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Abstract.  This paper investigates the structural behavior of very high strength concrete encased steel composite columns via
combined experimental and analytical study. The experimental programme examines stub composite columns under pure
compression and eccentric compression. The experimental results show that the high strength encased concrete composite
column exhibits brittle post peak behavior and low ductility but has acceptable compressive resistance. The high strength
concrete encased composite column subjected to early spalling and initial flexural cracking due to its brittle nature that may
degrade the stiffness and ultimate resistance. The analytical study compares the current code methods (ACI 318, Eurocode 4,
AISC 360 and Chinese JGJ 138) in predicting the compressive resistance of the high strength concrete encased composite
columns to verify the accuracy. The plastic design resistance may not be fully achieved. A database including the concrete
encased composite column under concentered and eccentric compression is established to verify the predictions using the
proposed elastic, elastoplastic and plastic methods. Image-oriented intelligent recognition tool-based fiber element method is
programmed to predict the load resistances. It is found that the plastic method can give an accurate prediction of the load
resistance for the encased composite column using normal strength concrete (20-60 MPa) while the elastoplastic method
provides reasonably conservative predictions for the encased composite column using high strength concrete (60-120 MPa).
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strength concrete

1. Introduction

Structural concrete can be classified as conventional
concrete, high strength, very high strength concrete and
ultra-high strength concrete as listed in Table 1 (Kim et al.
2017a). The development of high strength concrete is a
major progress in concrete technology due to its superior
advantages such as high strength, high abrasion, low
permeability and facilitating the design of smaller structural
sections to meet the architectural and economic
requirements. Such advantages enable a wide range of
potential engineering application of high strength concrete
on high rise buildings, long-span bridges, blast resistant
structures, nuclear power plant structures and offshore
infrastructures (Huang et al. 2015, Huang and Liew 2016a).

Extensive researchers have attempted to investigate the
mechanical behavior of high strength concrete. Some focus
on the effect of coarse aggregate types (Lee 2013), curing
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conditions, shrinkage and creep, flexural behavior (Barbos
2016) and the effect of high temperature exposures (Choe et
al. 2015, Xiong and Liew 2016) and the confined behavior
of high strength (Zohrevand and Mirmiran 2013, Deng and
Qu 2015). However, there are quite few investigations on
the structural behavior of high strength concrete encased
composite column (Kim et al. 2012, 2014, Zhu et al. 2017).
Concrete encased composite column is a section in which
the steel is fully or partially covered by concrete where the
three components work together to provide higher load
resistance (El-Tawil and Deierlein 1999, Pereira et al. 2016,
Elwi et al. 2015). There two typical types of concrete
encased composite column, namely, partially and fully
encased sections (Eurocode 4 2004). The use of encased
section reduces the volume to strength ratio and provides
superior fire resistance as well as the prevention of local
buckling of steel section as compared to the concrete filled-
tube (CFT) composite columns. Concrete encased
composite column is more effective construction member
with very high compressive resistance, good ductility if
properly reinforced by steel and is more durable with very
low permeability coefficient compared to the conventional
reinforced concrete columns (Lu et al. 2014, Yang et al.
2018). There are some current available design codes for
concrete encased column design practice such as AlJ
(2010), AISC 360 (2010), Eurocode 4 (2004), YB 9082
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Table 1 Concrete classification

Items ccC HSC VHSC  UHSC
Strength (MPa) < 50 50-100 100-150 > 150
Water-cement s 0.45-0.3 0.3-025 <025
ratio
Chemical No  WRA/HRWR* HRWR HRWR
admixtures
Mineral Silica Silica
admixtures No Fly ash fume fume
Permeability
coefficient > 1071 1o 1012 <10
(cm/s)

*CC = conventional concrete; HSC = high strength concrete;
VHSC = very high strength concrete; UHSC = ultra-high strength
concrete; WRA = water reducing admixture;

HRWR = high-range water reducer

(2007) and JGJ 138 (2016). However, there is no unified
design theory among these codes and the current codes
basically are limited for composite columns using normal
strength concrete (e.g., compressive strength of 20-90
MPa). Table 2 lists the strength grades of structural steel
and concrete used in abovementioned design codes,
showing that the steel grades are not higher than 525 MPa
while the concrete strength is not higher than 90 MPa. As
the development of high-performance concrete and
structural steel, an increasingly number of civil structures
utilize high strength high performance materials. High
performance concrete may use less cement and water to
reduce the carbon dioxide emission therefore mitigating the
greenhouse effect. High performance concrete may require
sufficient industry wastes like fly ash from coal-burning
power plant, granulated ground blast furnace slag (GGBS)
from steel production factory. In this case, the industrial
waste can be properly disposed and utilized, which will
form virtuous production-consumption cycle chain and lead
to reduce carbon dioxide footprints. However, very high
strength concrete is a new class of concrete that may not be
covered in composite column design codes. VHSC exhibits
brittle behavior such that it may greatly influence the failure
mechanism, ductility and energy dissipation behavior of
composite columns. Therefore, it is quite essential to assess

Table 2 Range of material strength utilized in design codes

Design code Jfy (MPa) for (MPa)
AISC 360 <=1525 21-70
Eurocode 2/4 <=355 20-90
AIJ-SRC 2001 <=440 18-90
YB 9082-2006 <=345 30-80
JGJ 138-2016 <=345 30-60

the structural performance of VHSC encased composite
column.

Kim ef al. (2012, 2014, 2017a, b) investigated the
compressive behavior of concrete encased composite
column and concrete filled steel tube composite columns
using ultra high strength concrete under eccentric loads,
which are valuable results to the practice. Composite
columns with good confinement by using the tie bar
restraints exhibited ductile behavior, maintaining their high
strength even after crushing of concrete. However, the peak
load resistance was not greater than the initial crushing load
because the strain of the steel section was not fully
developed. Ellobody ef al. (2011) investigated eccentrically
loaded concrete encased composite column with varying the
concrete strength from 30 to 110 MPa and the steel yield
strength from 275 to 690 MPa numerically. It was found
that EC4 accurately predicted the axial resistance of
eccentrically  loaded  composite  columns  while
overestimated the moment resistance. Later on, they
(Ellobody and Young 2011) conducted more numerical
studies including the slender column, non-slender column,
stub and long columns using the normal and high strength
concrete or steel. The comprehensive studies provided
promising benchmark numerical modelling for high
strength concrete encased composite columns. They also
commented that it may not be easy to correctly simulate the
high nonlinearity portion of the load—displacement curve by
FEM. The using of new materials would lead to unknown
failure modes. The comparison of the ultimate resistance
between FE and tests may not be sufficient. Therefore, the
insufficient testing data and lack of evaluation on the
performance of high strength concrete encased composite
columns indicates a need of research in this area.

This paper aims to promote the use of advanced high
strength concrete in precast module building construction
which are specifically to: (1) Develop an economical and
practical very high strength concrete (VHSC) mix(es) that
has a target compressive strength of at least 100 MPa and
performance characteristics superior to normal concrete; (2)
Investigate the use of the developed VHSC mixes in precast
concrete encased composite columns and examine the
failure mechanism; (3) Evaluate the experimental behavior
of VHSC encased composite columns subjected to both
axial compression and uniaxial end moment and to derive a
method to predict the combined compression and moment
resistance; (4) Verify the current design methods through a
series of compressive tests and a four point bending test.
Structural behavior of both steel fiber reinforced and
conventional reinforced concrete columns are also
discussed. Improved elastic, elastoplastic and plastic
approaches are proposed to predict the resistance of VHSC
encased composite columns. This paper also establishes a
database of experimental results of concrete encased
composite columns subjected to eccentric loading from the
literature (Ye 1995, Lou 1996, Gentian et al. 2006, Lin
2006, Wang 2007, Zhang 2011, Kim et al. 2012, 2014,
Begum ef al. 2013). To come up with a design guide, the
proposed design methods were also validated against the
test data.
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Table 3 Mix proportions of VHSC

71

Mix ID W/B OPC SF SL FAgg CAgg SRA HWRA
VHSC-#1 0.18 700 100 200 1250 - 10 10
VHSC-#2 0.18 700 100 200 500 750 10 10
VHSC-#3 0.18 700 100 200 1250 - - 20

*W/B = water to binder ratio; OPC = ordinary Portland cement; SF = silica fume; SL = slag; FAgg = fine
aggregates; CAgg = coarse aggregates; SRA = shrinkage reducing agent; HWRA = high water reducing agent
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Fig. 1 Properties of raw materials and VHSC

Table 4 Material properties of concrete samples

Concrete . Tk I E,
type  OPSCIMEN by (MPa)  (GPa)
NWC C50 51.1 49.8 373
C100 1093 1090 449 025
VHSC
CI00F 1238 1304 476

* NWC = normal weight concrete; fx = cylinder compressive
strength; £, = cube compressive strength; £. = Young’s modulus
(secant modulus E, defined at 0.45f;” according to ACI 318,

v, = Poisson ratio

2. Experimental program
2.1 Material properties

To prepare concrete encased composite columns, three
types of concretes, namely, normal concrete, Very High
Strength Concrete (VHSC) with and without steel fibers
were considered. The concrete was designed to have a
target 28-day cylinder compressive strength around 50 MPa
(C50) and 100 MPa (C100), respectively. Table 3 shows the
mixture proportions of VHSC. The VHSC matrix had a
water-to-binder ratio of below 0.18 to achieve high strength.
The binder consisted of 70wt% of CEM I 52.5R ordinary
Portland cement and 10wt% of silica fume (Elkem
Microsilica Grade 940 U) and 20 wt% of granulated ground
blast furnace slag (GGBS). Silica fume was used to
strengthen the bond resistance of interface transition zone
between the cement paste and aggregates. The filler
comprised 100wt% of finely graded sand or 40wt% sand
and 60wt% of coarse aggregates. Finely graded sand and
coarse aggregates were based on ASTM C136 (2014) which

aimed to increase the packing density and thus improved
the rheological properties of fresh paste. Fig. 1(a) shows the
particle size distributions of raw materials. A
polycarboxylate-based superplasticizer (SP) with 30% solid
content by mass was used to reach desired workability.
Before casting, the slump flow value of all the mixtures was
measured based on ASTM C1611 (2018) as shown in Fig.
1(b). The specimens were demoulded after 24 h curing at
room temperature and were cured with the column
specimens until the test day. Fig. 1(c) shows the typical
compressive stress-strain curve of VHSC. Three ®100%200
mm concrete cylinders and three 100100100 mm
concrete cubes were tested for each mixture, according to
ASTM C39/C39M-01 (2014). Table 4 shows the
mechanical properties of hardened VHSC an normal weight
concrete used in the test.

Mild steel S355, HRB 335 rebar and HPB 300 stirrup
were used for column fabrication. According to ASTM
E8/E8M-16 (2016), direct tension tests on steel/rebar
coupons using a universal test machine under displacement
control were performed. The Young’s modulus Es, Poisson
ratio v,, 0.2% offset yield strength f, of steel plate, rebar and
stirrup are listed in Table 5.

Table 5 Material properties of steel plate, rebar and stirrup

Item Component  E;(MPa) Jy (MPa) 0
Steel flange Mile steel 201.6 362.9
Steel web Mile steel 187.4 363.6

Rebar HRB 40016 193.6 356.8 03
Stirrup HPB 400D6 225.1 339.4

* f, = yield strength of steel; E; = Young’s modulus of steel;
v = Poisson ratio of steel
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Fig. 2 Dimensions and strain gauges layout of specimens

Table 6 Dimension of test specimens

NO. Specimen B(mm) H(mm) f.(MPa) f,(MPa) f (MPa) e (mm) Steel section
1 C50e0 240 240 51.1 363.3 356.8 0
2 C100e0 240 240 109.3 363.3 356.8 0
3 C100e50 240 240 109.3 363.3 356.8 50
UC152X152X37

4 C100e105 240 240 109.3 363.3 356.8

5 C100B 240 240 109.3 363.3 356.8 -
6 C100Fe0 240 240 123.8 363.3 - 0

*B = width of specimen; / = height of specimen; f; = strength of concrete; £, = strength of steel face plate;
f; = strength of reinforcement rebars; e = loading eccentricity; Steel section = dimensions of steel plate

2.2 Design consideration

A total of six full-scaled VHSC encased composite
column specimens were prepared, among which three
specimens were under pure compression, one subjected to
pure bending and two subjected to combine compression
and bending by changing loading eccentricity e,
respectively. The composite column consisted of a S355
steel section UC152X152X37 and was encased with normal
concrete (C50e0), VHSC (C100e0, C100e50, C100e105,
C100B) and fibre reinforced high strength concrete
(C100Fe0,) respectively. As shown in Fig. 2(a), the short
columns were designed to avoid global buckling with an
overall height of 500 mm. The relative slenderness ratio A =
0.14 < 2.0 according to Eurocode 4. In the test, a square
size of 240x240 mm was selected. Two cover plates were
welded on both ends of the specimens in order to be loaded
uniformly. Stiffeners were provided to enhance both ends of
the composite column to ensure that premature failure
would not occur within the end region. The columns (shown
as Fig. 2(b)) for four-point bending test were designed to be
as long as 2500 mm in order to capture the flexural
resistance, while other geometrical conditions and material
properties kept the same. The ratio of steel section area to
the gross section area was 8.18%. The steel contribution
ratio satisfied the restriction of 0.2 < ¢ < 0.9, according to
Eurocode 4. Eight rebars with a diameter of 16 mm were
employed as longitudinal reinforcement. The rebar

reinforcement ratio was 1.54%, satisfying the restriction of
0.3%-6% based on Eurocode 4. According to Eurocode 2
(2004), the minimum diameter of shear stirrups was
required to not less than 6 mm and 0.25D (D is the diameter
of longitudinal rebar), and the maximum spacing of stirrups
was limited to the smallest value of 20 times diameter of
longitudinal rebar, 400 mm and the smallest dimension of
steel section. Therefore, the spacing of 150 mm with a
stirrup diameter of 6 mm was employed in the test. The
detailed information of the specimens is listed in Table 6.

2.3 Test set-up, loading procedure and
instrumentations

Fig. 3 shows the test set-up and instrumentations for
compression and four-point bending test of VHSC encased
composite columns. The compression test (shown in
Fig.3(a)) was performed in a 10 MN testing actuator
operated in displacement-control mode. One of two special
designed solid pin-pin supports was set on the rigid column
base, while the other one was bolted to the actuator. The
supports included a cylinder that simulated a line load on
the specimens, which allowed rotation. The specimens were
set into the supports through the bolt connection. According
to the previous literatures (Kim ef al. 2012, Huang and
Liew 2016b, Du et al. 2017), the boundary conditions of the
columns were pin-pin supported. For bending test, the
composite column experienced a monotonic four-point bend
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Fig. 3 Test setup for composite columns

loading, performed in a 1,000 kN universal testing machine
operated in a displacement-controlled mode. The composite
column had a clear span of 1800 mm. The specimen
experienced pure bending in the central span of 500 mm
between the two loading points, applied by a spread beam
placed on the composite beam, as shown in Fig. 3(b).

Each specimen was instrumented with steel strain
gauges, linear variable displacement transducers (LVDT),
as sketched in Figs. 2 and 3. For short column specimen, on
each steel plate, two steel strain gauges (S-steelW and S-
steelF) were placed along the longitudinal centerline of the
web and flange. Two additional steel strain gauges (S-
rebarT and S-rebarC) were placed on the longitudinal bar
on both the tension and compression sides. One steel strain
gauge (S-shear) was placed on the shear link to measure if
there was any early yielding before failure. Four concrete
strain gauges (S-conF, S-conB, S-conL and S-conR) were
placed on four surfaces. Along the minor axis, two LVDTs
were placed vertically to assess axial shortening on
compression side and lengthening of specimen on tension
side, as shown in Fig. 3. The last LVDT was used to
measure the horizontal displacement of the column due to
bending. For long column, the steel strain gauges layout
was similar to the short column, while the concrete strain
gauges differed. Three concrete strain gauges (S-
conback1~3) were placed on the longitudinal centerline of
the tension face at equal spacing to assess the strain
distribution horizontally, and five additional concrete strain
gauges (S-considel~5) were placed along the transverse
middle, also at equal spacing (50 mm), to assess the strain
distribution of the cross section of the column. Three
LVDTs were placed along the longitudinal centerline of the
bottom concrete face at equal spacing to measure vertical
deflection.

A quasi-static loading procedure is introduced in four
steps: (1) preload at a rate of 0.2 mm/min for specimen up
to 10% of calculated maximum resistance by Eurocode 4;
(2) unload at a rate of 0.5 mm/min for all the specimens; (3)
reload at the same rate as in Step 1 until the peak load is
reached; (4) finally in the post-peak range, increase the rate
to 0.5 mm/min until significant visible deformation is
observed.

Table 7 Failure loads and failure modes of specimens

P M Primary

Specimen (kN)  (kN.m) failure Other failure
C50e0 3744.1 ) Concr.ete Local buckling
crushing of rebar
C100e0 6913.4 _ Concyete Local buckling
spalling of rebar
Cl00es0 36867 242 ~Cconerete  Local buckling
spalling of rebar
C100¢105 1800.5 2097  Lension Concrete
failure crushing
ClI00B 31395 149,  Tlexural Slippage of
failure concrete
C100F 7256.9 _ COI}CI.‘ete Concr.ete
splitting crushing

* Primary failure governs the failure procedure of specimens;
other failure is side effect of failure procedure of specimens

3. Test results
3.1 Failure modes

All the specimens were tested to failure. Table 7 lists the
failure loads and summarizes failure modes of the
specimens. From the test results, specimen C50e0 under
pure compression failed by concrete crushing followed by
yielding of reinforcing rebar. The aggregate can be seen
intact after concrete spalling, implying that normal concrete
was governed by the interfacial transition zone (IZT) failure
between aggregates and cement paste (Fig. 4(a)). However,
the basic failure of VHSC encased composite column under
compression with/without eccentricity was concrete
spalling followed by local buckling of rebars, since the
spalling concrete lost the bond resistance to the rebar and
the shear stirrups. The structural stiffness degraded
significantly. Thus, the outer load was transferred to the
steel plates and reinforced rebars, causing rebar buckling as
shown in Fig. 4(c). The cracking noise was audible while
the load approached to the failure load and explosive sound
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(a) C50e0 (b) C100F (c) C100€0

(f) C100B

Fig. 4 Failure modes of test specimens

was heard at failure for C100e0. Visible cracks were
observed on the concrete exposed to the surface as
approaching to the failure loads. The spalling concrete
fragments splashed to the surrounding. The brittle failure
mode (C100e0, C100e50) indicated that the strength of steel
plate was not fully mobilized because of earlier failure of
concrete without insufficient confinement by stirrups. The
failure surface of concrete was smooth after removal of the
concrete cover, showing the typical concrete aggregate
failure. As the loading eccentricity increased (e.g.,
C100e105), the curvature of the specimen became more
pronounced compared with that of other specimens while
reaching the ultimate load. The failure was governed by the
tensile yielding of reinforced rebar (C100e105). For the
specimen under pure bending (C100B), the failure turned
into interfacial slippage between the steel and concrete
followed by the yielding of the bottom steel plate shown as
Fig. 4(f). Vertical flexure cracks appeared within the pure
bending region and diagonal shear cracks appeared at shear-
span regions under combined shear and bending. The
debonding of concrete may give risk to the prefailure of the
steel-concrete interface, which weakened the composite
action between the steel and concrete, resulting in an
unexpected lower moment resistance. For composite
column using fiber-reinforced concrete (C100F) with
reinforcing rebars removed, the major failure mechanism
was combined crushing and splitting of concrete. The
inclusion of steel fiber improved the concrete toughness and
the bond strength between concrete and steel, which has
mobilized the cross-sectional resistance of composite
column, though VHSC exhibited splitting mechanism and
brittle nature. No severe spalling of concrete was observed
during the test, but a major wide crack was generated after
failure. Steel fiber was pulled out from the concrete, as
shown in Fig. 4(b).
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3.2 Load-displacement relationship

The load-displacement curves of all specimens are
recorded and plotted in Fig. 5. For specimen C50e0 (shown
in Fig. 5(a)), the load-displacement curve can be

characterized by an upwards trend reaching to the ultimate
load followed by a slightly declining trend plateau. For
C100e series specimens, the ultimate compressive
resistance was significantly larger than that of specimen
C50e0, while the descending part after post-yield point was
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more brittle than that of specimen C50e0. The secant
stiffness of load-shortening curves and the maximum load
tended to reduce as the loading eccentricity e increased
from 0 to 105 mm. Nevertheless, the ductility of load-
shortening curves seemed to be better. For specimen C100F,
the ultimate compressive resistance was much larger than
that of C50e0. As the loading displacement increased, the
load approached to the maximum resistance followed a
sudden drop to about two thirds of maximum value, and
then regained the load with slightly smaller than the
maximum value. The sharp drop resulted from the splitting
of fiber reinforced concrete and the fiber were pulled out
from the cement paste. The load-displacement curve shows
a residual resistance owing to the existent contribution of
steel section. Fig. 5(b) shows the load-midspan deflection
response of specimen C100B. The first flexural crack
appeared in mid-span when the load reached 50 kN,
showing the first turning point in the load-deflection curve.
The second turning point appeared at approximately 320 kN
due to the slippage between concrete and steel, after which
the strain increased rapidly as the load decreased. The load-
deflection curve exhibited ductile behavior under bending.

3.3 Load-strain relationship

Figs. 6(a)-(1) show the load-strain curves for steel, rebar,
shear stirrups and concrete of each specimen. For all the
specimens, the shear stirrup had yielded before reaching the
failure load of the column, which may result in the
prematurely failure of concrete. For specimen series C100e,
a distinct sudden drop in load-concrete strain curves was
observed as soon as the load was up to the yielding load
without a transitional plastic plateau, showing the VHSC
exhibited brittleness and explosive nature. However, load-
concrete strain curves in C50e0 (Fig. 6(b)) and C100F (Fig.
6(k)) show more ductile behavior which illustrated that the
inclusion of steel fiber in concrete may improve the
ductility nature of VHSC. The figures in specimen C100e
series (Figs. 6(c), (e), (), (1)) showed that the flange and
web of structural steel did not yield at the failure load which
indicated that the load carrying capacity of structural steel
was not mobilized as a result of the early spalling of weak-
confined VHSC and early yielding of shear stirrups. On the
contrary, the flange of structural steel yielded before
approaching the failure load in C100F, implying that the
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inclusion of steel fiber can promote the load carrying
capacity of structural steel. In addition to specimen
C100e50, the rebar in compression zone has yielded before
approaching the failure load, while the rebar in the tension
zone did not yield, implying that such failure was governed
by compression (i.e., compressive yielding of rebar and
spalling of concrete). For specimen C100e105, the rebars in
tension have yielded before reaching the failure load, while
the rebars in compression zone did not yield, implying that
such column failure was governed by tension (i.e., tensile
yielding of rebars and tensile crack of concrete).

4. Analytical study
4.1 Current code approaches

4.1.1 Eurocode 4 method

To predict the ultimate resistance of composite column
under combined compression and uniaxial bending,
Eurocode 4 provides a simplified method following the
assumptions below: (1) Rectangular plastic stress blocks;
(2) Zero concrete tensile strength; and (3) Plane sections
remain plane. The N-M interaction formulae are derived for
the VHSC encased composite column. The interaction
curve can be simplified by a polygonal diagram, depicted
by the curve in Fig. 7. The equations describing the polygon
points ABCD are elucidated in Part 6.7.3 in Eurocode 4.

4.1.2 ACI 318 method

ACI 318 regards the composite section as an equivalent
reinforced concrete section. The calculation method of ACI
318 is based on the strain compatibility method across the
whole section. The strain in concrete and non-prestressed
reinforcement shall be assumed proportional to the distance
from the neutral axis. The design assumptions for concrete
are as follows: (a) the maximum strain at extreme concrete
compression fiber shall equal to ultimate strain of concrete
(e.g., 0.003); (b) the tensile strength of concrete is neglected
in flexural and compressive strength calculation; (c)
concrete stress distribution was treated as rectangular,
trapezoidal, parabolic or other shape agreed with results of
comprehensive tests. In this paper, the concrete stress
distribution is assumed as rectangular block with a factor o,
= 0.85 and another factor f; are introduced to consider the

0.85fca fu

7. v ___Ii,._._]._._.f_._.E N Rd
L Ch

Myipa Mgy pa

Ld

Fig. 7 Simplified N-M interaction model and corresponding stress distribution based on Eurocode 4
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Fig. 8 Calculation model in JGJ 138

reduction of concrete strength and the depth of compression
zone, respectively. The factor f) refers to Table 22.2.2.4.3 in
ACI 318-14.

4.1.3 AISC 360 method (Method 1)

The Method I in AISC 360-10 is applicable to doubly
symmetric composite beam-columns which are the most
common geometry utilized in building construction. The
relationship of compression-bending moment (N-M) I can
be simplified as bilinear interaction curve which only
considers two points to define the curve (one for pure
bending (point B), and the other for pure compression
(point A)). The bilinear interaction curve is defined in
Chapter H1.1 in AISC 360.

4.1.4 JGJ 138 Method

The prediction method in Chinese code JGJ 138-2016 is
similar to that in ACI 318-14, where the composite section
is regarded as an equivalent reinforced concrete section and
strain compatibility assumption is employed for calculation.
The assumptions of these two methods are similar except
the reduction factors of concrete strength a; and the depth
of compression zone ;. The two reduction factors in JGJ
138 (2016) are restricted by concrete strength within the
range of C20-C80. In this paper, these two factors are
obtained from linear interpolation extended from concrete
strength of C20-C80. In this method, the section is divided
into two parts, namely the concrete section with reinforced
rebar and steel flange, and the steel web section. Fig. 8
shows the calculation model of an eccentric loaded concrete
encased composite section. The cross-sectional resistance

calculation method can refer to Chapter 6.2.2 in JGJ 138
(2016), as shown in Eq. (1).

N=a,f.bx+ fSAv +fa'A;f —0,A —GSAG/. +N,,

L , . , 1
M =a, f.bx(h, —§)+fA-AS(ho —a)+ fo Ay (hy—a)+M,, W

4.2 Proposed design methods

Due to the brittle nature of the VHSC, early spalling of
concrete cover followed by yielding of stirrups
(compression) or slippage of concrete (bending) is observed
in the test. Therefore, the plastic design for composite
column may not be achieved since the material strength has
not been mobilized. Thus, a self-programmed nonlinear N-
M interaction model with regard to elastic, elastoplastic and
plastic methods is proposed to predict the loading capacity
of VHSC encased composite columns. Verification between
the test results and the predictions by above-mentioned
codes are also performed

4.2.1 Constitutive model

The stress-strain curves of VHSC, steel rebar and H-
shaped steel are shown in Fig. 9. Many researchers have
attempted to develop constitutive models to describe the
stress-strain relationship of VHSC in uniaxial compression
with/without confinement (Carreira and Chu 1985, Wee et
al. 1996, Papanikolaou and Kappos 2007, Lim and
Ozbakkaloglu 2014, Lu et al. 2016, Wang and Liew 2016,
Piscesa et al. 2017, Chen and Wu 2016, Javed et al. 2017).
This paper adopts the concrete model proposed

o)
[ Rebar | 0| | — steel
r VHSC fO' 7777777777 _ Rebar Steel
Y, ——NSC sl Y Sra
-&. /

0.5f.,, g 7S -gy,a

S 777777 AN /

N — // Ey ; & gy,a &
0.5 fn |/ - /
/ - ]Fy’ 5 _f: yv,a
8p,NglisV gu,V gu,N g
(b) Reinforced rebar (c) Steel

(a) Very high strength concrete and
normal strength concrete

*Subscript: N = Normal Strength Concrete; V = Very High Strength Concrete

Fig. 9 Constitutive models for martials
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by Wee et al. (1996) that can well represent the strain
softening behavior and post-peak behavior of concrete after
the peak point. This model is based on the plain concrete in
compression proposed by Carreira and Chu (1985).
Additional two correction factors (k; and k, mentioned in
Eq. (4)) are applied to describe the post-peak descending
branch for high strength concrete. The model shown in Fig.
9(a) consists of ascending and descending branch and is
defined according to Egs. (2-4):

(a) Ascending branch: Eq. (2) represents the
relationship between the compressive stress f. and
the compressive strain ¢ of concrete

Ale/z,)

fc :fcu ﬂ_1+(g/gp)ﬂ

2

where f = 0.058f,, + 1.0 (f;, in MPa), defining the
shape of the stress-strain curve. fo, &, are the
concrete strength and concrete peak strain
respectively. ¢, in Fig. 9(a) is introduced to
consider the plastic potential of concrete, defined
as the compressive strain corresponding to 50% of
the peak strength in the descending branch as
proposed by Kim et al. (2012).

(b) Descending branch: Eq. (3) represents the
relationship between the concrete stress f. and
strain ¢ of descending branch

klﬂ(g/gp)
klﬂ—l+(g/ep )kz'g

f; = xf(,‘ll (3)

where the two factors & and k, are defined by Wee
et al. (1996) based on their experimental study on
high strength concrete of 50-120 MPa, which are
determined by

kl = (50/]214 )3.0

“)

ky=(50/1,)"

Perfect elastic-plastic model (shown in Fig. 9(b) and (c))

is employed for reinforced rebar and structural steel,
calculated by Egs. (5) and (6), respectively

Ee, 0<e<e

o, = . 5
Sosr €2 &, ©)
Eeg, O<e<e,,

o,= . 6
Srar €2 £, ©)

Where E; and E, are the elastic modulus of rebar and
steel, respectively; £, and f, , are the yield strength of rebar
and steel respectively, while ¢, and ¢,, are the yield strain
of rebar and steel, respectively.

(b) Elastoplastic method strain distribution stress distribution of concrete, steel and rebar

&c'™>=¢€cu =

&a'>=¢a

(c) Plastic method strain distribution stress distribution of concrete, steel and rebar

Fig. 10 Strain and stress state in composite section
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4.2.2 Assumptions and failure characterization

To simplify the calculation and ensure the accuracy of
the predictions, the following assumptions are adopted: (a)
plane sections remain plane; (b) zero concrete tensile
strength; and (c) strain-compatibility condition. Three
typical ultimate limit state design (ULSD) methods are
taken into consideration as the failure criterion: (a) elastic
method; (b) elastoplastic method; and (c) plastic method,
which are shown in Figs. 10(a)-(c) respectively.

(a) Elastic method

For elastic method, the stress state of all the materials is
limited within the elastic stage, neglecting their plastic
potential. The stress of different materials exhibits a linear
distribution across the section. For this ultimate limit state,
the materials are considered as elastic-brittle materials
where once the material element reaches the yielding point,
the element fails and no longer undertakes the stress, losing
the stiffness and results in the failure of column section. The
brittleness of concrete usually is the trigger of such failure
since the peak strain of VHSC is the smallest among the
peak stains of different materials.

(b) Elastoplastic method

Elastoplastic method mainly considers the actual stress
state of different materials, especially for the high strength
concrete. The stress distribution of different materials is
determined by the strain compatibility and its stress-strain
curves are shown in Fig. 10(b). In this ultimate limit state,
the stress of concrete is mainly limited by the ultimate strain
&, and exhibits nonlinear distribution across the section. The
stress state of rebar and steel section can reach their plastic
strain depending on the strain evolution.

(c) Plastic method

Plastic method assumes all the materials can fulfill their
plastic potential, shown as Fig. 10(c). In such ultimate limit
state, the stress distribution diagram of different materials is
treated as rectangular blocks, where each element has
reached its yield strain. The design methodology for
composite column in Eurocode 4 (2004) is based on the
plastic method.

4.2.3 Fiber element analysis

The fiber-element model provides a versatile approach
for composite design. To simplify the calculation procedure,
a self-programmed numerical routine using fiber-element
method was adopted to calculate the compressive and
bending moment resistance. (Kim et al. 2012, Tokgoz et

Concrete fiber

00" Steel fiber
i -—  Neutral Axis
‘ = Central Axis

al. 2012, Begum et al. 2013). Fig. 11 shows the fiber-
element model where the section is divided into finite
number of elements. The following assumptions are used in
the fiber-element analysis:

® Plane sections of the concrete remain plane after
bending;
Creep and shrinkage of concrete is neglected;
Residual stresses in steel are neglected;
Tensile strength and tension stiffening of concrete
are neglected,

® Shear deformations and torsion are neglected. The
integration equations are shown in Eq. (7).

N=) Ao, +Y Ao,+) Ao,

M=) Ao,y +Y Ao,y +Y Aoy, )
where 4., A,, and A;, are the fiber element area of the
concrete, steel and reinforced rebar, respectively; o, o, and
o, are the stress of concrete, steel and reinforced rebar,
respectively, which can be calculate by o, = E,¢; y., y, and y,
are distance from the fiber of concrete, steel and reinforced
rebar to the neutral axis, respectively.

This paper proposed an efficient image-oriented
intelligent recognition subroutine incorporated in the fiber-
element analysis to improve the calculation accuracy. Each
material element is pixilated through RGB color value
stored as a three-dimensional area-matrix. The accuracy of
analysis depends on the image resolution. By converting the
three-dimensional area-matrix into the two-dimensional
matrix, the section is transferred into digital elements
automatically while the material matrix showing the
distribution of material area is determined based on the
RGB value. Fig. 12(a) shows a typical pixilated image of
column section. To obtain the ultimate resistance (including
the compressive and moment resistance) of composite
column subjected to eccentric load, two equilibrium
equations shown in Eq. (1) are derived. Given the neutral
axis distance x., the strain vector ¢; along the section depth
can be determined based on the plane section remain plane
assumption. Then the strain matrix g; showing the strain
distribution of the whole section is generated according to
strain-compatibility condition. The stress o;; of each fiber
element in the section can be determined based on the
constitutive models. Figs. 12(b) and (c) show the strain and
stress distribution of the section within the elastic limit state
with the neutral axis located at the center of the section.
Hence, each point in the N-M curve representing the axial

*Fiber section strain distribution, stress distribution of concrete, steel and rebar

Fig. 11 Fiber element method
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Fig. 13 Flow diagram
force and end moment can be determined through _ N-M curve
integration of stress across the section depth. A subroutine is s
programmed using MATLAB to calculate the load
resistance of composite column. Fig. 13 illustrates the main i
flow diagram of the program. Fig. 14 shows the output ° = &
relationship curve of axial force and end moment of %5’ 4
elastoplastic method, where the stress distribution = Sectional wigy  of
conditions of four characteristic points are displayed. _
2 ;
4.3 Verification ﬁ' :
. . \&'é“
All the partial factors are taken as 1.0 (safety factor  in Seetiong e Secions wigyy <2
. . . nal wi, i =
JGJ 138-2016, resistance factor ¢ in LRFD design and L

safety factor Q for ASD design in AISC 360-10) for
comparison with test results. Fig. 15 and Table 8 show the
test results and predictions of current codes as well as the
proposed three methods. The slenderness of specimens is
out of consideration as all the specimens are short stub
columns. Eurocode 4 and JGJ 138 that utilize the plastic
analysis over-predict the resistance of the VHSC encased
column, especially for eccentric loaded composite columns

Moment

Fig. 14 Representative points in N-M interaction model
using elastoplastic method

with larger loading eccentricity. Method I in AISC 360 is
overconservative in the prediction of compression with
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Fig. 15 Comparisons among test results, code predictions
and predictions by the proposed methods

small eccentricity, e.g., 25.2% smaller than the test result of
C100e50. ACI 318 method that utilizes the strain-
compatibility assumption well-predicts the eccentric
compressive resistance. The prediction curve of ACI 318
keeps closely identical with that of elastoplastic method.
From Fig. 15, the elastoplastic design method gives close
predictions compared with the test results. However, it is
found that all the methods except the elastic method predict
higher than the result of the pure bending test, with the test
point falling within the N-M interaction curve. It is due to
the failure of flexural specimen prematurely initiated by
debonding of concrete and steel which leads to lower
composite action of the composite section. The principles of
plane sections remain plane and the strain-compatibility
condition in this case is no more satisfied. This suggests
that in the case of pure bending or loading with larger
eccentricity, full composite design with sufficient shear
connections for VHSC encased composite member is
recommended.

To further verify the applicability of numerical
procedure, a database (Ye 1995, Lou 1996, Gentian et al.
2006, Wang 2007, Zhang 2011, Kim et al. 2012, 2014,
Begum et al. 2013) of concrete encased composite column
subjected to eccentric compression loads is collected in
Table 9. The proposed three methods are applied to be
verified by the test data. Fig. 16(a) shows the comparison
between the test results and the predictions of the proposed

methods. The solid points represented the test data in this
paper, while the hollow points are test data collected from
the literature. The elastic method gives very conservative
predictions compared with that of the test results. It is
because the elastic resistance is defined based on the first
cracking load. The elastoplastic method provides close
predictions while the plastic method gives unconservative
predictions, with the mean value P,/P; and P,/P; of 0.88
and 1.14, respectively. To better understand the influence of
concrete strength on the behaviour of VHSC encased
composite column, the database is divided into two groups
with the range of concrete strength from 20 to 60 MPa and
60 to 120 MPa, respectively, which is shown as Figs. 16(b)
and (c). The plastic method gives close predictions of the
load resistance of composite column using normal concrete
strength from 20 to 60 MPa, with the mean value P,/P, of
0.94 and the standard deviation of 0.12. However, the mean
value of P,/P,is 1.37 and the standard deviation is 0.34 for
the composite column using high strength concrete from 60
to 120 MPa. This indicates that the plastic method may not
be applicable for the prediction of ultimate resistance of
composite column using high strength concrete.
Nevertheless, the elastoplastic method gives closer
predictions with the mean value P./P, of 1.02 and the
standard deviation of 0.13 for composite column using high
strength concrete from 60 to 120MPa which implies that the
elastoplastic method serves as a more reasonably accurate
and design method.

5. Conclusions

This paper presents experimental and analytical
investigation on the structural behavior of very high
strength concrete (VHSC) encased steel composite columns
subjected to axial compression and end moment. A series of
combined compression and uni-axial bending tests on
VHSC concrete encased composite columns have been
carried out. A reasonable elastic-plastic method using fiber
element method is developed. The following conclusions
are derived based on the experimental and analytical
investigations:

(1) The VHSC concrete encased composite columns
exhibits brittle and explosive spalling failure mode
under axial compression. Early spalling may be due
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(a) Concrete strength 20-120 MPa

(b) Concrete strength 20-60 MPa

(c) Concrete strength 60-120 MPa

Fig. 16 Comparison between the test results and prediction
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to the insufficient confined stirrups based on
current design guides. The major failure mode
observed from the tests is splitting of high strength
concrete followed by local buckling of longitudinal
reinforcement.

(2) A novel steel fiber reinforced concrete encased
composite column without any rebars or stirrups
has been proposed for application. The test result
shows that steel fiber improves the crack resistance
of high strength concrete, but the major failure of
such composite column under compression is still
brittle due to direct crack propagation without
confinement effect provided by the shear stirrups.
Compared to rebar reinforced concrete encased
composite column using normal concrete,
longitudinal rebar offers softened unloading
behavior. However, the novel section is able to
achieve the cross-sectional resistance which
indicates the rebar reinforcement can be reduced or
even removed such that it eliminates the tedious
detailing works and therefore spurs the
construction, improves the productivity in
fabrication and eases the installation of beam-
column joints.

(3) For pure compression and eccentric compression
with small load eccentricity, cross-sectional plastic
resistance can be achieved while for pure bending
and eccentric compression with large load
eccentricity, sectional plastic resistance cannot be
achieved. From this point of view, the plastic
design approach for composite columns in current
codes may not be directly applied to predict the
loading resistance of VHSC encased composite
column subjected to combined compression and
end moment. An image-oriented intelligent-
recognition based elastic-plastic method using fibre
element analysis is employed to predict the
combined resistance of the composite column. The
validation against the test data shows that
reasonable and conservative predictions could be
achieved compared to that using current code
methods. For design purpose, Egs. (1-6) are
recommended to predict the design resistance of
the VHSC encased composite columns having
proper consideration of the material partial factors.

(4) A database related to the high strength concrete
encased composite column under eccentric loads is
collected to wverify the proposed elastic,
elastoplastic and plastic method. It turns out that
the plastic method can give close predictions of the
load resistance in composite column using normal
concrete strength (20-60 MPa) while the
elastoplastic method can give closer predictions in
the case of high concrete strength (60-120 MPa).

This study investigates the structural behavior of VHSC
encased composite column experimentally by limiting
parameters. Further study should extend to investigate a
wider range of parameters, e.g., provide closer shear
stirrups to confine the high strength concrete core, steel
fiber content and type. Development of novel shear links

could also be helpful to achieve stain compatibility between
very high strength concrete and high strength steel.
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