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Abstract. Syuare ted concrete prisims were tested under uniaxial coneentrie compressive load, Test vari-
ables were the tie spacing and diameter (3 levels cach). Based on the observed degradistion ol the pesm’s
longitndinal stiffness. a simplificd anabytical stress-strain relationship was derived. The proposed model
takes into account the eficct of the tie spacimp and dimmeler on the prism’s tangent stiffness, us well as the
maximum stress and corresponding strain. Comparison of the analytical and experimental stress-strain
diagrams indicnted a very gond correlation.

Introduction

The use of transverse reinforcement to confine the conerete compression members
has been widely accepted as a practical means of improving the member’s strength
and ductility, This improvement in the compressive strength and deformahility of
contincd concrete is the result of the resistance offered to the concrete lateral expan-
sion by the confining reinforcement. The reinforcement is thereby tensioned, lead-
ing to the reduction in the rate of the conerete lateral expansion with respect to the
applied axial stress. The confining stresses therefore depend an the applied axial
stress, the concrete stiffness, the stiffness and uniformity of distribution of the con-
fining reinfurcement. free span of tics. volumetrie ratio , and ratio of the core area
1o the gross area,

Steel spirals and stircups (or ties) are the two most common methods used for
providing lateral confincment to concrete columns. Both methods were the focus of
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many investigations in the past {1-10|, where the effect of variaus parameters on the
confined concrete behavior was reported. These parameters include the confining
steel diameter, spacing, volumetric ratio and initial stress as well as other factors such
as conerete strength, presence of conerete cover, loading rate and strain gradient. An
increase in strength and enhancement in ductility was reported with the increase of
the confinement steel diameter (d) and the decrease in its spacing (s). In addition. a
number of unalytical expressions for the stress-strain relationship, the maximum
stress (0, ) and the corresponding maximum strain (c,) were also developed by the
vatious investigators. These expressions, howcver, vary greatly in form and in the
extent to which the various parameters are accounted for. A comprehensive teview
of previous work on confined concrete columns is presented in reference [11].

The experimental results of compressive tests performed on concrete prisms
with tie confinement were investigated in this paper. The main test variables were the
ties diameter and spacing. A stiffncss degradation approach for describing their
stress-strain behavior, similar to the ane used by Cheong [12], was adopled. In this
approach, the prisms longitudinal tangent stiffness (E,) was vbserved and its reduc-
tion with the increase in the prisin longitudinal strain was idealized h)'r a bi-linear
relationship. The slope of the two lnear portions were then used in conjunction with
the tics diameter and spacing to develop a stress-strain relutivnship which compared
very accurately with the experimental results.

Specimen and Material Details

The vverall dimensions of the tested prisms were 150 mm x 130 mm x 450 mm.
A prism height to width ratio of 3 was chosen so thal the influence of end restraints,
caused hy frictional forces that develop at the prism-loading platen interfuaces on the
behavior of the mid-height section would be negligible. Fateral confinement was
provided by square mild steel tics with three different diumeters of 4,6 and 8 mm; and
were also spaced at three different distances of 30,45 and 6U mm. Full specimen
details ure presented in Table 1 and Fig. 1. Typical tie stress-strain curve is also pre-
sented in Fig. 2. Four longitudinal bars (¢ 4 mm) were placed at the corners of each
prisms for the main purpose of holding the ties in place. This resulted in a very tow
longitudinal reinforcement ratio and, therefore, their effect on the prisms stiffness
can be neglected. A concrete mix with proportions of 1 2: 2.3 by weight with a
maximum aggregate size of 10 mm, free wic ratio of 0.51 was used. All prisms were
cast in the vertical position, cured under water for 7 days tested at the age of 28 days.
A minimum of 3 identical prisms for each test variable were tested. In addition, con-
trol eylinders were also cast and tested at the same age.
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Table L. Specimen details

No. of Mean
Group specimens strenglh Ties A cure
(MPa) A gran
stmm) dimm) Volumetric [, (MPy)
ratio %
Cl1 3 36 30 0.97
2 3 34 45 4 0,63 316 0,77
C3 4 33 Hl) 0.49
(&} 3 7 i 2.19
5 3 35 45 & 1.41 350 .73
Ch 4 34 L\ 1.10
7 3 43 in 3.89
(& 3 39 45 3 2.50 0 0,08
[ 4 37 6l 1.9%
- f, for longitudinal steel = 316 MPa
150
X - r
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Fig. 1. Typical specimen cross-section (dimensions in mm).
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Fig. 2. Typical tie stress-straim curve (6 mm diam.}.

Loading and Instrumentation Details

All prisms were tested monotonically in compression in an Amslcr universal
testing machine. Both, the middle third and overall (between platens) concrete
strains were meusured using 8 LVDT’s (2 at each prism fuce) with a gauge length of
100 mm. The difference in the strain readings between the four faces ranged from
ahout 2.5 to 11%: therefore, an average reading was taken. Ties strains at the middle
third were also measured using 4 electrical resistance strain gauges. The applied load
and the measured strains were recorded and analyzed using an HP mini computer
and data acquisition system.

Analysis of the Results

A typical stress-strain curve of the tested prisms is shown in Fig. 3. Only middie
third strains were used in producing this and the subsequent figures. A close observa-
tion of the prisins longitudinul stress-strain bebavior indicated, basically, a two-
stages of responsc up o the maximum load. In the first stage, the concrete was rela-
tively intact recording a smaller longitudinal strains, and consequently, smaller con-
fining stress with the increase in applied load. The seond stage was marked by a much
higher longiudinal striin than in the first stage withoul a stress increase of a similar
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Fig. 3. Typical stress-steain eurve of a tested prism.

magnitude. This, in turn, led to a continuous decrease in the longitudinal stiffness
until the end of this stagc, at maximum load. These observations suggested a further
investigation into the manner in which the prism stiffncss degraded with stress and
strain. In order to do (his, graphs of the following relations for all tested prisms were

obtained:

a) E.. 0
b) E..-¢
<) E -o
d) E -¢

where (E_.) is the secant stiffness and (I7,) is the tangent stiffness at any point (u.¢)
on the stress-strain curve. Values of E, were evaluated at any point (0, , €,) using
Taylor’s expansion. After neglecting derivatives of order higher than two, the equa-

tion for E, is given as:

(e, —£) 0, - {(e, = £,7 — (g, — £)] 0, — (&, — &) 0,

(e, —€,) (g, — &) (g, — £)

(1)



154 Abdulrahman H. Al-Shaikh

The point (0, , £,) are close to, and slightly smaller than the point (g, , €, ), while the
point {0, , €} are close to, and slightly larger than the point (wr, , £, }.

All plotted relations indicated continuous deterioration of stiffness up to (g, .
¢.). Typical plots from different test groups are shown in Figs. 4 to 7. Similar
behavior for all tested specimens were also obtained. Comparison of the various
plots indicated that stiffness degradation with stress did not follow a readily quantifi-
ablc trend that can be used for describing the prism behavior. The degradation of
stiffness with strain, on the other hand, showed a more consistent and quantifiable
trends for all prisms. The (E_.) curves showed a regular and smooth reduction in
stiffness while the (E)) curves reflected the two-stage behavior mentioned earlier as
can be seen in Fig. 7. As can be seen from these figures, the (E, — £) curves consisted
mainty of two approximately linear portions. The first line corresponds to the portion
of loading where most of the stiffness degradation occured, over a relatively small
longitudinal strain. The second line has a much lower gradient and corresponds to
the loading part where most of the longitudinal strain oceured. and where the lon-
gitudinal stiffncss gradually reduced to zero. The stopes of the two lines (S, ) and (5,)
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Fig. 4. Variation of I, with axial stress,
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were ubtained by two separate lincar regression analysis of the (E, — g) relation of
every prism. The two regression lines for prism Pl {group C3) are shown in Fig. 8.

40 4 s = 60 mm
d=4mm

E —327-00323 E RA2 =0.985

7

E,{GPa)

E, ~47-00018 € RAZ -0972

0 L 1
4] 2000 4000

strain (ue)

Fig. 8. Regression lines of E, ¢ relationship for prism P1.

The obtained values of the two slopes (8, and (S,). as well as (v,,) and (¢ ) for
all prisms were then plotted against the two test variables, the ties diamcter (d) and
spacing (s). The variation of S, with the tic spacing is shown in Fig. 9. while Fig. 10
is showing the variation of u,, with the tie diameter. When the effect of one test
parameter was investigated in these figures, the other parametcr was held constant.
The volumelric ratio was, however, changing. 1t should be noted that cach point on
these figures represent an average of three values. A simple linear fitto the data was
then performed from which the following relationships for the slope §; were
obtained:

§,=—66.58 + 0.8s (MPa/ug) (2a)
S, - —19.56+ 1.67d (MPa/jie) (2b)
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the slope §, was then expressed as a linear combination of (s) and (d) in the form:
8, a[F(s.d)]+h (MDa/ue) (3a)
where
Fs,d)=08s—1.67d (3b)
a and b are constants.

Values of T (s, d) were cvaluated for the vanous prisms and plotted against §
from which a straight line fit resulted in the following equation:

S,=—46.34 + 0.485s—d (MPa/ux) (4)

Similarly, the following rclations were also obtained:

8,=—0.97+0.005s —0.55d (MPa/pe) (5)

a,=3625-0.13s+1.11d (MPa) (6)

€, = 3003 — 6.885 + 55.52d {ne) N
Pruposed Model

Having determined the parameters defined by Eqgs. (4) to (7). the stress-strain
curve may now be obtained by integrating the equations for lines AR and BC, in Fig.
11, in conjunction with these parameters. Consider line AB and iet its equation be:

do
E =a +5§¢ (3)
de

where a, = constant. Integrating with respect to £ gives
a=a e+ 058 (€)+b 9)
where b = constant.
Similarly, the equation for line BC would give:
do

K= =3a,+38.¢€ (10
de
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0= a6+ 0.58,(e%) + b, (mn

where a; and b, are constants, The stress-strain curve is therefore represented by two
second-degree parabollae which met at point B as illustrated in Fig. 11. In order to
solve Eqs. (9) and (11) with the four unknown constants; four boundary conditions
must be satisfied. These conditions are:

1)
2)

3)
4)

Atpoint A: o=0and =0

At point B: assuming a common strain (eg)
(0)ap = (Opc = o

Atpoint C: 0 = o, and e=¢

Atthe same point C:  E =0

substituting the boundary conditions in equations (8} to (11) produced the tollowing
constant values;

G+ 0.5 (ep) (S, ~ S} + 0,55, () — S, 6 ¢

a = (12)
ty

b, =0 (13)

a,=-S,¢, (14)

b,=0,+058,(s,) (15)
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The evaluation of a, requires the evaluation of the value of (g,;). This was determined
by equating E, at the common point B for both curves and using equation (8) and (10)
to give the fellowing relationship:

t=\ 2lon+055,(5,0%] (16)
(Sz - Sl)

the constant a, can then he expressed as:
_(S‘* -8 )EB En ()
The final proposecd stress-strain equation is therefore, given as:

o=0.58, () +[(5, - 8 tg — Sy8,, — Sag ] e i0se<e, (18a)

a=058§, (€)* ~S,e e+a, +0.558 (Em) JERRERE (18b)

where 8, . S, . o, and ¢, are given by equations (4) to (7), respectively. The analytical
(@ — £) curves were then obtained by substituting the values of (d) and (s) for the vari-
ous prisms and were compared with the experimental curves as shown in Fig. 12. As
can be scen from these figures, the proposed model produced a goud prediction of
the prisms stress-strain behavior for the various tie spacings and diameters,

Summary and Conclusions

1. An analyticul model for describing the ascending branch of the stress-strain
curve for conerete prisms confined by rectilinear reinforcement with various spacings
and diameters was derived. 'The concretc prisms were tested in compression under
uniaxial uniform load. Based on the observed degradation uf the prisms tangent stiff-
ness with respect to the longitudinal strain, a bi-linear idealization of the behavior
was assumed. The slopes of the two lines were related to the test variables and a
stress-struin relationship consisting of two second degrec curves was obtained. When
compared with the limited number of tests and investigation variables. the anulytical
madel seems to be very promising.

2. The good accuracy obtaincd by the derived (0 — £) equation indicated that the
(E, — &) relationship suitably represents the prism behavior as it reflects the two
dominant stages of its stress-strain behavior. The proposed model can also be easily
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modified by including more test variables, such as concrete strength, and by studying
its applicability to spiral or other types of confinement.
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