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Abstract: To investigate the load-carrying capacity of high-strength concrete-encased steel angle (CES-A) columns, in which
corner steel angles are encased in concrete and transmit column loads directly, a numerical study was performed by using a
proposed analysis model. The proposed model considered the strain compatibility, confinement effect, local buckling, and pre-
mature cover-spalling, and was verified against previous experimental study results. To investigate the effect of design parameters,
a parametric study was conducted, and based on the parametric study results, a simple approach was also discussed to predict the
residual strength (2nd peak load) after spalling of concrete cover at corners (1st peak load). The numerical investigations showed
that when steel contribution and confinement efficiency are high, CES-A columns exhibit relatively large load-carrying capacity
even after cover-spalling, due to the maintained strength of confined concrete and yielding of steel angles, and the proposed simple

approach gave a good prediction for the residual strength.

Keywords: composite column, concrete-encased steel angle, high-strength steel, confinement, local-buckling, cover-spalling,

residual strength.

1. Introduction

Steel-concrete composite columns such as concrete-en-
cased steel (CES) and concrete-filled steel tube (CFT) col-
umns have large load-carrying capacity and high local
stability due to composite action, and high-strength materials
improve structural safety and space efficiency. Thus, the use
of high-strength composite columns is growing in the con-
struction of high-rise and long-span structures.

When high-strength steel is used for conventional CES
columns (consisting of a wide-flange steel core and concrete
encasement), early crushing of concrete encasement needs to
be considered, because the steel core may not develop its full
plastic strength at the concrete failure, particularly under
flexural loading (Kim et al. 2012, 2014). On the other hand,
CFT columns using high-strength steel show excellent
structural performance, because the steel tube provides good
lateral confinement to concrete core and the concrete core

DSchool of Civil Engineering at Shandong Jianzhu
University and Shandong Provincial Key Laboratory of
Appraisal and Retrofitting in Building Structures,
Fengming Road, Lingang Development Zone, Jinan
250101, Shandong, People’s Republic of China.

2College of Civil Engineering at Hunan University and
Hunan Provincial Key Laboratory on Damage Diagnosis
for Engineering Structures, Yuelu Mountain, Changsha
410082, Hunan, People’s Republic of China.
*Corresponding Author; E-mail: hwanggun85@naver.com
Copyright © The Author(s) 2018. This article is an open
access publication

Published online: 31 January 2018

restrains local buckling of the steel tube (Kim et al. 2014).
However, in terms of fire proofing, local instability, dia-
phragm connections, and concrete compaction, CES col-
umns still have advantages over CFT columns. Thus, further
studies are necessary for high-strength CES columns.

To improve the load-carrying capacity of CES columns,
concrete-encased steel angle (CES-A) sections can be used
(Kim et al. 2014, 2017; Eom et al. 2014; Hwang et al.
2015, 2016). In the case of CES-A sections (Fig. 1), the
contributions of steel to flexural strength and flexural stiff-
ness are maximized: the strain and moment-arm of steel are
significantly increased by placing steel angles at four cor-
ners, and the corner steel angles connected by transverse
reinforcement provide good confinement to concrete core
(Kim et al. 2014, 2017). Because of these advantages, along
with constructability improvement by prefabrication, CES-A
sections have recently become popular in Korea.

Structural steel angles for columns have been widely
studied and used in various ways: (1) to externally
strengthen existing RC columns with batten plates (i.e., steel
jacketing for reconstruction or seismic retrofitting) (Critek
2001; Zheng and Ji 2008a, b; Montuori and Piluso 2009;
Nagaprasad et al. 2009; Calderon et al. 2009; Badalamenti
et al. 2010; Garzon-Roca et al. 2011a, b, 2012; Campione
2012a, b; Khalifa and Al-Tersawy 2014; Tarabia and
Albakry 2014; Cavaleri et al. 2016); (2) to replace wide-
flange members with the built-up members connected by
battens (Hashemi and Jafari 2004); (3) to reduce laborious
fieldwork of composite columns by prefabrication (Kim
et al. 2011; Eom et al. 2014; Hwang et al. 2015, 2016); and/
or (4) to improve structural capacity and cost efficiency of
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composite columns by maximizing the contribution of high-
strength steel (Kim et al. 2014, 2017). According to the
primary purpose, steel angles could be either encased in
concrete or exposed, and could transmit column loads or not
(providing confinement only). Especially for the steel jack-
eting, extensive studies are available. However, the discus-
sions in the existing studies were limited to (1) low-strength
materials (because the steel jacketing is to strengthen defi-
cient columns) and (2) confinement of non-buckled steel
angles (because the externally attached steel angles are
generally not subjected to high compression), and (3) the
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g. 1 Advantages of concrete-encased steel angle (CES-A)
section (Kim et al. 2017).

effect of concrete cover was not involved (because the
externally attached steel angles are exposed).

In the present study, to investigate the load-carrying
capacity of high-strength CES-A columns, in which corner
steel angles are encased in concrete and transmit column
loads directly (i.e., composite columns), a numerical study
was performed using a proposed analysis model. The pro-
posed model considered the strain compatibility, confine-
ment effect, local buckling, and premature cover-spalling.
For verification, the predictions by the proposed model were
compared with previous experimental study results (Kim
et al. 2014, 2017; Eom et al. 2014; Hwang et al. 2016), and
to supplement the test results, a numerical parametric study
was conducted for various design parameters. To predict
residual strength after spalling of concrete cover at corners, a
simple approach was also discussed.

2. Previous Experimental Studies

Kim et al. (2014, 2017) performed eccentric axial load
tests for four CES-A columns with various transverse rein-
forcements (lattices, battens, links, and rectangular spirals)
using Grade 800 MPa steel and 100 MPa concrete (Table 1;
Figs. 2, 3). The test results showed that even after spalling of
concrete cover at corners (1st peak) the axial load continu-
ously increased up to the 2nd peak without significant
degradation in stiffness, the maximum load and effective
flexural stiffness of the CES-A columns were 1.53 and 2.07
times those of a conventional CES column using a wide-
flange steel core of the same area due to the high contribu-
tion of steel angles, and the 2nd peak load was strongly
affected by confinement of transverse reinforcement and
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Fig. 2 Section types of previous test specimens (Kim et al. 2014; 2017; Eom et al. 2014; Hwang et al. 2016) [unit: mm].
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Table 1 Material and geometric properties of previous test specimens (Kim et al. 2014, 2017; Eom et al. 2014; Hwang et al. 2016).

Tests specimens (total 16) E1-E4: Eccentric axial load tests (Eccentricity = 120 mm)
C1-C5: Concentric axial load tests

F1-F7: Flexural tests

Dimensions (square section) (see Fig. 2) b =260 mm, b, = 230 mm, L; = 2620 mm for E’s
b = 500 mm, b, = 400 mm, L; = 1500 mm for C1-C3 and F1-F4
b = 400 mm, b, = 300 mm, L; = 1500 mm for C4-C5 and F5-F7

Concrete® fL/u = 103.6 MPa, &, = 0.0027, &, = 0.003 for E1
féu = 96.6 MPa, ¢, = 0.003, &, = 0.003 for E2 and E3
£, = 98.7 MPa, &, = 0.0032, &, = 0.0032 for E4
ﬂ/u = 23.5 MPa, &, = 0.002, &, = 0.003 for C’s and F’s

Steel angles (equal-leg)® Jys = 812 MPa, f,, = 868 MPa, by = 60 mm, f, = 15 mm for E1
Jfys = 159 MPa, f,, = 884 MPa, by = 60 mm, f, = 15 mm
for E2 — E4

fys = 444 MPa, f,, = 689 MPa, by = 90 mm,
t, = 7 mm for C’s and F’s

Transverse reinforcement (see Fig. 3)* Lattices of ¢7 Bars (f,, = 531 MPa, s, = 50 mm) for E1
Links of D13 Bars (f,; = 481 MPa, s, = 100 mm) for E2
Battens of 6 x 60 mm Plates (f,, = 418 MPa, s, = 210 mm) for E3
Spirals of D13 Bars (f;; = 567 MPa, s, = 100 mm) for E4
Links of D10 Bars (f,, = 522 MPa) for C’s and F’s
s, = 100 mm for C2, C4, F2, and F5
s; = 200 mm for C1, C3, C5, F1, F3, and F6
s; = 300 mm for F4 and F7

Longitudinal reinforcement® 8-D13 (f,; = 513 MPa, f,; = 634 MPa) for E1
4-D19 (fy = 523 MPa, f,; = 650 MPa) for C1 and F1

*Elastic modulus = 3320\/f_c’ + 6900 (MPa) for concrete, 205 GPa for steel plates including steel angles and battens, and 200 GPa for
reinforcing steel bars including lattices, links, and spirals.

(a) Lattices (T1) (b) Links (T2) (c) Battens (T3) (d) Spirals (T4)

Fig. 3 Transverse reinforcement types of previous test specimens (Kim et al. 2014, 2017; Eom et al. 2014; Hwang et al. 2016).

steel angles and local buckling of steel angles. Eom et al. case of the concentrically loaded specimens, the uniaxial
(2014) and Hwang et al. (2016) performed concentric axial strength was greater than the design strength P, =
load tests and flexural tests for twelve CES-A members 0.85f/A. + fisAs + f1A1 (4., Ay, A; = area of concrete, steel,
(vield strength of steel f,, = 444 MPa and compressive or longitudinal bars, and f,; = yield strength of longitudinal
strength of concrete f] = 23.5 MPa). The test parameters bars) due to the confinement effect. In the case of the flex-
included the sectional ratio of steel angles and vertical urally loaded specimens, crushing of concrete cover (corre-
spacing of links to investigate the confinement effect and the sponding to the ultimate compressive strain of ¢., = 0.003)
flexural, shear, and bond resistances (Table 1; Figs. 2, 3). did not control the maximum deformation due to the con-
Additionally, to evaluate seismic performance, Hwang et al. finement effect, and ductile behavior was maintained until
(2015, 2016) conducted cyclic load tests for CES-A columns steel angles reached their fracture strain (g, = 0.015).

and beam-column joints. The test results showed that, in the
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Also, the previous experimental study results (Kim et al.
2014, 2017; Eom et al. 2014; Hwang et al. 2015, 2016)
showed that the strain compatibility method of ACI 318-14
(2014) with e, = 0.003 underestimated the load-carrying
capacity of the CES-A columns by neglecting the confine-
ment effect of steel angles and transverse reinforcement on
concrete core. On the other hand, the load-carrying capacity
was less than the prediction by the plastic stress distribution
method of Eurocode 4 (2005) due to failure (spalling or
crushing) of concrete cover earlier than yielding of steel
angles. As such, since the load-carrying capacity of CES-A
columns is strongly affected by the behavior of concrete
cover and steel angles, further studies are required for those
effects.

3. Nonlinear Numerical Analysis

To investigate the load-carrying capacity of CES-A col-
umns with various design parameters, nonlinear numerical
analysis was performed. To this end, the fiber model analysis
method was used (El-Tawil and Deierlein 1996; Kim et al.
2012, 2014, 2017) considering the strain compatibility,
confinement effect of steel angles and transverse reinforce-
ment, local buckling of steel angles and longitudinal bars,
premature spalling of concrete cover at corners, effect of

local buckling of steel angles on confinement, and second-
order effect (Fig. 4). In the analysis model, a composite
section was divided into four regions to evaluate the con-
tribution of each structural component: unconfined concrete
cover, confined concrete core, steel angles, and longitudinal
bars. The detailed modeling equations and analysis proce-
dure are given in the following subsections.

3.1 Concrete and Confinement

Since the distribution of confining pressure in CES-A
sections is similar to that of rectangular tied RC sections,
existing concrete confinement models can be used, regarding
steel angles and transverse reinforcement as longitudinal
bars and transverse bars, respectively (Montuori and Piluso
2009; Nagaprasad et al. 2009). In the present study, the
compressive stress—strain relationship of concrete was
characterized by the confinement model of Saatcioglu and
Razvi (Saatcioglu and Razvi 1992; Razvi and Saatcioglu
1999) (Fig. 4a, b), which is applicable to a wide range of
materials (concrete of f/ = 30 — 130 MPa and transverse
reinforcement of up to f,, = 1400 MPa), uses the actual
tensile stress of transverse reinforcement at the peak stress of
confined concrete (instead of assuming yielding of trans-
verse reinforcement), and was verified against extensive test
results of columns under concentric and eccentric loadings.
In the model, the strength and ductility of confined concrete
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Fig. 4 Material, section, and geometry models for nonlinear numerical analysis.
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are defined as a function of the equivalent uniform lateral
confining pressure g, and the tensile stress of concrete is
ignored (Eq. (1)).

Je ;f—I-Q»(Sf/"Jw)r
fc’{l—OJSM} if e. > ¢

ife. <eég
fe= (1)

&c85 —éco

where f. and ¢. = concrete stress and corresponding strain;
f! and &, = peak stress and corresponding strain (or peak
strain); &.g5 = strain corresponding to 0.85 f’ after peak
stress; r=E./ (Ec - Ecﬁsec) = modular ratio;
E. = 3320,/f] 4+ 6900 = elastic modulus; and
E,sec =f! /€0 = secant modulus at peak stress (E sec < Ep).
Calculations of these material properties for unconfined
concrete and confined concrete are available in the literature
(Saatcioglu and Razvi 1992; Razvi and Saatcioglu 1999) and
summarized in Appendix.

To take into account the distinctive local failure mecha-
nisms of CES-A columns in the analysis, the concrete model
was modified as follows.

(1) Concrete cover is a protection of steel and reinforce-
ment against corrosion and fire (American Concrete
Institute 2014), and premature spalling of concrete
cover may occur due to shrinkage of concrete and
weakness planes between concrete cover and concrete
core, which are created by longitudinal and transverse
reinforcements (Collins et al. 1993; Cusson and Paultre
1994). This phenomenon is more obvious when higher
strength concrete and denser reinforcement are used
(Collins et al. 1993; Cusson and Paultre 1994).
Especially in CES-A columns, the premature cover-
spalling is more pronounced at corners due to the
smooth surface of steel angles (Kim et al. 2014, 2017).
Thus, for the stress f;, of concrete cover at corners, the
proposed model assumed Eq. (2) (case 1 in Fig. 5). In
the absence of experimental data, the ultimate strain of
&cuu = 0.003 is recommended based on test results
(Kim et al. 2014, 2017).

Jeu = 0if & > ¢, for concrete cover at corners  (2)

(2) Steel angles provide good confinement to concrete core
(Calderon et al. 2009; Montuori and Piluso 2009;
Nagaprasad et al. 2009; Badalamenti et al. 2010; Kim
et al. 2014, 2017; Eom et al. 2014; Hwang et al.
2015, 2016), but the effect of local buckling on the
confinement should be also considered. Thus, unlike
the existing models (Calderon et al. 2009; Montuori
and Piluso 2009; Nagaprasad et al. 2009; Badalamenti
et al. 2010), in which the full leg b, of steel angles was
assumed to exert the confining pressure in whole
analysis steps, the proposed model assumed that only
the effective leg b, ofr exerts the confining pressure after
local buckling of steel angles (Fig. 6). The effective leg
also varies in vertical, but concrete failure occurs at the
weakest point (i.e., at the mid-height within a buckling

length). Thus, in the calculation of the geometrical
effectiveness coefficient k, (see Appendix), Eq. (3) was
used for the ineffective width w; (b. = dimension of
confined concrete) to consider the reduction in confin-
ing pressure by local buckling.

w; = b, — st,eff (3)

It is noted that when battens are used for transverse rein-
forcement, the center-to-center spacing s, can be substituted
by an effective spacing in the calculation of k&, (Montuori
and Piluso 2009; Nagaprasad et al. 2009). Thus, the clear
spacing s. = s, — h; (h; = height of a batten) was used as
the effective spacing. Calculation of the effective leg by csr
considering local buckling of steel angles under non-uniform
compression is given in the next subsection. Figure 7 shows
an example for the confining pressure ¢; under pure com-
pression. As shown in the figure, the confining pressure is
gradually decreased after local buckling of steel angles. The
reduction of the confining pressure due to the local buckling
has an effect on post-peak behavior (or ductility) of CES-A
columns.

3.2 Steel Angles and Local Buckling

The stress—strain relationship of high-strength steel angles
was characterized by a rounded curve (Fig. 4c and Eq. (4))
(Ramberg and Osgood 1943; Rasmussen 2003). For mild
steel angles, a typical trilinear curve (with elastic, plastic,
and strain-hardening ranges) can be used (Zubydan and
ElSabbagh 2001).

- . n
£ 40.002 ({—) if £, <fs
& = ifon

e m ) _ for high-strength steel
}50; + Eus (m) +&ys if fv.v <ft <fus

4)

where f; and ¢, = steel stress and corresponding strain; fy,
and f,, = yield and ultimate stresses; &, and ¢,; = yield and
ultimate strains; and E; = elastic modulus. For high-strength
steel, 0.2% proof stress can be used as the yield stress and
Ey, = E;/ [1 + 0‘002n/(fyS/E‘.)] = tangent modulus at the
0.2% proof stress; &ys = fys/Es +0.002;
n=[1—= (024 185fs/E;)fus/fys] /0.0375 + 5 and
m =14 3.5f/fus.

Generally, in the design of conventional CES columns,
local buckling of the steel core is not considered, because
concrete encasement prevents the local buckling. However,
in the case of CES-A columns, the structural behavior after
spalling of concrete cover at corners is strongly affected by
local buckling of steel angles. Particularly, since composite
columns are likely to be subjected to eccentric loads and
relatively thick steel sections are preferred to support con-
struction loads before concrete develops its design strength,
much concern should be given to inelastic local buckling
under non-uniform compression. The critical buckling stress
fps in elastic and inelastic ranges can be determined by the
well-known formula of Eq. (5) (Gerard 1946), and the post-
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Fig. 6 Confinement of steel angles and transverse
reinforcement.

local buckling behavior can be described by the effective
width approach (von Karman et al. 1932; Winter 1947;
Shanmugam et al. 1989; Usami 1993; Bambach and Ras-
mussen 2004a, b; Bambach and Rasmussen 2004; Liang
et al. 2006; Mazzolani et al. 2011). In the effective width
approach, the stress redistribution within a buckled steel
plate is simplified by assuming that only a certain width of
the plate remains effective.

kbans Is 2
o=t (5) <

~

where 1 = plasticity reduction factor; k; = local buckling
coefficient; v = Poisson’s ratio; and b and ¢, = width and
thickness of steel, respectively.

The plasticity reduction factor was calculated by Eq. (6)
(proposed by Stowell (1948), and Mazzolani et al. (2011)
experimentally verified that the equation gives a good pre-
diction for the critical load of steel angles) and the Poisson’s
ratio in elastic and inelastic ranges was calculated by Eq. (7)
(Gerard and Becker 1957; Mazzolani et al. 2011).
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Fig. 7 Reduction of confining pressure after local buckling of

steel angles.
Essee (1,2 |1 3Esun
=— —+ o/ -+ = 6
E; (3 + 314 + 4Es,sec> (©6)
Es,mn
V="Vp— Es (Vp - Ve) (7)

where Ej, Ej e, and Ej gy = elastic, secant (= f;/¢), and
tangent (= df;/de,) moduli; and v, and v, = elastic (= 0.3)
and fully plastic (=0.5) values of Poisson’s ratio,
respectively.

The legs of steel angles can be modeled as a plate simply
supported along three edges with one longitudinal edge free
(Timoshenko and Gere 1985), and Bambach and Rasmussen



Table 2 Effective width for legs of steel angles (Bambach and Rasmussen (2004a, b) and modification).

Stress distribution®

Local buckling coefficient®, k, | Elastic effective width®, by ¢ =

(modified) pbs (p<1)
SS > F >0 2
o - b= (23) + ci(2) R
Ce=25-25y+ 1.0y> :
<0 k= (1.7=5y + 17.14?%)
A% P:(l‘i‘lﬁ)(lx)
+a(3) ‘
Cr=25—12y —0.6y°
Free > SS >0 ky = (0.57 — 021y . (1-)
2 A
y<0 +0.079%) + Ci (%) (i)
Cr=125-025y ’ -

4SS = simply supported edge, Free = free edge, fi, f» = edge stresses of a plate element (f; > f5), and Y = f5/f; = ratio of edge stresses

([yl<D).

To take into account the effect of transverse reinforcement, the second term Cj (by /s,)2 was newly introduced based on the results of finite
strip analysis and regression analysis. When battens are used for transverse reinforcement, the center-to-center spacing s, can be substituted by

the clear spacing s. = s; — /&, (h, = height of a batten).

A= \/fy/fbs» and o = 0.22 = imperfection sensitivity coefficient to consider initial imperfections.

(2004a, b) proposed two methods (elastic and plastic effec-
tive width methods) for the plate element to consider stress
gradient and initial imperfections (geometric imperfection
and residual stress). Of the two, the elastic effective width
method (Table 2; Fig. 8) was implemented in the present
study: although the elastic effective width method underes-
timates the ultimate flexural strength of the plate element
(Bambach and Rasmussen 2004a, b), it is consistent with
current design codes (Bambach and Rasmussen 2004a, b)
and more suitable to calculate the geometrical effectiveness
coefficient k, of confined concrete.

Bambach and Rasmussen (2004a, b) calculated the local
buckling coefficient by finite strip analysis with large half-
wavelengths (or for long plates). However, since the local
buckling coefficient is affected by boundary conditions and
plate geometry, the effect of transverse reinforcement needs to
be considered (Timoshenko and Gere 1985). Thus, the local
buckling coefficient was modified using CUFSM (Li and
Schafer 2010), which is an open source finite strip elastic sta-
bility analysis program, and regression analysis. The modified
equations for the local buckling coefficient considering the
spacing of transverse reinforcement are given in Table 2 (the
newly introduced second term Cy (b /s,)2 is the modification).

The critical buckling strain ¢, of steel angles was assumed
to be greater than the peak strain &, , of concrete cover (i.e.,
Ebs > Eco,u) Decause concrete cover restrains local buckling of
steel angles (Chen and Lin 2006), and local bucking of steel
angles was assumed to incorporate spalling of concrete cover
at corners (i.e., f., = 0 if & > ¢p) (case 2 in Fig. 5).

3.3 Longitudinal Bars and Local Buckling

For longitudinal bars of mild steel, a trilinear stress—strain
curve was used (Fig. 4d). In the figure, ,, &1, €u, 31, fu» fuu are
yield, hardening, and ultimate strains, and their corresponding
stresses, respectively (assuming &, = 10¢, and &,, = 0.15 for
mild steel (Zubydan and ElSabbagh 2001)). Local buckling of

% SS: Simply Supported Edge / Free: Free Edge

A A
- Li=vh = LH=vh
Ty veo [T weo
ss  w<0 ss 1 ¥<O
7 I
| |
—b, e —| | | “b::eff*
SS : Free Free : SS
—bs——’: :4__1,:_
| |
| |
d L
SS P SS .
Ay, JEREEY;
S 5=

(a) Edge Stresses
: SS > Free

(b) Edge Stresses
: Free > SS

Fig. 8 Effective leg of steel angles after local buckling.

longitudinal bars was assumed to initiate when the strain of
longitudinal bars reaches the peak strain of concrete cover (i.e.,
&b = €co.u) (Gomes and Appleton 1997; Chen and Lin 2006),
and post-local buckling behavior was modeled by the plastic
mechanism approach (or yield-line analysis, Eq. (8)) (Morino
et al. 1986; Gomes and Appleton 1997).

37TSb]X 2 37TSb1X
= 1-— 8
Jr=Fo ( 16D > 16D, ®
where ¢ and f; = strain and corresponding stress;

fr = stress at the onset of local buckling (& = &);
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sp; = local buckling length (assumed to be the vertical
spacing S of transverse reinforcement);

X = \/1 —[1 = (e — ebl)]z; and D; = diameter of longitu-
dinal bars.

3.4 Bond Strength between Concrete and Steel

In the case of CES-A sections, frictional bond between
concrete and steel is insignificant due to the smooth surface
of steel angles, but transverse reinforcement provides two
mechanical bond mechanisms (concrete bearing and dowel
action). The authors experimentally investigated the bond
resistance of CES-A beams (Eom et al. 2014), and it was
found that the bond resistance is mainly provided by con-
crete bearing at a small flexural deformation and by dowel
action at a large flexural deformation, and bond-slip of
tension steel angles affects the structural behavior. Thus, to
prevent premature bond-slip, a denser spacing of transverse
reinforcement needs to be used. However, in the case of
CES-A columns, the effect of bond-slip is less pronounced
because large axial compression is expected to apply and
external forces are transferred to concrete and steel angles
directly. Thus, in the present study, the bond-slip was not
considered for simplicity.

3.5 Second-order Effect

The overall behavior of a column is affected by the sec-
ond-order effect. The second-order effect can be approxi-
mately taken into account by assuming a cosine curve for the
deflection shape of the column (Fig. 4e) (Westergaard and
Osgood 1928). For the given eccentricity ¢ and compres-
sive strain &, the curvature x,, at the mid-height section was
determined by iterations so that the force equilibrium of
Eq. (9) is satisfied.

Mn - Z(ﬁAtyl) - P(eO + Am) (9)

where M, = moment at the mid-height section; f;, 4;,
y; = stress, area, and moment-arm (from the centroid of the
composite section) of each fiber element; P = X(fi4;) =
axial load; A, = k,/(n/L;)* = lateral deflection at the
mid-height section; and L; = buckling length.

3.6 Verifications

For verification, the nonlinear numerical analysis results
by the proposed model were compared with the previous test
results (Kim et al. 2014; 2017; Eom et al. 2014; Hwang et al.
2016). Table 1 and Figs. 2, 3 present the material and geo-
metric properties, section types, and transverse reinforce-
ment types of the previous test specimens.

Figure 9 shows the comparison. Although some discrep-
ancies were observed in the behavior, the predictions (thin
dashed lines) generally agreed well with the test results
(thick solid lines): the mean and standard deviation of pre-
diction-to-test ratios were 1.02 and 0.10 for the maximum
load (the larger of the Ist and 2nd peak loads) or 1.09 and
0.35 for the secant stiffness at the maximum load (Table 3).
The discrepancies in the behavior are mainly attributed to
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local failures of the test specimens such as weld-fracture
between steel angles and lattices in E1 (Fig. 9a) (Kim et al.
2014), premature spalling of concrete cover in C1 — C5
(Fig. 9e—i) (Hwang et al. 2016), premature tensile fracture of
steel angles in F3 (Fig. 91) (Eom et al. 2014), and premature
bond-slip of tension steel angles in F4, which is a beam
specimen (Fig. 9m) (Eom et al. 2014). It is noteworthy that
the onset of local buckling of steel angles resulting from the
numerical analysis (marked by hollow triangles) corre-
sponded fairly well to the sudden drop or abrupt cover-
spalling in the post-peak behavior of C1-C5 and F1-F7
(marked by solid triangles). Although the exact strain and
location of local buckling in the actual test specimens could
not be detected (because steel angles were encased in con-
crete and the relatively thick steel angles did not buckle
enough to recognize), this agreement also confirms the
validity of the proposed model.

For more detailed investigation, the strength contributions
of unconfined (cover) concrete, confined (core) concrete,
steel angles, and longitudinal bars obtained from numerical
analysis are separately presented in Fig. 9 (thin dashed lines
with markers). In the case of the eccentrically loaded spec-
imens (E1-E4 in Fig. 9a-d), the axial load reached its
maximum even after cover-spalling (see the marker of «) due
to the maintained strength of confined concrete (see the
marker of ¢) and yielding of steel angles (see the marker of
s). On the other hand, in the case of the concentrically loaded
specimens (C1-C5 in Fig. 9e—i), cover-spalling determined
the maximum load, since it occurred around the entire
perimeter. In the case of the flexurally loaded specimens
(F1-F7 in Fig. 9j—p), the flexural strength was maintained
after cover-spalling due to the ductile behavior of confined
concrete and steel angles.

The large load-carrying capacity of CES columns after
failure of concrete cover (and local buckling of longitudinal
bars) was also reported by Naito et al. (2011), and this
beneficial effect could be more pronounced in the case of
using high-strength and compact steel angles in CES-A
columns.

4. Parametric Study and Discussion

To investigate the effect of design parameters, a parametric
study was performed for a typical CES-A column shown in
Fig. 10 (square cross-section with equal-leg steel angles
connected by battens and having 50 mm-thick concrete
cover). The design parameters included the compressive
strength of concrete (f), = 40, 60, and 80 MPa), yield
strength (f,; = 315, 450, and 650 MPa, corresponding to
SM490  (ultimate strength f,; = 490 MPa), SM570
(fus = 570 MPa), and HSA800 (f,;, = 800 MPa) in the
Korean Standards, respectively), area (or sectional ratio of
steel to gross section p; = A;/A; = 3.2, 3.8, and 4.8%,
which correspond to b x #; = 150 x 10, 150 x 12, and 150
X 15 mm), and compactness (or width-to-thickness ratio of
the outstanding leg &./t, = (bs — t;)/t; = 7.0, 11.5, and
16.5 under the same steel ratio of p, = 3.8%, which
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Fig. 9 Comparison of numerical analysis results with previous test results (evaluated at mid-height section).

correspond to by x £, = 120 x 15, 150 x 12, and 175 x
10 mm) of steel angles, yield strength (f;,, = 315, 450, and
650 MPa), thickness (b; x t, = 100 x 10, 100 x 12, and
100 x 15 mm), and spacing (s,/b. = 0.3, 0.5, and 1.0) of
battens, eccentricity of axial load (eo/b = 0.1, 0.3, 0.5, and
1.0), column length (L; = 4, 5, and 6 m), and size of cross-
section (b, x b, = 500 x 500, 600 x 600, and 700 x
700 mm). In the parametric study, the peak strain of
unconfined concrete was assumed to be &, = 0.0023,
0.0026, or 0.0028 for 40, 60, or 80 MPa concrete (European
Committee for Standardization 2008). The rounded stress—

strain relationship was used for 450 or 650 MPa steel,
whereas the trilinear relationship was used for 315 MPa
steel. The default (controlled) parameters are presented in
the bottom of Fig. 10.

4.1 Effects of Design Parameters

Figure 10 shows the axial load—strain (P — ¢&.) relation-
ships for the various design parameters. To quantify the
effect of each design parameter, the residual strength ratio o,
the ratio of the 2nd peak load (or residual strength) to the 1st
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Table 3 Comparison of numerical analysis results with previous test results (Kim et al. 2014, 2017; Eom et al. 2014; Hwang et al.

2016).
Specimens Maximum load, P (kN) for E1-E4 and C1-C5 Secant stiffness at maximum load, P/¢. (kN) for E1-E4

or M,, (kN-m) for F1-F7 and C1-C5 or M,, /Ky, (kN-m?) for F1-F7

T A? A/T T A? A/T

El 3343 3587 1.07 637700 491312 0.77
E2 3614 3328 0.92 449287 416056 0.93
E3 3472 3344 0.96 462683 405290 0.88
E4 3598 3366 0.94 371730 420757 1.13

C1 8081 8101 1.00 2711782 4050492 1.49

C2 7684 8267 1.08 2677178 2755614 1.03
C3 6722 7581 1.13 3280720 3790417 1.16
Cc4 5842 5941 1.02 1794820 1980334 1.10
C5 5680 5405 0.95 1897557 2702699 1.42

Fl1 572 572 1.00 11838 20637 1.74

F2 497 498 1.00 12697 7866 0.62

F3 412 487 1.18 31588 12820 0.41
F4 394 486 1.23 8649 13098 1.51

F5 377 338 0.90 6816 6014 0.88
F6 345 326 0.95 8133 9904 1.22
F7 351 325 0.92 8718 9911 1.14

Accuracy Mean and standard deviation of A/T = 1.02 and 0.10 Mean and standard deviation of A/T = 1.09 and 0.35

T and 4 indicate the test and analysis results evaluated at the mid-height section.

peak load (or spalling load), was introduced (presented in
parentheses).

Since the 2nd peak load is developed by the maintained
strength of confined concrete and yielding of steel angles,
generally o was increased as the steel contribution and
confinement efficiency increased. In more detail, as the
concrete strength /7 increased, o was decreased (o = 1.09
for !, = 40 MPa, 1.02 for 60 MPa, and 0.98 for 80 MPa in
Fig. 10a), since the use of higher strength concrete resulted
in higher strength-loss by cover-spalling and less ductile
behavior. As the yield strength £, or sectional ratio p, of
steel angles increased, o was increased (o = 0.94 for
Jys = 315 MPa, 0.96 for 450 MPa, and 1.02 for 650 MPa, or
o = 0.98 for p, = 3.2%, 1.02 for 3.8%, and 1.08 for 4.8%
in Fig. 10b). However, as the width-to-thickness ratio
increased, o was decreased (o = 1.06 for !/t = 7.0, 1.02
for 11.5, and 1.01 for 16.5 in Fig. 10b), because the slender
section was more vulnerable to local instability. As the yield
strength f, and thickness # of battens increased, o« was
slightly increased, but their effects were not significant
(Fig. 10c). On the other hand, the spacing s; of battens had a
great effect (x = 1.15 for s,/b. = 0.3 (clear spacing
S = §; — h; = 50 mm, and volumetric ratio of battens to the
confined concrete core p, = X(b;t,L;)/ (bexbeys) = 6.25%:
L; = length of battens), 1.02 for 0.5 (s, = 150 mm,
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p; = 3.75%), and 0.97 for 1.0 (s, = 400 mm, p, = 1.88%)
in Fig. 10c). It is because that the spacing s, of battens is
related not only to confinement but also to local buckling of
steel angles. In comparison with the effect of battens
(Fig. 10c), the effect of steel angles (Fig. 10b) was also
highly influential for the load-carrying capacity of CES-A
columns. This parametric study result partly differs from the
result of an existing study: in the case of RC columns
strengthened by steel jacketing, thick and/or dense battens
are much more effective than large steel angles for load-
carrying capacity (Khalifa and Al-Tersawy 2014). This
partly different result comes from the different purpose of
steel angles: unlikely the existing study for steel jacketing, in
which the primary purpose of steel angles is to provide
lateral confinement, the steel angles in CES-A columns are
used to transmit column loads directly as well as to provide
confinement. Thus, the steel angles in CES-A columns are
subjected to high compression, and their properties associ-
ated with local buckling and confinement are also important
for load-carrying capacity. The eccentricity ey of axial load
also had a significant effect, but « was not directly propor-
tional to ey (o« = 0.96 for ey /b = 0.1, 1.02 for 0.3, and 1.06
for 0.5, whereas o = 1.06 for a high eccentricity of
eo/b = 1.0 in Fig. 10d): under the higher eccentricities (or
lower compression), strength-loss by cover-spalling was less
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Fig. 10 Parametric study results (evaluated at mid-height section).

pronounced, but the contribution of steel angles to axial load
was decreased due to the increased bending moment. As the
column length L; increased, o was decreased (o« = 1.02 for
L; = 4 m, 1.00 for 5 m, and 0.98 for 6 m in Fig. 10e) due to
the increased slenderness and 2nd-order effect. On the other
hand, the effect of the increased slenderness by using a
smaller section was compensated by the increased steel
contribution and confinement efficiency in the smaller sec-
tion (o = 1.08 for » = 500 mm, 1.02 for 600 mm, and 0.99
for 700 mm in Fig. 10e).

4.2 Spalling Load and Residual Strength

The passive confining pressure is generated by the later-
ally expanding concrete under compression due to the
Poisson effect and the restraining forces in steel angles and
transverse reinforcement (Saatcioglu and Razvi 1992; Razvi
and Saatcioglu 1999; Nagaprasad et al. 2009; Badalamenti
et al. 2010). Thus, the confinement effect is not fully
developed until a column is subjected to sufficient com-
pression and deformation, and the large compression and
deformation lead to cover-spalling (American Concrete

Institute 2014). As stated in the subsection of Concrete and
Confinement, cover-spalling is more pronounced at the
corners of CES-A columns. However, in well-confined
sections, strength-gain in confined concrete may compensate
or even exceed strength-loss in concrete cover (Cusson and
Paultre 1994). Furthermore, as stated in the subsection of
Verifications, in the case of using high-strength and compact
steel angles, strength-gain after cover-spalling is more pro-
nounced. That is, the 2nd peak load can be even greater than
the 1st peak load depending on the steel contribution and
confinement efficiency.

Figure 11 shows the numerical P — M interaction curves
of the typical CES-A section (Fig. 10), which correspond to
the 1st peak load (thick dashed lines) and 2nd peak load
(thick solid lines). As expected, the 2nd peak load (or
residual strength) was affected by the design parameters, and
in some cases, the 2nd peak load was greater than the st
peak load: (1) as the steel contribution increased (in the cases
of using higher strength (Fig. 11¢) and/or larger (Fig. 11d)
steel angles), the residual strength in the tension-controlled
zone (below the balanced failure point) was increased (by
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Fig. 11 P-M interaction curves of CES-A sections for various design parameters.

comparing with Fig. 11a or the shaded area in each figure);
whereas (2) as the confinement efficiency increased (in the
cases of using more compact steel angles (Fig. 11e), higher
strength, thicker, and/or denser battens (Fig. 11f-h), the
residual strength in the compression-controlled zone (above
the balanced failure point) was increased. In the case of
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using higher strength concrete (Fig. 11b), the interaction
curve expanded toward the compression-controlled zone, but
the residual strength was decreased due to the decreased
steel contribution. Especially in the practical range of axial
load (generally in actual design, P> 0.14,f, according to
the definition of compression members and ey/b > 0.1 to
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Fig. 12 Residual strength calculation by proposed simple approach.

account for accidental eccentricity (American Concrete
Institute 2014)), the residual strength was obviously greater
than the Ist peak load.

The 2nd peak load or residual strength is a meaningful
factor in seismic design and progressive collapse analysis.
Thus, a rational approach is required to predict the residual
strength after cover-spalling. It is noted that the 1st peak load
(or spalling load) can be obtained by the strain compatibility
method of ACI 318-14 (Kim et al. 2014; 2017), in which the
linear strain distribution and ultimate compressive strain of
& = 0.003 for concrete are used neglecting the confine-
ment effect (American Concrete Institute 2014).

4.3 Simple Approach for Residual Strength

To construct the P — M interaction curve corresponding to
the 2nd peak load (or residual strength) of CES-A sections, a
simple approach was proposed: for more exact strength-
calculation and wider application, a strain-based method was
used. To accurately predict the strength of composite sec-
tions with high-strength steel and high-level confinement,
the strain compatibility and confinement effect should be
considered (Kim et al. 2014, 2017). For the confinement
effect, the design equations of Eurocode 2 (European
Committee for Standardization 2008) were used with some
modifications: in Eurocode 2, parabola-rectangle stress—
strain relationships are provided for unconfined concrete and
confined concrete, and the peak stress fc’ .» peak strain &c, ¢,
and ultimate strain ¢, . of confined concrete are defined as a
function of the effective confining pressure ;. (Eq. (10)).

! Ole i€ Ole
/ (1+5f—) <1ff7fu go.os)

See , (10a)
(125 +255) (ifg > 0.05)
cu fc,u f(:u
, 2
Eco,c = Eco,u <%> (IOb)
Eeu,e = Ecuu + 022 (10C)

c,u

where the peak and ultimate strains of unconfined concrete
are &, = 0.002 and ¢, = 0.0035 for 12 Sf(,’,u<

0.53
50 MPa, OF ey = [2+0.085( ', ~50) ]/1000 and

c,u

b = {2.6 +35[ (% —.;Q.’,u)/loor}/moo for 50

< fc’ . < 90 MPa, respectively.

For simplicity, the original parabola-rectangle stress—strain
relationships of Eurocode 2 were conservatively simplified
with bilinear stress—strain relationships (Fig. 12 and
Eq. (11)), and steel angles were assumed to be elasto-plastic
(Eq. (12)).

/

Sowi = Jeu & but fo; <fr, (if 0<& <éeuy)
Ecou (1 la)

for unconfined concrete

/

Je »
ei = g but foo; < ¢ if 0<¢ <ece
oot = 2o bt e <1 o -~

for confined concrete

Jsi = Eggibut — fi < f;; <y, for steel angles (12)

where the subscript i indicates the i-th fiber in the cross-
section. The strain distribution or the strain &; of i-th fiber
will be discussed below.

The numerical investigation showed that the residual
strength is determined by (1) failure (local buckling) of steel
angles or (2) failure (crushing) of confined concrete,
whichever is earlier. The failure criteria can be defined as a
function of the strain of steel angles or confined concrete.
For a square section with equal-leg angles connected by
battens, the critical buckling strain ¢, of steel angles and the
crushing strain ¢, . of confined concrete can be calculated as
follows.

(1) The critical buckling strain & in the elastic range
(n =1 from Eq.(6) because Esc = Esn = E,
v = 0.3 from Eq. (7), and fp; = Eséps in Eq. (5)) and
inelastic range (7 =2/3 x (f;s/ess) /Es from Eq. (6)
because Egec = fi5/6ps and Epy = 0, v = 0.5 from
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Eq. (7), and f;; = f,s in Eq. (5)) can be rewritten as

Eq- (13) Ebs = Ebs1 if eps1 < Eys, OF  Epg = Eps2 if
Ebs1 > Eys-
=101 - 0.32) 1—032 < >
2
= 0.904k, ( 5 ) in the elastic range (13a)

= xR (1’
P23 7 12(1 — 0.52) \ by

2
ts . . .

= 0.731k, (b_> in the inelastic range (13b)
S

where the local buckling coefficient can be conservatively

taken as k, = 0.43 + [by/(s; — h,)]2 (for battens) from

Table 2.

(2) The effective confining pressure o, on confined
concrete can be rewritten as Eq. (14) from the subsec-
tion of Concrete and Confinement and Appendix, and
then &, . can be obtained by using g, and Eq. (10c).

Ole = k2,01ft
0.34,

St Wi(st - hz)

0.34
E,[0.0025 4 0.04}— =210 (14)
fc,,ust W[(St - ht)

where k; <1.0, fi <f, An = h; x t, = area of a batten,
w; = b. — 2b; (before local buckling), and E; = elastic
modulus of battens.

When the extreme compression fiber of steel angles or
confined concrete (distance from the compression surface
vi = d.) reaches its failure strain (¢, = the smaller of &
and &, ), the 2nd-peak load (residual strength) is developed.
Thus, with the assumption of linear strain distribution, the
strain distribution or the strain ¢; of i-th fiber can be calcu-
lated as Eq. (15).

g
& =t —K(i —dc) = Scf— L

(y de) (15)

where ¢ = strain of the extreme tension fiber at y; = d;.

The interaction curve for the residual strength can be
obtained by increasing & and summing up internal forces
(axial force P and bending moment M) over the cross-sec-
tion. As shown in Fig. 11, the interaction curve for the
residual strength by the simple approach (thin solid lines)
agreed well with that by the numerical analysis (thick solid
lines) for all cases.

It is noted that, in the case of using the residual strength
for design purpose, the partial factors for materials are rec-
ommended to be used: f, , =f.,/1.5, fi., =/f./1.5, and
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Sysa =fis/1.1 (European Committee for Standardization
2008). Even though CES-A columns showed good perfor-
mance under cyclic loading (Hwang et al. 2015, 2016;
Zheng and Ji 2008a, b), further studies on ductility and post-
yield stiffness as well as residual strength are required for
seismic design and progressive collapse analysis.

5. Conclusions

To investigate the load-carrying capacity of high-strength
CES-A columns, in which corner steel angles are encased in
concrete and transmit column loads directly, a numerical
study was performed using a proposed analysis model. The
findings of the numerical study are summarized as follows.

(1) Considering the strain compatibility, confinement
effect of steel angles and transverse reinforcement,
and local buckling of steel angles and longitudinal bars,
nonlinear numerical analysis was performed. In the
analysis, the premature spalling of concrete cover at
corners and the effect of local buckling of steel angles
on confinement, which are the distinctive local failure
mechanisms of CES-A columns, were also taken into
account.

(2) For verification, the numerical analysis results were
compared with the previous experimental study results.
The proposed model gave fairly good predictions for
the peak load, secant stiffness at the peak load, and
post-beak behavior. To investigate the effect of design
parameters (strength of concrete; strength, area, and
compactness of steel angles; strength, thickness, and
spacing of battens; eccentricity of axial load; and
slenderness by varying column length and sectional
size), a parametric study was also conducted.

(3) The numerical investigation showed that when the steel
contribution is high (by using higher strength, and/or
larger steel angles; or by using lower strength concrete)
and the confinement efficiency is high (by using more
compact steel angles; or by using higher strength,
thicker, and/or denser battens), CES-A columns exhibit
relatively large load-carrying capacity even after
spalling of concrete cover at corners due to the
maintained strength of confined concrete and yielding
of steel angles. The eccentricity and slenderness were
also highly influential for load-carrying capacity.

(4) To predict the residual strength (2nd peak load) after
cover-spalling (1st peak load), a simple approach was
proposed on the basis of the strain compatibility
method considering the confinement effect. The resid-
ual strength was determined by local buckling of steel
angles or crushing of confined concrete, whichever is
earlier, and the proposed simple approach gave a good
prediction.
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Appendix (Calculation of material properties
for concrete modeling, Saatcioglu and Razvi
1992; Razvi and Saatcioglu 1999)

For unconfined concrete, &, = 0.0028 — 0.000843; and
Ees5.u = Ecou + 0.0018(k3)*.

For confined concrete, =1, + ko,

Eco,u |:1 + 5k3 X (kl O-lf?/fc/,u)i|; Ec85,c = €c85.u + 260k3pt860,c
[1 + 05k2(k4 - l)]a Ole = (k2‘x Olx bc,x + k2y Oly bc.y)/

(bc‘x + bcyy) for rectangular sections with different confine-

Ecoc =

ment efficiencies in the x- and y-directions (g;, = k, o; for
square sections); a; = X(Af;)/(s:b.) = average confining
pressure in the x- or y-direction; b, = sectional dimension

of confined concrete in the x- or y-direction;

fi =FE; (0.0025 + 0.04,3/k2pt/ﬁu) = stress in transverse
reinforcement at the peak stress of confined concrete
(e <h); Ass S0, pr = (ZAt,x + ZAt,y)/ [s, (bc.x + bay)] , By,
and f,, = area, vertical spacing, sectional ratio, elastic
modulus, and yield strength of transverse reinforcement;
k= 6.7(01) " ky = 0.15\/(b./51) (be/wi) (kz < 1.0) in
the x- or y-direction; w; = spacing of laterally supported
longitudinal bars by hoops and cross-ties (ineffective width
between steel angles in the present study); k3 = 40/f,
(k3 <1.0); ks =£:/500 (ksy>1.0); and f..>0.2f] if

& > Ecp e
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