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Column CS-4

f'. = 124 MPa

ps = 217%
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Q
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.26: Column CS-4
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.27: Column CS-3
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Column CS-6
f'. = 124 MPa
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f, = 400 MPa
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1000 O recorded data during sudden change in behaviour
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.28: Column CS-6
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.29: Column CS-7
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Column CS-8

Load (kN)

O recorded data during sudden change in behaviour

1 1 L i [ 1 L |

0.0 0.5 1.0 1.6 2.0 25 3.0 3.5 4.0
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(@) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.30;: Column CS-8
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.31: Column CS-9
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.32: Column CS-10
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Column CS-11
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.33: Column CS-11
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(a) Axial force-axial strain relationship.

{b) Column behaviour during different stages of loading.

Figure 4.34: Column CS-12
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.35: Column CS-13
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0.0 0.5 1.0 15 20 25 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.36: Column CS-14
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f'.= 81MPa
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fy = 1000 MPa
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4
=
©° 3000
3
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2000
1000 O recorded data during sudden change in behaviour
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0.0 0.5 1.0 1.5 20 25 3.0 35 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.37: Column CS-15
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| I

5000 r

4000 |

Load (kN)
g
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o 1 L L [l 1
0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.38: Column CS-16
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.39: Column CS-17
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.40; Column CS-18
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.41: Column CS-19
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4000 Column CS-20

| L
3000

Load(kN)

2000

1000

0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 40
Strain(%)

(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.42: Column CS-20
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Column CS-21
1
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- v
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S 2000 F
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0 ’ L L 1 k H 'l L ]
0.0 0.5 1.0 15 20 25 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.43: Column CS-21
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5000 r Column CS-22
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f,, = 1000 MPa
Z a0 |
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T
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.44: Column CS-22
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Column CS-23
f'. = 60 MPa
4000 p. = 132 % F
f,, = 1000 MPa
> 120 mm
E 3000
S
.-
S 2000
i
1000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.45: Column CS-23
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fy = 400 MPa
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.46: Column CS-24
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.47: Column CS-25
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Load (kN)
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f, = 570 MPa
4000 S5 mm
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1000 O recorded data during sudden change in behaviour
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v
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(a) Axial force-axial strain relationship.

3.5 4.0 45

(b) Column behaviour during different stages of loading.

Figure 4.48: Column CS-26
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3000 p = 041 %
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g
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O  recorded data during sudden change in behaviour

0 L L Il 1 L L
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.49: Column CC-1
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Load (kN)

i Column CC-2

60 MPa

f'e

u] recarded data during sudden change in behaviour

1 1 L L |

0.0 0.5 1.0 1.5 20 25 3.0 3.5
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.50: Column CC-2
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4000 Column CC-3
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0.80 %
660 MPa
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Load (kN)
g

1000

o recorded data during sudden change in behaviour

0 ] 1 [l 1 ] i 1 ]
0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.51: Column CC-3
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.52: Column CC-4
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-
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- (a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.53: Column CC-5
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.54: Column CC-6
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.55: Column CC-8
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.56: Column CC-9
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{a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.57: Column CC-10
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[ | |
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1000 O recorded data during sudden change in behaviour
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.58: Column CC-11
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.59: Column CC-12
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e 2000
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Strain (%)

(a) Axial force-axial strain relationship.

Y

(b) Column behaviour during different stages of loading.

Figure 4.60: Column CC-14
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4000 t+
i 3000 f
T
g 2000
-l
1000
0 1 L L 1 L L L ]
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.61: Column CC-15
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Column CC-16
4000 f'.= 92MPa
P = 079 %
— fy = 1000 MPa
i 3000 - s = 100 mm
o
3
S 2000 ¢
1000
O 1 1 ] 1 1 1 } ]
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.62: Column CC-16
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f': = 92 MPa
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1000 MPa
60 mm

recorded data during sudden change in behaviour

0.5 1.0 1.5 2.0 2.5 3.0
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(a) Axial force-axial strain relationship.

35

(b) Column behaviour during different stages of loading.

Figure 4.63: Column CC-17
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Column CC-18
3000 F f'c = 92 MPa
pe = 070 %
— fy = 1000 MPa
X s = 100 mm
- 2000 |
©
(=]
-
1000
o recorded data during sudden change in behaviour
0 1 L ) 1 1L L 1 i |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Strain (%)

(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.64: Column CC-18
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f', = 92 MPa
4000 - o = 183%
. 400 MPa

fy
= 100 mm
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0l

3000

2000

- | ’

g recorded data during sudden change in behaviour

Load (kN)

0 [l 1 L 1 ] 1 [l "l

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
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(a) Axial force-axial strain relationship.

() Column behaviour during different stages of loading.

Figure 4.65: Column CC-19
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Load (kN)
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p. = 056 %
3000 | f, = 660 MPa
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1000
0 ’ 1 1 1 1 1 L 1
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
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(a). Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.66: Column CC-20
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- o, = 0.80%
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©
o
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O recorded data during sudden change in behaviour
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.67: Column CC-21
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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(a) Axial force-axial strain relationship.

(b) Column behaviour during different stages of loading.

Figure 4.68: Column CC-22
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Figure 4.69: Columm load versus longitudinal steel strain for column CS-22

——LVDTs

L 1 1 1

Column CS$-23

0

1 L 1 J

0.0 0.5 1.0 15 2.0
Strain (%)

25 3.0 3.5 4.0

Figure 4.70: Column load versus longitudinal steel strain for column CS-23
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Load (kN)
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—— Strain gages

4000 |
3000
2000 F
1000 9
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Figure 4.71: Columm load versus longitudinal steel strain for colunm CS-24

— LVDTs Column CS-25
== Strain gdges

P 1 L ) 1

Q.0 05 1.0 15 2.0 25 3.0 3as 4.0
Strain (%)

Figure 4.72: Column load versus longitudinal steel strain for columm C8-25
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Figure 4.73: Columm load versus transverse steel strain for column CS-2.
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'—7 Column CS-3

Yield
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00 ©O01 02 03 04 05 06 07 08 09
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Figure 4.74: Column load versus transverse steel strain for columm CS8-3
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Figure 4.75: Column load versus transverse steel strain for column C8-4.

Column CS-5

Yield

1.0

00 01 02 03 04 O5 06 07 08 08
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Figure 4.76: Colunm load versus transverse steel strain for column CS-5.
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Figure 4.77; Column load versus transverse steel strain for Column CS-22.
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Yieid

0 [ L 1 A L L [ i J
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Figure 4.78: Column load versus transverse steel strain for Column CS-23.
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Figure 4.79: Column load versus transverse steel strain for column CS-24,
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Figure 4.80: Column load versus transverse steel strain for column CS-25.
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Figure 4.81: Columm load versus transverse steel strain for column CC-3.
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1 L L J

L I 1 . I L I
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Figure 4.82: Column load versus transverse steel strain for columm CC-5.
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Figure 4.83; Column load versus transverse steel srain for column CC-11.
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Figure 4.84: Column load versus transverse éteel srain for coturnn CC-12.
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Figur 4.85: Colunm load versus transverse steel strain for column CC-14
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Figur 4.86: Columm load versus transverse steel strain for column CC-16
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Figure 4.87: Columm load versus transverse steel strain for column CC-20
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Figure 4.88: Column load versus transverse steel strain for columm CC-21
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Chapter5
Analysis of Test Results

5.1 General

The test data presented in Chapter 4 was analyzed to establish strength and ductility of
confined concrete in columns. This was done by computing stress-strain relationships
of core concrete from recorded test data. The evaluation of test data, concentric

capacities of columns, and the effects of confinement parameters are presented and

discussed in this Chapter.

5.2 Evaluation of Test Data

The raw data recorded during column tests provided force-axial strain relationships for
columns. This data was used to generate the stress-strain relationship of core concrete.
The load carried by cover concrete and/or longitudinal reinforcement was subtracted
from recorded column capacity, depending on whether the capacity was attained before

or after the spalling of the cover concrete, to obtain load resisted by the core concrete.

~ The following assumptions were made for this purpose:

- Strain in longitudinal stee! was assumed to be equal to that of the surrounding

concrete.
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- A bilinear stress-strain relationship was assumed for longitudinal reinforcement,
ignoring the strain hardening of steel. This was found justifiable in light of the
experimental data that indicated bending and/or buckling of longitudinal bars
either prior to, or shortly after the onset of strain hardening.

- Tt was assumed that the effect of confinement was negligibly small up to a certain
level of axial strain that depended on concrete strength. These limiting strains
were assumed to be 0.15%, 0.17%, 0.18%, and 0.20% for 124 MPa, 92 MPa, 81
MPa, and 60 MPa concretes, respectively. Therefore, the core and cover
concretes were assumed to behave in a similar manner up to these limiting
strains, with total cross-sectional area of concrete providing full resistance to
applied loading. This assumption is consistent with the experimental
observations discussed in Section 5.3.

- Concrete cover was assumed to spall off completely beyond a certain level of
axial strain that depended on concrete strength. This strain level was assumed to
be 0.25%, 0.30%, 0.35% and 0.50% for 124 MPa, 92 MPa, 81 'MPa, and 60 MPa
concretes, respectively. This assumption is consistent with the experimental
observations discussed in Section 5.3.

- Gradual spalling of cover concrete was assumed between the two limiting values

of axial strains specified above.

Stress-strain relationships of core concrete, computed from experimental data, are used
in Sec. 5.5 to evaluate the effects of test parameters. They are also presented in Chapter

7 for comparison with analytical predictions.

5.3 Evaluation of Column Strength

Column strength under concentric loading was recorded during testing. Experimental
observations indicated that cover spalling had occurred in most cases prior to the

attainment of the load capacity. In these columns, the maximum load was resisted by the
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core concrete, including the contribution of longitudinal reinforcement. Columns with
well confined core were able to resist loads higher than those computed based on gross
cross-sectional area and unconfined concrete strength. However, those that did not have
sufficient confinement were not able to develop unconfined column capacities based on
total cross-sectional area and unconfined concrete strength. Tables 5.1 and 5.2 contain
recorded strengths of square and circular columns, respectively. The tables also contain
nominal concentric capacity (P,), computed by Eq. 5.1, following the requirements of
current building codes (ACI 318-89, CSA A23.3, 1984). Figure 5.1 illustrates the

variation of strength gain in columns with concrete confinement.
P=085f", (AR—AS)+AS fy (5.1)

The load resistance provided by concrete, and the core concrete alone, are included in

Tables 5.1 and 5.2, as computed below.

P,=035f, (4,-4) (5.2)

P, =085, (4 -A) (5.3)

Tests of plain concrete columns, discussed in Chapter 4, showed that the in-place
strength of concrete (unconfined) in columns varied between 89% and 92% of stre_ngfh
determined by a standard cylinder test (f,). This implies that 0.85 . may be used
conservatively to represent the in-place strength of unconfined concrete in columns, as
commonly done for concretes in the normal-strength range. The in-place strength of
high-strength concrete, however, appears to be closer to the cylinder strength than that

of normal strength concrete.

Strength enhancement due to confinement was established by comparing strengths of
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core and unconfined concretes. The core capacity was established by subtracting the
contribution of cover concrete and/or longitudinal reinforcement from the recorded
column capacity, as discussed in Sec. 5.2. The ratios of confined to unconfined concrete
strengths are listed in Tables 5.1 and 5.2 for square and circular columns, respectively.
These ratios range between 1.09 and 1.50 for confincd square columns, and 1.06 and
1.35 for circular columns, indicating up to 50 % and 35 % increase in concrete strength

due to confinement.

The test data was re-examined to assess concentric capacities of columns, and the
influence of cover spalling. The strain data indicated that the premature spalling of cover
concrete had occurred in columns with very high strength concretes, prior to the
development of strains associated with concrete crushing. This observation, combined
with visual observations of cover spalling during testing suggested that the cover
concrete suffered stability failure under high compressive stresses. Fig. 5.2 illustrates
cover spalling typically observed in columns. It was hypothesized that the presence of
closely spaced longitudinal and transverse reinforcement, forming a mesh of
reinforcement, produced a natural plane of separation between the cover and the core.
The separation of this plane was triggered by high compressive stresses and the
differences in behaviour between the core and cover concretes. Early spalling of the
cover concrete resulted in lower capacities than those computed using Eq. 5.1, for those
columns where the strength enhancement in the core was not sufficient to make-up for
the loss of cover. Beginning of cover spalling was visually observed and marked during
testing. Accordingly, the initial signs of cover spalling began at approximately 0.15%
to 0.30% for 124 MPa, 0.12 % to 0.25% for 92 MPa, 0.18% to 0.29% for 82 MPa, and
0.20% and 0.41% for 60 MPa concretes. It should be noted that these strain ranges only
indicate the initial signs of cover spalling and not accurate representations of spalling
load.

The test data was further analyzed with those reported by other researchers, to explore
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the possibilities of generalizing some of the conclusions drawn. Figure 5.3 depicts the
variation of column strength with concrete confinement. Those tested by Rangan et al.
(1991), and some of the columns tested by Yong et al. (1988) contained widely spaced
low volumetric ratio transverse reinforcement. These columns were able to develop
unconfined column capacities, P,, as given by Eq. 5:1. Columns tested by Itakura and
Yagenji (1992), without any cover, consistently showed higher capacities than those
computed based on gross cross-sectional area and unconfined concrete, since they did
not suffer strength loss du”o cover spalling, Those that were sufficiently confined to
offset the effects of covéf spalling consistently developed higher strengths than P,
However, the group that contained insufficient volumetric ratio of closely spaced
transverse reinforcement could not sustain capacities computed on the basis of total
cross-sectional area and unconfined concrete strength. Therefore, it may be concluded
that high-strength concrete columns may be classified into three groups in terms of their
capacities under concentric loading. The first group consists of plain or lightly reinforced
unconfined colunms,:-where early separation of cover concrete is not likely to occur.
These columns may be able to develop capacities based on the current practice for
normal-strength concrete, as given by Eq. 5.1. Columns confined with closely spaced
longitudinal and transverse reinforcement 2xperience loss of strength due to the early
separation of cover. Depending on the thickness of the cover, concrete strength, and the
degree of confinement of thc core, the unconfined strength P,, based on gross cross-
sectional area may or may not be attained. When core confinement is not sufficient, the
loss of strength associated with cover spalling can not be compensated by the concrete
confinement. These columns form the second group. It may be more appropriate to
compute concentric capacities of these columns on the basis of the core area. The third
group consists of columns with sufficient confinement of the core to develop unconfined
column capacities with core alone. Equation 5.1 may still be applicable to these
columns, provided that the attainment of the ultimate load capacity beyond the spalling
of the cover is an acceptable limit state for design purposes. More research is needed to

establish the govemning conditions for each category of columns, and the associated
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concentric load capacities.

5.4 Evaluation of Column Deformability

Column deformability reflects the ability of columns to deform without a significant loss
of strength. Deformability of columns tested in this research program were investigated
by examining the experimentally obtained axial stress-axial strain relationships of core
concrete. To quantify column deformability; the axial strain ductility ratio was used. The
strain ductility ratio was determined as the ratio of axial strain of confined concrete at

15% strength loss beyond the peak stress (e,;) divided by 0.002. These strain ratios are
listed in Tables 5.3 and 5.4.

The axial strain ductility ratios provide some measure of column deformability.
However, a better assessment of deformability can be achieved by examining the
complete stress-strain relationships. This is done in the following section, as the effects

of confinement parameters are examined.

5.5 Effects of Test Variables

The experimental progfam was designed to establish relationships between confinement
parameters, and strength and ductility of high-strength concrete. The following includes
the parameters considered in the test program:

1. Concrete conipressive strength.

Amount of lateral confinement reinforcement.

[

Strength of lateral reinforcement.

Tie spacing.

Distribution of longitudinal reinforcement and the resulting tie arrangement.
Influence of longitudinal reinforcement in circular columns.

Type of circular reinforcement (continuous spiral and circular hoop).

w0 N & kW

Section geometry.
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At least two companion columns were tested to investigate the effect cf each parameter.

These columns had otherwise identical properties.

5.5.1 Concrete Compressive Strength

Strength and ductility of unconfined concrete are known to be inversely proportional.
High-strength concrete is more brittle than normal-strength concrete. Therefore, concrete
strength was one of the primary variables that was studied extensively in the test
program. Columns with the same amount and arrangement of reinforcement, but with
distinctly different concrete strengths were tested to quantify the effects of this
parameter. Both square and circular columns, with low and high levels of confinement,
were considered. The results are compared in terms of stress-strain relationships of
confined core concrete. However, to facilitate the comparison of concretes with different
unconfined strengths, the stress axis was normalized relative to concrete cylinder

strength (f.).

Figure 5.4 shows comparisons of companion square columns with a 12-bar arrangement,
and either 60 MPa or 124 MPa concretes. The results indicate that 60 MPa concrete
benefited more from the same confinement reinforcement used in each companion pair,
and developed higher strength enhancement. Furthermore, the 60 MPa concrete clearly
showed better ductility characteristics than the companion ‘concrete with 124 MPa. The
difference in behaviour appeared to be more pronounced in columns with higher
volumetric ratio of confinement reinforcement. Similar comparisons, showing the effects
of concrete strength on strength and deformability of core concrete are shown in Figs.

5.5 and 5.6 for columns confined with 8-bar and 4-bar arrangements, respectively.
The effects of concrete strength on strength and deformability of spirally reinforced

circular columns are shown in Figs. 5.7. The sudden drops in strength observed in Fig:

5.7(b) are attributed to the buckling of longitudinal reinforcement associated with
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increased spiral pitch of 135 mm.

The comparisons described above indicate a consistent decrease in deformability with
increasing concrete strength. However, strength gain due to confinement is
approximately constant for concretes with different unconfined strengths. Columns with
different concrete strengths but similar confinement characteristics indicate
approximately the same absolute gain in strength due to confinement. Therefore, if the
same percentage of strength enhancement is desired, higher strength concrete columns

are required to be confined more than those with lower sirength concretes.

5.5.2 Amount of Confinement Reinforcement

The amount of confinement steel is directly redated to the passive confinement pressure
that can be exerted by reinforcement. A: increase in the amount of specific grade of
confinement steel, usually expressed in terras of volumetric ratio, directly translates into
a proportional increase in confinement pressure. In general, both the strength and

ductility of confined concrete increase with increasing volumetric ratio.

The significance of the volumetric ratio of confinement reinforcement on square columns
is illustrated in Figs. 5.8 and 5.9. The results indicate that both strength and ductility of
confined high-strength concrete increase with an increase in volumetric ratio. Columns
with low volumetric ratios exhibit brittle behaviour, showing high rate of strength decay
immediately after the peak load. On the other hand, columns with increased lateral
reinforcement are able to deform signiicantly with very little drop in capacity. The
improvements observed are more pronounced in columns with closer spacing of
transverse reinforcement. Similar observations can be made for circular columns, in Fig.
5.10.

162



5.5.3 Yield Strength of Transverse Reinforcement

Confinement pressure is generated from tensile forces that develop in transverse
reinforcement. It is therefore likely to expect that the steel yield strength plays a role on
concrete confinement. However, tensile stress in transverse reinforcement is ggqerated
as a result of lateral expansion of concrete, which in turn is dependent on the mechanical
properties of concrete. If the lateral strain in concrete is not high enough to strain the
transverse reinforcement to higher stresses, the extra strength of steel that may be

present, will not be utilized.

The effect of yield strength was investigated by testing two pairs of square columns with
the same volumetric ratio and spacing, but different yield strengths of lateral
reinforcement. The comparisons, shown in Fig. 5.11, indicate that the columns confined
with 1000 MPa lateral steel showed improved strength and ductility as compared to those
with 570 MPa steel.

The effect of yield strength was further investigated by testing columns with different
volumetric ratios (p,) and yield strengths (f,) of confinement reinforcement, but the
same p,f,, product (representing lateral pressure). The comparisons shown in Fig. 5.12
indicate that, although higher grade confinement reinforcement increases lateral pressure
and hence improves behaviour, the volumetric ratio plays a more dominant role on
concrete deformability, especially when the tie spacing is large. Hence, the increase in
the grade of transverse reinforcement could not totally make up for the proportional

reduction in volumetric ratio, in square columns.

Fig. 5.13 shows the behaviour of three pairs of spirally reinforced circular columns
where each column in a pair was reinforced with either grade 400 MPa or 1000 MPa
transverse reinforcement. The results exhibit similar behaviour within each pair,

indicating that the required lateral pressure could be provided either by increasing the
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volumetric ratio or the strength of transverse reinforcement. This implies that the
increased confinement pressure required for high-strength concrete circular columns can
be provided by increasing the strength of confinement steel. The apparent difference in
behaviour between the square and circular columns could be explained by the difference
in efficiency of confinement reinforcement, considered in the test program. When the
transverse reinforcement is efficient, as in the case of circular spirals and closely spaced
rectilinear ties, 1000 MPa transverse steel becomes fully effective in providing lateral
confinement pressure. When the tie spacing approaches h/2, as in the case of columns

in Fig. 5.12, using low volumetric ratio high-strength steel is not as effective as high

volumetric ratio lower grade steel.

5.5.4 Distribution of Longitudinal Reinforcement and Resulting Tie
Arrangement

Arrangement of transverse reinforcement is an important parameter that affects
distribution of confinement pressure. If the lateral force applied by transverse
reinforcement on concrete is well distributed around the perimeter of the core concrete,
the distribution of lateral pressure becomes almost uniform, improving the efficiency of
confinement reinforcement. The arrangement of transverse reinforcement has been

shown to have significant effects on strength and ductility of normal-strength concrete

columns.

Fig. 5.14 illustrates the behaviour of high-strength core concrete in two sets of three
columns, confined with different arrangements of tie reinforcement. The reinforcement
arrangements include 4, 8, and 12 longitudinal bars laterally supported either only by
perimeter hoops, or perimeter hoops in combination with cross ties or interior hoops. The
results indicate that as the spacing of laterally supported longitudinal reinforcement s,
decreases, strength and ductility of high-strength concr&e increase. This implies that the

tie spacing s in the longitudinal direction can be relaxed if the spacing s, in the transverse
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direction is reduced to improve the efficiency of reinforcement. Figs. 5.15 and 5.16
indicate that there is a direct trade-off between s and s. For example, the spacing s of
column CS-22, shown in Fig. 5.15(a), can be relaxed from 85 mm to 120 mm provided

that the arrangement is improved from 8-bar to 12-bar, to attain similar behaviour.

5.5.5 Tie Spacing

Spacing of transverse reinforcement is one of the important parameters that affects the
distribution of confinement pressure, as well as the stability of longitudinal
reinforcement. Closer spacing of transverse reinforcement is known to increase the

uniformity of lateral pressure and effectiveness of confinement reinforcement.

Behaviour of columns with different tie spacing is shown in Figs. 5.17 and 5.18. These
columns also have different volumetric ratios of tie steel. The comparisons, shown in
Figs. 5.17 and 5.18, indi_c::ate that the negative effects of increased tie spacing can be
offset by increased volumetric ratio of transverse reinforcement, provided that premature
buckling of longitudinal steel is prevented. However, the relationship between the effects
of tie spacing and volumetric ratio is not linear. The effectiveness of transverse
reinforcement diminishes quickly with increase in tie spacing. Columns with wide tie
spacing may not develop any confinement, irrespective of the volumetric ratio used.
High-strength concrete columns tested by Yong et al.(1988) did not develop any effect

of confinement when the tie spacing was increased to be equal to the section size.

5.5.6 Effect of Longitudinal Reinforcement in Circular Columns

Although circular hoops provide uniform pressure at hoop level, the presence of
longitudinal bars may provide additional restraining action against lateral expansion of
concrete, and may improve the confinement efficiency. Previous research on circular
columns was conducted mostly on small scale columns with no longitudinal

reinforcement. Eight columns were tested to study the effect of longitudinal
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reinforcement on behaviour of circular columns, These include columns CC-5, CC-6,
CC-17, and CC-18 without any longitudinal reinforcement, and columns CC-3, CC-1,
CC-14, and CC-16 with eight longitudinal bars, uniformly distributed around the section
perimeter. Figs. 5.19 and 5.20 indicate that the longitudinal reinforcement improves
strength and ductility of circular columns. Therefore, previous research on circular
columns, mostly conducted on small scale cylinders without any longitudinal

reinforcement, has to be reassessed in view of these findings.

5.5.7 Type of Circular Reinforcement

One of the variables investigated in the experimental program was the significance of
continuity in transverse reinforcement, as in the case of continuous spirals, as opposed
to individual circular hoops. Columns CC-3 and CC-4 were tested for this purpose.
These two columns had identical properties, with the exception of the type of transverse
reinforcement. Column CC-3 had a continuous spiral, whereas CC-4 had circular hoops,
the ends of which were connected with mechanical coupling devices to prevent opening
under lateral pressure. Fig. 5.21 depicts the stress-strain relationships of core concretes
for these two columns. The results indicate similar stress-strain relationships, implying
circular spirals and hoops can be used interchangeably in confining concrete, provided

that the hoop ends are connected not to allow opening under lateral pressure.

5.5.8 Section Geometry

Tt has been well established that circular spirals are more effective in confining concrete
than rectilinear ties. The superiority of circular spirals come from their geometric shape
which produces uniform and continuous pressure around the circumference of the core.
Rectilinear ties produce non-uniform pressure which peaks at locations of transverse legs
of tie steel. The effect of section geometry can be seen by comparing test resuits for
square and circular columns with identical concrete strength and amount and spacing of

confinement reinforcement. This is done in Fig. 5.22. The comparison clearly shows the
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superior performance of core concrete confined with circular spirals over a square core
confined with perimeter hoops only. It is, however, possible to improve the behaviour
of square columns up to the same level of performance as circular columns, or even
higher level of performance, by improving the efficiency and/or the amount of
confinement reinforcement. Figures 5.23 and 5.24 illustrate that similar behaviour was
attained in square and circular columns when 8-bar or 12-bar arrangements were used

for the square columns with increased volumetric ratio of transverse reinforcement.

5.6 Summary and Conclusions

The following conclusions can be drawn from the experimental parametric study

reported in this chapter:

1. High-strength concrete columns under monotonically increasing concentric
compression show extremely brittle behaviour unless confined with transverse

reinforcement, providing sufficiently high lateral confinement pressure.

2. High lateral pressure required to confine high-strength concrete, relative to
normal-strength concrete, can be provided either by increasing the volumetric
ratio of confinement steel and/or using high-strength lateral steel. High strength
steel, with 1000 MPa yield strength, can be fully utilized in confining high-

strength concrete.

3. The beneficial effects of high strength concrete becomes more apparent when the
transverse reinforcement is efficient, as in the case of circular spirals and closely

spaced rectilinear ties.

4. Although higher grade confinement reinforcement increases lateral pressure and

hence improves behaviour, the volumetric ratio plays a more dominant role on
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concrete deformability. Hence, the increase in the grade of transverse

reinforcement can not totally make up for a proportional reduction in volumetric

ratio.

5. The test resulis indicate a consistent decrease in deformability with inéfeasing
concrete strength. However, strength gain due to confinement is approximately
constant for concretes with different unconfined strengths. Columns with
different concrete strengths but similar confinement characteristics indicate
approximately the same absolute gain in strength due to confinement. Therefore,
if the same percentage of strength enhancement is desired, higher strength

concrete columns are required to be confined more than those with lower

strength concretes.

6. Confined high-strength concrete columns with closely spaced reinforcement

separating the core form the cover exhibit early spalling of cover concrete under'. -

concentric compression. Columns with efficient reinforcement arrangement
and/or high volumetric ratio of confinement steel may be able to exceed their
capacities based on the current building code approach. However, when
confinement parameters are not favourable, columns may not develop the

computed capacity based on the building code approach due to the early spalling

of cover.

7. Reducing the spacing of lateral and/or longitudinal steel increases confinement
efficiency, and improves strength and ductility of high-strength concrete

columns.

8. Circular spirals are more effective in confining concrete than rectilinear ties.
High-strength concrete columns confined with circular spirals showed improved

strength and ductility when compared with columns confined with the same
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volumetric ratio of rectilinear ties. However, it is possible to improve the
behaviour of square columns up to the same level of performance as circular
columns, or even higher level of performance, by improving the efficiency and/or

the amount of confinement reinforcement
9. Circular hoops show similar effects of confinement as circular spirals.

10. Longitudinal reinforcement in circular columns has an effect on concrete
confinement, when tied by closely spaced circular ties or spirals. Therefore, the
characteristics of confined concrete in circular columns can not be assessed
accurately by testing circular columns with transverse reinforcement only, as has

commonly been done in previous research.
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Table 5.1: Experimental and theoretical strengths for square columns.

Cotumn . T Pow Pt T Po P Poe  Pu  fom
Number (MP2) &GN GN) (MP) N &N &N  Fo  f'co
“CS.1 124 6040 5680 1208 6863 5317 4957 088 LIS
cS2 124 6597 5877 1216 7139 5317 4597 092 115
CS-3 124 7402 6138 1201 7415 5317 4237 1.0 1.22
CS.4 124 6631 5911 1234 7139 5317 4597 093 LI7
CS-5 124 6849 5769 1225 7415 5317 4237 092 116
CS6 124 6927 5596 1157 7139 5317 4597 097 110
0s.7 124 6910 5466 1150 7415 5317 4237 093  1.09
cs.8 124 6165 5445 1178 7139 5317 4597 086  LI2
CcSo 124 7177 6096 1342 7415 5317 4237 097 127
CS-10 124 6863 6863 1098 6588 5317 5317 104 104
Cs-11 81 4856 4416 939 4608 5317 4957 105 136
cs-12 81 4366 3861 821 4608 5317 4957 095  L19
CS-13 92 4874 4154 859 5482 5317 4597 089 110
CS-14 92 5561 4482 943 5780 5317 4237 096 121
CS-15 81 5296 4576 955 4913 5317 4597 108 139
cs.16 81 5578 4482 952 5218 5317 4237 107 138
CS.17 81 5242 3636 752 4913 5317 4597 107 109
Cs.18 81 5536 3633 764 5218 5317 4237 106 LI
CS.10 02 5536 4815 1042 5482 5317 4597 101 1.3
CS-20 92 5911 4830 1063 5780 5317 4237 102 136
CS.21 81 4645 4645 743 4303 5317 5317 108 LOB
CS-22 60 4322 3257 680 3826 5317 4597 113 133
0S.23 60 4790 3357 713 4145 5317 4237 116 140
cS.24 60 4763 3356 726 3826 317 4597 124 142
CS.25 60 4996 3166 697 4145 5317 4237 121 137
CS26 60 5365 3647 767 4145 5317 4237 129 150

Note: P,y is the maximum column load recorded during testing. Po we, fie are the maximum lcad and stress
resisted by core concrete. Po , Py, and Poo are defined in Equations 5.1, 5.2, and 5.3 respectively.
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Table 5.2: Experimental and theoretical strengths for circular columms.

-'M
Column f 'c P|.1, Pu: (™3 f tast Po Poc Pnu: Pt.-t f test
Number (MPa) (kN) (kN)  (MPa)  (kN) (kN) (kN) Po f'co

cC-1 60 3499 2259 599 3142 2643 1923 1.11 1.17

ccp 60 3035 2241 623 3142 2554 1834 097 122
cc.s 60 3483 2580 684 3142 2643 1923 L1I 134
Cc.a 60 3402 2543 674 3142 2643 1923 108 132
cc.s 60 2783 2415 618 2593 2094 1994 107 121
ccs 60 2505 2214 566 2593 2094 1994 097  1lI
cc.s 124 5354 4634 1229 5725 4694 3974 094 117
cco 124 5564 4845 1347 5725 4511 3791 097 128
cc.jo 124 5076 4356 1353 5725 4511 3791 089 128
cc.yl 124 5424 4704 1248 5725 4694 3974 095 LIS
cc.lp 124 5482 4762 1277 5725 4650 3930 096 121
cc.1a 92 4590 3820 1025 4434 3635 2915 104 131
cc.1s 92 4501 3781 1052 4434 3532 2812 102 135
Cc.l6 92 4266 3546 951 4434 3635 2915 096 122
cc.17 92 3693 3452 892 3923 3125 3025 094 114

cc.is 92 3538 3216 831 3923 3125 3025 090 106
ce.1o 92 4339 3402 946 4434 3532 2812 098 121
cc2o 92 4172 3331 884 4434 3668 2948 094 113

cea1 92 4323 3522 934 4434 3668 2948 098 119
ccop 92 4237 3210 893 4434 3532 2812 096 LM

[N NNNN__—E_ ]

Note: P is the maximum column load recorded during testing, Po e, fuen are the maximum load and stress
resisted by core concrete. P, , Py , and Po.. are defined in Equations 5.1, 5.2, and 5.3 respectively.
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Table 5.3: Axial strain ductility ratios for square columns.

Columr  Reinforcement f'e s Psf y €ss €gs
Number  Arrangement (MPa) b, | (%) 0.002
Cs-1 2 124 0.25 0.108 0.36 1.8
CS-2 3 124 0.25 0.099 0.78 3.9
CS-3 4 124 0.25 0.099 0.82 4.1
CS-4 3 124 0.25 0.175 1.19 59
CS-5 4 124 0.54 0.107 0.46 2.3
CS-6 3 124 0.38 0.034 0.46 2.3
CS-7 4 124 0.54 0.032 0.50 2.5
CS-8 3 124 0.39 0.104 093 4.7
CSs-9 4 124 0.55 0.099 0.78 3.9
CS-10 1 124 N/A 0.000 N/A N/A
CS-11 2 81 0.18 0.226 2.00 10.0
CS-12 2 81 0.25 0.165 0.74 37
CS-13 3 92 0.25 0.134 0.91 4.6
CS-14 4 92 0.25 0.134 1.80 9.0
CS-15 3 81 0.25 0.267 1.24 6.2
CS-16 4 81 0.38 0.231 0.83 41
Cs-17 3 81 0.38 0.052 0.68 34
CS-18 4 81 0.38 0.069 0.78 3.9
CS-19 3 02 0.39 0.141 0.92 4.6
CS-20 4 92 0.39 0.188 1.54 1.7
CS-21 1 81 N/A 0.000 N/A N/A
CS-22 3 60 0.38 0.234 0.78 3.9
CS-23 4 60 0.54 0.221 1.03 5.2
CS-24 3 60 0.39 0.216 1.65 8.3
CS-25 4 60 0.55 0.204 1.98 9.9
CS-26 4 60 0.25 0.205 1.46 7.30

M

Note: Reinforcement arrangements are shown in Figure 4.2.
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Table 5.4: Axial strain ductility ratios for circular columms.

w

Column Reinforcement f'. $ Puf g Egs _Es5 _
Number _ Arrangement (MPa) be f'e (%) 0.002
cC-1 5 60 0.60 0.045 0.66 33
cC-2 5 60 0.62 0.090 0.74 3.7
CC-3 5 60 031  0.088 0.90 4.5
CC-4 5 60 0.31 0.088 0.73 3.7
CC-5 6 60 0.31 0.088 N/A N/A
CC-6 6 60 0.60 0.045 N/A N/A
CC-8 5 124 0.31 0.042 0.50 2.5
CC-9 5 124 0.62 0.044 N/A N/A
CC-10 5 124 0.27 0.098 1.00 5.0
cc-11 5 124 0.27 0.049 0.53 2.7
cC-12 5 124 0.27 0.107 1.00 -~ 5.0
CC-14 5 92 0.27 0.144 0.88 4.4
CC-15 5 92 0.27 0.133 0.85 4.3
CC-16 5 92 0.45 0.086 0.58 2.9
CC-17 6 92 0.27 0.144 0.63 3.2
CC-18 6 92 0.45 0.086 0.64 3.2
CC-19 5 92 0.46 0.080 0.72 3.6
CC-20 s 92 0.45 0.040 0.42 2.1
CC-21 5 92 0.31 0.057 0.67 3.4
cC-22 5 92 0.62 0.059 0.44 2.2

[P

Note: Reinforcement arrangements are shown in Figure 4.2.
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(a) Cover spalling in a square column. (b) Cover spalling in a circular column.

(c) Large pieces of spalled off cover concrete signifying instability failure.

Figure 5.2: Typical spalling of cover in high strength concrete columns.
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Figure 5.5: Effect of concrete strength for square columms with 8-bar arrangement.
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Figure 5.10: Effect of volumetric ratio of transverse reinforcement for circular columns.
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Figure 5.11: Effect of yield strength of transverse reinforcement for square colummns,
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Figure 5.14: Effect of distribution of longitudinal reinforcement for square columms.
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Chapter 6
Analytical Computations

Part 1- Review of Available Models

6.1 General

A critical review of previously proposed confinement models is presented in this
Chapter. While the models for normal-strength and high-strength concretes are both
included in the review, the emphasis is placed on those that were developed for high-
strength concrete. A comprehensive review of available models for normal-strength
concrete was presented earlier by the author (Razvi 1988). Development of a new
confinement model, applicable to normal-strength and high-strength concretes, is
discussed in Chapter 8 with extensive verifications, involving a large number of

comparisons with experimental data.

6.2 Confinement Models for Normal Strength Concrete

Richart et al. (1928, 1928) were among the first researchers to study strength and
ductility of confined normal-strength concrete. Their research on concrete cylinders,

either confined by uniform fluid pressure or spiral reinforcement, provided some of the
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basic information on concrete confinement. Confinement by reinforcement was
researched extensivaly in the past by Chan (1955), Roy and Sozen (1964), Sulaiman and
Yu (1967), Sargin et al. (1971), Kent and Park (1971), and Vallenas et al. (1977). These
researchers developed analytical models for the stress-strain relationship of confined
concrete. The main variables considered in these models were the size, strength, amount
and spacing of lateral reinforcement. Other variables considered included cross-sectional

size and shape, rate of loading, and amount of longitudinal reinforcement.

Researchers prior to 1975 did not consider the distribution of longitudinal reinforcement
and the resulting tie arrangement as a confinement parameter. This effect was discussed
by Park and Paulay (1975), and Sheikh and Uzumeri (1980). The tie arrangement was
not a parameter in the earlier models, as well as some of the more recent models (Park,
Priestley, and Gill 1982, Fafitis and Shah 1985). The influence of this parameter on
square columns was shown experimentally, for the first time, by Sheikh and Uzumeri
(1980) The importance of tie arrangement was also shown by Scott, Pask, and Priestley
(1982) for columns under concentric and eccentric loadings, and by Ozcebe and
Saatciogiu (1987) for columns under reversed cyclic loading. This effect was first
modeled by Sheikh and Uzumeri (1982), using "effectively confined core area” concept,
illustrated in Figure 6.1. A comparative study, conducted by Sheikh (1982), showed that
models that did not include reinforcement arrangement as a parameter were not able to
predict differences in response resulting from the tie arrangement. The Sheikh and
Uzumeri model was subsequently modified by Sheikh and Yeh (1986) and Yeh and
Sheikh (1988) to incorporate the effects of eccentric loading and high axial compression
under eccentric loading. A comprehensive bibliography of available models prior to
1988 was compiled by the author (Razvi 1988).

A theoretical model was proposed by Mander, Priestley and Park (1988), with a wider
scope than those previously proposed. The model was based on the effectively confined

core area concept. The model was shown to produce good predictions of test data for
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circular, square, and rectangular sections subjected to high and low strain rates.

While the effectively confined core area concept, as proposed for symmetrically
reinforced square columns (Sheikh and Uzumeri 1982) was a significant step forward
in predicting the characteristics of confined conc:ete, the application of the coric:,ept to
non-square sections raises questions, especially if the empirically derived coefficients
for square sections are to be used. Figure 6.1 (b) illustrates a rectangular section where
the parabolic arches defining the effectively confined core area overlap, resulting in
negligibly small or negative effectively confined core area. Therefore, this section is
expected to develop little or no cornfinement action. However, the same section can
develop significant confinement when reinforced with closely spaced hoops, especially
if it has high volumetric ratio of hoop steel. Therefore, the use of effectively confined

core area concept for this column may result in erroneous results.

Additional difficuities arise when the same concept is applied to columns with
asymmetric tie arrangement, and used to quantify lateral pressure, as done by Mander,
Priestley and Park (1988). Figures 6.1 (c) and 6.1 (d)' illustrate column sections with
unequal lateral reinforcement arrangements in two orthogonal directions. In this case the
lateral pressure in each direction is different. In rectangular sections, the pressure on the
long side has a more pronounced effect than that acting on the short side. However, the
effectively confined area is a sectional property which does not reflect the differences

in confinement pressure in each direction.

The effectively confined core area concept has further limitations when applied to
sections reinforced with different confinement reinforcement. Figure 6.1 (e} illustrates
a square column reinforced with square hoops and a circular spiral. The concept as
defined for square columns with rectilinear reinforcement, can not be applied to this type

of columns.
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6.3 Confinement Models for High Strength Concrete

Confinement models developed for normal-strength concrete may not be applicable to
high-strength concrete. These models were shown to overestimate ductility when applied
to high-strength concrete. Therefore, existing confinement models for normal strength-
concrete are usually modified to be used for high-strength concrete. The following is a

brief summary of confinement models proposed in the literature for high-strength

concrete.

6.3.1 Ahmed and Shah (1982)

Ahmed and Shah were among the first group of researchers who propose a model for
confined-high strength concrete. The model was developed on the basis of test data on
up to 69 MPa concrete columns. It involves an iterative procedure, utilizing triaxial
stress-strain relationship of plain concrete and stress-strain relationship of confinement
steel. The model was verified against tests of concrete cylinders confined with circular

spirals.

6.3.2 Martinez, Nilson, and Slate (1982)

Martinez et al. (1982) proposed a stress-strain relationship for confined concrete within
the range of 21 to 83 MPa for normal-density concrete and 21 to 62 MPa for low-density
concrete. The model is limited to steel grades of 414 MPa and lower. The relationship
was derived on the basis of test data obtained from concrete cylinders confined with
circular spirals, without any longitudinal reinforcement. Strength enhancement was
expressed as a function of lateral pressure and spacing of confinement steel, as indicated

below.

[ =L AS, (6.1)
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CAf =40 f7, (1--1—;—,) (6.2)

63)

Ductility improvement is expressed in terms of concrete strength, lateral pressure, and

spacing of confinement reinforcement.

€= €,tA€, (6.4)

12
1.724f,(1 D,)
f.r

Ae = (6.5)

[

Where D’ is the diameter of core concrete, A, is the area of circular hoop, and f, isthe
stress in circular hoop. It was assumed that the in place strength of concrete f °.;= 0.85

f’. and the corresponding strain €,,= 0.0025. Substituting these values into the above

equations leads to,
8.04_f s
* =0.88f + 2T | 1 6.6
f (- f [ s D ’ ( D ’ ] ( )
3.454
G. = 0,0025+ ..—'!i'.’— ( 1- i’] (6.7)
sD'(f.Y D

The mathematical expression for the ascending branch of the stress-strain relationship

is given below.
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Fore <€, .

EC ec
E
14|oea Sl (6.8)
E, €, le .
where;
w LS
E = (40000,/ " +1.0x10° £ si 6.9
= ( v ) vr P (6.9)
f'
E = &c
. T (6.10)

The descending branch was assumed to be a straight line, where the strain at 15%

strength decay for confined concrete, €45, was defined as indicated below.

21x10° " 1-2
avy, -]

- 6.11)
€™ €t : (
sy
The strain at 15% stress decay for unconfined concrete, €y, was defined as;
1
€., =0.0025 [( lf"—l] +1] 6.12)

633 M ma, W himi i 1983

Watanabe et al. (1980) had proposed a model for confined concrete with a strength of
26.2 MPa to 61.4 MPa. The model had been derived based on tests of concrete prisms

202



and cylinders confined by lateral reinforcement having a yield strength between 161 and
1353 MPa. Muguruma et al. (1983) modified the model to increase the range of concrete
strength. The modification was based on tests of small scale square columns confined
with 1390 MPa lateral steel, without any longitudinal reinforcement. The concrete
strength varied between 34 to 87.5 MPa. A confinement coefficient, C. , was pl"éposed

as defined below, and used to express the peak stress and corresponding strain of

confined concrete.

= U313p, ‘/_ (l -0.5 7 ] (6.13)

Where b is the largest dimension of confined core concrete.

The peak stress and strain are function of the confining coefficient, and given below.

S e

(1+49C, ) [, (6.14)

m
"

(1+341C, ) €, (6.15)

The peak strain of unconfined concrete, €,,, can be calculated as follows;

e, =(0.814k_+1.67) /1000 k, <1.5 (6.16)

€,,=2.817/1000 k, >15 (6.17)

Where k,, is a parameter that reflects the mix properties of fresh concrete, and can be

calculated from the following equation.
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k =(f°./54) (€/500)* (w /200) (6.18)

The terms ¢ and w refer to cement and water contents in (kg/m’), respectively.

Ascending part of the proposed stress-strain relationship consists of two second degree
parabolas. The first parabola is common to both unconfined and confined concretes, and
starts at the origin and terminates at the peak point of unconfined concrete (f'; , €;,). The
second parabola starts at (f, €;,) and terminates at the peak point of confined concrete
(f.. , €,). The descending branch of the stress-strain relationship is a straight line.
Starting at the peak of confined concrete (f'.. , €,), and terminating at a point referred to
as the available limit strain of confined concrete {f, , €,,). The mathematical expressions
for the three parts of the relationship are given below.

For 0<e <€y:

(f'c_E.ieol ) .
€

feEer———e, (6.19)
0
E, =4651,/ [ (6.20)
For €, <e <€
(f.-1,.) 2 g
fr———r ¢ )+ [, (6.21)
(eu" 5 )

For ¢, <g,
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(e.-€)+f. (6.22)

Where £, and €, are defined below.

z(sc- 'u 1 ’
Jou™ S € )+f ce (6.23)

[ o
1 (1]

€, =(1+509C ) e, (6.24)

The strain ¢, is defined below.

e, =131e, k_ >15 (6.25)

€, = (-0265k_+1.71)¢, k, <15 (6.26)

Where, S , is the area under the stress-strain curve of confined concrete up to the peak.

For unconfined concrete, the model consists of two parts. The ascending branch is the
same as for confined concrete. The descending branch is a straight line defined by the
following equation,

f;.= f"+( -f;-f’e )(Ee-etl )
(e--eu )

(627)
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Where;

. 2(S_f'ceol)

L= 17, ) (6.28)

Where S is the area under the stress-strain curve up to f.".

6.3.4 Fafitis and Shah (1985)

Fafitis and Shah had developed a model for confined concrete, based on a large number
of small cylindrical specimens with concrete strengths up to 62 MPa. (Fafitis and Shah
1985 a). The model was later modified to include the effects of higher strength concretes
(Fafitis and Shah 1985 b). The modification was based on the tests conducted by
Muguruma et al. (1983) and Martinez et al. (1982).

According to the model, the peak stress and the corresponding strain can be calculated

as follows;
, 21
[ =A [f ‘+(1_15+_’_] j'] (6.29)
€, =1.4%10°% S, +0.02962, j{—:+ 0.00195 (6.30)
Where;
3
A, =1+ 15[ -£— (6.31)
/.
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(632)

A, is the area of circular spiral or circular hoop. The model was developed for circular
columns, and can be used for square columns with well distributed and laterally
supported longitudinal reinforcement. The confining pressure, f, is calculated
approximately by assuming an equivalent circular column with an effective diameter, D,,
equal to the side of the confined square core. For such square column, the confining

pressure is given below;

(6.33)

A, is the total cross-sectional area of rectilinear ties, including cross ties if any. The
proposed stress-strain relationship consists of two continuous branches. The ascending
branch is a parabolic curve that starts at the origin and terminates at the peak (f.., €,)).
The descending branch is an exponential curve that starts at the peak and reaches zero

stress at infinite strain. The expressions defining the stress-strain relationship are given

below.
For €.<¢€;:
c A
f.=1..1- 1--= (6.34)
el
For € 2 €;:
j; = f'” exp [-k(e—el)""] (6.35)
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Where;

A _ Et el
f €39
_ , 1,
k— 24.7f c exp - 1.45 -l_- . (6'37)
/. . [
A =1+258-11 - -
1t f': exp( 44-_79) } (6.38)
E =33 w'* f" psi (6.39)

It is to be noted that the model is applicable to unconfined concrete with f;, = 0.

6.3.5 Yong, Nour, and N 1988

Yong et al. (1988) proposed a stress-strain relationship on the basis of experimental data
obtained from tests of small scale square columns with concrete strengths of 84 to 94
MPa. Three sets of parameters are required to define the complete stress-strain
relationship. These include; the peak stress and corresponding strain (£, €,), the stress
defined as inflection stress on the descending branch and corresponding strain (£, €;),
and the stress and strain at an arbitrarily selected point on the descending branch (£;;, ;)
where ¢, is equal to (2¢; - €,). The proposed peak stress is similar to that suggested
originally by Sargin (1971), and modified later by Vallenas et al. (1977). The expression
is given below;
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(6.40)

[ Kf= [uo.u (1-9—2;‘1-51) (p nd’’ )

\/_

where, h is the iength of one side of the rectangular tie, n is the number of longifudmal
bars, d”’ is the nominal diameter of lateral ties, d is the nominal diameter of longitudinal

bars, and p is the volumetric ratio of longitudinal reinforcement.

The proposed strain corresponding to the peak stress is also similar to that proposed

originally by Sargin (1971), as illustrated below.

0. 734s

m

The other variables can be calculate from the following equations;

f’
0.25| — | +0.4 .
( 7 ] ] (6.42)

cc

0.008(1 - )( f)*

€, =0.00265 + (6.41)

fi=/.

€ =K

1

] +0.0003] T (6.43)

By|m

fu=1" [oozs( £ 9] 0065] 20.30f", (6.44)
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€,= 26~ € (6.45)

The proposed stress-strain curve consists of three parts. The first part (ascending .b‘ranch)
and second part (descending branch) are polynomials, similar in form to that originally
proposed by Sargin (1971). They are used to produce a smooth continuous curve. The
two equations meet with a slope continuity at the peak stress point. The third part of the
curve is a horizontal segment, starting at the end of the second part where the stress
reaches 30% of the peak , and shows constant stress beyond this point. The mathematical

expressions for the stress-strain relationship are given below.

Fore < €,;
Y- AX+BX?
= : (6.46)
1+(A -2)X+(B+1)X
Fore 2 g,
2
¥- CX+DX 6.47)
1+ (C-2) X +(D+1) X?
Where;
e"
X== (6.48)
el
A
Y=— 6.49
I (6.49)

210



C

d4e E,,
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m
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E-2155w' \[f7
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(6.50)

{6.51)

(6.52)
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6.3.6 Bjerkeli, Tomaszewecz, and Jensen (1990

Bjerkeli et al. (1990) proposed a generalized model for high-strength concrete,
applicable to circular, square, and rectangular sections. The behavior of confined
concrete was assumed to be controlled by three parameters; concrete s;rength,
confinement pressure, and section gebmetry. The model is applicable to normal ciensity
and low density concretes up to 90 MPa and 70 MPa, respectively. The equations

presented here are only those applicable to normal density concrete. The proposed peak

stress is given below.

fo=f 24K f, 45MPa < f° < 80MPa (6.57)

f., = f’c+3I{‘ f 80MPa < f, < 90MPa (6.58)

The confinement pressure is defined as;

A
Pt (6.59)
hs
K, is the larger of K, and K,
K,-1-= (6.60)
& d
4-.2C
ERr Y7y (6.61)
Where; h': outer size of confined section.

A, total effective area of hoop ties and supplementary confining
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reinforcement, in the direction under consideration, within

spacing s.
d: the shorter outer diameter of hoop ties.
n number of laterally supported longitudinal bars.

o

distance between laterally supported bars.
A  gross area of concrete section measured to centre line of

peripheral hoop.

The strain corresponding to the peak can be calculated from the following equation.

[

€= 0.0025+0.050K [ ff ] (6.62)

c

The proposed stress-strain relationship is a2 modified version of Martinez et al. (1982)
model. It consists of three parts. The ascending branch is a polynomial, starting at the
origin and ending at the peak stress. It is followed by a linear descending branch which
ends at a stress level of f,,. Beyond this point the stress is assumed to be constant. The
expressions for the stress-strain relationship is given below.

For €. <¢:

E e {6.63)

Where;
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=~

( w. ]l.s .
E = 9500 2200 (f.)

For €.~ ¢,:
-fc: = f'cc _'Z (ec‘ el )
Where
0.15
Z= f’tt
€™ &

0.051{' (f, If)
g5~ Eops* -
(1-F)
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1

1+ 1 038 (6.70)
/. K,

When the stress reaches f,, on the descending branch, it remains constant. This stress

F=

is defined below.

A, [
= 487 kvt
£ 1 (6.71)

4

The main deficiencies of the model were discussed by Razvi and Saatcioglu (1991).
Accordingly, the section geometry factor K, is defined as the larger of K, and K, . The
tie spacing s is included only in the expression for K,, while the number of laterally
supported longitudinal bars is included only in the expression for K, . This implies that
there is no effect of laterally supported longitudinal bars when K, governs, and no effect
of tie spacing, when K, governs. This is inconsistent with experimental observations,
as the tie spacing and the number of laterally supported longitudinal reinforcement both
affect concrete confinement, and these parameters are interrelated.

The expression used for K, was developed for square columns. The applicability of this
equation to circular and rectangular columns is questionable. Variables 'n’ and 'C' are not
defined for circular columns, as well as rectangular columns, where the spacing of
longitudinal reinforcement is likely to be different in two orthogonal directions. In
rectangular columns, the lateral confining pressure in one direction may not be equal to
the pressure in the orthogonal direction. This implies that lateral pressure f usedinthe
model is not constant for a given section. Therefore, the analytical model appears to have

limitations that have not been mentioned by the authors.

Another questionable point in the analytical model is the sudden change in the confined
concrete strength at the 80 MPa strength level. It is not likely that the concrete
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confinement mechanism changes suddenly at this strength level.

6.3.7 Muguruma, and Watanabe (1990)
Two of the previously proposed models were modified by Muguruma and Watanabe
(1990) to reflect recent experimental resuits. The results were obtained from eight large

scale HSC columns with well distributed longitudinal steel, tested under constant axial

load and lateral load reversals.

One of the models had been developed by Muguruma et al. (1983) for high strength
concrete, on the basis of column tests conducted on small scale square columns without
longitudinal steel and cross ties. It was found that the model underestimated the
curvature ductility in test columns. Therefore, the model was modified by reducing the
slope of the descending branch to produce a better agreement with test data. The
modification was introduced by increasing the available limit of compressive strain € .

The original expression is given below.

€, =(1+509C) €, (6.72)

The modified expression is;

€ = (1+509C)) €, (6.73)

Where, « is the modification coefficient. The value of o varies between 1.22 to 1.43
based on test results. However, a value of 1.2 was recommended for practical
applications involving the computation of section curvature. The model does not account

for effects of ‘longitudinal steel distribution on confinement.

The second model that was modified by the same researchers was the modified Kent and
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Park mode! (Park et al. 1982), originally developed for normal-strength concrete. It was
found that the original model overestimated the curvature ductility of high-strength
concrete columns. Therefore, the mode] was modified by increasing the slope of the
descending branch as a function of concrete strength. The original slope of the

descending branch is given by the following expression:

tan0-K Z_ f". (6.74)

The modified slope of the descending branch can be calculated from the following

expression:

tan6-pK Z_ [ (6.75)

where, P is a modification factor, which is a function of concrete and steel strength, as

indicated below:

p=1.0for f,=328 MPa and f," =43 MPa or less
p=3.5for f,=328MPa and f"=97MPa
B=1.0for f,=792MPa and f,' =57 MPa or less
p=35for £, =792MPa and f." =120 MPa

K is the ratio of confined to unconfined concrete. Z,, is the base value of slope which is

a function of concrete strength, as well as the amount, strength, and spacing of

confinement reinforcement.

Muguruma et al. (1991) modified one of the models already modified for high-strength
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concrete (Muguruma and Watanzbe 1990). The original model was developed by
Muguruma et al. (1983). The modification was based on recent experiments conducted
under constant axial load and lateral load cycles, and invoived four large scale columns
with concrete strength of 130 MPa. The re-modified model! consists of three parts. The
ascending branch is a polynomial, starting at the origin and ending at the peak stress. It
is followed by a linear descending branch which ends at a stress level of 0.50 f.". Beyond
this point the stress is assumed to be constant. The mathematical expression of the
ascending branch and the slope of the descending branch are identical to those of the
modified modal (Muguruma and Watanabe 1990). However, in the re-modified model

it was assumed that concrete strength does not fall below 50% of the peak stress.

6.3.9 Nagashima, Sugano, Kimura, and Ichikawa (1992

Nagashima et al. (1992) proposed a model base on the results of square column tests.
The effectively confined core area concept, suggested by Sheikh and Uzumeri (1982)
was adopted in calculating confined concrete strength. The concept reflects the effects
of longitudinal reinforcement and tie spacing. Confined concrete strength can be

calculated from the following equations:

f'cc = f'n+31'4vl. P ’w jj:l' V‘ (6'76)

) 2
A= (1-%%](1-%] 6.77)

Where,
P, = area ratio of lateral reinforcement (A, / (B s)).

B = centre-to-centre distance between the legs of perimeter ties.
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C,= centre-to-centre distance between the longitudinal perimeter bars.

The strain at peak stress is expressed by the following equation:

€€, [1 +138 [ L}P—"QN (6.78)

The stress strain relationship consists of three parts. The expression proposed by
Popovics (1973) and used by Mander et al. (1988) was adopted for the first part
(ascending branch). The second part of the curve (descending branch) is a straight line,
starting at the peak and terminating when the stress reaches 30 % of the peak stress. A
horizontal line is assumed beyond this point to form the third part, with constant concrete

stress.

The following are the mathematical expressions proposed for the stress-strain

relationship.
Fof €S €
f..Xr
= er—— 6.79
¢S X’ (6.79)
For €.>¢,:
r ec - el 4
S, .. 105 = 031", (6.80)
€ ~ §
Where,
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x- &
= = (6.81)

r=
EE (6.82)
S
E_ = . (6.83)

The strain at 50% stress decay is given below.

I
€.~ €, +0.193 [—-;—'”—{’l] (6.84)

ec

6.3.10 Muguruma, Nishiyama, an n 1993

Muguruma et al. modified their original model for the fourth time in 1993. The
modification was based on the same earlier tests that formed the basis for the previous
two modifications (Muguruma and Watanabe 1990, and Muguruma et al. 1991). The

present modifications are summarized below.

1. The peak strain of unconfined concrete €,, was expressed as a function of
compressive strength f,’, to avoid the inconvenience of specifying water and
cement contents for a particular concrete strength. The following equation

was proposed to calculate €,;
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/.
€, 0.0013( Y (6.85)

2. The modulus of elasticity was increased by about 10 %, as given- in the

following equation:

f’c

E= 22700 (6.86)

3. The descending branch of unconfined stress-strain curve was assumed to be
a straight line that started at the peak (e,, £} and terminated at (0.004, 0).
The equation for the descending branch is expressed below:

)

f;= m‘ (Ec— 0.004) (6_87)

4. The available strain and stress limits for plain concrete were expressed as

given below;

.- J 24 (0008 -¢_) €u” (0.004-¢ ) 35
f
[ (a004-¢,)
CTY YR &) (6:89)
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Where;

- €y (E; €,7217)
6

(6.90)

5. The descending branch of confined concrete curve was assumed to continue to

the zero stress lgvel.

The mathematical expressions for stress-strain relationship of confined concrete are
similar to those used in the previous version, as outlined below.

For € < ¢€y:

(fE e,) ,
€ (6.91)

€n

For €y <€ .<e¢;:

U
For €,<e¢,:
L)
f= <) (c-e)/f .. (6.93)

where €, is the available strain limit of confined concrete, and f, is the stress

corresponding to €,,. These two variables are calculated from the following equations.

A g
fu= f ',:2( 1SS ) | (6.94)

el +€¢l
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e, =(1+611C ) e, (6.95)

where A, is the area under the stress-strain curve of confined concrete up to the peak.
The peak stress and the corresponding strain are functions of confining coefficient (o

and are given below.

S = (149C ) [, (6.96)

e =(1+341C, ) €, (697

where b is the maximum dimension of confined concrete core, and the confining

coefficient, C, , is defined below.

C.=0.313p, 7 (1 0.5-5] (6.98)

The model is applicable to columns with normal and high-strength concretes, in the
range of 20 to 130 MPa, confined with normal and high-strength steel.

6.3 n Paul 993

Cusson and Paultre (1993) proposed a model for confined concrete based on tests of
large scale high-strength concrete columns. The model utilizes the 'effectively confined
core area' concept which was originally proposed by Sheikh and Uzumeri (1982) and
modified by Mander et al. (1988). The proposed expressions for peak stress and

corresponding are given below.
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f 0.9
fL=1, 1e+3.0 | == (6.99)
S
f‘ 1.7 .
€= €,+02 | = (6.100)
S o
Where:
6. c 2¢ P (6.101)
S K fr i e L
o -p,) fos
f ) A: x + As
f= T ho| ehx Tty (6.102)
s e +c
x ¥
f, = stress in lateral steel at peak stress of confined concrete.
Ay, Ay, = total area of lateral steel perpendicular to x and y axes, respectively.
Cyx» Cy = widths of concrete core parallel to the x-axis and y-axis, respectively.
s = centre to centre tie spacing.
W, = clear spacing between adjacent longitudinal reinforcement.
s = clear spacing of ties.
P. = ratio of longitudinal steel.

The stress-strain relationship consists of two parts. The expression for the ascending
branch was originally proposed by Popovics (1973) and later used by Mander et al.
(1988) and Nagashima et al. (1992). The expression for the descending branch was
adopted from Fafitis and Shah (1985). Following are the ﬁathematical equations for the
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two branches.

For € .<¢€:
f.. Xr
fo = = .
1X (6189
For €.~ ¢€;:
L =S e [k (e g )] (6.104)
x=2
“e (6.105)
= E‘
7 (6.106)
P In 0.5
™ 6.107
(esoe_ € )t; ( )
f 13
k = 0445 | < (6.108)
fee
f’:ﬂ
E, = — (6.109)
el
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The strain corresponding to 50% stress decay is given below.

f 12
EcSDc = Ecsou +0.2 .7-1;— (6-110)
Where;
€cs0c = strain at 50% drop beyond the peak stress of confined concrete.
€cs0u = strain at 50% drop beyond the peak stress of unconfined concrete. In the

absence of test data, a value of 0.004 can be assumed.

The proposed relationship can be used with f,, = 0, and k, = 1.5 to describe the stress-
strain relationship of unconfined concrete.

6.3.12 Cusson and Paultre (1994)

Cusson and Paultre (1994) modified their original model (Cusson and Paultre 1993) on
the basis of column tests conducted by Nagashima et al. (1992). An iterative procedure
was introduced, as part of modifications, to calculate the stress in lateral steel. The
modified stress-strain relationship consists of the same ascending and descending
branches of the original model. However, some of the empirically obtained coefficients
were modified based on the new data base. Accordingly, the peak stress and
corresponding strain, the strain at 50% stress decay, and coefficient k,, originally
described in equations 6. 99, 6.100, 6.110, and 6.108 respectively, are modified as
follows;

r

f.=1, [Lo+21 [-f‘—] (6.111)

o
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f 17
= e, 021 | == 6.112
€ €, [ fw) (6.112)

f 1.1 ..
= +015 | == 6.113
6:50: ecso (,fﬂ,] ( )
k, = 0.58+16 [f - ] (6.114)
S e

All other equations remained the same as those used in the original model.

63.13 Li (1994)

Li (1994) proposed a generalized stress-strain relationship for confined and unconfined

concrete. The model was developed on the basis of a large number of column tests with

a wide range of concrete strength. It is applicable to circular and square columns

confined with norml and high-strength steel. The mode! is described below.

A continuous curve was proposed to represent the stress-strain relationship of

unconfined concrete. The proposed curve is a modified version of that proposed by

Popovics (1973). The mathematical expression is;

_f'“Xr

Ee—— 6.115
r-1+X" (6.115)
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Where,

01

3320 \/f",, + 6900

0.67+ {.ﬂ 21.0
62

0(f7,)"
"7 1000
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(6.117)

(6.118)

(6.119)

(6.120)
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Confined Concrete
Li (1994) found experimentally that a modified form of Popovic's equation would not

accurately model the ascending and descending branches of confined high-strength
concrete. Therefore, the equations proposed by Muguruma et al. (1993) were a&opted

after modification. The expressions for the proposed stress-strain relationship are given

below;
For e < ey
(fo - Ei € ) .
L=E, e+ ——— ¢, (6.122)
€
For €, <€, <¢€;:
.U o T)
fo L e - € - e ) (€-¢) (6.123)
1 01
For €, <¢.:
- r f'ﬂ! ’
f= .- B - (e.-€) 2 0.4f° (6.124)

The following values are assigned to the p coefficient:

For concrete confined by circular high-strength steel (£,> 1200 MPa):
p =0.08 when; f', < 80 MPa
p=020 when; f,,> 80 MPa

For concrete confined by circular normal-strength steel (£, < 550 MPa):
=020 when; £, < 80 MPa
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For concrete confined by rectilinear high strength steel (f,, > 1200 MPa):
p =0.07 when; f . < 80 MPa
p=0.10 when; f > 80 MPa

For concrete confined by rectilinear normal-strength steel (f,<550 MPa)
and f' > 75 MPa;

3

B=(Q048/ " - 2.14)- (0.098", - 4.57)

(6.125)

’

S|

(14

The expressions for strength and ductility of confined concrete are also expressed on the

basis of concrete strength and type of confinement reinforcement, as follows:

High-strength concrete confined by circular normal-strength steel:

The following expression was proposed for peak stress, on the basis of tests conducted

by Khaloo and Ahmed (1989). The expression is similar to that used by Mander et al.

(1988).
fo. = f, | -0413+1.413 ‘1+11.4ff, L -2 %‘— (6.126)

The effective lateral pressure, f ', , can be calculated based on the confinement

effectiveness coefficient, K., as follows:

f1=05K,p, f, (6.127)
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d (6.128)

Where, s is the clear spacing between circular hoops or spirals, d, is the core diameter
measured centre-to-centre of circular hoops or spiral, p, is the volumetric ratio of
confining reinforcement to core concrete, and p,, is the ratio of longitudinal steel area

to core area. Strain corresponding to the peak stress is expressed below.

S . 1.o+3s4[ 4 "] (6.129)

€

The above expressions are only applicable in the range of 60 to 80 MPa.

High-strength ¢oncrete confin rectilinear normal strength steel:

The peak stress is calculated using Eq. 6.126 provided above for circular columns.
However, the effective pressure is calculated using the ‘effectively confined core area’
proposed by Sheikh and Uzumeri (1982) and later modified by Mander et al. (1988), and
also used by Cusson and Paultre (1993, 1994). Accordingly, the effective pressure can

be calculated as follows:

f1=05K, ( p,*p, ) S, (6.130)
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Y? . .
1-——|[1-2—[{1--Z
6c_ <, 2, 2¢c, (6.131)

(1-p,.)

K=

where; p, , p, are lateral confining reinforcement ratios parallel to x and y-axes,
respectively, G, ¢, are the widths of concrete core parallel to x and y-axes, respectively,
w; is the spacing between adjacent longitudinal reinforcement, and s’ is the clear spacing

of ties. The strain corresponding to the peak stress is given below:

In the range of 60 MPa < f_’ < 80 MPa;

e f, 0.7
L = 1.0413] = (6.132)
Em f'f.'d
In the range of 80 MPa < f," < 100 MPa,;
. .
-L = -8.1+91 exp[ i ] (6.133)
Eco f'co

Concrete confined by circular high-strength steel:
The expression proposed by Mander et al. (1988), to predict the peak stress of normal-
strength concrete, was modified as follows:

i 4 I (6.134)
flc’ lfr“

f.=S -—1.254-!-2.254\] 1+7.94e,
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Forf' _, s 52 MPa,

1

o, =(21.2-0.35f" ) — (6.135)
S
Forf ', > 52 MPa,
S
o =3.1— 6.136
7 (6.136)

The strain corresponding to the peak stress is given below:
Forf' , < 52 MPa;

—=1.0+ (119.8-1.554 f'_ ) [—f-'—) (6.137)
eﬂl f co
For f'_,> 52 MPa;
(12 ]
=1.0+(71.4-0623 "} | — (6.138)
EM Kf [}

Concrete confined by rectilinear high-strength steel:
The peak stress is calculated using the same form of equation used for circular columns,

as shown below:

f..=f. —1.2s4+2.254\]1+7 94a_ LR i} (6.139)

f’ﬂ. f o
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Where;

I
=1.56| — 6.140

e

The strain corresponding to the peak stress:

Forf’ , < 52 MPa;

. .
—1=1.0+ (78.1-0.83 f"_) -f—‘ (6.141)
EO] fco

Forf’ > 52 MPa;
e r
—1=1.0+ (55.3-0.39 f"_) f—‘ (6.142)
601 fu

6.3.14 Azizinamini, K Brungardt, and Hatfield (1994

Azizinamini et al. (1994) modified Yong et al. (1988) model based on their test results
and those conducted by Yong et al. (1988). The model consists of a linear ascending
branch, followed by a linear descending branch and a constant residual stress of 0.3 f',..

The peak stress and corresponding strain of confined concrete were adopted from Yong
et al. (1988) as given below:

[ KS 'f% *0-11(1' 0'2:55] (p.+ ';f;o) Jff"_]f . (6.143)
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0.734 s
0.003[1 = ](p, £, F°

¢ =0.00265+ (6.144)
Vi
Where;
h: rectilinear tie dimension
n: number of longitudinal reinforcement
d": nominal diameter of lateral ties
d: nominal diameter of longitudinal reinforcement
p  volumetric ratio of longitudinal reinforcement.
p, : volumetric ratio of longitudinal reinforcement.
The ascending branch of the stress-strain relationship is defined below.
For e <¢;:
f'
f,=—c¢ (6.145)
€ 1
For €. >¢;:
f[=f.[1-a(e)]2f, (6.146)
Where;
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( 0.145/"-0.6 )
0.1451"_

g =

(6.147)

[}
3.13K lm (IYL] +0.0003

6.4 Summary and Conclusions

The following observations can be made based on the review of previously proposed

analytical models presented above:

- Most of the models proposed for high-strength concrete are modified versions
of models developed for normal-strength concrete. The modifications are
usually made based on limited test data. Therefore, the modified models may
be limited to cases considered in a particular experimental program, and may

have to be remodified for other cases. Many examples of this were presented

in the previous section.

- Most of the proposed models for high-strength concrete are applicable to
either circular or square columns, and are not general enough to cover both
cases. Ahmed and Shah (1983), Martinez et al. (1982), and Fafitis and Shah
(1985) models were developed for circular columns. All others, with the

exception of that proposed by Li (1994), were developed for square columns.
- The parameters of confinement considered in developing models for high-

strength concrete are the same as those considered for normal-strength

concrete.

- Many of the models proposed for square columns do not include the
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distribution of longitudinal reinforcement as a confinement parameter. Those
that include this parameter are based on the "effectively confined core area

concept", with the exception of that proposed by Yong et al. (1988).

With the exception of those proposed by Muguruma et al. (1991, 19§3) and
Li (1994), none of the previous models is applicable to a wi_de range of
concrete strength, covering between 30 MPa, which is a commonly used
normal-strength concrete, and 130 MPa, which is generally regarded as the
highest strength that can be attained with ordinary materials of concrete. The
two that have a relatively wide range of applicability in terms of strength,

have other limitations, seriously hindering their use as generalized models.

It can be concluded that there exists a need for an analytical model that is
relatively simple to use and general enough to cover the cross-sectional shapes
and reinforcement arrangements used in practice. This mode! should reflect
all the relevant parameters of confinement with a smooth transition from

normal-strength to high-strength concrete.
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Figure 6.1: Generalization of effectively confined area concept.
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Chapter 7
Analytical Computations

Part 2 - Development of a Confinement

Model

7.1 General

A mathematical model was developed for stress-strain relationship of confined concrete.
The model was developed in two stages. The first stage involved the formulation of the
model for normal-strength concrete, for which extensive test data was available. The
second stage involved the formulation of strength dependent parameters based on
experimental research on high-strength concrete. The experimental research used for the
latter stage included that reported in Chapter 4 and those previously conducted by others.
Extensive verification of the analytical model has been done against available test data,

covering a wide range of parameters, '

The model is based on the computation of confinement pressure caused by circular or

rectilinear transverse reinforcement, and the resulting improvement in strength and
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ductility of confined concrete. A large volume of test data, including those for poorly and
well confined concretes, was evaluated to establish the parameters of the model. The
model is general, and is applicable to circular, square, and rectangular columns, confined
by different types of reinforcement arrangements. It can be used to predict concrete
behaviour under concentric and eccentric loadings, applied with slow and fast strain
rates. Development of the model, and the comparisons with experimental data, are

presented in this chapter.

7. 2 Development of a Model for Normal-Strength
Concrete

7.2.1 Confined Concrete Strength

Plain concrete subjected to longitudinal compression is in a uniaxia! state of stress.
Longitudinal strains generated by such loading give rise to transverse tensile strains,
which may result in vertical cracking. As the material approaches its uniaxial

compressive capacity, the transverse strains and vertical cracks reach their limiting
values.

For a linearly elastic and isotropic material, the limiting value of lateral strain at failure

can be expressed as shown below:

€y =S, /E (1)

The material failure can be prevented if the development of the limiting lateral strain is
counteracted. This can be achieved either by active, or passive lateral pressure caused
by the lateral restraint. The combination of lateral pressure and axial compression results

in a triaxial state of stress.

Uniaxial and triaxial stress conditions are illustrated in Figure 7.1. Transverse strains
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caused by lateral pressure counteract the tendency of material to expand laterally,
resulting in increased stréngth. For a linearly elastic and isotropic material, the limiting

transverse strain can be determined from Hook's law as indicated below:

_ Sure (fatfa) 1.2)
7 E

Assuming failure under triaxial and uniaxial stress conditions take place at the same
transverse strain level, Eq. 7.1 can be set equal to equation Eq. 7.2. Solving for f,
provides the expression for axial strength of material under triaxial stress condition, in

terms of lateral pressure.

€ua® €y (7.3
o= Lt ki Sy (7.4)

where;
k= -pp (1.5)

Coefficient k,' is a function of the Poisson's ratio p. For Poisson's ratios of 0.1 and 0.3,
the corresponding values of k,' are 9.0 and 2.3 respectively, resulting in a higher value
for a lower value of Poisson's ratio. The stress terms; f,, f,,, and £, represent stresses

under triaxial and uniaxial stress conditions, acting in directions 1 and 2. E is the elastic

modulus.

The above equations are not directly applicable to concrete. The elastic modulus and the
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Poisson's ratio of concrete change due to material nonlinearity and internal cracking.
Furthermore, the stress-strain characteristics and Poisson's ratio may be different in all
three orthogonal directions. However, the mechanism of load resistance described above

can be used to explain the confinement of concrete in reinforced concreic elements.

The lateral pressure in reinforced concrete is provided by reinforcement where the
transverse reinforcement plays a major role. In this case the lateral pressure may or may
not be uniform. Furthermore, the coefficient that relates the lateral pressure to strength
enhancement is different than that given by Eq. 7.5. Recognizing these differences
between a linearly elastic isotropic material and concrete, Eq. 7.4 can be written to

express triaxial strength of concrete in terms of uniaxial strength and lateral confinement

pressure.

fcc =f’c o+k1fl (7'6)

where, £, and f,' are confined and unconfined strengths of concrete in member,
respectively. While the coefficients k, and k' are not identical, it is reasonable to expect
that k,, like k,', is a function of the Poisson's ratio, and as in the previous case, assumes
lower values for higher values of this ratio. Since higher values of Poisson's ratio occur
near failure, when the lateral pressure is maximum, lower values of coefficient k,

corresponds to higher values of lateral pressure.

The variation of coefficient k, with lateral pressure f; can best be obtained from
experimental data. Tigure 7.2 contains experimental data obtained from specimens
subjected to different levels of hydrostatic pressure (Richart et al. 1928), and an
analytical relationship obtained from regression analysis. The results show that
coefficient k, does assume low values for high values of lateral pressure, approaching
a constant value in the high pressﬁre range. However, for normal-strength concrete, the

lateral pressure provided by reinforcement, is generally in the low end of the pressure
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range shown in Fig. 7.2. The expression given below, obtained from regression analysis

of test data, reflects the variation of coefficient k; with lateral pressure.

k=6.7(f, Y*V (7.7)

where f, is uniform confinement pressure in MPa. Tests conducted by Balmer (1949)
and, Sato and Ibushi (1988) also indicate that coefficient k; attains low values for high

values of lateral pressure.

Eq. 7.6 was also arrived at by Richart et al. (1928) from experimental data. Richart et al.
performed a large number of cylinder tests under different levels of lateral fluid pressure
(Richart, Brandtzaeg, Brown, 1928), as well as tests of spirally reinforced cylinders
(Richart, Brandtzaeg, Brown, 1929). It was reported that Eq. 7.6 with a constant value
of 4.1 for k, produced a good correlation with spirally reinforced test cylinders. Their
recommendations have formed the basis for confinement steel requirements of the ACI
318 Building Code (1989) for many years.

The unconfined concrete strength f.' in Eq. 7.6 is the plain concrete strength in a
member under concentric loading. This may be different than that obtained from a
standard cylinder test. Therefore it should best be determined from tests of plain concrete
specimens of the same geometry, size, and concrete casting practice as those of the
actual column member. In the absence of such test data, standard cylinder test results
may be used with an appropriate modification. Modification factors ranging between
0.85 and 1.00 have been reported in the literature. For members subjected to high strain
rates, the unconfined concrete strength f,' should be determined under the same strain
rate for which the confined concrete strength £’ is sought.

7.2.1.1 Circular Sections

The relationship between concrete strength and lateral confining pressure, given in Eq,
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7.6, is valid for uniform lateral pressure. The pressure provided by closely spaced
circular spirals and vertiéal column reinforcement can be considered to be uniform
around the perimeter of the core. This lateral pressure can be computed from statics, as
illustrated by Fig. 7.3. If the pressure is computed at the useful limit of the hoop steel,
i.e. at yield, and taken equal to the uniform pressure f| given in Eq. 7.6, and coefficient
k, is obtained from Eq. 7.7, the confined concrete strength can be established for spirally

reinforced circular columns.

Equations 7.6 and 7.7 were used to compute confined concrete strengths of 24 circular
columns reinforced with circular spiral or circular hoop and longitudinal reinforcement.
The columns were tested by two groups of researchers in two different research
programs (Mender, Priestley and Park, 1988, and Sheikh and Toklucu, 1993). The
columns were tested under both slow and fast rates of concentric loading, The results are
shown in Table 7.1 and 7.2 and Fig. 7.4. Comparisons of experimental and analytical

values indicate excellent agreement.

7.2.1.2 Square Columns;

While the uniform confinement pressure for spirally reinforced columns can be found
from hoop tension, it is difficult to determine the confining pressure exerted by a square
or a rectangular hoop. Therefore, empirical expressions were used in the past to'relate
what was observed to be significant during the experiments, to the increase in concrete
strength. However, a more general and rational approach, analogous to that used for
spirally reinforced columns can be employed to compute the equivalent lateral pressure
and the resulting confined concrete strength, starting from material and geometric

properties.

The passive confinement pressure exerted by a square hoop is dependent on the
restraining force developed in the hoop steel. The hoop steel can develop high restraining

forces at the corners, where it is supported laterally by transverse legs, and low
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restraining action between the laterally supported comners. The restraining force at each
comer depends on the force that can be developed in the transverse leg, which in turn is
related to the area and stress of the hoop steel. The restraining action of the hoop
between the corners is related to the flexural rigidity of the hoop steel, which depends
on the size and unsupported length of the bar. This restraining action is proportibnal to
the elastic rigidity of the hoop steel until yielding. Beyond yielding, the restraining
action remains approximately constant until the strain hardening of steel produces
additional restraining action. However, the flexural rigidity of the hoop between the
laterally supported nodal points and the resulting restraining action is very small as
compared to the restraining action of the corners and the other nodal points. Therefore,
as the concrete expands laterally under axial compression, there will be higher reactive
pressures building up at the nodal points, than at locations away from the nodes. Figure
7.5 illustrates the build-up of passive confinement pressure in a square column. If cross
ties or inside hoops are used to support the middle bars, additional points of high lateral
restraint are generated. It is clear that the shape of the pressure distribution is a function
of the reinforcement arrangement. Shapes of pressure distributions for various tie

arrangements are shown in Fig. 7.6.

Concrete confinement is a three dimensional phenomenon that can not be reduced to a
sectional level. Therefore, it is essential to consider the variation of lateral pressure along
member length. This is illustrated in Fig. 7.7. It should be noted that the pressure
developed at a nodal point, where the longitudinal bar is supported by a lateral tie, is
distributed reasonably uniformly along the length of the longitudinal bar. This is because
the longitudinal bar in compression, with a short unsupported length between the ties,
_maintains the restraining action until it begins to lose its stability. The laterél pressure
between the ties reduces with the distance from the longitudinal reinforcement. This

reduction occurs at a faster rate than that of the pressure at the tie level.

For the case of closely spaced and laterally supported longitudinal reinforcement, the
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pressure distribution is close to uniform. In this case a transverse force of Af, is
developed in each transverée bar at the useful limit of reinforcement, where A, and f, are
the area and yield strength of transverse reinforcement, respectively. The summation of
these forces divided by the area bound by the core dimension, measured center-to-center
of perimeter hoop (b.) and center-to center tie spacing (s) leads to an average uniform
pressure for which Eq. 7.6 was derived. At the other extreme, columns with four corner
bars tied by widely spaced perimeter hoops are subjected to pressure peaks at corner
nodal points. The reduction of pressure in the longitudinal direction between the ties
becomes more pronounced. In this case the assumption of uniform pressure, obtained by
distributing these comer forces over the side of the core, results in overestimation of the
actual effect of lateral pressure. Therefore, the average pressure can not reflect the true
effect of the actual confinement pressure. In this case an equivatent uniform pressure,
with the same effect as that of the actual non-uniform pressure, is needed if Eq. 7.6 is to
be used. Figure 7.8 illustrates the actual, average, and equivalent lateral pressures in a
square column section. The equivalent uniform pressure fi. can be established by
reducing the average pressure with due considerations given to the appropriate
parameters. Therefore, coefficient k; is introduced to reduce the average pressure.

Equation 7.6 then becomes;

f,l.‘t‘:f’c o+kl le’ (7'8)

where;
Jie =k 0y (1.9)
f= (oA, sma i) (7.10)
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ky=6.7 (f, )V (7.11)

The equivalent lateral pressure in Eq. 7.11 is in MPa. Coefficient k, is equal td 1.0 for
closely spaced spirally reinforced circular columns as well as square columns with
closely spaced lateral and laterally supported longitudinal reinforcement. Angle  is the
angle between transverse reinforcement and b, and is equal to 90 degrees if the

transverse reinforcement is perpendicular to b,.

A large volume of experimental data was examined to define k. It is clear from the
above discussion that k, should have a smaller value for large spacings of laterally
supported longitudinal reinforcement (s;), and lateral ties (s), so that the reduction in the
average stress is high. It was also found from experimental data that a high nodal force,
resulting from a large area andfor strength of transverse steel, increases the stress
concentration and sharpness of stress peaks at the nodes. This requires further reduction
in the average stress so that the stress in regions away from the nodal points are not
overestimated due to the sharpness of the stress peaks. The following is the expression

derived from regression analysis of test data.

ky= 026 \l(b_‘][ﬁ](l] < 10 (7:12)
s\ VA

where, ] is in MPa. It should be noted that Eq. 7.12 is applicable only if premature

buckling of longitudinal reinforcement is prevented. Based on the results of column tests
considered in developing the above expression, the maximum tie spacing for buckling
specified in the ACI Building Code (ACI 318, 1989) appears to satisfy this requirement.

Furthermore, the columns considered conformed to the building code fimitation for
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maximum spacing of laterally supported longitudinal reinforcement. Therefore this may

be taken as an upper limit for s,

Equations 7.8 through 7.12 were used to compute confined concrete strengths of 51
square columns tested by three groups of researchers in three different research pfdgrams
(Razvi and Saatcioglu 1989, Scott et al. 1982, Sheikh and Uzumeri 1980). The columns
included a wide range of confinement parameters, from poorly confined to well confined
columns. Different reinforcement configurations were used, as indicated in Fig. 7.9. Both
low and high rates of loadings were considered. The unconfined concrete strength £/,
was taken as reported, wherever available. When this value was not reported, the
cylinder strength was factored as suggested by researchers who reported the test data.
Comparisons between the analytical and experimental strength values are presented in
Tables 7.3 through 7.5 and Fig. 7.10. The resuits indicate an excellent agreement

between the analytical and experimental values.

7.2.1.3 Rectangular Sections

Rectangular columns may have different confinement reinforcement in two orthogonal
directions. This may lead to different levels of confinement pressure along the long and
short sides of the section. The pressure along each side can be determined following the
same procedure outlined above for circular and square columns. Figure 7.11 illustrates
lateral pressure distributions along the long and short sides of a rectangular column
section, Confinement pressure along the long side plays a more dominant role on
concrete strength than that along the short side. Examination of experimental data
indicated that the effects of confinement pressures along long and short sides could be
considered to be proportional to the cross-sectional dimensions. Therefore, Eq. 7.13,

given below, can be used as overall equivalent lateral pressure to be used in Eq. 7.8.

-’;e= Mexbcx+-ficybty )’ @cx*' bcy) (7.13)
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where, f,, and f,_, are effective lateral pressures acting perpendicular to core dimensions
b,, and b,, respectively. Eq. 7.13 also provides equivalent lateral pressure for square

columns where the pressure distributions in two orthogonal directions are not equal.

Results of rectangular column tests conducted by Mander, Park, and Priestley (1 998) are
compared with analytical calculations of concrete strength obtained by the use of Eqs.
7.8 through 7.13. The comparisons, shown in Table 7.6 and Figure 7.12, indicate an
excellent agreement between experimental and analytical strength values. The

reinforcement arrangements used in rectangular column tests are shown in Fig.7.9.

7.2.1.4 Concrete Confined by WWF

The analytical procedure discussed above can also be applied to columns reinforced with
welded wire fabric. In this case the column is treated the same as a column reinforced
with reinforcing bars, with due considerations given to the area and grid size of the
welded wire fabric. The tie spacing is taken as the vertical grid dimension of the mesh.
The spacing s, between the laterally supported longitudinal reinforcement is taken as the
center-to-center distance between the outermost vertical wires unless there are lateral ties
in between. The comparisons of experimental (Abdulkadir, 1991) and analytical results
for columns reinforced with welded wire fabric are shown in Table 7.7. The comparisons

are also shown in Fig. 7.10.

7.2.1.5 Combined Use of Different Confinement Reinforcement

The analytical procedure presented above also permits superposition of confinement
effects resulting from the use of different types of confinement reinforcement. Razvi and
Saatcioglu (1989) tested columns confined with welded wire fabric and square hoops.
Figure 7.9 illustrates the reinforcement arrangements used in the experimental program.
The core concrete in these columns was confined by a combination of hoop and welded
wire fabric reinforcement. The analytical procedure for this case involves computation

of equivalent lateral pressures separately for each type of confinement reinforcement.
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The pressures acting over the same area are then superimposed to find the combined
effect. This combined pressure is used in Eq. 7.8 to find the confined concrete strength.
In the cross-sectional arrangement No. 9 shown in Fig. 7.9, the inner circular core is
subjected to uniform pressure provided by the welded wire fabric, and the equivalent
uniform pressure provided by the outside hoops. In the same column, the cdfe area
between the outer hoops and the inside mesh is confined only by the outside hoops. The

comparisons of analytical and experimental strength values are shown in Table 7.7 and
Fig. 7.10.

7.2.2 Ductility of Confined Concrete

Plain concrete under uniaxial compression shows brittle behaviour. Deformability of
concrete improves with confinement. Confined concrete can sustain higher strains at the

peak stress, and may show little strength degradation thereafter.
The strain at peak stress is affected by confinement, and can be expressed in terms of the
ratio of confined to unconfined concrete strengths, The following expression, also used

by previous researchers (Balmer 1949, Mander et al., 1988) is found to produce good

agreement with experimentally obtained strain values.

€= €y (1+5K) (7.14)
where;

K=k1f;e If'co (7'15)

€,, is the strain corresponding to peak stress of unconfined concrete, and should be

determined under the same rate of loading as for confined concrete. In the absence of
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experimental data, a value of 0.002 may be appropriate for €, under slow rate of loading.

Deformability of concrete beyond the peak stress is significantly affected by the
behaviour of longitudinal reinforcement. Longitudinal reinforcement in concrete is
laterally restrained against buckling. However, spalling of cover concrete at
approximately the peak stress level makes the longitudinal reinforcement susceptible to
buckling. At this load stage, the lateral support provided by transverse reinforcement
becomes important. If the amount of lateral reinforcement is sufficiently high in relation
to the unsupported length of longitudinal reinforcement, the stability of longitudinal
reinforcement between the ties is ensured. A stable reinforcement cage is essential to
continue providing effective confinement against lateral expansion of concrete.
Therefore, the amount of transverse reinforcement, expressed in terms of reinforcement
ratio (p), plays a major role on the descending slope of the stress-strain relationship.
Regression analysis of test data indicates that the following expression can be used to

establish the strain at 85 % strength level beyond the peak (egs).

€55 = 260p € 1+ €gqe (7.16)

Where,

Pe=2 A,/ [s(b b, )] (7.17)

€5 is the strain at 85 % strength level beyond the peak stress of unconfined concrete,
and should be determined under the same rate of loading used for the confined concrete.
In the absence of test data, a value of 0.0038 may be appropriate for €, for slow rate
of loading. The summation sign in Eq. 7.17 indicates the summation of transverse
reinforcement area in two directions, crossing b, and b, giving total area of transverse

reinforcement in used in both directions. If an inclined reinforcement is crossing the
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core, the projection of the area should be included in the total area. If the section is
spirally reinforced, or has identical reinforcement arrangement in each direction, Eq.
7.17 reduces to transverse reinforcement ratio in each direction. For columns with more
than one type of confinement reinforcement, the reinforcement ratio consists of the
summation of reinforcement ratios for each type, computed with due consideration given
to the respective core dimensions. It is important to note that, while the deformability of
confined concrete improves with increasing transverse reinforcement ratio, it is not
realistic to expect this improvement to continue at the same rate, beyond a practical
range of reinforcement ratio, Eq. 7.16 was obtained from test data that included columns
with less than 2% lateral reinforcement ratio. This may be used as an upper limit for Eq.
7.16.

7.2.3 Stress - Strain Relationship of Confined Concrete

The stress-strain relationship shown in Fig. 7.13 is proposed for confined concrete. The
relationship consists of a parabola for the ascending branch, and a linear portion for the
descending branch. A constant residual strength is assumed at 20 % strength level. The

following expression is suggested for the parabolic ascending portion.

2 |1
€, € 142K (7.18)
-fnl: = fcc 2 “G- -1 =2 3 -rcc

where, coefficient K is defined in Eq. 7.15. The proposed relationship becomes identical
to that proposed by Hognestad (1951) for unconfined concrete, when confinement
effects are negligible and the lateral confinement pressure is zero. This expression was
selected for its simple and familiar form, even though under certain combinations of
confinement parameters it may result in a slight underestimation of confined concrete

stiffness prior to the onset of the mechanism of confinement.
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The analytical relationship is compared with a large volume of experimental data,
covering a wide range of confinement parameters between poorly confined and well
confined columns, Some of the typical comparisons are selected for presentation in Figs.
7.14 through 7.34 for circular, square and rectangular columns, tested under siow and
fast rates of concentric compression. The comparisons indicate good correlation between

the analytical and experimental results.

7.2.4 Confined Columns under Eccentric Loading

The applicability of confinement models derived on the baéis of concentric column tests
to eccentrically loaded columns is a source of controversy among researchers. Therefore,
one of the objectives of this research program was to investigate the effects of strain

gradient on concrete confinement.

Column tests performed under concentric loading indicate that transverse column
reinforcement develops its yield strength at or near peak concentric column load. The
same reinforcement may not be stressed to the same level under eccentric loading. While
the tendency to expand in the lateral direction, and the associated transverse strains in
concrete near the extreme core compression fiber may be comparable to those attained
under concentric compression, concrete near the neutral axis is subjected to relatively
low compressive strains in the longitudinal direction and comparably low tensile strains
in the transverse direction. This translates into a lower passive pressure produced by
confinement reinforcement. Hence, the lateral pressure predictions based on concentric
loading are not representative of those generated under eccentric loading. Fig. 7.35
illustrates equivalent lateral pressure for concentrically and eccentrically loaded
columns. A linear variation of equivalent pressure is more appropriate for the
compression region of an eccentrically loaded column, undergoing a linear variation of
longitudinal strains. However, the effects of confinement on stress-strain characteristics

of concrete increase with increased compressive strain. This means that in the low
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compressive strain range, the range typically expected near the neutral axis is not likely
to result in appreciable differences in overall section response. This is illustrated in Fig,
7.35. Concrete near the extreme compression fiber (Strip 1) has stress-strain
characteristics that can be determined by the confined concrete model. The use of the
same stress-strain relationship for compression regions towards the neutral axis (Strip
2 and 3) will produce overestimation of concrete confinement. However, in these regions
the longitudinal strains are proportionately lower, and the corresponding portions of the
stress-strain relationships are not significantly different than that established for Strip 1.
Furthermore, the true confinement pressure near the perimeter hoop is higher than the
uniform pressure used to establish the stress-strain relationship for Strip 1. Therefore,
some overestimation of confinement effects for Strips 2 and 3 within the low
longitudinal strain range are likely to be offset by the underestimation of confinement
pressure for Strip 1. Hence, the use of the stress-strain relationship established for Strip
1 for the whole compression zone is not likely to result in any appreciable error in
flexural analysis. This point has been verified extensively against test data. The
analytical model described in previous sections was used to conduct plane section
analyses of columns tested under eccentric loading. Column tests reported by Saatcioglu
et al. (1995), Sheikh and Khoury (1993) and Ozcebe and Saatcioglu (1987), and Park et
al. (1982) were used for this purpose. Analytically generated moment-curvature
relationships are compared with those recorded experimentally, in Chapter 8. The results
indicate that the model, although developed based on column tests conducted under

concentric loading, is also applicable to columns under eccentric loading.

7.3 Modifications Introduced for High-Strength

Concrete

Previous researchers concluded that models developed for normal-strength concrete
overestimated ductility of high strength concrete (Yong et al. 1988, Polat 1992, Thomsen
and Wallace 1992, Cusson and Paultre 1994). This observation was confirmed in the
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current investigation. Experimental results of high-strength concrete coiumns tested in
this research program exhibited stecper descending branch of stress-strain relationships,
and lower strains at peak stress, when compared with those computed by the model
described above. Therefore, it was necessary to modify the expressions used for the
“model, without changini the main features, so that they would be applicable to high-
strength concrete. The new expressions were derived based on experimental research
involving both normal-strength and high-strength concrete columns, and hence are

applicable to a wide range of concrete strength. The modified expressions are described

in the following sections.

7.3.1 Confined Concrete Strength

Review of previous research indicated two conflicting views on strength enhancemcnt
in high strength concrete. While Nagashima et al. (1992) concluded that the additional
strength gain due to confinement was independent of concrete strength, Galeota et al
(1992) showed that the strength gain attained was lower in higher strength concretes. The
experimental results of this study confirmed the findings of Nagashima et al. (1992), i.e.
the absolute gain in strength was independent of concrete strength. Therefore, Equations
7.8 through 7.11, which are independent of concrete strength, can be used without
modification to compute confined strength of high-strength concrete in columns.
However, the yield strength of lateral steel £, used in Eq. 7.10 should be limited to 1000
MPa, to be consistent with experimental observations. Columns tested in this program
showed yielding of 1000 MPa steel at or shortly after the peak. Polat (1992) also
reported yielding of 950 MPa steei at the peak. However, Li (1994) indicated that high-
strength steel with yield strength of 1300 MPa did not yield at the peak. Therefore, the
useful limit of yield stress was assumed to be 1000 MPa.

A large volume of test data, including those of high-strength concrete, were examined

to verify the applicability of Eq. 7.12 when the lateral pressure was relatively high, as
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required for high-strength concrete. It was concluded that while Eq. 7.12 produced
accurate estimates of coefficient k, for the lateral pressure range usually used for normal-
strength ccncretes, it may not produce acceptable results for high-strength concretes
under high lateral pressure. Since the lateral pressure required to confine high-strength
concrete is much higher than that required for normal-strength concrete, Eq 712
underestimates coefficient k,. Test results indicate that coefficlent k, becomes
independent of f; beyond a certain limit of lateral pressure. Therefore, Eq. 7:12 is

modified by substituting a constant vahug of f;= 3 MPa, as shown below.

(7.19)

It is to be noted that coefficient k, reflects the arrangement of confinement
reinforcement, and is equal to unity for closely spaced spirally reinforced circular

columns with well distributed longitudina! reinforcement.

Eqs. 7.8 through 7.11 and Eq. 7.19 were used to predict the strength of 40 confined high-
strength concrete columns tested in this research proéfam, in addition to 127 columns
tested by six other groups of researchers. The cclumns were either circular or square in
section, confined by different amount, sﬁaciﬁg: grade and arrangement of transverse
reinforcement. The concrete strength ranged approximately between 50 and 130 MPa.
The reinforcement arrangements considered are shown in Fig. 7.9. The in-place strength
of unconfined concrete ' was taken to be 0.85f, for the columns tested in this research
program. Similar values are used for columns tested in other research programs, as

reported or suggested by respective researchers.

The comparisons between analytical and experimenta! strength values are presented in
Tables 7.8 to 7.16 and Figures 7.36 to 7.39. The results indicate good agreement of

analytical strength values with those recorded in colurnn tests.
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7.3.2 Ductility of Confined Concrete

It is well known that the strength and ductility of concrete are inversely proportional.
Ductility of confined concrete is indicated by the siope of the descending branch of the
stress-strain relationship. The slope of the descending branch is a function of twd strain
values in the analytical model developed in this investigation. These values include
strains corresponding to the peak stress (e, ), and 85% of the peak within the descending
branch of the stress-strain relationship (e4s). The mathematical expressions for €,, and
€45, as originally developed using normal-strength concrete test data, were not a function
of concrete strength. The effects of concrete strength and lateral steel strength on
ductility of confined concrete were subsequently introduced using coefficients k, and k,

respectively as indicated below,

€ =€, (1454 K) (7.20)
€ =260 K, P& [1+ 0.5k (K -D)]+ egs (7.21)
k=3 .10 o
- 51 (1.23)
500
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where;

€, and €y are strains of unconfined concrete in column corresponding to the peak stress
and 85% of the peak within the descending branch, respectively. These quantities are
usually determined experimentally. In the absence of experimental data, however, the

following expressions may be used,

€y = 0.0028- 00008 &, (7.24)

€s = €+ 0.0018 k) (7.25)

It is to be noted that Eq. 7.21 was obtained from test data that included columns with
lateral reinforcement ratio, p_, less than (0.04 - 0.02k,). This may be used as an upper
limit for the applicability of Eq. 7.21.

7.3.3 Stress - Strain Relationship of Confined Concrete

The ascending branch of the stress-strain relationship, proposed for normal-strength
concrete, was a modified version of Hognestad's curve (195 1). It was confirmed
experimentally that the applicability of this curve was limited to normal-strength
concrete. This relationship, given in Eq. 7.18, produced overestimation of the initial
modulus of elasticity when applied to high-strength concrete. Therefore, another
relationship which was reported to produce good agreement with experimental data for
both normal-strength and high-strength concretes was adopted for the model. The
relationship is applicable to confined and unconfined concretes within the norma! and

high-strength range. The curve was originally proposed by Popovics (1973), and later
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used by Mander et al. (1988) for normal-strength concrete, and by Nagashima et al.
(1992), and Cusson and Paultre (1993, 1994) for high-strength concrete. The

mathematical expression for the curve is given below.

(7.26)

E, @27

Where;
E,,. is the secant modulus of elasticity of confined concrete. It can be calculated from
Equation 7.28.
f’
E, - —e‘—i (7.28)

E, is the modulus of elasticity of unconfined concrete. The following expression,
originally proposed by Carrasliquillo et al. (1981) is found to produce good agreement

with experimentally obtained values.

E

(4

= 3320, +6900 (7.29)

259



7.3.4 Comparisons with Experimental Results

The analytical model, with the above stresg-strain relationship and the modified
expressions (Egs. 7.19 to 7.27) defining strains, is compared with 40 high-strength
concrete columns tested in this research program, in addition to 50 columns tested by
three other groups of researchers (Nagashima et al. 1992, Nishiyama et al. 1993, and Li
1994). The comparisons include circular and square columns with a wide range of
confinement parameters and concrete strengths. Figs. 7.40 through 7.83, indicate good

agreement between the experimental and analytical stress-strain relationships.

It is important to note that the mode! is applicable to both normal and high-strength
concretes. This is because the mode] assumes that the absolute gain in strength due to
confinement is independent of concrete strength. Therefore, Eqs. 7.8 through 7.11, Eq.
7.13, and Eq. 7.19 can be used to calculate the confined concrete strength for both
normal and high-strength concretes. Furthermore, Eqs. 7.20, and 7.21, used to calculate
concrete ductility, become identical to Eqs 7.14 and 7.16, when ks = 1 (for normal-
strength concrete), and k,= 1 (for normal-strength steel). Therefore, the model can be

used for columns with concrete strengths ranging between 30 and 120 MPa.

7.4 Conclusions

The analytical procedure and the stress-strain relationship developed in this research
program can be used to predict strength and ductility characteristics of confined
concrete. The procedure is relatively simple to use. It covers a wide range of concrete
strength, ranging from 30 to 120 MPa, confined with normal or high-strength steel. It is
applicable to concretes confined by spirals, rectilinear hoops, cross ties, welded wire

fabric, and combinations of these reinforcement. Confined concrete behaviour under
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concentric and eccentric loadings, and slow and fast strain rates can be predicted by the
proposed model. The stress-strain relationships established by the model compare well

with those obtained experimentally.
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(a) Uniform built-up of pressure.  (b) Computation of lateral pressure from hoop

f'.c, MPa (anal)

70
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tension.

Figure 7.3: Lateral pressure in circular columns.

& Sheikh and Toklucu (1983)
« Mander et al. {1988)
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Figure 7.4: Comparison of analytical and experimental strength values for confined

normal strength concrete in circular columns.
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Figure 7.5: Lateral pressure built-up in square columns.
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Figure 7.6: Pressure distribution resulting from different reinforcement arrangements.
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Figure 7.11: Lateral pressure distribution in rectangular columns.
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Figure 7.12: Comparison of analytical and experimental strength values for confined

normal strength concrete in rectangular columns.
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Figure 7.14: Circular columns (1, 5, and 12) tested by Mander et al. (1988) under a

high strain rate of 0.0133/sec.
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Figure 7.15: Circular columns (6 and 7) tested by Mander et al. (1988) under a
high strain rate of 0.0133/sec.
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Figure 7.16: Circular columns (8 and 9) tested by Mander et al. (1988) under a

high strain rate of 0.0133/sec.
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Figure 7.17: Square columns (7 and 16 ) tested by Razvi and Saatcioglu (1989).
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Figure 7.18: Square columns (3 and 6) tested by Razvi and Saatcioglu (1989).
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Figure 7.19: Square columns (pair 15) tested by Razvi and Saatcioglu (1989).
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Figure 7.20: Square columns (pair 14) confined with WWF and hoops, tested by

Razvi and Saatcioglu (1989).
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Figure 7.21: Square columns (pairs 12 and 13) confined with WWF, tested by
Razvi and Saatcioglu (1989).
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Figure 7.22: A square column (RC2) confined with WWF, tested by Abdulkadir (1991).
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Figure 7.23: Square columns (12 and 14) tested by Scott et al. (1982) under a high

0.00

strain rate of 0.0167/sec.
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Figure 7.24: Square columns (2 and 6) tested by Scott et al. (1982).
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Figure 7.25: Square columns (6, 9, 12 and 13) tested by Sheikh and Uzumeri (1980).
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Figure 7.26: Square columns (1, 2, 3 and 4) tested by Sheikh and Uzumeri (1980).
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Figure 7.27: Square columns (5, 7, 8 and 11) tested by Sheikh and Uzumeri (1980).
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Figure 7.28: Square columns (10, 14 and 15) tested by Sheikh and Uzumeri (1980).
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Figure 7.29: Square columns (16, 17 and 18) tested by Sheikh and Uzumeri (1980).
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Figure 7.30; Square columns (19, 20 and 21) tested by Sheikh and Uzumeri (1980).
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Figure 7.31: Square columns (23 and 24) tested by Sheikh and Uzumeri (1980).
300



fo (MPq)

fo (MPo)

60.0

50.0

40.0

30.0

20.0

10.0

0.0

60.0

50.0

40.0

30.0

20.0

10.0

0.0

Experimentol

Anclytical

0.0 1.0 2.0 3.0 4.0 5.0
STRAIN (%)

1

column 3 Experimental

.......... Analytical

1 ] | 1 |
0.0 1.0 2.0 3.0 4.0 5.0
STRAIN (%)

Figure 7.32: Rectangular columns (1 and 3) tested by Mander et al. (1988).
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Figure 7.33: Rectangular columns (2 and 11) tested by Mander et al. (1988) under a
high strain rate of 0.0167/sec.
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Figure 7.34: A rectangular columns (4) tested by Mander et al. (1988).
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Figure 7.36: Comparison of analytical and experimental strength values for confined

high strength concrete in circular columns tested in this investigation.
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Figure 7.37: Comparison of analytical and experimental strength values for confined
high strength concrete in square columns tested in this investigation.
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Figure 7.38: Comparison of analytical and experimental strength values for confined high
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Figure 7.39: Comparison of analytical and experimental strength values for confined high
strength concrete in square columns including those tested by others.
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Figure 7.40: Circular columns (CC-1 and CC-2) tested in this investigation.
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Figure 7.41: Circular columns (CC-3 and CC-4) tested in this investigation.
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Figure 7.42: Circular columns (CC-8 and CC-9) tested in this investigation.
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Figure 7.43: Circular columns (CC-10 and CC-11) tested in this investigation.
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Figure 7.44: Circular columns (CC-12 and CC-14) tested in this investigation.
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Figure 7.45: Circular columns (CC-15 and CC-16) tested in this investigation.
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Figure 7.46: Circular columns (CC-19 and CC-20) tested in this investigation.
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Figure 7.47: Circular columns (CC-21 and CC-22) tested in this investigation.
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Figure 7.48: Square columns (CS-1 and CS-2) tested in this investigation.
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Figure 7.49: Square columns (CS-3 and CS-4) tested in this investigation.
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Figure 7.50: Square columns (CS-5 and CS-6) tested in this investigation.
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Figure 7.51: Square columns (CS-7 and CS-8) tested in this investigation.
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Figure 7.53: Square columns (CS-12 and C8-13) tested in this investigation.
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Figure 7.54: Square columns (CS-14 and CS-15) tested in this investigation.
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Figure 7.55: Square columns (CS-16 and CS-17) tested in this investigation.
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Figure 7.56: Square columns (CS-18 and CS-19) tested in this investigation.
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Figure 7.57: Square columns (CS-20 and CS-22) tested in this investigation.
323

40



Stress (MPa)

Stress (MPa)

80 r Column CS - 23

——w  Experimental
rn

70 | ~ = = Apalytical

60

50

40
30

20

10

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Strain (%)

80 r
— Experimental
= = = Analytical

70

50

40

30

20

10

0 A 1 3 1 1 1 ] | 1 ]

00 05 1.0 15 20 25 30 35 40 45 5.0
Strain (%)

Figure 7.58: Square columns (CS-23 and CS-24) tested in this investigation.
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Figure 7.59: Square columns (CS-25 and CS-26) tested in this investigation.
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"Figure 7.60: Circular columns (3A and 3B) tested by Li (1954).
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Figure 7.61: Circular columns (6A and 6B) tested by Li (1994).
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Figure 7.62: Circular columns (12A and 9B) tested by Li (1994).
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Figure 7.63: Circular columns (4HB1 and 4HC) tested by Li (1994).
329



80 r

s . ——  Experimental

Stress (MPa)

0.0 0.5 1.0 1.5 20 25 3.0 3.5
Strain (%)

—. Experimental
----- Analytical

& “e

= e

[ ] S

£ —

/4]

0.0 05 1.0 1.5 2.0 25 3.0 3.5

Strain (%)

Figure 7.64: Square columns (1A and 1B) tested by Li (1994).
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Figure 7.65: Square columns (2A and 2B) tested by Li (1994).
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Figure 7.66: Square columns (SA and 8B) tested by Li (1994).
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Figure 7.67: Square columns (8A and 11A) tested by Li (1994).
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Figure 7.68: Square columns (7A and 10A) tested by Li (1994).
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Figure 7.70: Square columns (1HC1 and 3HC1) tested by Li (1994).
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Figure 7.71: Square columns (1 and 3) tested by Nishiyama et al. (1993).
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Figure 7.72: Square columns (4 and 5) tested by Nishiyama et al. (1993).
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Figure 7.73: Square columns (7 and 8) tested by Nishiyama et al. (1993).
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Figure 7.74: Square columns (9 and 10) tested by Nishiyama et al. (1993).
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Figure 7.75: Square columns (11 and 12) tested by Nishiyama et al. (1993).
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Figure 7.76: Square columns (13 and 14) tested by Nishiyama et al. (1993).
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Figure 7.78: Square columns (HH13LA and HH15LA) tested by Nagashima et al. (1992).
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Figure 7.79: Square columns (HH20LA and HLO6LA) tested by Nagashima et al. (1992).
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Figure 7.80: Square columns (HLOSLA and HH13LD) tested by Nagashima et al. (1992). .
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Figure 7.81: Square columns (HH13LB and LLO5LA) tested by Nagashima et al. (1992).
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Figure 7.82: Square columns (LLOSLD and LHOSLA) tested by Nagashima et al. (1992).
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Figure 7.83: Square columns (LH13LA and LH15LA) tested by Nagashima et al. (1992).
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Chapter 8
A Displacement Based Design Approach

for Column Confinement

8.1 General

Reinforced concrete columns subjected to strong earthquakes may experience a large
number of inelastic deformation cycles. Strength and stability of structures supported by
such columns depend on deformability of these columns within the inelastic range.
Column deformability can be improved significantly through confinement of the core
concrete. Therefore, column confinement plays a major role on behavior of reinforced

concrete structures during strong earthquakes.

Performance of structures during past earthquakes have demonstrated that the
confinement requirements of ACI Building Code (1989), for normal strength concrete,
provide satisfactory designs in many applications. However, the same requirements have
been shown to produce unsafe column designs in certain cases, while aiso producing
over conservative designs in other cases resulting in congestion of :einforcement, leading
to constructibility problems (Saatciogiu 1989, Saatcioglu 1991). On the other hand, the
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state-of-knowledge on concrete confinement has improved substantially since the
pioneering research of Richart et al. in 1928, which formed the basis for the current
building code requirements. During the last two decades, a large volume of
experimental data have been generated (Saatrioglu 1991), and a number of analytical
models have been developed, describing stress-strain characteristics of confined normal
strength concrete (Sheikh and Uzumeri 1982, Mander et al. 1988, Saatciogiu and Razvi
1992). The new information, which could eliminate most of the shortcomings of the
current design provisions, has not yet found its way into the ACI Building Code. An
improved design approach, for normal strength concrete, is presented in this chapter,

reflecting recent developments in the area of column confinement.

8.2 Design Parameters

Performance of reinforced concrete columns during recent earthquakes and laboratory
tests under simulated seismic loading have clearly demonstrated that a strong
relationship exists between lateral drift and column confinement. The drift level imposed
on a column during an earthquake varies substantially depending on the characteristics
of ground excitation and the framing system. Columns of braced frames are expected to
experience little interstory drift, remaining essentially elastic during seismic response.
Inelastic deformability of these columns may not require substantial improvements
through confinement. Columns of unbraced frames experience significant lateral drift
when subjected strong ground excitations. The confinement requirements for thes:
columns must be sufficiently stringent to ensure adequate inelastic deformability.
Therefore, lateral drift is a design parameter that plays an important role on the required
level of confinement.

The role of concrete becomes more dominant on column performance when the level of
axial compression is high. Experiments have shown that the rate of strength decay under

reversed cyclic loading increases rapidly with increasing axial compression (Saatcioglu
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and Ozcebe 1989, Saatcioglu 1991, Sheikh and Khoury 1993, Park et al. 1982,
Muguruma et al. 1990). Furthermore, high axial compression combined with high lateral
drif; results in secondary stresses which produce additional deformations due to P-4
effect. The P-A effect caﬁ be very significant, and may potentially lead to stability
problems. '

Lateral drift and axial compression may be classified as design parameters resulting fromn
the actions imposed on structures during a seismic activity, and may be classified as
offensive parameters. Parameters related to confinement reinforcement, on the other
hand, may be viewed as defensive parameters, protecting columns against the actions
arising from earthquakes. The primary defensive parameters include the amount, grade,
spacing and arrangement of lateral confinement reinforcement. The proper combination
of these parameters can improve column performance through increased confinement
pressure and improved efficiency of this pressure. Confinement pressure can be
increased by using high volumetric ratio and/or grade of confinement reinforcement. The
efficiency of pressure can be improved by increasing its uniformity. This can be
achieved by using an efficient reinforcement arrangement. Closely spaced circular hoops
and spirals provide uniform lateral pressure resulting from uniform hoop tension, which
can be considered as the most efficient confinement pressure. Rectilinear reinforcement
can also provide near uniform pressure when used in the form of closely spaced
longitudinal bars, where each bar is laterally supported by the corner of a closed hoop
or the hook of a cross tie. Four bar arrangement, sometimes used in square and
rectangular sections provide the least efficient reinforcement arrangement, resulting in
high pressure peaks near the corners and low lateral pressure between the corners. Inall
cases, the lateral pressure is generated by tension in transverse reinforcement, which can
not be developed unless the tie ends are well anchored into the confined core. Theref&re,
the tie ends, whether in the form of closed hoops or cross ties, should have bends well

anchored into the confined core.
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Strength and deformability of concrete are known to be inversely proportional.
Therefore, higher streng,fh cencretes require higher lateral pressures (Razvi and
Saatcioglu 1994). Hence, concrete strength should be considered in establishing the
confinement steel requirements. Furthermore, column concrete consists of two different
parts, with two distinctly different mechanical properties; unconfined concrete in the
cover and confined concrete in the core. As the percentage of confined concrete in a
section increases, the beneficial eFfect of confinement on overall column‘-Behavior also
increases. A column with large cové} area can not maintain most of its original strength
beyond the spalling of cover, no matter how well the core concrete is confined.
Therefore, in earthquake resistant columns it is advisable to use small cover. The ratio

_ of gross-to-core area is another parameter that needs to be considered in design.

8.3 Current Design Approach

The design approach for coluri;h confinement used in CSA Standard A23.3-84 (1984)
and ACI Code 318-89 (1989) is based on an arbitrary performance criterion.
Accordingly, columns are expected to maintain their concentric capacities at high strain
levels when the useful limit of transverse reinforcemcnt is attained beyond the spalling
of cover. This performance is achieved if strength and ductility of core concrete are
improved sufficiently to account for the loss of strength associated with cover spalling.
The amount of transverse reinforcement required to offset the effects of cover spalling
can be derived as given in Eq. 8.1. This equation is derived based on the assumption that
the increase in concrete strength due to confinement can be expressed as 4.1 times the
uniform lateral pressure generated by confinement reinforcement. This is indicated in Eq.
8.2.

‘1 A4 44_A
p, = [a415££[-‘--1]+ F = (8.1)

SalA4 d sA,

[
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f'::c = 0.85}"0"’4.1_{; (8.2)

The ACI Code has adopted Eq. 8.1 after dropping the second term, and replacing
coefficient 0.415 by 0.45. The Code expression is shown in Eq. 8.3.

A I
p, = 045 | =&-1 Z< 8.3
[Ac ]fﬂ ®)

Eq. 8.3 gives the volumetric ratio of confinement reinforcement required in a circular
column. It is a function of the ratio of the gross cross-sectional area to confined core area
(A/A,). Hence, it results in high volumetric ratios for columns with thick concrete
covers. Columns with large cross-sectional areas may have A/A, ratios approaching
unity while the volumetric ratio requirement given in Eq. 8.3 approaching zero. This may
result in unsafe levels of volumetric ratio. Therefore, the ACI Code (1989) provides a
lower bound for the volumetric ratio by setting a limit on the A /A, ratio not to be less
than 1.25. This translates intc Eq. 8.4,

py = 0.12°—= (8.4)

The above requirements are based on test data obtained from concrete cylinders
subjected to uniform hydrostatic pressure or passive confinement pressure provided by
circular spirals. Hence, they are applicable to closely spaced spirally reinforced circular
columns. Eqs. 8.3 and 8.4 form the volumetric steel requirements of ACI318 (1989) for
circular spirals. The confinement steel requirements for square and rectangular columns,
in the same building code, are based on an arbitrary extension of the above requirements,
while recognizing that rectilinear reinforcement is not as effective as circular
reinforcement. The code‘-expression for the required area of rectilinear confinement -
reinforcement is obtained from Eq. 8.3, based on the premise that rectilinear
reinforcement is 3/4 as effective as circular spirals. This implies that 1/3 more steel is

needed in rectangular columns to attain deformabilities usuatly expected of spirally
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reinforced circular columns. The increased steel requirement, when expressed in terms
of the area of lateral reinforcement, translates into Eq. 8.5. The lower limit of
confinement reinforcement for rectangular sections is established to produce 50% more

rectilinear reinforcement than that establish for spiral steel. This leads to Eq. 8.6.

A, =03 [shc&] [i‘-—]—l
Ay

S
f

A, = 0.09h = (8.6)
»

(8.5)

Eqs. 8.5 and 8.6 give the area of confinement steel required in each cross-sectional
direction by ACI318 (1989) for square and rectangular columns. The current ACI318
(1989) design approach does not explicitly address the relationship between lateral drift
and corresponding confinement requirement. Instead, the code approach is based on axial
deformability of columns under concentric loading, with implications that columns that
have axial deformabilities are likely to have lateral deformabilities under seismic
l'oading. Furthermore, axial load level is not a parameter in the current ACI318 (1989)
approach. It becomes clear from the foregoing discussion that neither of the two major
design parameters related to the actions arising from seismic effects, ﬁreviously referred

to as offensive parameters, is explicitly considered in the cuerent code provisions.

The defensive parameters of confinement relevant to transverse reinforcement are
addressed in the code for spirally reinforced circular columns, although they are not
linked to the expected levels of lateral drift and axial compression. The design
expressions have been derived with due considerations given to the magnitude and
efficiency of confinement pressure. However, the code requirements for square and
rectangular columns do not include the arrangement of reinforcement and resulting

efﬁciency:‘of confinement pressure as a parameter. Consequently, the difference in
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behavior between a column with four corner bars tied with perimeter hoops, and a
column with well distributed longitudinal reinforcement laterally supported by
oVerlapping hoops and/or cross ties, is not recognized in the code. Furthermore, hoop
spacing is not included as a separate parameter other than the maximum spacing limit
specified. The trade off between spacing, reinforcement arrangement and volumetric
ratio is not considered, limiting flexibility in design, while promoting congestion of
reinforcement. These shortcomings of the current ACI318 (1989) design approach are

eliminated in the proposed approach, presented in the following section.

8.4 Proposed Design Procedure

The proposed design approach is based on the computation of lateral drift capacity of a
column with specific confinement characteristics and imposed axial compression. The
amount, grade, spacing, and arrangement of confinement reinforcement are determined

for expected levels of lateral drift and axial compression.

The drift capacity is established from inelastic deformations of columns. Tests of
reinforced concrete columns under simulated seismic loading indicate that lateral
deflection of a column consists of components due to flexure, shear, and anchorage slip.
Fig. 8.1 shows experimentally recorded displacement components in a typical test
column (Saatcioglu and Ozcebe 1989). While the components due to flexure and
anchorage slip may be equally significant, shear deformation in a typical column is
negligibly small, forming approximately less than 10% of total displacement. Therefore,
the effects of inelastic shear deformations on lateral drift capacity of flexure dominant
columns can be ignored for simplicity. Treatment of shear dominant columns, as in the
case of short columns, and design against shear forces, are beyond the scope of the
procedure described in this chapter. This leaves components due to flexure and

anchorage slip to be computed for establishing the lateral drift capacity.
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8.4.1 Computation of Displacements due to Flexure

Inelastic displacement of a reinforced concrete column due to flexure can be established
by following standard procedures outlined in text books (Park and Paulay 1975, Paulay
and Priestley 1992). However, consideration of proper material properties, especially for
confined concrete, and proper treatment of progression of plastic hinging are of ﬁtmost

importance for reliability of results.

The first step in computing flexural displacements involves plane section analysis of the
critical section. This requires the consideration of stress-strain characteristics for
unconfined cover concrete, confined core concrete, and reinforcing steel with strain
hardening. The confined concrete model proposed in Chapter 7 has been selected for the
analysis. This model incorporates all the relevant parameters of confinement, and has
been verified extensively against circular, square, and rectangular columns with different
reinforcement arrangements, tested under concentric, eccentric, and reversed cyclic
loadings. Confined concrete strength, f.., is expressed in the model in terms of

unconfined concrete strength, f'.,, and equivalent uniform confinement pressure, f..

fcc = f;o+k1fk (8'7)
k =6.7(f,)"" (8.8)
fo =k (8.9)
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The average lateral pressure, f, is computed by dividing the summation of yield forces
in transverse reinforcement by the core area perpendicular to these forces. While the
average pressure is representative of the actual uniform lateral pressure that develops in
spirally reinforced circular columns, it is not representative of non-uniform pressure
generated in square and rectangular columns. The confinement pressure resulting from
closely spaced longitudinal and transverse reinforcement approaches uniform average
pressure, while that resulting from four corner bars and perimeter hoops show significant
variation in pressure between the corners. The average pressure needs to be reduced in
the latter case before it can be used as equivalent uniform pressure. This is done through
coefficient k,. This coefficient reflects the reinforcement arrangement and the resulting
efficiency in lateral pressure, and is equal to 1.0 for spirally reinforced circular columns
and less than or equal to 1.0 for square and rectangular columns. Coefficient k; is used

in the design procedure to introduce efficiency of reinforcement arrangement as a design

parameter.

Moment-curvature relationships for square columns are computed and compared with ‘-
those recorded experimentally. The comparisons shown in Figures 8.2 through 8.8

indicate good agreement between analytical and experimenta! sectional response.

Once the sectional moment-curvature relationship is determined for a given axial load
level, the variation of curvature along column height can be established as illustrated in
Fig. 8.9. The curvature diagram assumes different shapes depending on the stage of
loading. As the moment capacity of the critical section is exceeded, the column
resistance gradually drops, while the curvatures near the critical section continue
increasing. This results in gradual formation of a plastic hinge which propagates towards
the elastic region until it is fully developed. Fig. 2.9 illustrates the progression of plastic
hinge in a column. The curvature diagram can then be used to compute inelastic rotation
and resulting displacement as the area, and moment of the area under the curvature

diagram, respectively. Fig. 8.10 illustrates comparisons of analytically obtained moment-
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flexural rotation relationships with envelopes of hysteretic relationships recorded during
cyclic load tests. The comparisons shown in Figs. 8.2 through 8.8 and 8.10 indicate that
flexural force-deformation relationships for columns can be established fairly accurately

using the procedure described above, with the material models adopted.

8.4.2 Computation of Displacements due to Anchorage Slip

Deformations due to anchorage slip are caused by slippage and/or extension of
longitudinal reinforcement within the adjoining member. Hence they are not included
in the flexural analysis discussed earlier. These deformations can be as significant, and
sometimes even more significant than those caused by flexure, increasing lateral drift
and associated P-A effects. Omission of these deformations may lead to erroneous
results, especially when significant yielding of longitudinal tension reinforcement is

expected.

The extension of reinforcement in the adjoining member can not be prevented if the
critical column section is located at the ends. It accounts for a major portion of total
member end rotation due to anchorage slip. Hysteresis loops due to reinforcement
extension is similar to those obtained for flexure, showing stable loops dissipating
seismic induced energy. The other component of anchorage slip, caused by the slippage
of reinforcement, however, results in significant pinching of the loops, and should be
prevented to the extent possible through proper anchorage. The combination of extension

and slippage of reinforcement is referred to as anchorage slip.

The anchorage slip deformation may form a significant portion of total lateral drift
demand, especially in columns with relatively small axial compression. In this case, the
remaining lateral drift due to flexure may not be high enough to justify stringent
confinement requirements. On the other hand, if the drift component due to anchorage
slip is excessive, it may lead to high P-A moments and a faster rate of strength
degradation in the lateral load capacity. Furthermore, deformations due to anchorage slip
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are related to the strain condition at the critical column section, which is intiuenced by
concrete confinement. Therefore, there is a close relationship between the confinement
requirements, which are meant to improve behavior of column concrete in compression,
and anchorage slip, that occurs outside the confined end regions. Consequently,
anchorage slip must be an integral part of a displacement based design procedilre for
column confinement.

The analytical model recently proposed by Alsiwat and Saatcioglu (1992) has been
adopted here to compute deformations resulting from anchorage slip. The model
incorporates yield penetration and associated inelasticity in anchored reinforcement, as
well as possibility of slip within this region. It can be used relatively easily, making it
especially suitable for design. Inelastic deformations due to extension and slip are treated
separately in this model. Extension of anchored reinforcement is computed by
integrating the strains in reinforcement. Fig. 8.11 illustrates the assumed strain
_ distribution along the straight lead length of a re-bar. The length of each region, shown
in the figure, can be established from equilibrium of forces. This leads to Eq. 8.10.

- Afsdb
4u

L

(8.10)

Where, L represents the length of each region, L, L, or L,, and Af, is the
corresponding incremental steel stress between the beginning and end of each region.
Diameter of reinforcement is denoted by d,. The bar force is partially developed within
each region depending on bond stress, u, between the concrete and steel. Frictional bond
stress, u,, and elastic bond stress, u,, are used for inelastic and elastic regions,

respectively. The inelastic region consists of strain hardening and yield plateau.

A local bond-slip model is used to establish the bar slip. Bar slip occurs only if the bar
is strained to the cut-off point. In this case, the bond stress within the available elastic

length is computed from Eq. 8.10, and the resulting value is used to obtain the
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corresponding bar slip from the bond-slip model. The details of the procedure, as well
as hooked bars, and bars subjected to pull and push, are discussed elsewhere (Alsiwat
and Saatcioglu 1992). Extensive verification of the model is also presented in the same

reference. Figs. 8.12 and 8.13 includes some of the comparisons on pull out tests.

Bar slip and/or extension of reinforcement, 8,, results in member end rotations at column

ends. This rotation, 8,,, and corresponding deflection, A,,, can be computed as shown

below:
d
e = 5 8.
as d"c ( ll)
A, = O H (8.12)

Where, d and ¢ represent the effective section depth and neutral axis location,

respectively. Column height at which deflection (4,,) is computed, is denoted by H.

Analytical rotations obtained by Eq. 8.11 are compared with those recorded
experimentally in Fig. 8.14. The comparisons indicate that the procedure described
above and the analytical mode! adopted can be used to obtain force-anchorage slip

deformation relationships fairly accurately.

8.4.3 Maximum Usable Column Displacement and Drift Capacity

Superposition of displacement components due to flexure and anchorage slip gives total
lateral displacement. Figs. 8.15 through 8.18 depict comparisons of analytically obtained
total column displacements with those recorded experimentally. The comparisons,
including ascending and descending branches of force-displacement relationships, show

good correlations within a wide range of axial compression values.
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Drift capacity is obtained when a column reaches its maximum usable lateral load
capacity, beyond which it can be declared to have failed. During response to strong
earthquakes confined columns of multistorey multi-bay frame systems do not fail
immediately after the attainment of their peak loads. Instead, they continue carrying a
significant portion of their peak load while deforming and dissipating seismic induced
energy beyond the peak. It is generally believed that a well designed reinforced concrete
element can tolerate some strength decay without jeopardizing strength and stability of
the structure. In seismic design, where critical members are designed and detailed for
inelasticity, it would be unduly conservative to take the displacement corresponding to
peak load as the limiting displacement for design purposes. In this design approach, the
displacement corresponding to 20% strength decay beyond the peak has been adopted
as the maximum usable displacement beyond which the column can be considered to
have failed. The maximum usable displacement and the corresponding lateral force
capacity are obtained from force-dispiacement relationship under monotonic loading,. It
is assumed that the monotonic force-displacement curve is representative of the envelope
of the force-displacement hysteretic relationship under reversed cyclic loading. Hence
the definition of maximum displacement adopted here is consistent with that used earlier
by Saatcioglu (1991) for columns under reversed cyclic loading. The maximum usable
latera! displacement is divided by unsupported column height to obtain lateral drifi

capacity.

8.4.4 Design Aids

The drift capacity of a column with specific confinement characteristics and axial
compression can be established by following the procedure described in previous
sections. The drift capacity is then compared with the expected drift level (drift demand)
for the ground motion expected in a given area of seismicity and soil conditions, and for
the framing system used. Procedures used to calculate drift demand are not discussed in
this chapter, and can be found elsewhere (Qi and Moehle 1991). If the drift capacity is
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different than the expected drift level, the iterative design process starts, and the
procedure is repeated with a revised confinement reinforcement until a reasonable
agreement is attained between the expected drift level and the provided drift capacity.
Although the steps outlined above are straight forward to follow, the numerical
procedure involved can be prohibitively excessive for design applications, unless a
computer software is available. Therefore, a design table was generated for columns with
different geometric and material properties, illustrating relationships between axial
compression and drift capacity for columns with different confinement reinforcement.

These relationships are also shown in Figure 8.19 for selected columns.

Table 8.1 provides a complete set of design data for four levels of confinement efficiency
(arrangement and spacing of reinforcement as reflected by k,) and three levels of A /A,
ratio. This table can be used to obtain reinforcement ratio p, required for a given axial
load, expected drift level, and reinforcement arrangement. The reinforcement ratio p_ is
defined as the total area of transverse reinforcement in one direction (A, divided by the
centre-to-centre spacing between the ties, s, and the core dimension, b, perpendicular to
the reinforcement. This is expressed in Eq. 8.13. The core dimension b, is measured

between the centre lines of perimeter hoops.

ZAS!'

sh

c

P = (8.13)

The test data used in developing the confinement model, for normal strength concrete,
had p, < 2% (or p, < 4%). Therefore, this value may be taken s the upper limit of
reinforcement ratio for the proposed design procedure. Coefficient k,, reflecting the

efficiency of confinement reinforcement, is given below.

ky =015 [&] {P—‘ < 1.0 (8.14)

§ 5,
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For the most efficient reinforcement arrangement, i.¢., closely spaced spirally reinforced
circular columns k, = 1.0.. For square and rectangular columns k, < 1.0, and may be
approaching 1.0 only when closely spaced overlapping hoops and cross ties with closely
spaced longitudinal reinforcement are used, producing near uniform confinement
pressure, Eq. 8.14 implies that the same k, can be attained either by reducing the spacing
of transverse reinforcement along column height, s, or by reducing the spacing of cross
ties or hoop legs supporting longitudinal reinforcement in cross-sectional plane, s, The:

spacing quantities for rectilinear columns can be determined conveniently if Eq. 8.14

is re-written in the following form:

(b“ b, = 44 (k) 5
Bl B (%) (8.15)

I

While Eq. 8.15 indicates that a trade off between s and s, is possible to arrive at the same

confinement efficiency (k,), this trade off is limited by the maximum spacing limits

specified in the next section.

The confinement model that forms the basis for the design procedure is applicable to
square and rectangular sections with different confinement pressures in two orthogonal
directions. While this generality is maintained in the design procedure, the following
simplifying assumption is introduced in developing the design table. The assumption
involves the use of equal confinement reinforcement ratio in each cross-sectional
direction for square and rectangular columns, as in the case of current ACI318
requirements (ACI Code 1989). This assumption reflects the current practice and is not

expected to hinder the design process.

It is to be noted that reinforcement arrangements used in rectangular sections may lead
to different k, values in two cross-sectional directions. Therefore, when k, computed for
one cross-sectional direction (k,),, using (b,), and (sy), is not equal to k, computed in the
other direction (K,),, using (b.),and (s),, then k, can be calculated from the following
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equation,

. k), &, ) k), &)

(8.16)
? (bc )l+ (bc )z

Table 8.1 was generated using a 600 mm square column section, with a total story height
of 3.0 m. The columns were reinforced with 2% longitudinal reinforcement, equally
distributed along the perimeter of the section. Straight bars were assumed in the
anchorage region with 28 mm bar diameter. Concrete cylinder strength was 40 MPa and
longitudinal and transverse steel grades were 400 MPa. The strain hardening in
reinforcement was considered starting at 1% strain, and following a parabolic variation
up to 10% strain at 560 MPa. The use of this design table for other columns requires
assessment of the significance of these parameters oOn lateral drift. Therefore, an
extensive parametric study was conducted. The parameters considered in this study
include column height-to-width ratio, cross-sectional size and shape, aspect ratio of
cross-section, distribution and percentage of longitudinal reinforcement, concrete
strength, and bar size. The results are presented in Figures 8.20 through 8.25 and indicate
that while these parameters have some effects on drift capacities, the effects are small,
and in most cases negligible. Therefore, Table 8.1 can be used for all concrete columns
that meet the spacing and reinforcement ratio limitations specified in this paper, and also
conform to the requirements of ACI318 Building Code (1989), other than those fbi—

confinement.

Table 8.1 incorporates the effects of material strengths through p £/f ratio. It was found
in the parametric study that the reduction in drift capacity associated with an increase in
concrete strength can be offset by an increase in confinement reinforcement ratio p,,
proportional to the increase in concrete strength. A review of experimental data on high-
strength concrete columns has also shown that the lateral confinement pressure for high-

strength concrete columns should be increased proportional to the increase in concrete
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strength to attain deformabilities expected in lower strength concrete columns (Razvi and
Saatcioglu 1994). Therefore, the p f/f'. ratio has been adopted in Table 8.1. However,
it is recommended that the current ACI318 (1989) limit of 400 MPa be used for lateral

confinement reinforcement (f},) for columns with normal-strength concrete.

8.4.5 Maximum Spacing Limitation

Most building codes provide maximum spacing limitations for transverse reinforcement
as governed by confinement, shear, and stability of longitudinal reinforcement.
Researchers have shown that transverse reinforcement with a spacing equal to 1.25 times
the cross-sectional dimension, h, do not produce the beneficial effects of confinement
(Ahmed and Shah 1982). Razvi and Saatcioglu (1989) indicated that transverse
reinforcement with a spacing of b/2 show beneficial effects of confinement, degree of
which depends on other parameters. On the other hand, the maximum spacing of

transverse reinforcement, as governed by shear, is specified as /2 in the building code
(ACI318 1989).

An important aspect of design for confinement is the consideration of longitudinal bar
stability under compression, especially within the inelastic range. Recent research on
stability of longitudinal reinforcement indicates that a spacing of 6 times the longitudinal
bar diameter or 150 mm (6 in) can be used as a limit for bar buckling (Paulay and
Priestley 1992). This suggests that the current absolute limit of 100 mm (4 in) (ACI318
1989) can be relaxed, especially if a design procedure like the one proposed in this paper
is employed, allowing the trade off between the spacings in the vertical and horizontal
planes, s and s, respectively. The smaller of the following limits can then be used as the
maximum spacing of transverse confinement reinforcement, Sy,

- One-half of the minimum core dimension (b /2).

- Six times the longitudinal bar diameter.

- 150 mm (6 in).
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The effect of the spacing of laterally supported longitudinal reinforcement, s, is included
in the design procedure, and no further spacing limit is necessary for s, other than that
indirectly imposed by the requirements set on the minimum number of longitudinal bars
ACI318 (1989).

The design procedure is also applicable to columns reinforced with circular spirals

confirming to the above spacing limitations and with a minimum of six longitudinal bars.

85 Application of Design Procedure to High-Strength

Concrete Columns

The design procedure presented in this chapter was developed for confinement of
normal-strength concrete columns. The procedure is based on the computation of lateral
drift capacity of columns, which has two potentially significant components, flexure and
anchorage slip. The procedure used for computation of the flexural component is equally
applicable to high-strength concrete columns, since the confined concrete model used
is applicable to both normal-strength and high-strength concrete columns. However, the
applicability of the procedure used for anchorage slip deformations to high-strength
concrete columns requires verification against test data. At this time, however, there is
little experimental data available to verify and/or modify the elements of the anchorage
slip model developed by Alsiwat and Saatcioglu (1992) for high-strength concrete
columns. While the design procedure itself is independent of concrete strength, the
design aid developed in this chapter can not be used for high-strength concrete columns,

prior to verification against experimental data.

367



Table 8.1 Lateral Drift Capacities for Reinforced Concrete Columns

p. = Ay (b 3) k = 015yBJ0OS) P = 085 F. (A -A) + A,

Lateral Drift Capacity (%)

P/P, 0.20 0.40 : 0.60 0.80

p. fulf.  AG/A. 12 1.4 1.6 1.2 14 16 1.2 14 16 12 1.4 16
(%) k,

Unconfined concrete 16 16 1.6 1.0 1.0 1.0 07 07 07 03 03 03

0.25 30 26 22 13 12 12 10 1.0 1.0 05 04 04
4.0 0.50 33 29 24 14 13 12 1.1 1.1 1.1 06 05 04
0.75 35 32 26 15 14 13 11 11 1.1 08 0.6 05
1.00 36 34 29 17 14 13 1.2 11 1.1 1.0 07 06
Circular 26 21 16 14 13 1.2 1.1 11 1.0 1.0 1.0
0.25 46 41 30 1.8 14 13 1.1 1.1 11 08 06 05
8.0 0.50 54 49 39 23 18 14 13 12 1.1 12 08 0.6
0.75 61 55 46 28 22 17 16 13 12 13 L1 08
1.00 52 32 26 20 18 15 13 15 13 10
Circular 45 32 26 19 15 1.8 14 12 14 12 12
0.25 55 40 25 1.8 13 14 12 11 1.1 07 06
12.0 0.50 54 33 25 18 18 14 12 14 1.1 08
0.75 41 32 23 23 18 14 1.7 14 1.1
1.00 49 39 29 27 22 16 20 16 13
Circular 45 38 28 18 25 1.8 14 19 14 12
0.25 64 49 31 22 15 17 12 11 12 09 06
0.50 43 33 23 24 18 13 17 13 10
16.0 0.75 54 43 3.1 31 24 17 22 18 13
1.00 50 37 38 30 23 26 23 16
Circular 55 49 36 22 31 22 15 24 17 13
Notes:

1. Reinforcement ratio p, is to be provided in each cross-sectional direction.
2. The blanks in the table indicate rupturing of longitudinal tension reinforcement prior to 20%
strength decay due to concrete crushing.
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Figure 8.1: Components of displacement in a typical test column (Saatcioglu and Ozcebe 1989).
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Figure 82 Comparison of analytical and experimental moment- curvature envelopes for column
AS-18 tested under reversed cyclic loading (Sheikh and Khoury 1993).
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AS-19 and AS-3 tested under reversed cyclic ioading (Sheikh and Khoury 1993).
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columns C4-2 and C6-2 tested under monotonically increasing axial compression
(Saatcioglu et al. 1995).
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Chapter 9

Summary and Conclusions

9.1 Summary

A combined analytical and experimental investigation was conducted to study the
confinement of concrete in columns. A comprehensive literature survey was first
conducted to re-evaluate the existing data on column confinement. A similar

comprehensive survey was conducted on available analytical models on column

confinement.

The experimental investigation included tests of 46 full size high-strength concrete
columns tested under monotonically increasing concentric compression. A preliminary
test program was also conducted to investigate the characteristics of high-strength
concrete mixes. The. test data provided invaluable information on strength and

deformability of high-strength concrete columns.

The experimental data was combined with available test data on confinement of normal-
strength and high-strength concrete columns to develop an analyticai model for stress-

strain relationship of confined concrete. The model was verified against a large volume
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of experimental data, including normal-strength and high-strength concretes confined by
normal-strength and high-strength reinforcement of different volumetric ratio,
arrangement and spacing. The model was also verified against test data obtained under

eccentric and reversed cyclic loadings, as well as under slow and fast strain rates.

The analytical mode! was used to develop a displacement based design procedure for
column confinement. The procedure provides required confinement steel for columns

with different deformation demands. A design aid was developed for use in practice.

9.2 Conclusions

The following conclusions can be drawn based on the experimental and analytical

research reported in this thesis:

1. Parameters of column deformability can be viewed in three groups:
a) Those related to applied loading; axial load level, shear stress, rate of loading,
direction of lateral load, eccentricity of load, and loading history.
b) Those related to confinement reinforcement; volumetric ratio, spacing, yield
strength and arrangement of confinement reinforcement, and section geometry.

¢) Those related to concrete type; concrete strength and unit weight of aggregate.

2. Strength and deformability of concrete columns improve significantly if the core
concrete is well confined, regardless of concrete strength. However, high-strength
concrete columns require significantly higher volumetric ratio of confinement steel

to attain deformabilities usually expected from normal-strength concrete columns,

3. High lateral pressure required to confine high-strength concrete, relative to normal-
strength concrete, can be provided either by increasing the volumetric ratio of
confinement steel and/or using high-strength lateral steel. High strength steel, with
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1000 MPa yield strength, was found to be effective in confining high-strength
concrete. Therefore, the required volumetric ratio can be reduced when high-

strength steel is utilized with efficient arrangement of confinement reinforcement.

Although higher grade confinement reinforcement increases lateral pressure and
hence improves behaviour, the volumetric ratio plays a more dominant role on
concrete deformability. Hence, the increase in the grade of transverse reinforcement

can not totally make up for a proportional reduction in volumetric ratio.

The descending slope of the stress-strain relationship of confined concrete is a

function of amount, strength, arrangement of confinement reinforcement, and

concrete strength.

Strain readings indicate that high-strength steel with £, = 1000 MPa yields at peak
load or shortly thereafter. This indicates that high-strength steel can be fully utilized
in confining the core concrete.

The results indicate a consistent decrease in deformability with increasing concrete
strength. However, strength gain due to confinement is approximately constant for
concretes with different unconfined strengths. Columns with different concrete
strengths but similar confinement characteristics indicate approximately the same
absolute gain in strength due to confinement. Therefore, if the same percentage of
strength enhancement is desired, higher strength concrete columns are required to

be confined more than those with lower strength concretes.
Unconfined concrete strength in column core varies approximately between 85%

and 100% of concrete strength determined by a standard cylinder test. The average
value of this variation appears to be higher for higher strength concretes.
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9.

10.

11.

Concentric capacity of plain or unconfined high-strength concrete columns can be
predicted reasonably well with the use of current building code approach developed
for normal-strength concrete, which assumes in-place strength of concrete to be

85% of cylinder strength.

High-strength concrete columns may be classified into three groups in terms of their
capacities under concentric loading. The first group consists of plain or lightly
reinforced unconfined columns, where early separation of cover concrete is not
likely to occur. These columns may be able to develop capacities based on the
current practice for normal-strength concrete. Columns confined with cldéely
spaced longitudinal and transverse reinforcement experience loss of strength due to
the early separation of cover. Depending on the thickness of the cover, concrete
strength, and the degree of confinement of the core, the unconfined strength P,,
based on gross cross-sectional area may or may not be attained. When core
confinement is not sufficient, the loss of strength associated with cover spalling can
not be compensated by the concrete confinement. These columns form the second
group. It may be more appropriate to compute concentric capacities of these
columns on the basis of the core area. The third group consists of columns with
sufficient confinement of the core to develop unconfined column capacities with
core alone. The unconfined strength P, based on'the current practice for normal-
strength concrete may still be applicable to these columns, provided that the
attainment of the ultimate load capacity beyond the spalling of the cover is an
acceptable limit state for design purposes. More research is needed to establish the
governing conditions for each category of columns, and the associated concentric

load capacities.

Circular spirals are more effective in confining concrete than rectilinear ties. High-
strength concrete columns confined with circular spirals showed improved strength

and ductility when compared with columns confined with the same volumetric ratio
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12.

13.

14.

15.

of rectilinear ties. However, it is possible to improve the behaviour of square
columns up to the same level of performance as circuiar columns, or even higher

level of performance, by improving the efficiency and/or the amount of confinement
reinforcement. '

The expressions given in ACI-318 (1989) and CSA A 23.3 (1984) overestimate the
modulus of elasticity for high-strength concrete. The expression suggested by
Carrasquillo et al. (1981) agrees well with the experimental data.

The review of available analytical models for normal and high-strength concrete
indicates that existing analytical models for confined concrete have limitations.
Models developed based on normal-strength concrete are not applicable to high- .
strength concrete. Available confinement models for high-strength concrete are
mostly modified versions of models developed for normal-strength concrete, which

are only applicable, in most cases, to test data based on which they were denived.

The analytical model proposed in this investigation for stress-strain relationship
of confined concrete can be used for normal-sirength and high-strength concretes
confined by normal-strength and high-strength reinforcement of different

volumetric ratios and arrangements, as evidenced by extensive verification

against test data. The model can be used for concentric and eccentric ioads.

Confinement steel requirements of ACI 318 (1989) Building Code for normal-
strength concrete are based on an arbitrary design concept. Therefore, the code
requirements tend to be conservative for columns subjected to low axial loads, and
unsafe for columns under high axial loads. Furthermore, the arrangement of
reinforcement in confining core concrete is not explicitly recognized There exist a
need for a more rational design approach incorporating all the relevant parameters
of confinement.
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16.

17.

No specific confinement steel requirements for high-strength concrete are available
in the ACI-318 (1989) building code. However, the extension of the current
normal-strength concrete requirements to high-strength concrete may lead to

conservative design under low axial load, and unsafe design under high axial load.

The displacement based design procedure developed in this investigation for

column confinement incorporates all the relevant parameters of confinement and
produces confinement steel requirements for different drift levels. Hence, it
represents a significant improvement over the current building code procedure.
While the procedure is applicable to both normal-strength and high-strength
concrete columns, the design table developed is only applicable to normal-strength
concrete, since the anchorage slip characteristics of high-strength concrete has not

yet been established.

9.3 Recommendations for Future Research

The following recommendations are made for future research;

1.

The effect of high-strength steel on confinement of high-strength concrete needs to
be investigated using different grades of high-strength steel.

More research is needed to investigate behaviour of high strength concrete columns

under high axial load and lateral load reversals.

The applicability of the procedure used for anchorage slip deformations to high-
strength concrete columns needs to be verified against test data. There is a need for
more experimental data to verify and/or modify the anchorage slip model developed
by Alsiwat and Saatcioglu (1992).
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