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This thesis deals with the behaviour of partially-encased composite steel/concrete beam-
columns subjected to cyclic and earthquake loading conditions, including experimental
testing, analytical studies and design considerations.

Design codes from different countries are examined and a quantitative comparison of the
provisions is undertaken.

A new on-line computer-controlled experimental facility, developed for testing of
structural members and assemblies under earthquake loads, is described. The theory and
implementation details are presented as well as a number of verification tests carried out
to demonstrate the accuracy and reliability of the system.

Experiments on twelve composite members, tested under cyclic and pseudo-dynamic
loading, are reported. The set-up, instrumentation, control and model manufacture are
presented, and a full description of the experimental results 1s given. Within the testing
programme, a novel configuration of composite beam-columns, designed to provide
improved seismic performance, was developed. Using this new configuration, the
ductility and energy dissipation capacity is shown to be substantially enhanced as
compared to conventional members.

Analytical work was performed using advanced nonlinear dynamic analysis procedures
and constitutive material models, including a new simplified cyclic model developed to

account for local flange buckling. A parametric study, conducted to examine the effect of
salient parameters on the behaviour, is presented.

Based on the results of the experimental and analytical investigations, methods for

ductility-based design are proposed in line with modern code recommendations for
earthquake resistance.
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General Rules

- All notations are defined when they first appear. Notations from other work are
defined only in the text.

- Equations are identified by the numbers in parentheses, located on the rnght-most
margin and composed of up to three entries (e.g. 7.1.a) where the first entry indicates
the chapter in which the equation appears.

Symbols

Ac area of concrete

A area of confined concrete

Ae area of effectively confined concrete

Ag gross cross-sectional area

A; area of longitudinal reinforcing bars

Ag area of steel section

B overall width of the section

b half flange width

b/t flange slenderness

B overall breadth of composite section

be breadth of concrete section

br overall breadth of steel flange

b breadth of steel section

C viscous damping matrix

C damping coefficient of a single degree of freedom system
Ci123 factors to account for confined concrete strength

Cm factor relating actual moment diagram to an equivalent uniform diagram
D depth of cross-section

De overall depth of composite section in direction of bending
dc depth of effectively confined concrete area

Dy curvature ductility

dp depth of confinement parabola

Dg overall dimension of steel tube
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depth of web

modulus of elasticity of steel

modulus of elasticity of concrete

secant modulus

strain hardening moduli

tangent modulus

actuator force

external force vector (italics, Chapter 4)
effective lateral confining pressure
compressive strength of confined concrete
external force

lateral confining pressure

COMPressive Concrete stress
compressive strength of unconfined concrete
concrete cube strength

concrete cylinder strength

friction force

yield force

horizontal force

height of concrete section

height of steel section

second moment of area

Integration step

monitoring area

number of monitoring points in flange
stiffness

stiffness matrix (italics, Chapter 4)

buckling coefficient

stiffness of a single degree of freedom system (italics, Chapter 4)
cracked stiffness

confinement factor

uncracked stiffness

length of cantilever member
length of loading beam

buckling length
equivalent length

major axis equivalent length
minor axis equivalent length
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3 T X

mass matrix (italics, Chapter 4)
moment

mass of a single degree of freedom system (italics, Chapters 4 and 5)

flexural plastic capacity
ultimate moment

ultimate moment capacity
yield moment

axial load

axial plastic capacity
squash load of concrete section
squash load of steel section
axial load

Euler buckling load
ultimate weld resistance
yield resistance of weld
component of force

reaction at support

structural restoring force vector (italics, Chapter 4)
radius of gyration of composite section

strength reduction factor

radius of gyration of steel section

rotational ductility
spacing of bars
clear spacing of lateral bars

factor to account for concrete strain limit

structural period of vibration
steel wall thickness
time (italics, Chapter 4)
thickness of steel flange
steel plate thickness
thickness of web
displacement vector
displacement
acceleration
acceleration vector
displacement amplitude
velocity

velocity vector
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W normal force, weight

W unit weight of concrete
X1 to Xg displacements
Xj distance from flange monitoring point, i, to centre of web

Greek Symbols

o centre of yield surface
o 2 confinement effecuveness coefficient
o0 centre of yield surface at start of increment
slope angle
o lateral displacement
) logarithmic decrement (italics, Chapter 4)
Om moment magnification factor
O actuator displacement
At time step
Oy yield displacement
strain
€b strain at onset of local buckling
€bp critical strain for steel plate at onset of local buckling
€c longitudinal compressive concrete strain
€ critical strain of confined concrete
€q critical buckling strain
€k, Em, Er strains determining the post-buckling cyclic constitutive relationships
€o cnitical strain of unconfined concrete
€0 strain at start of increment
€s strain corresponding to zero stress
€u ultmate strain
€y yield strain
o cocfficient of dynamic friction (italics, Chapter 4)
Op plastic curvature
Os capacity reduction factor
Oy curvature at ultimate
Oy curvature at yield
Y stress reduction factor
As non-dimensional slendemess parameter
Ap plate slendemness parameter
1 strain hardening parameter
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Poisson's ratio

factor of safety

slope angle

concrete contribution factor

steel contribution factor
stress

stress at onset of local buckling

critical buckling stress

stresses determining the post-buckling cyclic constitutive relationships
stress at start of increment

ultimate stress

yield stress

normalised plastic hinge length

shear stress

natural circular frequency

normalised neutral axis depth

viscous damping ratio (italics, Chapter 4)
deflection angle

plastic deflection angle

deflection angle at ulimate

deflection angle at yield

16



CHAPTER 1

1. INTRODUCTION

1.1 PREAMBLE
1.1.1 General

Over the years, use of composites to achieve objectives beyond the capabilities of the

constituent materials has been rapidly gaining ground. Whereas reinforced concrete can
be considered as a composite material, the more conventional definition of composite

steel/concrete structures uses steel sections in conjunction with concrete. Such systems
ideally combine the advantages of both components. In this context, composite beam-
columns offer an attractive solution to problems such as local and overall buckling for
steel members, and deterioration and shear failure for conventional reinforced concrete
members. Consequently, this form of structural member exhibits excellent earthquake-
resistant properties, demonstrated in high stuffness, strength, ductility and energy
absorption capacity.

Whereas the favourable behaviour of composite members under earthquake loading has
been realised by Japanese researchers for many years, previous European research was
confined mainly to static loading applications. Only recently has the engineering
community in Europe taken an interest in the subject, partly as a result of the introduction
of the new Eurocode (EC8, 1988), 'Structures in Seismic Regions'.

1.1.2 Types of Composite Members

Composite steel/concrete sections may be broadly classified as either hollow sections
filled with concrete or steel sections encased in concrete. In concrete-filled members,
there 1s a mutual enhancement of ductility as the tube provides confinement for the
concrete which in turn prevents the inward buckling of the steel tube thus delaying
outward buckling. Concrete-encased steel sections offer high strength and ductility,
while enhancing the steel section buckling strength and fire performance. Partially-
encased members, used in European practice, exhibit additional structural and

17



constructional advantages such as simple beam-to-column connections, impact
resistance, and reduced or omitted shuttering.

Due to its high strength and ductility, the use of encased members has significantly
increased. In Japan, steel-reinforced concrete structures, termed (SRC), have been in
common use for multi-storey buildings after showing superior earthquake-resistant

qualities during major earthquakes, particularly when compared to reinforced concrete
members.

1.1.3 Earthquake-Resistant Design

Economical Design of structures to resist strong earthquakes mandates the use of
structural components responding well into the inelastic range. During a severe event, a
structure should be able to sustain large deformations without collapse, and be capable of
dissipating substantial energy through inelastic deformations of its structural members.

By appropriate use of the ductility and energy absorption capability of a structure, it is
possible to reduce the cost significantly without compromising safety. Moreover, in
'Capacity Design’, key members are dimensioned to develop a carefully chosen ductile
failure mode, and to demonstrate plastic deformational capability sufficient for the
development of the full capacity of the whole structural system. Components other than
the key members are henceforth designed to resist forces consistent with the ultimate
capacity of the key members. It is therefore imperative that the full deformational and
strength capacities of members are accurately evaluated and assessed, through realistic

seismic testing techniques and reliable analytical investigations, to provide a safe and
economical structure.

Whilst the work on the steel and reinforced concrete parts in Eurocode 8 are nearing
completion, there is a dearth of information on composite structures. Therefore, a
number of design philosophies utilizing either reinforced concrete or steel concepts are

being adopted, missing to capitalize on the synergy resulting from the combination of the
two matenals.

The present work was 1nitiated to study the behaviour of partially-encased composite
beam-columns, typically used in Europe for static design, subjected to cyclic and
earthquake loading. This was motivated by the success of composite beam-columns in

dealing with fire resistance problems coupled with a recognised need for seismic design
criteria for composite construction, to be included in Eurocode 8.

18



1.2 SCOPE AND ORGANISATION OF THE PRESENT WORK

The purpose of this work is to investigate the behaviour of partially-encased members
under seismic loading conditions. This includes experimental and analytical examination,
introduction of improved detailing practices and suggestions for the design process.

Available work on testing and analysis of encased composite beam-columns subjected to

monotonic and cyclic loading is reviewed in Chapter 2. Emphasis is given to
investigations of particular relevance to the present research.

A survey of existing design regulations dealing with composite beam-columns is
undertaken in Chapter 3. The current state of design provisions from different countries
is first briefly described. This 1s followed by a general comparison of code
recommendations in terms of design basis, slenderness considerations, material
properties and dimensional limitations. A quantitative assessment of capacity calculation
for a specific cross-section under axial loading and combined axial loading and flexure is
presented for a wide range of slenderness ratios.

A new on-line computer-controlled testing facility is described in Chapter 4. The system
was developed to provide a verifiably accurate and realistic testing procedure. This is
needed for accurate evaluation of full deformational and strength capacities of structural
members. The accuracy and stability of the system was investigated by testing two steel
members under impulse and earthquake excitations in the linear and the nonlinear
domains, and compared with analytical simulations. The results demonstrated the

reliability and high precision of the developed set-up.

In Chapter 5, a new configuration of partially-encased member is introduced. Two
unconventional features are incorporated to provide improved perfonﬂance for
earthquake-resistance. The first is variable pitch confining stirrups, with a reduced pitch
1n the potential plastic hinge zone. The second is the provision of additional transverse
bars intended to inhibit local buckling at large displacements, and to increase the
interaction between the two materials. Two cross-section details were tested. The first is
typical of European practice, whilst the second 1s the new modified configuration. Details
of the experimental investigation are given. This includes the design and description of
test-rigs, instrumentation of the specimens, control of the tests, details of model
manufacture, properties of materials and the choice of loading.

19



Description of seven cyclic tests and five pseudo-dynamic experiments 1s given in
Chapter 6. Details of loading procedures, test progression and immediate observations
are presented. Strain gauge results are given in Appendix A. Main results are shown and
discussions relevant to subsequent parts of the thesis are introduced. It is demonstrated
that, in comparison with the conventional European members, the modified section
shows a significant improvement in ductility under cyclic and transient loading.

The existing advanced nonlinear analysis program, ADAPTIC, used for conducting the
analytical part of this work i1s briefly described in Chapter 7. A discussion of
confinement effects in concrete 1s presented. Also, a simple model to account for local
flange buckling is proposed. Analytical simulations are compared with some of the
experimental results to verify the accuracy of the analytical model.

In Chapter 8, an analytical parametric study 1s undertaken to quantify the capacity and
ductility of partially encased members. The choice of parameters and range of variation is
followed by a presentation and brief discussion of all the results.

A general discussion of experimental and analytical results is presented in Chapter 9.
Stiffness characteristics, capacity, ductility and energy dissipation capacity of partially
encased members are addressed. The relationship between curvature and rotational
ductility and the extent of the plastic hinge zone are examined. Recommendations of
modern seismic codes in Europe are assessed and compared with the results. Finally,
suggested methods for ductility-based design are outlined.

In the final chapter, general conclusions from the present study are drawn alongside with
recommendations for further research and developments 1n the subject.
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CHAPTER 2

2. COMPOSITE BEAM-COLUMNS, A LITERATURE REVIEW

2.1 INTRODUCTION

In the context of assessing the benefits of using composite beam-columns for
earthquake-resistant design, this chapter presents a brief review of available research on
testing and analysis of composite members. Particular emphasis is given to encased
members subjected to cyclic loading. Also, separate short sections focus on bond
between steel sections and concrete and the effect of elevated temperatures on composite
sections. A more detailed review including the behaviour of beam-to-column connections

was carried out by the author (Elghazouli, 1988). Governing factors in testing and
analysis were highlighted, and areas worthy of further analytical and experimental
research were identified in the above-mentioned reference.

2.2 BEHAVIOUR UNDER STATIC LOADING

2.2.1 Axially Loaded Columns

Concrete encased steel columns have been in use since about 1910 as a means of fire
protection. However, experiments carried out by early investigators, such as Burr (1912)

and Faber (1956) demonstrated that the concrete added significantly to the load carrying
_ capacity of the steel column.

Stevens (1965) tested a large number of axially loaded columns varying the slenderness
ratio, reinforcement and concrete strength, and concluded that the axial load capacity of a
short column can be safely calculated as the sum of the individual strengths of steel and
concrete sections. Early investigations in Japan, reviewed by Wakabayashi (1987),
converged to the same result and the strength of the axially loaded short column was also
predicted by the sum of strengths of steel and concrete; but a reduction factor was applied
to the compressive strength of concrete to account for the strain limit of the matenal.
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On the other hand, slender columns fail by buckling along their lengths. Consequently,
the load carried by such a column depends not only on the material strength but also on
the slenderness. The early British Standards, BS 449 (1959), allowed for an increase in
the radius of gyration of the steel column to take account of the concrete encasement in a
method referred to as 'the Cased-Strut' method. However, tests carried out by Jones and
Rizk (1963) and Stevens (1965) showed that the method was grossly over conservative
and inaccurate because of the inadequacy of the simple method to account for the large
number of relevant parameters. Moreover, the method was empirncally based on very
few experimental results. Research on improved design methods has been undertaken by
several researchers such as Basu and Sommerville (1969) and Virdi and Dowling
(1976a). Use was made of the European buckling curves of steel sections, and a
nondimensional slenderness parameter. Also simplified concrete stress-strain
relationships were assumed. Analytical treatment of the inelastic composite column
stability was undertaken by Bondale (1962, 1966) in which the application of the tangent
modulus approach gave good correlation with test results.

It should be noted that most of the information was derived from tests on pin-ended
composite columns, and the effective length method was proposed for different
boundary conditions. Moreover, full interaction between steel and concrete provided by
bond was assumed up to collapse which was shown in all tests to be a valid assumption.

2.2.2 Beam-Column Behaviour

Experimental studies on encased columns loaded eccentrically about one axis have been
reported by Bondale (1962, 1966), Jones and Rizk (1963), Stevens (1965), Procter
(1967), Roderick and Rogers (1969), and Bridge and Rodenick (1978). Stevens and
Procter employed a linear interaction between the axial load and bending moment to
obtain the theoretical capacity. However, it was later known that the linear interaction

gives conservative strength for columns of small slenderness and overestimates the
strength in the range of large slenderness.

The accurate estimation of the strength of an encased column can be performed by von
Karman's method primarnily developed for steel columns. In this method, the equilibrium
between internal resistance and external load is satisfied at every cross section along the
length of the column. Another simple, and usually adequately accurate method, assumes
the deflected shape of the column as a part of a cosine curve and considers equilibrium at

mid-height only. These methods were employed by Bondale (1966) and Basu (1967).
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The former constructed axial load-moment interaction diagrams for columns of small
slenderness.

For design purposes, the column behaviour can be described in terms of interaction
curves showing the change in ultimate load with increasing moment. For the case of
short columns, the interaction diagram can be simply obtained by studying the
equilibrium of the fully plastic cross section, represented by rectangular stress blocks.
By varying the position of the plastic neutral axis, sets of moment and normal force
values will be obtained to complete the interaction diagram. However, to take account of

overall buckling in slender members, a series of inelastic analyses would be required in
order to develop a similar interaction curve in which buckling is considered. Simplified

methods have been developed to obtain the interaction curve of slender columns by

making use of the slenderness parameters of the member, such as those proposed by
Basu and Sommerville (1969) and Virdi and Dowling (1976a).

In Japan, Wakabayashi (1977) proposed the application of the 'superposed strength
method' for the design of slender columns. In this method, the strength of a slender
column is calculated by superimposing the interaction curves of a slender steel column
and a slender reinforced concrete column. Other design methods were also proposed by
Furlong (1967, 1979). A review of available design methods from different countries is
given in Chapter 3 of this thesis.

Experimental investigations on the behaviour of pin-ended columns subjected to biaxial
eccentricity was undertaken by Virdi and Dowling (1973, 1976b). The tests included a
series of concrete encased H-sections with variable lengths and biaxial eccentricities. In
parallel, two theoretical treatments were given. The first was a general method applicable
to members subjected to any load combinations using the actual deflected shape. The
second method assumed that the deflections followed a cosine curve, but was applicable
only to members with symmetrical biaxial bending. Virdi and Dowling also showed that

the interaction formula of Bresler (1960) used for reinforced concrete yielded
consistently conservative values.

Other work on biaxial bending was also conducted by May and Johnson (1978) and by
Roik and Bergmann (1984). The latter proposed a design formula for biaxially loaded
encased columns based on the strength interaction under uniaxial bending. The load-

deflection relationships of columns under biaxial bending was also investigated
experimentally by Morino et al (1984, 1987).
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2.3 BEHAVIOUR UNDER CYCLIC AND DYNAMIC LOADING
2.3.1 Members Failing in Flexure

In Japan, shear failures of reinforced concrete columns caused by the 1968 Tokachi-oki
carthquake drew considerable attention to the favourable behaviour of encased columns.
Wakabayashi and Minami (1980) conducted a series of experimental investigations on
the ductility of encased beam-columns subjected to a constant axial thrust and a large
number of lateral load cycles. The specimen and test-rig details are shown in Figure 2.1.
The end surfaces of the specimen were maintained parallel to each other. The amplitude

of horizontal deflection was stepwise increased by a unit amplitude of 0.005 radians in
deflection angle after two cycles of loading at each amplitude.

The hysteretic load-deflection curves under different values of axial loads are shown in
Figure 2.2. In the case of specimens which were not subjected to an axial force, the
hysteresis loops were stable and had a spindle-shape with good energy absorption and
ductility, and the degradation was very small. On the other hand, when the specimens
were subjected to axial thrusts of 10% and 20% of the plastic capacity of the section,
respectively, the length of the plateau, where the maximum capacity is maintained,
became shorter as the axial force increased. Moreover, when the specimen was subjected
to larger axial forces of 30%, 40% and 50% of the axial capacity, the ductility and
stability of the loops deteriorated further and failure was bnttle.

It was clearly observed in the latter investigation that large axial forces have a damaging
effect on the ductility of members. Based on the results of the above-described
investigation, Wakabayashi and Minami proposed a limiting value of axial thrust for
columns failing in flexure under constant axial thrusts and cyclic lateral load, given by:

Ncr'-:(bchc"‘zAsfsc)/B * (2.1)

where, b¢ is the width of the column, D is the depth of the column, A is the cross
sectional area of encased steel, f; is the compressive strength of concrete, and fy is the
allowable compressive stress for steel under temporary loading.

Another set of experiments by Wakabayashi and Minami (1976) compared the hysteretic
behaviour of encased columns failing in flexure with similar reinforced concrete and
open-web encased members having the same moment capacity. It was observed that
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owing to the effect of shear force, the battened type sections and the reinforced concrete
sections showed the reversed S-shapes (pinched) with poor energy absorption, while the
full-web encased columns showed spindle-shaped hysteresis loops and were much less
affected by the applied shear force.

In general, the experimental investigations on the flexural behaviour of encased columns
carried out in Japan clarified quantitatively the change in the deformation capacity of
composite columns due to the magnitude of working axial thrusts. However, the effects

of the ratio of the cross-sectional area of encased steel to that of reinforcing bars, width
to thickness ratio of encased steel elements, and area and spacing of lateral ties, were not
covered by these investigations.

Analytical work on composite members subjected to cyclic loading has been underway in
Japan since 1974. Wakabayashi et al (1974) conducted a theoretical investigation on the
behaviour of members failing in flexure, subjected to constant axial force and
monotonically increasing or cyclic horizontal loading. The analysis of a member was
carried out assuming plastic hinges in which the curvature 1s uniformly distributed and all
the deformation is concentrated, while the rest of the member deforms only as a rigid
body. The relationship between moment and curvature under constant axial force and
monotonic or cyclic bending is computed by sub-dividing the cross-section into a
number of strip elements. Based on the assumption that plane sections remain plane after
deformation, and knowing the stress-strain relationships of both steel and concrete, the
moment-curvature relationship can be obtained over the entire section.

The stress-strain relationship of steel was assumed as uniaxial piecewise-linear taking the
Baushinger effect into consideration. Two different stress-strain relationships were
adopted for confined concrete and covering concrete assuming uniaxial piecewise-linear
functions, while neglecting the tensile strength. On the other hand, the relationship
between deflection and curvature was computed by neglecting shear deformations. The
deflection of the member was assumed to be equivalently lumped at the flexible ends of
members, and thus the deflection-curvature relationship was obtained, and substituting in
the moment-curvature relation, the force or moment-deflection relationship of the
member could finally be computed. The theoretical results were compared with
experimental investigations on members failing in flexure. Some comparisons are shown

in Figure 2.3. General agreement was observed. Discrepancies were attributed to the
inaccuracies in the steel and concrete models.

25



In Europe, Ballio et al (1987) conducted an investigation of the flexural behaviour of
partially-encased members. The flange slenderness was varied but no axial loads were
applied. Bare steel members were also tested for comparison. Minimal horizontal
reinforcement was provided at a spacing of 150 mm. The specimens were subjected to
lateral cyclic displacements of increasing amplitudes applied at the tip of the cantilever.
The expenimental results are shown in Figure 2.4 and 2.5 for the composite and steel
members, respectively.

The analytical treatment was based on the same approach used by Wakabayashi et al. The
member was assumed to be rigid with an elasto-plastic hinge at the end where all the
deformation is concentrated. The cross-section was divided into strips, and the position
of the neutral axis defined as a function of the rotation of the hinge which in turn is a
function of the deflection at the tip of the cantilever. The value of the stress was then
obtained from the material constitutive relationships for each strip assuming that plane
sections remain plane. Finally, checking the longitudinal equilibrium of the cross section,

the force and moment applied on the member were calculated.

The steel material model used was a bilinear cyclic model considering the Baushinger
effect. The concrete constitutive model was a uniaxial cyclic relationship, neglecting
tension and confinement. The analytical method accounted for local buckling through a
simplified approach. The steel section was divided into small strips, for which the strain
was continuously compared to a critical value. The area of the strip was set to zero if the
critical strain was exceeded. The possibility of fracture in the section was also considered
by an empirical formula whereby the area of the strip reduces in accordance to the
number of strain cycles applied, assuming that fracture starts after four cycles. The
analytical results, given in Figure 2.6, were shown to be in general agreement with the
experimental results.

The above-mentioned investigation demonstrated the improved ductility and energy
absorption capacity of partially encased members as compared to bare steel members.
However, more experimental and analytical examination are needed to quantify the effect
of different parameters such as flange slenderness, concrete confinement and magnitude
of axial loads on the behaviour of such member under various loading conditions.

2.3.2 Members Failing in Shear

Behaviour of encased composite columns failing in shear has been investigated mainly in
Japan, where the design for large lateral earthquake loads leads to stocky members. Early
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investigations on the shear strength of encased columns with open web steel cores were
conducted by Wakabayashi and Tsubo1 (1957). Two types of failure occurred; the first
was diagonal shear failure while the second was termed 'shear-bond failure'. The latter,
which was critical in most cases, was a combination of bond failure at the surface of the
steel flange and shear failure of concrete at the flange sides.

Tests on encased I-sections with full webs, open webs and battened open-webs
subjected to combined compression and shear were carried out by Naka et al (1972).
Two theoretical approaches were proposed. The first assumed that the bending moment
and axial load was resisted by the flanges and that shear was resisted by the steel web. It
was shown that this assumption was reasonable for open web sections connected by
battens. The second approach was to assume that shear produces yielding in part of the
web while the remaining parts carry the axial compression and bending moment. The
correlation between the experimental and analytical results was reasonable except for
cases of high axial thrusts. The behaviour of columns with solid webs showed the

highest ductility, while those with batten plates showed very brittle behaviour similar to
that of an ordinary reinforced concrete column.

Wakabayashi and Minami (1980) later conducted 43 full-scale column tests to obtain
back-up data for the revision of the standards of the Architectural Institute of Japan
(Al]). The tests included encased beam-columns with various types of cross-sections
under constant axial thrusts and alternating shear and bending. Most specimens failed in
'shear-bond' initiated by the direct shear failure of covering concrete in the outside of the
tip of the flange, along the longitudinal direction of a member. As a result of this
investigation, a semi-empirical 'superimposed strength formula’ for the ultimate shear
strength was proposed. For design, both diagonal shear failure and shear-bond failure
should be prevented until members develop their full flexural capacity.

2.4 BOND BETWEEN EMBEDDED STEEL SHAPES AND CONCRETE
As mentioned before, the assumption of full interaction between steel and concrete was

validated by most researchers. However, if the load is not transferred to both the

concrete and the steel parts at the floor levels, the bond and stress transfer must be
carefully studied.

In Japan, Wakabayashi and Tsubo1 (1954) conducted pull-out tests using steel plates
embedded in concrete and concluded that the bond strength ranged from 8% to 10% of
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the compressive strength of concrete, which was less than half that for the case of
embedded rebars. The standards of Japan thus specified the value of allowable bond
stress to be one third that for rebars. In the USA, Roeder (1984) conducted a similar
investigation, but varied the steel section, embedment length, tie reinforcements and
concrete strength. The bond strength was estimated to be about 9% of the concrete
compressive strength. However, it was shown to vary significantly with the surface
condition of steel and concrete confinement. The stress distribution was also indicated to

be variable along the length of the specimen. In cases of unloading and reloading, the
bond strength was reduced by about 45% after initial slip.

It should be noted that pull-out tests have a highly strained centrally loaded steel section
in relation to a totally unstrained concrete at the top of the specimen, which is not the case
in most composite columns. In encased members, shear transfer between steel shapes
and covering concrete is required to transmit flexural compression forces and to
distribute column loads through floor reactions into both the steel and concrete parts of
the cross-section. This transfer can occur either through direct bearing of concrete against
reinforcement and other steel surfaces welded to the steel shape, or through the shear
friction mechanism of concrete held tightly against the steel section by transverse ties.

Furlong (1984) also drew attention to the special problem of fully encased sections,
where cracks at the flange tip are likely to develop, hence transverse ties or mechanical
devices might be needed to retain the flange concrete cover as part of the cross-section.
The provision of mechanical attachments on bearing surfaces welded to the outer face of
the flange was recommended if the width to thickness ratio of the edge concrete exceeded
a certain value. These cracks are usually critical when the concrete segment outside the
flange is very thin. This might be caused by the residual tension stresses in concrete due
to shrinkage during its hardening process which becomes very significant in the case of
thin layers of concrete.

2.5 EFFECTS OF LONG-TERM LOADING

Early investigators proposed simplified methods to account for creep and shrinkage in
composite columns for use in design. Basu and Sommerville (1969) suggested a scaling
factor of up to 2 to be applied to the strains of the concrete stress-strain relationship.
Using a factor of 2 in their computations, they developed a magnification factor for long-
term loading which depended on the column slenderness ratio and the amount of concrete
in the cross section, but independent of the ratio of end moments. Sharples (1970) later
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suggested that the concrete strains should have been multiplied by a factor of 4.
However, the latter did not propose a new magnification factor for long term loading.

The behaviour of encased columns under sustained load has been investigated both
experimentally and analytically by Bridge (1979, 1987). The test series included columns
of different lengths and eccentricities, while the cross-section consisted of two channels

encased in plain concrete. Analytical procedures were developed enabling the prediction
of long-term deformation within acceptable errors. The analysis was used to extend the
results to determine full load-deflection-time relationships. On release of applied load,
significant cracking was observed due to the recovery of elastic strains in steel. A design
proposal to account for these effects was proposed. This study also indicated the need
for minimum reinforcement in the concrete encasement.

Roik and Bergmann (1987) recently conducted long term loading tests on encased I-
sections of variable length and end eccentricity. The results indicated a maximum

reduction factor, caused by creep, of 80% of the capacity for long-term loading as
compared to short-term loading.

The accurate estimation of long-term effects 1s complicated and tedious for design.
Hence, simplified methods are used in codes of practice. A summary of these methods is
given elsewhere (Elghazouli, 1988).

2.6 . EFFECTS OF ELEVATED TEMPERATURES

Fire may break out in buildings and industrial units due to different causes including

strong earthquakes. Good fire resistance of structural elements, especially vertical load-
bearing members is necessary to preserve the integrity of a structure under severe fire
conditions. The fire resistance of reinforced concrete structures, which is higher than that
of bare steel structures, is explained by the low thermal conductivity of concrete, which
1s approximately one-tenth that of steel. It seems logical, therefore, to combine the
advantages of both steel and concrete and at the same time develop a structural member
which exhibits superior fire resistant qualities.

The temperature gradient over the cross-section of a composite member leads to different
heating rates of its single components. In case of fire, differences in cross-section type
involve differences in load bearing behaviour. Figure 2.7 shows the ultimate plastic load

of the components of a composite member plotted against fire time as given by Schleich
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et al (1984). External steel directly exposed to fire will lose its load bearing capacity very
rapidly because of its high heating rate and consequently its high strength reduction. The
load shed by external steel must then be carried by the concrete core. Conversely, in

cross-sections with embedded steel profiles, the steel section is protected by concrete and
loss of strength will proceed rather moderately.

Steel columns fully encased with concrete, historically used for fire protection, are now
designed for both structural and fire protection purposes. Extensive experimental and
theoretical investigations have been conducted to examine the fire resistance of these
columns (Klingsh, 1975; Schleich, 1984). It was shown that as a consequence of the
earlier heating of the reinforcing bars in comparison with the steel section, increase in the

percentage of reinforcement in order to improve the load bearing capacity at normal
temperatures might cause early failure of columns at elevated temperatures.

If the influence of the steel section prevails, the load bearing capacity is improved under
fire conditions because of the considerably slower heating of the inner section. On the
other hand, an increase in the flange cover increases the insulation and prolongs the time
to failure. However, the increase in the profile cover means an increase in the load
bearing share of concrete which is unfavourable. In general, with equal loading and
equal failure time, the outer dimensions of the cross section can be considerably reduced
if the reinforced concrete part is reduced and the steel profile becomes the predominant
component of the cross section.

The partially encased section, shown in Figure 2.8, was introduced by 'ARBED’
research centre in Luxembourg (Schleich, 1984). Although the outer faces of the steel
flanges are visible and directly exposed to fire, it still offers very good fire resistant
qualities in comparison with bare steel columns. This has been proven by recent
experimental and analytical studies (Schleich et al, 1982; Shleich, 1988). The load
bearing capacity of such columns at elevated temperatures can be estimated using a
practical simplified method, where the section is analysed with a reduction in
dimensions, as shown in Figure 2.9, depending on the exposure time. This implies that
even 1f no fire retardants were applied to the external faces of the flanges, the reduced

section can be designed to carry the static loads in case of fire. The full section, however,
1s utilized to resist other accidental loads such as wind or earthquake forces.
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2.7 COMMENTARY

The above review has demonstrated the favourable behaviour of encased composite
columns, mainly from Japanese research work, under repeated loading. Important
parameters governing this behaviour were identified. Nevertheless, 1t was shown
(Elghazouli, 1988) that although the forms of encased members and connections used in
Japan were reliable for earthquake-resistance, they have clear deficiencies from
constructional and economical viewpoints. In this respect, partially encased members
offer advantages such as use of conventional steel beam-to-column connections, reduced
or omitted shuttering and high impact resistance. Moreover, this type was shown to
exhibit good fire resistant qualities.

31



o
]

: - '

Specimen

Test

Loading
Frame

U0} J0d 19913 f U0 11J0d 9130007 PIdJOJUlaY

102 4— §§ ———§5—+ 01

© ©
-
o

g 8%
T < o
€%
€ E
553
€ C
XX
t £
nwn =

32

Test set-up and specimen details (Wakabayashi and Minami, 1980)

Fig. 2.1



Ykee=

‘‘‘‘‘‘ A
* ////l ......

3
;"},‘.'.'/
”~

Specaren 6F1 , N/NOs Q)

_________ //ﬁ/

}
.
'
é

‘?g// Specimen 6F2 _ N/Nos(2

\

-4

Fig. 2.2 Load-deflection relationships under different values of compressive axial
loads (Wakabayashi and Minami, 1980)

33



Q(t)12

Expenment -----
Analysis

] oad-deflection curves of composite frames

Fig. 2.3 Companson of analytical and experimental results
(Wakabayashi et al, 1974)

34



e 1l
i Wi
ik Y

hur.

AR e L e

#"#_-‘ A L—

I// ////’

-*lu#f

A
2222%

Fig. 2.4 Experimental load-deflection relationships of composite members
(Ballio et al, 1987)

335




10A

4.‘};_'ufiﬁillliii/ ,,
iy

I "f
" '-ig. E;Ef '/,t/

I

Ll
s euve comw auntt 83004 B/
o - l
i

et 1 -1 LA
- el -

IIIII ol

15k
T
---
‘-

ol

==
N

Fig. 2.5 Experimental load-deflection relanonships of bare steel members
(Ballio et al, 1987)

36



7 =

Fig. 2.6 Analytical load-deflection relationships of composite members
(Ballio et al, 1987)

37



100 %
internal Steel

Ja {hot rolied sections,
< reinforcement,...)
g
'19; | Concrete
g >0
s External Steel
E ( tube,coid rolled
= section,...)
Fire Time t —m————p=
Fig. 2.7 Ultimate plastic load of the of cross-section components as a function of
fire time (Schleich, 1984)

Fig. 2.8 Partially-encased composite Fig. 2.9 Reduced composite cross-section
section (Schleich et al, 1982) (Schleich et al, 1982)

38



CHAPTER 3

3. ASSESSMENT OF DESIGN GUIDANCE
FOR COMPOSITE BEAM-COLUMNS

3.1 INTRODUCTION

Different methods for the design of composite columns exist in codes of practice. A
composite column may be treated in some methods as a steel column strengthened by
concrete, whereas other methods may consider it as a reinforced concrete column with
special reinforcement. Furthermore, the strength of a column may be evaluated as the
sum of strengths of both components.

Existing code differences can be attributed to two main reasons: difference in design
philosophy, and/or numerical quantification. Whereas the former covers fundamental
considerations, such as stress distribution and slendemess, the latter is a consequence of
the use of a specific experimental data base to arrive at actual design expressions. Even
when two codes use the same philosophy and the same experimental results, some
discrepancies are to be expected in estimating the final section properties for a given load,
or the capacity of a pre-defined section. This may be due to the differences i1n safety
factors, allowable material properties, limiting dimensions, consideration of long-term

loading, etc. It is therefore not surprising that various codes would yield a wide range of
designs for the same conditions.

Besides, for composite columns subjected to cyclic and earthquake loading, most codes
are either silent on the matter or provide general recommendations for structural members
without particular consideration to composite columns. This is also the case in Eurocode
8 (EC8, 1988), that has been recently drafted to cover the design of all types of
structures 1n seismic regions. Earthquake-resistant structures are classified by the code
into non-dissipative and dissipative. For non-dissipative structures, the design is based
on elastic analysis without taking the nonlinear material behaviour or ductility into
account. On the other hand, for dissipative structures, the deformation capacity is
considered by scaling down the elastic design response spectrum by a behaviour factor
'q". This factor depends only on the structural system according to the anticipated
ductility. Apart from the uncertainties related to this factor, the same values for steel
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structures have been proposed for composite structures. This proposal ignores the more
favourable behaviour of composite members, mainly due to inadequate investigations.
Furthermore, the code does not provide design guidance for composite columns, and the
reader is referred to either steel and reinforced concrete column design, or to Eurocode 4.
In other words, the earthquake engineer has the choice between either designing
composite columns according to EC4, without due consideration for dynamic behaviour,
or to use earthquake-resistant regulations for steel or concrete members.

In this chapter, the current state of design code provisions for composite steel/concrete
columns from several countries is reviewed, with a view to arriving at unified design
pfoccdurcs under static loading conditions that would form a viable basis for earthquake-
resistant design studies. A general comparison of code recommendations in terms of
design basis, slenderness considerations, material properties and dimensional limitations
1s first presented, and the main differences are highlighted. This is followed by a
quantitative assessment of capacity calculation for a specific cross-section under axial

loading and flexure.

3.2 DESIGN CODES, A BRIEF DESCRIPTION
3.2.1 ALJ STANDARDS (Architectural Institute of Japan)

Composite construction, termed steel reinforced concrete (SRC) in Japan is in common
use. This 1s attributed to its superior earthquake-resistant behaviour compared to
reinforced concrete structures. Hence, extensive research has been undertaken by
Japanese researchers during this century. Concrete-encased steel columns are frequently
used for medium- to high-rise buildings. Concrete filled steel tubes are used for columns
of subway stations and also in buildings.

The design is based on the allowable stress method. However, the ultimate strength of
the member has to be evaluated for earthquake resistance (Wakabayashi, 1989). The
cross-sectional strength is calculated by superimposing the strength of both the steel and
reinforced concrete components. Full plastic distribution is used with a reduction factor
in the concrete strength to account for the strain limit in concrete. This factor is assigned
a different value for filled sections, where the concrete strength is enhanced by triaxial
confinement. The method 1s applicable to asymmetrical sections and columns under
biaxial bending.
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As framed columns are usually stocky, because of the design for large lateral forces
under earthquake loading, less attention has been given to slender columns. Beam-
columns are similarly designed by the superposition of steel and reinforced concrete
beam-columns. The Euler buckling load is used with a reduced concrete stiffness and
factors of safety for both materials. Moment magnifiers are used for slendemess
consideration in the reinforced concrete portion. The code also specifies minimum axial

load eccentricities.

To achieve sufficient ductility, flexural failure should precede shear failure in a member.
Moreover, the axial compression force and the width/thickness ratios of steel sections are
limited to specified values. On the other hand, loads are transferred between steel and
concrete by bond. If the bond strength 1s insufficient, direct bearing is used.

3.2.2 BS 5400 Part 5 (British Standards Institution)

Code provisions in BS 5400 (1979) are based on Iimit state design including loading
factors and partial safety factors for materials. The ultimate moment is calculated from
plastic stress distribution over the cross-section, and an approximation for the interaction
curve for axial load and moment is used. Reduced concrete properties are used to account
for the effects of creep and the use of uncracked concrete section in stiffness calculation.
Minimum eccentricities due to construction tolerances are considered. In case of filled

columns, an enhanced concrete strength due to triaxial confinement may be taken into
account.

Slenderness effects are accounted for by the use of a non-dimensional slenderness
parameter and the European buckling curves used for the design of steel columns. The
choice of the appropriate curve depends on the geometry of the cross-section. The
different curves reflect the effect of residual stresses and initial imperfections in the
member. The uncracked concrete section is used in stiffness calculation. The use of the
slenderness parameter is consistent with the design of steel columns since the method
reduces to the bare steel column design when:the concrete portion is removed.
Consequently, the method is applicable to symmetric sections only, and is restricted to
the range of sections catered for in the European buckling curves. For uniaxial bending,
distinction 1s made for the presence, or lack of restraint in the direction orthogonal to the

bending axis. Expressions are given for biaxial bending for filled circular hollow
sections as well as encased sections.
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3.2.3 ACI-318-83 (American Concrete Institute)

The building code of the American Concrete Institute uses the limit state design format
with loading factors and capacity reduction factors (ACI-318-83, 1983). The strength of
a composite column 1s computed as for reinforced concrete members. Failure is defined
in terms of a 0.3% strain limit for any concrete fibre. This failure strain is used with a set
of neutral axis locations to arrive at an interaction curve for thrust and moment.
Slenderness effects are analysed in terms of moment magnifiers using a reduced Euler
load. The expression for equivalent stiffness includes a creep factor and a cracked
concrete stiffness is considered. Minimum eccentricities are specified to cover
construction tolerances.

3.2.4 AISC-LRFD-1986 (American Institute of Steel Construction)

The Load and Resistance Factor Design (AISC-LRFD, 1986) also uses the limit state
design with loading factors and capacity reduction factors. The design of composite
columns is based on the design equations for steel columns. However, the slenderness
and area parameters are modified for the presence of concrete. The code uses a simple
interaction formula for uniaxial and biaxial bending and recognizes the confinement effect
in filled columns. Moment magnifiers are specified to account for slenderness effects
except for the case of axial loading only where a steel buckling curve is used, as no

minimum eccentricities are specified. Load transfer should be provided by direct bearing
at the connections.

3.2.5 Eurocode 4 and DIN 18806

Eurocode 4 (EC4, 1984) was drafted to cover the design of composite steel and concrete
structures. Limit State design is applied with partial safety factors for materials. Three
methods of design are available in the EC4 draft. The first two methods are derived from
the West German practice, DIN 18806 (Roik and Bergmann, 1989), where slendemess
effects are analyzed in term of bending moments as in reinforced concrete design.
However, as opposed to moment magnification, an equivalent strength reduction is
derived using the European Steel Buckling Curves in conjunction with the cross-
sectional interaction curve. Full plastic distribution is used to obtain the axial to flexural
strength interaction curve, whereas a simplified polygonal approximation is introduced in
the second method. The third method is derived from the method in BS 5400 which is
essentially a modified steel column design.
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3.2.6 Australian and East European Standards (unpublished)

The Australian code provisions do not include design of composite columns. However,
proposals for draft code provisions have been discussed (Bridge et al, 1987), where a
limit state philosophy is adopted. Two methods are proposed; one relates to reinforced
concrete column design, and the other is akin to steel codes, namely moment magnifier
and strength reduction. Specifications in East Europe are currently under consideration

(Lapos and Streleckij, 1989), where plastic design approach is allowed.

3.3 CODE DIFFERENCES

3.3.1 Design Basis

3.3.1.1 Origin of Method

This is largely dictated by whether steel designers were considering composite
construction as an improvement over bare steel design, or concrete designers were
attempting to achieve higher strength and confinement. In the former case, steel buckling
curves were used, while in the latter reinforced concrete design methods were adopted.

The modified steel design methods are used in AISC-LRFD and BS 5400, both explicitly
reducing to the bare steel section. The American Concrete Institute makes use of
reinforced concrete column design, whereas EC4 and DIN use a combination of both

approaches. Distinctly, the Japanese Code (AlJ) uses a superposition of the individually
calculated capacities.

3.3.1.2 Loading and Resistance

Various codes use significantly different loading factors and combinations. On the other
hand, capacity reduction is achieved through one of two approaches. Whereas the
American codes (ACI and AISC) use capacity reduction factors ¢s (of 0.7 and 0.85

respectively), the European practice is to use partial safety factors on materials. Different

values for the partial safety factor are given for concrete, steel and reinforcing bars
(typically 1.5, 1.0-1.1 and 1.15, respectively).
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In contrast to the above limit state-based codes, the Japanese code (AIJ) uses the
allowable stress approach. However, owing to the severe earthquake loading in Japan,
the ultimate strength has to be venfied.

3.3.2 Concrete Strength

Table 3.1 gives a brief comparison of recommended values for concrete compressive

strength.
TABLE 3.1
Specifications for Concrete Compressive Strength
Code Encased Filled
Al (allowable strength) fey1(1-15spc) feyl

fc 1(0.85'2.550) 0.85 fc ]

0.675 fcu(Cy)
0.6 {,,(C1)

0.85 foyi(CH)
0.70 fo4(C3)
0.85 feyy
0.85 fevi

(ultimate strength)

BS 5400 (axial compression) 0.675 fey
(bending) 0.6 fey

0.85 f.v1
0.60 f.y

0.85 feyni

0.60 fcyi

EC4

DIN 18806
ACI 318-83
AISC-LRFD

It 1s noteworthy that some codes use cube while others use cylinder strength.
Furthermore, there is some controversy on the effect of confinement on the crushing
strength. For an assumed ratio of f¢y/fcyl of 1.2, the range of compressive strength
(normalized by f ) is between 0.7 and. 1.0, for unconfined concrete.

3.3.3 Interaction Curves

Discrepancies observed for minor and major axis bending interaction curves are
discussed in detail in Section 3.4, and shown in Figures 3.3 to 3.12. Table 3.2,
however, gives a general comparison.



TABLE 3.2
Basis of Interaction Diagrams

Code
Al Plastic distribution (PD) Reduced fey)
BS 5400 PD for My Approximate surface

EC4, DIN Full PD Reduced moment capacity
Simplified surface in method B
ACI 318-83 Equilibrium and 0.3% concrete strain limit

compatibility of strains

AISC-LRFD PD for M1t Approximate surface

For members subjected to combined compression and biaxial bending, the design is
based on different interaction formulae. In EC4 and DIN, the moment capacities of the
two main axes are calculated separately and used to plot a linear interaction, and the
imperfections have to be considered only for the more critical axis. BS 5400 uses a
different interaction formula. Approximate methods are also given in ACI and AISC, and
AlJ extends the superimposed strength methods to deal with biaxial bending.

As discussed in Section 3.4 below, there are large variations in capacity under combined
axial loading and bending, depending on the code used. The comparison given hereafter

does not consider biaxial bending cases, for which the differences are expected to be
even larger.

3.3.4 Equivalent Stiffness

For slendermess considerations and deflection calculations, the equivalent stiffness (EI) 1s
required. Various codes use different approaches to arrive at a value of modulus of
elasticity for concrete (E¢) which takes account, directly or indirectly, of the cracked

stiffness and creep. The recommended E¢ values for the codes considered herein are
presented in Table 3.3.
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TABLE 3.3
Modulus of Elasticity of Concrete

Code Ec

BS 5400 450F¢y Low, to account for use of
uncracked section and creep
EC4 600F¢y] (to be multiplied | Same as above, but creep

by a creep factor accounted for in expression
57,000(fcyp)!/2in psi | Higher, as a cracked section
is used, with a creep factor

ACI

AISC-LRFD

High as a cracked section 1s

wl3(feyn)1/2
used (w=unit weight of concrete
in 1b/ft> and fcyy in ksi)

lI

The expression for the equivalent (EI) may or may not use a creep coefficient, depending
on the code.

3.3.5 Slenderness Considerations

The effect of slenderness is accounted for in one of two ways, strength reduction or
moment magnification.

TABLE 3.4
Slenderness Considerations

Strength reduction Rs=(1-vsP/PE)
where vg=factor of safety
Moment magnification ~ 8m=Can/(1-P/0sPE)
Minimum eccentrici

AISC-LRFD Moment magnification for

m=Cm/(1-P/¢sPE)

compression and bending Tcomp=Tsteel
Critical load for axial (not less than 0.3 of depth)

compression
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European codes (BS 5400, DIN and EC4) use a strength reduction, so does the AlJ
code. Alternatively, ACI uses a moment magnification factor as well as the definition of a
minimum eccentricity, as discussed below. The AISC recommendations use a moment
magnifier for bending with axial load, and a critical load for pure compression, with no
minimum eccentricity. Table 3.4 gives a comparison of the specifications.

3.3.6 Minimum Eccentricities

Recommended values of minimum eccentricity are given in Table 3.5.

TABLE 3.5
Minimum Eccentricities

Code
All S%D (for the concrete portion design)

BS 5400 (in bridges, would be 4% in buildings)
(axial load limited to 85% of the short

EC4 None (in methods A and B, 4% in method C)
DIN 18806

ACI 318-83 (0.6+0.03D.) (axial load limited to 85% of the plastic
in inches capacity)

AISC-LRFD

g
-
=
E
:
£
qQ

It is noteworthy that limiting the axial capacity to a percentage of the flexural plastic
capacity imposes a further limitation on the minimum eccentricity. Hence, values quoted
above may not be strictly comparable in some cases.

3.3.7 Shear Transfer

All codes assume full interaction between steel and concrete, but some impose
restrictions on the shear stress at the steel/concrete interface. It is customary to use direct
bearing, or provide shear connectors, if and where the specified limiting shear stress is

exceeded. Table 3.6 lists the various approaches and values adopted by design codes.
Furthermore, design of shear connectors, if required, is given in detail in most codes.
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TABLE 3.6 <
Specifications for Shear Transfer

Specifications

Direct bearing for filled sections if bond 1s insufficient
Connectors provided if ~ *
15 > 0.6 N/mm? for encased
or 0.4 N/mm? for filled -
DIN 18806 Connectors provided if
15 > 0.55 to 0.80 N/mm? for encased,
reduced by 30% for filled
(for foy = 25 to 55 N/mm?)
Concrete strength for bearing = 1.7(0.73)(fcv1)
AISC-LRFD Direct bearing at connections
Concrete strength for bearing = 1.7(0.63)(fcy1)
a Capacity reduction factor (resistance factor) for bearing

3.3.8 Material Properties

Limits on the extreme values of concrete crushing and steel yield strength are given in
most codes, as shown in Table 3.7. Lower bound limits for concrete strength are
considered to eliminate concrete of unreliable quality. The upper limits for steel yield
stress are considered to ensure that concrete remains stable until steel reaches yield. If
these limits are not satisfied, the concept of adding the axial capacities of both
components might be invalidated. In this case, a modification in existing code regulations
must be considered before new forms of high strength steel are confidently used in
composite columns, as discussed later in Chapter 8.
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TABLE 3.7

Limits on Matenal Properties
Code Concrete strength Steel yield
(N/mm?) (N/mm?)
foyl 2 15 oy < 360 (for tp<40mm)

foy1 2 18 (with re-bars) oy < 340 (for t,>40mm)

BS 5400 fey 2 20 (for encased)

fou 2 25 (for filled)

fovy 2 20 *
225

fcv12 17

20 < foy1 £50

EC4

DIN 18806
ACI 318-83
AISC-LRFD

f, <450 (350 in method C)

Oy < 330
Oy < 365

T
4
¢

a°

3.3.9 Dimensional Limitations

3.3.9.1 Steel wall thickness

Expressions given for steel wall thickness, shown in Table 3.8, reduce to the same
values in North American and Western European codes. However, only EC4 and DIN
include values for partially encased sections. On the other hand, ALJ is the only code that
considers limits for fully encased sections due to the design for severe earthquake loads.

3.3.9.2 Steel and concrete contributions

Limits on concrete contribution to the plastic axial capacity are included in Western
European codes. North American and Japanese codes define direct limitations on the
steel or concrete area. These differences are summarized in Table 3.9.

3.3.9.3 Slenderness and section dimensions

Limits on slenderness, which correspond to the range of available experimental data, are
included in some codes as shown in Table 3.10.
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TABLE 3.8
Steel Wall Thickness

Al YDs 2 ((6y)1/2/240)/1.5
for circular hollow sections of outer diameter Dg
YDs 2 ((0y)2/74)/1.5
for rectangular sections of outer dimension Dy
t/bs 2 ((oy)1/2/24)/1.5
for flanges of encased sections, of overall breadth by
t/dy 2 ((Gy)mﬂ 4)/2.0
for webs of encased sections, of depth dy,
Oy in t/cm?

BS 5400,
ACI 318-83,
AISC-LRFD

t 2 Ds(0y/8Es)1/2
for circular hollow sections of outer diameter Dg

t 2 Ds(o,/3Es)1/2
for rectangular sections of outer dimension Dq

DIN 18806 Dyt <51 (S5t 37)
42 (St 52)
for rectangular hollow sections of greater overall dimension Dy
Dg/t <84 (St 37)
’ 68 (St 52) - n
for circular hollow sections of greater overall dimension Dyg
be/ts < 44 (St 37)
36 (St 52)
for partially encased I-sections , where tf and bg are the
thickness and overall breadth of flange
EC4 Dg/t < 52¢
for rectangular hollow sections of greater overall dimension Dy
D¢/t < 85¢
for circular hollow sections of greater overall dimension Dg
bi/te < 44¢
for partially encased I-sections , where tf and by are the
thickness and overall breadth of flange
£ = (235/0'y)1,2
(Gy in N/mm?)
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TABLE 3.9
Steel and Concrete Contributions

AT AJAg > 0.8% o

BS 5400 0.15 < pc < 0.80 (for encased) (pc = Npc/Np)
0.10 < pc < 0.80 (for filled)

DIN 18806

0.20 < p5 < 0.90

(ps = Nps/Np)
(ps=1-pcif

reinforcement 1s
disregarded)

ACI

Ai/Ac2 3%
A/A. £0.08 (for filled)
0.01 £ A,/A; £0.08 (for encased)

AISC-LRFD AJA, 2 0.04

TABLE 3.10
Slendemess Ranges

Code
BS 5400 Le/Bc < 30 (encased)

Le/Bc <55 (circular filled)
L./B. < 60 (rectangular filled)

EC4, DIN As < 2.0 (comparable to BS 5400)

3.3.9.4 Reinforcement Details

For practical considerations and for insuring sufficient concrete confinement, several

codes include limitations on detailing of reinforcement bars in encased columns as shown
in Table 3.11.
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TABLE 3.11

Reinforcement Detailing
BS 5400 Stirrups spacing < 200 mm, with 4 corner longitudinal bars

Cover to surface of steel shape 2 50 mm
ACI 318-83

Stirrups spacing< B./2
< 16 Longitudinal bar diameter

< 48 stirrup diameter

diameter 2 B./50
Stirrups spacing < 2B./3
Stirrup area 2 0.007 of the spacing in inches
(similar to ACI in the

AISC-LRFD

practical range of columns)

3.4 COMPARATIVE RESISTANCES

3.4.1 General

Comparison between the resistances given by the methods in Eurocode 4 and the British
Standard BS 5400 (Smith and Johnson, 1986) was extended to cover the two North
American codes AISC-LRFD-1986 and ACI 318-83. The Japanese standard was not
included as the method is based on allowable stress design and hence would give
resistances that cannot be compared directly, unless loading factors were considered.
Only method A of EC4 was included in the comparison, as method B is an
approximation for A, and method C is a simplification of the method in BS 5400.

Dedicated computer programs were developed for each code to obtain accurate evaluation
of the capaciues.

The cross-section considered is an Encased Universal Column 356 x 368 x 129 with

hg/h¢ and bg/b¢ ratios of 0.74 and 0.75, respectively. A comparison using a partially-
encased section was not possible as this type is explicitly considered in one code only. A
pin-ended column, with a range of slenderness from zero to 30 is covered. The
slenderness is represented in terms of equivalent length divided by relevant section
dimension, as each code would yield a different value for the radius of gyration of the

composite section. The steel is of 340 N/mm? yield strength and the casing is of Grade
35 cylinder strength. For the bridge code BS 5400, the partial safety factor for steel and
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the minimum eccentricity were modified to 1.0 and 0.04, respectively. These
modifications would be required to use the code for building design. The Grade 35
cylinder strength was assumed equivalent to Grade 40 cube strength in lieu of 1SO 3893
recommendations. For the methods of ACI 318-83 and EC4 the maximum live load was
assumed equal to the maximum dead load in the calculation of the effective stiffness. The
value of modulus of elasticity for concrete was estimated in accordance with the
requirements given in each code. For the methods of ACI and AISC the moment

magnification required for slenderness considerations was equivalently included as a
reduction in the moment capacity.

In Figures 3.1 to 3.12, the resistances given by the different methods are shown with
the values of Np and My, calculated according to EC4. The loading factors were not
included in the comparison because of the different load combinations given in each
code, and only the factors on the resistance side were considered.

In the following quantitative comparison, the code is interpreted from the latest available
version, as would be the case in design office practice. The possibility of inadvertently
misinterpreting certain clauses exists. However, this may highlight an inherent ambiguity

in the code presentation. Finally, numbers appearing in parentheses indicate the clause
number in the code under consideration.

3.4.2 Equivalent Stiffness

As mentioned in Section 3.3.4, above, the equivalent stiffness of the composite section
is required mainly for slenderness considerations and also in deflection calculations.
Table 3.12 gives a comparison of the values for concrete modulus of elasticity and
equivalent stiffness (EI) for the section under consideration, as calculated from each
code. The values presented are normalized to that of EC4.

The stiffness estimated by the two North American codes is much lower than that
calculated from the Western European codes as a cracked concrete section is considered.
This 1s not adequately compensated by the lower E; used in EC4 and BS 5400. The

difference 1s more pronounced in the minor axis direction where the concrete has a higher
contribution to the total stiffness.
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TABLE 3.12
Comparison of Normalized Equivalent Stiffness

Major axis ' ]

o
Q
2

:
]

1.00 uncracked concrete section
creep factor included in E.
BS 1.14 1.06 1.10 uncracked concrete section
5400 no explicit creep factor (reduced E¢)
ACI | 1.79 0.68 0.43 1/5 of concrete stiffness
" | creep factor included in (EI)
AISC | 1.60 0.71 0.52 1/5 of concrete stiffness

no explicit creep factor (reduced feyy)

All values are normalized to that of EC4

3.4.3 Comparison of Axial Capacities
3.4.3.1 Unfactored Axial Capacity

The unfactored axial capacities of the four methods are shown in Figure 3.1 normalized
to that of EC4. Slenderness is represented in terms of the ratio of the pin-ended column
length to the cross-sectional dimension in the direction of minor axis bending. The use of
radius of gyration was avoided as its value is dissimilar in different codes.

For very low slenderness ratios, BS 5400 gives the lowest capacity, 19% less than EC4
and about 4% less than ACI and AISC. This is attributed to: (1) the reduced concrete
strength of 0.6 fcy (0.45 factored) (11.1.4) to take account of creep which 1s not included
in the equivalent stiffness, and (2) the minimum eccentricity requirement for short
columns calculated from the limitation on axial capacity (0.85 the minor axis axial
capacity) (11.3.2.1). The ACI code gives values which are 15% less than EC4 as a result
of the limitation of 0.85 of the axial plastic capacity, in accordance with the minimum

eccentricity requirement (10.3.5.1). For AISC, the values are 16% less than EC4
because of the reduced concrete strength of 0.6 fcy1 in encased columns (12.2).

For higher slenderness ratios, the difference between EC4 and BS 5400 is reduced
because the value of equivalent stiffness is lower as it takes account of creep (4.8.6).
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However, the minimum eccentricity requirement of 0.04 in BS 5400 causes a reduction
in capacity in the range of slenderness used in practice. The capacities of ACI are in
agreement with other codes, but decrease at high slenderness due to the following: (1)
use of cracked section of concrete, (2) creep factor included in the expression for
equivalent stiffness (10.14) and (3) the minimum eccentricity requirement accompanied
by a moment magnification factor (10.11.15). Although the AISC code uses the radius
of gyration of the stecl section only, this is limited to 0.3 of the overall section dimension
(I12.2), which 1s the governing case for the minor axis for the current example. At a

slenderness of 30, the ACI code gives a capacity 48% less than AISC and about 41%
less than EC4 and BS 5400.

3.4.3.2 Factored Axial Capacity

Figure 3.2 shows the axial capacities given by the different codes, including the capacity
factors in ACI and AISC and the partial safety factors in EC4 and BS 5400. The values

are normalized by that of the factored capacity of EC4. The same general observations
are made as for the case of factored axial capacity, for all codes but ACI. This is a
consequence of the equivalence of the partial safety factors used by EC4 and the
resistance reduction factor used in AISC. In contrast, ACI curve drop substantially, as a
consequence of the inclusion of a reduction factor of 0.7 (as opposed to 0.85 for AISC).

This situation is aggravated for higher slenderness, admittedly above the practical limits,
where the discrepancy between ACI and all the other codes is in the range of 65%.

3.4.4 Combined Flexure and Axial Compression

3.4.4.1 Unfactored Capacity

Figures 3.3 and 3.5 show the unfactored major and minor interaction curves for short
columns. Np and My, are the plastic capacities calculated according to EC4.

ACI considers a full interaction curve calculated from conditions of equilibrium and
compatibility of strains with a strain limit in concrete of 0.3%. On the other hand, in EC4
the resistance may be calculated from first principles using appropriate stress-strain
curves. Alternatively, the Eurocode considers a full interaction curve but with full plastic
distribution using rectangular stress blocks, which leads to an overestimate of the
ultimate resistance. However, the moment capacity in EC4 is accompanied by a reduction

to 90% of the moment capacity (4.8.8) to account for two assumptions: (1) use of
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uncracked stiffness for concrete and (2) use of rectangular stress blocks without due
consideration to concrete strain restrictions.

For major axis bending at zero axial force, EC4 converges to 0.9 instead of unity
because of the above mentioned reduction in moment capacity (which overcompensates
for the plastic distribution in this case). The capacities of BS 5400 and AISC are almost
the same (about 98% of the plastic capacity of EC4) because both codes use plastic
distribution for determining the pure bending capacity. In this case, the capacities of BS
5400 and AISC are similar to that given by ACI because in the major direction at this
position of the neutral axis, most of the steel would have yielded, and hence, the plastic
distribution does not significantly overestimate the strength. It is also obvious that the
difference in concrete strength is not significant in pure bending in the.major axis
direction because the main contribution to the strength is due to the steel section.

Similarly, for minor axis bending at zero axial force, EC4 gives a value of 0.9, as a
result of the reduction factor. However, other codes show slightly larger differences than
in the major axis case, as the concrete strength and the use of plastic distribution assume
a more prominent role, because of the geometry of the cross-section.

With regard to the shape of the interaction curve, EC4 is comparable to ACI by virtue of
the 90% reduction, which compensates for the overestimation in strength. BS 5400 and
AISC use approximate interaction curves which are very simple to construct but with
some sacrifice of strength. In BS 5400 no account is taken of the increasing moment

capacity at low axial loads because its availability depends on the loading history of the
column. Owing to the use of simplified interaction curves, BS 5400 gives resistances

14% and 11% less than EC4 and ACI for major and minor axis bending, respectively.
For AISC, this drop in strength is as high as 32% and 36%, respectively.

3.4.4.2 Factored Capacity

The factored resistances for major and minor axis bending were calculated for columns
of slenderness zero, 12, 20 and 30. Figures 3.4, 3.7, 3.8 and 3.9 show the interaction
curves for major axis bending at a slenderness of zero, 12, 20 and 30 respectively, and
Figures 7.6, 7.10, 7.11 and 7.12 show the corresponding comparisons for minor axis

bending. The moment magnification used in ACI and AISC was considered by an
equivalent strength reduction.
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At low levels of compression the resistance factor specified by ACI may be increased
linearly to reach 0.9 at zero axial force (9.3.2.2). For AISC, when the axial force 1s less
than 0.3 of the factored nominal axial capacity, the nominal flexural strength is
determined by straight line transition between the nominal flexural strength evaluated
from the plastic distribution on the composite cross section at 0.3 and the flexural
strength at zero axial load (I4). This explains the two resistances that appear in the
figures at low values of axial force for ACI and AISC. Comparison between the
unfactored and factored resistances for major and minor axis at zero slenderness shows

that the capacity factors are, in general, more conservative (especially the 0.7 factor given
by ACI, as it is based on reinforced concrete design).

For major axis bending, at a slenderness of zero, EC4 and BS 5400 are generally in
good agreement, where BS 5400 gives values within 5% difference. ACI and AISC give
values up to 20% and 32%, respectively, less than EC4, except at low values of axial
loads and at high axial loads where the minimum eccentricities affect the resistance. At
slendernesses of 12 and 20 the methods of ACI and BS show a much better agreement
but are about 25% less than EC4, whereas AISC generally gives resistances up to 36%
less than EC4, except at very low and very high levels of compression. As the
slendemness increases to 30, the resistances given by EC4 and BS are similar within a

discrepancy of 10%, whereas ACI and AISC are about 33% less than EC4, except at
extreme values of axial compression.

For minor axis bending at zero slendemess, BS, ACI and AISC are up to 9%, 18% and
33% less than EC4, except at extreme values of axial force. At slenderness of 12, ACI,
BS and AISC show very good agreement except at extreme values of normal force, but
are up to 24% less than EC4. At slendernesses of 20 and 30, the agreement between
AISC and BS 1is still observed and the discrepancy with EC4 decreases to a maximum of
about 12%. Also, ACI shows very low resistances of up to 40% less than EC4 at
slenderness of 30, except at extreme values of axial forces where the discrepancy
increases because of the minimum eccentricity requirement. This low resistance is due to
the low value of stiffness, which is less than half that given by other codes.

3.5 COMMENTARY

The comparative study, presented in section 3.4 above, highlights the large discrepancies
between various design codes. These variations exist in terms of philosophy and

geometric and strength parameters, even when the same design philosophy is adopted.
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As shown in Figures 3.1 to 3.12, a design which conforms to one code may be more
than 60% unconservative according to a different code, notwithstanding that both utilize

the same general principles. This is particularly true for slenderness ratios other than the
middle range.

As mentioned before, in addition to the differences in capacity calculated from different
codes, composite members subjected to earthquake loading are not given particular
consideration. Instead, most codes concentrate on the estimation of seismic forces, and

in almost all cases with the exception of the Japanese code, a composite member is
treated basically as a steel or a reinforced concrete member.
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CHAPTER 4

4. ON-LINE COMPUTER-CONTROLLED TESTING

4.1 INTRODUCTION

Although powerful and advanced computing methods to predict the nonlinear behaviour
of structures are available, the confidence that can be placed in analytical methods 1s
hampered by the uncertainties related to nonlinear modelling of materials and structural

components. Consequently, experimental testing remains the most reliable method to
understand and evaluate the inelastic structural behaviour, and to verify and calibrate
existing analytical procedures as well as to develop new models.

An investigation of a structural component should start by evaluating the properties of the
materials in use. This information is utilized to develop mathematical models for
predicting the behaviour of members or assemblies, the actual response of which is then
evaluated and/or verified through simple cyclic tests. Finally, the predictions must be
compared with the observed behaviour during a real earthquake or a realistic seismic test.
Utilization of either monotonic or cyclic testing only may lead to unsafe or over-
conservative estimates of deformation capability. Since earthquake loading imposes a
number of inelastic excursions of variable amplitude on the structure, testing under

variable amplitude dynamic loading is the only technique that will furnish reliable and
accurate information.

An on-line computer-controlled dynamic testing method was introduced by Takanashi
and his co-workers in Japan (Takanashi, 1975). This technique, also known as pseudo-
dynamic testing, offers an attractive alternative to shake-table testing. The pseudo-
dynamic test method has the potential for combining the versatility and economy of
quasi-static testing with the realism of shake-table testing. Whereas researchers in Japan
(Takanashi et al, 1980; Takanashi and Ohi, 1984; Yamoucht et al, 1984; Yamazaki et al;
1984; Takanashi and Nakashima 1986) and the USA (Mahin and Shing, 1984; Shing et
al, 1984; Hanson and McClamroch, 1984; Aktan, 1986; Shing and Mahin, 1988; Mahin
et al 1989) have been utilising and developing this powerful testing technique during the
last decade, only recently has this procedure been introduced in Europe at Imperial
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College (Elnashai, Elghazouli and Dowling, 1990), whilst other facilities in Europe are
following suit.

After introducing the theoretical and practical particulars of pseudo-dynamic testing, this
chapter describes a new facility developed at Imperial College. The implementation
details are presented as well as the results of verification tests carried out to demonstrate
the accuracy and reliability of the system.

4.2 THEPSEUDO-DYNAMIC TESTING METHOD

4.2.1 Theoretical Basis

Pseudo-dynamic testing is an on-line computer-controlled technique that combines
physical measurements and numerical analysis to simulate the dynamic behaviour of
structural systems. The method uses similar equipment to quasi-static tests. However, 1t
differs from conventional methods in that the displacement history imposed on a
specimen is determined by an on-line computer. This displacement is based on the
measured characteristics of the specimen and a specified excitation record.
Displacements, imposed on the specimen quasi-statically, closely resemble those that
would be developed if the specimen was tested dynamically. To achieve this, a test
structure is first idealised as a discrete parameter system, the inertial and viscous
damping characteristics of which are analytically prescribed. The displacement response
of the structure to a predefined excitation is then evaluated by solving the governing
equations of motion using reliable numerical integration algorithms. The computed
displacement response is imposed on the specimen by hydraulic actuators. Based on the
measured restoring force characteristics of the structure from the previous steps and the
prescribed 1nertial and damping values, the displacement for the next time increment is
calculated. A simplified diagram of the procedure is given in Figure 4.1.

The method, therefore, utilises the same numerical approaches used in nonlinear dynamic
analysis, except that the nonlinear stiffness is based on direct experimental feedback
rather than on 1dealised mathematical models. In general, one can obtain very reliable
results by using high performance equipment alongside appropriate instrumentation and
numerical techniques. However, the problems related to the fundamental principles of the
pseudo-dynamic method have to be clearly understood by the user. It must be realised
that the structural discretisation and numerical integration techniques used in pseudo-

dynamic testing only provide an approximate solution for the dynamic response of a test
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structure. The accuracy of these results depends largely on the determination of realistic
discrete-parameter models and the use of reliable numencal methods. In order to ensure
accurate numerical results, the stability and accuracy of the step-by-step integration
method should be fully understood, especially with regard to the selection of appropniate
integration time intervals. Additionally, viscous damping, strain-rate effects and the
performance of loading-apparatus may all affect the results of pseudo-dynamic tests.
These problems need to be identified and carefully examined in planning a test and before
the method can be applied with confidence.

4.2.2 Numerical Schemes

In pseudo-dynamic testing, a structure is idealised as a discrete parameter system for
which the equations of motion can be represented in matrix form as:

MU + CU +R = F(t) (4.1)

where M and C are the mass and viscous damping matrices, respectively; R is the
structural restoring force vector; F(t) is the external load vector; U and U are the
velocity and acceleration vectors, respectively. For linear dynamic response the restoring
force can be represented as KU, where K is the stiffness matrix and U 1s the

displacement vector.

Equation 4.1 can be conveniently solved under any arbitrary external excitation by direct
step-by-step integration, where equilibrium is sought at discrete time intervals At apart.

In the solution, the time span under consideration is sub-divided into n equal time
intervals At and the integration scheme employed establishes an approximate solution at
times 0, 4t, 241, 34, ......1, t+ A4t ....... . nAt, assuming that the solution in each step is

a function of that in the previous step or steps. In the discretised form, equation 4.1, can
now be presented at any step i as:

MU. + CU, + R, = F(iA) (4.2)

Direct integration schemes can generally be classified into explicit and implicit methods.
An integration method 1s considered to be explicit if equilibrium conditions are applied at
the current step, i.e. at time ¢, where the displacement solution in each step is assumed to

be a function of previous steps only. Otherwise, the method is considered to be implicit.
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Substantial work has been carried-out by other researchers (Shing and Mahin, 1984;
Thewalt and Mahin, 1987; Tsutsumi and Higashiura, 1988) to study the application of
the different direct integration algorithms to pseudo-dynamic testing. An assessment of
these methods 1s beyond the scope of this thesis. For brevity, only the basic scheme

commonly used in pseudo-dynamic testing and implemented in this set-up is described
hereafter.

In the Central Difference method, which is an explicit scheme, a parabolic variation of

acceleration 1s assumed. The velocity and acceleration are assumed to be represented by
the following difference equations:

Yy _ i+ 1 i =1
Ui = 2 A (4.3)
0=U:+I_2Ui+Ui-I
‘ A (4.4)

The displacement solution for a step i+1, i.c. at time t+A4¢ , is obtained by substituting

these equations into the equilibrium equation, 4.2, at time ¢, resulting in equation 4.5
given below.

Ui v 1 =[M +£‘2"t_c] [Atz(Fi - K;) +{%{'C - M}Ui 17 ZMUi] (4.5)

where F; = F(i A1)

The application of this method to pseudo-dynamic testing is described diagrammatically
in Figure 4.2. The mass and viscous damping are analytically prescribed, whilst the
actual restoring forces are measured from the specimen and used by the computer to
calculate the displacements for the next increment. Those displacements are then applied
on the test structure by the actuators. Consequently, the stiffness properties need not be
1dealised since they are directly measured during the test.

It should be noted that, unlike implicit methods such as Wilson and Newmark Methods,
the Central Difference does not require a factorisation of the effective stiffness matrix in
the step-by-step solution. For this reason, explicit methods are more commonly used in
on-line testing. In contrast, implicit methods that require the determination of the
structural tangent stiffness have been avoided since reliable estimates of the nonlinear
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stiffness during the test are very difficult or impossible. Furthermore, the solution of
nonlinear differential equations by an implicit method usually requires iterative
corrections, which are normally unsuitable for inelastic testing since the restoring forces
are generally path dependent.

On the other hand, the stability and accuracy of an integration scheme have to be
considered. A stable method is defined as one by which the numerical solution of a free-

vibration response will not grow without bound for any arbitrary initial conditions. If a
method 1s stable and if the numerical solution will approach the exact solution as At tends

to zero, then the method is convergent. This is a necessary condition for obtaining
reliable solutions. Consider @ to be the fundamental natural circular frequency of the

analysed system; whereas many implicit methods are stable for any value of wAt, i.e.

unconditionally stable, explicit methods are generally conditionally stable. In that case,
numerical solutions become unstable when wAt exceeds a certain critical value, At,,. It

can be shown (Bathe, 1982) that this value for the Central Difference method is given as:

T

—
Atcr"'yr

(4.6)

where T, 1s the smallest period of vibration of a system with n degrees of freedom. This
limitation does not represent a practical problem except in multi-degree of freedom
system with a considerable number of freedoms, where the magnitude of At is severely

restrained by the stability condition on the highest frequency mode of the structure. In
this respect, the stability limit of Ar applies for the highest existing mode, even if this

mode 1s beyond the modes of interest, and is not needed for accuracy. At this stage, the
pseudo-dynamic procedure becomes more time intensive, because of the increase in the
number of steps, making the test more susceptible to experimental error propagation
from test equipment, and more pronounced effect from strain aging or relaxation.

For nonlinear systems the time step should also be small enough to trace the inelastic
response of the test structure with the discretised displacement increments. In general, a

time step of Ty/20 should be sufficient , where y is the highest frequency mode of
interest.

Disregarding the energy effects, the stability and éccuracy charactenstics of the explicit
schemes for linear systems are locally valid for nonlinear systems by virtue of the fact

that a nonlinear system can always be considered as a piecewise linear system in which

the tangent stiffness 1s changing. Hence changing the natural period which is inversely
proportional to the square root of the tangent stiffness. This implies that At selected for a

69



linear system will remain conservative if the system becomes nonlinear and if the
nonlinearity is of the softening type, as long as the nonlinear behaviour can be accurately
traced by the time step selected. This is due to the decrease in the effective Ai/T as the

system becomes less stiff. In this respect, the opposite will be true for a hardening
system.

Since only a limited number of structural degrees of freedom are generally involved in a
pseudo-dynamic test, the stability criterion imposed by an explicit integration method will
not usually affect the efficiency of the test. Besides, explicit methods are usually as
accurate as implicit ones. It was even shown (Thewalt and Mahin, 1987) that
unconditionally stable implicit methods can become unstable when applied to nonlinear
systems with large time steps. Also, the iterative corrections or tangent modulus

assumptions may often cause erroneous energy effects. Hence, explicit methods may be
finally more favoured for nonlinear systems.

'4.2.3 Comparison with other Testing Procedures

Tests can be broadly classified as representing either dynamic or quasi-static loading
conditions. In dynamic excitations, such as natural earthquakes or shake-table tests, the
forces developed in a structure are due to its inertia, while in quasi-static tests, inertia
forces are simulated by actuators moving at variable loading rates.

Shake-table testing is one of the most reliable and realistic experimental methods for
evaluating the inelastic seismic performance in structural engineering. Excluding the
difficulty to account for soil-structure interaction, shake-tables allow the test structure to
be subjected to the same earthquake forces in the laboratory as they would experience in
situ. Nevertheless, in addition to problems such as table-structure interaction for heavy
specimens and the high cost of shake-tables, the main disadvantage in research is that a
shake-table test does not allow for detailed observation of structural behaviour during the

experiment. Moreover, the size and weight of the specimen is often restricted by the
payload.

Dynamic tests into the inelastic range can also be performed using mechanical excitors,
pulse generators or blast-induced ground motions. Nevertheless, it is difficult to reflect
the inelastic seismic response through the mechanical excitors as it is sensitive to the
history of inertia forces. Also, blast-induced ground motion is a high cost experiment
and is normally limited to special problems involving soil-structure interaction.
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In quasi-static tests, structural systems are subjected to a prescribed deformation or load
history. These tests utilise conventional equipment and allow for detailed observation of
structural behaviour during the experiment. Such an investigation can be particularly
valuable in assessing the effect of different details on the inelastic behaviour of structural
components, and in studying the basic mechanisms that affect the inelastic behaviour of a
structural member or assembly by altering the pattern or rate of applied deformations.
However, it is not possible to directly relate the energy dissipation capacity with that
required for earthquake reststance. Consequently, questions arise as to whether the test
structure is under or over-tested.

Forced vibration tests are similar to quasi-static tests in that dynamic actuators are used to
apply forces at specific nodal points. However, in this case, the equivalent loads are
applied dynamically in real time. Although this method is more realistic than quasi-static
testing, it requires special data acquisition systems and, more importantly, as in shake
table tests, does not allow for detailed observation of the of structural behaviour during
the experiment.

On the other hand, pseudo-dynamic testing combines most advantages of both shake-
table and quasi-static testing. The procedure is superior to quasi-static testing since the
nonlinear structural characteristics are based on instantaneous experimental feedback
rather than on hypothetical mathematical models. The method is also as realistic as shake-
table testing where discretisation of the model is feasible. Furthermore, it exhibits
various advantages over shake-tables, such as: (i) versatility, since it allows for detailed
observation of the specimen during the test, (ii) possibility of testing full and large scale
models thus eliminating the problems involved with dynamic similitude, (111) actual
masses need not be provided since it is modelled numenically, (iv) much lower cost of
equipment, 1nstallation and operation , (v) elimination of problems arising from shake-
table interaction for heavy specimens and (vi) improved actuator control and data
acquisition rehability due to relatively slow rate of loading. However, shake table testing
might be favoured in cases were strain-rate effects are significant and/or in distributed

parameter systems. A brief comparison between the different inelastic testing procedures
is presented in Table 4.1.
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4.2.4 Sources of On-line Test Errors

As pointed out before, errors may be introduced in a pseudo-dynamic test from a number
of sources. Figure 4.3 summarizes possible sources of error. The accuracy and stability
of the numerical schemes used in step-by-step integration must be understood, as
discussed 1n section 4.2.2. Also, experimental feedback errors are introduced into the
computation. Although the experimental errors in each step are relatively small,
significant cumulative errors from a large number of steps may occur in a subsequent
stage of the test. A description of the hardware used in the procedure is presented in
section 4.3, together with an account of the accuracy and reliability of each component.

On the other hand, a number of errors may arise from the idealisation of a structure to a
simplified form suitable for pseudo-dynamic testing. The reliability of the experiment
depends largely on the viability of this idealised model. The inertial and viscous damping
properties are analytically modelled, where the mass is concentrated discretely at a limited
number of degrees of freedom. The dynamic characteristics of a discrete model might not
accurately resemble those of a continuous structure which has a uniformly distributed
mass, since the higher mode effects may be lost and lower frequencies may be distorted.
The exact damping characteristics are difficult to model. Geometric effects may influence
the accuracy of the results. Besides, because of the comparatively slow rate of loading,
strain-rate effects may influence the inelastic structural response. The significance of
these sources of errors in a pseudo-dynamic test is discussed hereafter.

4.2.4.1 Discrete Parameter Modelé

Pseudo-dynamic testing involves the discretisation of the structure. The stiffness
properties of a structure are directly measured during a test in the form of restoring forces
at specified degrees of freedom. The mass matrix has to be constructed using analytical
assumptions. The mass matrix of a structure is usually assembled from the mass matrices
of the elements by the direct stiffness method. Customarily, element mass matrices are

constructed either by simple lumping of element masses at nodal points, or by employing
displacement shape functions of elements. The consistent mass matrix formed by the

latter method incorporates the rotational as well as the translational inertia of an element,
and cross-coupling of inertia effects at different degrees of freedom exists.

The lumped mass matrix is based on the assumption that the total mass of an element is

concentrated at its two ends, hence the inertial effects are not coupled. Therefore, the
consistent mass formulation is more accurate than the lumped mass one, especially in
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distributed-mass systems, if similar number of nodal points are selected in both cases.
This 1s because of the larger number of degrees of freedom considered at each nodal
point in a consistent mass model.

In general, the lumped mass concept is the more practical choice for pseudo-dynamic
testing, since the rotational inertia considered in a consistent mass approach not only
requires a greater computational effort, but also imposes loading and instrumentation
difficulties on pseudo-dynamic experiments. Moreover, although the accuracy of a
discrete parameter model can be improved by increasing the degrees of freedom, a small

number usually offers sufficient accuracy if the structure has a large portion of its mass
concentrated at several points.

4.2.4.2 Geometric Effects

As pointed out before, actual masses need not be installed in a pseudo-dynamic test as
the inertial forces are modelled analytically. It may, however, be desirable in these tests
to approximate the geometric stiffness effects of the missing mass (i.e. P-A effect). A
simple linear correction can be achieved by supplying a geometric stiffness matrix to
correct the measured force vector in terms of the current displacement. This approach is
appropriate only if the proper stress states caused by gravity loads are not significant.
Otherwise, actuators applying equivalent gravity loads should be used in the absence of
masses to ensure accurate representation of stress conditions.

4.2.4.3 Strain-Rate Effects

The nonlinear properties of structural materials are often dependent on the rate of
loading. Therefore, the inelastic behaviour in a pseudo-dynamic test may differ from that
in an actual dynamic response. This difference, however, vary depending on the material
used. The yield strength generally increase with the increase in strain-rates.

Consequently, 1f the material is strain-rate-sensitive, a test specimen will usually display
a lower strength 1n a pseudo-dynamic test.

For mild steel, whereas the elastic properties are not affected by the strain-rate, the yield
stress shows a gradual increase with the increase in strain-rate (Manjoine, 1944; Hanson,
1966; Chang and Lee, 1987). The ultimate stress, however, shows less increase with
strain-rate and may in fact coincide with the yield stress at very high strain-rates in the

order of 100/sec. Considering that the maximum strain rate exhibited in seismic events is
about 0.1/sec, yield strength will be no more than 30% different from that in monotonic
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static loading carried-out at strain rates of about 10-5/sec. However, pseudo-dynamic
tests are conducted at a rate approximately between 10-2/sec to 10-3/sec, which compared
with 0.1/sec, will cause about 15% to 17% difference in yield strength.

The above-mentioned results are based on monotonic tests. The strain-rate effects are
reduced significantly for cyclic loading, depending on the frequency of the structure, the
frequency of loading and the properties of material. This is because the maximum strain
rates usually occur at very small strain levels, where the deformation is mainly elastic. To
1llustrate this point, consider that the variation of strain in a structural member during
seismic response i1s approximately represented as a sinusoidal function, which is
governed by the fundamental structural period and the yield strain and ductility of the
matenal. In this case, the rate of change in strain will be at its peaks when the response is

at its lowest levels. Consequently, the highest strain rates often occur when they have the
least effect. This has been confirmed by other researchers (Shing and Mahin, 1988),
where 1t has been shown that the strain-rate effect on yield strength of steel structures in

pseudo-dynamic testing is usually less than 5%, and is generally considered to be
insignificant.

Although less investigations are available with regards to the strain-rate effect of pseudo-
dynamic tests on concrete structures, it generally follows the same pattern as in steel
structures (Mahin and Bertero, 1972). Again, the yield stress increases with the increase
in strain-rate. An increase in strain rate form 10-3/sec to 0.1/sec is reported to cause a
20% 1ncrease in the yield strength. Also, crack propagation and patterns may be affected
by a significant difference in strain-rate. It is, however, to be noted that the above
comments pertain to tests on members or sub-assemblages. For redundant structures,

strain-rate effects may have an influence on the sequence of plastic hinge formation,
hence the overall response.

The previously-mentioned investigations also report that force relaxation, sometimes
called strain history, will have a negligible effect on the behaviour of structural members.
This was later confirmed by the tests conducted at Imperial College. In general, a
pseudo-dynamic test should be executed at a reasonable rate. It should not be very slow
to avoid significant strain-rate effects, neither should it be very fast, to avoid the
inclusion of actuator inertial effects into the restoring force measurements.

4.2.4.4 Energy Dissipation

Several energy dissipating mechanisms such as viscous damping, friction (Coulomb)
damping and hysteretic damping may exist in a real dynamic system. The characteristics
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of each of these damping mechanisms for a simple single degree of freedom system are
discussed hereafter.

Viscous damping, which is proportional to velocity, can be represented by a dash-pot
model, as shown in Figure 4.4.a. The equation of motion including viscous damping is:

mu + cu + ku = f(t) (4.7)

where m, ¢ and k are the mass, damping coefficient and stiffness of a single degree of

freedom system. The magnitude of viscous damping in an analytical model is usually
specified in terms of the damping ratio § which is equal to c/(2mw). If damping is less

than the critical, i.e., € < 1, the free vibration amplitude has a logarithmic decay given

- - 2nbn
1€ (4.8)

in which u j is the response amplitude at time ¢; and ¥ 41 is the amplitude after n

cycles. This logarithmic decay can also be represented in terms of the logarithmic
decrement, &, which is approximately equal to 27€. The exact relation between § and s

given as:

E = 0/ 2nx |
1+ (8% 422) 5 (4.9)

The logarithmic decrement can be estimated from the free vibration response as follows:

In u,

0 = In u
n + 1 (4.10)

in which ¥ , and u ,,; are any two consecutive displacement amplitudes. Equation 4.8
and 4.10 are identical, but presented 1n a different form.

Coulomb damping, on the other hand, 1s caused by friction. The frictional force Fr is of

constant magnitude and is opposite to the direction of motion. It depends only on the
coefficient of dynamic friction of the contact surface ¢, and the normal force applied to

this surface W. The equation of motion is, therefore, given as

mu + F, sign(u) + ku = f(t) (4.11)
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where F, is the product of W and ¢, and sign (# )is the sign of the velocity at any time

t.. Unlike viscous damping, the decay of free vibration amplitude due to friction damping
1s linear as shown in Figure 4.4.b, such that:

Uy = Un—4F 1 &k (4.12)

This implies that friction damping becomes insignificant as the displacement response
amplitude increases, or if the stiffness of the system is relatively high.

Another important form of energy dissipation developed from the inelastic behaviour of
structural materials is hysteretic damping. In this case, the energy dissipated in one cycle

of loading 1s equivalent to the area enclosed by the load-displacement loop, as shown in
Figure 4.4.c.

In practice, damping in structural dynamics applications is commonly considered in the
form of an equivalent viscous damping ratio, &4, because of its convenience in analytical

studies. This is adequate only if the effects of friction and hysteretic damping are
relatively small.

By measuring the actual restoring forces in the test structure, friction and hysteretic
damping are included in a pseudo-dynamic test. Viscous damping, however, has to be
analytically prescribed. An adequate estimate of viscous damping can be obtained by

comparing the pseudo-dynamic free vibration response without viscous damping with
the actual free-vibration response of the structure. The difference between the equivalent

viscous damping measured in both gives an approximate value of viscous damping to be
included in the on-line test.

Although the viscous damping changes as the structure behaves inelastically, the energy
dissipation becomes almost totally dominated by hysteretic damping. Therefore the effect
of changes 1in viscous damping in the inelastic range is very small. Furthermore, since
equivalent structural dampings measured from most vibration tests vary between 1 and

3%, a small discrepancy in a prescribed damping value will have no effect on the

inelastic response. This has been confirmed by previous researchers such as Shing and
Mahin (1984).

In this context, it should be noted that frictional forces arising from the loading and

support assembly may, sometimes, be unrealistically high causing a considerable viscous
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damping estimate, as discussed in Section 4.4, These are negligible if the frictional
forces are small with respect to the stiffness of the structure.

It 1s clear from the above that although accurate damping values are difficult to measure,
the most important form of damping in inelastic tests, hysteretic damping, is implicitly
accounted for 1in a pseudo-dynamic test. Also, reasonably accurate viscous damping
values can be assigned to the test rendering it even more reliable.

4.3 IMPLEMENTATION DETAILS

4.3.1 System Description

Figure 4.5 shows the basic components of the pseudo-dynamic set-up as implemented at
Impenal College. As mentioned before, the nature of the procedure makes it very
sensitive to experimental errors since feedback errors are introduced into numerical
computation during the test. Due to the error accumulation in the subsequent steps, a test
can be rendered unreliable even though the experimental errors introduced in each step
are relatively small. For this reason, every single element of the experimental loop should
be carefully studied to achieve the highest possible accuracy and reliability from the
system. Hereafter, the fundamental operation and performance of the different

components of the pseudo-dynamic closed loop control are briefly described together
with their main sources of error.

4.3.2 Data Conversion

Most transducers and testing equipment are analogue in nature, accepting or giving out a
voltage signal or a direct current (DC). The computer processor, however, requires the
information 1n digital form. To digitise the analogue signal, an analogue to digital (A/D)
converter or, conversely, a digital to analogue (D/A) converter, is required. Although all
signals are assumed to be changing with time, analogue signals have information
contained 1n their incremental variation in amplitude, while digital signals are represented

by only two possible values, high or low, or in other words true or false (on or off: 1 or
0). Figure 4.6 shows typical analogue and digital signals.

The A/D converter is the component that changes the anlogue signal into a digital code

pattern representing this input value. Each digital line carries only one bit of data. At each
signal sampling instant, a code pattern is produced, as shown in Figure 4.7 for a 4-bit
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converter. A converter is normally categorised by the number of bits that form the output
code. This represents the smallest input signal change that can be detected by the
converter and is called its resolution. The full scale range of the signal is discretised into
the maximum number of digital combinations, which is 21, where n is the number of

bits. In this set-up, 12-bit A/D converters are used. Therefore, for an output of +/- 10
volts, the available resolution would be 0.004883 volts. This means that a signal, such

as a displacement increment, less than this value would be lost in the conversion.
Consequently, to maximise the dynamic range which in turn increases the attainable
resolution, the different equipment should be calibrated (evaluation of relationships

between voltage and displacement or force units) as close as possible to the maximum
values expected during a test.

Additionally, the accuracy of the converter is also important and must not be confused
with its resolution. A converter of high resolution does not necessarily mean that it is
very accurate. Converters may have offset errors, thus may output a non-zero digital
code for zero input. Furthermore, code changes may not take place at equal increments of
the analogue voltage. This causes differential nonlinearity, which is normally defined in

terms of the least significant bit (LSB) size. Generally, a converter of 0.5 to 1.0 LSB
accuracy would be acceptable.

Another parameter that needs consideration is the speed of conversion. In practice,
conversion takes a finite amount of time for completion, during which the output cannot
be updated. Hence, in an A/D converter there is 2 maximum rate at which analogue
information can be digitised. Based on current technology, a rough guide to A/D
conversion speed (Cooling, 1986) is given in Table 4.2 below.

TABLE 4.2
Speed of A/D Converters

A/C Category Very Slow Medium Fast Very
Slow Speed Fast

Time
Sampling 1000Hz | 20KHz | 1,000 KHz |20,000 KHz
Frequenc
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The converters used in this set-up have a speed of 32 KHz. In other words, the
conversion time for a signal update is 31.25 micro-second, i.e. it can sample the
changing signal up to 32,000 times in every second. This high speed is particularly

useful in sampling several values at any given time, hence allowing for software filtering
of the signal.

In contrast, the D/A converter 1s responsible for transmitting displacement commands
from the computer to the servo-controllers. The performance characteristics of D/A
converters are very similar to A/D converters. Hence, the resolution is again specified by
the number of bits. The D/A converters employed in this study are of 16-bit resolution.
However, this can be altered between 12 and 16-bit through software control according

to the specific test requirements. This means that, in theory, a signal change as small as
0.0003 volts can be produced in the conversion process. Nevertheless, this voltage
resolution is not be expected from other components such as the servo-controllers and
measurement transducers.

4.3.3 Signal Conditioning

Most signals entering a data acquisition system will include unwanted noise. Whether
this noise 1s troublesome depends upon the signal-to-noise ratio and the specific set-up.
For pseudo-dynamic testing, it is desirable to minimise noise to achieve high accuracy
and avold accumulation of error through different time steps.

Digital signals are relatively immune to noise because of their discrete and high level
nature. In contrast, analogue signals are directly influenced by comparatively low
disturbances. Electric noise can be reduced significantly by adopting proper wiring
techniques such as shielding of cables, wire twisting, use of minimum cable length,
differential signalling and grounding. Nevertheless, in some cases it is difficult to avoid
noise completely. In this set-up, a slight oscillation in the acquired data, especially in the
force readings, was observed, which is attributed mainly to dynamic effects from the

electro-hydraulic system. For these reasons, filtering was employed to ensure reliable
closed loop control. |

Although filtering can be achieved by computer averaging of a series of incoming
signals, this is most effective only in reducing random or non-periodic noise sources.
Consequently, low-pass analogue filters were used to attenuate frequencies above a

corner frequency of 2 to 5 Hz, depending on the speed of testing. Figure 4.8 shows a
typical transfer function for such a low-pass filter. The pseudo-dynamic test was always
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performed at a slow rate and the actual data was, therefore, not disturbed by the filtering
process.

Other important signal conditioning operations such as amplification, current to voltage
conversion, voltage scaling, surge protection etc., are provided by manufacturers for
different components of the set-up. Also, the converters are provided with several gain
choices under software control. Programmable gain amplifiers (PGA) help 1n achieving
improved converter performance for low level signals.

4.3.4 Measurement Transducers

The reliability of the test depends largely on the accuracy in imposing the computed
displacements and measuring the corresponding restoring forces developed in the
structure. This can be achieved by using high performance transducers, which are
electronic devices capable of relating displacement or force changes to voltage signals.
An ideal transducer would give a linear correlation between the physical measurement
and the analogous voltage.

In the closed loop, the calculated displacements are sent out from the D/A converters to
the servo-controller, which then moves the specimen until the target and feed-back signal
are identical. It is, therefore, imperative that displacement transducers have minimal
nonlinearities and are able to detect small vaniations in displacement. Also, proper
calibration of the device should be carried out. The LVDTs (Linear Variable
Displacement Transducers) used in this particular set-up have an accuracy of 0.5% (1.e.
linear within 0.5% of total travel), the attained resolution 1s 0.05% of range (5 milli-volts
in a 10 volts signal), and their total travel is +/- 125 mm. Additionally, great care should
be given to the positioning of transducers in order to measure the actual specimen
displacement. In particular, errors arising from the flexibility of the actuator support must

be avoided, and the significance of inaccuracies due to the change in geometry at large
deformation must also be evaluated.

Force transducers, which are standard strain gauge based load cells, are positioned
between the actuator and the specimen. The load cells used at Imperial College are the
Instron 2518 Series Fatigue Resistant devices, mounted directly on the actuators’
pistons, measuring dynamic loads with a linearity of +/-0.4% of reading. Again, errors
in restoring force measurement may arise from nonlinearities or miscalibration of load

cells, misalignment of actuators, significant frictional forces in actuator joints and
attachments, or from geometric effects at large displacement positions.
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4.3.5 Electro-Hydraulic Equipment

The Electro-Hydraulic control system is responsible for imposing the correct
displacements on the test specimen. The basic components of the Instron system, used in
this set-up, is presented in a simplified block diagram form in Figure 4.9.

A servo-valve is a device which is part electro-mechanical and part hydro-mechanical. It
directs oil flow to either end of a double acting actuator in proportion to the magnitude
and direction of an electnical signal. The amplitude and frequency achieved by the
actuator are limited by the maximum flow of the servo-valve or power pack, whichever
is smaller. More flow is needed the larger the actuator amplitude and the higher the
operating frequency. Also, the actuator stroke affects the performance because the oil in
the actuator piston is compressible and some of the flow 1s used in pressurising this oil.

The flow rate is normally specified in litres per minute. The two power packs at Impenal
College have a capacity of 460 litres/minute each. However, since the pseudo-dynamic
tests were conducted at a rate less than SHz, a servo-valve of 96 litres/minute flow rate

was sufficient to achieve the full static capacity of the actuator at a maximum amplitude of
+/- 120 mm.

The actuator is described by its force capacity and 1ts total stroke. The static force
capacity is the product of the supply pressure and the actuator piston area. The
operational system pressure used in this set-up is 3000 psi. In a simplified form the oil
column inside the actuator compartment can be considered as an axial spring. In this
case, the stiffness is directly proportional to the piston area and the bulk modulus of the
hydraulic fluid, and inversely proportional to the total stroke. This stiffness can also be
affected by any leakage across the actuator piston.

An integral component of the loop is the servo-controller. The main task of the controller
1s to compare the command signal voltage with the displacement transducer voltage
output signal. The difference, the servo error signal, is then amplified by the loop gain
producing a current used to drive the servo-valve. This causes the actuator to move in
order to reduce the error. In effect, the gain setting controls the displacement error
necessary to move the actuator at a specified velocity, or, in practical terms, it controls
how closely the response follows the command signal. Best performance is achieved
with the highest possible loop gain setting consistent with a stable output wave form.
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The controller gain is critical for the accuracy of the displacement closed loop. As shown
in Figure 4.10, if the controller gain 1s set too high, oscillatory behaviour will be
exhibited with large overshoots and even instability. On the other hand, if the gain is set
too low, a very sluggish performance will be obtained. In a pseudo-dynamic test, either
of the above is desirable since significant error accumulation can occur as a result of the
consistent introduction of erroneous measurements to the computer. Instead, an optimal
gain should be sought, such that the actuator response will faithfully follow the
command signal. It 1s advisable to adjust the loop gain before each test. This can be done
by observing a rectangular waveform on an oscilloscope until the best optimal shape is
achieved.

Extensive experimental studies on the Electro-Hydraulic equipment performance have

been carried out by several researchers (McClamroch et al, 1981; Thewalt and Mahin,

1987). Also manufacturers guides provide ample information on the theory and details of
such systems.

4.3.6 Software Layout

A flowchart of the developed pseudo-dynamic testing program is shown in Figure 4.11.
This section will not describe in detail the secondary tasks needed in pseudo-dynamic
testing such as direct data acquisition, on-line graphics and calibration routines, which

are basic utility programs available in most laboratories. It will rather focus on the main
control loop of the program.

The procedure starts with checking different components of the set-up. Error messages
are returned 1n case of a faulty unit. This is followed by input of user-defined initial
parameters which include the number of degrees of freedom, number of data channels,
excitation record file name, masses, time increment and viscous damping. The
displacement ramp speed, and the ramp shape, either linear or haver-siner, can also be
predefined by the user. The calibration factors for all instruments are specified, together
with the data limits for the control channels. A linear displacement amplitude level must
also be selected if automatic estimation of the initial stiffness is required. A choice is

available for updating graphics and data storage within, or outside the ramp generation.

During any intermediate step ‘', the control loop starts by reading the data from all
channels through the A/D converters, from which the force vector is extracted and its
limits are checked. After reading the excitation vector at the current step, the control

displacements for the following step are computed. The displacement ramps are then
generated and sent to the D/A converters. There are two options concerning the updating
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of graphical display and storage of data from all channels. If the first option is chosen,
these operations will be performed before the ramp generation and just after reading the
data channels. Alternatively, they can be performed during the generation of the ramp,
while the program is polling the hardware for the ramp completion. The latter option is
preferable, especially if the number of data channels is large, since it reduces the hold
periods between actuator movements, which may cause force relaxation.

The procedure can be paused at any step and the user has the choice of either aborting or
resuming the test. The data from the last time increment may either be saved or
discarded. The program also includes a routine for unloading the test specimen after the
end of execution. In general, the completion of the control loop for any time step can be
performed in less than one second. However, as mentioned before, the test should not be
very slow to avoid force relaxation and strain aging, and not very fast to ensure the
exclusion of inertia forces from heavy attachments such as the load cell. Assuming a time
step of 0.02 sec, the above-described set-up can be used to conduct the test as fast as 60

times the real time without sacnificing the accuracy and reliability of the system.

4.4 VERIFICATION TESTS

In order to verify the reliability and stability of the developed system, a number of
pseudo-dynamic tests were conducted on two steel cantilevers. This section describes

details relevant only to the verification tests. General details of hardware and software
will only compliment the information given in Section 4.3.

4.4.1 Specimen Details

Two steel cantilevers, V1 and V2, were used in the tests, representing single degree of
freedom systems. Universal Column section 152x152x23 was used for both specimens.
The heights of V1 and V2 were 1.08 and 0.95 metres, respectively, measured from the
point of load application to the base of the column. An inertial mass of 32,000
Kilograms, concentrated at the tip of the cantilever was assumed in the on-line test and in
the analysis. Based on the column stiffness and the prescribed mass, the natural periods
were 0.43 and 0.39 seconds, respectively. Therefore, a time step of 0.02 seconds was
chosen, and was used in the central difference method, to achieve both the stability

requirement and the accuracy for the linear and nonlinear ranges. Table 4.3 summarises
the details of the specimens.
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TABLE 4.3
Specimen Details

V]

V2
UC 152x152x23
141.4x6.07
141.4x6.07
0.95
8305.80
301.20
448.32
206,000
1.48
32,000
0.39

UC 152x152x23
152.5x6.8
152.5x6.8
6832.40
302.54
445.38
206,000
1.46
32,000
0.43

4.4.2 Experimental Set-up and Instrumentation

The self-reacting test-rig shown in Figure 4.12 was modified and used for the
verification tests. A more detailed description of this testing frame 1s given in Chapter J.
The specimen 1s welded to top and bottom plates. The bottom plate is prestressed to the
base plate of the test-frame by high tensile 40 mm diameter bolts to ensure total fixity.
The actuator base 1s again firmly stressed to the reaction frame, through several plates
and box sections, by 16 high strength 24 mm diameter bolts. Two low friction Instron
swivel joints were used for connecting the actuator to both the reaction frame and the
specimen to allow free in-plane movement. Top springs were installed to counteract the
weight of the actuator. The stiffness of the springs was carefully chosen and tested so
that it serves this purpose only without creating an undesirable constraint on the loading
set-up. Besides, careful consideration was given to the rigidity of the test-rig as
compared to the column stiffness in order to achieve accurate deflection measurements.

For this purpose, a series of detailed elastic analysis of the arrangement including the
loading frame was conducted and confirmed the adequacy of the design.

Plate 4.1 shows a general view of the testing set-up. An IBM/AT/286/10MHz computer
with a hard disk of 40 MByte storage capacity was used for control, data acquisition and
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storage. The A/D and D/A conversion boards were installed inside the computer, and
operated by direct memory access (DMA). Since the boards engaged part of the actual
random access memory (RAM) of the computer during the test, maximum speed and
efficiency was achieved. The 12-bit A/D converters used can read up to 32 channels at a
sampling speed of 32KHz. The computed displacements were converted to analogue
signals by a 2 channel D/A converter of 16-bit resolution and a speed of 32KHz. Low
pass filters were used to attenuate the acquired data sharply above 3 Hz to remove high

frequency systematic noise that was observed especially on the force readings. This did
not influence the actual data as the tests were performed at a relatively slower rate.

The performance of the electro-hyraulic equipment was carefully examined. An Instron
3375 hydraulic actuator of 113 KN static capacity (100 KN dynamic capacity) and +/-
125 mm stroke was used in the tests. A Moog servo-valve of 96 litres/minute flow rate
was installed. The power pack was set to supply oil at a rate of 230 litres/minute, with a
low start-up pressure of 100 psi and a high working pressure of 3000 psi. The Instron
2180 series mini-controller was used under displacement control. Limits on displacement
and force readings were properly adjusted in each test. The feed-back restoring force was
measured by an Instron 2518 load cell mounted on the actuator piston. The
displacements measured by the internal transducer of the actuator were used in the
control loop. However, they were also continuously compared to the readings of an
external LVDT monitoring the structural displacements at the top of the column. Most
components operated in the +/- 10 volts range, which was set to represent the maximum

readings expected in each particular test in order to achieve the best possible accuracy
from the available resolution.

The pause between displacement increments was suitably adjusted with the sampling
speed in order to achieve two purposes. Firstly, the acquisition must be fast enough in
order to pick up the actual force values before relaxation takes place. Secondly, it must
not be very small to make sure that the actuator has converged to the correct command
signal. In all tests a step including the ramp and hold period was completed in less than
1.5 seconds, of which the hold period is about 0.5 seconds. In inelastic tests, 1t 1S
generally advisable to take a reading of all channels immediately after the completion, and
a second sample after the usual wait period. If the force magnitude increases across the
step, and the immediate reading has a larger magnitude than the reading after the pause,

then the immediate reading 1s used for dynamic calculations, otherwise the second
reading should be used.
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Throughout the tests, the data was displayed on-line through the computer screen and
digital plotters. The screen output was divided into several windows, showing on-line
updated graphics of the displacement history, force-displacement relationship, and digital
values of step number, computed displacement, measured displacement and restoring
force. Plate 4.2 shows an example for this graphical display during an on-line test The
software also allows the user to pause or abort the test at any intermediate step. This
facilitates close observation of the test progression.

4.4.3 Test Procedure

A series of four pseudo-dynamic tests were carried-out, as given in Table 4.4, An

impulse excitation was first applied simulating a free-vibration response in order to
determine the mechanical energy dissipation in the testing system.

TABLE 4.4
Testing Sequence

Test Specimen Excitation Test
Number Reference Histo Designation

|

Acceleration Impulse Elastic-Free Vibration

V1 Scaled El Centro (8%)
\"A! Scaled El Centro (36%) Transient-Inelastic
V2 Full-scale Spitak (100%) Transient-Inelastic

PSD2
PSD3

Transient-Elastic

Linear elastic response under earthquake excitation was then investigated. This was
followed by two seismic tests in the inelastic range. The results were compared with
numerical analysis. The details of these tests are presented and discussed hereafter.

4.4.4 Elastic Free Vibration Response

Figure 4.13 shows the short duration impulse applied to specimen V1. The free vibration
response attained in the pseudo-dynamic test is shown in Figure 4.14. The decay
observed is ascribed to the damping in the system. The pseudo-dynamic test had a
friction damping related to the actuator connections and swivel joints rather than viscous

damping and friction occurring 1n actual dynamic tests. This explains the shape of the
hysteresis loops shown in Figure 4.15. As discussed in section 4.2, friction damping

87



has a linear decay as opposed to a logarithmic decay for viscous damping. An
approximate linear envelope can be fitted in Figure 4.14 from which an estimate for the
magnitude of the friction force can be obtained. In order to compensate for this effect, a
numerical correction can be employed to remove the hysteretic shape shown in Figure
4.15. Alternatively, if the friction is within acceptable low levels, an equivalent viscous
damping value can be chosen, and used in the analysis for realistic comparison with test
results. If this equivalent value is lower than the expected viscous damping in an actual
dynamic test, then the difference should be used in the pseudo-dynamic algorithm.

As mentioned before, the decay of the free vibration response is associated with friction
rather than viscous damping. Consequently, it is expected that a choice of equivalent
viscous damping for analytical comparisons will largely depend on the average amplitude
dominating the response. To obtain a wider data base for investigating this relation, a
number of additional free-vibration pseudo-dynamic tests under impulse excitations were
carried out on specimen V1. The tests are identical to that presented above and follow
exactly the same response patterns, but cover broader displacement amplitude levels. For
each of these tests, the logarithmic decrement and the corresponding critical damping
ratio was calculated for each two consecutive displacement amplitudes for both positive
and negative peaks. The cumulative results are presented in Figure 4.16, which shows
the relationship between the displacement amplitude and the equivalent critical damping
ratio. This relationship was then used for comparing the results of the elastic seismic test
with numerical analysis, as discussed below.

4.4.5 Elastic Seismic Test

The elastic response obtained from pseudo-dynamic testing with zero damping subjected
to a 8% scaled El Centro S-E component acceleration time history is shown in Figures
4.17 and 4.18 (the unscaled El Centro record is shown in Figure 4.19). In order to
verify the accuracy of the results, a comparison was undertaken with analytical
predictions using the computer program ADAPTIC (Izzuddin and Elnashai, 1989). For
the amplitudes considered, a value of equivalent viscous damping obtained directly from
Figure 4.16 would be 1.1%. This value was then used in the numerical simulation which
matched very closely the pseudo-dynamic response, as shown in Figure 4.17.
Nevertheless, slight descrepancies are observed in the response at small amplitudes, as
expected, where the actual damping would be slightly higher than the prescribed value.
This comparison demonstrates the accuracy of the pseudo-dynamic procedure used,

since the method is very sensitive in the elastic range due to the significance of viscous
and Coulomb damping.

-l
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Although considerable friction damping was observed in elastic tests, viscous and
friction damping become insignificant as the specimen deforms inelastically. Besides, as

pointed out before in section 4.2, the significance of friction damping depends upon the
relative magnitude of the ratio between the friction force and the stiffness with respect to

the displacement amplitudes under consideration. Consequently, if the frictional force
and the stiffness remain constant, the influence of friction damping becomes less
significant as the displacement amplitude increases. In other words, the influence of

friction damping is generally negligible if the system is relatively stiff or if considerable
inelastic deformations occur.

4.4.6 Inelastic Tests

As discussed before, the results of the pseudo-dynamic tests in the inelastic range should
be more accurate than in the elastic range. In inelastic tests the effect of Coulomb and
viscous damping diminishes and the energy dissipation characteristics becomes
dominated by hysteretic damping, which is directly accounted for in any pseudo-dynamic

test. Consequently, after achieving very accurate results in the elastic tests, even better
results are to be expected in the inelastic tests

The inelastic pseudo-dynamic response of specimen V1 under a 36% scaled El Centro S-
E record 1s shown in Figures 4.20 and 4.21, and the analytical force-displacement
relationship is shown in Figure 4.22. The second specimen V2 was tested under the
horizontal component of the Spitak (Armenia, USSR) earthquake of 7 December 1988,
obtained from Gukasyan station. The acceleration record is given in Figure 4.23. Figures
4.24, 4.25 and 4.26 show the experimental and analytical response under the Armenian
earthquake. In this respect, use was made of the adaptive dynamic analysis code,
ADAPTIC (Izzuddin and Elnashai, 1989), incorporating large displacements and maternal

nonlinearities. The details of this computer program are presented in Chapter 7 of this
thesis.

Figures 4.20 and 4.24 show the comparison between the pseudo-dynamic response and

the analytical simulation. Since cyclic material testing required for the evaluation of the
multi-surface plasticity model parameters has not been undertaken, the values given by

Mizuno et al (1987) were used, normalized to the experimental monotonic virgin curve
obtained from a coupon test. Nevertheless, the analytical and experimental results are still
in very good agreement. The experimental and analytical shapes and amplitudes are
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almost identical, with a slight shift attributable to inaccuracies in the analytical model
parameters.

4.4.7 Experimental Error Evaluation

Detailed studies concerning the experimental and analytical error propagation in pseudo-
dynamic testing are available in the literature (Shing and Mahin, 1983; Shirai et al, 1988;
Nakashima and Kato, 1988). Only the main experimental error sources that were
identified in this particular set-up are described in this section.

Experimental errors occur from the following three main sources:

a. Displacement control errors, introduced by an inaccurate application of
displacement from the controller-actuator closed-loop system, flexibility of

specimens supports or from the resolution limits of the A/D converters.
b. Displacement measurement errors, caused by imprecise measurement of response

displacement by the transducer, electrical noises, flexibility of supports,
conversion resolution limits or from geometric effects.

c. Force measurement errors, caused by relatively high friction existing in the test set-

up, by erroneous measurement of restoring forces from the load cell, or again by
geometric effects.

These errors amount to the total displacement and force feedback errors which can be
introduced into numerical computation used in pseudo-dynamic testing. It is important to
note that the displacement feedback errors are contributed to by the displacement control
errors and the displacement measurement errors. Force feedback errors, however, are
contnibuted to by both the force measurement errors and the displacement control errors.

In the venfication tests described above, the computed displacements were always used
in the numerical algorithm instead of the measured ones for calculating the displacements

for subsequent steps. This has ensured the avoidance of the cumulative growth of
displacement feedback errors throughout the test. Nevertheless, force feedback errors

are always introduced into the numerical computation. Therefore, the cumulative growth
of force feedback errors is unavoidable, but has to be limited to a minimum. Although

cumulative growth of displacement feedback errors can be completely avoided, force
feedback errors depend largely on the magnitude of displacement control errors at each
step. Consequently, in addition to minimizing the force measurement errors, the
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displacement control errors have to be also reduced to small values in order to mitigate
the cumulative growth in force feedback errors.

The most reliable approach to examine the accuracy of a pseudo-dynamic set-up is
certainly to compare the results of preliminary linear elastic tests with exact numerical
simulation. In this case the accuracy of all components 1s checked and verified. By using
properly calibrated, and correctly positioned load-cells of high resolution and lineanty,
force measurement errors can be almost totally eliminated. Displacement control errors

are easy to check in tnial tests, by observing the difference between the computed and
measured displacements, which includes both control and measurement displacement

errors. In such a manner, any inherent displacement control errors or instability sources
can be easily identified.

To further demonstrate the accuracy of the system, both the measured and computed
displacement extracted from some of the verification test results are compared hereafter.
Figures 4.27, 4.28 and 4.29 show the relationship between the computed and measured
displacement in the tests. It 1s evident that the relationship is linear. To quantify the
errors, Figure 4.30, 4.31 and 4.32 shows the error history for tests PSD1, PSD2 and
PSD3, respectively. Figures 4.33, 4.34 and 4.35 show the relationship between the
computed displacements and the displacement feedback errors for the same tests. It is
clear that the errors are very close to that forced by the conversion limits and resolution
of transducers and controllers. In other words, very high performance is achieved from

the controller-actuator system, and the displacements imposed by the actuator faithfully
follow the command signals.

Figures 4.36, 4.37 and 4.38 depict the relationship between the absolute computed
displacement and the relative displacement feedback error, i.e. absolute error divided by
the absolute computed displacement. It is evident that the relative error is significantly
reduced as the displacement amplitudes increase. This is true for both the elastic and
inelastic ranges. Therefore, because of the latter, coupled with the insignificance of
viscous and friction damping in the inelastic range, inelastic testing should always be
more accurate than elastic testing, as far as experimental error propagation is concerned.

As pointed-out before, force feedback errors are the main source for cumulative error
growth. Force feedback errors can be either of systematic or random nature. Systematic
errors often result from improper performance or inaccuracy of experimental equipment.

Random errors can occur from many sources that are not easy to identify or interpret, but
their cumulative growth can be reduced by using a smaller Arz. However, systematic
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errors can cause significant cumulative error growth even when the feedback errors are
relatively small, introducing either considerable damping in the response or instability.

In general, the rate of cumulative error growth with the number of integration time steps
depends on the value of Ai/T (Shing and Mahin, 1983). The larger At/T is, the faster will

be the error growth. Consequently, the higher frequencies of a multi-degree of freedom
system are more susceptible to error propagation than the lower frequencies. In other

words, error propagation becomes more severe in systems having wider frequency
bands.

4.5 COMMENTARY

This chapter has described the details of the new pseudo-dynamic testing facility
developed at Impenal College. It was demonstrated that reliable results can be obtained
by means of accurate instrumentation and appropriate testing conditions, as well as using
suitable numerical integration methods. Experimental results are very sensitive to
feedback errors, especially systematic errors. Fortunately, this type of error can be
eliminated or significantly reduced by using proper experimental techniques. Also, other
sources of error such as strain-rate effect, damping, discretization of masses and
geometric effects must be carefully studied before a pseudo-dynamic test is conducted.

The discrepancy between the computed and measured displacement is a very good
indication of the magnitude of displacement control errors, and in turn of the force
feedback errors, provided that reasonably accurate force measurements are ensured. This
discrepancy can always be monitored during preliminary tests, and usually any
unacceptable control errors or instability can be identified before a major experiment is
carried-out. Nevertheless, to examine the accuracy of the integrated system it is always
recommended to conduct linear elastic tests before testing in the inelastic range, which
should then be compared with exact (in a numerical analysis context) analytical
simulations. Considerable discrepancy indicates the presence of experimental errors,
which should be reduced by suitable modification of testing equipment and techniques.

As far as the experimental accuracy is concerned, the larger the inelastic displacement is,
the more accurate will be the pseudo-dynamic test results.

Considerable work has recently been undertaken to further improve the accuracy and

efficiency of pseudo-dynamic testing, especially in its application to multi-degree of
freedom systems. This includes rapid testing techniques to overcome strain rate effects
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(Thewalt and Mahin, 1988), improved experimental equipment through the use of digital
instrumentation (Mahin et al, 1989) and electro-mechanical actuators (Ohi and Takanashi,
1988), and the application of unconditionally stable numerical algorithms (Mahin et al,
1989). Also, several investigations were carried-out to study the employment of sub-
structuring techniques (Iemura et al, 1988; Nakashima et al, 1988), whereby part of a

structure is tested pseudo-dynamically and the other portion is modelled analytically.
Using this technique, the effects of soil-structure interaction can also be analytically
modelled and included in the testing.

Having established confidence in the procedure and equipment, Chapters 5 and 6
describe the utilization of the system in testing composite steel/concrete specimens.
Present work at Imperial College is directed towards the implementation of sub-

structuring techniques in pseudo-dynamic testing, and the application of the new system
in testing and analysis of multi-degree of freedom structures.
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