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Abstract

The moment-curvature envelope describes the changes in the flexural capacity with deformation during a
nonlinear analysis. Therefore, the moment-curvature analysis for reinforced concrete columns, indicating the
available flexural strength and ductility, can be conducted providing the stress-strain relation for the concrete and
steel are known. The moments and curvatures associated with increasing flexural deformations of the column may
be computed for various column axial loads by incrementing the curvature and satisfying the requirements of strair
compatibility and equilibrium of forces. Clearly it is important to have accurate information concerning the
complete stress-strain curve of confined high-strength concrete in order to conduct reliable moment-curvature
analysis that assesses the ductility available from high-strength concrete columns. However, it is not easy to
explicitly characterize the mechanical behavior of confined high-strength concrete because of various parameter
values, such as the confinement type of rectilinear ties, the compressive strength of concrete, the volumetric ratic
and strength of rectangular ties. So a stress-strain model is developed which can simulate complete inelastic
moment-curvature relations of high-strength concrete columns.

Keywords * moment-curvature, confined concrete, stress-strain model, high-strength concrete

1. Introduction

High-strength concrete (HSC) is now readily available
for various practical applications such as bridges, offshore
platforms, and buildings, as a result of ongoing progress in
concrete technology. HSC offers many advantages, includ-
ing excellent mechanical performance and ductility, which
could result in initial and long-term cost reduction. HSC,
however, is more brittle than conventional normal strength
concrete (NSC).

Nonetheless, it has been shown that HSC columns can be
having in a ductile manner under certain conditions. Hence,
ACI-ASCE Committee 441" pointed out that columns sub-
Jjected to axial-load less than 20% of column axial load ca-
pacity exhibited a good level of ductility when confined
according to current ACI confinement requirements. The
scientific community has not yet reached a consensus on
required confinement reinforcement for ductile HSC col-
umns. This can be limited number of tests on column
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under cyclic flexure and significant axial compression, spe-
cifically with axial-load in the range of 20 to 50 % of col-
umn axial-load capacity. It has also been shown that the
confinement mechanism was not described properly by
exiting models. Therefore, in seismically active regions,
structural engineers tend to avoid using HSC.

In the first part of this research, a stress-strain confine-
ment model is developed which can simulate complete ine-
lastic moment-curvature relations of high-strength rein-
forced concrete columns. By analyzing the experimental
data by multi-linear regression methods using SPSS pro-
gram,” this study proposes regression equations to deter-
mine the peak stress and its corresponding strain of con-
fined concrete expressed by tie stress, confinement effec-
tiveness coefficient, the strength of concrete, the configura-
tion of ties, and the rest variables. The second part of this
research is to present modeling and parametric studies on
moment-curvature relation of HSC columns subject to axial
and horizontal load. Parametric studies are performed ex-
amine the effects of constituent material properties as well
as topological arrangement of arrangement of reinforce-
ments on moment- curvature relations HSC columns.
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2. Constitutive model for confined HSC

2.1 Effective confinement pressure

The determination of the strength and ductility of con-
fined concrete is based on the computation of effective con-
finement pressure, which depends on the stress in the trans-
verse reinforcement at maximum strength of confined con-
crete, and on the effectively confined concrete area.

Where, it is difficult to exactly determine the tie stress.
However the tie stress is related to the volumetric ratio of
lateral ties, the confinement effectiveness coefficient, and
other variables. In this paper, the tie stress is related to the
volumetric ratio of lateral ties, the confinement effective-
ness coefficient, and other variables. By applying the multi-
linear regression method with the experimental results,
shown in Table 1, it is computed the stress in the transverse
reinforcement at maximum strength of confined HSC;

e 3.335(0 gj;_hf } -21 .74[1%) ~189.952,,, — 43.5650,y
" ck

+763.379K, +37.332p, f,, ~10.079K, p, f,, — 229313

(L

2.2 Strength enhancement factor

The magnitude of the strength enhancement is a function
of the volumetric ratio of lateral ties, the confinement effec-
tiveness coefficient, and the stress in ties at maximum
strength of confined concrete as important parameters to
calculate the strength enhancement factor. By applying the
multi-linear regression method with the experimental re-
sults, shown in Table 2, the strength enhancement is ex-
pressed by;

K, =7.129 x10™°(K, Py Fiee)

+0.01386 {Kepj(%)[?cc ]]4-1‘106 (2)

2.3 Ductility for confined HSC

A regression analysis was performed on the test results of
Chung (1997, 1998)*, Shin (2002)*®, Lee (1990),” Sheikh
(1980)¥ and Lim (1992)”to find the peak strain of confined
concrete, and strain corresponding to 85% of peak stress of
confined concrete on descending branch.

Table 1 Comparison of experimental and analytical fuc: values

. fou f fhee fheeJex TheeJEx fheeJex : feu f fhee fhec)Ex fhec)Ex fhec)Ex
Specinens | \py | MPa E; it E(hfhi;@p 5(%,02;@? 5(}%],)5: Specimens | \ip, | wipa : b 5(1%13@') 5(}%115@1) S(I%hii@p
~-L6-100 147 | 545.2 2814 0.94 0.73 0.52 T-2A1-1 37.5 | 481.5 358.5 0.91 1.03 0.74
~-L6-55 14.7 | 545.2 368.7 0.85 0.68 0.68 ~-2A1H-2 37.0 | 268.1 255.1 0.79 0.95 0.95
~-L6-30 14.7 | 545.2 527.6 1.06 0.97 0.97 ~-4CI-3 364 | 552.7 399.9 0.86 1.17 0.72
~-L8-100 147 | 5354 313.8 0.98 0.59 0.59 ~-4CIH-4 36.7 | 287.3 282.7 0.74 1.06 0.98
~-L8-30 14.7 | 5354 442.3 0.76 0.83 0.83 ~-4C6-5 35.0 | 481.5 499.9 1.04 1.04 1.04
~-M6-100 38.2 545.2 299.1 1.42 1.07 0.55 ~-4C6H-6 34.3 268.1 262.0 0.81 0.98 0.98
~-M6-55 382 | 545.2 210.8 0.61 0.46 0.39 T-4A3-7 40.9 | 503.4 455.1 1.16 0.90 0.90
~-M8-100 38.2 | 5354 198.1 0.86 0.56 0.37 7-4A4-8 40.8 | 528.0 420.6 0.93 0.80 0.80
~-M8-55 38.2 | 5354 198.1 0.53 0.37 0.37 T-4A5-9 40.5 | 361.2 3447 1.19 0.95 0.95
~-M6-30 38.2 535.4 325.6 0.73 0.61 0.61 ~-4A6-10 40.7 459.6 455.1 1.10 0.99 0.99
~-H6-100 40.6 | 545.2 263.8 1.27 0.93 0.48 ~-4C3-11 40.7 | 459.6 358.5 0.98 0.86 0.78
T-H6-55 40.6 | 5452 273.6 0.80 0.62 0.50 ~-4C3-12 40.8 | 719.6 458.8 0.80 0.65 0.65
~-H6-30 40.6 | 545.2 344.2 0.85 0.63 0.63 T-4A1-13 31.3 | 528.0 475.7 1.09 1.21 0.90
~-Hg§-100 40.6 | 5354 232.4 1.02 0.66 0.43 “-2A5-14 31.5 | 448.7 427.5 1.19 0.95 0.95
~-Hg-55 40.6 | 5354 220.6 0.59 0.41 0.41 ~-2A6-15 31.7 | 481.5 379.2 0.89 0.79 0.79
~-H8-30 40.6 | 5354 440.3 0.99 0.82 0.82 ~-2C1-16 325 | 667.6 589.5 1.18 1.51 0.88
~-L8D-30 18.1 505.0 534.5 1.14 1.06 1.06 —-2C5-17 329 459.6 348.2 0.94 0.76 0.76
~-L8C-30 18.1 | 565.8 565.8 1.11 1.00 1.00 —-2C6-18 33.1 528.0 551.6 1.08 1.04 1.04
~-L8D-50 18.1 | 558.0 558.0 1.15 1.00 1.00 ~-4B3-19 33.4 | 459.6 399.9 1.08 0.87 0.87
~-LI12R-70 | 18.1 | 580.6 580.6 0.99 1.00 1.00 ~-4B4-20 347 | 517.1 544.7 1.10 1.05 1.05
~-M8D-30 29.7 | 505.0 531.5 1.23 1.05 1.05 ~-4B6-21 355 | 481.5 489.5 1.03 1.02 1.02
~-MS8D-50 29.7 558.0 558.0 1.31 1.00 1.00 ~-4D3-22 35.5 459.6 386.1 1.02 0.84 0.84
~-H8D-30 479 | 505.0 565.8 1.39 1.12 1.12 —-4D4-23 359 | 517.1 530.9 1.12 1.03 1.03
~-H8D-50 47.9 | 558.0 518.8 1.30 0.93 0.93 ~-4D6-24 359 | 481.5 475.7 1.03 0.99 0.99
T-HI2R-70 | 47.9 | 580.6 568.8 1.11 0.98 0.98 Average 1.00 0.89 0.81
~ Chung (1997, 1998)  ~ Sheikh (1980) Standard deviation 0.198 0.214 0.214

(D Van and Yun (2003) ~ Cusson and Paultre (1995) . Saatcioglu and Razvi (1999)
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It is suggested in Ref. ' that all the remaining character-
istic points on stress-strain curve can be reasonably ap-
proximated as a function of K. The following expressions
are used for these characteristic points. The following peak

strain ratio is calculated from Eq. (3).

0.85f,,

‘9% —215(k, 1) KePoue | g 00912 (K, ~ 1)Ly
Eeo ‘ 0.85f, ’

—0.0428(K, p, ;.. )+ 0.949

3)

The following 85% of peak strain ratio is calculated from

Eq. (4).

Where, g, is a function of concrete strength, this ex-
pression for & was suggested by Setunge (1993),'”
by measuring the strain at maximum stress of concrete
cylinders, with and without active confinement. The value
of E_ is the Young’s Modulus of concrete which can be
taken as  9500( fck)“ (MPa) in accordance with the

recommendation by Setunge (1993).'"

e = 426 f,
¢ A fck Ec

®)

The strain corresponding to 50% of peak stress of con-
fined concrete on descending branch is defined as the useful

d cs% =136 .893 (o, 15 Ks[ K.p, __f_h_v__D + compressive strain limit for confined concrete. The limiting
e 0.85 fu ) strain was observed to be close to the concrete axial strain
0.187 (0.1 5 K:(LD -0.15(K,p, f,.. )+ 0.826 corresponding to the first hoop fracture. Besides the ratio,
0.85 fu &5,/ €,,» 18 another indication of ductility index of confined
concrete.
Table 2 Properties and results of specimens
Specimen f.uMpa fwMpa | ps% Ks €cc Ecssc Specimen fuMpa | fywMpa | ps% Ks €cc €c85c
-M6-100 38.1 545.2 0.70 | 1.10 0.0028 0.0038 || ~-USC-F-12 86.7 440.0 5.01 1.31 | 0.0079 | 0.0160
-M6-55 38.1 545.2 1.20 ] 1.30 0.0030 0.0057 ||~ -HCBI1-3-4 38.1 472.7 2.73 1.43 | 0.0102 | 0.0176
-M6-30 38.1 545.2 2201 1.46 0.0088 0.0134 || ~-HCB2-3-4 38.1 472.7 1.36 1.13 | 0.0068 | 0.0142
-M8-100 38.1 535.4 1.20 ] 1.11 0.0029 0.0034 ||~ -HCC1-4-4 38.1 472.7 2.73 1.50 | 0.0125 | 0.0194
T-M8-55 38.1 535.4 2.20| 1.35 0.0037 0.0069 || ~-HCC2-4-4 38.1 472.7 1.36 1.16 | 0.0085 | 0.0208
-M8-30 38.1 535.4 4.10 | 1.65 0.0057 0.0120 || “-HCD1-3-4 38.1 472.7 2.73 1.56 | 0.0138 | 0.0199
-H6-100 50.7 545.2 0.70 | 0.97 0.0020 0.0065 || ~-HCD2-3-4 38.1 472.7 1.36 1.34 | 0.0078 | 0.0134
-H6-55 50.7 545.2 1.20 ] 1.10 0.0028 0.0054 || ~-HCE-4-4 38.1 472.7 2.73 1.28 { 0.0121 | 0.0215
-H6-30 50.7 545.2 220 | 1.29 0.0034 0.0065 || “-HCF1-3-4 38.1 472.7 2.73 1.29 1 0.0120 | 0.0182
7 -H8-55 50.7 535.4 220 1.19 0.0037 0.0074 || ~-HCF2-3-4 39.3 472.7 1.36 1.14 | 0.0089 | 0.0160
“-H8D-30 56.4 505.0 230 | 1.55 0.0032 0.0110 || ~-2A1-1 37.5 481.5 0.80 | 1.18 [ 0.0036 | 0.0060
"-H8C-30 56.4 565.8 2.30 | 1.46 0.0049 0.0090 || "-2A1H-2 37.0 268.1 0.80 1.26 | 0.0048 | 0.0098
" -H8D-50 56.4 558.0 230 | 1.57 0.0057 0.0080 || —-4CI-3 36.4 552.7 0.76 1.21 | 0.0033 | 0.0075
"-H12R-70 56.4 580.6 4.02 ] 1.71 0.0053 0.0113 || ~-4C1H-4 36.7 287.3 0.76 1.20 | 0.0026 -
-HSC-A-10 43.6 500.1 217 | 1.32 0.0037 0.0076 || —-4C6-5 35.0 481.5 2.27 1.64 | 0.0170 | 0.0250
-HSC-E-10 44.1 500.1 225 1.44 0.0041 0.0118 || ~-4C6H-6 34.3 268.1 2.27 1.53 [ 0.0093 | 0.0230
-HSC-F-10 48.1 500.1 2241 143 0.0047 0.0184 | —-4A3-7 40.9 503.4 1.66 1.28 | 0.0044 | 0.0072
“-HSC-A-08 43.1 500.1 1.74 | 1.22 0.0048 0.0057 || —-4A4-8 40.8 528.0 1.59 1.36 | 0.0057 | 0.0105
" -HSC-B-08 48.5 500.1 1.74 | 1.27 0.0044 0.0070 || ~-4AS5-9 40.5 361.2 2.39 1.23 | 0.0050 | 0.0168
"~ -HSC-E-08 43.6 500.1 1.76 | 1.29 0.0042 0.0077 || —-4A6-10 40.7 459.6 2.32 1.31 ] 0.0103 | 0.0200
-HSC-A-12 46.1 4364 13.09] 1.41 | 0.0048 | 0.0103 | ~-4C3-11 40.7 459.6 | 1.62 | 1.27 | 0.0051 | 0.0110
-HSC-B-12 47.1 436.4 2981 1.53 0.0039 0.0172 || —-4C4-12 40.8 719.6 1.52 1.46 | 0.0205 | 0.0254
""-HSC-E-12 49.0 500.1 2.70 | 1.68 0.0043 0.0184 || ~-4A1-13 31.3 528.0 0.80 1.30 | 0.0045 | 0.0095
"-USC-B-08 87.5 440.0 3201 1.22 0.0049 0.0126 || —-2A5-14 31.5 448.7 2.39 1.38 | 0.0110 | 0.0205
-USC-C-08 87.0 440.0 3.16 1 1.26 0.0046 0.0125 || "-2A6-15 31.7 481.5 2.32 1.47 | 0.0215 | 0.0260
“-USC-E-08 86.7 500.0 [2701 1.19 | 0.0048 | 0.0066 || ~-2C1-16 32.5 667.6 | 076 | 1.36 | 0.0056 | 0.0123
-USC-F-08 86.5 500.0 2.85] 1.23 0.0049 0.0065 || ~-2C5-17 32.9 459.6 2.37 1.36 | 0.0157 | 0.0245
-USC-B-10 86.0 440.0 417 [ 1.32 0.0044 0.0093 || ~-2C6-18 33.1 528.0 2.27 1.70 | 0.0280 | 0.0300
-USC-B-10* 86.9 330.0 370 | 1.24 0.0045 0.0094 || —-4B3-19 334 459.6 1.80 1.43 1 0.0061 { 0.0090
-USC-C-10 87.5 440.0 3951 1.29 0.0048 0.0067 || —-4B4-20 34.7 517.1 1.70 1.52 | 0.0080 | 0.0155
-USC-C-10° 86.3 330.0 3511 1.29 0.0033 0.0065 || ~-4B6-21 35.5 481.5 2.40 1.54 | 0.0144 | 0.0250
~-USC-E-10 86.8 440.0 4.05 ] 1.30 0.0049 0.0109 || ~-4D3-22 35.5 459.6 1.60 1.44 | 0.0041 | 0.0097
"-USC-E-10° 86.5 500.0 338 1.28 0.0059 0.0085 || —-4D4-23 35.9 517.1 1.70 1.54 | 0.0076 | 0.0165
-USC-F-10 85.9 440.0 4.18 | 1.31 0.0069 0.0083 || ~-4D6-24 359 481.5 2.30 1.63 | 0.0177 | 0.0246
-USC-B-12 86.3 440.0 4.63 | 1.35 0.0065 0.0208 || ~-HC-7-8B1 75.0 539.5 2.61 1.25 | 0.0036 | 0.0046
-USC-C-12 85.8 4400 [4.74| 133 | 0.0072 | 0.0141 || “-HC-7-8C1 75.0 539.5 | 2.97 | 1.35 | 0.0033 | 0.0056
-USC-E-12 86.0 4400 | 498 | 1.34 | 0.0091 | 0.0162 || Chung, ~ Shin, ~ Lee, Sheikh, ~ Lim
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Where, £, is calculated from Eq. (6), Cusson and Paul-
tre (1995),' as the least absolute deviations method. Substitut-
ing Eq. (4) into Eq. (3), the strain corresponding to 50% of
peak stress can be calculated;

£,500 =0.004+0.15(f,, / £, (6)

Substituting Eq. (1) into Eq. (7), the strain corresponding
to 50% of peak stress can be modified calculated;

(7

K, froe [ A + Ay
fumKofy =Kol [——’“ ]

b +d,

To quantify the response of columns, it is desirable to de-
fine response index that quantitatively describe the col-
umns’ behavior. The ductility of the column depends
greatly on the confinement degree of the core concrete. The
failure of the column is conventionally defined at the
maximum tip displacement of column, where the remaining
capacity of the column has dropped to 85% of the peak load.
So the value of £, is the essential parameter that de-

scribe columns’ behavior.

The strain, &, corresponding to 50% of the maximum
confined concrete strength on the stress-strain curve gives
the additional ductility due to rectangular hoops. When ana-

lyzing the results of the three investigations '*'* !°

, it was
assumed that the cover concrete had spalled away by the
time stress had fallen to 50% of the maximum stress. So the
value of ¢ . defines the additional ductility that define
wssc and &, this
proposed model considers the value of £ ... The descend-

columns’ behavior. To apply both &

ing slope of this segment is defined by the strain corre-
sponding to 67.5% of peak stress, and the value of 675,18
the mean point between the value of &, andé,,

& _ ScSSc + chOc
c675¢ P

(8)
2.4 Proposed constitutive model for confined
HSC

Fig. 2 shows the proposed complete stress-strain curve of
confined HSC in a member. The parabolic ascending
branch and bilinear descending branches are used to simu-
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-late a complete stress-strain curve of a confined concrete in
this study (Fig. 2). The ascending part (OA) is a relation-
ship originally proposed by Popovics (1973)'® for concrete
and written as Eq. (9). Where, £ controls the initial slope
and the curvature of the ascending branch and can be de-
rived as Eq. (10). For HSC, the coefficient k is large and
expresses the fact that the ascending branch is nearly linear
with a high elastic modulus.

fo=r £.S¢€ ©)
c = cc AR ¢ = %cc
gC
k—1+(AC)
k= E. E, =9500(f, )"’ (MPa)
c ck (10)

The stress-strain relation of the first descending part AC
can be determined by;

f;‘:f“-}_X(gcc—gc)’ gCCSgCSgCZOC
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Fig. 3 Comparison of stress-strain for HSC columns
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Where X is the slope of the first descending curve and
can be defined as;
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2.5 Ultimate concrete compressive strain

In order to calculate the available ultimate rotation ca-
pacity at a plastic hinge in a reinforced concrete flexural
member, it is necessary to be able to predict the ultimate
concrete compressive straing,, . The useful limit occurs
when transverse confining steel fractures, which may be
estimated by equating the strain-energy capacity of the
transverse steel at fracture to the increase in energy ab-
sorbed by the concrete. Where, &, was proposed by T.
Paulay and M.J.N. Priestly (1992)'”. A conservative esti-
mate for ultimate compression strain is given by Eq. (13).
Where, ¢ is the steel strain corresponding to the peak
tensile stress and p is the volumetric ratio of confining
steel.

&
€., =o.oo4+1.4fiu (13)

ce

3. Stress-strain curve for unconfined HSC

This relationship is used for unconfined cover concrete,
as well as the entire column section when confinement is
negligible. The following expressions are used to describe
the stress-strain relationships for unconfined concrete. Ar-
men Martirossyan (1998)'® has conducted tests on circular
and square high-strength reinforced concrete columns. This
model assumes the ultimate strain of unconfined concrete is
0.005.

4. Application model for steel reinforcement

The stress-strain relationship used for reinforcing steel in
tension consists of three segments. The elastic and yield
portions of the curve are linear and form a bilinear relation-
ship. The strain-hardening portion is represented by a para-
bolic curve and follows the yield segment, as illustrated in
Fig. 4. Mander et al. (1984)'” found that the stress-strain
curve in the strain hardening region (&, < &, < ¢, ) can
be predicted with good accuracy by;

fo=fu = U= F (14

su sh

Eg — €y

P=E, =ty (1)
Ju=1s
Where & is the steel strain; &, is the steel strain at

commencement of strain hardening; & is the steel strain

Su
at f, 5 f,, is the ultimate tensile strength of steel; f is
the yield strength of steel; £, is the strain-hardening
modulus of steel; and strain rate is taken into account by
using values for the control parameters that correspond to

the relevant strain rate.
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5. Application model for concrete in tension
5.1 Tension stiffening in plain concrete

Concrete can be considered as an elastic strain softening
material in tension. The problem with this concept is the
extent which the tension stiffening can be incorporated.
Alternatively concrete can be assumed to be elastic-brittle
in tension. The general strain softening model for concrete

o=f,{expl-(e~¢,)/a] } (16)
is given by Perterson (1981)*” as a bilinear curve. The
stress o is defined as;

Where ¢ is the nominal tensile strain in the cracked

az[GF —%fcrgcrlch)>0 an

volume containing a crack

l

ch

Y ocaryp (18
Yyt

area of crack -
zone, & is the cracking, and ¢t , the softening parameter
cr H

is given by

5.1.1 Fracture energy and characteristic length

The fracture mode of concrete subjected to tension al-
lows the application of fracture mechanics concepts. The
fracture energy is defined as the energy required propagat-
ing a tensile crack of unit area. As a rough approximation
fracture energy may be estimated from the compressive
strength of concrete tasking into account the maximum ag-
gregate size as expressed by Eq. (19) from CEB-FIP MC.
90%'. Because of substantial increase of concrete brittleness
at higher strength grades it has been proposed to limit frac-
ture energy for f, >80 MPa to a constant value as given
by Eq. (20).

Gr :Gm,(ffi)o'7 for f.. <80MPa (19)
G, =4.30G,, for f,, >80MPa 20)
s o
fsu ’/
o e Esh
i
€y Esh €y

Fig. 4 Steel stress-strain model
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length of a specimen subjected to axial tension in which
just enough elastic strain is stored to create one complete
fracture surface. Thus, a decrease of characteristic length is
an indication of increased brittleness.

1, = LaCr 1)

Where [, is the characteristic length [mm]; E_is the
modulus of elasticity [MPa]; G, is the fracture energy
[N/mm]; G, is the base value of fracture energy which
depends on maximum aggregate size dp.,as given in CEB-
FIP MC. 90.

5.2 Tension stiffening in reinforced concrete

In order to predict accurately the post-cracking behavior
of reinforced concrete elements, Collins (1991)*® found
that it was necessary to account for the average tensile
stress which still exits in the concrete between cracks. To
allow for this “tension stiffening” effect he specified a
gradual unloading branch instead of an abrupt drop to zero
stress level for the relationship of concrete.

0<¢g <g, o =Ez¢ (22)

cr

P (23)
1+,/500¢,

5.3 Relations between tensile strength and
compressive strength

gl > gcr o-l

Various relations have been proposed to estimate the ax-
ial tensile strength of concrete form its compressive
strength. Eq. (30) is based on more recent data including
also tests on high-strength concretes by the CEB-FIP MC.
90.2Y

fcr = fclmo ln(l + fcm f ) (24)

ci

Where £ is the mean axial tensile strength [MPa.};
f . 1S the mean compressive strength [MPa.]; f  “is 2.12
MPa; f. is 10 MPa.

cmo

6. Fiber section analysis

A computer program was developed to carry out calcula-
tions for theoretical moment-curvature relations of the test
specimens using the concrete stress-strain curves from the
proposed model described previously. The required input
data included cross-sectional dimensions of specimens,
position, and amount of longitudinal steel including the

Effect of Confined High-Strength Concrete Columns

location of laterally supported longitudinal bars, properties
of longitudinal steel, the stress-strain of confined concrete,
the stress-strain of unconfined concrete, and applied axial
load. The “fiber section analysis” is a numerically intensive
method for determining the cross strength and stiffness of
member cross sections. In the fiber model, the cross section
is discredited into many small regions where the constitu-
tive relationships are based on stress-strain model and each
region represents a fiber of material running longitudinally
along the member. The method assumes plane sections to
remain plane, thus implying full compatibility between the
confined concrete and unconfined concrete components of
cross section.

7. Moment-curvature relationship

A finite approach used to compute the moment-curvature
relationship numerically in which the concrete and the steel
areas. The program first calculates moment and curvature at
cracking. Beyond cracking, the analysis is conducted for
different values of extreme compressive fiber strain. The
strain profile is established for each value of fiber strain and
assumed location of neutral axis. The sectional analysis
continues until rather the tension steel reaches its ultimate
fracturing stress, or the extreme compressive fiber strain
reaches to a limiting value specified in the input.

7.1 Comparison of test data with analytical re-
sults

Fig. 6 shows the experimental and analytical moment
curvature relations for four of the columns tested”. The
light lines indicate cyclic experimental results, and the
heavy lines indicate the monotonic envelopes generated by
the proposed models.

STRESS (MPa) 305
100 7 uncenfined model B
confined model ] g
90 4 BN AS
——ESIH
£, 721 (MPa) 80 4 confined model
S 95 (mm) 70 ]
7,315 (%) 1 —s— AS4H
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g p 4 | IRV N
L oo 10
5
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tension stiffening model

Fig. 5 Analytical stress-strain curves
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Both the experimental and analytical moment curvature
relations exhibit a well-defined yield point followed by a
nearly horizontal yield plateau. The yield moment and cur-
vature are predicted with reasonable accuracy. The initial
experimental stiffness tended to be slightly greater than
predicted by the moment curvature model because the
model assumes that the concrete is always cracked.

7.2 Parametric studies on moment-curvature re-
lation

Parametric studies are performed examine the effects of
constituent material properties as well as topological ar-
rangement of reinforcements on moment-curvature rela-
tionships. It has been analytically observed that ductility of
high-strength concrete columns is influenced mostly by
magnitude of the axial load and spacing or volumetric ratio
of lateral ties or yield strength of transverse reinforcement.

7.2.1 Effect of axial load

Fig. 7 shows the comparisons of moment-curvature en-
velop for two groups of columns with the same reinforce-
ment configurations and material strength, but different
axial load levels. This figure indicates that, if the axial-load
level has a beneficial influence on the moment resisting
capacity, it has a negative effect on the inelastic flexural

behavior of the column. Higher axial-load ratio of 0.5f,A,

and 0.6f,,A, resulted in an increase in the rate of stiffness
degradation and adversely affected the performance of HSC
columns. These results underlined the need to incorporate
the level of axial load in computing the required amount of
confining steel.

7.2.2 Effect of volumetric ratio of lateral ties

Fig. 8 shows the effect of volumetric ratio of lateral ties
on the moment-curvature curve. This program points to the
influence of the volumetric ratio of confinement steel as a
main parameter in controlling column response. As was
stated previously, however, the level of axial load is also
very important. For practical applications, the requirement
for the volumetric ratio of transverse steel should be related
to the axial-load ratio. For the columns calculated in this
research program, a volumetric ratio of confinement steel of
approximately 2% seems acceptable to ductile behavior
under an axial load less than or equal to 0.3f,,A; of axial-
load capacity. For an axial load ratio of 0.5f,A,, a volumet-
ric ratio of confinement steel of 6% seems adequate.

7.2.3 Effect of yield strength of transverse bar

Fig. 9 shows the results of two columns that could be
compared for of yield strength of transverse reinforcement.

754

150.0\_1 es 200.0
400 ~ Experimental T ‘
~w— Analytical
300
g 200 Specimen ES-1HT
4
= 100
Pt
& o
=
% 100
0 303 f_ 721 (MPa)
200 p, 315 (%)
7 f, 463 (MPa)
-300 4 AA 113
P/t A 05
-400 U g
025 020 015 010 -005 000 005 040 045 030 025
CURVATURE 1/m
4004 —— Experimental
—— Analtical
300
200
£
Z 1004
=
(-
Zz 01— ES8HT
w
= T T
g ~100 + 305 f, 102.2(MPa)
= p. 4.29(%)
2004 o s
g @ f, 463 (MPa)
300 Ay Ash/AanAcl 1.08
unit : mm . P/fwAg 047
400 | :
T 1

T ———————t——T——— T
025 -020 015 010 -005 000 005 Q10 015 020 028
CURVATURE 1/m

Fig. 6 Comparisons of moment-curvature curves

400 -

350 S
300 4 o
T 250 [ Yo
= 900 4
E ASAHT
w 13 A A 18R e
L 150 AA ey 183 0.1f A
o —02f A
= ol | £ 719 Mpa) 305w ——03f A
7, 5.12 (%) Je=< —— 0.4fmA‘
50 fyh 463 (MPa) 2 @1 —a— O.SfNA‘
Spacing @ 100 (mm) —o—0.6f A
0 T T T T M T M T T 1
000 005 010 015 020 025 030 035 040 045
CURVATURE 1/m
400 ~
305
| L 721 (MPa)
350 T ? 315(%)
o ,
g £, 463 (MPa)
300 Spacing @95 (mm)
E 250 §
R /A W S
S
. 2004
g (I it e 01F_A,
g 150 4 : —02f A
= ¥ ~—03f A
100 1 —o—04f A
ESTHT —a—0.5f A
50
Ash/Ash(ACI) 1.13 —o—06f A
0 T T T T

T T T T 1
000 005 010 015 020 025 030 035 040 045
CURVATURE 1/m

Fig. 7 Effect of ratio of axial load on moment-curvature relations

Journal of the Korea Concrete Institute (Vol.15 No.5, Oct., 2003)



400 4 > 200
—a—7 0,
250 ] 0.3fwAg i ?: 4 0%
*\ ——2_ 6(%)
300 4
%\

250

MOMENT (kN.m)
1 1

00 4 305
= f_ 71.9 (MPa)
50 4 AS4HT 8§ fyh 463 (MPa)
Spacing (@ 100 (mm)

0 T T T T T T T 1
aog 005 010 018 020 025 030 035 040 045
CURVATURE 1/m

Moment-curvature relations (P = 0.3f..Ag)

400

200 —0—2, 209

%
£ —e—? 400
é 250 4 \K ——7 6%
=
= 200
i
8
= 501 AS4HT
05
oo = f_ 71.9 (MPa)
; 9 EY]| | £, 463 (MPa)
01 %, Sy:)acing @ 100 (mm)

T T T T T T 1
000 005 010 015 020 025 030 035 040 045

CURVATURE 1/m

Moment-curvature relations (P = 0.5fc,Ag)

MOMENT (kN.m)

MOMENT (kN.m)

200

150 4 03f A J

cu

ESIHT s
100 4 20— o
I | £, 721 (vpa) 2, 20%)
s0] | £, 463 (MPa) i ' ——2, 4%
] Spacing @ 95 (mm) N —e—2? 6(%)
0 , . .

T T T T T T T
000 005 010 015 020 026 030 035 040
CURVATURE 1/m

Moment-curvature relations (P = 0.3f.,Aq )

400 4
—e—2  2(%)
350 - —o— 2. 4(%h)
— ?; 6 (%)
300
250 ES1HT
303
200 4 =
\ |e
150 & || 9
b_a o
100 4 M
£ 72.1 (MPa)
50 4 5 £, 463 (MPa)
e Spacing @ 95 (mm)
0 T T 1

CURVATURE 1/m

Moment-curvature relations (P = 0.5f,,Ag)

Fig. 8 Effect of volumetric ratio of transverse reinforcement on moment-curvature relations

400 |
— 350 |
£
gauu 4
=
Z 250 |
w
=
O 200 -
= 8
150 | AS4HT
30 £, 300 (MPa)
100 | £ 719 MPa) —e—£, 500 MPa)
w0 ?, 512 (04) 3 —e—£, 700 (MPa)
1| Spacing @ 100 (mm) —o—f, 900 (MPa)
L

T T T T
0op0 005 010 015 020 025 030 035 040 045
CURVATURE “/m

Moment-curvature relations (P = 0.3f,,Ag)

450 -
O.SfmA oo —fyh 300 (MPa)
400 1 e—— —o—£, 500 (MPa)
350 4 —a—f_ 700 (MPa)
—e—f, 900 (MPa)
€ 3004 & Ty
z AS4HT
< 2504 4 %
= | ‘\\ 305
z \ —
i 200 S17
o ~ &
£ 150 4 \
y
100 4 \\ £ 71.9 (MPa)
b ?, 5.12 (%)
30 4 e saese e Spacing @ 100 (mm)
i — v v |

T T v T
000 005 010 015 020 025 030 035 D040 045
CURVATURE 1/m

Moment-curvature relations (P = 0.5{c,Ag)

MOMENT {kN.m)

MOMENT (kN.m)

450 o

T T T T T U
0.00 005 o010 015 020 025 0.30 035 040 045

1804 ESIHT 305

004l £ 721 (MPa) —o—£, 500 (MPa)
1 sisen o @ —e—t 700 (MP2)

EUG_ Spacing @ 95 (mm) fﬂ 900 (MPa)

0 — T ‘ T T ——
0.00 0.0s5 01c Q.15 0.20 0.25 0.30 0.35 0.40 0.4
CURVATURE  1/m

Moment-curvature relations (P = 0.3f.,Aq)

5

450
0.5f A
400 4 ikl ——f, 500 (MPa)
—o—f_ 700 (MPa)
350 4 ”
—o—f, 900 (MPa)
200 4 ES1HT
2604 ¢ 305
= | 3 @
/ )
=
150 4
100 4 £, 72.1 (MPs)
I 2, 3.15 @%)
50 1 Spacing @ 95 (mm)
0 T T T 1

T T T T T
000 005 010 015 020 025 030 035 040 045
CURVATURE 1/m

Moment-curvature relations (P = 0.5f.,Ag)

Fig. 9 Effect of yield strength of transverse reinforcement on moment curvature relations

Effect of Confined High-Strength Concrete Columns

755



E
z
X
=
=
w
=
2 1501 { AS4HT
=305~
100 fcn 71.9 (MPa) Aw‘ o Q"’ —o— Spacing @ 150 (mm)
p, 5.12(%) [9.‘ —2— Spacing @ 100 (mm)
07|, 463 MPa) |} A5, —e—spacing @ 50 (mm)
0 T T T T T v T T T 1
000 005 010 015 020 025 030 035 040 045
CURVATURE 1/m
Moment-curvature relations (P = 0.3f. Ag)
450 -
0.5f A
o' Mg
400 -
. 350
€ —o— Spacing @ 150 (mm)
5 300 4 —°—Spac?ng @ 100 (mm)
E 204 f —eo— Spacing @ 50 (mm)
w d
= 200 X‘k AS4HT
o]
E150! K%\ f _71.9 (MPa)
_ . a
100 1 =305 M" b, 5.12(%)
1 Ig /\; f, 463 (MPa)
50 s N
1
0 T T T 1

T T T T T
000 005 010 015 020 025 030 035 040 045
CURVATURE 1/m

Moment-curvature relations (P = 0.5f.,Ag)

Fig. 10 Effect of tie spacing on moment-curvature relation

The comparisons show in Fig. 9 indicate that columns
confined with confined with 700MPa and 900MPa lateral
steel showed improved strength and ductility when com-
pared with compared with compared with those with
300MPa and 500MPa steel. Results indicate that at an axial
load ratio of 0.5f.,A,, increasing the yield strength of the
transverse reinforcement has on the moment resisting ca-

pacity.

7.2.4 Effect of spacing

Fig. 10 shows the results of two columns that could be
compared for effect of transverse reinforcement spacing. As
was stated previously, however, the level of axial load is
also very important. Results indicate that at an axial load
ratio of 0.5f,A,, decreasing the transverse reinforcement
spacing has on the moment resisting capacity.

8. Summary and conclusions

The strength and flexural ductility of HSC columns have
been investigated using a fiber element model incorporating
nonlinear constitutive models accurate for high-strength
concrete. The accuracy of the analysis has been substanti-
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ated comparisons to tests of HSC columns subjected to ax-
ial forces and HSC columns subjected to axial compressive
and cycle lateral loads. On the basis of the analytical studies,
the following conclusions were drawn.

1) This model is applicable to high-strength concrete, cov-
ering a strength range between 40MPa and 90MPa. The
developed HSC model is shown to superior to other
models in predicting test results of the compressive
stress-strain curves of the confined high-strength con-
crete under concentric load.

2) A series of models for predicting the behavior of con-
fined high-strength concrete columns is proposed as part
of a potential improved design process. The series of de-
tailed models predicted moment-curvature of cantilevers
confined high-strength concrete columns reasonably well.

3) Based on the parametrical researches, the following con-
clusions and recommendations are presented.

(1) This research presents that, if the axial-load level has a
beneficial influence on the moment resisting capacity, it
has a negative effect on the inelastic flexural behavior of
the column.
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(2) For parametrical applications, the requirement for the
volumetric ratio of transverse steel should be related to
the axial-load ratio. When the columns are subjected to a
high axial load ratio, a significant amount of lateral steel
is necessary.

(3) This parametrical results present that at an high axial
load ratio of 0.5f,,A,, increasing the yield strength of the
transverse reinforcement has on the moment resisting ca-
pacity. Ratios exceeding 4% will be difficult to use in
practice. High-yield strength steel may be a solution to
reduce the quantities required. New equations should be
developed that take into account high-strength transverse
steel and axial-load ratio.

Notation

b. side dimension of concrete core parallel to x-axis;
<= gside dimension of concrete core parallel to y-axis;
A, = total cross-section area transverse reinforcement
perpendicular to X -axis;
Ay = total cross-section area transverse reinforcement
perpendicular to y -axis;

E_=modulus of elasticity of plain concrete;

E .= secant modulus at the peak strength of confined con-
creter;

E,= the strain-hardening modulus of steel;

f. = stress in concrete;

£, = the compressive cylinder strength of unconfined concrete;

£,, = unconfined concrete compressive strength in member;

£, = maximum compressive strength of confined concrete in a
member;

f,= nominal lateral pressure applied on the concrete core;

/. = effective confinement pressure applied on the concrete core;

Siees fiy = equivalent lateral pressure perpendicular to b
and bcy , respectively;

S heo = Stress in ties at maximum sirength of concrete;

So= yield strength of transverse reinforcement;

. = yield strength of steel;

su= ultimate tensile strength of steel,

Jor = tensile strength of concrete;
Fomo= tensile strength of concrete;
me =

mean compressive strength;

G, = fracture energy;

G ,, = base value of fracture energy which depends on maxi-
mum aggregate size d,,, as given CEB-FIP MC. 90;

a = softening parameter;

K = strength enhancement coefficient;

Effect of Confined High-Strength Concrete Columns

K ,= confinement effectiveness coefficient;

/., = characteristic length;

§ = spacing of transverse reinforcement;

s = clear vertical spacing between the stirrups;

&£, = concrete strain;

&,, = axial strain in plain concrete corresponding to £, ;
&, = strain corresponding to peak stress of confined concrete;

£ g5, = Strain corresponding to 85% of peak stress of confined

c85
concrete on descending branch;

&,50, = Strain corresponding to 50% of peak stress of confined

concrete on descending branch;

£,675. = Strain corresponding to 67.5% of peak stress of con-

fined concrete on descending branch;

&, = ultimate strain of concrete;

&, = strain at cracking;

&, = steel strain;

&£, = steel strain at commencement of strain hardening;

&£, = steel strain at the ultimate tensile strength of steel;

&, = the steel strain at maximum tensile stress;

®,= clear horizontal spacing between longitudinal bars;

P, = the ratio of longitudinal steel area to the total core area;

p, = volumetric ratio of lateral ties;
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