
24-A 24 78 0.35 2 0.1924 1.875 2.05 6-#4 0.26
24-B 24 107 0.35 2 0.1924 2.500 1.54 6-#4 0.26
24-C 24 121 0.35 1 0.0962 1.500 1.28 6-#4 0.26
24-D 24 140 0.35 1 0.0962 1.750 1.10 6-#4 0.26
14-A 14 78 0.35 2 0.1924 1.750 4.40 4-#4 0.51
14-B 14 107 0.35 2 0.1924 2.375 3.24 4-#4 0.51
14-C 14 121 0.35 1 0.0962 1.375 2.80 4-#4 0.51
14-D 14 140 0.35 1 0.0962 1.500 2.57 4-#4 0.51

Note: 1 ksi = 6.895 MPa; 1 in. =25.4 mm.
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Fig. 3. Typical layout of strain gauges.

Specimen Fabrication

The reinforcement cages were pro-
duced from spirals comprised of ap-
proximately 20 to 25 turns of wire,
and straight longitudinal reinforcing
bars. The cages were produced in such
a way that no spiral lapped spliced oc-
curred within the test region, although
every specimen did have a number of
splices outside of the test region.

For each splice, the overlap of the
two spirals was 1 to 1.5 turns. The
ends of the spliced spirals were also
bent into the confined core to aid in
development of the spiral. All speci-
mens were positioned in a vertical ori-
entation during concrete placement.
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Concrete Properties

The concrete material property of
primary interest is the unconfined
compressive strength. Three different
approaches were used to determine
this value:

First, compression tests were made
on 6 X 12 in. (152 x 305 mm) field-
cured cylinders cast during the con-
crete pour.

Second, plain concrete compres-
sion member specimens were prepared
along with the eight test specimens.
These plain concrete specimens were
intended to have the same curing his-
tory as the reinforced test specimens.
Cores 6 x 12 in. (152 x 305 mm) were
cut from the plain concrete specimens

and tested in compression.

Finally, the unconfined concrete com-
pressive strength was computed from the
first peak (P;) in the axial load response
of each specimen. Based on the results
of all compression tests, the unconfined
concrete compressive strength, f,.,, is
taken as 8.5 ksi (58.6 MPa).

The stress-strain curve of the uncon-
fined concrete was determined from
the compression tests of the field-cured
and cored cylinders. From these tests,
the axial concrete strain corresponding
to the unconfined concrete strength,
€.,, Was determined to be 0.0027.

Steel Properties

According to the spiral manufac-
turer, the spiral reinforcement treated
in the study was produced through a
cold-drawing process from four differ-
ent grades of undeformed steel wire.
Each steel wire was then turned into a
spiral such that the outer cage diameter
was 20 and 10 in. (508 and 254 mm),
respectively, for the 24 and 14 in. (610
and 356 mm) diameter specimens. No
stress-relieving was performed either
before or after the wire was turned
into a spiral.

The nominal yield strength values as
reported by the spiral manufacturer for
the four grades of spiral were 78, 107,
121, and 140 ksi (538, 738, 834, and
965 MPa). The spiral manufacturer
performed material testing on the spi-
ral wire after the drawing process, but
before the wire had been turned into a
spiral.

Tension tests were performed at
Lehigh University on lengths of spi-
ral wire that were cut from the 20 in.
(508 mm) diameter spirals for all four
grades of steel. These lengths were
first straightened as much as possible
by bending prior to the tension tests.
Strain gauges were placed along the
longitudinal axis of the wire to obtain
axial strain readings.

The process of turning a steel wire
into a spiral changes the mechanical
properties of the steel. Specifically,
spiraling causes permanent plastic de-
formations and residual stresses within
the cross section of the wire. There-
fore, a spiraled length of wire will not
exhibit the same tensile stress-strain
properties as a similar length of wire
which was never spiraled.
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Straightening a spiraled wire intro-
duces further changes to the residual
stresses within the cross section, and
thus causes further changes in the
tension stress-strain properties of the
wire. A detailed explanation of the ef-
fects of spiraling on the stress-strain
properties of the spiral reinforcement
is given elsewhere.>*

Fig. 4 shows the tensile stress-strain
curves which were obtained from the
sections of spiraled-straightened wire.
For Wires B, C and D, just prior to
fracture, both the stress and strain are
observed to decrease. This is due to
necking which occurs along the wire at
a location away from where the strain
gauges were located. For the Grade A
spiral, necking occurred directly under
the strain gauges.

Table 2 summarizes the results of
tension tests for the four grades of spi-
ral reinforcement. The yield strength
is given both as reported by the spiral
manufacturer and as determined from
the tension testing performed at Le-
high University.

The testing method used by the
spiral manufacturer is basically an
elongation under load method, as de-
scribed in ASTM A370. This standard
is referenced from ASTM A82 which
defines standards for steel wire used
as concrete reinforcement. The elon-
gation under load method is generally
used for determining the tensile yield
properties of a steel tensile specimen
that does not exhibit a well-defined
yield point.

In the Lehigh University tests, the

Table 2. Spiral reinforcement properties.

Tensile Strain

180
Straightened from a 20 in. 1 1200
(508 mm) diameter spiral
160 + T 1100
-+ 1000
140 +
+ 900
120 +
+ 800
=
< 100 1 + 700
%
2
@ Grade A + 600
Z 04
S
-+ 500
be
c+(dey
ol (de)] Lo
A B C D
a -74.4 697.3 233.5 421.2
b 28630 101610 111360 26660 1 300
40 4 c 1.0 5.0 4.0 1.0
d 350 500 460 100
€ 2.60 1.65 1.32 1.30 + 200
f 0.375 0.74 0.90 1.00
20 + 2
R 0.9996 0.9995 0.9994 0.9999 o
Note: Best-fit curves are plotied as dashed curves. These
curves are fitted to results up to a strain of 0.030.
0 f } } } 0
0.000 0.010 0.020 0.030 0.040 0.050

Tensile Stress (MPa)

Fig. 4. Stress-strain behavior of spiraled-straightened steel tested at Lehigh University.

EUL*
method 0.2 percent 0.2 percent
Spiral State of yield offset offset
wire testing stress yield strain yield stress fou Bam Data source
(ksi) (ksi) (ksi)
A Unspiraled 78 - - 84 - Manufacturer
Straightened - 0.0048 76 85 >0.0030 Lehigh
B Unspiraled 107 - - 116 - Manufacturer
Straightened - 0.0058 102 119 0.0029 Lehigh
C Unspiraled 121 - - 143 - Manufacturer
Straightened - 0.0065 109 140 0.0033 Lehigh
D Unspiraled 140 - - 174 - Manufacturer
Straightened - 0.0065 111 168 0.0032 Lehigh

*EUL denotes Elongation Under Load method results from spiral manufacturer.

Note: 1 ksi = 6.895 MPa.
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(a)

Fig. 9. Post-test appearance of Specimen 24-C: (a) overall view; (b) close-up view of

inclined failure plane.

0.2 percent offset method was used to
define yield. In this method, the ini-
tial modulus of the steel is calculated
using stresses from approximately 0
to 25 ksi (0 to 172 MPa). Then, a line
with this modulus is drawn on the spi-
ral stress-strain plot beginning at an
offset strain of 0.002. The point of in-
tersection between the offset modulus
line and the stress-strain curve defines
the yield stress and strain.

Table 2 shows that the yield
strengths determined from the spi-
raled-straightened steel tests performed
at Lehigh are below the yield strengths
determined by the spiral manufacturer.
This can be attributed to both the ef-
fects of spiraling and straightening on
the steel as well as the different meth-
ods used to determine yield. The table
also provides the ultimate strength of
the spiral steel, f;,, as well as the cor-
responding strain, €;,. Note that, as
expected, the ultimate strengths of all
specimens of each grade are similar.

A best-fit equation was determined
for each of the curves shown in Fig. 4.
The best-fit equation curves are plot-
ted as dashed lines on Fig. 4 and were
fitted for strains between 0.000 and
0.030. The strain value of 0.030 was
chosen because the strains measured
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in the tests were always below this
value, and the ultimate strain of each
wire as determined from the Lehigh
University spiral steel tests was above
this value. The figure also shows the
equations for the best-fit curves, along
with their R? value to denote the accu-
racy of the approximations.

Loading Procedure

Each 24 in. (610 mm) diameter
specimen was tested under concentric
axial compression in a 5000 kip (22.2
MN) capacity universal testing ma-
chine. During the initial portion of a
test, the load rate was approximately
70 kips per min. (311 kN per min.),
which corresponded to a stress rate
of about 155 psi per min. (1069 kPa
per min.) and an axial shortening rate
of approximately 0.0040 in. per min.
(0.102 mm per min.).

Once the desired load rate was
achieved during the initial linear por-
tion of the load-shortening behavior,
no further adjustments were made to
the testing machine. Thus, the actual
load rate applied to each specimen
decreased due to the softening of the
specimen.

The 14 in. (356 mm) diameter speci-
mens were tested in a similar manner
as the 24 in. (610 mm) diameter speci-
mens. Through the initial portion of a
test, the load rate was about 24 kips
per min. (107 kN per min.), which
corresponded to a stress rate of about
155 psi per min. (1069 kPa per min.)
and an axial shortening rate of ap-
proximately 0.0023 in. per min. (0.058
mm per min.).

EXPERIMENTAL RESULTS AND
DISCUSSION

Table 3. Approximate stress in spiral reinforcement at A,.

Approximate
Spiral stress spiral stress,
Jespm Minimum | Maximum Sip2 Ratio
Specimen (ksi) (ksi) (ksi) (ksi) Ssp2 sy, nom
24-A 78 67.7 78.2 70 0.90
24-B 107 78.6 110.4 95 0.89
24-C 121 65.2 97.0 85 0.70
24-D 140 69.5 104.2 85 0.61
14-A 78 70* 82%* 80 1.03
14-B 107 85.2 110* 95 0.89
14-C 121 103.4 125% 115 0.95
14-D 140 110* 140%* 125 0.89
*Indicates an approximation based on trends observed in data.
Note: 1 ksi = 6.895 MPa; 1 in. = 25.4 mm.
PCI JOURNAL



This section of the paper presents
the experimental results.

General Axial Load Behavior

Figs. 5 and 6 present plots of axial
load versus axial shortening for each
specimen. Key axial load values
(Plv Pspull’ PZ? and Pfailure) are noted
on each plot. Figs. 5 and 6 show that
each specimen, in general, exhibits
the expected axial load-axial shorten-
ing behavior shown in Fig. 1, with
no noticeable decrease in ductility for
the specimens made with the higher
strength spirals.

The concrete cover behaved in a
similar manner in all eight specimens.
In general, the cover failed in a sudden
brittle manner when P; was reached.
No visible damage was observed prior
to P;. The damage which appeared
during cover failure included cracks
that formed longitudinally as well as
circumferentially in the cover con-
crete. The circumferential cracks were
primarily located within the test region
of the specimen.

Fig. 9 shows the post-test appear-
ance of Specimen 24-C. Failure of
all eight specimens was defined by
rupture of one or more turns of wire
of the spiral reinforcement and a sub-
sequent loss of confining pressure on
the concrete core. This resulted in a
significant decrease in the load-car-
rying capacity of the specimen. How-
ever, two observations indicate that
the failures were not due to the spiral
reinforcement reaching its ultimate
strain as caused by lateral expansion
of the core.

First, for all specimens, the mea-
sured strain in the spiral reinforcement
just before failure was less than one-
third of the spiral strain at ultimate
stress, €. Typically, the maximum
strains measured during the tests were
less than 0.01.

Second, for most of the specimens,
multiple spiral fractures occurred si-
multaneously along a well defined in-
clined plane throughout the test re-
gion. An example of this is shown in
Fig. 9(b). This suggests that the plane
formed first, and that the spirals frac-
tured as a result of relative movement
of the concrete along this plane.

Numerous reports have been pub-
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Fig. 10. Ratio of experimentally determined spiral stress at A 5, f;,5, to the nominal

design spiral yield stress, f, nom-

lished which indicate that high strength
concrete [defined here as concrete with
a strength above 8 ksi (55 MPa)] fails
in confined compression through the
formation of an inclined failure plane.
Martinez, Nilson, and Slate'® and Pes-
siki and Pieroni!! both have presented
findings which pertain specifically
to spirally reinforced high strength
concrete compression members. Both
studies found clearly defined inclined
failure planes in the members which
contained moderate levels of confine-
ment and high strength concrete.

Martinez et al. reported that the
planes that formed in their test spec-
imens were oriented at an angle of
approximately 62 degrees from the
horizontal. For the larger diame-
ter specimens, the failure plane was
clearly defined by both the spiral
fractures and the failed concrete. The
angle of the plane with the horizontal
ranged from 64 to 68 degrees.

For the smaller diameter specimens,
the failure plane was only clearly evi-
dent in two of the four specimens. The
angles of these failure planes were
36 and 41 degrees in Specimens 14-
A and 14-C, respectively. It was not
clear whether the inclined plane failure
mechanism developed in Specimens
14-B or 14-D.

Spiral Behavior

Figs. 7 and 8 present plots of spi-
ral stress versus axial shortening for

each specimen. The spiral stresses
were obtained from the spiral strain
measurements and the best-fit stress-
strain curves shown in Fig. 4. Results
are plotted for each strain gauge up to
the point at which the gauge failed. It
is noted that the stress-strain curves
were obtained from tests of spiraled-
straightened wire.

In general, the gauges failed earlier in
the 14 in. (356 mm) diameter specimens
than in the 24 in. (610 mm) diameter
specimens. However, clear trends can
be observed from the data collected. In
some cases, these trends are used to in-
dicate an approximate range over which
the spiral stress most likely lies at key
stages in the specimen behavior.

For the compression members
treated in this study, the smaller diam-
eter specimens exhibit a larger strain in
the spiral reinforcement at the confined
concrete peak strength, as compared to
the larger diameter specimens.

Table 3 presents the minimum and
maximum stresses in the spiral rein-
forcement at A,. Also presented in
this table are values for f;,,, which
are single value approximations for
the spiral stresses at A,. The values of
Jfsp2 are also noted on Figs. 7 and 8 for
each individual specimen.

The values of f,, show that the
higher yield strength specimens did
reach a high steel stress, but not the
design yield stress. The final column
of Table 3 shows the ratio of the ap-
proximate average spiral stress at A, to
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Table 4. Comparison of experimental peak core concrete strength increase to design value of core concrete strength
increase based on assumed yielding of the spiral reinforcement.

Experimental Design
Specimen P, Je2 Afeizexp S fr2 Aferzdsen Ratio
(kips) (ksi) (ksi) (ksi) (ksi) (ksi) (Afer2exprasgn

24-A 3826 11.96 3.46 78 0.82 3.36 1.03
24-B 3691 11.52 3.02 107 0.84 3.44 0.88
24-C 3579 11.17 2.67 121 0.79 3.25 0.82
24-D 3337 10.39 1.89 140 0.78 3.21 0.59
14-A 1337 16.46 7.96 78 1.78 7.29 1.09
14-B 1276 15.68 7.18 107 1.80 7.37 0.97
14-C 1248 15.33 6.83 121 1.75 7.19 0.95
14-D 1228 15.07 6.57 140 1.86 7.63 0.86

Note: 1 kip = 4.448 kN; 1 ksi = 6.895 MPa.

the nominal design value of the spiral
yield stress. This ratio is also plotted
in Fig. 10 versus the nominal spiral
yield stress. The ratio of fy,, to fg, wom
ranges from 0.61 to 1.03. In only one
case, Specimen 14-A, was f;,, above
fvy,imm'

Two observations are made from
Table 3 and Fig. 10. First, in general,
the spirals in the smaller diameter
specimens reach a greater fraction of
the design yield stress as compared
to the spirals in the larger diameter
specimens. Second, the stress in the
spiral reinforcement is closer to the
design yield stress in the lower nomi-
nal spiral yield strength specimens.
In the higher yield strength speci-
mens, especially for the larger diam-
eter specimens, the stress in the spi-
ral is significantly below the nominal
yield value.

Confined Concrete Strength

The axial stress in the concrete core
can be estimated from the total axial
force carried by the specimen. Of par-
ticular interest here is the axial stress
in the concrete core at A,. To obtain
this stress, the force carried by the
longitudinal reinforcement, Py, is sub-
tracted from the total force carried by
the specimen, P,.

The axial stress in the core is then
determined by dividing the remaining
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force carried by the area of the core
concrete, A,,.. This core area is com-
puted using the out-to-out diameter of
the spiral, which is the same definition
used by Richart et al. This is expressed
in equation form as:

bk

< (10)

core

Jeo =

This
method of calculating the core con-
crete stress assumes that the concrete
cover carries no axial force after cover
failure has occurred.

The experimentally determined in-

crease in the strength of the confined
concrete core, Af.;z .y, i computed
as the stress in the confined core at the
second peak, f,,, minus the unconfined
compressive strength, f.,:
Afch,exp = f;Z - fco (11)
I n
the following paragraphs, the ex-
perimentally determined increase in
strength of the confined core is com-
pared to the design value of the in-
crease in strength of the confined core,
Afe12,dsen» @and to the value of the in-
crease in strength of the confined core
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Table 5. Comparison of experimental peak core concrete strength increase to strength increase based on approximate
stress in spiral reinforcement at A .

Experimental Richart et al.*®
Specimen p, o2 Aferzexp N o o2 Aferz,asen Ratio
(kips) (ksi) (ksi) (ksi) (ksi) (ksi) (Afe12)exphricn
24-A 3826 11.96 3.46 70 0.73 3.00 1.15
24-B 3691 11.52 3.02 95 0.74 3.05 0.99
24-C 3579 11.17 2.67 85 0.55 2.28 1.17
24-D 3337 10.39 1.89 85 0.48 1.95 0.95
14-A 1337 16.46 7.96 80 1.82 7.47 1.07
14-B 1276 15.68 7.18 95 1.60 6.54 1.10
14-C 1248 15.33 6.83 115 1.60 6.54 1.04
14-D 1228 15.07 6.57 125 1.66 6.81 0.96

Note: 1 kip = 4.448 kN; 1 ksi = 6.895 MPa.

calculated from the stress in the spiral
reinforcement and the confinement
relationship proposed by Richart et al.,
Afe12.rich-

The design value of the increase in
strength of the confined core, Af¢/2 4sons
is calculated from Eq. (12), which is a
combination of Eqgs. (1) and (6):

Afclz,dxgn = 2'05pspf:vy,nom (12)
Table 4 shows the experimental

and design values for Af,;,. The final
column of Table 4 shows the ratio of

Afe12,exp 10 Afe12,45gn- In Fig. 11, this

ratio [R(Af¢12)exprsen] is plotted versus

the nominal spiral yield strength of
each specimen.

Table 4 and Fig. 11 show that six of
the eight specimens did not achieve
the level of strength enhancement
which was expected based on the spi-
ral design yield strength:

e For the 14 in. (356 mm) diameter
specimens, R(AfcIZ)exp/d.vgn ranged
from 0.86 to 1.09, with Specimens
14-A, 14-B, and 14-C all achiev-
ing at least 95 percent of the design
strength enhancement.

Fig. 12. Ratio of experimental to Richart et al.>® A f ;.
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¢ For the 24 in. (610 mm) diameter
specimens, the ratio ranged from
0.59 to 1.03, with only Speci-
men 24-A achieving at least 95
percent of the design strength
enhancement.

e For both diameter specimens, the
strength increase achieved was
greater for the specimens with lower
yield strength spirals than it was
for the specimens with higher yield
strength spirals.

The strength increase of the con-
fined core, Af,;3 icn> calculated from
the measured strains in the spiral re-
inforcement (fy,, in Table 3), is calcu-
lated from Eq. (13), which is a combi-

nation of Eqs. (1) and (6):

fSmem (MPa) Afch,rich =205 p‘vp fvp2 (13)
500 600 700 800 900 1000
12 0 | —x : |
+ ¥ Table 5 shows the experimental and
Lor @ Richart et al. predicted values of Af.;,.
so0sd The final column of Table 5 shows
. the ratio of Af;;3 exp 10 Afs2 rich- In Fig.
«; 06 1 12, this ratio is also plotted versus the
< nominal spiral yield strength of each
S“ 04 1 ‘ ! specimen. These ratios range from
O 24 in. diameter pile 095to 1.17.

02 + ¥ 14 in. diameter pile These ratios show that all eight spec-
imens exhibited experimental strength
0.0 f ; ; l l t increases consistent with the measured
70 80 90 100 110 120 130 140 150 stresses in the spiral reinforcement.
S synom (KSi) Therefore, for the specimens treated

in this study, Eq. (1) adequately repre-
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Table 6. Comparison of experimental longitudinal strain at A, to value predicted by Richart et al.®®

Experimental Richart et al.
Specimen €0 Jeo Je2 Sfr2 €2 rich Ratio
(ksi) (ksi) (ksi) (& c2exprich

24-A 0.0027 8.50 11.96 0.73 0.0088 0.0082 1.07
24-B 0.0027 8.50 11.52 0.75 0.0081 0.0075 1.08
24-C 0.0027 8.50 11.17 0.56 0.0076 0.0069 1.10
24-D 0.0027 8.50 10.39 0.48 0.0093 0.0057 1.64
14-A 0.0027 8.50 16.46 1.82 0.0113 0.0153 0.74
14-B 0.0027 8.50 15.68 1.60 0.0159 0.0141 1.13
14-C 0.0027 8.50 15.33 1.67 0.0183 0.0135 1.36
14-D 0.0027 8.50 15.07 1.66 0.0194 0.0131 1.48

Note: 1 ksi = 6.895 MPa.

sents the relationship between confin-
ing pressure and the strength enhance-
ment of the core concrete.

To summarize in general terms, for
the specimen geometries and mate-
rial properties treated in this study,
Eq. (1) provides an accurate means of
estimating the confined concrete com-
pressive strength, f.,, from the uncon-
fined concrete compressive strength,
f.0» and the actual confining stress, f5_,.
It is emphasized that the equation is
accurate only if the actual confining
pressure is used. The equation may
not provide accurate results if a con-
fining pressure is used which is based

on an assumed yield stress in the spi-
ral reinforcement.

Longitudinal Strains

An experimental value of longitudi-
nal strain at A, was obtained for each
specimen from the measurements of
strain in the longitudinal steel rein-
forcement. This value, €., .., Wwas
calculated as the average strain mea-
sured in the longitudinal reinforce-
ment at A,.

Table 6 shows the experimentally
determined value of longitudinal strain
for each specimen. This table shows

500 600 700
225 1+ t t
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800 900 1000
} 1
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0.00 t t t
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Fig. 13. Ratio of experimental to Richart et al.*® & .,.
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that, for the specimens treated in this
study, the smaller diameter specimens
exhibit a larger axial strain at the con-
fined concrete peak strength as com-
pared to the larger diameter specimens.

As noted earlier, Eq. (2) was pro-
posed by Richart et al. to predict the
axial strain at peak confined compres-
sive strength. The applicability of Eq.
(2) was examined by substituting into
it the experimentally determined val-
ues for €., f.», and f,,. The axial strain
computed by this equation is referred
to as €., ;- The values of €., and f,
were taken as 0.0027 and 8.50 ksi
(58.6 MPa), respectively. The value of

fe2 was determined from Eq. (10).

Table 6 shows the experimentally
obtained values and Richart et al. pre-
dicted values of €.,. This table also
shows the ratio of the two values,
R(€c2) expyrich- These ratios are also plot-
ted in Fig. 13. In seven of the eight
cases, the experimentally observed
longitudinal strain is greater than the
predicted value.

Additionally, the trend shows that as
the value of f,, decreases for a given
specimen size (i.e., lower confining
pressure), the Richart et al. prediction
becomes more conservative. Table 6
and Fig. 13 show that, in general, Eq.
(2) provides a reasonable to conserva-
tive estimate of the axial strain at the
peak compressive stress in the con-
fined core.
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DESIGN IMPLICATIONS

The test results presented in this
paper demonstrate that spiral steel
stresses in excess of 60 ksi (414 MPa)
may be achieved in spirally-reinforced
compression members. However, the
tests also indicate that the yield stress
of the spiral may not be achieved.
Thus, while design stresses greater
than 60 ksi (414 MPa) may be pos-
sible, the design stress may not simply
be taken as the yield stress for these
higher strength spirals.

The reason for this is that the actual
stress reached in the spiral depends
in part upon the compression mem-
ber diameter, with smaller diameter
compression members able to reach
a greater fraction of the design yield
stress as compared to the larger diame-
ter compression members. For a given
concrete cover thickness, these smaller
diameter members have a greater vol-
ume fraction of spiral reinforcement as
compared to larger diameter members.
What is needed for design is a method
to determine what level of stress can
be reached by a given spiral wire in
a particular combination of compres-
sion member geometry and material
properties.

Based on the test results presented
in this paper, a procedure has been
proposed for the design of high
strength spiral reinforcement.>* In the
proposed procedure, the design of the
spiral is based on the determination
of a useable stress for a given spiral
wire, rather than the yield stress of
the wire. This procedure has been
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evaluated in a series of tests reported
elsewhere.!>!3

CONCLUSIONS

The following conclusions are made
based on the research presented in
this paper. The conclusions apply to
the specimen geometries and material
properties treated in this study:

1. Spiral stresses in excess of 60
ksi (414 MPa) may be achieved in
spirally-confined compression mem-
bers. Thus, the current code provisions
that limit the design yield strength of
spiral reinforcement in compression
members to 60 ksi (414 MPa) may be
overly conservative.

2. For a given concrete cover thick-
ness, smaller diameter compression
members exhibit a larger axial strain
at the confined concrete peak strength
and a larger strain in the spiral rein-
forcement at the confined concrete
peak strength, as compared to the
larger diameter compression members.
Accordingly, the spirals in the smaller
diameter compression members reach
a greater fraction of the design yield
stress as compared to the spirals in the
larger diameter compression members.
Also, in general, the stress in the spiral
reinforcement is closer to the design
yield stress in the lower nominal spiral
yield strength specimens.

3. Eq. (1) provides an accurate
means of estimating the confined con-
crete compressive strength, f,.,, from
the unconfined concrete compressive
strength, f,,, and the actual confining
stress, f>.,. It is emphasized that the

equation is accurate only if the actual
confining pressure is used. The equa-
tion may not provide accurate results
if a confining pressure is used which
is based on an assumed yield stress in
the spiral reinforcement.

4. Eq. (2) provides a reasonable
to conservative estimate of the axial
strain at the peak compressive stress in
confined concrete.

5. Compression members made with
high strength reinforcement exhibit
the expected axial load-axial shorten-
ing behavior shown in Fig. 1, with
no noticeable decrease in ductility for
the specimens made with the higher
strength spirals.

6. Failure of all specimens was pre-
cipitated by the failure of the concrete
and not of the spiral steel. Evidence to
support this conclusion includes the
observation that all spiral steel strains
were well below the fracture strains
for the spirals when specimen failure
occurred, and that in most instances
the spiral fractured along a well-de-
fined inclined failure plane.
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A, = core concrete area measured to outside diameter
of spiral

A, = gross cross-sectional area

Ay, = total cross-sectional area of bundled spiral wires

A, = total area of longitudinal reinforcement

dy, = diameter of spiral measured out-to-out of wire

d,, = diameter of an individual spiral wire

f» = lateral confining stress exerted on confined con-
crete at A,

f.o = compressive strength of confined concrete at A,

f.o = compressive strength of unconfined concrete

Joe = concrete compressive stress due to effective prestress

Jip = stress in spiral reinforcement

Jsp2 = stress in spiral reinforcement at A,

Jfou = ultimate strength of spiral reinforcement

Sy = yield strength of spiral reinforcement

fs:y.,,wm = nominal yield strength of spiral reinforcement as

reported by spiral manufacturer

S = yield strength of longitudinal reinforcement

ng, = number of spiral wires bundled to form a single
turn of spiral

P, = axial load just prior to cover spalling

P, = axial load at A,

Ppinre = axial load at failure
P, = nominal axial load capacity
P, = axial force carried by longitudinal reinforcement
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Py, = lowest axial load between A; and A,
Ryoofpsynom = ratio of spiral stress at A, to nominal design
spiral yield stress
R(Af.12)exprasgn = ratio of experimental to design increase
in concrete stress from A; to A,
R(Af.12)exprricn = ratio of experimental to Richart et al.
predicted increase in concrete stress
from A; to A,

R(€2)expicn = ratio of experimental to Richart et al.
predicted longitudinal strain at A,
s = spiral pitch

Af.;» = change in confined core stress between A; and A,
A, axial shortening corresponding to P,

A, axial shortening corresponding to P,

Ay = axial shortening corresponding to Py,

Againure= axial shortening corresponding to Prgijyye

€, = axial strain in concrete corresponding to f.,

€, = axial strain in concrete corresponding to f.,

€, = strain in spiral reinforcement corresponding to f;,

€, = strain in reinforcement corresponding to f,

pig = ratio of area of longitudinal reinforcement to
total area of concrete in section (4,)

psp = ratio of volume of spiral reinforcement to

total volume of core (A.,,.)
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