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SUMMARY

The paper deals with a new type of composite column which consists of two steel channels facing
each other and connected together with end and intermediate batten plates. The rectangular
shaped core so formed is then filled with insitu plain concrete. Full scale tests have been carried
out on this new type of column with a view to establishing that this form of composite column can
be safely designed in accordance with both the new British Bridge Code and the European
recommendations of the ECCS for Composite Structures.

RESUME

Cet article décrit un nouveau type de colonnes mixtes composées de deux profilés en C réunis par
des diaphragmes; I'espace intérieur ainsi créé est ensuite bétonné au chantier. Des essais ont été
conduits pour montrer gue ce type de colonnes peut étre dimensionné en toute sécurité avec les
Normes Britanniques et les Recommendations Européennes.

ZUSAMMENFASSUNG

Der Vortrag behandelt einen neuen Typ von Verbundstitzen, welcher aus zwei sich gegenlber-
liegenden U-Stahlprofilen besteht, die an den Enden wie auch an Zwischenstellen mit Schalplatten
verbunden sind. Der rechteckig geformte Kern wird mit Ortsbeton gefllt. An diesem neuen
Stutzentyp wurden im Massstab 1:1 Versuche durchgefiihrt, mit dem Ziel zu beweisen, dass diese
Art von Verbundstitzen sowohl nach den Britischen Brickenbaunormen, wie nach den
Europédischen Empfehlungen der EKS fur Verbundkonstruktionen, sicher bemessen werden
kénnen.
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1. INTRODUCTION

Composite columns of steel and concrete have been in use for several decades.
Until recently, the methods of design for such columns have been of the
empirical type, and were based on the experimental results of few full-scale
tests and on very little research [1]. Two methods of design have now become
available for the design of composite columns, namely the British Bridge Code
[2] and the European recommendations for composite structures by the ECCS [3],
referred to hereafter as the Bridge Code and the ECCS method. Both these
methods of design are applicable to concrete-encased steel sections as well as
to concrete-filled tubes. In the case of concrete-encased steel sections,
sufficient longitudinal and transverse reinforcements are required to ensure
full composite action up to failure between the structural steels and concrete
elements, including the reinforcement. In the case of concrete-filled hollow
steel sections, although no reinforcement is needed to ensure the composite
action between the structural steel and concrete elements, reinforcement can be
used for fire protection requirements.

2. WHY BATTENED COMPOSITE COLUMNS?

The concrete-encased type of composite column was a natural development of the
traditional use of 1ight concrete encasement as a means of fire protection for
the structural steel section. This type of composite column suffers from the
present situation in the construction industry in which the cost of the labour
element has been rising steeply in the last few decades. The column requires a
complete shuttering as well as a reinforcement cage which 1is further
complicated by the presence of the steel core within. The concrete-filled
hollow section requires neither shuttering nor real reinforcement since the
tube is filled with plain in-situ concrete. However, the structural steel
element of this type of composite column is exposed, being on the outside, and

hence requires some form of fire protection. Furthermore, when using this type.

of column with standard flooring, it can be seen that the beam-column
connections are neither of the simple type nor are they easily accessible as
when the structural steel element of the column is of the rolled steel type.

The proposed battened composite column consists of two steel channel sections,
battened together by means of end and intermediate batten plates, and the
inside is then filled with plain in-situ concrete. This type of column
compares favourably with the traditionally used composite columns given above.
However, similar to the concrete-filled steel tubes, it has no concrete
encasement, and therefore requires some form of fire protection. Compared to
the traditional composite column sections, the battened composite column offers
the following advantages:

- it requires shuttering of a simple and cheap form

- requires no reinforcement cage

- jis more versatile since its load-carrying capacity can be altered simply
by changing the depth of the column.

- makes very efficient use of the structural steel element since the steel
is placed on the outside where it is most needed.

- provides easy access to the inside core, and hence, unlike concrete-
filled tubes, makes for easy beam-column connections.

Tests have been carried out on full-scale battened composite columns and the
results published elsewhere [4]. Further tests have been performed on another
series of columns in which extensive strain measurements were taken, and which
established the full composite action between the structural steel and concrete
core up to failure [5]. Simple expressions have also been developed for the
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design of this type of column [6] and were based on an approach proposed by
Johnson and Smith [7].

3. ESIGN OF COMPOSITE COLUMNS

The load carrying capacity of a short composite column is a function of its
squash load N, , the design ultimate moment of resistance M., and also the
concrete contribution parameter o [8]. The squash load N, is defined as the
ultimate axial load for a short column. and for short-term *oading is given by:
N, = Ag fsd + A feq (1) a
= Ay fo + 0.83 AL f,, (1} b
where the symbols are as given in the 1list of notation, and the material
partial factors of safety are taken equal to unity. The design ultimate moment
of resistance M, of the section of a composite column can be calculated from
the conditions of equilibrium across the section. The solution is based on the
standard rectangular stress blocks used when analysing a composite steel -
concrete section, and in which the concrete in tension is dignored. The
concrete contribution parameter a , is given by the ratio of the portion of the
squash load which is carried by the concrete core to the total value of the
squash load of the composite section.

Under the combined effect of an axial load N and a bending moment M on a
composite section, dimensionless interaction graphs of the type shown in

Figure 1 could be developed by consideration of equilibrium conditions across
the section. It can be seen that under a small axial load, the design ultimate

moment of resistance of the section could be exceeded as a result of the.

stabilising effect the compressive force has on the equilibrium of the
composite section.
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FI1G. 1. TYPICAL INTRACTION GRAPHS FOR COMPGSITE COLUMNS.

The ultimate load-carrying capacity of an axially loaded composite column is
given by:
where K; 1is a reduction factor which depends on the slenderness of the
column. Both the Bridge Code [2] and the ECCS method [3] take K, as a
function of A , where X 1is the equivalent slenderness ratio of the coluimn, and
which_is given byé

A = (Nu/Ncr) = LE/Lc (3)
The ultimate load-carrying capacity of a composite column under axial
compression and bending is given by:

N = KN (4)



328 : BATTENED COMPOSITE COLUMNS

;

where K is a reduction factor which depends on the reduction factor K; for
axially loaded columns, the material and cross-section properties of the column
section, and also on the shape and ratios of the bending moment distributions
in the column. In this respect the design is simplified by the introduction of
new factors K, and K5 which are used to modify the actual interaction graphs as
shown in Figure [1].

The Bridge Code as well as the ECCS for Composite Structures are only
applicable to concrete-encased steel sections and concrete-filled steel tubes.
Neither method is applicable to the proposed battened composite column since
the structural steel part of the column is not included in either table C(Cl6.1,
Figure 16.1 or Figure Cl6.1 of the European recommendations [3]. It was
therefore necessary to provide experimental evidence that both the Bridge Code
and the ECCS could be safely applied in the design of the proposed column.

4. TESTS ON BATTENED CCMPOSITE COLUMNS
4.1 Test rig

Full scale tests on battened composite columns were carried out in a 10 000 kN
capacity test rig which has been described elsewhere [10]. The 1load was
applied to the columns by way of a pair of crossed knife-edges acting through a
pair of 75mm thick plates at each end. The loading system consisted of 38mm
round bars positioned in either 15mm deep V-shaped notches or in 5mm deep, 40mm
diameter circular grooves in the loading plates. A system of holes in the set
of loading plates nearer the column ends, and to which the column end plates
were bolted, enabled the columns to be accurately fixed to the thick loading
plates giving a high degree of accuracy in applying the load at the required
eccentricities.

4.2 Test specimens

Figure 2 and Table 1 give details of the tested columns. End plates 15mm thick
were welded to the column ends using 6mm fillet welds. The cross-sectional
areas of the channels given in Table 1 were estimated by their weight; this was
in preference to the use of the tables which gave only the nominal dimensions.
The sizes of the batten plates used are given in Table 1, and are seen to be
substantially smaller than required in accordance with the design
specifications of bare structural steel battened columns [1]. The maximum size
of aggregate used for the concrete was 10mm, and the properties of the concrete
mix were 1: 1.9 : 2.4 /0.55. A1l columns were cast and tested horizontally,
which of course would not be the case in practice.

Figure 3 shows the details of the column ends when tested with end
eccentricities larger than half the column depth or breadth measured along the
minor and major axes respectively. In such cases, the end plates were taken
large enough to accomodate the applied compressive force within their
dimensions. Triangular stiffening plates were welded to both the end plates
and column ends to ensure that premature failure of the columns would not occur
as a result of local failure at the column ends.

4.3 Instrumentation

The columns were instrumented to measure the longitudinal strains in the steel
channels using electrical strain gauges, and in the concrete using a Demec
strain gauge. The Demec gauge was also used to detect and measure the
transverse separation between the flanges of the steel channels and the
concrete at positions midway between the battens. Only one half of each column
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.Jength was instrumented for strain measurements, and typical positions of the
various gauges are shown in Figure 4. The electrical strain gauges on the
batten plates, which were only used in a few of the tested columns, showed that
the batten plates acted only as ties between the steel channel flanges, and
that the battens were not subjected to bending moments as in the case of
battened bare steel columns. Dial gauges were used to measure the column
defflections at mid-span both in the minor and major axes directions. Resin
was also applied to parts of the columns which were not instrumented in order
to observe the progress and extent of the yielding of the structural steel
elements.

TABLE 1 : DETAILS AND PROPERTIES OF COLUMNS

Size Depth Batten plates Steel channels Concrete core Effective
of of Thickd Length | tenath Charac- [Yield | ETastic Tube ETastic moduTis] tength
Column| channe) | column| ness of end |of Area |teristic|strain| modulus |Area :trength ; —
No. battens| inter- strength] e E Bridge L
. mediate | As/2 L y 5 ke cx Code fex £y
battens T
ma X mm | e m m mn i N/mz,, KN/’ Jom? N/t KN/ | kN/oml |om .l

1 |152x76 |’ 352 10 150 100 2242 | 267 NR* 205.0# {48360 | 45.0 32.0 22.4 3174 | 2904

2 |152x76 352 8 180 120 2273| 270 “ " 48790 | 37.0 29.7 18.4 3180 | 2910

3 [152x76 352 8 189 120 2274 | 268 b . 48730 | 35.0 29.2 17 .4 3180 | 2910

4 [203x89 428 10 200 140 35794 274 " " 80220 | 41.0 30.8 20.4 3180 { 2910

5 |203x89 428 10 200 140 35791 2719 " o 80220 38.0 29.9 18.9 3180 | 2910

6 | 254x76 402 10 220 150 36213 337 » " 94360 | 41.0 308 20.4 3180 | 2910

7 | 254x76 402 10 220 150 36215 333 - . 94360 | 47.0 32.5 23.4 3180 | 2910

8 |152x76 352 8 150 120 2342 { 330 " " 48860 | 39.0 0.3 19.4 3180 | 2910

9 |[152x76 352 8 150 120 23421 330 " " 48860 | 46.0 32.2 22.9 3180 | 2910
10 |152x76 350 6 120 90 2269 | 312 " 207 .0# [a8800 | 38.3 30.0 19.1 3180 | 2910
11 | 152x76 350 6 120 90 2268 | 314 » ? 48800 | 40.6 30.7 20.3 3180 | 2910
12 [152x76 350 6 120 90 2386 | 298 0.24 203.4 (48570] 38.9 30.3 19.3 3180 | 2910
13 | 152x76 350 6 120 90 2388 | 295 0.22 203.4 (48560 ; 36.6 29.5 18.3 3180 | 2910
14 | 152x76 350 6 120 90 2335 | 267 0.25 211.7 (48670 42.4 313 21.1 3180 | 2910
15 [152x76 350 6 120 90 22711 274 (.30 221.3 148790 | 41.6 31.0 20.8 3180 | 2910
16 [152x76 350 6 120 920 2292 | 278 0.30 221.6 |[48760 ) 38.8 30.3 19.3 3180 | 2910
17 1152x76 350 6 120 90 2272 | 277 0.30 225.5 |488001| 34.3 29.0 17.1 3180 | 2910
18 [ 152x76 350 6 120 90 2285 1 323 NR* 207 .04 48770 42 .0 1.0 20.9 2910 | 3180
19 [152x76 350 6 120 90 2268 ! 310 5 . 48800 | 48.2 33.0 24.0 - (2910 | 3180
20 [152x76 350 6 120 90 2365 | 29 0 .22 233.7 48610 36.6 29 .5 18.3 2910 | 3180
21 [152x76 350 6 120 90 23807 272 0.21 230.0 48580 | 39.5 30.5 19.7 2910 | 3180
22 [152x76 350 6 120 90 2300 | 278 0.29 205.4 |48740 | 35.2 29.3 17.5 2910 | 3180
23 |152x76 350 6 120 90 2300 | 288 0 .28 204.1 48740 | 33.7 28.9 16.8 2910 | 3180
24 | 152x76 350 6 120 90 2300 | 272 0.29 207.4 48740 ( 33 .4 28.8 16 .6 2910 | 3180
25 [152x76 380 6 120 90 2300 291 0.30 204.8 14B740 [ 42.6 31.3 21.2 2910 | 3180
26 }152x76 350 6 120 90 2300} 273 0.30 208.3 48740 |38.6 30.2 19.3 2910 | 3180

* Values were not recorded # Average values Materfal partial safety factors are ignored.
4 : 4
2 3 5 3 2

1

1. Steel channels (27m long) 2. End batten plates
3 Intermediate baotten plates & End plates 5. Plain concrete core.

FIG. 2. DETAILS OF COLUMN SPECIMENS.

a) B8ending aobout major axis b} Bending abouf minor axis

FIG:3 DETAILS OF COLUMN ENDS SUBJECTED TO LARGE ECCENTRICITIES
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4.4 Test results

Some of the test results of columns 1-9 have been published elsewhere [4].
Moreover, the results of the extensive strain measurements on columns 10-26
have also been published, and showed clearly the presence of full composite
action between the structural steel and concrete elements of the battened
composite column up to failure [5].
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£ : Electrical resistance strain gauges D: Demec gauges (S for separation)

FIG: & TYPICAL POSITION OF STRAIN GAUGES
{Distances given in mm for channel size 152 x76)

Figure 5 shows some typical load-deflection curves of the tested columns.
Columns subjected to minor axis bending showed negligible deformations in the
minor axis direction, and such deflections were therefore omitted from the
figure. On the other hand, columns subjected to major axis bending suffered a
small minor axis bending due to their self weight. The minor axis moments were
further magnified by the effect of the compression force, and consequently the’
columns deflected in both the major and minor axis direction. The last two
columns in the series were subjected to biaxial bending and therefore exhibited
deformations in both directions as seen in Figure 5. The deflections measured
in the major axis direction were always measured using dial gauges resting
against the flanges of both steel channels, and hence the angle of twist of the
mid-span section could also be evaluated. Under large eccentricities, columns
tested under major axis bending showed2 very little twist. The largest recorded
angle of twist at failure was 2 x 10°° radian for column 12 (e, = 120mm). Thg
other major axis columns suffered angles of twist of less fhan 3.5 x 10
radian at failure.
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FiG 5. LOAD -DEFLECTION CURVES

Tables 1 and 2 show the details and results of all tests carried out on full
scale battened composite columns. With the exception of column 9, which was
tested in double curvature, all columns were tested in single curvature. Each
column was made by using a 6.0m long steel channel section, from which a 5.4m
length was used for the column, and the remaining 0.6m was used to determine
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the material properties of the steel channel. The characteristic strength of
steel was determined from tests on tension specimens machined from the 0.6m
long channel section, usually one or two specimens from the web and one from
each flange. The characteristic strength of concrete was determined for each
column from an average value of tests on at Teast four 100mm cubes.

TABLE 2 : TEST RESULTS OF COLUMMS

Eccentricity | Eccentricity] UTt. moment Md- M d-span Bridge Code ECCS
Column ratio Squash | Conc. fjof resistancel Exp. aﬂmon
j contri- faflure|at fadlure | at fallure Redu- (UIL. | W, Redu- | Uit ‘ L
No. :Jwt l'wut :;ut :out Toad ;ut:: e 3 prey - :ugr Joad gtlon load
or | minor or (minor ac v '} ac actor
axis | axis axis |axis N, “" ""' "ex ”" q £
€ ey s Ny Ky g KE 1} Mg
e /0 e_.,ll
e - kN kitm | kidm kN - kim {  kim [ ] L]
1 0 0 0 0 |3022 0.604 | - 1804 | 2610 - 4.5 - 11.8 10.756 |Z283] 1.14| 0.851 {2571 |1.01
2 0 8 0 | 0.05 12726 055 | - |[814 | 22%0 - 112 - 44.0 [0.657 |1790] 1.281 0.701 |1911 {1.20
3 0| 0 [ 0.26 |2636 053 | - (806 1338 - 19.8 - 78.7 10.406 110701 1.25] 0.411 {1082 }1.24
4 0 10 0 0.05 | 4691 0.582 - 1740 4250 - 1.2 - 73,1 0,747 |3502] 1.21] 0.776 1.17
5 [} 30 0 0.15 | 4527 0.559 - |176.3 3093 - 14.8 - 1138.6 |0.589 |2665| 1.16] 0.594 7 |1.15
6 0] 12 0 | 0.05 | 5652 0.568 | - [261. 5063 - 40 - A1.0 10.792 (4479 ] 1.13| 0.803 1.12
7 Q 25 0 0.10 | 6092 0.604 - [261.3 4432 - 8.6 - [153.4 {0.673 (4097 | 1.08] 0.675 M110 |1.08
8 0 [1] 0|0 3121 05051 - (1015 | 259 - 45 - 114 10.761 [2375] 1.07] 0.838 R615 |0.97
9 0 S0 ] 0.33 0.546 - 1024 1776 - LE - - 0.554 1884 | 0.94 | 0.547 1861 {0.95
10 o] 4 0 | 0.26 |2967 0523 | - 74 1357 - N.R - 68.0%10.402 |1192]1.14] 0.407 1208 {1.12
1 o} s 0 | 0.26 | 3069 0.53 - |42 1494 - 10.1 - 74.9 |0.394 1209 1.24{ 0.400 J1228 {1.22
12 0| & ¢ | 0.3 |299% 0.524 | - 914 1185 - [ns - [108.4 |0.319 1.241 0.321 1 |1.23
13 0| 80 0 [ 0.52 | 2884 0.512 - |28 - 1341 - (113,510,272 | 784 | 1.26] 0,272 1.26
14 0 jl00 0 0.66 | 2960 0.579 - 83.2 m - 288 - |100.1 {0.211 | 626 | 1.24]| 0.213! 620 [1.23
15 0 {120 0 | 0.79 }2932 0.574 - | 83.2 643 - |20 - [95.8 [0.186 | 546] 1.18] 0.187| 549 11.17
16 0 {140 0 0.92 | 2884 0.552 - B4 6 553 - FLE ] - 91.1 {0.172 | 488 | 1.13] 0.172; 489 [1.13
1 0 | 160 G | 1.05 12648 0.526 - |6a3.0 491 - %A - | 91.5 10.162 | 429 | 1.14] 0.162] 42% |1.14
i8 L] 0 0.11 | O 317 0535 |225.7] - 2252 14.7 43| 123.2| - 0.566 |1797 ]| 1.25] 0.615 1.15
19 80 0 0.23 [ 0 3359 0.581 |215.0| - 1825 [18.4 35) 119.6| - 0.455 {15268 | 1.19] 0.487 {1635 |1.12
0 120 0 0.0 2877 0.513 1214.1| - 1521 210 | 9.1 214.5] - 0.408 11751 1.29] 0.432 n244 |1.22
21 160 0 046 | O 2887 0.552 |198.0} - 1346 24 .5 54| 48.3] - 0.350 {1011 ] 1.33} 0.368 [1061 |k.27
22 200 0 085710 2703 0.527 1195.5| - 1212 [17.4 | 4.0] 263.4) - ]0.31) 1.43] 0.322 | 870 |1.39
23 280 0 080 ] 0 2688 0.507 |202.6| - 950 20.3 44| 285.2] - 0.247 | 6651 1.43| 0.257 [ 6950 |1.38
24 360 0 103 )0 2602 0.519 j191.3] - 728 19.6 74 2716.4] - 0.191 [498 | 1.46| 0.19 | 513 {1.42
25 80 | W 0.23 | 0.26 {3062 0.563 {204.7| 89.1 1205 6.8 | 32.5( 104.5]{ 87.4 |0.281 | B6111.40] 0.285 4873 |1.38
26 160 80 0.46 | 0.52 |2817 0.554 1192.0) 83.4 664 7.0 | 3384 110.9{ 75.6 |0.180 | 508 | 1.31 | 0.180 { 506 |1.31

Y R = N te, 41 () = w, {ey + u)  *Deflection assumed to be the same as Cohmn 11

The elastic modulus of steel was efither determined for each .column from the
test results on the tension specimens, or was taken 205 kN/mm2 or 207 kN/mm<;
these being very close to the average experimental values obtained for a group
of columns. The elastic modulus of concrete given in Table 1 was obtained in
accordance with the Bridge Code and the ECCS recommendations. As seen from
Table 2, the actual failure loads of the columns are all in excess of the
predicted values as obtained by the Bridge Code and the ECCS recommendations.
It should be noted that in using these methods of design, it was decided to use
curve "a" of the European buckling curves for bare steel columns. It was
originally thought that curve "c¢" was more appropriate for use for the bare
steel section of the battened composite column, but further considerations
indicated that curve "a" should be used. The choice of curve "a" for the
design of battened composite columns was supported by the test results which
showed that the use of curve "c" gave predicted failure loads which were very
conservative.

The ratios of the failure loads to the predicted values are shown graphically
in Figure 6 both for minor and major axis bending. The two recommended methods
of design seem to be in fairly good agreement, with the Bridge Code giving
ultimate loads which are marginally lower than those predicted by the ECCS
method. As seen from Figure 6, the failure to predicted load ratio reaches a
peak at eccentricity ratios of 0.5 and 0.6, after which it levels off at values
of 1.15 and 1.45 for minor and major axis bending respectively. The closest
agreement between the experimental and predicted values is for the case of
axial compression where the eccentricity is equal to zero.

Figure 7 shows the failure loads of the columns in which steel channels of size
152 x 76 were used. The failure loads are shown against the interaction graph
of a short column of the same dimensions and for which a concrete contribution
parameter of « = 0.55 was taken; this being an average value for the tested
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3

columns as seen from Table 2. The interaction curves obtained on the basis of
the Bridge Code and the ECCS recommendations are shown also in Figure 7, and
are plotted using the factors K; K, and K3 as obtained by the design
recommendations. It can be seen %ram the figure that all the experimental
failure loads are higher than predicted by both methods of design.
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FIG. 6 FAILURE LOAD V. ECCENTRICITY FOR COLUMNS
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FIG. 7 INTRACTION CURVES UNDER UNIAXIAL BENDING FOR (OLUMNS USING 152x 76 STEEL CHANNELS

5. CONCLUS IONS

Results of tests on battened composite columns reported both here and
elsewhere, confirm that full composite action up to failure is present between
the structural elements of the column, namely the concrete core and the
structural steel channels. The results also show that both the Bridge Code and
the ECCS recommendations -could be safely used for the design of the column
since the experimental failure loads were always in excess of the predicted
values. The experimental investigation thus confirms that the battened
composite column is a practical way of combining concrete and structural steel
in such a way that the best use is made of their material properties.

6.NOTATION

Acs AS : Area of concrete core and structural steel section respectively.
B, D : Breadth and depth of section respectively.

Ecs Eg : Elastic modulus of concrete and structural steel respectively.
s _8y : Eccentricity about the major and minor axes respectively.

e e : Eccentricity ratios ex/D and gy/B respectively.

feu Y : Cube strength of concrete

foa» Tsq @ Design strength of concrete and steel respectively

ke fok ¢ Oharacteristic strength of concrete and steel respectively.

Ky : Reduction factor for an axially loaded composite column.

Kigs Kjg : Kj as obtained from Bridge Code and ECCS respectively.
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K Reduction factor for a composite column subjected to compression
and bending.

Kgs K : Reduction factor K as obtained from Bridge Code and ECCS
respectively.

Le Effective column length about appropriate axis

Lc Critical length of column for which its squash 1oad equals
its Euler critical load.

M Factored moment on composite column

My Design ultimate moment of resistance of composite section.

Mux’ Muy My value about major and minor axis of section respectively.

No> Mo Experimental failure load and moment respectively.

N Factored normal force on composite column

Ncr Euler critical load of composite column

Nu Squash load of composite column

Ny : Ultimate load-carrying capacity of composite column

Neg: Nep @ Ng value as obtained from the Bridge Code and ECCS
recommendations respectively.

u, Deflections at column mid-span in the direction of the
X and Y axes respectively.

a Concrete contribution parameter

A Slenderness ratio of column.

A Equivalent slenderness ratio of column.
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