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Compressive behaviour and design of prestressed steel elements

Jonathan Gosaye®*, Leroy Gardner®, M. Ahmer Wadee?, Murray E. Ellen®

“Department of Civil and Environmental Engineering, Imperial College London, London, UK
b§2 | Space Solutions, Sydney, Australia

Abstract

The tensile performance of the chords of steel trusses can be considerably enhanced through the
addition of prestressed cables. However, under compression, which may arise due to wind uplift,
the prestressing may have a detrimental effect. The behaviour and design of prestressed steel
elements in compression is examined presently. Eight experiments on prestressed elements were
carried out, where the key variables examined were the initial prestress level, the presence of
grout and the member slenderness. Cross-sectional behaviour and member buckling behaviour
are examined analytically, numerically and experimentally, with good correlation achieved be-
tween the three approaches. The benefit of adding grout to bond the prestressing steel to the
encasing tube is also investigated and design approaches for both non-grouted and grouted pre-
stressed elements are proposed.

1. Introduction

The addition of high tensile cables to conventional steel components can lead to significant
material savings, particularly for long span structural systems. Further benefits can be achieved
by prestressing the cables to induce internal forces in the structure that can counteract the ap-
plied external loads and control self-weight deflections. Prestressing of steel structures has been
the subject of a number of investigations. Early work by Magnel [1] in 1950 experimentally
demonstrated the improved economy that can be achieved by prestressing truss girders. More
recent studies have explored the behaviour and design of prestressed steel beams [2, 3], columns
[4,5,6,7,8, 9], trusses [10, 11] and space trusses [12, 13]. The behaviour of prestressed frames
with sliding joints has also been examined both during the stress-erection process [14] and under
external loading [15, 16, 17, 18]. The above studies have highlighted the potential economies
and enhanced performance that can be achieved through the use of prestressing.

The present paper focuses on cable-in-tube systems, in which the prestressing cables are
encased within structural hollow sections, with the advantages that the tensile force in the cable
will stabilize the surrounding tube against buckling during prestressing and enable the addition
of grout, which bonds the two components together to reduce reliance on the end anchorage,
as well as increasing compressive strength. Examples of recent applications of such prestressed
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systems include the reconfiguration of the Sydney Olympic stadium and the Five Star Aviation
hangar at Brisbane Airport, both in Australia [19].

In the context of trusses, the tensile performance of the bottom chord can be considerably
enhanced through the addition of prestressed cable [20]. However, in instances of load reversal
(e.g. due to wind uplift) in trusses without horizontal end anchorage that would allow catenary
forces to develop, the presence of prestress could be detrimental. The behaviour and design of
prestressed elements subjected to external compression is the subject of the present paper.

Analytical and numerical models that predict the compressive behaviour of the cable-in-tube
system are developed in Section 2. Experimental studies are described in Section 3, while com-
parisons between the test, numerical and analytical results and discussions thereof, are presented
in Section 4, followed by design proposals.

2. Analytical modelling and numerical verification

In this section, the key behavioural aspects of prestressed elements under compression are
described. Firstly, the axial response of the element during the prestressing stage is analysed.
The compressive behaviour at the cross-sectional level, considering purely axial deformations,
is then examined. Subsequently, member buckling behaviour is introduced with the effect of the
addition of grout after prestressing being discussed.

2.1. Axial response under prestress

To prestress the cable-in-tube system, a tensile force, P, is applied to the cable and a com-
pression force of equal magnitude is induced in the tube and the components are locked in posi-
tion at both ends. Provided the tensioned cable is in contact with the surrounding tube at suffi-
ciently regular intervals with the compressed tube, overall buckling is prevented [20, 21] and the
equilibrium condition for the prestressed system during the prestressing stage can be stated as:

[Pi]cable - [Pi]tube = chc - Ktxt = 07 (1)

where x. and z; are the axial displacements during prestress while K. and K are the axial
stiffnesses of the cable and the tube respectively. The respective stiffnesses are given by the
following expressions:

E A, E:A
- ) Kt - - ta

L, L,

where L, is the original length of the system; F, and E; are the Young’s moduli of the cable and
the tube respectively with A, and A; being the cross-sectional areas of the cable and the tube
respectively.

K. 2)

2.2. Cross-sectional behaviour of prestressed elements under compression

The cross-section behaviour of prestressed elements in compression, where member buckling
effects are ignored, is first considered. For non-grouted stocky elements in compression, three
cases are considered in the following sub-sections: Case I refers to the scenario where the cable
slackens before yielding of the tube in compression; Case II refers to the case where the tube
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yields prior to the slackening of the cable; and Case III considers the simultaneous yielding of
the tube and slackening of the cable. The case which actually arises depends on the geometric
and material properties of the tube and cable, as well as the level of prestress:

I, if 5 < % -2 (3a)
Cased I, if g > & — A (3b)
m, if-4- =f_ A (3¢)

AcE. Ey AtEy>

where f., and fi, are the yield stresses of the cable and the tube respectively.

Start of stage 1:
Start of stage 1: Lo-Xt Cable
Lo-X¢ Cable Tube
- Tube a) Stage L - N
a) Stagel: Z — N
X=Xy Xt
X1=Xc
Start of stage 2:
Start of stage 2: Lo-Xyy
Lo-(Xt+Xc)
b) Stage 2: ~t N
b) Stage2: — N
Xo=Xc- xty-xt)
Xg=Xyy~(Xe+X()
Start of stage 3:
Start of stage 3: Lo-(XX0)
Lo-Xty
c) Stage3: N
c) Stage3: N —
L Xg=Xmax-Xc
Xg=Xmax-(Xy,~(Xc+X))
) : . Note: displacementsin each stage are
Note: displacementsin each stage are expressed with expressed with respect to tube deformation.
respect to tube deformation.
(a) Casel. (b) Case II.

Figure 1: Generalised coordinate definitions for non-grouted stocky elements in compression.

The three stages of behaviour that occur for Case I and Case II are illustrated in Figure 1,
where the adopted notation is defined. The corresponding analytical expressions for the load-
displacement equilibrium path of the system, summarised in Table 1, were derived by following
a similar approach as in [20]. In the sign convention adopted, positive values denote compression
and shortening whilst negative values denote tension and elongation, with the axial displacement
x1, T9 and z3 being measured from the state of the system at the beginning of each loading stage.

For Case III, initial prestress is applied such that the tube yields and the cable slackens simul-
taneously under compressive loading. This may be defined as the optimal prestress level since
this provides the most extensive elastic range and hence the stiffest response.

The optimal prestress level under applied compressive load, P, ., can be derived by equating
the expressions for the strain required to slacken the pretensioned cable to that required to yield
the precompressed tube, as shown in Equation (4):
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Popt,c - fty . Popt,c

4
AE. E. AE’ @
rearranging in terms of Py . gives
AtAcftyEc
Popte = ——F——. 5
Pt AtEt + ACEC ( )

Table 1: Analytical solution for compressive response of prestressed elements in Case I and Case II.

Case I Case 11
Stage 1 Onset of loading until Onset of loading until
cable slackening: [0 < z; < z] tube yielding: [0 < z1 < (zty — x4)]
N = (K. + Ky, N = (K. + Ki)z;
Ny = Ki(x1 + ) Ny = Ki(x1 + )
N. = K.(r1 — ) N. = K(z1 — x¢)
Stage 2 From cable slackening to tube From tube yielding to cable
yielding: [0 < 29 < zyy — (4 + 2.)] slackening: [0 < 23 < xe — (Tty — 24)]
N = Ki(zy + 2 + x2) N = Ky + K. [v2 — 2 + (T4y — 2¢)]
_'_Ksta:Q
Ny =N Ny = Kixey + Koo
N.=0 Ne = K. [xg — e + (Tiy — 24)]
Stage 3 From tube yielding to fracture: From cable slackening to fracture:
0 <23 <o — (g — (e + )] [0 <23 < — 2]
N = Kixyy + Kgx3 N = Kixyy + Koz
Ny =N Ny =N
N. =0 N.=0

The formulations of Table 1 can be used to generate axial load—deformation graphs for pre-
stressed elements. Sample analytical results are presented and comparisons are made with cor-
responding numerical results generated using the FE software ABAQUS [22]. The material and
geometrical properties of the different components used in the analytical and numerical models
are given in Table 2.

Truss and beam elements with an elastic—perfectly—plastic material model were used to
model the tube and prestressing cable, respectively. A tie constraint was applied between the
two components for all degrees of freedom except longitudinal displacement along the member
length. In the first step of the numerical analysis, prestress was induced through thermal loading
of the cable using temperature as a predefined field during a general static analysis. External
compressive load was then applied in the following step through displacement control.

Three levels of preload were considered to illustrate the effects of initial prestress levels on
the behaviour of the prestressed element under axial compression. The three prestress levels
investigated were zero prestress level (), Poptc as calculated from Equation (5) and Py s,
which is the optimal prestress corresponding to simultaneous yielding of the tube and cable in

4
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tension, as defined in [20]. Figure 2 shows the load—displacement response for a prestressed
element under various initial prestress levels. The preload forces and displacements, along with
the corresponding load-displacement responses for the two components (tube and cable) of the
prestressed system, are plotted in Figures 3(a) and (b) for P, . and P, ¢ respectively following
the sign conventions defined earlier. Good agreement between the numerical and analytical
models is observed in both Figures 2 and 3.

For zero prestress level (F), Figure 2 shows that the externally applied force is resisted by
the compressive strength of the tube until it yields in compression. For P ¢, on the other hand,
Figure 3(b) shows the tube has an initial compression, which is equilibrated by the initial tensile
force of the cable. When an external compressive load is applied to the system, the tube is
compressed further and the tensile force in the cable unloads; as a result, the stiffness of the
system is the sum of the axial stiffness of the cable and the encasing tube. The tube continues to
store elastic compressive strain energy until it yields in compression after which point the tensile
force in the cable continues to unload until it slackens at the ultimate load. The relatively large
drop in stiffness after tube yielding is due to the high axial stiffness ratio K/ K. = 9.2 for the
chosen sections. For prestress level P,y ., Figures 2 and 3(a) show that the initial combined
stiffness of the system is maintained until the ultimate load, at which point the tube yields and
the cable slackens simultaneously. Figure 2 demonstrates that the ultimate compressive strength
of a stocky element is independent of initial prestress levels but the addition of an initial prestress
beyond P, . causes earlier yielding of the tube. Moreover, the ultimate load is reached through
the unloading of the tensile force within the cable.

Table 2: Properties of prestressed element in the analytical and numerical model.

Yield strength of tube, f, 355 N/mm?*
Yield strength of cable, f., 1860 N/mm?
Young’s modulus of tube, F 210 kN /mm?
Young’s modulus of cable, £, 200 kN/ mm®
Cross-sectional area of tube, A 879 mm?
Cross-sectional area of cable, A, 100 mm?
Coefficient of linear expansion of cable, o, 12 x 1076 K1
Initial length of tube and cable, L, 2000 mm

2.3. Member behaviour of prestressed elements under compression

A slender prestressed system will fail through the mechanism of instability under external
compressive load. The elastic critical load, N, and tube yield load, Ny, expressed in Equations
(6) and (7), respectively, are the theoretical upper bound estimates of the compression capacity
of a prestressed column. The slenderness value and initial prestress level of the cable-in-tube
system determines which theoretical upper bound governs. If the slenderness of the cable-in-
tube system is low or if a sufficiently high level of prestress is applied to the system then the tube
yield load would be the governing failure load.
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Figure 2: Effect of prestress levels on compression response of a prestressed element.
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Figure 3: Compressive performance of a prestressed element, showing forces in the two component parts of the

prestressed system — the tube and cable.
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m2E I
N = Lé t, (6)
Nty = Atfty - 131 (7)

where [; and L., are the second moment of area and the effective buckling length of the
encasing tube.

Note that the elastic critical load of the cable-in-tube system is independent of the initial
prestress level since, assuming the cable is located at the centre of the tube (i.e. along the neutral
axis), which can be enforced through the use of collars [20], it does not induce a disturbing
moment when the member deflects laterally. Hence, assuming purely elastic behaviour, the
initial prestress level has no impact on the level of external load required to cause buckling of the
cable-in-tube system.

To illustrate this point, an elastic numerical model of a cable-in-tube system with varying ini-
tial prestress was developed. In the model the elastic material properties of Table 2 were assigned
to the components and constraint was applied to the nodes of the prestressing cable and the en-
casing tube such that their lateral deflection was equal. A nonlinear analysis was performed with
an eigenmode affine imperfection (corresponding to the first mode of buckling) of amplitude
L/1000 obtained from a prior eigenvalue analysis. In the first step of the nonlinear analysis, pre-
stress was applied through thermal loading of the cable and in the proceeding step a displacement
controlled analysis was conducted to apply compression to the cable-in-tube system. The three
levels of prestress applied to the system were Fp, 0.5, and Py ¢; as illustrated in Figure 4
the compressive capacity of the elastic cable-in-tube system is independent of the initial prestress
level. The mid-height section moment is also plotted on the secondary vertical axis of Figure 4,
where it may be seen to increase linearly with lateral deflection and maintain the same value for
a given lateral deflection, regardless of the prestress level; this confirms that no additional second
order moment is induced due to the prestress.

Second order elastic and second order rigid—plastic models were used to present the theoret-
ical upper bound solution to the equilibrium path of the prestressed element under compression.
The second order elastic response can be described by:

N— N, (u) | )

Whotal

where wioa1 and w; are the lateral deflection at mid-height and the amplitude of the assumed
sinusoidal initial imperfection, respectively.

The second order rigid—plastic model assumes that deformations are concentrated at a plastic
hinge formed at the mid-height of the prestressed element as shown in Figure 5, where wiota 18
the lateral displacement at mid height. The maximum compressive load that the critical cross-
section at the plastic hinge can sustain, which arises when w1 = 0, is equal to the yield load,
given with due account for the prestress, by Equation (7). The equilibrium path of the system is
determined by considering a fully plastic cross-sectional stress distribution, in which axial load
is assumed to be resisted by the central region (C2 in Figure 6) of the cross-section while the two
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Figure 4: Elastic compressive behaviour of prestressed member.
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Figure 6: Plastic stress distribution.

outer regions (C1 and T1 in Figure 6, each of depth c) resist the second order moment that arises
as the prestressed element deflects laterally.

A lower bound estimate for the ultimate capacity of a prestressed element under compression
can be obtained through a modified Perry—Robertson approach. In this approach, the maximum
stress at the critical (mid-height) cross-section, o,.y, in the prestressed element, which is the sum
of the axial stress, bending stress and prestress is limited to the yield strength of the material. The
maximum strength is given by Equation (9):

N Md P

max — 4 T ! 9
o At+It+At 9

where M and d are the bending moment at mid-height and distance from the neutral axis to the
extreme fibres of the tube, respectively. The prestress value P reduces from its initial value P,
under applied compressive loading N, following the relationship of Equation 10, which has been
derived using equations from Table 1:

K
P=P—-|—°—|N. 1

Following a similar approach to [23], the mean applied stress oy, = N, pr/A; that causes the
concave side of the strut to yield in compression can be expressed as:

oy = o (on i) on ol - (2;() \/[fty + (onc + 1) o — o]’ — dopa(fiy — op),

2ak
(11)

where:
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K
= —— if P, >0, 12
O KC + Kt’ ! > ( a)
=1L if =0, (12b)
7T2<Etlt)
= T\ et 13
OE AtLO2 ) ( )
dA Wi
n=—" (14)

Iy

Sample analytical results and finite element validation

Sample analytical load—deformation paths and failure loads for slender non-grouted pre-
stressed elements under compression are shown in Figure 7 and Table 3. The results are com-
pared with those from the numerical model discussed earlier in this section, but with the applica-
tion of the yield criteria given in Table 2. As shown in Figure, 7 the buckling load, N, pr = op A,
obtained using Equation (11) accurately predicts the ultimate capacity, [V, rg, from the numeri-
cal model whilst the second order elastic and second order rigid—plastic analyses closely follow
the equilibrium path. Figure 7 illustrates that the ultimate compressive strength of the element
reduces with increasing prestress levels owing to the fact that slender columns fail through buck-
ling when the extreme fibre of the column yields in compression and the yield point reduces with
increasing levels of initially applied prestress.

Table 3: Comparison between numerical and analytical (Perry-Robertson) capacity prediction of prestressed ele-
ments in compression.

Initial prestress (kN) Nu,FE (kN) Nupr (kN) Nu,FE/Nu,PR

) 179.1 1785 1.00
0.5P,p.¢ 167.8 166.9 1.01
Pt 142.2 141.4 1.01

3. Experimental Study

An experimental study was performed in the Structures Laboratory at Imperial College Lon-
don to verify the analytical and numerical findings for the performance of prestressed cable-in-
tube systems under compressive loads. Material testing, prestressing operations and the com-
pressive member tests are described.

3.1. Introduction

A total of 8 cable-in-tube specimens were tested, 3 being non-grouted and 5 being grouted.
The key variables of the test programme were the prestress level, the presence of grout and
the normalised slenderness. The normalised slenderness for the non-grouted specimens A was

10
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Figure 7: Buckling behaviour of prestressed elements in compression.

calculated as specified in EC3 [24] using properties of the encasing tube, while that for the
grouted specimens )\, was calculated as specified in EC4 [25]. The cross-section used for all
specimens was a cold-formed and seam welded 60 x 60 x 4 square hollow section (SHS) of grade
S355 steel. The cables were 7 wire prestressing strands of grade Y1860S7 steel. The adopted
test specimen labelling system is explained in Figure 8 and a full list of the test specimens and
their properties is given in Table 4. Note that three target prestress levels were considered: P o,
%Popm and P,y where P, is a nominal prestress of about 5 kN to ensure that the cables were
not slack during grouting and P, ; is the optimum prestress as described in [20]. The achieved

(measured) levels of prestress are given in Table 4 and differ slightly from the target values.

Applied force: Prestress
C= compressive  |evel (kN)

C—2—I\iG-6

$
Length of ~ Grouted (G) or
specimen  not grouted (NG)

Figure 8: Test specimen labelling system.

11
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Table 4: Summary of prestressed cable-in-tube test specimens.

Specimen Length of  Grouted Prestress 3 3
specimen (m)  (Y/N) (kN) &
C-2-NG-6 2 N 6 .21 -
C-2-NG-60 2 N 60(0.44P,pt¢) 121 -
C-2-NG-122 2 N 122(0.89FP, ) 121 —
C-2-G-11 2 Y 11 - 132
C-2-G-90 2 Y 90(0.66 Popt.+ ) - 132
C-2-G-126 2 Y 126(0.92Ppt) -  1.32
C-1-G-10 1 Y 5 - 0.69
C-1-G-75 1 Y 75(0.55Popt 1) - 0.69

3.2. Material tests

Material tests were carried out on samples of the steel tube, cable and grout. Tensile coupon
tests were conducted for the SHS tubes, a representative 7 wire strand cable was tested to define
the properties of the cable and cube tests were carried out on grout samples to determine the
strength of the grout. Full details of the material tests carried out on each component are reported
in [20] but the measured tensile material properties of the tube and cable are as given in Table 5
in which E is the Young’s modulus, o 5 is the 0.2% proof stress, o, is the ultimate stress, €, is
the percentage strain at the ultimate stress, ¢ is the percentage strain at fracture over the standard
gauge length and n and ng , , are the Ramberg-Osgood parameters [26]. The evolution of the
measured average cube strength, f,,, with time is summarised in Table 6. Member tests were
carried out 8 days after casting the grout.

Table 5: Measured weighted average tensile material properties of the tube and cable.
Component E (kN/mm?) o0go (N/mm?) o, (N/mm?) n ny,, e (%) e (%)
Tube 193 354 408 120 2.0 3.2 4.1
Cable 125 1775 1880 102 1.5 3.6 3.6

Table 6: Evolution of strength of grout with time.
1 day 3 days 8days (Testday) 28 days

Cube strength, fg, (N/ mm?) 15 38 55 66

3.3. Preparation of specimens and experimental set—up

The objective of the experimental programme was to investigate the performance of pre-
stressed cable-in-tube systems under compressive loading. The cold—formed 60 x 60 x 4 SHS
tubes were cut to the required length and 20 mm thick end plates, with holes to allow the pre-
stressing cables to pass through, were welded at both ends of the tube. To prevent buckling of
the tubes during the prestressing process, specimens with initial prestress levels higher than the

12
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nominal prestress level, P, (~ 5 kN), had circular connecting collars fitted to the cables at
mid-length and at quarter points, as shown in Figure 9. The circular connecting collars were ma-
chined to an external diameter equal to the inside dimension of the SHS and had a central hole
to accommodate the cable. The cable, with connecting collars attached at Ly /4, Ly/2 and 3L, /4
from the member ends, was then inserted into the tube. The buckling length of the test specimens
under preload was therefore approximately one quarter of their full length, as discussed in [20].

Prior to the prestressing of the specimens, the fixed end anchor was seated by applying an
initial prestress of 5 kN. The prestress was then released to fit a wedge at the stressing end of
the specimens. Once both anchors were in place, the specimens were prestressed using a T25
stressing jack. After each specimen was prestressed to the appropriate level, the wedge at the
stressing end was hammered to reduce prestress loss due to anchorage slip upon jack removal,
as shown in Figure 10. Calibrated strain gauged barrels were used to measure the tensile force in
the cable throughout the testing procedures.

Grouting was carried out after prestressing. Specimens that required grouting had holes in
the end-plates to allow the grout to flow straight into the tube. Specimens to be grouted were set
upright and grout was poured into the specimens at the top end using a funnel. The specimens
were tapped, using a metal rod, along the length immediately after the grout was poured to ensure
that the grout had filled the tube completely.

After the prestressing process, the specimens were tested under axial loading using the exper-
imental configuration depicted in Figure 11(a). Pinned end conditions were achieved by means
of hardened steel knife-edges. To affix the knife-edges to the specimens, encasing cylinders (with
a 120 mm bolt circle diameter, 20 mm thickness and 100 mm length) were bolted on to the end
plates in order to house the cable anchorage, as shown in 11(c).

For specimens with a global imperfection of less than L, /1000, the bolt positions of the knife-
edges were adjusted to apply eccentricity such that the combined imperfection and eccentricity
was Ly/1000. As illustrated in Figure 11(a), a string pot was attached at the mid-height of the
column to measure lateral deflection and strain gauges were affixed at the centre of each face of
the SHS tube.

Compressive loading was applied to the specimens at a rate of 0.25 mm/s using an Instron
400 HVL machine. The data acquisition equipment DATASCAN was used to recored the load,
strain and displacement measurements while the data was logged using the DSLOG software.

Figure 9: Cable and connecting collar arrangement.

The cable used in all specimens was cut from a coil of 7 wire strand cable with an average
cross-sectional area, A., of 107.1 mm?. A summary of the geometric properties of the test
specimens is shown in Table 7, where L is the specimen length between the knife edges prior
to prestress application, b and h are the outer width and height of the SHS specimens, ¢ is the
material thickness, 7; is the internal corner radius and wj is the global imperfection at the mid-
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Figure 11: Prestressed specimen compression test arrangement.

14



O©CoO~NOOOUTA,WNPE

OO UIVIVIUUIUITNUVVIUADNRNDRNDRNDRAARARNDNWWWWWWWWWWRNRNNNNNNNNNRRPRRPRRERRRERPE
ORWNPRPOOONOUTROMNRPROOONOURWNRPOOONOUIRWNRPOOO~NOURNWNROOONOURNWNERO

height of the column.

Table 7: Summary of measured properties of cable-in-tube test specimens.

Specimen Lo (mm) b(mm) h(mm) ¢t(mm) r;(mm) w; (mm)
C-2-NG-6 1997 60.1 59.7 3.90 2.0 1.0
C-2-NG-60 1998 60.2 60.1 3.84 2.0 1.0
C-2-NG-122 1998 60.0 59.9 3.93 2.0 1.0
C-2-G-11 1998 59.8 59.9 3.83 2.0 1.4
C-2-G-90 1998 59.9 60.2 391 2.0 0.6
C-2-G-126 1998 59.9 59.8 3.93 2.0 0.3
C-1-G-10 999 60.1 60.0 3.84 2.0 0.4
C-1-G-75 999 60.1 60.0 3.92 2.0 0.2

3.4. Experimental results

The full set of experimental results are shown in Figure 12, which gives the compressive
load-lateral deflection response of the eight specimens. The figure illustrates that the test speci-
mens exhibit the characteristic behaviour predicted by the analytical model discussed in Section
2, whereby the increase in the level of prestress up to P+ reduces the compressive capacity
of the cable-in-tube system. However, the compression due to the prestress is not as detrimental
as that due to the applied load since the prestressing force remains as a uniform axial load on
the tube, without inducing second order bending moments as the member deflects laterally under
load. The results for grouted specimens exhibit similar patterns of behaviour to their non-grouted
counterparts in that increasing prestress level reduces the capacity of the specimen; however, the
addition of grout significantly enhances the compressive capacity of the members.

4. Comparison between experimental data, 3D FE results and design predictions

In this section, the experimental results are assessed in more detail and comparisons are
made with 3D finite element (FE) results and design predictions. The design predictions were
formulated on the basis of the modified Perry-Robertson approach presented earlier. Material
and geometrical properties of the components of the 3D FE and analytical models were defined
using the measured values reported in Section 3.2 and Tables 7 and 4. The respective measured
0.2% proof stress values, 0 2, were used for the yield strength of the tube f;, and cable f., in
the analytical model. A detailed description of the material models and the modelling techniques
used in the FE analysis are outlined in Section 4.1. Note that the 3D FE models presented in this
section are initially employed to replicate accurately the observed experimental behavior of both
the non-grouted and grouted specimens, after which additional parametric results are generated.

4.1. Finite element modelling

The components of the numerical model were the SHS tube, the prestressing cable, the
connecting collars and the confined grout for the grouted specimens. Since the cross-section

15



O©CoO~NOOOUTA,WNPE

OO0 OTOOITOTARADDRADMDBDADEBDIMNDIEDRERDRDNWWWWWWWWWWNNDNNNNNNNNRERRPRPERPERPRPRERERE
OORWNRPOOO~NOOUODPRWNRPFPOOONOUPRAWNRPRPOOONOURWNPOOO~NOOPAWNPOOONODUORMAWNEO

350 -

C-2-NG-122

O T T T T 1
0 20 40 60 80 100
Lateral displacement at mid-height, w;,-w;, (Mm)

Figure 12: Load-lateral displacement response for all grouted and non-grouted test specimens.

of the encasing tube was compact, and for improved numerical stability, a fine mesh of three-
dimensional eight node (C3D8) solid elements were used to model all of the components. The
mesh size reported in [27] was adopted herein.

4.1.1. Boundary conditions and load application

Owing to symmetry, only half of the column cross-section was modelled with the symmetry
surface prevented from displacing in the perpendicular direction. As before, an initial imperfec-
tion in the form of the first eigenmode and of the amplitudes reported in Table 7 was assigned to
the models. In the first loading step of the nonlinear analysis, prestress was applied to the cable
through thermal loading. In the numerical model of the grouted specimens, the grout was initially
made to be shorter than the encasing tube, since in reality the grout is added after the prestressing
stage. The grout was tied to the end plate at one end and the gap between the end plate and the
grout closes at the end of the prestressing stage. Displacement control was then employed in the
proceeding step of the numerical analysis to apply compression to the cable-in-tube system.

4.1.2. Material modelling

The two stage Ramberg—Osgood model using the measured stress—strain responses of the
cable and tube, reported in Table 5 was adopted in the 3D FE model. Residual stresses are
induced in steel members through non-uniform cooling and as a result of plastic deformation.
In the case of cold—formed tubular sections, the dominant residual stresses are in the form of
through-thickness bending [28, 29]. Provided the material coupons, which curve longitudinally
upon extraction from the sections as a result of these residual stresses, are not straightened by
plastic deformation prior to testing, then their influence will be inherently present in the recorded
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stress-strain properties [30]. This was the case in the present study, and hence it was not nec-
essary to explicitly add residual stresses into the FE models. The grout was modelled using the
measured cube strength f,,, reported in Table 6, in conjunction with the uniaxial compressive
stress—strain curve developed in [27, 31, 32, 33] for confined concrete. The tensile failure stress,
fet» was defined using the method proposed in [34] as a function of the cube strength. The frac-
ture energy per unit area, G¢, was assumed to be 0.12 N/mm, as recommended by CEB [35].
A linear post-peak softening uniaxial tensile stress—strain curve was defined using the tensile
strength, f,, and fracture energy, Gy. The concrete damage plasticity model in ABAQUS [22]
was used to implement the uniaxial compressive and tensile stress—strain relationships.

4.1.3. Steel-grout interface

For numerical modelling of the grouted members, a friction coefficient of 0.25 was used to
define the tangential behaviour of the contact faces of the tube—grout and grout—cable interface
elements. The contact surfaces were restricted from penetrating each other but were allowed to
separate under tensile forces.

4.1.4. Validation and parametric study

Comparisons between the test results and those obtained from 3D FE models are presented in
Sections 4.2 and 4.3 for the non-grouted and grouted specimens respectively. The comparisons
will show that the FE models are able to capture accurately the observed physical behaviour,
the load—deformation history of the prestressed members, including the load—sharing between
the constituent elements, and the ultimate load—carrying capacity. Following validation of the
models, parametric results are generated for a range of slenderness values and prestress levels,
which are used for the development and assessment of design proposals in Section 4.4.

4.2. Non-grouted specimen results

The experimental load—displacement curves for the non-grouted specimens, together with the
corresponding analytical and 3D FE results are shown in Figures 13—15. In general, there is close
agreement between the theoretical and experimental results. The ultimate test loads NV, test are
reported in Table 8, where they are compared to the numerical values NV, rg, as well as predicted
design values [V, caic using the method discussed in Section 4.4. Overall, the test ultimate load
was well predicted by the FE models, with an average ratio of Ny test /Ny rg 0f 0.97.

Figure 13 shows the results for specimen C-2-NG-6. There is good agreement between the
experimental, FE and analytical results. A maximum compressive capacity of 143 kN was
achieved in the test, and as this specimen only had a nominal prestress level, its performance
shall be used as the benchmark in the following discussion. The experimental results for spec-
imen C-2-NG-60 are shown in Figure 14 and are in very close agreement with the analytical
and FE results. From the axial force variation plotted for the tube and cable in Figure 14, it is
observed that minimal reduction occurs in the initial prestress level of the cable throughout the
loading stage. The figure also shows that the tube is subjected to a greater level of axial force
than the applied load since it also has to equilibrate the tensile force of the prestressed cable.
In comparison to specimen C-2-NG-6, the addition of about 60 kN of prestress in specimen C-
2-NG-60 reduced the capacity of the system by about 30 kN, corresponding to approximately
20%.
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The highest prestress level for non-grouted elements was applied to specimen C-2-NG-122,
the results of which are shown in Figure 15. Again, there is a very close agreement between the
experimental, FE and analytical results. Similar to specimen C-2-NG-60, a gradual reduction in
initial prestress level was observed during the loading stage. Compared to specimen C-2-NG-6,
the addition of about 120 kN of initial prestress in specimen C-2-NG-122 caused a reduction
compressive capacity of the cable-in-tube system of about 60 kN, corresponding to about 40%.

350 -
300
“ 2 order rigid
" plastic
250 1 | |
. Elastic buckling load, N,
200 1 \sit:’.i ......................... \ ....................................
é T 2 order elastic
8
g P
o - .
S B
100 - . o T s——
Test: appliedload »7  poaied aay s
50 -
A FE: cable force
-10 ) 10 20 30 0 5 o

Lateral displacement at mid-height, w;q,-w; (Mm)

Figure 13: Comparison between experimental, analytical and FE results for specimen C-2-NG-6.

4.3. Grouted specimen results

The load—deflection responses of the grouted specimens are shown in Figures 16 to 20. Over-
all, the level of initial prestress had similar effects on the performance of the grouted specimens
as on the non-grouted specimens, but the addition of the grout resulted in increased compressive
strength. From the comparisons presented in Table 9, it may be seen that the ultimate test loads
were generally fairly well replicated by the FE models, with a mean test to FE ultimate load ratio
(Nu,test /Nu,FE) of 0.93.

4.4. Design recommendations and comparison with test and 3D FE resullts

4.4.1. Design approach

As discussed earlier in Section 2.3, the Perry—Robertson approach can be adopted to include
the effects of initial prestress on the buckling load of non-grouted cable-in-tube systems and it
has been shown in Figure 7 and Table 3 to provide accurate strength predictions when compared
to numerical results on prestressed elements with elastic, perfectly plastic material behaviour.
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Figure 14: Comparison between experimental, analytical and FE results for specimen C-2-NG-60.
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Figure 15: Comparison between experimental, analytical and FE results for specimen C-2-NG-122.
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Table 8: Comparison of ultimate compressive load obtained from experiments, FE and proposed design model for

non-grouted specimens.

Specimen Nutest Nure Buckling Ny calc ]]\[V‘Lt;]; ]]&“:t ]]\\IZ“T
(kN)  (kN) curve (kN)
C-2-NG-6 143.3 143.2 c 1323  1.00 1.08 1.08
C-2-NG-60 115.8 119.6 c 1199 097 0.97 1.00
C-2-NG-122 82.3 88.3 d 79.1 0.93 1.04 1.12
C-0.8-NG-6-FE - 272.5 c 251.9 - - 1.08
C-0.8-NG-60-FE - 229.3 c 219.5 - - 1.04
C-0.8-NG-122-FE - 181.8 d 153.0 - - 1.19
C-1.7-NG-6-FE - 164.6 c 161.8 - - 1.02
C-1.7-NG-60-FE - 139.6 c 144.6 - - 0.97
C-1.7-NG-122-FE - 108.1 d 99.2 - - 1.09
C-2.5-NG-6-FE - 105.8 c 94.8 - - 1.12
C-2.5-NG-60-FE - 89.9 c 88.0 - - 1.02
C-2.5-NG-122-FE - 67.7 d 64.6 - - 1.05
C-3.4-NG-6-FE - 66.6 c 59.3 - - 1.12
C-3.4-NG-60-FE - 60.6 c 56.2 - - 1.08
C-3.4-NG-122-FE - 45.7 d 437 - - 1.04
Mean 0.97 1.03 1.07
CoOv 003 0.05 0.05
600 -
500 4,
400 4 \/Z"d order rigid plastic
2d order dastic
g 300 1 Elastic critical load, N,
T
2 200 A
100 1 — ==
FE: Forcein tube

/ \FE: forcein grout

r O l ' T T T ¢ ; .

-10 10 20 30\ 40 5_0 60 70 80 90 100
Teg: forcein cable FE: forcein cable

£100

Lateral displacement at mid-height, wyy-w; (Mm)

Figure 16: Comparison between experimental, analytical and FE results for specimen C-2-G-11.
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Figure 17: Comparison between experimental, analytical and FE results for specimen C-2-G-90.
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Figure 18: Comparison between experimental, analytical and FE results for specimen C-2-G-126.
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Figure 19: Comparison between experimental, analytical and FE results for specimen C-1-G-10.
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Figure 20: Comparison between experimental, analytical and FE results for specimen C-1-G-75.
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Table 9: Comparison of ultimate compressive load obtained from experiments, FE and proposed design model for

grouted specimens.

Specimen Nutest Nurrp Buckling Ny calc ]vallt;]; ]]&ijt ]]\\,1“:“3
(kN)  (kN) curve (kN)

C-2-G-11 173.8 176.3 C 160.2  0.99 1.09 1.10
C-2-G-90 1234 1419 c 1234  0.87 1.00 1.15
C-2-G-126 120.1 1244 d 1154 0.97 1.04 1.08
C-1-G-10 295.5 3246 c 31277 091 0.94 1.04
C-1-G-74 263.3 284.8 C 269.5 092 098 1.06
C-0.8-G-11-FE - 413.2 c 346.4 - - 1.19
C-0.8-G-90-FE - 348.8 c 273.2 - - 1.28
C-0.8-G-126-FE - 307.6 d 244.6 - - 1.26
C-1.5-G-11-FE - 251.1 C 223.2 - - 1.12
C-1.5-G-90-FE - 199.8 c 169.0 - - 1.18
C-1.5-G-126-FE - 179.5 d 155.0 - - 1.16
C-2.3-G-11-FE - 151.3 c 131.2 - - 1.15
C-2.3-G-90-FE - 119.2 C 104.4 - - 1.14
C-2.3-G-126-FE - 104.2 d 98.0 - - 1.06
C-3.1-G-11-FE - 94 .4 c 82.2 - - 1.15
C-3.1-G-90-FE - 78.3 c 68.5 - - 1.14
C-3.1-G-126-FE - 67.2 d 65.2 - - 1.03

Mean 0.93 1.01 1.14

COV 004 0.05 0.06
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The design approach is now presented in the framework of the EC3 [24] buckling curves, in
which the imperfection parameter 7 in Equation (11) is given as:

n=a(\—0.2), (15)

where « is an imperfection factor as specified in Table 6.2 of EC3 and

N /Atfty
>‘ - Ncr ’ (16)

in which N, is the elastic buckling load of the column and L., is the effective length of the
cable-in-tube system. Utilising the imperfection factor of Equation (15) with Equation (11), the
compressive resistance, Ny calc, Of a prestressed cable-in-tube system may be expressed as:

Nu,calc = Xprla (17)

R
(“w—pl)

where N} = A; fiy and

Xp = , (18)
Jot L
with B
(1 - Nil) A2+ (o + 1)
Op = , (19)

2&1(
where ay is defined in Equation (12).

The compressive capacity of grouted cable-in-tube systems can also be calculated using
Equation (17), but the cross-section capacity and member slenderness should be redefined, as
set out in EC4 [25], to account for the grout. The cross-section capacity Ny, and member
slenderness )\, for the grouted members are given by Equations (20) and (21) respectively.

Npig = At fiy + Ag fax (20)
N Lcr N,
Mg = ’ , 1)
m \| Eidy + 0.6 g1,

where A, and f,y are the cross-sectional area and the characteristic compressive cylinder strength
of the grout respectively, while F,,, and /, are the secant modulus and the second moment of
area of the grout respectively. Moreover, to incorporate the influence of the axial stiffness of the
grout, K, on the level of prestress during loading, a similar approach as in Section 2.3 is taken
to redefine the constant oy, thus:

Kt + Kg .
M Bs o eps, 22a
Ok g KC + Kt + Kg ( )
=1, if P. =0, (22b)
where K, = Ay Egp/ L.
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4.4.2. Comparison of design capacity predictions with test and 3D FE results

In this section, the Perry—Robertson based design approach described above is assessed
against the test results, as well as additional parametric results generated using the 3D FE model,
validation of which was described in Sections 4.2 and 4.3. The measured cross-section geometry
and material properties of the test specimens were employed throughout the parametric study,
while the column length (and hence the slenderness) and the prestress level were the two key
variables. A total of 24 parametric models were generated, as summarised in Table 10. All mod-
els had a global imperfection amplitude of L,/1000. In addition, 12 comparative results, using an
elastic, perfectly plastic material model with f;, set equal to the 0.2% proof stress, were created
to asses the influence of material nonlinearity (i.e. the rounded nature of the stress-strain curve
associated with cold—formed material) on the response of prestressed steel columns. Compar-
isons between the latter results and the modified Perry—Robertson curves derived in Section 2.3
are shown in Figure 21, revealing very accurate agreement.

Next, comparisons between the test and parametric FE results with the measured (rounded)
stress-strain curve, and the modified EC3 design curves described in Section 4.4.1, are shown
in Figures 22 and 23 for non-grouted and grouted specimens, respectively. Initially buckling
curve ¢ was chosen, since this would be normally applied for the design of cold—formed hollow
section compression members. For the lower prestress levels, the modified EC3 approach may
be seen to provide good predictions of the test and FE capacities, but for higher prestress levels,
unconservative predictions arise using curve c. This is attributed to the rounded nature of the
stress—strain response, which effectively becomes more rounded with increasing prestress, since
a greater portion of the linear range is consumed prior to the application of the external load. It
is therefore proposed to use curve c for low service levels (P < 0.25Ny,) and curve d for higher
prestress (2 > 0.25Ny,). Numerical comparisons between the design capacities determined on
this bases and the test/FE results are shown in Table 8 and 9 for non-grouted and grouted elements
respectively. Overall, consistent and generally safe-side capacity predictions are achieved. For
hot-finished elements, it is anticipated that curve a would be applied and that no change in
buckling curve would be required for higher prestress levels owing to the sharply defined yield
point associated with hot—finished material.

5. Conclusions

The compressive behaviour of prestressed steel cable-in-tube systems has been examined in
this study. Previous research has shown the benefit of the addition of prestressed cables to the
tensile performance of these elements, but under load reversal, the presence of prestress can
become detrimental. First, the purely axial response of the cable-in-tube system was analysed
to investigate the load sharing between the two key components (tube and cable) and the opti-
mum level of prestress to maximise the elastic range under external compressive loading. The
member buckling response was then examined analytically, and it was shown that a modified
Perry-Robertson approach, making due allowance for the presence of the prestress, provided an
accurate representation of the physical behaviour of the system. This was subsequently devel-
oped into a design approach, based on the European buckling curves.
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Table 10: Summary of key properties of 3D FE models for parametric study.

Model Length Grout Prestress D
(mm) (Y/N) (kN) &
C-0.8-NG-6-FE 844 N 6 05 -
C-0.8-NG-60-FE 844 N 60 05 -
C-0.8-NG-122-FE =~ 844 N 122 0.5 -
C-1.7-NG-6-FE 1689 N 6 1 -
C-1.7-NG-60-FE 1689 N 60 1 -
C-1.7-NG-122-FE 1689 N 122 1 -
C-2.5-NG-6-FE 2533 N 6 L5 -
C-2.5-NG-60-FE 2533 N 60 1.5 -
C-2.5-NG-122-FE = 2533 N 122 1.5 -
C-3.4-NG-6-FE 3378 N 6 2 -
C-3.4-NG-60-FE 3378 N 60 2 -
C-3.4-NG-122-FE 3378 N 122 2 -
C-0.8-G-11-FE 765 Y 11 - 05
C-0.8-G-90-FE 765 Y 90 - 05
C-0.8-G-126-FE 765 Y 126 - 05
C-1.5-G-11-FE 1531 Y 11 - 1
C-1.5-G-90-FE 1531 Y 90 - 1
C-1.5-G-126-FE 1531 Y 126 - 1
C-2.3-G-11-FE 2296 Y 11 - 15
C-2.3-G-90-FE 2296 Y 90 - 15
C-2.3-G-126-FE 2296 Y 126 - 15
C-3.1-G-11-FE 3062 Y 11 - 2
C-3.1-G-90-FE 3062 Y 90 - 2
C-3.1-G-126-FE 3062 Y 126 - 2
26
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Figure 21: Comparison between modified Perry-Robertson compression capacities and 3D FE results for non-
grouted prestressed elements with an elastic—perfectly—plastic material model.
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Figure 22: Comparison between calculated compression capacities, based on modified EC3 buckling curves for
non-grouted prestressed elements with the material model described in Section 4.1.2.
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Figure 23: Comparison between calculated compression capacities, based on modified EC3 buckling curves for
grouted prestressed elements with the material model described in Section 4.1.2.

A total of eight experiments to examine the compressive behaviour of prestressed cable-in-
tube systems, featuring both non-grouted and grouted members, was performed. The measured
geometric and material properties of the test specimens were reported, along with the full load-
deformation histories of the test specimens. Increasing initial prestress levels was found to reduce
the capacity of the system in compression, but initial prestress was shown to be less detrimental
than externally applied compressive loading of the same magnitude, due to the absence of second
order bending moments (i.e. the line of action of the prestress remains along the centroidal axis of
the member even in the deformed configuration). The presence of grout was shown, as expected,
to increase the compressive capacity.

3D FE models were validated against the test results, shown to be capable of accurately cap-
turing the observed physical behaviour, and then used to generate parametric results for a range
of member slendernesses and prestress levels. The test and FE results were compared against
capacity predictions based on a proposed modified Perry-Robertson design method. Consistent,
accurate and generally safe-side predictions were achieved.
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