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ARTICLE INFO ABSTRACT

Keywords: Previous investigations have shown that the confining stress paths (CSPs) of confined concrete significantly
Confining stress path (CSP) affected the compressive behaviour of confined concrete in fibre-reinforced polymer (FRP) confined concrete
CSP effect

or concrete-filled steel tube (CFST) columns. Unlike the concrete in FRP-confined concrete or CFST columns,
which is only confined by external materials, e.g., FRP sheet or steel tube, the concrete in concrete-filled
double-skin steel tubular (CFDST) columns is confined by both the external and internal steel tubes. Due to
different confinement mechanisms, the CSPs of confined concrete in CFDST columns may be different from
those in FRP-confined concrete or CFST ones, but they have not been investigated so far. In this paper, the CSPs
of confined concrete in circular CFDST stub columns were experimentally investigated, and their corresponding
influences on the compressive strength were also discussed. It is shown that the CSPs of confined concrete
induced by the external tube are considerably influenced by column variables, whereas those generated by the
internal tube found no obvious trend. Moreover, the results suggest that the compressive strength of confined
concrete in specimens with a confinement coefficient 5 less than 2.731 is CSP-dependent, based on which, a
compressive strength model of confined concrete considering the CSP effect is developed for circular CFDST
columns. Based on this model, a CSP-based compressive strength model for estimating the ultimate strength
of CFDST columns is proposed, and comparison with existing models against the collected test data indicates
a higher accuracy of the predictions for the proposed model.

Compressive strength
Concrete-filled double-skin steel tubes
(CFDSTs)

1. Introduction concerned by engineers. Accordingly, several experimental and numer-

ical investigations on circular CFDST columns have been performed

Concrete-filled double-skin steel tubular (CFDST) members consist
of two concentric steel tubes with different diameters, and concrete
filled in the annulus between them [1,2]. Such composite cross-sections
not only hold the characteristics of conventional concrete-filled steel
tubes (CFSTs) counterparts [3-6], but also achieve lighter self-weight
against their central cavity, higher flexural strength and better seismic
resistance [7,8]. In addition, thanks to the internal tube being enclosed
by external concrete, CFDST columns also possess excellent fire re-
sistance [9]. Accordingly, they can be expected to achieve extensive
applications in the sea-bed vessels, legs of offshore platforms in deep
water, bridge piers, and transmission tower [7,10-13].

Various combinations of cross-sections have been declared in
Ref. [3]. Of interest here are CFDST columns made of external and
internal circular steel tubes, which are deemed to achieve a better
confinement effect and ductility than those with other combinations [3,
14,15]. In practical engineering, two items, i.e., the compressive capac-
ity and load-deformation relationship of a CFDST column, are deeply
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by researchers to fully understand both items [16-28]. The results
have indicated that a well established compressive strength model of
confined concrete is of critical importance to accurately estimate the
compressive capacity and load-deformation relationship of the CFDST
columns [29].

So far, many researchers have made a lot of contributions to com-
pressive strength models of confined concrete. Among the developed
models, the models of Richard [30] and Mander [31] have been widely
used in the analysis of the CFDST columns [24-27,29]. It should be
noted that these models are developed based on the experimental
tests of actively confined concrete, in which specimens are exposed
to a constant hydrostatic lateral confining pressure during the loading
process. However, in fact, the lateral stress on the confined concrete
in CFDST columns varies with the axial stress during the compression
process. Here, the relationship between the lateral stress and axial stress
of concrete infilled during the whole loading process is defined as the
confining stress path (CSP) of concrete [32-34].

Received 11 December 2020; Received in revised form 18 March 2021; Accepted 17 May 2021

Available online 28 May 2021
0263-8231/© 2021 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.tws.2021.107949
http://www.elsevier.com/locate/tws
http://www.elsevier.com/locate/tws
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tws.2021.107949&domain=pdf
mailto:lsq8986@bjut.edu.cn
https://doi.org/10.1016/j.tws.2021.107949

X.-F. Yan, Y.-G. Zhao, S. Lin et al.

Nomenclature

A Cross-sectional area of inner steel tube in
CFDST columns

Ay Cross-sectional area of outer steel tube in
CFDST columns

Age Cross-sectional area of sandwiched con-
crete in CFDST columns

CI Capacity index

D; Outer diameter of inner tube

D, Outer diameter of outer tube

E Elastic modulus of steel tube

E, Tangent modulus of steel tube

fe Compressive strength of concrete cylinder
(100 x 300 mm)

Sac Compressive strength of confined concrete
under path P,

fee Compressive strength of confined concrete

fer Axial concrete compressive stress

foy Yield stress of steel

Sy Yield stress of inner tube

fsyo Yield stress of outer tube

5 Proportional limit

G Shear modulus

H Gradient of equivalent plastic stress—strain
curve

L Length of column

N Measured axial load of CFDST columns

N, Calculated maximum axial load of CFDST
columns

Nyexp Measured ultimate axial load of CFDST
columns

Q Equivalent deviatoric stress variable

q Equivalent stress variable

S, Axial deviatoric stress

Sy Circumferential deviatoric stress

SI Dominance index

t Wall thickness of inner tube

t, Wall thickness of outer tube

o, Von Mises stress

i Lateral confining stress of inner tube

Oor Lateral confining stress of outer tube

ciy Axial stress of inner tube

Gip Circumferential stress of inner tube

[ Axial stress of outer tube

Ooo Circumferential stress of outer tube

£y Axial strain of sandwiched concrete

Oru Maximum lateral confining stress

A Effect index

n Confinement coefficient

X Hollow ratio, given by D;/D,

u Utilization ratio of steel strength

Previous studies have checked the effects of the CSP on the com-
pressive behaviour of confined concrete, and there are usually two
different views; i.e., (1) the axial strength of confined concrete is
CSP-independent [35,36]; (2) the axial strength of confined concrete
is CSP-dependent [37-39]. Lately, Lim and Ozbakkaloglu [40] tested
63 actively confined and FRP-confined concrete columns under axial
compression. It was shown that the axial strength of confined concrete
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is CSP-dependent, and the influences of the CSPs on the behaviour
of confined concrete become pronounced with raising compressive
strengths of unconfined concrete. In general, the CSP effect on the
behaviour of confined concrete is more significant when the confine-
ment effect is weaker. Besides, Chin et al. [41], Xiong et al. [42],
Chen et al. [43], Lai et al. [44,45], Ho et al. [46] and Lin et al. [47]
analytically discussed the different behaviour between steel- or FRP-
confined and actively confined concrete. On the basis of the actively
confined concrete model, the analytical models considering the CSP
effect for steel- or FRP-confined concrete columns were then developed.
Results suggested that the CSPs are of importance to accurately capture
the compressive behaviour of steel- or FRP-confined concrete columns.

It should be noted that steel- or FRP-confined concrete columns
with different column parameters (i.e., geometric dimensions and ma-
terial strengths) induce different CSPs, under which column behaviour
is different. However, the effects of column variables on the CSPs
have not been explained detailly in the above reviewed studies. To
clarify the CSP, Zhao et al. [32] and Lin et al. [33,34] experimen-
tally investigated the CSPs of confined concrete in circular CFST and
FRP-confined concrete columns under different column parameters.
Results suggested that the compressive strength of confined concrete
in columns with a larger lateral dominant index is less CSP-dependent.
Based on the experimental results, the CSP-based compressive strength
models of confined concrete were suggested for the circular CFST and
FRP-confined concrete columns, respectively.

However, unlike the concrete in circular FRP-confined concrete or
CFST columns, which is only confined by external materials, e.g., FRP
sheet or steel tube, the concrete in circular CFDST columns is con-
fined by both the external and internal tubes [1]. Due to different
confinement mechanisms, the CSPs of confined concrete in CFDST
columns may be different from those in FRP-confined concrete and
CFST ones, which results in the difference in the axial strength of
confined concrete. This may cause some deviation in predicting the
axial compression performance of CFDST columns, which includes the
compressive capacity and load-deformation relationship of the CFDST
columns. However, to the authors’ knowledge, the CSPs of confined
concrete in CFDST columns have not been investigated so far. In order
to adequately understand the behaviour of confined concrete in a
circular CFDST column, the CSPs of the circular CFDST columns and
their corresponding effect need to be investigated.

This paper aims at experimentally investigating the CSPs of confined
concrete in circular CFDST columns and discuss the corresponding CSP
effect on the compressive strength of confined concrete. The remainder
of this research work is outlined as: In Section 2, the details of 28
axially loaded CFDST short column specimens and the corresponding
experimental tests are presented. CSP’s determination and its corre-
sponding effect are defined in detail. In Section 3, the CSPs of confined
concrete in circular CFDST columns and the corresponding CSP effect
on the compressive strength of confined concrete are investigated.
In Section 4, a CSP-based compressive strength model for estimat-
ing the ultimate strength of CFDST columns is proposed. Finally, the
conclusions are presented in Section 5.

2. Experimental tests to investigate the confining stress paths
(CSPs)

2.1. Experimental program

In this section, in order to investigate the CSPs and the correspond-
ing CSP effects on the compressive strength of confined concrete in the
studied CFDST columns, an experimental program that consists of 28
specimens was performed. 24 CFDST specimens were compiled from
the previous paper published by the authors [1], and 4 additional CFST
specimens (a special case; the hollow ratio of CFDST column is equal
to zero) were newly tested in the current paper and added as compared
counterparts. All specimens can be divided into 4 groups, i.e., G1, G2,
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Table 1
Details of 28 circular CFDST short column specimens.
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Groups  Specimens External steel tube Internal steel tube fo MPa) N, (kN) CI n SI A u(1.045) £, 0 (ue)
D, (mm) t, (mm) D./t, D; (mm) ¢ (mm) D/t
C4-36-0-5WL-1 189.2 5.11 37.0 0.0 0.00 0.0 37.5 2374 1.21 0,53 0.18 057 1.052 4950
C4-36-0-5WL-2 187.7 5.09 36.9 0.0 0.00 0.0 37.5 2390 1.23 053 017 060 1.050 4978
C4-36-0.18-5WL-1 190.6 5.15 37.0 34.0 3.08 11.0 37.5 2718 1.31 0.51 0.17 0.51 1.047 5009
Gl C4-36-0.18-5WL-2  190.5 5.13 37.1 33.9 3.10 109 375 2724 1.32 051 016 043 1.046 5020
C4-36-0.31-5WL-1  190.5 5.15 37.0 59.6 3.32 18.0 375 2718 1.30 0.48 0.13 033 1.045 4999
C4-36-0.31-5WL-2  188.2 5.04 37.3 59.1 3.28 18.0 37.5 2482 1.22 047 014 035 1.045 4982
C4-36-0.53-5WL-1  190.7 5.11 37.3 101.6 4.03 252 375 2626 1.24 038 0.09 025 1.022 4890
C4-36-0.53-5WL-2  189.2 5.08 37.2 101.2 4.05 250 375 2462 118 037 0.09 026 1.032 4888
C9-36-0-5WL-1 189.6 5.09 37.2 0.0 0.00 0.0 37.5 3168 1.37 070 0.23 0.65 1.068 5200
C9-36-0-5WL-2 190.1 5.07 37.5 0.0 0.00 0.0 37.5 3138 1.35 0.70 0.22 0.60 1.061 5190
C9-36-0.18-5WL-1  188.9 5.09 37.1 33.7 3.09 109 375 3182 1.34 0.68 0.21 047 1.055 5315
G2 C9-36-0.18-5WL-2  188.9 5.12 36.9 33.5 3.06 109 37.5 3232 1.36 0.69 0.2 0.45 1.058 5299
C9-36-0.31-5WL-1  191.0 5.15 37.1 59.4 3.31 179 375 3286 1.34 0.64 0.18 0.36 1.047 5120
C9-36-0.31-5WL-2  190.1 5.11 37.2 59.1 3.29 18.0 375 3242 1.34 0.64 0.16 034 1.046 5100
C9-36-0.53-5WL-1 190.7 5.15 37.0 101.1 4.10 24.7 37.5 3082 1.24 051 012 0.28 1.022 4999
C9-36-0.53-5WL-2  190.7 5.09 37.5 100.9 4.07 248 375 3192 1.29 050 0.09 027 1.028 5050
C4-24-0.31-5WL-1  190.4 5.15 37.0 59.9 3.33 18.0 29.0 2460 1.30 0.62 0.23 052 1.044 4870
C4-24-0.31-5WL-2  190.0 5.11 37.2 59.1 3.31 17.9 29.0 2494 1.32 061 0.19 0.51 1.045 4900
G3 C4-36-0.31-5WL-1  189.1 5.10 37.1 59.4 3.35 17.7 375 2623 1.27 048 0.17 041 1.042 4955
C4-36-0.31-5WL-2  190.1 5.07 37.5 59.7 3.35 17.8 375 2588 1.25 047 013 043 1.045 4980
C4-48-0.31-5WL-1 189.9 5.12 37.1 58.9 3.31 17.8 51.0 2950 1.24 035 0.09 033 1.035 4858
C4-48-0.31-5WL-2  188.6 5.08 37.1 58.9 3.33 17.7  51.0 3026 1.29 035 0.08 035 1.034 4850
C4-36-0.31-4WL-1 190.3 4.26 44.7 59.4 3.36 17.7 37.5 2376 1.24 038 0.13 0.45 1.045 4755
C4-36-0.31-4WL-2  190.1 4.21 45.2 59.3 3.30 180 375 2406 1.27 038 0.14 052 1.043 4770
G4 C4-36-0.31-5WL-1  189.7 5.12 37.1 59.5 3.32 179 375 2611 1.26  0.48 0.17 047 1.048 4905
C4-36-0.31-5WL-2  188.8 5.08 37.2 59.5 3.31 18.0 375 2579 1.26 0.47 015 056 1.049 4920
C4-36-0.31-6WL-1 189.1 6.77 27.9 59.7 3.34 17.9 37.5 2894 1.27 061 0.16 0.64 1.052 5290
C4-36-0.31-6WL-2  188.6 6.73 28.0 59.8 3.33 180 375 2928 1.30 0.60 0.19 0.63 1.059 5310

G3 and G4, and their details are listed in Table 1. Material properties of
external and internal tubes used in the specimens are listed in Table 2.
G1 and G2 were employed to check the effects of hollow ratio (y)
and outer tube yield stress ( fsyo), whereas G3 and G4 were utilized
to check the effects of concrete strength (f,) and outer tube diameter-
to-wall thickness ratio (D,/t,), respectively. For definition of ‘label’,
take C4-24-0.31-5WL-1 as an example; ‘C4’ indicates that the column is
made by the circular hollow tube with steel type STK400 (C9; steel type
STK490) [1]; ‘24’ represents the nominal concrete cylinder strength
(150 x 300 mm), 24 MPa; ‘0.31’ symbolizes the column with a hollow
ratio of 0.31, calculated by D;/D,; ‘SWL’ indicates that the nominal
outer tube wall thickness is 5 mm and the whole section of column
(both concrete and steel tubes) suffers the axial loading; ‘1’ stands
for the first test objective of the identical specimens in each subset.
All specimens are 570 mm in height. A schematic of the test device
is presented in Fig. 1, and the detailed description can be found in
Ref. [1]. It should be noted that the strain gauges attached to the middle
section of column will be used to obtain the CSP.

2.2. Experimental results

After testing, the final deformed shapes of all specimens (take one of
the two identical specimens as example) are shown in Fig. 2. In Fig. 2,
as the original chalk marks fell off, the yellow marks were added to the
pictures again. In addition, arrows and labels were attached to highlight
the failure modes in Fig. 2. From this figure, it can be observed that the
outward local buckling occurred at the mid-height and two ends of the
external tubes. As the authors reported in Ref. [1], the inward local
buckling generally occurred at the mid-height of the internal tubes.
Note that the axial loads of all specimens have been normalized with
regard to the whole cross-sectional area since the cross-sectional areas
of the specimens are not identical. Subsequently, the axial stress versus
axial/circumferential strain (unit: ue) curves of the external and internal
tubes for G1, G2, G3 and G4 specimens are shown in Figs. 3 and 4,

respectively. For brevity’s sake, Figs. 3 and 4 present only one curve
from each two identical specimens.

Moreover, the strain compatibility is discussed here to identify the
failure sequence of steel tubes and concrete. As recommended by Le
et al. [25], external steel tube should reach its yield strength before
the sandwiched concrete reaches its peak stress. Otherwise, a CFDST
column cannot attain its full plastic response due to the brittle failure
of sandwiched concrete after attaining the confined concrete strength.
Hence, it should ensure that the yield strain ¢,,, of the external steel
tube is smaller than the compressive strain ¢, ,,, of sandwiched con-
crete at its peak stress. The peak compressive strain of sandwiched
concrete and the yield strain of steel tubes are given in Tables 1 and
2, respectively. From Tables 1 and 2, it can be concluded that the
experimental results meet the recommendation of Le et al. [25]. In
addition, Le et al. [25] also suggested that external steel tube should
attain its yield strength before the internal steel tube reaches its yield
stress. If this condition is reversed, the CFDST column would have a
structural response without the internal steel tube. Hence, the yield
stress of external steel tube should be less than that of inner steel tube.
According to Tables 1 and 2, except that G2 specimens has higher
yield stress of external steel tube, the yield stresses of the external and
internal steel tubes in G1, G3 and G4 are very close. This may lead
to the weak or no confinement effect of the internal steel tube on the
sandwiched concrete, which is consistent with the findings of the CSP
investigation in Section 3.

To evaluate the composite effects of the steel tubes and concrete in
the studied CFDST specimens, a capacity index (CI) is defined here and
expressed by:

N,

C] _ u,exp
N,

u,sum

(€8]

in which N, ., denotes the measured ultimate axial load of the CFDST
column, as shown in Table 1; N, stands for the summation of the
individual strengths of the external and internal tubes as well as the

sandwiched concrete, i.e., Nyum = foyoAos + feAse + foyidis:
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Table 2
Material properties of external and internal steel tubes.
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Type of steel Location Nominal sectional size (mm) fsy (MPa) [ (MPa) E, (GPa) &5, (ue)
34.0 x 3.10 348.2 436.7 200.4 2438
Internal steel tube 60.0 x 3.35 342.1 435.9 198.3 2325
ca 101.6 x 4.10 345.8 431.6 199.7 2532
190.7 x 4.30 336.8 410.6 201.3 2373
External steel tube 190.7 x 5.30 346.9 429.8 202.1 2416
190.7 x 6.80 327.3 406.3 200.4 2633
co External steel tube 190.7 x 5.30 464.0 515.1 199.5 2826
Top bearing plate —
« 249 mm———

Strain gauge

Bottom bearing plate

Diameter 10mm

[ 7

L

L2 #L
/ L=570 mm

u30 mm

\/@9 J;GO mm

Equilateral triangle
(Side length 5mm)

Top bearing plate Bottom bearing plate

Fig. 1. Schematic of test device.

The capacity indices (CIs) of all the specimens calculated by Eq. (1)
are listed in Table 1 and depicted in Fig. 5. From this figure, it can be
found that the CI decreases as y, f. and D, /t, ratio increase, while it
increases as f,,, raises. That is, the composite effects of the steel tubes
and concrete infill are weakened as y, f, and D,/t, ratio increase, but
they are improved as f;y, raises.

2.3. Determination of CSPs

As defined by the authors in Refs. [32,34], in the current paper,
the typical CSP of confined concrete is defined as the relationship
between the lateral confining stress (c,) and the ratio of axial concrete
compressive stress divided by unconfined concrete strength (f.,/f.).
A typical stress state diagram for circular CFDST columns is given in
Fig. 6. It should be noted that, unlike the concrete in a circular FRP-
confined concrete or CFST columns, which is only confined by external
FRP-sheet or steel tube, the concrete in a circular CFDST column are
confined by both the external and internal steel tubes. Therefore, in
a CFDST column, two different CSPs may be yielded based on the
confinement mechanisms of the external and internal tubes. The lateral
confining stresses o, and o;, induced by the external and internal tubes
and the corresponding axial concrete compressive stress f,, can be
determined by Egs. (2) to (4):

=209t
= _—90o0o 2
%o = D, — 21, @
20,9t
on =t 3
i
fCZ — N - Goz’:os — GiZAis 4

SC

where N represents the measured axial load of the column; D, and
D; symbolize the outer diameters of the external and internal tubes,
respectively, and the corresponding wall thicknesses are f, and ¢,
respectively; A., and A;, represent the cross-sectional areas of the

external and internal tubes, respectively; A, stands for the cross-
sectional area of the sandwiched concrete; ¢, and o, denote the axial
and circumferential stresses of the external tube, respectively; o;, and
o;p symbolize the axial and circumferential stresses of the internal
tube, respectively. Through the following procedures, the axial and
circumferential stresses can be computed by using the readings from
the measured strains pasted on the surfaces of steel tubes.

The von Mises stress (or the equivalent stress) o, is introduced to
identity the stress state of the steel tube:

6. =1\/02— 0,05 +0, 5)

where ¢, and ¢, denote the axial and circumferential stresses of the
steel tube, respectively.

In the elastic phase (6, < fy), the stress components of the steel tube
can be computed by the generalized Hooke’s Law:

do, E 1 o de,
== ®)
doy I=vg [o, 1 deg

where de, and de, denote the axial and circumferential strain incre-
ments of steel tube, respectively; v, and E, represent the Poisson’s
ratio and tangent modulus of steel tube respectively, and they can be
determined by:

0.283 o < fp
o.—Jp
o, = 0217m +0.283 fp <o, < fsy (2]
0.5 0e > fyy
E 0. < fp
— —0,.)0
E =1 Uy=o)oe f<o <ty ®)
(fsy - fp) fp
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(5) C9-36-0-5WL-2 (6) C9-36-0.18-5WL-2 (7) C9-36-0.31-5WL-2 (8) C9-36-0.53-5WL-2

(10) C4-36-0.31-5WL-2

Buckling

(12) C4-36-0.31-4WL-2 (13) C4-36-0.31-5WL-2 (14) C4-36-0.31-6WL-2

Fig. 2. Failure modes of circular CFDST specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where E denotes the elastic modulus, f;, symbolizes the steel yield In the plastic phase (o, > fiy), the stress of the steel tube can be

computed by the incremental Prandtl-Reuss equations:
stress, and fp represents the proportional limit, herein, assumed to be

do, E, Sg +2q -S,Sy + 20, de, ©
0.75 £, doy, 0 |-5,8,+204 S2+2g dey
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2100¢ 1= )
2 80l —e—C43605WL | @ 80 1 2 80 ]
o —— (4-36-0.18-5WL 5 8
2 ool ——ca3603tswL | 5 60F 1 & 60 1
= —A—C4-36-0.53-5WL = =
=40t -0 9-36-0-5WL = 40 —6—(4-24-031-5WL 7 =) 40+ ) 1
< @ €9-36-0.18-5WL < —e— C4-36-0.31-5WL < e~ C4-36-031-4WL
20+ 4+ €9-36-0.31-5WL 20+ —6— C4-48-031-SWL 20+ —5—C4-36-0.31-5WL 4
0 - €9-36-0.53-SWL 0 0 —6—C4-36-031-6WL
-4x10° 0 4x10*  8&x10'  -4x10*  -2x10° 0 2x10° 4x10*  -4x10'  -2x10° 0 2x10* 4x10°
Hoop strain Axial strain Hoop strain Axial strain Hoop strain Axial strain
(a) G1 and G2 (b) G3 (c) G4
Fig. 3. Axial stress vs. strain curves of outer steel tubes.
160 T T T 140 T T 140 T T T
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-4x10"  -2x10° 0 2x10"  4x10'  -2x10° 0 2x10' 4x10' 4x10'  -2x10° 0 2x10"  4x10°
Hoop strain Axial strain Hoop strain Axial strain Hoop strain Axial strain
(a) G1 and G2 (b) G3 (c) G4
Fig. 4. Axial stress vs. strain curves of inner steel tubes.
1.5 T T T T T 1.5 T T T T T L5 T T T T
1.4} 1 l4f J
o} o ~
Or3f g ] o 1 P13F o 1
ERe TR =
o e 2T T
1.2} 1 1.2 4
-0 STK400
—6— STK490
11 T 02 03 02 o PhsTT30 35 a0 45 50 ss hs 30 35 40 45 50
0 0.1 02 023 04 05 0.6 7 (MPa) D,

(a) Hollow ratio and steel strength

(b) Concrete strength

(¢) D,/t, ratio

Fig. 5. Composite effects of the tested specimens.

Q=82 +82+20.8,5, + 2H(1 - 0))52 /(9G) (10)
2H
== 11
1= 9 % an

in which H denotes the gradient of equivalent plastic stress—strain curve
obtained from the tensile coupon tests of the steel tube; q denotes
the equivalent stress variable; Q stands for the equivalent deviatoric
stress variable [43]; G symbolizes the shear modulus, computed by
G = E,/(2(1 + vy)); S, and S, represent the deviatoric stresses in axial
and circumferential directions, respectively, and they are computed by:

S, =(20,—0y) /3
Sy = (209 —0,) /3

(12)
13

Accordingly, using Egs. (5) to (13), the axial and circumferential
stresses can be derived from the read axial/circumferential strain at
each loading process. The axial stress ¢, and circumferential stress o
of the steel tube at each loading process are substituted into Egs. (2) to
(4), the lateral confining stresses induced by the external and internal
tubes as well as the axial compressive stress of the sandwiched concrete
will be obtained. In the current paper, the compressive stress is assumed
to be positive, naturally, the tensile stress is negative. Note that the

stress of steel tube computed by Egs. (5) to Eq. (13) is average stress
along the circumferential of the steel tube. Additionally, the CSP is an
average of the two identical specimens from each subset.

A typical CSP graph of confined concrete in a circular CFDST
column is presented in Fig. 7, in which the specimen C4-24-0.31-5WL
is taken as an example. The corresponding axial stress versus axial
or circumferential strain curves of the external and internal tubes are
described in Fig. 8. From Fig. 7, it is clear that two different CSPs
appear in CFDST columns owing to different confinement mechanisms
of the external and internal tubes. Thereinto, the o, vs. f_,/f. curve
represents the CSP induced by external tube, referred to as the ‘external
CSP’, while the o;, vs. f_/f. curve stands for the CSP yielded by
internal tube, called the ‘internal CSP’.

First of all, for the external CSP, its characteristics are similar to
the CSP of confined concrete in a CFST column previously reported by
the authors [32,34]. Generally, the external CSP consists of four stages.
For stage OA, due to the Poisson’s ratio of the steel tube larger than
that of the concrete, the sandwiched concrete experiences no or less the
lateral confining stress (c,,). When the f_,/f. exceeds point A (about
0.65), the microcracks in the sandwiched concrete propagate rapidly,
which results in the lateral expansion of concrete larger than that of
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Fig. 7. CSPs of confined concrete in a CFDST column.

the steel tube. As a result, the lateral confining stress afforded to the
sandwiched concrete raises smoothly. Then, an abrupt lateral expansion
of the concrete owing to its fracture at point B triggers a sharp rise in
the lateral confining stress. Subsequently, the steel tube yields at point
C with increasing the value of f_,/f.. After undergoing a short plateau,
owing to the strain hardening of steel tube, the lateral confining stress
keeps raising and ends at the point D of the ultimate state. Generally,
the stages OB and BD in the external CSP suggest that the concrete in
a CFDST column experiences the pre- and post-fracture stages, which
are similar to the state of concrete in a CFST column [32].

Secondly, different from the external CSP, the internal CSP exhibits
insignificant change and mainly fluctuates around horizontal zero axis.
Corresponding to the external CSP, the internal CSP also consists of
four stages. For stage OA, owing to the Poisson’s ratio of the steel
tube larger than that of the concrete, the slight interaction between
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the internal tube and the concrete is yielded. As a result, the internal
tube provides a slight lateral confining stress (c;.) to the inner surface
of the sandwiched concrete. When the f_,/f. exceeds point A, the
microcracks in the sandwiched concrete propagate rapidly. As the axial
compression continues, the lateral expansion rate of the inner surface of
the sandwiched concrete is gradually greater than that of the internal
tube. As a result, the lateral confining stress induced by the internal
tube decreases smoothly to zero. Subsequently, due to the adhesion
between the concrete and the outer surface of the internal tube, the
lateral confining stress induced by the internal tube after point B
becomes the lateral tensile stress until point D.

2.4. Evaluation index of CSPs

Three typical CSPs of concrete under different confining conditions,
i.e., the paths P,(OB), P,(OCG) and P,(OAH), are illustrated in Fig. 9.
Among them, the path Py(OB) is the CSP of the plain concrete, and
the path P,(OAH) stands for the CSP of the actively confined concrete.
However, the path P,(OCG) represents the CSP of the passively confined
concrete. Such CSP is usually generated in the passively confining
concrete structures, e.g., CFDST columns, FRP-confined concrete and
steel-reinforced concrete (RC) columns. At the same time, the CSP of
the confined concrete in FRP-confined concrete given by Lin et al. [33],
indicated by the red curve, is also depicted in Fig. 9. From Fig. 9, it can
be seen that the shape of the curve BCG of the two CSPs is different due
to the different material properties of the two confining materials. The
detailed elucidation for the three typical CSPs can be found in Ref. [33].

In the current paper, two assessment indices developed by the au-
thors [32-34] were employed to quantify the performance of the CSPs
and the relationship between the CSP and the concrete compressive
strength.

First of all, the domination extent of the lateral confining stress in
a CSP (P) is represented by a dominance index, which is determined
by:

S(P)

SIR) = 5
iup

14)

in which S(P,) symbolizes the area enclosed by the paths P, and
P, 10w(OEG). S(P, ;) denotes the area enclosed by the paths P, ,, (OAG)
and P, (OEG). Noticeably, a larger value of SI means that the path
P, is closer to path P,, which indicates that a more remarkable lateral
confining stress is achieved. In other words, for CSP with a larger
SI value, the lateral confining pressure stress acts a leading role in
confining concrete.

It should be noted that a CSP P, in a CFST column is only generated
by the external steel tube, while two different CSPs in a CFDST column
are induced by the external and internal tubes, respectively. Accord-
ingly, in this paper, an equivalent lateral confining stress was suggested
to represent the overall confinement effect of the external and internal
tubes on confined concrete in a CFDST column. For instance, the lateral
confining stress (o) in Fig. 9 is an equivalent stress, which is defined
as the vector sum of the stresses o,,, and o;, induced by the external and
internal tubes, respectively. According to Fig. 6, the expression of the
equivalent stress o, is determined by:

_ —2009t, 203t
%= D,-2, D,
o — 2l D;

1

(15)

O,

rs = O

or

Secondly, to assess the CSP effect on the compressive strength of
confined concrete in a CFDST column, an effect index 1 was introduced
as:

apy = ST o) D)
Af (P 0r0)

in which, Af(P;, o,,) is the increment of the concrete strength under

path P; that is to say, Af (P;, 6,,) = f..-f., Where f_. is the compressive

strength of confined concrete; Af(P,, o,,) = f,-f., stands for the

increment of the concrete strength under path P,, and was taken as
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Fig. 9. Typical CSPs of concrete under different confining conditions. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

2.2f936081 proposed by authors in Ref. [32]. Note that the CSP under
path P, is only affected by the ultimate lateral stress, i.e., Af(P,, 6,,) =
Af (0,,) [33]. Accordingly, Eq. (16) can be rewritten as

Af (P, 01y)
Af(opy)

In Eq. (17), 4 # 1.0 means the increments of the concrete strength
under different CSPs are different, which suggests that the compressive
strength of confined concrete is CSP-dependent. The larger the devia-
tion between the 4 value and unity, the more remarkable the CSP effect.
Instead, A = 1.0, i.e., Af (P, o,,) = 4f(0,,), means that the increments
of the concrete strength under different CSPs are same, which demon-
strates that the CSP makes little contribution to the change of concrete
strength (i.e., so called CSP-independent).

AP) = 7)

3. Investigation of confining stress path (CSP)

In this section, the CSPs of the CFDST columns with different
column variables and their corresponding effects are investigated.

3.1. Parametric analysis on CSP

3.1.1. Effects of y (y = D;/D,) on CSP

The external and internal CSPs of confined concrete in circular
CFDST columns with different y values are shown in Fig. 10. From
this figure, it can be found that the parts of the external CSPs in
the pre-fracture (OAB) stage are almost similar, while the obvious

differences are found in the post-fracture (BCD) stage. That is, the
hollow ratio considerably affects the parts of the CSPs in the post-
fracture (BCD) stage. The CSP in specimens with larger y tends to
generate a lower BC stage with a shorter plateau, and a steeper CD
stage. This indicates that higher hollow ratio provides a weaker lateral
confinement effect and acts an insignificant role in delaying concrete
fracture. Additionally, Fig. 10 also shows that the internal CSPs with
different y values fluctuate around abscissa axis with inapparent trend.
This suggests that the hollow ratio has little effect on the internal CSPs,
and internal tube provides less confinement effect to the sandwiched
concrete. Accordingly, the effects of the yield stress and diameter-to-
thickness ratio of internal tube on the CSPs will not be further discussed
in the next sections.

3.1.2. Effects of f,y, on CSP

The effects of f,, on the external CSPs of confined concrete in
circular CFDST columns were examined against the test results of G1
and G2 specimens. The CSPs of the specimens with different f,,,, values
are shown in Fig. 11. From this figure, it can be seen that the external
tube yield stress significantly affects the parts of the CSPs in the pre-
fracture (OAB) and post-fracture (BCD) stages. Compared with different
fsyo values, the lateral stress in the specimens with a higher f;,, value
appears in an earlier stage, thus achieving a shorter OA part and a
longer AB part. Additionally, the CSP in the specimens with a higher
fsyo value tends to achieve a higher BC part with a longer plateau, and
a longer and gentler CD part. This suggests that the specimens with
a higher f,, value exhibit better ductility performance due to higher
confinement effect. This finding is consistent with that in axially loaded
CFST column reported by the authors [32].

3.1.3. Effects of f. on CSP

The external and internal CSPs of confined concrete in the CFDST
columns with different f, values are shown in Fig. 12. From this figure,
it can be seen that the OABC parts of the external CSPs are similar,
while only difference is found in the CD parts of the external CSPs.
This indicates that the concrete strength remarkably influences the
CD part of the external CSPs during the strain hardening stage of the
external tube. The CFDST column filled with a higher f, value tends
to achieve a shorter and steeper CD part. This suggests that the higher
strength concrete undergoes a weaker lateral confinement effect under
the identical confinement conditions, which is mainly attributed to the
brittleness of high-strength concrete. However, the concrete strength
affords less contribution to the internal CSPs. Also, the inner tube
provides an insignificant lateral confinement effect to the concrete
infill, which is consistent with the observation in Section 3.1.1.
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3.1.4. Effects of D,/t, ratio on CSP

The external and internal CSPs of confined concrete in the CFDST
columns with different D, /¢, ratios are shown in Fig. 13. From this
figure, it can be found that the D, /¢, ratio yields an insignificant effect
on the OABC parts of the external CSPs. Only difference is found in
the length of the CD parts of the external CSPs, in which the external
tube is in the strain hardening state. CFDST columns with a larger
D, /t, ratio tend to generate a shorter CD part. This shows that the
outer steel tubes with a larger D,/t, ratio provide a weaker lateral
confinement effect, resulting in a lower ultimate axial load and ductility

vo values.

of the column. Additionally, the findings similar to Sections 3.1.1 and
3.1.3 were observed in this section for the internal CSPs.

As discussed above, the OB part (the pre-fracture stage of concrete
infill) of the external CSP is only influenced by f,, while the BC
part of the external CSP is affected by both y and f,,,. However, the
CD part of the external CSP is almost influenced by all the examined
column parameters. Different from the external CSP, the internal CSP
is hardly affected by x, fy,, fc and D,/t, ratio. Generally, the column
parameters investigated yield significant effects on the external CSP,
but less effects on the internal CSP.
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3.1.5. Relationship between SI and CSP

As defined above, the CSP of confined concrete in circular CFDST
columns is represented by the domination index SI, calculated by

Eq. (14). The values of SI for all the specimens are listed in Table 1.
The mean value of SI for two identical specimens is also given in
Figs. 10 to 13 for the corresponding CSP. Since the external CSPs are
influenced by y, fyo, f. and D,/t, ratio, the domination index SI
should be quantitatively expressed by these variables. The relationships
between the domination index SI and column parameters, i.e., SI vs.
X5 SI vs. foolfe, and SI vs. D,/t, ratio, are shown in Fig. 14. The
domination index SI decreases as the y and D,/t, ratio increase,
while it increases as the f,,/f. increases. This demonstrates that with
increasing y, f. and D, /t, ratio, the CSP gets closer to the path P,,
which suggests that the lateral confining stress acts an insignificant role
in the external CSP. On the contrary, with increasing f;,,, the CSP gets
closer to the path P,, which implies that the lateral confining stress acts
a vital role in the external CSP.

3.2. CSP effect on the compressive strength

In this section, the influences of CSPs on the compressive strength
of confined concrete are discussed. As defined above, such effect is
characterized by an effect index 4; see Eq. (17). The values of A for all
the specimens are listed in Table 1, and the average value of A from
the two identical specimens is also shown in Figs. 10 to 13. It can
be found that all the effect indices fall between 0 and 1. The reason
for this is the equivalent CSPs of confined concrete in circular CFDST
columns shift between those of the plain concrete and actively confined
concrete. That is, the compressive strength (f,.) of confined concrete
in CFDST columns varies between f, and f,, i.e., fo.€(fe, fac)-

The relationship between the effect index A and domination index
SI is depicted in Fig. 15. In general, (a) the effect index A for circular
CFDST columns is smaller than the unity, i.e., 4 # 1.0, which indicates
that the compressive strength of confined concrete in circular CFDST
columns is CSP-dependent; (b) the effect index A is generally improved
as the domination index SI raises. This indicates that the CSP for
CFDST column with a smaller SI yields more significant impact on
the compressive strength of confined concrete. That is, the CSP effect
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Fig. 14. Relationships between laterally dominant index and variables investigated.
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on the behaviour of confined concrete is more significant when the
confinement effect is weaker.

It should be noted that the values of SI of the current study fall into
the interval of (0.08, 0.23), for the purpose of generality, the values
of the two indices A and SI for circular CFST columns provided by
Zhao et al. [32] and Lin et al. [34] are also depicted in Fig. 15. The
compressive strength of confined concrete is CSP-dependent for SI €
(0,0.5), while it is CSP-independent for SI € [0.5,1]. The relationship
between the two indices A and SI generally follows the observations
given by Zhao et al. [32] and Lin et al. [34], a lightly modified model
is proposed to interpret their relationship, as given in Eq. (18). The
proposed model is expressed in the form of a dash line in Fig. 15. From
this figure, it can be seen that, in general, the test results of the current
and previous studies are evenly distributed on both sides of the dash
line.

1715107
A=
1.0

From Eq. (18), it can be noticed that once the domination index SI
is determined, the value of the effect index A will be obtained. As stated
above, the domination index SI is influenced by the column parameters,
ie, 1, fyoo fc and D,/t, ratio. To reflect such effect, a confinement
coefficient » considering these variables is defined as:

’7:(1_12) DZIOZ fSyO

o — 21, S c

The relationship between # and SI is illustrated in Fig. 16. Based

on the regression analysis of the test results, a model reflecting such
relationship is proposed as:

L0<81<05
18)
,05<81<1.0

19

ST =0.254"6° (20)

Then, by substituting Eq. (20) into Eq. (18), Eq. (18) becomes the
following equation:

0.60,0!
Acrpst =

1.0 L2731 <5 <7457

,0<n <2731
21

11
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In order to well understand the confinement effects of circular
CFDST and CFST columns, the relationships between the effect index
A and confinement coefficient # from such columns are depicted in
Fig. 17. In Fig. 17, ‘WL’ indicates that the full section of the column
is subjected to axial load, ‘CL’ denotes that only the concrete section of
the column is subjected to axial load. From Fig. 17, it can be observed
that:

(D) Similar to CFST columns, the effect indices of CFDST columns
with 5 falling between 0 and 2.731 are smaller than the unity, which
suggests that the compressive strength of confined concrete in CFDST
columns with # less than 2.731 is CSP-dependent.

(I) In general, the effect indices of CFDST column are less than
those of CFST columns under different loading conditions, which im-
plies that the confinement effects of CFDST columns are weaker than
those of CFST columns. Note that when the 5 is smaller than about 0.2,
the effect indices of CFDST and CFST columns are almost the same,
which demonstrates that the confinement effects for both are almost
identical. It is probably because columns with a smaller 5 (i.e., larger
x and D/t ratios (lead to premature buckling) or lower strength ratio
fy/f.) have generally experienced a lower axial stress of steel tube,
resulting in a higher circumferential stress of steel tube (according to
the von Mises yield criterion).

(Il1) As the 7 increases, the effect indices of CFST and CFDST
columns become the unity in turn, which suggests that the confinement
effects for both are identical. Also, the compressive strength of confined
concrete in columns with a larger # (1 > 2.731) is CSP-independent.

Furthermore, based on Eq. (17), a compressive strength model of
confined concrete in CFDST columns considering the CSP effect is given
by:

feoo = Ffe 4222123608 (22)
_20'09 mfo 20—16 mfi
Gpy = Oy — Oy = —— 0 — 02 (23)
Tu or,u ir,u DO — 2[0 Dl
where 6,4, and o;, symbolize the circumferential stresses of the

external and internal tubes at the maximum axial load, respectively. It
should be that the proposed model in this paper is not only applicable
to CSP-dependent but also to CSP-independent. When the confined
concrete in CFDST columns is CSP-independent, the value of A in
Eq. (22) is taken as 1.

In order to examine the performance of the developed model, com-
parisons between the results calculated by the developed and previous
models and the measured values are shown in Fig. 18. From this figure,
it can be seen that the mean value and coefficient of variation (CoV)
from the developed model are 1.021 and 0.085, respectively, while for
the model suggested by Mander et al. [31], they are 1.391 and 0.092,
respectively. This demonstrates that a higher prediction performance is
achieved in the developed model. Simultaneously, it should be noted
that the developed model can also be suitably applied to predict the
compressive strength of confined concrete in circular CFST columns by
setting the hollow ratio (y) to 0.
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4. Proposal of compressive strength model for CFDST columns
4.1. Basic consideration for model

In this section, based on the confined concrete model developed
in Section 3.2, a compressive strength model for estimating the cross-
sectional resistances of CFDST columns is proposed. To this end, Eq. (4)
in Section 2.3 is rewritten as:

Nm = O'oz,ons + fcz,mAsc + O'iz,mAis 24

where ¢, and o;,,,, symbolize the axial stresses of the external and
internal tubes at the maximum axial load, respectively; f.,,, rep-
resents the concrete compressive stress at the maximum axial load,
i.e., foum = fe- Therefore, according to Eq. (24), once o, ,, 0j,, and
fec is determined, the maximum axial load N,, can be obtained.

In order to obtain the value of f,., the determination of o,, is a
prerequisite. As defined above, the equivalent ultimate lateral stress o,,
in Eq. (23) is calculated only by experimental axial and circumferential
strains according to the generalized Hooke’s Law and the incremen-
tal Prandtl-Reuss equation, which results in the time-consuming in
calculations. Also, in some cases, the strains of the columns are not
given. Moreover, the above investigation shows that the equivalent
ultimate lateral stress o,, comes mainly from the external tube, and the
contribution of the internal tube is meaningless. Hence, the ultimate
lateral stress o,, in Eq. (23) can be rewritten as:

—20,

oﬂ,mto
O,

=— 2
™ D, -2t 25

Since the external tube is a thin-walled element in a bi-axial stress
state, which meets the von Mises yield criterion as:

(26)

2 _
Oozm ~ Ooz,m%00,m + Oog,m = Ooe,m

in which o, ,, is the equivalent stress of external tube at the maximum
axial load. In the current paper, o, , is taken as uf;,,. Using Egs. (5) to
(13), the values of u for all the specimens are listed in Table 1. Here,
the average value of y will be employed, and taken as 1.045.

Supposing that the circumferential stress ¢, and the axial stress

6,,.m Of the external tube at the maximum axial load are expressed by:
Oo6,m = aofsyo (27)
Uoz,m = ﬂ()fSyO (28)

where «, and g, denote the ratios of the circumferential and axial
stresses to the external tube yield stress (f,), respectively, similar to
the suggestion of Liang and Fragomeni [48]. Substituting Egs. (27) and
(28) into Eq. (26), the expression becomes

%2 —a,by + ﬂoz = /42 (29)

According to Japanese standard AIJ [49], in this paper, «, is taken
as —0.19. As a result, g, can be determined by:
ay + V42 —3a,?
ﬁo=+
Accordingly, using Egs. (25) to (30), the value of f,. in Eq. (22)
would be obtained directly. Subsequently, by substituting Eqgs. (22) and
(28) into Eq. (24), Eq. (24) becomes:

=0.94 (30)

Ny, = 0'94fsyvos + Agefee + O_iz,mAis (B

In this paper, the maximum axial stress (c;, ,,) of the internal tube
is assumed to be f;. Therefore, N,, is finally determined by:

Ny = 0'94fsyvos + Ascfcc + fsyi Ais (32)
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4.2. Verification of the proposed model

In this section, the experimental results of the current and previ-
ous studies were collected and employed to evaluate the accuracy of
the proposed and existing models. In total, 154 data from the tested
columns were collected by the authors and their details can be found
in Ref. [50], and a general summary is shown in Table 3. The effect
indices A for all the specimens are also listed in Table 3. It can be seen
from this table that all A values are less than the unity, which indicates
that the collected CFDST specimens are CSP-dependent. In addition, the
collected experimental data achieves a wide range of column variables,
and their limitations are described as follows:

(1) The hollow ratio y (D;/D,) varies from 0 to 0.89;

(2) The unconfined concrete strength (f,) ranges from 18.7 MPa to
141.0 MPa;

(3) The diameter-to-thickness ratios of the external and internal tubes
range from 18.7 to 176.7 and 10.5 to 146.0, respectively;

(4) The yield strengths of the external and internal tubes range from
221.0 MPa to 618.0 MPa and 216.0 MPa to 520.0 MPa, respectively.

Using the test data listed in Table 3, comparisons between the
experimental strengths and the predictions by the proposed and existing
models are shown in Table 4. From this table, it can be seen that Han
et al. [6] underestimates the cross-sectional resistances of the CFDST
columns, while Hassanein and Kharoob [27], Uenaka et al. [19], and
Liang [29] overestimate the cross-sectional resistances of the CFDST
columns. The average value of the proposed model is 0.930 with
smaller standard deviation (SD) and CoV than the existing models. Gen-
erally, the proposed model can effectively predict the cross-sectional
resistances of circular CFDST short columns made with a wide-range of
column variables.

5. Conclusions

In this paper, the CSPs of CFDST columns were firstly investigated
through axial compression tests. Two different CSPs of confined con-
crete induced by the external and internal steel tubes were presented.
An equivalent lateral confining stress reflecting the confinement effects
of the external and internal steel tubes to the concrete infill was
defined. The two performance indices (i.e., the lateral stress domination
index SI and the effect index 1) were introduced to quantitatively
evaluate the CSPs and their effects on the compressive strength of
confined concrete. Based on the scope of current study, the following
findings were listed:

+ The external CSPs of CFDST columns are remarkably affected by
the column variables, i.e., 1, fy, f. and D,/t, ratio, but less
effects on the internal CSPs.

Similar to CFST columns, the effect indices of CFDST columns
with # falling between 0 and 2.731 are less than the unity, which
suggests that the compressive strength of confined concrete in the
CFDST columns with # less than 2.731 is CSP-dependent.

The effect indices of CFDST column are generally less than those
of CFST columns, which implies that the confinement effects of
CFDST columns are weaker than those of CFST columns. Note that
when the 7 is smaller than about 0.2, the effect indices of CFDST
and CFST columns are almost the same, which implies that the
confinement effects for both are almost identical.

As the 7 raises, the effect indices of CFST and CFDST columns
become the unity in turn, which suggests that the confinement
effects for both are identical. In other words, the compressive
strength of confined concrete in the CFDST columns with # larger
than 2.731 is CSP-independent.

A CSP-based compressive strength model of axially compressed
circular CFDST short columns is proposed, and a comparison with
existing models indicates that a higher degree of accuracy and
consistency of the predictions is achieved for the proposed model.



X.-F. Yan, Y.-G. Zhao, S. Lin et al.

Thin-Walled Structures 165 (2021) 107949

Table 3

Summary of tested CFDST short columns with circular carbon steel section.
Refs. Number D, (mm) t, (mm) D;(mm) t; (mm) x (D;/D,)  fy, (MPa) fyi (MPa) f.(MPa) L (mm) A
Current study 28 187.7-191.0 4.21-6.77 33.5-101.6 3.06-4.10 0.00-0.53 327.3-464.0 342.1-348.2 29.0-51.0 570.1 0.25-0.65
Tao et al. [16] 12 114.0-300.0 3.00 48.0-165.0  3.00 0.27-0.78 275.9-294.5 294.5-396.1 39.7 372.0-900.0  0.18-0.33
Li et al. [13] 2 350.0 3.82 231.0 2.92 0.66 439.3 396.5 44.4 1050.0 0.21
Lin and Tsai [7] 2 300.0 2.00-4.00 180.0 2.00 0.60 290.0 290.0 22.4 900.0 0.20-0.28
Uenaka et al. [19] 9 157.0-159.0 0.90-2.14 38.0-115.0 0.90-2.14 0.24-0.73 221.0-308.0 221.0-308.0 18.7 471.0-477.0  0.15-0.38
Li and Cai [23] 4 356.0 5.50 168.0-219.0 3.30 0.47-0.62 618.0 356.0 38.8 1068.0 0.33-0.37
Ekmekyapar and Hasan [21] 8 114.3 2.73-5.85 60.3 2.52-5.77 0.53 285.0-455.0 310.0-396.0 38.6-64.6 343.0 0.24-0.59
Zhao et al. [12] 6 114.2-165.3 2.90-5.90 48.4-101.8 2.80-3.10 0.42-0.62 395.0-454.0 410.0-425.0 60.9 343.0-496.0  0.23-0.50
Wei et al. [28] 26 74.7-114.3  0.59-1.78 61.2-88.9 0.55-1.56 0.56-0.83 255.0-524.0 216.0-512.0 58.6 224.0-343.0  0.09-0.22
Fan et al. [51] 8 240.0 3.00-4.00 80.0-120.0 3.00-4.00 0.33-0.50 280.0 280.0 29.0 720.0 0.25-0.32
Ekmekyapar et al. [52] 8 114.3 2.74-6.11 60.3 2.52-5.77 0.53 355.0 310.0-396.0 41.2-68.2  343.0 0.26-0.64
Sulthana and Jayachandran [53] 2 166.0-166.3 5.22-5.24 76.7 3.58 0.46 520.0 520.0 34.6-35.4 450.0 0.53
Li et al. [54] 6 140.0-450.0 2.50-8.00 76.0-400.0 1.60-8.00 0.54-0.89 307.0-365.0 321.0-429.0 41.2-44.5 420.0-1350.0 0.15-0.26
Zhao et al. [55] 9 114.3-165.1 1.70-6.00 48.3-101.6 2.90-3.30 0.42-0.63 395.0-454.0 394.0-425.0 60.9 343.0-495.0 0.17-0.51
Yan et al. [50] 24 164.7-165.3 3.68-6.02 42.5-76.4 2.78-3.21 0.26-0.46 347.0-428.6 385.6-409.8 53.7-141.0 570.0 0.18-0.42

Table 4

Means and CoVs of all test strengths-to-predicted strengths.
Design models Han et al. [6] Uenaka et al. [19] Hassanein and Kharoob [27] Liang [29] Proposed model
154 test data Nyo/Nye Nyof/Nye Nyo/Ny. Nyo/Nye Nyo/Nye
Mean 0.915 1.157 1.064 1.021 0.930
SD 0.106 0.120 0.119 0.274 0.091
CoV 0.115 0.103 0.112 0.269 0.098
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