





F1:1
F1:2
F1:3
Fl:4

70
71
72
73
74
75
76
71

78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

1 o_l
P A L
| H
1! |
N K
Solnenenn H. O ’
il A
| AN
1 \m ]
! P : :
1 | i
I /4 ‘ i
1,4 ! : o :
1/ v o, O v y g
o T > 60 52 i
) (b)

Fig. 1. (a) Loading paths for axially-loaded concrete with constant
confining pressure and without confinement; (b) Axial stress-strain
diagram for axially-loaded concrete with constant confining pressure
and without confinement

constant confinement pressure. The non-linear relationship be-
tween confined concrete strength and constant confinement pres-
sure given in Eq. 3 was based on the ultimate surface developed
by Elwi and Murray (1979), and calibrated using triaxial (constant
confinement pressure) test data. However, the equation proposed by
Mander et al. (1988a) for the corresponding strain was identical to
Richart et al. (1928) Eq. 2. Because this was a parametric model,
theoretically there is no concrete strength limitation for Eq. 3.
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Although these two ultimate strength equations (Egs. 1 and 3)
were developed by different researchers using different approaches,
they yield very similar predictions for small confinement stresses.
Up to confinement stress levels (f;:f.,) of 0.7, Mander et al.
(1988a) model predicts confined concrete strength values with
absolute differences of below 20%, relative to Richart et al. (1928)
model (Fig. 2).

Both equations 1 and 3 were also applied to concrete columns
passively confined by steel bars, and found to be suitable in
predicting the confined strength of passively-confined concrete
(Mander et al. 1988b; Richart et al. 1929).

The explanation for the suitability of a confinement model
developed using a constant confinement pressure (active confine-
ment) to steel confined concrete (passive confinement) was given
by Imran and Pantazopoulou (1996) and Lan and Guo (1997).
These researchers reported that confined concrete strength was
essentially independent of the shape of the loading path. The path-
independency of confined concrete strength implies that either
Richart et al. (1928) or Mander et al. (1988a) equations (Egs. 1
and 3, respectively) can still be taken as a boundary for passively-
confined concrete, as shown in Fig. 3 for Richart et al.’s (1928)
model.

The critical point for the applicability of active confinement
models to passive confinement is to determine the confinement
stress ratio (f;:f/.,) at the point of maximum axial stress.

For passively-confined concrete, radial expansion is very low
until the unconfined concrete strength is reached. Thus, until this
point, the confinement stress is very low. However, after the axial
stress value of f/, is exceeded (one on the vertical axis of Fig. 3),
the confinement pressure rapidly increases, attributable to radial
expansion of the concrete cylinder with increasing axial stress, and
the loading path begins to intersect the constant pressure loading
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Fig. 2. Confined concrete strength predictions using models proposed
by Richart et al. (1928) and Mander et al. (1988b), and the absolute
difference between predictions

paths. The intersection point values and the exact shape of the load-
ing path depend on the radial expansion rate of passively-confined
concrete in addition to the stress-strain behavior of the confining
material under tensile stress. Iterative methods to determine the re-
lationship between any axial stress level and the corresponding
confinement stress on the concrete, by using the compatibility
equations between the concrete and confining materials to establish
a full stress-strain graph of passively-confined concrete, has been
successfully adopted by several researchers (Fam and Rizkalla
2001; Lignola et al. 2008; Spoelstra and Monti 1999). Since this
study is only focused on the ultimate strength and corresponding
axial strain of passively-confined concrete cylinders by FRP, deter-
mining the intersection points of loading paths other than that
corresponding to the confined strength of concrete (f.) are beyond
the scope of this study.

For steel confined concrete, the ultimate confinement stress is
reached when the confinement steel reaches its yielding strain, thus
providing a constant confinement after this point. However, for
FRP materials which exhibit a linear stress-strain relationship, there
is no yielding point (unlike steel), and the maximum confinement
stress depends on other factors which will be explained in the next
part of this study.

Fig. 3. Loading lines for active and passive confinement (not in scale)
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FRP Confined Concrete

Strengthening of concrete columns with FRP has become a
common practice of passive confinement applications; however,
there is still no internationally-agreed design guideline or stan-
dards. Currently, “The guide for the design and construction of ex-
ternally bonded FRP systems for strengthening concrete structures”
reported by ACI Committee 440 is the most accepted.

In the previous version of the guideline (ACI440.2R-02 2002),
the ACI 440 committee had recommended Eq. 3, proposed by
Mander et al. (1988a), to predict the FRP confined strength of con-
crete, although the equation was originally proposed for steel con-
fined concrete. Considering the loading path independency
reported by Imran and Pantazopoulou (1996) and Lan and Guo
(1997), using Eq. 3 would have given good estimations for FRP
confined concrete strength, assuming that the FRP confining device
fails at the same hoop strain as in uniaxial coupon tests. However,
the FRP confining device’s failure strain values varies from 58—
61% of the coupon test strains, primarily based on carbon FRP con-
finement (De Lorenzis and Tepfers 2001, 2003; Harries and Carey
2003; Lam and Teng 2003a; Matthys 2001; Pessiki et al. 2001).
This is attributable to the multiaxial state of stress of the FRP con-
finement device and possible stress concentrations throughout the
surface of the concrete column. To be able to use Mander et al.
(1988a) Eq. 1 to predict the confined strength of concrete, the actual
confining stress (f;) at the time of the confined concrete’s peak
axial stress should be known, because this equation was derived
assuming that the confinement stress is definitely known and equal
to a constant confining pressure.

In the current version of ACI 440.2R (2008), the premature fail-
ure of FRP confinement is considered, and rather than Mander et al.
(1988a) Eq. 3, it is recommended to predict the confined strength of
concrete for circular cross-sections by using the Egs. 4 and 5 pro-
posed by Lam and Teng (2003a), especially for FRP confined con-
crete, with an additional reduction factor of 1)y = 0.95. However, to
use Eq. 5 for prediction purposes, the value of ¢; was taken as 1.0
as it was originally proposed by Lam and Teng (2003a):
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where E is the modulus of elasticity, 7 is total thickness, £, is the
effective strain value at the time of failure of the FRP confinement
device; and D is the diameter of the concrete cylinder. The effective
strain value of FRP confinement is given by:

Efe = ReEfu 6)

where k. is the strain efficiency factor (a value of 0.55 is recom-
mended for circular cross-sections) and €y, is the ultimate tensile
strain value of the FRP confinement material measured in
coupon tests.

Based on the tests done by Lam and Teng (2003a, b), ACI
440.2R (2008) recommends that the confinement ratio (f;:f/.,)
should be larger than 0.08 to ensure a nondescending stress-strain
graph, which can be taken as a lower limit for the confinement ratio.

For circular cross-sections, ACI 440.2R (2008) recommends
Eq. 7 for predicting the axial strain of concrete corresponding to
the maximum axial stress (e..); however, this value is restricted
to a maximum value of 0.01 to prevent excessive cracking and
maintain structural integrity.

£y0 = Eqp (1.50 Ll (‘1) OAS) )

féo Eco

Assuming an ¢, value of 0.002, an average £, value of 0.0145
for carbon FRP (calculated from the values given in Table 1), and
calculating €, from Eq. 6, the upper boundary for the confinement
ratio (f,:f/,) was calculated as 0.16 using the limitation of .. to
0.01 in Eq. 5. Thus, the lower and upper boundaries of f,:f/, are
given in Eq. 8:

J1 0.6 (8)

7 =
J co

0.08 <

This study assumes that when the premature failure of FRP con-
finement is considered the ultimate strength and corresponding ax-
ial strain of FRP confined concrete can be predicted using the
model for active and passive confinement of concrete proposed
by Richart et al. (1928, 1929). The reason for preferring Richart
et al. (1928, 1929) is that, in practice, achieving passive confine-
ment ratios (f;:f/,) as large as 0.7 is quite difficult, considering the
larger size of real concrete columns relative to test specimens and
the cost of confinement materials (this paper previously explained
that up to the confinement ratio 0.7, the difference between pre-
dicted values using the two models is below 20%). Moreover, when
it is considered that ACI 440.2R (2008) recommends the upper and
lower limits given in Eq. 8 in designs, using Richart et al. (1928)
model for predicting the behavior of passively-confined concrete
yields more conservative results than Mander et al. (1988a) model.

Richart et al. (1928) Egs. 1 and 2 were modified to account for
the premature failure of FRP confinement and used for predicting
FRP confined concrete.

In Eq. 1 and 2, instead of using the confinement ratio, f;:f/,, a
normalized confinement stiffness (K ) given by Eq. 9 was used to
express the confined concrete strength and corresponding strain:

_ 2Es1y
N Dl

(C))

The confinement ratio expression (f;:f/,) in Eq. 1 can be re-
written, as shown in Eq. 10:

i

feo

Inserting Eq. 10 into Eq. 1, and using . = 0.55 in addition to an

average value of 0.0145 for ef,—calculated by taking the average

value of carbon FRP coupon failure strains of 85 samples as shown

in Table 1- the equations simplify as shown in Eqs. 11 and 12. The

upper and lower limits of the confinement ratios (f;:f,) recom-

mended by ACI 440.2R (2008) were also re-written in terms of
Ky and are given in Eq. 13:

= ren Ky (10)

!/
ff"‘ =1+0.033Ky 11
f(?()
Ece
10< Ky <20 (13)

Database for Model Comparison

In the majority of reported experimental studies, carbon FRP sheets
were used to confine the cylinder specimens; thus, only the carbon
FRP wrapped concrete cylinders were taken into the database for
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Table 1. Database of Carbon FRP Confined Concrete Cylinders for Model Development

Number Source of data D (mm)  fl, MPa) ¢, (%) ty (mm) E; (GPa)  f; (MPa) Ky fle MPa) .. (%)
1 Xiao and Wu (2000) 152 33.7 0.25 0.38 105 1,577 15.6 47.9 1.20
2 Xiao and Wu (2000) 152 33.7 0.25 0.38 105 1,577 15.6 49.7 1.40
3 Xiao and Wu (2000) 152 33.7 0.25 0.38 105 1,577 15.6 494 1.24
4 Xiao and Wu (2000) 152 33.7 0.25 0.76 105 1,577 31.2 64.6 1.65
5 Xiao and Wu (2000) 152 33.7 0.25 0.76 105 1,577 31.2 75.2 2.25
6 Xiao and Wu (2000) 152 33.7 0.25 0.76 105 1,577 31.2 71.8 2.16
7 Xiao and Wu (2000) 152 33.7 0.25 1.14 105 1,577 46.7 82.9 2.45
8 Xiao and Wu (2000) 152 33.7 0.25 1.14 105 1,577 46.7 954 3.03
9 Xiao and Wu (2000) 152 43.8 0.23 0.38 105 1,577 12.0 54.8 0.60
10 Xiao and Wu (2000) 152 43.8 0.23 0.38 105 1,577 12.0 52.1 0.39
11 Xiao and Wu (2000) 152 43.8 0.23 0.76 105 1,577 24.0 84.0 1.57
12 Xiao and Wu (2000) 152 43.8 0.23 0.76 105 1,577 24.0 79.2 1.37
13 Xiao and Wu (2000) 152 43.8 0.23 0.76 105 1,577 24.0 85.0 1.66
14 Xiao and Wu (2000) 152 43.8 0.23 1.14 105 1,577 36.0 96.5 1.74
15 Xiao and Wu (2000) 152 43.8 0.23 1.14 105 1,577 36.0 92.6 1.68
16 Xiao and Wu (2000) 152 43.8 0.23 1.14 105 1,577 36.0 94.0 1.75
17 Xiao and Wu (2000) 152 55.2 0.27 0.38 105 1,577 9.5 57.9 0.28
18 Xiao and Wu (2000) 152 55.2 0.27 0.38 105 1,577 9.5 58.1 0.31
19 Xiao and Wu (2000) 152 55.2 0.27 0.38 105 1,577 9.5 62.9 0.41
20 Xiao and Wu (2000) 152 55.2 0.27 0.76 105 1,577 19.0 74.6 0.39
21 Xiao and Wu (2000) 152 55.2 0.27 0.76 105 1,577 19.0 77.6 0.81
22 Xiao and Wu (2000) 152 55.2 0.27 1.14 105 1,577 28.5 106.5 143
23 Xiao and Wu (2000) 152 55.2 0.27 1.14 105 1,577 28.5 108.0 1.45
24 Xiao and Wu (2000) 152 55.2 0.27 1.14 105 1,577 28.5 103.3 1.18
25 Watanabe et al. (1997) 100 30.2 0.23 0.17 224.6 2,716 25.3 46.6 1.51
26 Watanabe et al. (1997) 100 30.2 0.23 0.5 224.6 2,873 74.4 87.2 3.11
27 Watanabe et al. (1997) 100 30.2 0.23 0.67 224.6 2,658 99.7 104.6 4.15
28 Matthys et al. (1999) 150 349 0.21 0.12 200 2,600 9.2 443 0.85
29 Matthys et al. (1999) 150 349 0.21 0.12 200 2,600 9.2 422 0.72
30 Rochette and Labosierre (2000) 100 42.0 0.22* 0.6 82.7 1,265 23.6 73.5 1.65
31 Rochette and Labosierre (2000) 100 42.0 0.22% 0.6 82.7 1,265 23.6 73.5 1.57
32 Rochette and Labosierre (2000) 100 42.0 0.22* 0.6 82.7 1,265 23.6 67.9 1.35
33 De Lorenzis et al. (2002) 120 43.0 0.22% 0.3 91.1 1,028 10.6 58.5 0.87
34 De Lorenzis et al. (2002) 120 43.0 0.22% 0.3 91.1 1,028 10.6 65.6 0.82
35 De Lorenzis et al. (2002) 150 38.0 0.21* 0.45 91.1 1,028 14.4 62.0 0.71
36 De Lorenzis et al. (2002) 150 38.0 0.21* 0.45 91.1 1,028 14.4 67.3 1.24
37 Lam and Teng (2004) 152 35.9 0.20 0.165 250.5 3,762 15.1 47.2 1.11
38 Lam and Teng (2004) 152 359 0.20 0.165 250.5 3,762 15.1 53.2 1.29
39 Lam and Teng (2004) 152 35.9 0.20 0.165 250.5 3,762 15.1 50.4 1.27
40 Lam and Teng (2004) 152 35.9 0.20 0.33 250.5 3,762 30.3 71.6 1.85
41 Lam and Teng (2004) 152 359 0.20 0.33 250.5 3,762 30.3 68.7 1.68
42 Lam and Teng (2004) 152 35.9 0.20 0.33 250.5 3,762 30.3 69.9 1.96
43 Lam and Teng (2004) 152 343 0.19 0.495 250.5 3,762 47.6 82.6 2.05
44 Lam and Teng (2004) 152 34.3 0.19 0.495 250.5 3,762 47.6 90.4 2.41
45 Lam and Teng (2004) 152 34.3 0.19 0.495 250.5 3,762 47.6 97.3 2.52
46 Lam et al. (2006) 152 41.1 0.26 0.165 250 3,800 13.2 52.6 0.90
47 Lam et al. (2006) 152 41.1 0.26 0.165 250 3,800 13.2 57.0 1.21
48 Lam et al. (2006) 152 41.1 0.26 0.165 250 3,800 13.2 554 1.11
49 Lam et al. (2006) 152 38.9 0.25 0.33 247 3,754 27.6 76.8 1.91
50 Lam et al. (2006) 152 389 0.25 0.33 247 3,754 27.6 79.1 2.08
51 Lam et al. (2006) 152 38.9 0.25 0.33 247 3,754 27.6 65.8 1.25
52 Jiang and Teng (2007) 152 38.0 0.22 0.68 240.7 3,615 56.7 110.1 2.55
53 Jiang and Teng (2007) 152 38.0 0.22 0.68 240.7 3,615 56.7 107.4 2.61
54 Jiang and Teng (2007) 152 38.0 0.22 1.02 240.7 3,615 85.0 129.0 2.79
55 Jiang and Teng (2007) 152 38.0 0.22 1.02 240.7 3,615 85.0 135.7 3.08
56 Jiang and Teng (2007) 152 37.7 0.28 0.11 260 3,905 10.0 48.5 0.90
57 Jiang and Teng (2007) 152 37.7 0.28 0.11 260 3,905 10.0 50.3 0.91
58 Jiang and Teng (2007) 152 442 0.26 0.11 260 3,905 8.5 48.1 0.69
59 Jiang and Teng (2007) 152 442 0.26 0.11 260 3,905 8.5 51.1 0.89
60 Jiang and Teng (2007) 152 442 0.26 0.22 260 3,762 17.0 65.7 1.30
61 Jiang and Teng (2007) 152 44.2 0.26 0.22 260 3,762 17.0 62.9 1.03
62 Jiang and Teng (2007) 152 47.6 0.28 0.33 250.5 3,762 22.9 82.7 1.30
63 Jiang and Teng (2007) 152 47.6 0.28 0.33 250.5 755 22.9 85.5 1.94
64 Jiang and Teng (2007) 152 47.6 0.28 0.33 250.5 755 229 85.5 1.82
65 Howie and Karbhari (1994) 152 38.6 0.21 0.31 73.3 755 7.7 45.5 NR
66 Howie and Karbhari (1994) 152 38.6 0.21 0.31 73.3 1,047 7.7 41.9 NR
67 Howie and Karbhari (1994) 152 38.6 0.21 0.31 73.3 1,047 7.7 47.2 NR
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Table 1. (Continued.)

Number Source of data D (mm)  fl, MPa) ¢, (%) ty (mm) E; (GPa)  f; (MPa) Ky fle MPa) .. (%)
68 Howie and Karbhari (1994) 152 38.6 0.21 0.61 70.6 1,047 14.7 56.5 NR
69 Howie and Karbhari (1994) 152 38.6 0.21 0.61 70.6 1,105 14.7 60.6 NR
70 Howie and Karbhari (1994) 152 38.6 0.21 0.61 70.6 1,105 14.7 61.9 NR
71 Howie and Karbhari (1994) 152 38.6 0.21 0.92 77.5 1,105 24.3 80.9 NR
72 Howie and Karbhari (1994) 152 38.6 0.21 0.92 77.5 1,352 24.3 76.4 NR
73 Howie and Karbhari (1994) 152 38.6 0.21 0.92 77.5 1,352 24.3 75.8 NR
74 Howie and Karbhari (1994) 152 38.6 0.21 1.22 95.7 1,352 39.8 89.5 NR
75 Howie and Karbhari (1994) 152 38.6 0.21 1.22 95.7 660 39.8 89.9 NR
76 Howie and Karbhari (1994) 152 38.6 0.21 1.22 95.7 660 39.8 89.0 NR
77 Howie and Karbhari (1994) 152 38.6 0.21 0.61 39.9 660 8.3 47.1 NR
78 Howie and Karbhari (1994) 152 38.6 0.21 0.61 39.9 822 8.3 47.7 NR
79 Howie and Karbhari (1994) 152 38.6 0.21 0.61 39.9 822 8.3 50.0 NR
80 Howie and Karbhari (1994) 152 38.6 0.21 0.92 54 822 16.9 68.3 NR
81 Howie and Karbhari (1994) 152 38.6 0.21 0.92 54 388 16.9 67.3 NR
82 Howie and Karbhari (1994) 152 38.6 0.21 0.92 54 388 16.9 64.7 NR
83 Howie and Karbhari (1994) 152 38.6 0.21 1.22 27.7 388 11.5 52.7 NR
84 Howie and Karbhari (1994) 152 38.6 0.21 1.22 27.7 1,577 11.5 49.3 NR
85 Howie and Karbhari (1994) 152 38.6 0.21 1.22 27.7 1,577 11.5 52.6 NR

NR: Not reported by the authors.

“Tasdemir et al. (1998) Eq. 14 was used because ¢, was not reported by the authors.

comparison. Therefore, the model proposed in this study, derived
by modifying Richart et al. (1928) model, is only valid for carbon
FRP confined concrete cylinders. The strength and strain character-
istics of carbon FRP sheets were determined by the researchers
themselves. Studies using producer-supplied values for FRP mate-
rials were excluded from this research.

In Table 1—using the reported dimensions of concrete cylinders,
concrete strengths and FRP characteristics determined by coupon
tests—K  values were calculated for each confined concrete cylin-
der using Eq. 9. When ¢, was not specified, Eq. 14, which was
proposed by Tasdemir et al. (1998), was used:

€eo = (—0.067f2 +29.9f!, 4+ 1053) 10~° (14)

Model Comparison

This section discusses the accuracy of the predictions made by the
proposed model: modified Richart et al. (1928), Mander et al.
(1988a) considering premature failure of FRP confinement by
using Eq. 10, and the current recommended equations by
ACI440.2R (2008).

The confined strength (f/.:f/,) and corresponding strain
(ecei€cp) Values were calculated using relevant equations of each
model. They were compared with the test results of FRP confined
concrete, shown in Table 1, whenever corresponding results are
reported by the researchers.

The accuracy of each model was then quantitatively evaluated
by computing the average absolute percent error (err,,,) for con-
fined strength (f/.:f!,) and corresponding strain (g..:e.,) values as

follows:
N
Z|erri|
i
= —— 15
erry, N (15)
! _ ! c —c
err; =P 5100 or  err; =P 100
cc 6CC
(16)

where err; = percent error in the predicted values of confined
concrete strength (f,. p) or the corresponding predicted axial strain

values (g p.) using Eq. 15, and N = the number of tests reporting
fl. or g.. values, which are the experimentally-observed values of
confined strength and the corresponding axial strain values, respec-
tively. All 85 tests shown in Table 1 reported f/. values; however,
only 64 reported corresponding ¢, values. For f/. or €., the ac-
curate prediction line is achieved by assuming an ideal model,
which predicts exactly the same values as experimental results,
which in turn can be expressed as a straight line that produces a
45° angle to the experimental results axis.

The accuracy of the models was also compared by calculating
the sum of squared errors over the f/. or £.. values reported in
Table 1. The error for each data point was calculated by the differ-
ence between the experimental and predicted values. The model
providing a smaller sum of squared errors was accepted as a better
model than the other two models.

Comparison of f../f., Predictions

For each test notd in Table 1, f/..f!, values were calculated using
Egs. 3,4 and 11 for Mander et al. (1988a), ACI 440-2R (2008) and
the proposed model, respectively. Observed results and predicted
values are plotted in Fig. 4.

To measure and compare the models' accuracy Eqs. 15 and 16
were used. Other than an overall comparison taking all tests into
consideration, a separate comparison was made for tests with K
values between 10 and 20 because of ACI 440-2R (2008) recom-
mendations for stress and strain limitations, which were explained
previously in this paper.

The proposed model gave better predictions for f/.:.f., values
than the other two models for both the overall and K values be-
tween 10 and 20, with average absolute errors of 7.23 and 7.44%,
respectively (Fig. 5) Eq. 4, recommended by ACI 440-2R (2008),
yielded the second-best predictions, with average absolute errors of
8.79 and 8.26%, respectively. Although the premature failure of
FRP confinement was considered, Mander et al. (1988a) Eq. 3
could predict f...f!, values with larger average absolute errors
(12.21 and 14.15%, respectively).

The accuracy of the three models, concerning the f/.:f, values
over the given database, was also compared by calculating the sum
of the squared errors for each model (Fig. 6). A smaller sum of
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squared errors also indicated that the proposed model is more
accurate than the other two models in predicting f/.:f/, values
over the given database. The order of the accuracy of the models
remained the same for the sum of squared errors method.

For experimental f/.:.f!, values larger than 3.0, the proposed
model yielded unconservative predictions, whereas Mander et al.
(1988a) Eq. 3 and ACI 440-2R (2008) recommended Eq. 4 yielded
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Fig. 6. Accuracy comparisons for f/.:f!, amongst the strength models
using the sum of squared errors method

conservative predictions. The unconservative predictions may be
attributed to the linear expression of the original model in terms
of the f;:f!, value as given by Eq. 1, which exhibits a constant
slope of 4.1. ACI 440-2R (2008) recommended Eq. 4 is also a lin-
ear equation in terms of f,:f/,; however, its slope is 3.3 (when
1) = 1.0) and always gives a more conservative prediction than
Richart et al. (1928) model. Mander et al. (1988a) Eq. 3 is ex-
pressed as a non-linear function of f;:f/, and exhibits a decreasing
slope as f;:f!, increases. In practice, achieving confinement ratios
S0 as to obtain f/.:f/, ratios higher than 3.0 is quite difficult and
requires a large amount of confinement material. Thus, the pro-
posed model’s unconservative predictions for experimental values
of fl..fl, higher than 3.0 can be ignored.

Comparison of ¢../¢., Predictions

The calculated average absolute error values for ¢,..:c., were larger
than that of f/.:f/, predictions for all three models under discus-
sion. However, the ACI 440-2R (2008) model was slightly better
than the other two models on the overall database, with an average
absolute error of 29.30%. For K, values between 10 and 20, all
three models gave similar results close to 30% (Figs. 7 and 8).
When the accuracy of the models were compared by the sum of
squared errors (Fig. 9), the ACI 440-2R (2008) model was again
better than the other two models in predicting the ..:€., values
over the given database. Though Mander et al. (1988a) model
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Fig. 7. Observed vs predicted values for ¢...:€,.,, using different strength
models
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yielded the second-best predictions for the overall database of
Ecci€eo Values, for Ky values between 10 and 20, the proposed
model was better than Mander et al. (1988a) and gave second-best
predictions, after the ACI 440-2R (2008) model for this range.

Extending the Proposed Model to Hollow Concrete
Columns Confined with FRP

Having shown that the proposed model can predict maximum axial
stress and the corresponding axial strain values with no less accu-
racy than the other two models, this research attempted to extend
this model to hollow concrete columns with FRP confinement.
Since the model was proposed for solid specimens with circular
cross-sections confined with carbon FRP, Eqs. 11 and 12 were
modified by multiplying the right sides of the equations by a co-
efficient 3 (Eq. 17) to account for the different confinement mecha-
nism in hollow columns, which was explained by Fam and Rizkalla
(2001), Lignola et al. (2008) and Yazici and Hadi (2009):

D?
8= (1 - —') (17
D;
where D; = hollow core diameter of the concrete cylinder and D, =

outer diameter of the concrete cylinder. Hence, the modified forms
of Egs. 11 and 12 become:

. D?
;jt =(1 +0.033KN)(1 —D—'2> (18)
D?
< £ +0.16KN)(1 —D—;) (19)

The reason for multiplying Eqs. 11 and 12 with (3 is that the tests
done by researchers (Fam and Rizkalla 2001; Modarelli et al. 2005;
Zahn et al. 1990) on hollow concrete columns have suggested that
confinement efficiency decreases as the hollow diameter increases.
Thus, the authors of this paper found it appropriate to decrease
the expected values of f/..f!, and ¢..:€., by multiplying Egs. 11
and 12 by B. However, while calculating the value of K using
Eq. 9, the outer diameter (D,) was used, and f/, and ., values
was taken as the compressive strength and corresponding axial
strain of standard solid concrete cylinders (100 x 200 mm or
150 x 300 mm), respectively.

Since the model was developed using carbon FRP wrapped con-
crete cylinders, only the tests performed on hollow cylinders con-
fined by carbon FRP could be used for calculation of accuracy.
Thus, the test results reported by Modarelli et al. (2005) in Table 2
were used in this section. Two different batches of concrete were
used in this study, and they exhibited 28.35 and 38.24 MPa com-
pressive strengths (f/,), with corresponding axial strains (e.,) of
0.0049 and 0.0063, respectively.

Experimental results versus the predicted values of f/..f!, and
Ecci€eo» UsINg Egs. 18 and 19, were plotted in Figs. 10 and 11, re-
spectively. As in solid samples, f/.:f !, calculations yielded a better
accuracy than €..:e., calculations. The average absolute error in
flo:f!, predictions concerning the overall database and Ky values
between 10 and 20 were calculated to be 5.97 and 6.95%, respec-
tively. The average absolute error values in €..:€,., predictions were
26.29 and 23.42%, respectively (Fig. 12). However, the number of
experiments for carbon FRP confined hollow concrete cylinders
reported in the literature may be limited. The proposed model
was developed using the solid cylinder test results and still provided
good results in hollow cylinders after introducing the coefficient
into Eqs. 11 and 12.

Discussion

Being the most commonly used equations in steel confined con-
crete strength and corresponding strain calculations, Richart et al.
(1928) Egs. 1 and 2 were used to derive the new model, and it was
quite effective for FRP confined concrete after simple modifica-
tions such as accounting for premature failure of FRP confinement.
The predictions of ultimate strength and the corresponding axial
strain of FRP confined concrete cylinders using proposed Eqgs. 11
and 12 were at least as effective as Mander et al. (1988a) and the
ACI440.2R-08(2008) model.

Having proven the proposed model’s effectiveness, with an
attempt to extend the model to FRP confined hollow concrete cyl-
inders, a coefficient 3 (Eq. 17) was introduced into Eqs. 11 and 12,
which rendered them quite effective in predicting the FRP confined
concrete strength and corresponding strain values.

Table 2. Experimental Results for Carbon FRP Confined Hollow Concrete Cylinders: Data from Modarelli et al. (2005)

Label Dimensions (mm)h x D, ft, (MPa) Hollow diameter (mm)D; t; (mm) E(GPa) Ky feefls EceEeo
cC2 300 x 150 28.35 50 0.165 221 17.1 1.59 4.59
CC3 300 x 150 28.35 50 0.330 221 343 1.79 5.20
CC4 300 x 150 28.35 50 0.495 221 51.4 2.52 6.30
CCo 300 x 150 38.24 50 0.165 221 12.7 1.25 242
CC7 300 x 150 38.24 50 0.330 221 254 1.55 2.71
CC8 500 x 250 28.35 150 0.165 221 10.3 0.94 3.22
CC9 500 x 250 28.35 150 0.330 221 20.6 1.20 3.37
CC10 500 x 250 28.35 150 0.495 221 30.9 1.27 4.57
CCl11 500 x 250 38.24 150 0.165 221 7.6 0.83 1.94
CC12 500 x 250 38.24 150 0.330 221 15.3 1.02 2.38
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All of the models under discussion in this study have predicted
floifl, values with a higher accuracy than ¢.:¢., values. A similar
result was reported by De Lorenzis and Tepfers (2003) for FRP
confinement models which were not discussed in this study.

€

Conclusion

A simple ultimate strength and corresponding axial strain model for
FRP confined concrete was developed using Richart et al. (1928)
model, which was originally proposed for predicting the behavior
of concrete under active and passive confinement. Although the
proposed model was originally proposed approximately 83 years
ago, after necessary modifications it can still be used for predicting
the behavior of FRP confined concrete. This study has demon-
strated that existing equations for predicting the strength of steel
confined concrete can also be used for FRP confined concrete if
premature failure of FRP confinement is considered. However,
the error margin for predicting axial strain values of FRP confined
concrete was higher than the strength predictions.

The model was extended to hollow core cylinders and was quite
effective. The authors believe the model’s ability to handle both
solid and hollow cylinders is quite effective, and the simplicity
of the proposed equations is worthy of attention.
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