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Abstract

Prior to the current edition of CSA standard CAN/CSA S16.1-
M89, the moment resistance used in the interaction equation for
concrete-filled hollow structural steel section beam-columns was
taken as that of the steel section alone with no contribution of the
concrete. In S16.1-M89, the concrete contribution was acknowledged
as an alternative approach, but no method of assessing it was given.
Preliminary studies had indicated that the concrete increased the
ultimate moment capacity, the initial flexural stiffness and the
ductility, and delayed local buckling of the steel thus enhancing the

behaviour considerably.

A series of four flexural tests on hollow structural steel
sections and twelve on concrete-filled sections were undertaken to
assess the general behaviour of these composite sections. The
properties of the test specimens were chosen to examine the effects
of different ratios of depth/width and therefore of the proportions
of steel and concrete in compression, and of different values of
shear-span/depth as related to the transfer of forces from one to
the other when no direct means is provided for this transfer. The
tests showed that the ultimate flexural strength of the concrete-
filled sections is increased by about 10 to 30% over that of the bare
steel sections depending on the relative proportions of steel and
concrete. In all cases, slip between the steel and concrete was not

detrimental even though shear-span/depth ratios as low as one were



tested.

Two models, a relatively simple model suitable for design and
a somewhat more complex model suitable for research purposes, are
proposed to predict the flexural resistance of concrete-filled hollow

structural steel sections.
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Chapter 1. Introduction

1.1 General

Only in 1989, in Canadian structural steel design standards,
the contribution of the concrete to the flexural resistance of
concrete-filled hollow structural steel sections (HSS's) was
recognized in the interaction equations for the design of beam-
columns. Even then, this recognition appeared only as an alternative
to the formulation where the concrete contribution was assumed to
be zero and, moreover, no method of calculating the flexural
resistance of the composite section was given. This approach was
apparently taken, because of the lack of a general method for the
design to take into account the different factors affecting the

behaviour that may exist in practice.

Such factors include different proportions of the concrete and
steel in compression that can exist when rectangular hollow
structural sections with different width/depth ratios are used
rather than square sections. As well, because bond must be relied
upon to transfer the shear forces between the steel shell and the
concrete, when no mechanical devices are provided, high moment
gradients may precliude the development of the full flexural
capacity. In general the presence of the concrete modifies the
behaviour of the composite member in flexure, not only because it

contributes to the compression resistance but also because local



buckling of the steel in compression, supported laterally by the
concrete, is delayed. With the concrete carrying part of the
compressive force, more of the steel section is available to provide

the tensile portion of the internal resisting couple.

Work reported in the literature on the flexural behaviour of
concrete-filled HSS's has been limited chiefly to that of square
sections without examination of the effects of different proportions
of steel and concrete in compression. The rate of development of

compressive force in the concrete has not been examined closely.

1.2 Objectives
The objectives of this study were:

1. to examine experimentally the flexural behaviour of concrete-
filled hollow structural sections as related to different

proportions of steel and concrete in compression and to different

shear-span/depth ratios,

2. to develop analytical models to predict the flexural resistance of

these sections, consistent with the observed behaviour,

3. to determine whether limitations need be imposed on the shear-
span/depth ratios (moment gradient) so that the predicted

flexural resistance is reached, and

4. to outline areas of future work.



1.3 Scope

A total of four different cold formed square and rectangular
hollow structural steel sections were tested, with two-point
loading providing a constant moment region, to determine the
flexural characteristics of the steel sections alone and td provide
the basis for comparison for a total of twelve similar flexural tests
on concrete-filled sections. The concrete-filled rectangular
sections were tested both with the major axis oriented horizontally
and vertically to achieve different proportions of steel and concrete
in compression. Shear-span/depth ratios ranging from 1 to 5 were
tested to investigate moment gradient effects. All loads were

increased monotonically under the short term loading.

Extensive ancillary tests were conducted. For the steel
sections, tension coupon tests, residual stress measurements and
stub column tests were undertaken. For the concrete, compressive
cylinder tests and split cylinder tests were made. Stub column tests

on composite sections were also performed.
All tests were conducted by E. Barber.

Based on the analysis of the test results, two models to
predict the flexural resistance of concrete-filled HSS's have been
developed. The research model closely reflects the observed
behaviour, particularly the strains achieved, and is useful as a
research tool. The design model is somewhat simplified but gives

good test/predicted ratios and is useful for design purposes.



No limitations on the use of the models due to excessive

moment gradients need be applied.

1.4 Outline

This chapter closes with a brief literature review including a
description of the steel beam tests, composite beam tests, and
ancillary tests and the analysis of the latter. The test programme is

discussed in Chapter 2.

The detailed analysis of the flexural tests is presented in
Chapter 3. The methods to predict the flexural resistance of the

composite sections are developed there.

In Chapter 4, engineering applications including design

considerations and procedures to use the design model are presented.

A summary, conclusions and recommendations for future work

are presented in Chapter 5.
1.5 Literature Review

The more salient aspects of the review of the literature

carried out by Barber are reported here.

Furlong (1969) conducted one test on a composite square
hollow structural section. He reported a test/predicted ratio of 1.5
times that of comparable concrete sections without the steel shell.

For the encased sections he took the ultimate concrete flexural



stress as 1.00f, rather than 0.85f', as used for ordinary reinforced

concrete.

Knowles and Park (1969) found test/predicted ratios of the
flexural capacity of concrete-filled steel tubes of 0.93 to 1.15. The
predicted strength was again based on ultimate strength reinforced
concrete theory, with the steel stress at the yield level and, the
concrete in compression at 0.85fc. Concrete in tension was

considered to have no strength.

Tomii and Sakino (1979) tested a number of square sections
under fixed axial loads and increasing uniform bending moments. As
part of this program, four specimens were tested with zero axial

load. They proposed for this case that the maximum moment be taken

as:
(11] M. =1+ (1-o{1- 4tsd) M,
3(1- 4t/d + {2t/d) o)
where o = Ady
Ady +Ad '

This expression is based on rectangular stress blocks for the
steel and concrete in compression with the steel stress taken as the
yield stress and the concrete as f¢ as suggested by Furlong. On this
basis, their test/predicted values ranged from 0.93 to 1.03 and a

value of 1.35 was determined for Furlong's single test.

Redwood (1983) suggested that the flexural strength be based



on the steel stressed to the yield level in tension and compression

and the concrete to 0.85f¢.

Barber et al (1987) proposed two models based on four tests
on square sections. For the research model, rectangular stress
blocks are assumed for both the steel and the concrete. The stress in
the steel in tension is that corresponding to 10 000 pe while in
compression is that corresponding to 6 000 pe. The rectangular
stress block for the concrete, assumed to be stressed to 0.85fc,
extends 85% of the depth to the neutral axis which is positioned
such that the sum of the internal forces is zero. For the design
model, the moment capacity was determined based on the 0.2%
offset yield strength of the steel and a compressive stress of 0.85f¢

for the concrete.

For the four tests, the research model gives test/predicted
ratios of 0.991 to 1.071 with a mean value of 1.025 and a
coefficient of variation of 0.034, while the design model gives
ratios of 1.090 to 1.178 with a mean value of 1.128 and a

coefficient of variation of 0.034.,

All these methods were based on a relatively small number of
tests on square sections, with no assessment of different
proportions of concrete and steel in compression and with little

assessment of the shear transfer problem.



Chapter 2 Experimental Programme

2.1 General

The objectives of the experimental programme were to
examine the flexural behaviour of concrete-filled hollow structural
steel sections so that a model could be developed to predict the
moment resistance of such members with sufficient accuracy to be
used in design. For the model to be generally applicable, practical
ranges of the several parameters that could affect the moment

resistance had to be tested.

As both the steel and concrete contribute to the compressive
resistance of the internal resisting couple, different ratios of the
steel and concrete area in compression were used. This was
accomplished by using steel sections of the same size but with
different wall thicknesses, resulting in a considerable change in
steel area relative to the concrete, and also by testing rectangular
sections oriented for bending about both the strong and weak axes.
As inelastic action occurs the upward shift of the neutral axis
results in changed proportions of the compressive steel and concrete

areas in the two cases.

For steel sections alone, the flexural resistance depends on
the maximum strains that can be developed before local buckling
occurs. All the 126 HSS's listed in the CISC handbook (CISC, 1991),



when made of grade 350W steel, except four, are class 2 or better
and therefore capable of reaching Mp. The exceptions occur only when
relatively thin sections are bent about their weak axes. Therefore it
was considered appropriate to use sections that were nominally
Class 1 and Class 2 as being representative of Canadian production.
By testing such sections, the effect, if any, of the concrete infill on
delaying buckling could be determined as could the answer to the
question whether the buckling mode would be changed to allow

significantly higher strains to be reached in not compression.

No direct means was provided for the shear transfer of load
from the steel to the concrete between the points of zero and
maximum moment as this uncluttered form of construction would
likely be prefered in the field. As the rate of transfer depends on the
moment gradient or ratio of shear-span/depth, different ratios were
used to determine whether a critical value existed above which the

maximum composite flexural resistance was compromised.

An extensive series of ancillary tests to establish material
and cross-sectional behaviour was also made. This included stub
column tests, both on steel sections and composite sections, tension
tests on coupons cut from the sections and residual stress
measurements. Concrete cylinder tests were carried out to
determine the compressive strength of the concrete and split

cylinder tests to determine its tensile strength.



2.2 Flexural Tests
2.2.1 Flexural Specimens

In the main programme, the flexural specimens were tested
with a monotonically increasing load using stroke control under
short term loading. Two-point loading was used to provide a
constant moment region in which to determine moment-curvature
relationships and to observe the mode of failure. A length of 1 000
to 1 500 mm proved adequate for the strain gauges and the demc

gauges applied for these purposes.

Beam sections were selected within a set of geometric and
loading constraints. A least interior width of 130 mm was chosen so
that concrete fill, with 12 mm aggregate, could be placed and
adequately compacted using both a pencil vibrator and an external

vibrator, when the specimens were standing vertically.

Wall thicknesses were selected to provide both width-
thickness of Classes 1 and 2 based on nominal thicknesses and yield
strengths. The more readily available sections, manufacturing Class
C, of CSA G40.21 grade M350W steel with a nominal yield strength
of 350 MPa were selected. These manufacturing Class C sections
are cold formed to their final shape from tubular shapes produced by
welding a flat-rolled sheet longitudinally. Ratios of shear-
span/depth of 1, 1.5, 3 and 5, based on limited previous experience
as being likely to divulge any problems of shear transfer, were

selected.



The HSS's selected were 152 x 152 x 4.8 for SB1 and CB12,
CB13 and CB15; 152 x 152 x 9.5 for SB2 and CB22; 254 x 152 x 6.4
for SB3 and CB31, CB33 and CB35 (bent about the strong axis); 254 x
152 x 9.5 for SB4 and CB41 and CB45 (bent about the strong axis)
and 254 x 152 x 6.4 for SB5 and CB51, CB53 and CB55 (bent about

the weak axis).

Data of the five HSS steel beam tests carried out to establish
the basis for comparison and the twelve composite beam tests are
given in Table 2.1. The steel beam tests are designated SB and the
composite beam tests, CB. The subsequent digit denotes the
specimen number as given in the table and for the composite beams,
the last digit denotes the shear-span/depth ratio to the nearest
whole number. The first entry in the table for SB1 gives the results
for a test done by Kennedy and MacGregor (1984), as this same

section was used for tests CB12, 13 and 15.

The concrete selected was type 10 normal weight concrete
with a specified 28 day strength of 30 MPa, a maximum aggregate
size of 12 mm and 70 mm slump. With temporary bottom end plates
tack-welded in place to retain the concrete and the HSS's standing
vertically, the concrete was cast in short lifts and compaction was
carried out using internal pencil vibrators and external vibrators.
All specimens and test cylinders were cast from the same batch of
concrete and cured under polyethylene until the time of testing. In
each case the compressive strength of the concrete was determined

at the time of the flexural test. The end plates were removed from
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the flexural specimens and bearing plates, 200 x 12 mm extending
across the width of the specimens were tack-welded in place at the

load and reaction points.
The test results are presented and discussed in Chapter 3.

Table 2.2 gives the manufacturers and the chemical
composition for the four different HSS used in these tests. Also
given are the chemical composition limits as specified in CSA
standard CAN3-G40.21-M84 for grade 350 W steel. All sections meet

the chemical composition requirements of the standard.

Table 2.3 gives the measured dimensions of the cross sections.
In all cases the sections meet the tolerances given by G40.21-M84.
However the wall thickness tends to be less than the specified
value, sometimes as much as 7%. The classification of the sections
in bending based on the measured values of the wall thickness,
flange width and yield strength (as determined subsequently) are
given in the Table 2.4. Because the wall thicknesses are less than
the nominal values, the b/t ratios are higher than the nominal
values. Because the yield strengths are greater than the nominal
value, the classification limits are reduced. Therefore, in one case

the section classification has degraded by one class.

The cross-sectional properties based on the measured cross-
sectional dimensions and assuming that the outside corner radius
was 2 times the thickness of the tube wall are given in Table 2.5.

Two lines of entries are given for the HSS 254 x 152 x 6.4 depending
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on whether it is bent about its strong or weak axis. In Table 2.6, the
cross-sectional areas, determined by three different methods, are
compared. The first method assumes, as used in Table 2.4, that the
corner radius is 2 times the wall thickness while the second method
is based on the measured radius and in the third method the cross-
sectional area was determined by measuring the mass of a short
" length of the section and dividing by its measured density. The
measured areas are less than the nominal values given in the
Handbook of Steel Construction, (CISC, 1991) by 4 to 7 %. The
tolerance on the mass in CAN/CSA G40.20-M, and therefore the area,
of minus 3.5 or plus 10 percent are given in the table. Three of the

four sections are under the minimum tolerance.

2.2.2 Test Set-up

A schematic diagram of the test set-up is given in Figure 2.1.
Loads were applied by the MTS 6000 with a compressive capacity of
6600 kN. At each load and reaction point, load cells were provided to
measure the loads, knife edges to allow free rotation, and a set of
rollers to allow longitudinal movement. Thus the beam was tested
under simple support and loading conditions. As the beam deflects
and the upper surface shortens the rollers under the load points
allow them to move toward each other and similarly the rollers at
the reactions allow them to move outward. The resulting change in
the shear-span was recorded and of course the bending moment at

any load was based on the shear-span at that instant.
At the start of a test, the specimen was aligned in the testing

12



machine and about 1/10 of the expected maximum load was applied.
If the load cells at the load and reactions showed that the load was
not being applied symmetrically, the load was removed and
adjustments were made to ensure that a constant moment region

was indeed obtained.
2.2.3 Instrumentation

The Instrumentation can be categorized based on the
measurements taken: loads, displacements, strains and shear
displacements or slip measurements. Figure 2.2 shows the locations

of the instrumentation used to measure displacements and strains.

2.2.3.1 Load Measurement

In addition to the measurement of the total applied load by the
internal load cell of the MTS machine each reaction and load was
measured using a calibrated load cell. These provided a check on
statics, included the weight of the distributing beam that was not
recorded by MTS load cell, and allowed alignment to be carried out
as discussed previously to ensure that the central region of the

flexural specimens were subject to a uniform moment.
2.2.3.2 Displacements

Calibrated linear variable displacement transformers (LVDT's)
were generally used to measure displacements. Care was taken that
these instruments was used only in their linear ranges. Locations of

the LVDT's are shown in Figure 2.2. LVDT's 1 and 2 at the west end

13



and 3 and 4 at the east end were positioned to measure the relative
movement of the steel and concrete at mid height of the beam and
therefore to determine any slips that may occur between them.
LVDT's 5, 6 and 7 measured the vertical deflections at the load
points and the midspan deflection. LVDT's 8, 9, 10 and 11 measured
the inward longitudinal movement of the loads and outward
longitudinal movement of the reactions so that the shear-span could

be deduced at every load step.
2.2.3.3 Strains

Steel strains were determined from a total of sixteen foil type
electrical resistance strain gauges applied in the constant moment
region as shown in Figure 2.2. Five were applied on the outer surface

of the top and bottom flanges and three were applied on each side.

Concrete strains were measured between demec points
fastened to the concrete on a 254 mm gauge length at 3 levels on
each side of the specimens in the compression zone. The demec
points were centred in 12 mm diameter holes drilled through the
steel web of the HSS's. By placing a demec point on the steel, 50 mm
from each point mounted on the concrete, two measurements of the
relative movement between the concrete and steel at each of 3

levels was obtained on one side of the specimens.

All measurements were taken at each load step. The electronic
measurements (strain gauges, LVDT's and load cells) were recorded

automatically on the Data General Eclipse S/120 data acquisition

14



system while the demec readings were recorded manually.

Photographic and written records were also kept.
2.3 Ancillary Tests

2.3.1 Steel Tests

The ancillary tests carried out on the steel consisted of
tension tests on coupons cut from the hollow structural steel cross

sections, residual strain measurements and steel stub column tests.
2.3.1.1 Tension Coupons

Tension coupons were used to determine the stress-strain
characteristics of the steel for the three distinct regions, the flats,
the corners and the longitudinal weld, of the hollow structural
sections. Sixteen specimens were sawn from the square sections and
twenty from rectangular sections as shown in Fig. 2.3. The coupons
were made and tested in accordance with ASTM Standard A 370-77,
Part 1, except that the corner coupons did not have a central portion
of reduced width. These coupons were packed at the ends for
gripping in the jaws of the testing machine. Cross-sectional areas
were determined prior to testing from measurements of the reduced
cross section for the flat and weld coupons and volumetrically for

the corner coupons.

Strains of up to two percent were determined from a pair of
electrical resistance strain gauges mounted on opposite face and

wired in conjunction with two dummy gauges to give a full bridge
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system with double sensitivity. Larger strains were determined

from caliper measurements.

The test results for the three sections tested in this program,
the 152 x 152 x 9.5, the 254 x 152 x 6.4 and the 254 x 152 x 9.5,
designated section members 2, 3 and 4 respectively are summarized
in Tables 2.7, 2.8 and 2.9. The modulus of elasticity was determined
by a moving 5 point average using a least squares fit. When the
stress-strain curve becomes non-linear both the computed values of
the modulus and its correlation coefficient decrease. Using
judgement, the proportional limit can be defined and a value of the
modulus up to the proportional limit is found using least squares for
all the relevant data. The yield strength and corresponding strain
were obtained from the 0.2% offset method. Mean values and
coefficients of variation for the modulus of elasticity and yield
strength for the three regions, flats, corners and welds (when more
than one observation was made) are also tabulated. Chauvenet's
criterion was used to reject outliers. Overall weighted averages for
the cross section based on the relative area of the flats, corners and
welds are also given for the modulus of elasticity and the yield

strength.

In Tables 2.10, 2.11 and 2.12 are given coefficients that

describe a fifth degree polynomial:

[2.1] o= A + Be+ Ce2+ De3+ Ee4+ Fes

that approximates closely the mean stress-strain curves for
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different strain ranges for the flats, corners and welds of the 152 x
152 x 9.5, 254 x 152 x 6.4 and 254 x 152 x 9.5 hollow structural
sections respectively. With these data and having the residual strain
at any point in the cross section, as presented subsequently, for a
given strain distribution across the cross section the stress on any
element can be determined. From these, the summation on the stress

resultants on the elements leads to the resultant force system.
2.3.1.2 Residual Strains

Longitudinal residual strains were determined for the three
cross sections using the method of sections as discused by Tebedge
et al (1973). As the slices bowed substantially on sectioning a
correction had to be made to the measured strains on the inner and
outer faces to account for the fact that the gauge measures the final
length on a chord rather than on the arc. Such corrections were made
and the average of the corrected strains on the inner and outer faces

gives the average longitudinal residual strain.

The location and size of the residual strain coupons which
were used with a gauge of 254 mm gauge length are given in Fig. 2.4.
The longitudinal residual strain distributions are given in Figs. 2.5,
2.6 and 2.7 for section numbers 2, 3 and 4 respectively and the
values of residual strains through the thickness in Figs. 2.8, 2.9 and

2.10 respectively.

In each of Figs. 2.5 to 2.10, tensile residual strains (+) are

plotted away from the cross section and compressive residual
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strains (-) are plotted towards the cross section. The manufacturing
process in which the flat rolled sheet is formed into a circular tube
and closed by welding longitudinally and then subsequently cold
formed into a square or rectangular cross section Ieaveé the
members with a most complex and apparently random residual strain
distribution. The variation in longitudinal residual strains through
the thickness are consistent with the residual strain resulting from
forming the tube into a circular cross section, with longitudinal
tensile residual strains on the outside surface and compressive
residual strains on the inside. The average longitudinal residual
strain in Figs. 2.5 to 2.7 is 650, 361 and 270 microstrain

respectively.

Obviously, the strains have not been corrected to ensure that
the sum of the corresponding stress resultants based on the average
stress-strain curves for the flats, corners and welds of the
respective sections, nor the sum of the moments of the stress
resultants about the principal axes are zero. This is quite a
labourious procedure and entails a trial and error solution because
inelastic strain may occur. However, assuming elastic behaviour,
strain corrections for axial load and moment about the two axes are
given in Table 2.13 where the strain correction for moments
indicates that a tensile strain is to be applied for positive x or vy |
values. Of course, the values of residual axial force and moment
about the two axes to which these approximate corrections apply
were determined taking the shape of the stress-strain curve into

account.
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2.3.1.3 Stub Columns

Stub column tests were conducted on the 3 HSS's introduced in
this study, following the procedures of the SSRC (1976), to obtain
the overall stress-strain relationship in compression. Electrical
resistance strain gauges were mounted at mid-height on the center
of each of the sides and demec points on a 254 mm gauge length
were also mounted here on 2 opposite sides to provide both auxiliary
and larger strain measurements. The stress-strain curves for the
three tests are given in Fig. 2.11 There is no sharply defined yield
stress and proportional limits ranging from 103 to 139 MPa are only
about one-fourth to one-third of the yield strength determined by
the 0.2% offset method. The overall shapes of the stress-strain
curves (not considering local buckling for the moment) are similar
to those obtained from the tension co'upons, and both become non-
linear at relatively low stress levels. This shape of curve is
characteristic of heavily cold-worked steels and, in addition, the
residual stresses play a role in the gradual yielding process. For the
tension coupons, the variation of stresses through the thickness is
seen to be significant as the tension coupons would have to
straightened to be tested while for the stub columns both these

stresses and the net longitudinal residual stresses have an effect.

It is noted that the HSS 254 x 152 x 6.4 failed by local
buckling before the yield strength was reached. This is not
unexpected as when the long side is in uniform compression (when

the section was designated section 5), the section is classified as a

19



Class 4 section in bending as given in Table 2.4.

In Table 2.14 are compared the stress-strain characteristics
for the three HSS's obtained from the stub column tests and the
weighted averages obtained for the tension coupons. The values for
section No. 1 determined previously by Kennedy and MacGregor
(1984) are also given. The values obtained from any section by the
two methods are in reasonable agreement. Differences could be
expected in the proportional limit and the yield strength because of
residual stress effects while differences in the modulus of
elasticity and ultimate strength (ranging up to 4%) are a measure of

experimental error.

In Table 2.15 coefficients A through F are given for fifth
degree polynomials that describe the stub column load-strain curves

for section numbers 2, 3 and 4, Thus

[2.2] Pg = A + Be+ Ce2+ Ded+ Eet + FeS

The limiting values of strain to which these equations apply are also

given in the table.
2.3.2 Concrete Tests

The ancillary tests carried out on the concrete from the single
batch used for all flexural tests consisted of compression tests on
standard 152 mm x 305 mm cylinders and split cylinder tests to
determine the tensile strength. The cylinders were tested at 7 to 85

days after casting so that strengths were available at the time the
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main flexural tests were done. The cylinders were cast in steel
molds and cured under polyethylene along with the composite

flexural specimens.
2.3.2.1 Compression Cylinders

Table 2.16 gives the results of the concrete cylinder tests.
Thirty-one compression cylinders were tested with 2 to 3 cylinders
being tested at a time. Fig. 2.12 shows the variation of the
compressive strength with time and the least squares best fit third-

degree polynomial

[2.3] f'. = 26.86 + 0.413t - 0.00193t2- 0.805x10-6t3

for the test data. Strengths corresponding to [2.3] are also given in

Table 2.16

The modulus of elasticity of the concrete was determined for
each test in accordance with the CSA standard CAN3 A 23.2-9C-M90
(1990) by dividing the difference between the stress at 40% of the
ultimate load and the stress at 0.005% strain (50 pe) by the

corresponding difference in strain. These values are given in Table
2.16 and plotted against experimental values of +f", in Fig. 2.13. A

least squares fit of a linear equation is

[2.4] Ec=35504/f"

This modulus is only 71% of the value prescribed in CSA Standard
CAN3-A23.3-M84 (1984). In Fig. 2.14, is plotted the variation of the
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modulus of elasticity of the concrete with time. In addition to the
experimental values, values determined from [2.4] and the measured
cylinder strengths are plotted as is the line using [2.3] and [2.4]
together.

2.3.2.2 Split Cylinders

Five split cylinders were tested in accordance with CSA
Standard A23.2-13C-M90 (1990) to determine the split cylinder
tensile strength. The experimental values are given in Table 2.16.

Empirical values given by

[2.5] f,=0.52vf",

rather then the same equation with the usual coefficient of 0.60 are

seen to be in good agreement with the test values.
2.3.2.3 Stress-strain Curve for Concrete

Fig. 2.15 shows an idealized uniaxial stress-strain curve for
the concrete in compression that could be used to predict the
unconfined compressive resistance based on the empirical data of

this investigation. It consists of 3 parts:

(i) An elastic-brittle stress-strain relationship is assumed for
concrete in tension. The modulus of elasticity in tension is set
equal to the modulus of elasticity in compression, given by

[2.4]. The maximum tensile stress is given by [2.5]
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(i) An elastic stress-strain relationship is assumed for concrete
in compression up to a value of stress equal to 0.4 times the
compressive strength, given by [2.3] with the modulus of

elasticity determined from [2.4].

(iii) The inelastic compressive stress portion is described by the
Todeschini et al (1964) stress-strain curve. The value €, is the
strain at maximum compressive strength, f“c. By constraining
the Todeschini curve to pass through the point corresponding
to a stress equal to 0.4f"c and a strain of 0.4f"c/Ec, the value of

gyis equal to 4.79 times the strain at 0.4f" as shown.

c! ep’
2.3.3 Composite Stub Column Tests

Composite stub column tests were conducted on the four
hollow structural sections, 1, 2, 3 and 4 following the SSRC
procedures with strain gauging as used in the steel stub column
tests. Both ends of the stub column were grouted to provide a

smooth surface for uniform bearing.

Stub column load-strain curves for the four sections are
plotted in Figs. 2.16, 2.17 2.18 and 2.19 respectively. In each figure
are also plotted: (i) the load-strain curve for the steel section alone
(i) the deduced Iioad in the concrete, taken as the difference
between the composite stub column load and the steel column load,
(iii) the uniaxial unconfined concrete load based on the idealized
stress-strain curve for the concrete using the maximum strength

corresponding to the date of test from [2.4] (iv) the difference in the
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load in the concrete as deduced in (ii) and that based on the uniaxial

stress-strain curve used in (iii).

For the steel sections alone (see section 2.3.1.3), the failure
modes consisted of local buckling of the four HSS walls under
essential hinged edge support with two buckles forming inward and
two outward as the corners rotate as a hinge and offer little
rotational resistance. As would be expected, the ultimate strain
developed varies inversely as the width-thickness ratio and section

3 (Class 4) did not even reach the yield strain.

The behaviour of the composite stub column is largely
controlled by the behaviour of the steel and therefore by the width-
thickness ratio of the steel shell. Composite Section 2, with a 152 x
152 x 9.5 HSS having a low b/t ratio of 17.0, exhibited great
ductility. The load in the concrete core finally exceeds that uniaxial
unconfined compressive resistance and the concrete continues to
carry significant load to strains as high as 0.012. Composite Section
4, with a 254 x 152 x 9.5 HSS having the next lowest b/t ratio of
28.0, also exhibited great ductility reaching a strain of 0.02. This
could only be achieved, as the steel section alone buckled at a lesser
strain, by interaction between the steel and concrete, with the
concrete confined properly in a crushed state by the steel but
preventing it from buckling inward. Composite Section 1, with a 152
x 152 x 4.8 HSS having a b/t ratio of 34.4, and composite Section 3,
with a 254 x 152 x 6.4 HSS having a b/t ratio of 41.1, both failed in

a brittle mode with a rapid decrease in load from the maximum load
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when the steel shell buckled followed quickly by the crushing of the

concrete.

Therefore the only composite section to maintain its maximum
load while straining significantly was the square section with the
low b/t ratio. Rectangular Section 4 (with a b/t ratio corresponding
to a Class 2 section) had significant ductility but lost about 25% of
its capacity before final failure. The "thin" sections, Section 1 and 3

failed in a brittle manner.

In Table 2.17, 2.18, 2.19 and 2.20 are given coefficients that
describe fifth degree polynomials fitted to the load-strain curve for

the four sections tested.
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Table 2.16 Stress-strain Data for Concrete

Time Compressive Strength Modulus of Elasticity Tensile Strength
t, day f"c, MPa Ec, MPax 10° fr, MPa
Experimental | Empirical*| Experimental | 3550V . | Experimental | 0.52Yf ¢ **
7 29.8 29.7 18.9 19.4
7 28.4 18.5 18.9
14 33.2 323 21.3 20.4
14 32.5 19.6 20.2
21 34.0 347 20.8 20.7
21 35.9 20.1 21.3
28 39.2 36.9 21.9 22.2 3.10 3.16
28 35.8 21.6 21.2
28 375 21.0 21.8
35 39.0 38.9 22.1 22.2
35 40.4 22.0 22.5
33 39.1 21.6 22.2
42 38.8 40.7 22.9 22.1 3.11 3.32
42 40.1 23.1 22.5
42 40.8 22.1 227
49 44.7 42.4 23.1 23.7
49 42.8 235 23.2
49 41.3 21.9 22.8
56 442 43.8 22.3 23.6 3.26 3.44
56 443 22.6 23.6
56 44.4 225 23.6
63 44.4 45.0 23.0 23.7
63 45.9 23.3 24.1
63 43.8 23.9 235
70 44.9 46.0 24.2 23.8 3.66 3.53
70 47.1 25.1 24.4
77 47.5 46.9 26.6 245
77 48.4 26.4 24.7
77 46.6 23.7 24.2
85 48.0 47.5 26.6 246 3.86 3.59
85 46.2 249 24.1
Notes: *. fi =26.86+0.4134t-0.00193 ¢ -0.805 x10° t°

*x f. =052Yf ¢ , where "¢ is based on the empirical Equation 2.3
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Figure 2.5 Longitudinal Residual Strain
Distribution, Section 2
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Figure 2.6 Longitudinal Residual Strain
Distribution, Section 3
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Distribution, Section 2
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Figure 2.9 Through-thickness Residual Strain
Distribution, Section 3

54



30007

2000_——-___”___\_~’,~___,//’\\\\\\

10001
=-1000 1 :
-2000 1
-3000-

6 Jdio it Ji2 13 fiaisTi6]17 1

A g

3 R e S N I K RS Y R R |

3000
2000 -
1000 4
-1000 4
-2000 4
-3000-

\4 a3 |42 | a1 140139 138 1371 361 35/

-3000
-2000
-1000
0
1000
2000
3000

Figure 2.10 Through-thickness Residual Strain
Distribution, Section 4

-3000

55

-2000
-1000
1000
2000
3000



0200

Uwniod ghig (9918 ‘9AJN] UleJ}S-SSaJlS | |I'C ‘B4
utedls

S100 0100 G000
! , | 1

0000

195110 %20

G puUB ¢ UO0L123S 9 X ZGI X ST SSH

{7 U01109G ‘G'6 X 2G| X ST SSH

Z U01323G ‘G'6 X ZGI| X 2G| SSH

— 001

— 002

— 00&

— 00p

— 006G

— 009

Bdld ‘SS8J1S

56



001

dWIL UItm Yibuadlg 83840u0d Z1°Z

Aep ‘auily

08 09 o
I 1 | 1 |

614

0¢

0¢

ud

57



.M snsJap Ajjoliseld Jo sninpol £ B4

8l

0¢

¢c

184

9¢

8¢

edid 01 X °3

58



001

939JoU0) JO A11011S8|T JO SNINPO {7 |'Z aJnbL

sAep ¢

08 09

swillL

oy 0¢
l 1

[P'Z] Ullm paulquod [£°Z]

jusuildadxa

4 MOSEE=2]

| 2

5

81

v

— 9¢

8¢

edld 01X ‘A31013sB(3 JO SN|npoly

59



939J42U07 JOJ 9AJNT ULRJ1S-8Sad}S pazileap| g1'2 'BiL4

uiedls

|
03 a3 _N

°

,03/3) + |

033y 2

70

00l

47853418

o]

60



| U0J123S ‘UWN(0D dN3S “@AJND UlRJ}S-pR0T 91°Z 94nb

uledlg
0200 G100 0100 G000 0000
i i f } i i i 0001 -
PROT [BlXelun SNULlY 91940U07D) Ul peoT
0)
91942U0J Ul peo’
PeOoT 83942U0D pauljuodun [eL1xetun B
L 0001
Uwn{o) anis 9918 i
— 0002
uwn|od anyg 931sodwio)
— 000¢
— 000
0008

N> ‘peo
61



0200

Z U0L1129G ‘UwN|0) gni1g ‘9Adn) uleJ1sS-peoT 2 1°¢ 24nb14

uiedlgs
G100 0100 G000 0000
[ i i | i i | 0001 -
PO |eIXeLUn SNULLY 919J42U0D Ul peo7 |/>
PO 93942U0D paul juodun |eixeiun — 0
919JoU0D) Ul peo 000!
uwNiod NS 19918 000¢
000¢
uwIN1od dN3s 911s0dwio)
000t

0008

N> ‘peoT

62



£ U0[1298G ‘Uwn|[0o) gNls ‘9AdN) UleJ1S-peOT 81 'Z 9J4nbl4

uleds
0Z20°0 S10°0 0100 S00°0 0000
| ; ; " m m i 0001 -
peoT [elxXeiun shutl 919J40U0D Ul peoT |
0
31940U07) U] PO 4
PeOoT 8319J40U0D Paul JUODUN (BIXelun —~ 0001
B —
o
=
UWINOD aN1S [993S — 000¢ w
L 000¢
Uwniod anmeg o..:mOQEoU B
L 000k
0005

63



 U0L129S ‘UWIN|0) gNIS “9AdN) UlRJ1S-peO] 61°Z 9J4nbi4

uiedls
0200 S100 0100 G000 0000

“ ; | | | 0001 -

peoT |eiXetun shuild 91940U0D Ul peo] |.//
0

PO 939J0U0D PAULJUOdUN |etxetun

— 0001

91940U0) Ut peo i
— 000Z

Uwin[o) gnis 9938

— 000¢

uwin|0d aNis 93tsodwio)d B
— 000F
000S

N3 ‘peo’]

64



Chapter 3. Flexural Tests

3.1 General

The results of 12 flexural tests on concrete-filled hollow-
structural sections are presented and analyzed together with 5 such
tests on hollow structural sections made for comparative purposes.
The flexural behaviour and effect of varying shear-span/depth ratios
are discussed. Models are developed to predict the flexural

resistance and compared to the test results.
3.2 Performance of Knife Edge and Rollers

As shown in Fig. 2.1, knife edges and roller assemblies were
provided at each load and reaction point to allow rotation and
longitudinal translation to occur so that simply supported tests
were indeed performed without rotational or translational resistant

at the load and reaction points.

In Fig. 3.1, for steel beam 2, is a typical plot of the measured
deflection at the centre line versus the calculated deflection based
on measured properties of the steel section and assuming no
rotational restraints were provided. For the initial portion of the
figure the measured values are not less than the calculated values

indicating that there was no rotational or translational restraint.

Figs. 3.2 through 3.6 give the change in the shear-span versus
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the curvature in the constant moment region. The change in the
shear-span is taken as the sum of the average outward movement of
the reaction points and the average inward movement of the load
points. The curvature was obtained as the sum of the average of the
strains of the five gauges mounted on the top flange of the steel
section plus the five values on the bottom flange all divided by the

depth of the section.

With some anomalies, the change in shear-span versus
curvature curves exhibit similar characteristics. There exists a
roughly linear increase in shear-span with curvature until high
curvatures are obtained when the shear-span change becomes more
rapid. This is attributed to the increased deflections that occur
when the steel top flange finally buckles without an increase in

steel strain and therefore curvature.

For Section 1, Fig. 3.2, in both tests CB12 and CB15 significant
changes in curvature occured with little change in the shear-span,
which suggests that some restraint against movement of the load or
reaction points occured. Dirt in the roller assemblies could be the
cause. For Section 5, Fig. 3.6, a similar phenomenon occured for test
CB51. Be that as it may, the measured shear-span changes were used
to compute the bending moment in the constant moment region. No
direct comparison between the steel beam and composite beam tests

are made as the test situations are different.
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3.3 Overall Behaviour
3.3.1 Moment-curvature Diagrams

The overall flexural behaviour is presented in the form of
moment-curvature diagram in Figs. 3.7 through 3.11 for beam
Sections 1 through 5 respectively. In each figure, the diagram for

the steel beam is given as well as those for the composite beams.

3.3.2 Steel Beams

The data for steel beam 1 are taken from Kennedy and
MacGregor (1984). In each case the M-¢ diagram resembles the
stress-strain diagram for the steel cross section with an initial
elastic portion followed by inelastic behaviour with gradually
decreasing stiffness until, in general, the maximum moment is

reached asymptotically.

For SB2 (Fig. 3.8) failure occured due to local buckling under
one of the load points. To prevent this in subsequent tests, internal
stiffeners were positioned at the loads and reactions. The general
mode of failure was downward buckling of the steel top flange in the
constant moment region accompanied by outward buckling of the
walls. Based on the yield strengths and section classification of
Table 2.4 and the cross-sectional properties of Table 2.5 the
predicted moment capacities are given in Table 3.1 together with
the test strengths. The significant difference of the test moment to

the yield moment for Section 1, designated as a Class 3 section in
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bending, is attributed to the fact that the section almost falls in
Class 2. It therefore could be expected to have a moment approaching
that of a Class 2 section of 55.3 kNm (ZFy) reducing the
test/predicted ratio to 1.177 in line with the ratios for the sections
capable of reaching Mp. Secondly, for all the sections the cold-
formed stress-strain curve is not flat at the yield value and
therefore, provided local buckling does not occur, the moment
developed will be greater than that assuming the maximum stress is

the yield value.

Even Section 5, designated as a Class 4 section in bending, just
greater than the Class 3 limit, was capable of exceeding the yield

moment.

The upper portion of Table 3.2 compares experimental values
of the flexural stiffness of the steel beams to those calculated from
the measured moduli of elasticity and moments of inertia. The mean

value is 0.992 with a coefficient of variation of 0.029.

3.3.3 Composite Beams

The moment-curvature diagrams for the composite beams of a
given cross section in each of Figs. 3.7, 3.9, 3.10 and 3.11 follow
each other closely. There is an initial elastic response, then
inelastic behaviour with gradually decreasing stiffness, until the
maximum moment is reached asymptotically. In general, failure
occured when an upward buckle of the top flange of the steel cross

section developed in the constant moment region. Subsequent
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examination, when the section of the steel in the failure region was
cut from the beam, indicated that the concrete was crushed in the
compression zone in this region and the concrete in the tension zone

was severely cracked.

The initial stiffness of the composite sections are somewhat
greater and the maximum moments are substantially greater than
those of the corresponding hollow structural sections. Furthermore,
the maximum curvatures of the composite sections are also

significantly greater than that of the steel sections alone.

In Table 3.2, are given the initial flexural stiffness (the slope
of the M-¢ curve) as determined experimentally together with the
value predicted from the uncracked fully transformed composite
section properties using a modular ratio based on the concrete
modulus of elasticity found from [2.4]. The test/predicted values are
also given as well as the ratio of the stiffness of the composite

section to the steel section alone.

The mean value of the test/predicted or
experimental/predicted ratio for the composite beams based on an
uncracked section is 0.810 with a coefficient of variation 0.063.
This means that the flexural stiffness of the composite beams, even
for moments not exceeding 20%, of the maximum values is
significantly less than that based »on the uncracked section. Cracking

reduces the stiffness substantially.

The initial stiffness of the composite beams, as given in Table
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3.2, is on the average 1.12 times that predicted for the steel beams
alone with a coefficient of variation of 0.063. This means that a
conservative design approach would be to use the flexural stiffness
of the steel beams alone as a measure of that of the composite

sections.

Table 3.3 compares the test moment resistance of the
composite beams with that of the steel beams. It is recognized that
during the course of the tests, the concrete gained strength and
therefore this is reflected in these strength ratios. The average
overall ratio of the strength of the composite beams to the steel
beams is 1.231 with a coefficient of variation of 0.085. In general,
the value is greater when the HSS walls are thinner resulting in a

greater proportion of concrete to steel.

The moment-curvature diagrams show that filling the hollow
structural sections with concrete enhances significantly their
rotational capacity. Excluding three beams-CB22, CB41 and CB45-
where the maximum curvature obtained was compromised by
rotational or deflection limits as noted in their corresponding
moment-curvature diagrams, the ratio of the curvature of the
composite beams to that of the steel has a mean value of 3.4 with a
coefficient of variation of 0.22. The enhancement of the curvature
obtained is due to the larger strains the steel can undergo before
buckling occurs. The steel top flange is forced to buckle upwards and
as well is restrained torsionally at the flange-side wall (web)

junction, because the web cannot rotate inwards.
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3.4 Load Transfer from Steel to Concrete

3.4.1 General

The enhanced flexural behaviour of the composite sections
relative to the steel sections means that the concrete contributes to
the compression portion of the internal resisting couple of the cross
section. As the concrete below the neutral axis is severely cracked
at ultimate load and as no mechanical means of transfer was
provided the compressive force in the concrete must be transfered
to it from the steel, within the shear-span, solely by friction and

whatever adhesion may have existed.

One model for the participation of the concrete is the tied-
arch model shown in Fig. 3.12. Friction between the steel and the
concrete is required to transfer the horizontal component of the
compressive force in the inclined concrete strut to the steel tension
tie. The strut also carries part of the transverse shear. The friction
is enhanced when the normal forces, due to the loading and reaction

points, through the steel to the concrete.
3.4.2 Moment-curvature Relationship Versus Shear-span

In Fig. 3.7 for Section 1, Fig. 3.9 for Section 3, Fig. 3.10 for
Section 4 and Fig. 3.11 for Section 5 are ploited moment-curvature
diagrams for shear-span/depth ratios ranging from 1.03 to 5.05. In
each of these figures, the moment-curvature diagram is seen to be

independent of the shear-span/depth ratio. The same maximum
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moment was reached for a given cross section and the same M-¢ path
was followed irrespective of the shear-span/depth ratio.

Reducing the shear-span by 5 times means that only 1/5 of the
distance is available to develop the same compressive force in the
concrete. Yet apparently this force was developed without any

difficulty.
3.4.3 Slip Between Steel and Concrete

Figs. 3.13 through 3.24 give the slip measured between the
steel and concrete at various locations for the 12 composite beam
tests. The location of the gauges measuring slip are shown in Fig.
22 They are identified on Figs. 3.13 to 3.24 as top, middle and
bottom gauges depending on their relative vertical location on the
side of the test specimen and as west or east gauges as related to

their position along the length of the specimen.

In no case did any appreciable slip occur. The slip remained
relatively small until the maximum moment was reached when slips,
generally of the order of 0.5 to 1 mm, were recorded as given in
Table 3.4. The high readings of 3.9 mm and 2.1 mm for tests CB13
and CB15 respectively are considered to be accidental readings as in
the first case the LVDT was bumped and in the second a supporting
plate kicked out. Within the constant moment region the "slips" could
be attributed to relative moment between the steel and the concrete
when the steel top flange buckled and the concrete finally crushed.

In a few cases "negative" slips were recorded when the neutral axis
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migrated above the slip measurement points.
3.4.4 Strain Distribution in Steel and Concrete

From both the 16 electrical resistance strain gauges mounted
on the steel, five on each flange surfacé and three on each side, and
from the demec gauges mounted on the concrete, three on each side,
strains can be estimated independently at the level of the top and
bottom flange surfaces using least squares best fit Iinear strain
distributions. These data are plotted on Figs. 3.25 to 3.36. In all
cases close correspondence is obtained between the strain at these

levels based on the measured steel and concrete strains.

3.4.5 Conclusions

All three of the independent observations cited above: (i) the
virtually identical moment-curvature relationships for a given
composite cross-section irrespective of the shear-span, (ii) the
negligible slips that were reached before the maximum moments
were reached and even the very small relative movements then, and
(iii) the close correspondence between the steel strains on the
flange surfaces and those deduced from the concrete strain
measurements, lead to the conclusion that no degradation of the
moment capacity arose due to load transfer problems without
mechanical anchorage between the steel and the concrete. No special
provisions are necessary, even with a/d ratios as low as one, to

achieve composite action.
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3.5 Strain Distribution Across Depth
3.5.1 Strain Distribution

Figs. 3.37 and 3.38 show strain distributions across the depth
of the steel beams at maximum moment. For Section Classes 3 and 4,
beam Sections 1 and 5 respectively, the maximum strains reached
are relatively small, approximately 5 700 and 4 000 pe respectively,
and are about the same in tension and in compression. Section 3,
although just barely a Class 1 section, had similar maximum strains.
For Sections 2 and 4, stocky Class 1 sections, the maximum strains

are significantly larger reaching up to 12 000 pe in tension and

compression.

In each of Figs. 3.39 to 3.50, for the 12 composite beams the
distribution of strains across the depth of the section is shown for
two different levels of moment. The maximum moment on the cross
section and a moment about one-fifth of this value. In each case the

least squares best fit linear distribution is also shown.
The following observations are made:

The measured strains vary considerably from the best fit
straight lines. In fitting these lines, correlation coefficients as low
as 0.820 with a mean value of 0.953 with a coefficient of variation

0.053 were obtained as given in Table 3.5.

The neutral axis is seen to rise with increasing moment.
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The maximum strains obtained are very large. Top strains vary
from about 7 400 pe for Section 5, a Class 4 section in bending, to
over 26 300 ue for Section 4, the very stocky Class 1 section with
the least width-thickness ratio. Bottom strains are very large
varying from about 16 600 to 29 600 pe. The larger bottom strains
occur, of course, because more of the steel must be in tension to
balance the compressive force in the concrete. These strain are
tabulated in Table 3.5 The mean value of the tensile strain is about

14 000 pe and of the compressive strain is about 23 000 pe.

A comparison of the steel strains reached by the composite
beams to those of the steel beams alone shows significant
differences. Tensile strains are much greater simply due to the fact
that the tensile force in steel must balance the compressive force in
the steel and concrete. For the steel sections most prone to buckle
the compressive strains reached in the composite beams are
appreciably enhanced as the presence of the concrete modifies the
buckling behaviour. The increase in compressive strains for the very
compact Class 1 sections in bending (Sections 2 and 4) is relatively

small.
3.5.2 Movement of Neutral Axis with Moment

Figs. 3.51 to 3.55 show the movement of the neutral axis with

moment for each of the sections tested.

The variation of the position of the neutral axis for the steel

beams alone is relatively small until buckling finally occurs
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consistent with a downward shift. Prior to this the variation is seen
to be related to the presence of residual stresses causing non-

symmetric yield and changing load-carrying capacity.

The curves of the movement of the neutral axis for the
composite sections are all very similar and consist of up to 5

distinct parts.

For very small moments the positions of the neutral axis is
unchanged, but soon cracking of the concrete occurs and the position
shifts rapidly upward about 5 to 15 mm, depending on the depth of

section, as the cracks increase in length.

There follows a very gradual upward shift as the moment
increases substantially. In this region, steel strains in general do

not exceed the yield strain (about 4 000 pe by the 0.2% offset

method) while the concrete is straining more and more inelastically.

Subsequently, the strain increases very substantially and the
neutral axis shifts again rapidly upward with a small increase in
moment. This portion corresponds on the moment-curvature diagram,
first to the knee and then to the plateau which is reached
asymptotically. The moment corresponding to the maximum height of
the neutral axis is termed the penultimate moment and is the
moment that exists before local effects such as flange buckling

occur.

The final portion of the curve occurs when the top flange of
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the steel buckles in compression reducing its load carrying capacity

and the neutral axis shifts downward.

The entire curve resembles the shape of the back of a

brontosaurus.

3.6 Moment Resistance of Composite Section

3.6.1 General

The moment resistance achieved by the composite section
depends on the strains developed in the steel and the concrete and
the effective stress-strain relationships for the two materials.
From the experimental data presented two values of moment at or
near the maximum moment were deemed of interest. The penultimate
moment, corresponding to the maximum height of the neutral axis, is
considered to be the best moment for establishing the position of
the neutral axis as it is not affected by subsequent local effects.
The ultimate or maximum moment is considered to be the best
measure of the moment resistance. The penultimate and maximum
moments are tabulated in Table 3.6 together with their ratios. The
mean ratio of the penultimate moment to the maximum moment is

0.984 with a coefficient of variation of 0.013.

Also tabulated in Table 3.5 is the position of the neutral axis
corresponding to the penultimate moment. Using this position and
assuming alternately that the bottom and top strain for the

maximum moment are correct two other Ilimiting strain
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distributions can be plotted as shown in Fig. 3.39 to 3.50 by the
dashed lines. These limiting strain distributions are seen in all
cases with the exception of the strain distribution for beam CB41,
to fall within the range of measured strains. It is therefore
considered valid, within the ratios of width-thicknesses used in
these tests, to base the contribution of the steel and concrete on the
measured position of the neutral axis at the penultimate moment and
to use the average top and bottom steel strains of 14 000 and 23
000 pe at the maximum moment. Fig. 3.56 shows the variation of
steel stress with strain for four cross sections determined as the
weighted average of the tensile coupon values. It is seen that there
is little variation in the stress level within this range and indeed
for the entire range of strains at maximum moment of 7 400 to 26

300 pe. The mean stress at these two strain levels was therefore

used for both tension and compression.
3.6.2 Contribution of Concrete to the Moment Resistance

The contribution of the concrete to the moment resistance was
back calculated from the assumptions based on the observed

behaviour as follows:

(i) the position of the neutral axis was taken as that determined
from the best fit linear strain distribution of the 16 steel strains at

the penultimate moment.

(i) the steel, both in compression and in tension, was considered to

have a rectangular stress block at an average stress intensity
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corresponding to strains of 14 000 and 23 000 pe. From Fig. 3.56
these are 446 MPa for Section 1, 490 MPa for Section 2, 462 MPa for
Section 3 and 440 MPa for Section 4.

(iii) The force in the concrete is deduced as the difference of the

tensile force and compressive force in the steel, i.e., C. = Tg - Cq

(iv) the ratio of the maximum stress intensity in the concrete to the
unconfined compressive strength at the time of testing is deduced

from
[3.1] ks = C./0.85f" A,

which implies that the concrete force is assumed to be developed
from a rectangular stress block extending 0.85 of the distance to the

neutral axis.

For the calculated values of k, tabulated in Table 3.6 the mean
value is determined to be 1.014 with a coefficient of variation of
0.131. A value of 1.00 for k;, suggesting that the full unconfined
strength of the concrete is developed, rather than 0.85 of it as used
in the reinforced concrete ultimate strength design of beams,

appears appropriate.

Table 3.6 gives the predicied moment resistance based on the
calculated value of k; and also the ratio of the maximum test
moment divided by this prediction. The mean value of the ratio is

1.015 with a coefficient of variation of 0.020. These values indicate
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exceptional agreement of the predicted values to the test values.
3.6.3 Research Model

Based on the mean value of k; = 1.014 with the very small
coefficient of variation of 0.020, a value of k; = 1.00 is considered
appropriate for establishing a research or design model. The other
factors for the research model were the concrete cylinder strength
at the time of testing, giving a concrete force Cc = 0.85f"cAc and a
steel stress, both in compression and in tension, taken as the
average of that at 14 000 and 23 000 pe. The use of a steel stress
corresponding to these high strain levels, based on these test
results, is valid for sections with nominal b/t ratios of 36.0 or less
in grade 350 steel, and therefore for all the sections listed in the
handbook (CISC, 1991) except HSS 305 x 203 x 6.4, HSS 203 x 152 x
4.8, HSS 203 x 102 x 4.8 and HSS 305 x 305 x 6.4. The position of the
neutral axis is determined such that horizontal equilibrium is

satisfied.

Resisting moments calculated on this basis are tabulated in
Table 3.6 under the heading "Research". The ratio of test/predicted
moments has a mean value of 1.016 with a coefficient of variation

reaches of 0.025.

The results again indicate exceptional agreement of the
predicted values to the test values. This suggests that the model,
based on tests with a wide variation of the concrete area to that of

the steel, is generally applicable to concrete-filed hollow
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structural sections.
3.6.4 Design Model

Designers will not know, a priori, the steel stresses at the
elevated strains found to exist at the maximum test moment.
Therefore a model of the flexural resistance appropriate for design
would be based on the specified minimum yield strength of the steel
and the 28 day cylinder strength of the concrete with the neutral

axis again established to satisfy equilibrium.

To check the adequacy of this model based on the test results
the specified yield strength is replaced by the measured yield
strength and the 28 day cylinder strength by the measured cylinder
strength at the time of testing. Table 3.6 gives value of the -
predicted design moment based on the yield strength from the steel
stub column tests and ratios of the maximum test moment to this

predicted moment.

The mean value is now found to be 1.188 with a coefficient of
variation 0.0337. The mean value of the test/predicted ratio is
increased by 17% although the coefficient of variation is still quite
low. The increase in the ratio is directly attributable to the use of
the yield strength for the steel rather than the stress levels at high
strains. The high mean value would not be disadvantageous in design
because a resistance factor derived on this basis together with the
ratios for the variation of the yield strength and cross-sectional

properties to the minimum specified values and their associated
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coefficients of variation would give the desired reliability levels.

3.6.5 Effects of Proportions of Steel and Concrete and of Shear-

span/Depth Ratios

In Table 3.7 is tabulated the ratios of the compressive area of
the concrete to that of steel, A/Ag, the ratio of the shear-span to
depth, a/d, and the ratio of the test moment to the predicted
moment, Mt/Mp. As all of the test/predicted moment ratios are
essentially one, Mt/Mp is seen to be independent of both the A /A
and the a/d ratios which vary from 3.07 to 5.63 and 1.03 to 5.05

respectively.
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Table 3.3 Moment Resistance of Composite Beam

Beam Test Moment Test Moment Composite
Resistance, kNm Test Moment Steel
CB12 73.6 1.131
CB13 75.1 1.154
CB15 71.3 1.095
cB22 146.5 1.102
CB31 210.7 1.352
CB33 210.7 1.352
CB35 207.6 1.332
CB41 283.8 1.162
CB45 282.2 1.156
CB52 144.7 1.310
CB53 146.7 1.328
CB55 142.9 1.293
M 1.231
Y, 0.085
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Table 3.4 Maximum Slip

Beam Maximum Slip, mm
CB12 0.7
CB13 3.9
CB15 2.1
CB22 0.5
CB31 0.6
CB33 0.9
CB35 0.8
CB41 1.0
CB45 0.9
CB52 0.3
CB53 0.2
CBS55S 0.4
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Table 3.5 Strains at Maximum Moment and Neutral Axis
Position at Penultimate Moment

Beam Strain at Strain at Correlation Distance from Top to N.A
Top, ue Bottom, ue Coefficient Beam Depth
SB1 5700 5700 - 0.500
SB2 11800 11800 0.999 0.500
SB3 5300 5000 0.995 0515
SB4 9700 10000 0.999 0.492
SBS 3900 3900 0.999 0.500
B 0.998 0.501
\ 0.002 0.017
CB12 13500 29600 0.942 0.301
CcB13 12000 28000 0.990 0.299
CB15 11400 23600 0.992 0.323
CB22 14000 22100 0.992 0.387
CB31 15900 24800 0971 0.361
CB33 14600 23700 0.927 0.351
CB35 13700 21900 0.946 0.353
CB41 26300 23200 0.820 0.388
CB45 17400 27900 0.991 0.366
CBS2 7400 16900 0.960 0.305
CB53 11300 20900 0913 0.313
CB55 7600 16600 0.989 0.313
n 13800 23300 0.953 0.338
\V; 0.3583 0.1738 0.053 0.098
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Figure 3.13 Steel/Concrete Slip, Beam CB12
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Figure 3.14 Steel/Concrete Slip, Beam CB13
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Figure 3.15 Steel/Concrete Slip, Beam CB15
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Figure 3.16 Steel/Concrete Slip, Beam CB22
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Figure 3.17 Steel/Concrete Slip, Beam CB31
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Figure 3.18 Steel/Concrete Slip, Beam CB33
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Figure 3.19 Steel/Concrete Slip, Beam CB35
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Figure 3.20 Steel/Concrete Slip, Beam CB4t
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Figure 3.21 Steel/Concrete Slip, Beam CB45
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Figure 3.22 Steel/Concrete Slip, Beam CB52
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Chapter 4 Engineering Applications

41 Moment Resistance of Concrete Filled Hollow

Structural Section
4.1.1 Research Model

For purposes of research, where accurate predictions of the
moment resistance are req'uired, the research mode!l developed
previously is appropriate. The steel, in compression or tension, is
considered to be stressed to a stress equal to the average of that at
14 000 and 23 000 pe and the concrete to its cylinder strength in
compression and to carry no load in tension. Rectangular stress
blocks are used, with that of the concrete extending to 0.85 of the
depth to the neutral axis which is located to satisfy equilibrium. No
reduction of moment occurs when shear-spans, as short as the depth

of the section, are used.
4.1.2 Design Model

For design, all the above provisions apply except that the steel
stress both in tension and compression is taken as the specified
yield stress of the steel and the concrete stress as the 28 day

cylinder strength.

Based on the test/predicted ratios developed here and ratios of

test to specified minimum material and geometric properties and
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the associated coefficients of variation, resistance factors could be
developed for this design model but this is considered to be beyond

the scope of this work.

Simultaneous equations can be developed to determine the
design moment resistance based on the above assumptions and

assuming the outside corner radius equals 2t.

The total depth of the concrete in compression, that is the

depth to the neutral axis from bottom of the top flange, is

[4.1] c= , t2

The area of the steel in compression is

[4.2] Asc = (b-6t + 3nt/2)t + 2tc

and therefore the area of the steel in tension is

[4.3] Ast = As - Asc

thus the compressive force and tensile force in the steel and

compressive force in the concrete are

[4.4] C, sccy
[4.5] T, = A,
[4.6] C,=T, Cs
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The distance from the line of action of the steel tensile force to the

neutral axis is

y dAst
Ast

[4.7] Yst=

2
t

2As4

[(b- 2t-5xt/3)+2(d- 3t- c)(b+d- c+3xt/2-9t)t

and to the steel compressive force is

jy dAgc

4.8 =
[4.8] Ysc Ae
2

_ ! [(b-2t-51ct/3)+20(b+c+31tt/2-6t)t]
5A.

The lever arm between the internal steel forces is

[4.9] e =Yoot Vst

and between the concrete compressive force and the steel tensile

force(neglects rounded cbrner) is
[4.10] e' = (1-0.852)c +y

Finally the unfactored resisting moment is

[4.11] M; = Cse + Cce'
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Design tables could easily be developed based on the above
equations and should of course include resistance factors to give

whatever reliability is desired.
4.2 Laterally Unsupported Beams

The lateral torsional buckling resistance of a concrete filled
hollow structural section is only of concern when a rectangular
cross section is bent about its strong axis. By CSA Standard S16.1-
M89 (CSA 1989) the elastic critical moment for HSS's in general is
given by

W,
[4.12] M, = —=EI,GJ

Adapting this to concrete filled HSS's it is suggested, based on
the table of stiffness (Table 3.2) that |y in [4.12] be replaced by 1.12
times that of the steel section alone. Pending further investigation,

conservatively J could be taken as that of the steel section alone.

As the moment curvature diagram becomes non-linear at
moments as low as 20 percent of the maximum value, it would
appear appropriate to use an inelastic transition for moments
greater than this value up to the maximum moment of the concrete

filled hollow structural section.
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Chapter 5 Summary and Conclusions

5.1 Summary

The results of a series of 4 flexural tests on hollow structural
sections and 12 tests on concrete filled hollow structural sections
conducted by E. Barber are reported. All tests were made with 2
point loading to provide a constant moment region for observation
and measurement. Rollers and knife edges were provided at all
reaction and load points to allow longitudinal movements to occur as
the beam deflected and unhindered rotation to occur. These are

absolutely essential to give simple beam test conditions

Shear-span to depth ratios of 1 to 5 were tested to examine
whether or not shear transfer problems existed between the steel
and the concrete. The different section sizes and wall thicknesses of
the HSS's allowed different proportions of the steel to concrete

cross sectional areas to be investigated.

Material properties and behaviour were established from a
series of ancillary tests which included steel stub column tests,
composite stub column tests, tension coupon tests, residual stress

measurements, and concrete cylinder tests.

The test data were analyzed to determine the behaviour of the
concrete filled HSS's and to develop models to predict their moment

resistance.
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5.2 Conclusions and Recommendations

1. A considerable variation in the yield and ultimate strength of the
steel exists around the perimeter of a hollow structural section.
Stress-strain curves obtained from either tension tests on coupons
or stub column tests on the cross section exhibit the typical curves
of heavily cold worked material. No distinct yield plateau exists.

Moduli of elasticity of the steel range from 200 000 to 211 000 MPa.

2. Longitudinal residual strains of up to 25% the yield strain in
compression for Section 3 and 40% in tension for Section 2 exist

because of the manufacturing process.

3. The process of cold forming a tube which is welded longitudinally
and subsequently made rectangular induces longitudinal tensile
residual strains on the outside fibers and compression residual

strain on the inside fibers of up to 0.85 €,

4. The concrete, of nominal 28 day strength of 30 MPa, showed a
strength gain from about 30 MPa at 7 days to 48 MPa at 85 days. For
this concrete the secant modulus of elasticity at 0.4 of the ultimate
strength is given closely by E, = 3550«/?7(; The tensile strength
determined from split cylinder tests is only about 0.52vf"

5. The moment-curvature relationship for concrete filled HSS's is
initially linear for only about 1/4 of the maximum moment, and is
followed by increasing inelastic behaviour and then by a long plateau

of slightly, increasing moment until failure occurs. Failure was
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precipitated by an upward buckle of the top flange. Subsequent
examination of the concrete revealed that the tension zone was
heavily cracked and that concrete had crushed where the steel had

buckled.

6. Steel strains at failure reached on the average 14 000 pe in
compression and 23 000 pe in tension with the greater strains
occuring in the more compact sections. The concrete prevented
inward movement of the webs of the HSS's and therefore provided
rotational restraint to the edges of the top flange and increased

straining capability before failure.

7. The flexural stiffness of the concrete filled HSS's was about 1.12
times that of the bare steel sections, but only about 0.81 of that

based on the uncracked concrete.

8. Three independent sets of observations, the consistent moment-
curvature diagrams, the minimal slips that occured between the
steel and concrete and the close correspondence between the steel
and concrete strains at a given load, same ultimate moment reached,
all indicate that there was no loss of full composite action between
the steel and the concrete due to lack of shear transfer by friction

or bond.

9. By back calculation from the known position of the neutral axis at
the penultimate moment existing before any local buckling occured
and the steel stresses from the steel strain measurements, it was

determined that the effective rectangular stress block in the
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concrete extending to 85% of the depth to the neutral axis was at
the stress level of the concrete strength at the time of testing.
Confinement of the concrete by the steel increased the load carrying
capacity of the concrete appreciably. The ratio, k;, of the maximum
concrete compressive stress in flexure to the cylinder strength is

therefore 1.00.

10. A research model, with rectangular stress blocks based on steel
stresses taken as the average corresponding to steel strains at
14 000 and 23 000 pe, with the concrete stressed to its cylinder-
strength and with the neutral axis located for equilibrium gave a
mean test/predicted ratio of the maximum moment resistance of
1.016 with a coefficient of variation of 0.025. The use of a steel
stress at these high strain levels is, based on these tests, valid for

all sections with a b/t ratio of 36.0 or less in grade 350 steel.

11. A design model using the yield strength of the steel, but with all
other factors as for the research model, resulted in a mean
test/predicted ratio of the maximum moment resistance of 1.188
with a coefficient of variation of 0.0337. The increased mean value

is due to the underassessment of the steel contribution.

12. Neither the ratio of the concrete in compression to that of steel
that varied from 3.07 to 5.63 nor the ratio of shear-span /depth that
varied from 1.03 to 5.05 had any effect of the test to predicted

moment ratio.
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5.3 Future Work

From this limited investigation, it is concluded that further

research is required in the following areas:

1. These test results should be incorporated with statistical data on
material and cross-sectional property variations to determine

resistance factors.

2. Design tables should be developed to give the flexural resistance

of concrete filled hollow structural sections for several grades of

concrete.

3. The lateral torsional buckling resistance should be investigated.

Some tests may be necessary.

4. The effective stiffness of composite beams up to specified load

- levels should be analyzed.

5. These results should be incorporated in beam-column equations.
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Appendix A
A.1 Relaxation of Residual Strains

When, using the method of sectioning, a coupon is cut from a
member to determine the relaxation of residual strains, a correction
must be applied if the coupon does not remain straight. Fig. A.1(a)
shows that the measured relaxation length of the straight coupon is
Ln, where the original length was L. There is a positive relaxation
strain (Lm - L)L and therefore, before sectioning, there must have
existed a compressive residual strain of the same magnitude. In Fig.
A.1(b), for a coupon that curves on sectioning, the measured relaxed
lengths determined from the strain gauge on the chord are Lijm and
Lom for the inside and outside surfaces respectively assuming that
the coupon is convex outward as is usually the case for a coupon cut
from a HSS. The true relaxed lengths on the arc are greater than Linm

and Lom.

For the case when the relaxed length is greater than the
original length, the relaxation strain is positive. Measuring on the
chord, giving too small a relaxed length, results in too small a
relaxation strain. The apparent residual strain of opposite sign
(negative) is also too small. The true residual strain has a larger
negative value. To get the true residual strain, a negative correction

would be applied to the apparent residual strain.

For the case when the relaxed length is less than the original
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length, the relaxation strain is negative. Measuring on the chord,
giving too small a relaxed length, results in too great a relaxation
strain. The apparent residual strain of opposite sign (positive) is
also too great. The true residual strain is of lesser magnitude. To
get the true residual strain a negative correction would be applied

to the apparent residual strain.

The effect of the curvature correction is always to reduce the
residual strain, compressive residual strains are increased in
magnitude and tensile residual strains are decreased in magnitude.
As established subsequently, the correction is of essentially the
same magnitude, Ae,, for the inside strain, g;, outside strain, g, and

the mean strain «.
A.2 Correction of Relaxation Strains

Considering Fig. A.2, Lin and Lo, are relaxed lengths measured
on the inside and outside chords, L and L, are relaxed lengths along

the arc, that is:

[A.1a] Aim = Lim - L
[A.1b] A;,m =Lom-L
[A.1c] Ai=L-L
[A.1d] Ao =Lo-L
and,

[A.1e] A = (Ai + Ap)/2
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[A.1€] gives:

[A.2] e = (Aj + Ap)/2L
also:
[A.3] L+A=20p

where, 06 = 0

AB = (L + Aim+ L + Aom)/2 = (2L + Aim + Aom)/2 = 2(sin6)p, thus,
[A.4] = Sin‘1(2L + Aim + Aom)/4p

and by similar triangles:

L+ A, (L+A, _ 2L + Ay +Aim
t 2p

therefore,

[A.5] p=

from [A.4] and [A.5],

[A.6] 9=Sin-1 (2L + Aom + Bir) (Bim - Eom) =s,in-1(£ﬂ:_ﬁL
2(2+egm+Eimt 51

from [A.3],

[A3a] 1+A/L = 206p/L

thus,

[A.7] e = 20p/L - 1

Substituting [A.5] and [A.6] into [A.7], gives:
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.o (2+ e, +E ) t—sin-1 (€im~ Eom L 1
(8im' 8om) L 21

Similarly, €0 and €j can be computed by replacing p by (p + t/2) for

inside strains and by (p - t/2), for outside strains, that is,

2 . -1 (e._ -
g = (2 + Som * €ind +1]|Lsin im ™ Eon) L- 1
(eim' i':om) L

and,

‘.= (2 +Eom +&im) ’ t—sin-'1 (&im - €om) L. 1
(€im - €om) 2

These are the corrected relaxation strains.

A.3 Comparison of Corrected and Uncorrected Relaxation

Strains

The uncorrected relaxation strains, measured on the chord are

€m, &m and gom, are:

€= eim;'eom
Lim- L

€ = xmL
Lom- L

€om = omL
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the difference between the corrected and uncorrected relaxation -

strains are then,

Ae=e-em=Lim+L°m 2t sin-1-——-L"“-L°m S|
2 Lirr Lom 2t L
. -1Ljm- L
Asi=ei-eim=Lim___2t—s|n Lim- tom _ 411
Lim Lom 2t L
2t . <1 Lim- Lom 1
Ae,=¢,- €, =Lom|]———sin ——- 1|~
©oe °"‘(Lim- Lom 2t :

Because L, and L, will differ by only a very small amount,

the three corrections are virtually identical.
A.4 Residual Strains

The residual strains are the negative of the relaxation strain,
therefore, the final corrected residual strains are:

.e- (2+€eqm+Eim I—sin-1 (&im - €om et

(eim - E':om) L

2 . -1(se. -
g =- ( +E°m+£'m)+1)-t——sin {Eim” Eon) €°"‘)L+1
(€im - €om) L 2t

€,= - (2+ eom * Eim) _ 1 t—sin-1——-——(8im- om) L+ 1
(€im = €om) L
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Fig. A.1 Residual Strain Measurement
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Fig. A.2 Geometric Dimension
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