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ABSTRACT

It is apparent from a review of the literature and
current research related to the design of "ice-resisting
walls" for offshore structures, that there is a need for
more efficient designs of these structural elements. The
objective of this study was to examine an alternate
structural element which is simple in detail and utilizes
the capacity of the section.

An experimental and analytical program was undertaken
to determine the strength and behaviour of steel-concrete
composite sandwich plates, without mechanical shear
interconnectors, subjected to transverse loads. The simple
details of this element make design and construction easy.

A series of six continuous composite plate elements,
with a centre span of 3050 mm, were tested with a four point
load system. The coﬁposite members were continuous over
supporting bulkheads and were axially restrained. The
primary variables investigated were steel plate thickness,
which varied from 3.18 to 6.35 mm, and section depth which
gave span to depth ratios from 15 to 25. Three regions of
behaviour of the members were observed; flexural, flexural
membrane and membrane. The capacity of the element was not
limited to its flexural capacity. The average maximum centre
span deflection at failure exceeded one-sixth of the span.

Analyses presented include the development of:

1. a model to describe the flexurél behaviour of composite

sandwich plates without mechanical shear

iii



interconnection;

2. a model to describe the membrane behaviour of steel
plates of finite width and flexible boundaries;

3. a failure criterion to describe rupture of the steel
plates at the supports.

The results predicted by the models are in good agreement

with the test results.

The models allow the design engineer to proportion the
section to achieve the required flexural and membrane
behaviour, and to determine the structure's energy
absorption capacity. Simplicity of design and construction,
ductility and high strength make this structural element a
viable alternative for use.as an ice-resisting wall in

offshore structures.
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1. INTRODUCTION

1.1 General

One of the problems faced by engineers and naval

architects from Canada and other northern regions is how to

design reasonable and reliable offshore structures in

hostile environments, such as the Canadian Beaufort Sea. The

problem of design exists because:

1.

7.

these structures do not fit into the normal realm of
engineered structures, such as a highway bridge or an
office building;

many of the design equations in current standards are
not applicable;

the environmental loads are not well defined;

the equivalent static loads are estimated to be several
orders of magnitude greater than typical engineering
loads;

the type of load is uncommon:

the material and structural behaviour characteristics
are not well known for cold temperatures, varying strain
rates, and energy absorption;

the element of risk is large.

Because of these problems exploration structures have been

designed typically using conventional structural systems and

are constructed of either large heavily reinforced concrete

sections or thick stiffened flat steel plates.



In an effort to find cost effective solutions for the
construction of these structures, composite steel-concrete
sandwich plate construction was proposed by Matsuishi et al.
(1977). A schematic diagram of a typical offshore structure,
with steel-concrete sandwich plates as the exterior walls,
is shown in Fiqure 1.1. The composite plate consists of two
steel plates, acting as a shell, with a concrete core and is
supported by internal bulkheads. This form of qonstruction
has several distinct advantages over the other forms of
construction. These are: (i) economy of material (fewer
stiffeners are required than for steel plates), (ii) simple
construction details, (iii) simplified design, (iv) improved
load carrying characteristics, especially with respect to

local impact.

1.2 Objectives
The objectives of this experimental and analytical
study are:

1. to develop mathematical models which describe the
strength and behaviour of a steel-concrete éomposite
plates, without mechanical shear inte;connectors,Awhen
subject to transverse loads;

2. to verify these models experimentally;

3. to determine the shear deformation response of the steel
plate concrete interface;

4., to establish the relationship for sliding friction

between steel and concrete for varying normal loads;



5. to examine the effects of end restraint and the problems
of implementihg such restraint;

6. to propose a design methodology consistent with limit
states philosophy for this structural element;

7. to outline areas of future work.

1.3 Scopg

Steel-concrete sandwich ancillary specimens and plate
elements were constructed and tested at room temperature
under laboratory conditions. These test specimens were
constructed from mild steel plate and with concrete
purchased from a local batch plant.

Ancillary tests were conducted to obtain material
properties and to establish local behavioural
characteristics,

Six steel-concete composite plate elements, with a
centre span of 3050 mm, were tested with a four point load
system. The composite members wére continuous over
supporting bulkheads and were axially restrained. Modified
bulkhead details were used as supports.

Two basic geometric properties were varied; the nominal
steel plate thickness (3.18, 4.76 and 6.35 mm), and the
section depth to give span to depth ratios of 15, 20 and 25.
As well, one plate element consisting of two 6.35 mm thick
plates lying one on top of the other without concrete infill
was tested. This test provided a basis with which the

behaviour of the composite tests could be compared. In all



cases the loads were quasi;static and short term.

The fest results were analysed and compared to
mathematical models of the flexural and membrane behaviour.
An ultimate strength interaction equation was developed to
give the rupture load of the composite plate. Within the
limitations of the tests conducted, a design methodology is

presented.

1.4 Outline

A review of existing literature on composite sandwich
plate behaviour and steel plate membrane behaviour is
presented chronologically in Chapter 2.

The objectives of the experimental program and the
method by which they were achieved are outlined in
Chapter 3. The purpose, number and type of tests, the
construction, the instrumentation, and the experimental
method are described in detail.

Material properties and load deformation behaviour of
the steel and concrete are defined in Chapter 4. The
transformation model, which converts longitudinal
stress-strain curves of a conventional uniaxial coupon test
to an equivalent one for plane strain, and the corresponding
transformed stress-strain curves are also presented in this
chapter.

The test results and analysis of the steel-concrete

interface tests are presented in Chapter 5.



The test results for the composite and steel plate

tests presented in Chapter 6 include:

1. general load deflection behaviour and failure modes;

2. crack patterns;

3. steel and concrete strain distributions;

4, slip distributions;

5. restraint measurements - vertical, in-?lane and lateral;
6. plate dimensions.

Flexural and membrane models to describe the load
deflection behaviour of composite sandwich plates without
mechanical shear interconnection are developed in Chapter 7
and compared with the test results. Parametric studies
conducted using these models are also presented. The
development of an ultimate strength interaction equation,
based on the state of stress at the critical section and on
an extension of the von Mises-Huber-Hencky yield criterion
to ultimate, is presented and compared to the test data.

Chapter 8 describes the application of this type of
structural element to the design of offshore structures.

A summary, conclusions and recommendations, and a brief
discussion of possible future work are presented in

Chapter 9.
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2. LITERATURE REVIEW

2.1 General
A review of the literature relating to the design of

"ice-resisting walls" for offshore structures in the Arctic

and elsewhere shows that there is a need for more efficient

designs for these structural elements, especially for
production structures. The design of ice-resisting walls
should:

1. be based on an appropriate design philosophy;

2. draw upon past experience so that economy of design and
good performance characteristics can be achieved by
combining the most favourable behavioural
characteristics of various types of construction.

Drucker (1957), in a paper on plastic analysis as

applied to naval architecture, discusses the criteria for
deciding when a limit load in bending or string load
(membrane behaviour) should be applied in design. He
concluded that, for the design against a rare catastrophe, a
string load or combined bending and string load seemed
appropriate, even for moderately deep beams. This concept is
supported by Hughes and Gerwick. Hughes (1983) comments that
in some special design applications, such as for icebreakers
and for protection against blast or collision, where extreme
loads occur, significant deformation should be allowed.

Gerwick (1984) considers the possibility of applying a two

level design philosophy for the design of offshore



structures, which parallels the philosophy of earthquake

design. The first level considers that an elastic response

is required of the structure for normal design level events
and the second considers rare events (extreme overload from
ice or collision) for which local damage is permitted, as
long as it does not lead to progressive collapse. Based on

Drucker's conclusions, the first level of design could be

associated with beam behaviour and the second with some

combination of beam and membrane behaviour or membrane
behaviour.

Based on past experience, evaluations and surveys of
the design and performance of offshore structures and
icebreakers in the Arctic, Chiu (1981), Croasdale (1983),
Bruce and Roggensack (1984), among others, have concluded
that:

1. local damage can be tolerated without loss of overall
structural integrity;

2. the allowance of an "acceptable" amount of plastic
deformation in the plating panels between frames for
jcebreakers will realize significant savings;

3. 1increased stiffener spacing, or complete elimination,
could result in 40 to 50% reduction in weight of an all
steel offshore caisson type structure, with
corresponding economy. It was suggested that this could
be achieved by introducing a double hull without
stiffeners, but with concrete between the hull plates;

4., composite plate construction has distinct advantages



over other forms of construction, such as, (i) simple

construction details, (ii) improved thermal resistant

properties and (iii) favourable local load carrying

characteristics.

Literature pertaining to both the behaviour of
composite sandwich elements, and steel plate elements was
reviewed, and summaries are presented in Sections 2.2‘and

2.3, respectively. Salient points are summarized in Section

2.4.

2.2 Behaviour of Composite Sandwich Beam and/or Plate

Elements

The behaviour of composite sandwich beams or plate
elements is generally deséribed as being either flexural or
tied arch. Flexural behaviour is associated with relatively
flexible elements in which an adequate description of the
internal forces can be made using beam theory. Generally,
the composite element exhibits a number of evenly
distributed flexural cracks under load and fails as a result
of either a compression failure of the concrete at midspan
or yielding of the bottom plate. Tied arch behaviour is
associated with a significantly more rigid element in which
an adequate description of the internal forces can be made
using truss like elements and the compression field theory.
Cracking of the concrete is generally limited and failure
defined by a compression failure of the concrete in one of

the diagonal struts located in the region of maximum shear.
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2.2.1 Matsuishi, Nishimaki, Takeshita, Iwata, Suhara (1977)

2.2.1.1 Experimental Program
Number of Tests: 18
L/d Range: 2.9 to 5.6
Scale: not specified
Type of Load: static; one or two concentrated loads
Type of Element: simply supported beam
Parameters: (1) type, arrangement and number of shear
connectors
(2) diaphragms
(3) plate thicknesses
Types of Failure: yielding of the tension plate followed
by crushing of the concrete at midspan
or buckling of the compression plate
Behaviour: flexural, tied arch
2.2.1.2 Summary
The test specimens were designed, proportioned and
tested to investigate bending, shear and combined bending
and shear behaviour. The ultimate strength of the members
was determined from equations based on equilibrium and
material capacities of the beam cross-section at the
critical midspan section. The mean test to predicted ratio
was 0.97 with a coefficient of variation of 0.120. The two
simplified methods proposed to determine the ultimate

strength are by beam theory and by truss theory.

2.2.2 Matsuishi, Nishimaki, Takeshita, Suhara (1978)

2.2.2.1 Summary

A method of nonlinear analysis using the finite element
method was developed to describe the behaviour of the beams
tested by Matsuishi et al. (1977). Forms of nonlinear

behaviour included:



11

1. cracking of the concrete under tension;

2. plastification of the concrete under compression;

3. plastification of the steel (yielding and/or buckling);
4. gap formation between the steel plate and the concrete.
The finite element analysis yielded results that were in
good agreement with the test results, with respect to load
deflection curves, crack patterns and failure loads.
Including both the flexural and axial stiffness of the steel
plate in the analysis leads to a poor correlation between
the analysis and the test results. Modelling the steel as
‘bar elements, with axial stiffness only, gave results which

were in reasonable agreement with the tests.

2.2.3 Matsuishi, Nishimaki, Iwata, Suhara (1980)

2.2.3.1 Experimental Program

Number of Tests: 21
L/d: 5,
Scale: not specified
Type of Load: dynamic, sinusoidal, 0.2 to 0.4 Hz, four
different load sequences, one concentrated
load
Type of Element: simply supported beam
Parameters: (1) type, arrangement and number of shear
connectors
(2) diaphragms
(3) plate thicknesses
(4) load sequence
Types of Failure: (1) fatigue crack at the weld joint
between the tension plate and the
diaphragm
(2) buckling of the compression plate or
yielding of the tension plate followed
by crushing of the concrete
Behaviour: flexural, tied arch
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2.2.3.2 Summary
The major contributor to nonlinear behaviour, concrete

cracking, occurred on the first cycle of load. Subsequently,

the residual deformations were negligible, even after 10°

cycles. There were no fatigue failures of the concrete in
the compression zone. In general the load carrying capacity
of the element did not decrease. Fatigue failure of steel
details may cause a premature failure of the composite

element.

2.2.4 Abam Consulting Engineers (1985)

2.2.4.1 Experimental Program

Number of Tests: 34
L/d Range: 3.3 to 6
Scale: 1/4 to 1/3
Type of Load: static, 1 to 5 concentrated loads on the test
span, single concentrated load on the adjacent
cantilever span
Types of Elements: (1) simply supported beams with
cantilevers
(2) three span continuous beams
(3) slabs
Parameters: (1) concrete density
2) concrete strength
3) concrete confinement
4) shear connection
5) stiffeners
6) bearing details
(7) specimen temperature
Types of Failure: not specified
Behaviour: flexural, tied arch

(
(
(
(
(
(

Due to the confidential nature of this work, the
details and description of the test results and analysis are

not available,
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2.2.5 Hattori, Ishihama, Yamamoto, Matsuishi, Iwata (1985)

2.2.5.1 Experimental Program
Number of Tests: 4
- L/d: 2.84
Scale: 1/3
Type of Load: static; one concentrated load on each span
Type of Element: two span simply supported continuous beam
Parameters: (1) longitudinal stiffeners welded to the
outside of the bottom plate , or an
equivalent amount of steel plate
(2) thermal fatigue, freeze-thaw cycles
Types of Failure: yielding of the bottom plate
Behaviour: tied arch
2.2.5.2 Summary
Although the mechanical properties of the concrete
deteriorated slightly with an increasing number of
freeze-thaw cycles, the limited data indicated that there
was no appreciable effect on the ultimate Strength of the
elements. This was due to the fact that the strength of the
element was governed by the yield strength of the plates as
opposed to the compressive resistance of the concrete strut.
A nonlinear finite element analysis modelled the elastic
plastic behaviour. A siﬁplified model, idealizing the

element as a truss structure, gave a reasonable estimate of

the ultimate load.

2.2.6 Akiyama, Koseki, Taira, Sasaki (1986)

2.2.6.1 Experimental Program

Number of Tests: 9

L/d Range: 3 to 10

Scale: not specified

Type of Load: static, concentrated load at midspan
Type of Element: simply supported beam
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Parameters: (1) shear span to depth ratio
(2) steel ratio
(3) reinforcing method against shear
Types of Failure: (1) yielding of the tensile steel plate
for p = 0.5% and 0.9%
(2) degradation of the concrete for
p = 1.68% and 2.24% followed
by a brittle fracture
Behaviour: flexural, tied arch

2.2.6.2 Summary
The Strength of the sandwich beam element was estimated
with good accuracy by applying the ultimate strength method

for reinforced concrete members.

2.2.7 Nojiri, Koseki (1986)

2.2.7.1 Experimental Program

Number of Tests: 24
L/d Range: 2 to 5
Scale: 1/3
Type of Load: static, concentrated load at midspan
Type of Elements: (1) 14 one span beams
(2) 10 two span beams
Parameters: (1) shear span to depth ratio, a/d
(2) steel index, pf_/f'
(3) type and quanti¥y Sf shear reinforcement
Types of Failures: (1) yield of the bottom plate and
ultimately crushing of the diagonal
concrete strut at the lower end
(2) one specimen, with a steel ratio,
p = 4%, failed by crushing of
the compressive strut prior to the
steel plate yielding
Behaviour: tied arch

2.2.7.2 Summary
A method for estimating the ultimate capacity is
outlined for members with and without shear reinforcement.

The method suggests that the capacity of the composite

‘section be limited to the lesser of the flexural capacity as



15

governed by yield of the steel plates and the shear capacity
as governed by Niwa's equation (1984) for members without
web reinforcement or by the ACI (1983) shear equations for
members with web reinforcement. Based on this method, the
mean value for the test to predicted ratio was 1.03 with a
coefficient of variation of 0.09. The theory of reinforced
concrete has been suggested as a simplified design method to

determine the strength of the composite sandwich element.

2.2.8 Ozawa, Tanaka, Ueda (1986)

2.2.8.1 Experimental Program

Number of Tests: 4

L/d: 10.1

Scale: 1/3

Type of Load: static, two concentrated loads at third

points
Type of Element: simply supported beam
Parameters: (1) flange thickness
(2) steel web thickness

Types of Failures: (1) yielding of the tensile steel,
buckling of the compression steel
followed by crushing of the concrete
in the constant moment region

(2) crushing of the concrete in a

compression strut in the shear span,
followed by yielding of tensile
steel in the constant moment region
and buckling of the compression
steel in the shear span

Behaviour: flexural, tied arch

2.2.8.2 Summary
The shearing force is carried by the steel web and by
tied arch action. The model proposed to determine the

ultimate capacity of the member, which assumes that the

steel web yields and the concrete struts crushes, gives
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excellent test to predicted values. A reduction factor of
0.7 for the compressive strength of the concrete in the
strut has been incorporated in the analysis to account for

the reduced strength due to cracking.

2.2.9 Shioya, Matsumoto, Okada, Ota (1986)

2.2.9.1 Experimental Program

Number of Tests: 17 (12 flexural tests and 5 shear tests)
L/d: 2.9, 11,1
Scale: 1/3 to 1/2
Type of Load: static, two concentrated loads at 1/3 and
1/4 points, one concentrated load in each
adjacent cantilever span
Types of Elements: (1) simply supported beams
' (2) simply supported beams with
cantilevers
Parameters: inner stiffener configurations, height,
spacing and direction
Types of Failure: (1) elastic or plastic buckling of the
compression steel followed by flexural
compressive failure of the concrete
(2) shear compression failure of the
diagonal compression strut (concrete)
Behaviour: flexural, tied arch.

2.2.9.2 Summary

The flexural capacity of a slender beam element is
predicted with reasonable accuracy using traditional
reinforced concrete analysis and by treating the composite
section as a doubly reinforced concrete section. The "shear"
capacity for specimens with L/d equal to three were
accurately predicted using Niwa's equation. The shear
’capacity of two specimens with L-shaped stiffeners was less
than their counterparts with a lattice of flat bar

stiffeners due to slip at the steel-concrete interface. The
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composife models had 5 to 20 times the energy absorption

capability of comparable reinforced concrete sections.

2.2.10 Centre for Frontier Engineering Research (1987)

2.2.10.1 Experimental Program

Number of Tests: 19 (16 beam tests and 3 slab tests)
L/d: 4, 5, 6
Scale: 1/4 to 1/3
Type of Load: static, single concentrated load to series
of six point loads approximating an
uniformly distributed load; concentrated
loads in each adjacent cantilever span
Types of Elements: (1) simply supported beams with
cantilevers
(2) three span continuous plate and/or
beam
Parameters: (1) span to depth ratio
(2) plate thicknesses
(3) type of load :
(4) number, size and location of diaphragms
(5) support configuration
(6) concrete strength
(7) internal shear reinforcement, studs and
and reinforcing bars
(8) width
Types of Failures: (1) flexural failure, yielding and
fracture of the bottom plate of one
test specimen
(2) "shear" failure, degradation and
crushing of the compressive
concrete strut
(3) punch through failure of two slabs
loaded with a single concentrated
load
Behaviour: flexural, truss (tied arch), punching shear

2.2.10.2 Summary
With the exception of one beam which failed in flexure,
the others, all being over-reinforced, behaved like tied
~arches. Typically, the centre span deflections, prior to the

shear compression failure of the first compression strut

were 1/100 of the span. Post-failure ductility was observed
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" in all cases. Due to the rigid nature of the concrete
blocks, much of the apparent ductility of the specimen
resulted from large local deformations. In one specimen
these deformations forced a failure at the weld between a
diaphragm and the load plate. Increased strength and
stiffness were achieved through additional diaphragms.

Slab type specimens exhibited extremely stiff
behaviour. In all cases the load was applied over a small
area, with a diameter of 200 mm, at midspan. The deformation
and failure were localized. A punching failure occurred,
indenting and eventually shearing the top plate, forming a
shear cone in the concrete core and loading the bottom plate
as a membrane with the tension tie diaphragms resisting a
large part of the transverse load. In one case the bottom
plate fractured along the diaphragms at the weld. Subsequent
to the loss in section, the specimen failed in shear
compression, as did the beams.

It is stated that the compression field theory could be
used to predict the ultimate strength of the beam elements.
The ultimate load for each beam element has been determined
using Niwa's empirical equation (1984) and Nielson and
Braestrup's (1978) upper bound plasticity solution. The mean
test to predicted values for these are 1.06 and 0.93 with
coefficients of variation of 0.14 and 0.10 respectively. An
empirical equation which calculates the shear capacity of
the concrete between discrete shear reinforcement provided

by the diaphragm plates is presented.
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Because of the difficulty in predicting a shear
compression failure in the concrete, finite element models
using a nonlinear analysis have been used with limited

success in predicting the load deflection behaviour.

2.2.11 O'Flynn (1987)

2.2.11.1 Experimental Program

Number of Test: 17
L/d: 4,5,6
Scale: 1/3
Type of Load: static, two concentrated loads or a series of
6 point loads approximating an unlformly
distributed load; concentrated loads in each
adjacent cantilever span
Type of Element: simply supported beam with cantilevers
Parameters: (1) concrete strength
(2) type of concrete, plain or steel fibre
reinforced concrete
(3) lateral confinement of the concrete over
the support
(4) support type
(5) type of load
(6) support diaphragms
(7) type, arrangement and number of shear
connectors
Types of Failure: (1) crushing of the concrete near the
support, with or without a fan type
crack pattern, or in one case a
horizontal crack along the top of the
studs at the support. 1In 3 specimens
this was followed by strain hardening
of the support plate or rupture of the
support plate or by large centre span
deflections
(2) overall crushing of the concrete
(3) crushed concrete at mid-depth
(4) yielding and strain hardening of
tension steel, large deformations
Behaviour: flexural, tied arch

2.2.11.2 Summary
This work is primarily an experimental investigation

into the behaviour of over-reinforced steel-concrete
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composite sandwich plates, where the failure is defined as a
loss of load carrying capacity of the concrete core.
Conclusions are:

1. the type of shear connector has no apparent effect on
the ultimate strength of the element;

2. inappropriately spaced stiffeners for the supporting
bulkheads may initiate a local degeneration of the
concrete core at the support which may ultimately lead
to a reduction in the load carrying capacity;

3. diaphragm plates located at the support have no apparent
effect on the ultimate strength;

4. shear connectors on the support plate (with the
exception of those anchoring the compression struts)
have no apparent effect on the ultimate strength;

5. the ultimate strength increases as a function of the
square root of fé; |

6. steel fibre reinforced concrete increases the ductility
of the concrete.

The internal forces for a uniformly loaded specimen
could be assessed accurately using compression field theory
and a fan type stress field. This was not true for the
specimen subjected to a patch or concentrated load. In all
cases the ultimate strength was predicted with some
accuracy.

A failure criterion for the concrete in composite
plates has been developed. It is similar in philosophy to

the transverse strain criterion currently suggested in the



21

general method of CAN3 A23.3 M-84 (1984) but proposes the
use of a confinement characteristic, Gy in place of the
transverse strain at the failure location. This criterion
was developed for specimens with concrete strengths between
40 and 70 MPa. It also assumes that the concrete fails
before the support plate yields. Using this criterion the
ultimate strength was accurately predicted.

O'Flynn gives guidelines for the design of composite
ice-resisting walls and again cautions about the effect of
inappropriately spaced stiffeners on the bulkhead:

1. use Nelson stud connectors for both plates with the
appropriate number located in the support region of the
support plate;

2. use diaphragm plates at support regions.

2.3 Behaviour of Steel Beams and/or Plate Elements

A detailed review of the analytical and/or experimental
work of Timoshenko (1940), Clarkson (1956), Young (1959),
Hooke and Rawlings (1969), Hooke (1970) and Kennedy and
Hafez (1984) is given in Ratzlaff (1985).

In general, the analytical models presented by these
authors consider both the elastic and inelastic performance
of transversely loaded, rigidly clamped plates of various
aspect ratios. Additional analytical studies were done to
determine the effect of boundary movements, which reflect
practical boundary conditions found in grillages in-typical

naval structures, on the behaviour of these plates. Although
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it was recognized that, through membrane action, these
plates have the capacity to carry substantially more load
than that given by the flexural collapse load, the failure
was defined by a serviceability criterion in the form of
permanent set, as opposed to a strength criterion. To verify
the analytical work, a total of twenty-three plates, loaded
by hydraulic pressure (only one to failure), and nine beams
under a four point load system, were tested by Clarkson
(1956), Young (1959), and Hooke and Rawlings (1969). Aspect
ratios, slenderness ratios L/d, and boundary conditions were
varied.

Additional work of McDermott et al. (1974) and Ratzlaff
and Kennedy (1985; 1986) is reviewed in the next two

sections.

2.3.1 McDermott, Kline, Jones, Manier, Chiang (1974)

2.3.1.1 Experimental Program

Number of Tests: 10
L/d: 151.5
Scale: 1/5
Type of Load: static; 1 to 6 concentrated load points
located at various locations along the length
Type of Elements: flat or stiffened plate strips, continuous
over two simple supports; in-plane
restraint in the long direction
Parameters: (1) flat or stiffened plate
(2) number, type (25.4 mm radius or 90 degrees
sharp edge) and location of load points
Types of Failure: rupture of the plate either at the
support or around the load point
Behaviour: flexural, flexural membrane, membrane
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2.3.1.2 Summary

A plastic analysis procedure for the structural design
of steel plates for collision resistance is presented. The
energy lost during the collision is equated to the plastic
energy absorbed by the distortion of the ship. The
mathematical model assumed for analysing the structural
behaviour of the struck ship incorporates three mechanisms
for producing plastic deformations:

1. longitudinal plastic buckling of the stiffened hull
plating;

2. plastic membrane tension in the stiffened hull plating;

3. yielding or buckling of the web framing (transverse
bulkheads).

The anchorage required for the development of the
longitudinal membrane tension.is provided by the remainder
of thé ship. Energy solutions are described in detail for
the bending phase, membrane tension phase and the web frame
buckling or yielding phase. The aﬁalysis was extended so
that it can be applied to a double hulled ship as well as a
single hulled ship and to account for both right angle and
obliqqe angle collisions.

The following conclusions were drawn from the analysis:
1. for strikes adjacent to the bulkheads, an insignificant

amount of energy is absorbed in the stiffened shell
before rupture occurs;
2. the plastic energy absorbed in the hull during the

membrane tension phase is approximately 0.69 to 0.94
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times the total plastic energy absorbed. by the
structure, depending upon the structural configuration,.
The hull bending plastic energy is insignificant by
comparison;

3. the plastic energy absorbed is maximized by maximizing
the number of units distorting in membrane tension, the
elongation of each unit, the extent of damage and the
tensile strength and ductility of the steel plate;

4. plastic energy absorption is maximized in double skin
construction where the transverse bulkheads connect the
two hulls;

5. the total energy absorbed is sensitive to the value of
the maximum tensile strain that the hull plating can
sustain.

Based on the test data, the authors present an
analytical model to describe the load deflection curve of
the stiffened plate and, in great detail, a mathematical
model relating bend angle to a maximum strain. Two failure
criterion for rupture are described, one for maximum
membrane strain, and one for maximum bending and tensile
strain. A summary of strains and plastic energy at rupture

for the test specimens is given.

2.3.2 Ratzlaff and Kennedy (1985, 1986)

2.3.2.1 Experimental Program Description

Number of Tests: 2
L/d: 103
Scale: not specified
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Type of Load: static, hydraulic pressure

Type of Element: plate with an aspect ratio of 3

Parameters: two identical tests

Type of Failure: shearing of plate along the long edge
close to midlength

Behaviour: flexural, flexural membrane, membrane

2.3.2,2 Summary (1985)

A review of analytical and/or experimental work related
to the behaviour of transversely loaded plates is presented.
In light of the given test data, a probable domain for the
elastic inelastic behaviour of steel plates was defined from
the solution of six different behaviour extremes, where the
smallest upper bound and the largest lower bound solution
for a particular deflection define the boundaries. The
solution is limited to transversely loaded plates with an
infinite aspect ratio, no strain hardening of the plate
material and perfectly rigid boundaries. The domain is
illustrated-in Figure 2.1 and the solutions defined as
follows:

1. curve F, elastic plastic flexural behaviour only (lower
bound);

2. curve M,, elastic membrane solution (lower bound);

3. curve Mi’ inelastic membrane solution (lower bound);

4. curve E, Timoshenko's elastic solution for flexural
behaviour with membrane forces included (upper bound);

5. curve Y, Hafez and Kennedy's fully yielded flexural
membrane (upper bound);

6. curve N, inelastic membrane solution, vp, plastic value

of Poisson's ratio, 0.5 (upper bound).



It was postulated that the actual behaviour would be
flexural at first, with some influence due to the
development of membrane forces, Curve E, then some
combination of flexural behaviour (diminishing influence)
and membrane behaviour (increasing influence) curve R, and
finally pure membrane behaviour at point B. Due to the
change in Poisson's ratio from the elastic to the plastic,
value the curve would eventually tend toward Curve N from
Curve Mi'

A nonlinear finite element analysis of a transversely
loaded plate yielded results that were in reasonable
agreement with the postulated behaviour. The analysis was
also substantiated by available test results aé shown in

Figure 2.1.

2.3.2.3 Summary (1986)
The paper presents a discussion on the behaviour of
rectangular steel plates, clamped on all four edges,

subjected to uniform transverse load or a fluid pressure.
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Three regions of behaviour were identified and modelled

mathematically:
1. elastic flexural membrane;
2. 1inelastic flexural membrane;

3. 1inelastic membrane.

A finite element analysis was compared with the results

of two small scale model tests and was found to be in

reasonable agreement. The plate was modelled for plane

strain conditions and the solution incorporated an inelastic
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Poisson's ratio response and a linearized stress-strain
curve for the plate material.

Two failure criteria based on edge effects, one related
to maximum tensile straining due to bending and membrane
action and the other to shear loading, were presented. The
test to predicted ratio based on the shear limit criterion
was 0.97 for the failure load and 1}08 for the corresponding
deflection obtained from the inelastic membrane analysis.

A discussion was presented on the implications of using
- this structural element in the design of offshore structures

in the Arctic.

2.4 Summary

During the last ten years, 161 composite sandwich beam
elements and six one-way composite sandwich slab elements,
with a large number of different test parameters and L/d
ratios between 2.9 and 11.1, have been tested as simply
supported one or two span continuous structures under a
variety of different load patterns. The behaviour has been
dominated by flexure or by tied arch action with failures
initiated by yielding of the bottom (support) plate in
tension; or by buckling of the compression plate coupled
with a compression failure of the concrete; or by a
compression failure of a concrete strut in the tied arch. No
attempts have been made to incorporate the in-plane
restraint provided to the element by the rest of the

structure. Therefore, the membrane action of the plates, the
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ductility and the post-flexural failure behaviour did not
play a role. A limited number of tests have been conducted
by Matsuishi et al. (1980) on the dynamic response of these
elements.

Ultimate loads, as defined by the failures, were
predicted with reasonable accuracy using traditional
reinforced concrete analysis or by the compression field
theory as outlined in CAN3 A23.3 M84 (1984). Several
empirical equations have been presented for the calculation
of shear strength. Nonlinear finite element analyses have
been used successfully only for specimens which fail by
yvielding of the bottom plate.

The majority of the experimental and analytical work
reported in Section 2.3 deals with the post-flexural
behaviour of steel plates. In total, 25 steel plates of
various aspect and slenderness ratios were tested under
hydraulic pressure (only three of them to failure). Nineteen
plate strips with in-plane restraint provided and with
varying boundary conditions and load patterns were also
tested.

The consensus amongst the researchers is that the steel
plates or strips exhibited great ductility and post-flexural
"failure" strength due to the membrane action of the plates.
The best treatment for the prediction of the large
deflection behaviour is given by Ratzlaff and Kennedy (1985;
1986). McDermott et al. (1974) present a plastic analysis

procedure for the design of steel plates for collision
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resistance. Both Ratzlaff and Kennedy (1985; 1986) and
McDermott et al. (1974) present failure criteria for the
rupture of these plates.

This literature review serves as the basis from which
the study and development of flexible composite plate
elements can be established. The element conceived for this
study incorporates the attributes of both the flexural
behaviour of the composite section and the membrane
behaviour of the steel plates. The element simply consists
of two steel plates and a concrete core. The composite plate
elements are without mechanical interconnection and welded
sections so that the fundamental behaviour may be
determined.

In retrospect, it is ironic that engineers readily
accept the use of cables in structures as such bridges and
‘guyed towers, but not the use of plates that behavé as

cables.



L/h = 571, h=0.89mm
€y = 0.0012

E = 205,000 MPa

Figure 2,1 TEST RESULTS OF YOUNG (1959) AND BEHAVIOQURAL DOMAIN (Ratzlaff and Kennedy 1985)
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3. EXPERIMENTAL PROGRAM

3.1 General
The experimental program was designed to:

1. obtain the data necessary to describe the strength and
behaviour of steel-concrete sandwich plates without
mechanical shear interconnection, when subjected to
transverse loads;

2. obtain measurements of boundary forces and movements;

3. obtain data to compliment analytical models, such as the
coefficient of friction between steel and concrete under
varying normal loads, and basic material and geometric
properties.

A series of six one-span continuous compoéite plate elements

with a span of 3050 mm (centre to centre distance between

supporting bulkheads) were tested with a four point load
system as shown in Figure 3.1. The specimens were continuous
over the supporting bulkheads and axially restrained. One
specimen consisting of two steel plates one on top of the
other without concrete infill was also tested. This test
provided a basis with which the behaviour of the composite
tests could be compared. Two basic geometric properties were
varied to determine their influence on the flexural and
membrane behaviour, and on the ultimate strength. Nominal

steel plate thicknesses were varied from 3.18 mm to 6.35 mm

and the section depth was varied to give span to depth

ratios, L/d, from 15 to 25.

31
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Ancillary tests included calibration tests of the load
and vertical restraint rods, the horizontal restraint frame
columns, the lateral confinement device rods; steel-concrete
interface tests; tension coupons; biaxial stressed plane
- strain cylinder tests; concrete cylinders and concrete

prisms.
3.2 Composite Plate Tests

3.2.1 General

The central part of the experimental program was
designed to examine both the strength and behaviour of
steel-concrete composite plates, with no mechanical shear
interconnection, when subjected té transverse loads and the
influence of boundary conditions, in-plane restraint and
support details, on the load deformation response of the
plate element. Six composite plates with varying section
depths and plate thicknesses as given in Table 3.1 were
tested. The plates were modelled as continuous elements and
tested under four point loads as shown in Figure 3.1.
Because the composite plate element is a segment of a much
larger structure, the boundary conditions, bulkheads and
external horizontal reaction frame were designed and
interconnected with the plate to provide an equivalent
response of the surrounding structure to the plate element
under load. Vertical restraint on either side of the test

span was provided to approximate that of a continuous
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structure. The overall dimensions of the test specimen are
given in Figure 3.1.

Test specimens are designated in Table 3.1 as either
STEEL (two steel plates with no interconnection), or, as for
example C121T6 (C-composite, 121-composite section depth in
millimeters, T6-approximate plate thickness in millimeters).
For all tests, the length of the test span is the clear

distance between supports and is 2850 millimeters.

3.2.2 Test Specimens
The steel plates for fabrication of the test specimens
was prepared and delivered to the structures laboratory by

Empire Iron Works Ltd., Edmonton. Fabrication of the test

specimens took place over a period of three months included

the following steps:

1. the plate material was identified and marked;

2. coupon and shear test specimen material was flame cut
from the plate material, identified and marked;

3. the original dimensions, plate thickness, width and
length were measured and recorded;

4. gauge locations, centre-span, load points, bulkhead
locations were located and scribed on the steel;

5. strain gauges were installed on the inside surfaces of
the plates for the plate elements and the lead wires
attached. Aluminum capsules were epoxied over the gauges
and the lead wires arranged and extended. The capsules

were painted to prevent an alkali reaction between the
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alkali in the concrete and the aluminum. The capsule, as
shown in Figure 3.2, protects the strain gauge from the
concrete and because of the accordian like arrangement
of lead wires within the capsule, up to 16 mm of
relative movement between the concrete core and the
steel plate can take place without shearing the leads or
the strain gauge;

U-shaped inserts for the composite plate over the
bulkhead were welded (the inserts provided continuity
between the top steel plate of the composite plate
element and the side plates of the bulkhead (see detail
in Figure 3.6));

bulkheads were welded and prepared in four stages as
shown in Figure 3.3;

gauges were installed and encapsulated on the inside
suffaces of the bulkheads;

connecting plates were welded to the top and bottom
steel plates at a distance of iOO mm from each end to
form a long rectangular box;

gauge locations and resistances were mapped;

forms were built;

the steel plates, bulkheads, shear test specimens,
modulus of rupture plate elements and cylinders were
prepared for casting of concrete. U-shaped inserts for
the composite plate were ihserted at the prescribed
locations. Strain gauge lead wires were fixed in place

and protected with tape;
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13. with the specimens on their sides, concrete was cast via
a hopper and vibrated with pencil vibrators.
Subsequently the surface was trowelled smooth:

14. the specimens were removed from the forms and the steel
brushed clean;

15. gauges were installed on the outside of the composite
plates and the bulkheads; Strain gauge locations and
resistances were mapped.

16. specimens were stored;

3.2.3 Test Set-Up

The test set-up consisted of a series of hydraulic
jacks, temporary support frames, knife edge roller
assemblies, yokes, load and vertical restraint rods, an
external horizontal restraint frame, stiffened plate girder,
electronic and mechanical instrumentation, a data
acquisition system, bulkheads, lateral confinement devices,
and the test plate. Figure 3.4 shows schematically a side
elevation and a cross section of a composite plate in‘the
test apparatus. For clarity the instrumentation and lateral

confinement devices have not been included.

3.2.3.1 Loading Apparatus

Vertical loads were applied to the composite (or steel)
plate by a series of load apparatuses, each consisting of a
hydraulic jack, yokes, load rods, and a knife-edge-roller
assembly as shown in Figure 3.4. The jacks, in compression

against the underside of the strong floor, react against a
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yoke putting the load rods in tension. The load is
transferred from the load rods through another yoke to two
knife-edge-roller assemblies and then to the test plate. The
load system allows the test plate to move freely relative to
the load apparatus with the horizontal location of the load
remaining fixed and the direction vertical. Each
knife-edge-roller assembly, as shown in Figure 3.5, was
designed to carry a 1000 kN load with translation and
rotation capacities of +60 mm and 0.524 radians
respectively. The load rods were instrumented to act as load

cells.

3.2.3.2 Bulkhead Supports

Each plate element spanned across two identical short
columns. These built-up sections, as shown in Figure 3.6,
represented bulkhead supports. The supports were designed to
behave elastically under maximum load so that they could be
readily used as load cells. The leading edge of the bearing
plate, next to the central plate element, was rounded to
lessen the effect of local stress concentrations which could
possibly cause a premature failure of the composite plate.

To establish rotational rigidity at the bulkhead
support a tie down was also provided, as shown in Figure
3.6. This mechanism established moment equilibrium over the
bulkhead support making the composite plate-bulkhead system

a continuous structure,.
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3.2.3.3 Horizontal Restraint Frame

The horizontal restraint frame lay in the same
horizontal plane as the test plate specimen, and provided
the in-plane restraint necessary for the development of
membrane action. The axial restraint provided was directly
related to the horizontal stiffness of the surrounding
Structure. The frame consisted of two very étiff built-up
end beams separated by two HSS 304.8 x 304.8 x 12.7 columns
5400 mm long. This frame was supported vertically by roller
assemblies which were located on top of four stub columns.
The length of the stub columns was adjustable vertically, so
that the centroid of the frame could be placed in the same
plane as the centroid of undeformed plate elements of
different section depths. A schematic diagram of the frame
is given in Figure 3.7. The frame provided restraint of up
to 5 000 kN with an axial shortening of approximately 6 mm.
The horizontal HSS compression members were instrumented to

act as load cells.

3.2.3.4 Vertical Restraint Apparatus
The composite plate element was restrained against

vertical movement about midway between the horizontal
restraint frame and the bulkhead supports, with the result
that the rotations over the bulkhead were negligible, and
the vertical and rotational alignment of the plate element
with the horizontal restraint frame was ensured. The load
system used to provide the restraint was similar in design

to the one used for loading as shown in Figure 3.4. Load
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rods were instrumented to determine the loads generated by

the passive restraint.

3.2.3.5 Lateral Confinement Devices

Segmental external passive clamps were used to provide
transverse in-plane restraint against expansion to the
concrete along the length of the composite plate as shown in
Figure 3.8. The segmental clamps allowed the composite plate
.to deform without increasing the flexural or in-plane
stiffness. Each segment consisted of a stiff contact load
distribution plate, HSS load transfer pieces and calibrated
load rods as shown in Figure 3.9. The segments were
supported on wooden blocks resting on the top of thé plate
specimens. The stiff contact load distribution plates bore
against a series of Teflon pads which were epoxied to the
side faces of the concrete core. This arrangement allowed
the concrete to move in the plane and along the length of
the plate with minimal restraint (no greater than the
passive nominal force developed times the coefficient of
friction of Teflon on steel) from the lateral confinement
device. The devices were proportioned so that up to 25 MPa
of pressure could be developed (on the exposed concrete
surface) at 70% of the yield strength of the load measuring

rods.

3.2.3.6 Instrumentation and Measurement
Applied loads, reactions, steel and concrete strains,

rotations, displacements and slip between the steel plate
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and the concrete core were measured throughout the duration
of each test. The locations of the measurements made on the
reaction frame, bulkheads and composite plates (deflections,
steel strains, concrete strains and slip measurements) are
shown in Figures 3.10, 3.11, 3.12 and 3.13. The type of
measurement, instrumentation used, sensitivity, location,
purpose and frequency of measurements are described in
Tables 3.2 and 3.3.

Additional measurements made to corroborate deflection
data and other information during the test include crack
widths, locations, directions, lengths and growgh; changes
in the depth of section; relative displacements of the steel
plates with respect to the concrete core; and rotations and

final plate dimensions.

3.2.4 Assembly of Test Apparatus
The assembly of the test apparatus and preparation for

each plate element test consisted of the following steps:

1. the vertical elevation of the horizontal restraint frame
was fixed;

2. bulkheads supports were aligned, placed and grouted into
place and bolted to the stiffened plate girder;

3. the horizontal restraint frame was aligned horizontally;

4. load transfer plates were lifted into position;

5. the test plate was lifted into position}

6. proper gap widths for welding the steel plates to the

load transfer plates were established;
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the test plate was bolted to the bulkhead supports
through the tensile force mechanism;

the load transfer plates were welded to the steel
plates;

the strain gauges were connected to the lead wires and
the lead wires routed;

the Teflon pads were epoxied to the concrete surface;
the lateral confinement devices were placed in position
and the cables from the load cells wére routed and
connected to the data acquisition system;

the load and vertical restraint apparatuses were lifted
into place; These were suspended a few millimeters above
the test plate; |
the load alignment frame was lifted and bolted into
place;

the load alignment rods wefe threaded into place;

the frames to support the LVDT's were attached to the
load alignment frame and to the distributing plate
elemeﬁt;

LVDT's were connected and the cores located to provide
the maximum linear range;

the necessary computer files were created and the
initial data were recorded;

the power supply voltages were adjusted to specified
values;

strain gauge channels were balanced and all the gauges

were caiibrated;
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20. all electronic channels were tested to ensure that
proper connections had been made;

21. initial observations and measurements were made and
recorded;

22. photos of the undeformed structure were taken.

3.2.5 Tést Procedure

3.2.5.1 Load Application

Load was applied to the test plate through the load and
vertical reaction apparatuses as described in section
3.2.3.1 and 3.2.3.4. A pneumatically activated hydraulic
system with a reservoir, control console, control valves,
and a control manifold was used to supply pressure to the
jacks. The valves and manifold allow different pressures to
be applied for four sets of jacks. The sets of jacks,

selected from those available in the laboratory, included:

1. 3 50T vertical restraint jacks at the north end;
2. 2 - 60T vertical restraint jacks at the south end:
3. 2 - 200T vertical applied load jacks;
4. 2 - 500T vertical applied load jacks.

The pressure in the corresponding load jacks was
adjusted to maintain equal loads at each of the four load
points. The pressure, and hence load, for the vertical
restraint jacks was adjusted to maintain vertical alignment
of the overhanging portion of the test piate in a horizontal

position. In all tests the load was applied to the plate

element incrementally and monotonically to failure.
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3.2.5.2 Load Sequence

The initial load sequence is different from the failure
load sequence. The initial load sequence consisted of the
following steps:

1. 1initial readings at zero load;

2. tightening of load transfer plates to the horizontal
restraint frame. (This provided a measure of the
in-plane forces developed due to welding.) Tightening
the tensile load transfer mechanism to make the test

~ plate and the supports continuous;
3. applying the dead load of the load apparatuses:
1) wvertical restraint, north end, 50T jacks;
2) vertical restraint, south end, 60T jacks;
3) 200T jack, north end;
4) 2060T jack, south end;
5) 500T jack, north end;
6) 500T jack, south end.

4., aligning the yokes below strong floor and extending the
jack pistons to make contact;

5. removing temporary banding straps on the composite
specimens.

For the failure load sequence increments of load or
deformation were applied to the test plate as determined by
the load deformation curve. At a deflection of about 300 mm,
nuts on the load rods were tightened against the underside
of the strong floor so that the 200T and 500T jacks could be

fully retracted while maintaining the load on the test
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plate. The yokes were then repositioned and aligned and the
jack pistons extended. Loading continued as before with an
additional 300 mm of stroke available from each of the
jacks.

After each load step the valves for the hydraulic
system were closed to maintain the load. Some relaxation
occurred in the system. For extended interruptions, such as
overnight breaks, nuts on the load rods were tightened
against the underside of the strong floor to ensure that the

load was maintained.

3.2.5.3 Observations and Recording of Data

After each load step electronic and manual readings
were recorded and a visual inspection carried out. The
latter included:

1. scanning of all LVDT channels to observe the location of
the cores and resetting the same when the voltages
approached the limits of the linear range;

2. checking deflection of the overﬁangs of the test plate.
Adjustments were made as necessary through the vertical
restraint load apparatuses;

3. checking the formation of cracks in both the concrete
and steel:;

4. determining the displacement of the structure with
respect to the load points;

5. aligning the load apparatuses. Adjustments were made as
necessary;

6. checking cables and connections to ensure that they were



44

still attached;
7. checking yielding, yield pattern and progression of
yielding in the steel plates;
8. measuring gross displacements of the test plate to
corroborate LVDT displacement measurements;
9. and as well observing any
1) decrease in thickness or width of the steel
plates
2) changes in section depth
3) relative movement of the steel plate and the
concrete core
4) rotations over the support.

Supporting evidence from observations was measured and
recorded. Photographs were taken periodically of the
deflected shape and crack pattern and of any physical
phenomena which were of interest.

Measurements of concrete strains and slip were taken at
the load corresponding to initiation of the compression

failure at midspan.

3.3 Ancillary Tests

3.3.1 Calibration

-3,3.1.1 Load and Vertical Restraint Rods
Eight 5800 mm long and four 5400 mm long 50.8 mm
diameter high strength steel rods were used to transfer load

from the jacks to knife-edge-roller assemblies, and hence to
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the test specimen as shown in Figure 3.4. These rods, made

of AISI 4140 steel, were hardened and tempered to increase

the strength and the range of linear behaviour. The mill

certificate gave the elastic limit and tensile strength of

these rods as 759 MPa and 943 MPa, respectively. Each rod,

referred to subsequently as a 1oad.or a vertical restraint

rod, was instrumented to act as a load cell and calibrated

in tension over the expected range of load by loading in the

6700 kN MTS testing machine as follows:

1. load in 100 kN increments to 1000 kN recording both the
load and load cell output;

2. unload, take zero readings and zero the load cell;

3. 1load in 50 kN increments to 950 kN recording data;

4. Repeat steps 2 and 3 until satisfactory repeatability is
achieved.

The linear range, repeatability and sensitivity of each rod

as a load cell was determined.

3.3.1.2 Compression Members of Horizontal Restraint Frame
Two HSS, 304.8 x 304.8 x 12.7, 5400 mm long members
were used as compression members in a frame which provided
the horizontal restraint necessary to develop the membrane
strength of the steel plates in the test specimen as shown
in Figure 3.7. By instrumenting both columns with eight
electrical resistant strain gauges, two on each face located
at mid-length, they became load cells. The columns were
calibrated under uniaxial compression in the 6700 kN testing

machine, following procedures similar to those for the load
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and restraint rods, but, up to a maximum load of 2200 kN

with load increments of 100 kN.

3.3.1.3 Lateral Confinement Device Rods

Thirty-four 1050 mm long, 38;1 mm diameter mild steel
rods, part of a series of segmental clamping devices, were
used to restrain the concrete transversely during the test
as shown in Figure 3.9. These rods were instrumented to act
as load cells,'and were calibrated in tension in the Baldwin
testing machine following procedures similar to those

previously described.

3.3.2 Steel-Concrete Interface Friction Tests

3.3.2.1 General
The steel-concrete interface tests were designed to
determine:

1. the shear deformation (slip) résponse of the
steel-concrete interface under varying normal loads and
different plate thicknesses and roughnesses, and

2. the static and dynamic coefficient of sliding friction
for steel on concrete when concrete is cast against the
steel.

For this series of tests a steel plate was sheared across a

concrete surface while the two were subjected to a constant

normal load. A schematic diagram of the test set-up is shown
in Figure 3.14. The normal load was applied by a 6700 kN MTS

testing machine through a steel roller plate test assembly
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which allowed the steel plate to move freely under load,
while a horizontal jack displaced the load frame and slid
the steel plate across the concrete block. The frictional
force for the roller assembly had previously been determined
experimentally and was found to be negligible in compa;ison
with the frictional forces transmitted across the interface
between the steel plate and the concrete block.

In the first series of tests, consisting of five test
specimens of similar geometry and one steel plate thickness,
the slips were measured on fresh or virgin surfaces not
previously subjected to friction forces. Five different
normal loads of 0.2 N, 0.4 N, 0.6 N, 0.8 N and 1.0 N, where
N is the nérmal load required to fracture the steel plate,
were used.

Subsequently, in the second series of tests slip
measurements were made for a series of increasing normal
loéds on plates of 3.18, 4.76, 6.35 and 25.4 mm thickness.
For the first normal load on each plate, the "virgin"
response was obtained.

It is recognized that, in these tests, the steel
plates, the concrete and the interface were relatively flat
whereas, in the main tests of the composite plates, the
members would be bent. The effect of the bending coupled
with the membrane forces is seen primarily to increase the

normal force between the steel and the concrete.
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3.3.2.2 Interface Test Specimens
To prepare the interface specimens:

1. the plate material was identified, marked and measured;

2. three strain gauges were installed on the friction
surface of the steel and encapsulated, as shown in
Figure 3.15, at prescribed locations;

3. forms were constructed and the concrete cast, against
the steel plate, at the same time as the composite plate
elements;

4. transition plates were welded to each test plate;

5. two additional strain gauges were installed one on the
top and one on the bottom side of the plate 50 mm in_
front of the concrete block;

6. the test specimen was located and aligned in the test

set-up and welded to the horizontal load frame.

3.3.2.3 Test Set-Up

The test set-up as shown in Figure 3.14 consisted of
the test specimen, the hydraulic jack, the horizontal load
frame, the 1334 kN (300 kip) load cell, the test roller
plate assembly, the 6700 kN MTS testing machine, the
electronic instrumentation including LVDT's to measure
displacements, a data acquisition system, and the reaction
supports. The instrumentation is shown in Figure 3.15. The
vertical and horizontal forces were determined from the 6700
kN MTS testing machine and the 1334 kN (300 kip) load cell,
respectively. The internal force distribution along the

steel plate was determined from the measured strains knowing
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the stress-strain characteristics of the steel. The slip
along the length of the plate was determined from the

measured displacements.

3.3.2;4 Test Procedure
The procedure to test each specimen was:

1. after alignment, weiding and instrumentation hook-up,
initial readings were recorded;

2. a constant normal load was applied;

3. the horizontal load was increased until slip occurred;

4. horizontal loading was continued to establish the
dynamic friction coefficient;

5. LVDT'S were reset as necessary;

6. measurements were made and data recorded at appropriate
intervals as determined by the horizontal léad
displacement curve;

7. photographic and written records were kept.

3.3.3 Steel Strength

3.3.3.1 Tension Coupons

For each of the four different steel plates used in
these experiments, five coupons from both the longitudinal
and transverse directions were tested to determine the
uniaxial stress-strain characteristics. The coupons were
taken from the parent plate as described in Section 3.2.2.
The coupons were cut and milled following ASTM E8-85a (1985)

recommendations using a gauge length of 200 mm and a width
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of 38.1 mm.

The cross-sectional areas of the reduced area of the
coupons were determined from eleven measurements of the
reduced width and thickness made along the length prior to
testing. Pairs of strain gauges, mounted on both faces of
each coupon, allowed the average longitudinal and transverse
strains to be measured for strains between 2 and 15 percent
as loads were obtained from the testing machines. Large
strains were measured both by using an extensometer with a
25.4 mm gauge length and with dividers and a scale over a
200 mm gauge length. The tension coupons were tested in
accordance with ASTM E8-85a (1985) in either the 880 kN

Baldwin or the 1000 kN MTS testing machine.

3.3.3.2 Plane Strain Uniaxial Stress Comparison Tests

Based on measurements of the original and final
dimensions of the steel plates used for the composite plate
tests, it was apparent that these plates were subjected to a
stress state lying somewhere between uniaxial stress and
plane strain. The plane strain stress state is defined as
the state of stress in which ay, ryz and T,x are zero. The
strain in the z-directiorn is zero. The x, y and z directions
are taken to be along the length, through the thickness and
across the width of the plate, respectively. To determine
the internal forces from the strain data, both uniaxial
stress and plane strain stress-strain characteristics along

the x-direction (maximum principal stress direction) were

required. Because of the complexity of performing a plane
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strain test on the available plate, a test series was
developed to give a semi-empirical transformation model to
transform uniaxial stress-strain relationships to plain
strain conditions and also to establish the experimental
data by which an analytical model could be calibrated.

This series of tests was comprised of three standard
tension coupon tests, one cylindrical specimen tested in
axial tension (a state of uniaxial stress) and two
cylindrical specimens tested under a state of plane strain
(when loaded axially and subjected simultaneously to
internal pressure). All specimens were taken from the same
piece of seamless 1026 steel tube.

The standard coupons were prepared and tested in
accordance with ASTM E8-85a (1985).

The geometric properties of the three identical
cylindrical test specimens were determined prior to testing.
A typical specimen and its instrumentation are shown in
Figure 3.16. For the plane strain specimens, the transverse
(circumferential) strain at mid-thickness of the reduced
wall thickness was maintained at or near zero by adjusting
the internal hydraulic pressure for each increment of axial
load. These increments were made sufficiently small to
ensure that control could be maintained and plastic strain

reversals did not occur.
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3.3.4 Concrete Strength

Two batches of concrete were used for the test
specimens. Compressive and tensile strength tests were
conducted to determine the parameters necessary to define
the stress-strain curve for uniaxial behaviour as a function
of time. The concrete was 51 to 81, and 98 to 111 days old

when the plate elements and shear specimens were tested.

3.3.4.1 Uniaxial Compression Tests

Twenty cylinders from batch 1 and twenty-five from
batch 2 were tested in accordance with CSA
A23.2-9C-M77(1977) to determine the modulus of elasticity,
the maximum compressive strength and the stress-strain
characteristics in uniaxial compression. The cylinders were
cast in cardboard molds, covered with polyethylene, and
cured in the laboratory along with the other test'specimens.

Tests were carried out at ages from 7 to 83 days.

3.3.4.2 Split Cylinder Tensile Tests

Five cylinders from batch no. 2 were tested in
accordance with CSA A23.2-13C-M77(1977) to determine the
splitting tensile strength. The concrete was 44 to 79 days

0ld when tested.

3.3.4.3 Modulus of Rupture

Six standard 152.4 x 152.4 x 914.4 mm beams were tested
in accordance with CSA A23,2-8C-M77(1977) to determine the
modulus of rupture. The concrete was 28 to 83 days old when

tested.
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yoke

HSS 304.8x 203.2x12.7

810 mm long
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roller plate
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.OO0000

knife edge plate
R 50x 200 x300

serrated surfaces
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Figure 3.5 KNIFE EDGE ROLLER ASSEMBLY
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o Symmetric

2. O Gauges located on both halves of the plate element

@ Gauges located on one half of the plate element

Figure 3.11 INSTRUMENTATION - STEEL STRAINS, PLATES
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4. MATERIAL PROPERTIES AND BEHAVIOUR
Ancillary tests were carried out on the stee; plates
and the concrete used in the tests to establish the uniaxial
stress-strain characteristics of these materials. The
internal forces and internal force distribution could then
be determined from these stress-strain relationships and

strains measured during the tests.
4.1 Steel Plates

4.1.1 General

Four different steel plates were used in the
construction of the test specimens. With the exception of
the 3.18 mm thick plate, which was non-structural steel, the
chemical and mechanical properties reported on the mill
certificate are given in Table 4.1 and 4.2, respectively.

The 25.4 mm thick test specimens were flame cut and the
thinner plates wére sheared from the parent plate such that
the long direction of the specimen plate coincided with the
rolling direction of the parent plate. This orientation will
be referred to as the longitudinal direction. Coupons and
shear test specimen plates were flame cut from the test
plates in the laboratory so that the orientation of the

specimens was known.
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4.1.2 Stress-Strain Relationships - Uniaxial Stress

Based on the characteristic parameters of the
stress-strain curves as determined from tension coupon tests
and as given in Tables 4.3, 4.6, 4.9 and 4.12, a series of
mathematical expressions have been developed to describe the

Stress-strain curves. The general expression takes the form:

[4.1] 0 = A + Be + Ce1/2 + D¢:'1/3 + Ee1/4 + Fe1/5 + Ge1/6

where: g
€
A,B,C,D,E,F,G

Stress, MPa
Strain, mm/mm
Coefficients

Some of the coefficients A to G may be zero for various
ranges of strain. The strain ranges and corresponding
coefficients for the 6.35 mm (1/4 inch), 4.76 mm (3/16
inch), 3.18 mm (1/8 inch), and 25.4 mm (1 inch) thick plates
for both the longitudinal and transverse directions are
given in Tables 4.4, 4.5, 4.7, 4.8, 4.10, 4.11, 4.13 and
4,14, respectiyely. The stress-strain curves given by these
expressions, for both directions and for each plate, are
found in Figures 4.1 and 4.2. For all practical purposes
they coincide with the mean experimental curves for each
direction of each plate thickness.

The elastic values for Poisson's ratio, v, were
determined experimentally for each plate and are given in
Tab%es 4.3, 4.6, 4.9 and 4.12. Inelastic values for

Poisson's ratio, based on Stang et al. (1946), are given by:
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[2.2] v_ = 1= X for €, > €

where: e Maximum principal strain, mm/mm

e = Yield strain, mm/mm

§ = Dilatation associated with the volume change
that occurs during the elastic straining

6 = ey( 1 - 2»)

in which, v = Elastic value for Poisson's Ratio

4.1.3 Uniaxial Stress - Plane Strain
The stress-strain curves and the characteristic

material properties of the tension coupons and the
cylindrical specimen tested in a state of uniaxial stress
showed little variance one from the other. Therefore, the
comparison of the behaviour between a steel subjected to a
state of uniaxial stress and a state of plane strain was
based on the data from the cylinder tests only. The data are
summarized in Table 4.15. Tabulated true stress-strain data
and octahedral shear stress shear strain data as derived in
Section 4.1.4.2 are given. The data is shown graphically in
Figure 4.3 where the octahedral shear stress is plotted
versus the octahedral shear strain. The following
observations were made:
1. the octahedral shear stress octahedral shear strain

curves lie close together regardless of the state of

stress;
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the maximum octahedral shear stress, is an

Toct!’
invariant of the state of stress and is approximately
constant at rupture;

the energy of local plastic distortion per unit volume,
the area under the octahedral shear stress shear strain

curve, and a measure of ductility, is given by

- b
[4.3] W = [loct Toct d Yoct
where: Toct = Octahedral shear stress
Yoct = Octahedral shearing strain

and decreases with an increase in the ratio of
transverse to longitudinal stress. For this particular
case, the ratio of W for plane strain to uniaxial stress
was 0.834 and 0.761 for cylinder tests 2 and 3,
respectively, with a mean value of 0.80.

the ratio of the true transverse to longitudinal stress
given by

[4.4] n = oz/a1

was constant in the elastic region at a value of 0;29
and increased up to a value of 0.5 at rupture for the
plane strain cylinder tests, as can be determined from
the stress path shown in Figure 4.4. As would be
expected for a plane strain condition, the slope of the
stress path da3/da1 throughout the elastic range (up to
the yield locus) is identically equal to Poisson's Ratio
(az=vox). This relationship is also observed to hold

true in the inelastic region with az=vpax.
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The first three observations confirm those made by
other researchers such as Ludwik (1928), Taylor and Quinney

(1931) and Davis (1945; 1948).

4,1.4 Transformation Model

Based on the above observations a transformation model
was developed to transform uniaxial stress-strain curves to
plane strain stress-strain curves. The transformed plane
strain stress-strain curve was then used to interpret strain
measurements recorded in areas of the plates where a plane
strain stress state existed.

Transformation functions were defined for the elastic
and plastic regions of behaviour using Hooke's Law and the
von Mises-Huber-Hencky yield criterion, respectively. The
elastic limi; was defined as the intersection of these two
theories at the transformed yield point. The plastic limit
or ultimate strain was determined using a reduced strain
energy for the state of plane strain in conjunction with the

transformed stress—-strain curve.

4.1.4.1 Elastic Region
The generalized form of Hooke's Law for a three

dimensional state of stress gives equations:

- — -
[4.5a] €, = E(ax vay voz)
I -
[4.5b] ey = E( vo, + ay VOZ)
I -
[4.5c] €, = E( o, vo_ + 0_)
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which can be simplified to.give the stress as a function of
strain in the x-direction (taken to be the direction along
the length of the member and parallel to the in-plane load)
for both the uniaxial stress and the plane strain case. The
‘simplification for the uniaxial stress case when ¢_ and o

Y z

are set equal to zero and for the plane strain case when ay

and ¢, are set equal to zero yields Equations 4.6 and 4.7,

respectively.

[4.6] axus = E €y
Ee
X
4.7 =z —t
te.7] “xps T (707

The ratio of the normal stresses for the two cases gives

o
[4.8] -xes . Lo

Xus (1-»°)
where the transformation function for the elastic region is
1/(1 -vz) and » is equal to the elastic value of Poisson's
ratio. The stress for the plane strain condition becomes
[4.9] o s —1 _

* Xps (1 - VZ) Xus

for any given value of €.+ The steel behaves as being
apparently stiffer than the uniaxial stress case. This
transformation function is valid up to the point of

yielding.



82

4.1.4.2 Plastic Region
The von Mises-Huber-Hencky yield criterion, "Theory of
Constant Elastic Strain Energy of Distortion", Nadai (1950),

[24.10] 2y? = (01-02)2 + (02—03)2 ¥ (03-01)2

and shown graphically in Figure 4.4, was used to describe
the relationship of principal stresses in the plastic
region. The data in Figure 4.4 and the experimental evidence
of Ludwik (1928), Taylor and Quinney (1931), and Davis
(1945; 1948) support the use of this criterion at both the
yield and ultimate stress. Although the plastic distortion
per unit volume, W, given by Equation 4.3, varies with
changing states of stress, the relationship between the

octahedral shear stress, given by Eguation 4.11, and

Toct'

the octahedral shear strain, given by Equation 4.12,

Yoct’
seem to be unique and independent of the state of stress as

shown in Figure 4.3.

-1
[4.11] Toct - 3 V(ax—ay)2+(oy-oz)2+(oz-ox)2

where: Opr O o, = principal stresses -

YI

= 2
[4.12] Toct ~ 3 V(ex—ey)2+(ey-ez)2+(ez-ex)z

where: €t ey’ €, = principal strains
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The post-yield transformations require transformations
for both stress and strain.
For stress, the transformation function is obtained by

equating 7 expressed in terms of o for uniaxial stress

oct

[4.13] T = /2 o

oct 3 Xus

with Toct expressed in terms of L for the plane strain

condition.

= Y2 .
[4.14] Toct = '3 V(1 Tt vpz) %xps

The transformation becomes:

[4.15] o = o
Xps Xus
p Vv 1 N ]

where: v = Plastic value for Poisson's Ratio, vp

The values of vp‘determined from the uniaxial stress test
(cylinder 1), Stang's equation (Equation 4.2), and the ratio
of principal stresses az/ox taken from the plane strain
cylinder tests for strains less than 0.01 all agree closely;
as shown in Figure 4.5. Stang's equation can be used to
provide a smooth transition for Vp between the elastic value
and the value calculated at a strain of 0.01, where

vp=0.455. Subsequently, Stang's equation deviates from test
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values of vp and az/ox, and a straight line approximation of
pp was used for strains between 0.01 and e, to give values
of vp between 0.455 and 0.50.

Similarly, for strain, the transformation function is

obtained by equating vy expressed in terms of €y for

oct
uniaxial stress
_ 23—
[4.16] Yoct -~ 3 (1 + vp2) €xus
with Yoct expressed in terms of €y for the plane strain

condition.

[4.17] - 3@ V- 7 e

Yoct

The transformation becomes:

2
_ (1+v_°)

(1—a+a2)

where: a = —295, the ratio of strains for a
xps plane strain state of stress.

If the material in a plane strain state of stress is

behaving elastically, the ratio of e /e

yps’ €xps’ is by Hooke's

Law,

[4.19] a =

and for »=0.29, Equation 4.19 gives a=-0.41 as found by

cylinder tests 2 and 3.



85

For the fully plastic case of zero volume change, a=-1
and if Equation 4.19 were to be satisfied then the inelastic
value of Poisson's ratio, vp=0.5 would have to be used. This
is in agreement with Equation 4.19. Therefore, it appears
reasonable to use Equation 4,18 as the transformation
function with a determined from Equation 4.19 (as a function

of vp) for the plastic region.

4.1.4.3 Yield Point

Because yielding is suppressed for plane strain,
Hooke's Law can be used up to the point where the yield
stress is described by the yield criterion, a transformed
stress equal to 1/ 1=p+p2 ay. This corresponds to a strain
of (1-v2)//7j:::§ €y (ey - yield strain). The
transformation equations developed for the plastic region

can also be used to determine this point.

4.1.4.4 Reduced Ductility

The ratio of energy of local plastic distortion per
unit volume for planevstrain to uniaxial stress gives a
measure of the reduced ductility. The maximum uniaxial
strain in the x-direction at rupture for plane strain was
determined such that the area under the transformed

stress-strain curve was equal to the ratio of W s/Wus times

P
the area under the uniaxial stress-strain curve,
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4.1.5 Stress-Strain Relationships - Plane Strain

The uniaxial stress-strain curves for each of the steel
plates used for the composite plate test specimens were
transformed to plane strain stress-strain curves for the
x-direction with the transformation model described in
Section 4.1.4, The coefficients used to describe the
transformed curves for the 6.35 mm (1/4 inch), 4.76 mm (3/16
inch), and 3.175 mm (1/8 inch) plates are given in Tables
4.16, 4.17 and 4.18, respectively. The uniaxial
stress-strain curve and the corresponding transformed plane
strain stress-strain curve described by the functions given
in Tables 4.4 and 4.16, respectively, are shown in Figure

4,6 for the 6.35 mm (1/4") plate.

4.2 Concrete

4.2.1 General

Thirty MPa normal weight concrete, with five percent
air entrainment, Type 10 cement, 15 mm maximum size
aggregate, and a 100 mm slump was specified for the concrete
mix,

The two batches of ready mix concrete required for the
test specimens were supplied by Independent Transit Mix Ltd.
Edmonton, and had the mix design given in Table 4.19.
Cylinders 1 to 20, modulus of rupture beams marked 1 and 2,
all shear specimens and bulkheads, and plate element C121T6

were cast from the first batch of concrete. Cylinders 21 to
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50, modulus of rupture beams 3 to 6, and the remaining plate
elements were cast from the second batch of concrete.

Slumps of 95 and 85 mm were obtained from concrete
samples taken from the middle portions of batches 1 and 2,
respectively. Pencil vibrators were used to consolidate the
concrete in the specimens,

The schedule for testing of the concrete cylinders and
modulus of rupture beams is given in Table 4.20.

The density of the concrete was determined from weight
and volume measurements made on the concrete cylinders.
Based on 20 cylinders from batch 1 and 30 cylinders from
batch 2, the density was found to be 2300 kg/m3 and 2275

kg/m3, respectively.

4.2.2 Properties of Concrete in Compression

The characteristic material properties as determined
from standard compression tests are given in Table 4.21.

The two least-squares-best-fit third degree polynomials
were derived to express the uniaxial compressive strength of
the concrete as a function of time in days,t, for concrete

batches 1 and 2, are respectively.

24.088+0.6305t-0.0065916t2+0.000023316t3

[4.20] £l

24.276+0.8549t-0.0097186t2+0.000038499t3

[4.21] £l

These equations, along with the corresponding data, are
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shown in Figure 4.7. The strengths predicted by these
expressions are only valid for the age of concrete during
the test period, 7 to 83 days.

Although there was some scatter in the variation of
ultimate strain, as no correlation was found with strain
rate or age of concrete, the mean values were used in any
subsequeﬁt analysis. For batches 1 and 2 the mean values for
the ultimate strain are 0.002430 and 0.002435, with
coefficients of variation of 0.0683 and 0.0620,
respectively. For each cylinder the stress-strain data were
evaluated according to the standard CSA A23.2-9C (1977) to
determine the modulus of elasticity in compression. The
modulus was calculated by dividing the difference between
the stress at 40% of the ultimate load and the stress at
0.005% strain by the corresponding difference in strain
values. These data were fitted with expressions similar to
those for the compressive strength and are given by
equations 4.22 and 4.23 for batches 1 and 2, respectively.

3

[4.22] E 19137.0 + 212.05t - 2.5589t2 + 0.010647t

2 3

[4.23] E 18918.3 + 259.06t - 3.1359t" + 0.0130535¢t

These equations along with the corresponding data are shown

in Figure 4.8.
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4.2.3 Properties of Concrete in Tension

Because the number of split cylinder tests and modulus
of rupture tests was small and owing to the scatter of
results obtained by other researchers, the maximum tensile
strength was set equal to the modulus of rupture as defined
by Clause 9.5.2.3 of CAN3-A23.3-M84(1984). Although
conclusive statements cannot be made, experimental values

are comparable with this definition of strength.

4.2.4 Stress-Strain Relationships

4.2.4.1 Compressive Stress-Strain Relationships

Based on load deformation measurements for.twenty
standard compression cylinder tests for batch 1 and
twenty-five for batch 2, unit or dimensionless stress-strain
curves for uniaxial compression were developed for the two

batches and are:

£ 2 3
[4.24] —S- - 0.0124+1.4521[—e—]—o.0844[i] -0.3769[—€-]
fc eo eo eo
£ . 2 3
[4.25] £ - 0.0108+1.3265[—]+0.o154[i] —0.3491[—‘*—-]
C € € €

o o (¢]

Compressive strength as described in
Section 4.2.2

where: fc

fC = Stress, MPa, corresponding to a strain, e
€ = Concrete strain, mm/mm
€y = Ultimate strain, mm/mm, corresponding to

the compressive strength, fé

The unit uniaxial compressive stress-strain curve for

batch 1 is shown in Figure 4.9. Because measurements were
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not made, the descending branch of the curve is assumed to
be that described by the Todeschini et al. (1964), and is of
the form,

£ 2 (e/eo)

[4.26] - = 5
fé 1 + (e/eo) '

4.2.4.2 Modified Compressive Stress Strain Relationships

Timoshenko and MacCullough (1949) reported tests
conducted by A. Foppel which showed that the compression
heads of a test machine influences the behaviour, strength
and failure of compression specimens. Due to the development
of sliding friction between the specimeﬁ and'the load
surfaces (compression heads), the lateral expansion
associated with the compression of the specimen is prevented
or significantly reduced, resulting in an altered state of
stress at the ends of the specimen. Because of the
relatively small aspect ratio, d4/1 = 2.0 for typical
cylinders, the influence of boundary restraint may affect
the entire cylinder. The concrete cylinder test as it is
currently conducted is not representative of true uniaxial
behaviour.

Consequently, a series of cylinders were tested in
compression to examine the effects of end restraint. For
three cylinders the end restraint was reduced by placing a
thin layer of paraffin wax between the load surfaces of the
test machine and the sulphur caps of the test cylinder.

Typical compressive stress-strain curves for a cylinder with
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and without the paraffin wax layer are shown in Figure 4.10.
There was no appreciable difference between the behaviour of
the cylinder tested with Teflon plates at the ends and the
cylinder without.

The failure of the cylinder tested without paraffin wax
is typically described as a shear cone failure (indicative
of a modified stress field), whereas the cylinder tested
with paraffin failed by tensile splitting into a series of
longitudinal pie shaped segments at a transverse tensile
strain around 0.00025. The longitudinal cracks and
regularity (relatively constant cross-sectional area) of the
pie shapes suggests that the effects of end restraint were
greatly reduced. This experimental evidence corroborates the
statements made by Mindess and Young (1981) that failure of
concrete is controlled by a limiting tensile strain. The
ultimate strength of cylinders tested with paraffin wax was
approximately 67% of the average of the standard test. This
failure load or stress level coincides with the development
of matrix cracks in the traditional cylinder.

For the uniaxial behaviour, this evidence suggests that
the maximum stress be limited to a stress corresponding to a
maximum tensile strain in the transverse direction. This

limit is shown in Figure 4.9 as a dashed line.

4.2.4.3 Tensile Stress-Strain Relationship
Based on the theory that failure occurs at some maximum
tensile strain (250 us), a maximum tensile strength as

previously defined in Section 4.2.3 by the modulus of
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rupture, and assuming an elastic-brittle stress-strain
relationship for concrete in tension, the modulus of
elasticity in tension was calculated to be 0.64 times the
corresponding modulus of elasticity in compression. There is
experimental evidence that shows that the moduli are
different, and that the modulus of elasticity in tension is
in some fraction of the modulus of elasticity in
compression, Brattland (1987). The tensile stress-strain

relationship as described is shown in Figure 4.9.
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5. STEEL CONCRETE INTERFACE TEST RESULTS

5.1 General Behaviour

Test specimen identification numbers, dimensions of the
steel plate, and the corresponding yield and ultimate
tensile loads as calculated from the tension coupon data are

given in Table 5.1.
5.2 Shear Deformation Response

5.2.1 Test Series 1 - Virgin Response

Five test specimens of similar geometry and one nominal
plate thickness were tested under different normal loads, N,
varying froﬁ 0.2 P to 1.0 P, where P is the normal load
required to develop a friction force, F, large enough to
fracture the steel plate; The shear displacement response of
these tests are shown in Figure 5.1, 5.2 and 5.3 for normal
loads of 600 kN, 900 kN, and 1500 kN, respectiwvely, whefe
the displacement is the horizontal movement of the leading
edge of the plate.

These curves exhibit several interesting features. Test
ST6.04, with a normal load of 0.4 P, is a good illustration
of the classical shear or frictional force deformation
response for sliding friction as shown in Figure 5.1. The
peak load value gives the static coefficient of friction,
and the plateau gives the dynamic or kinetic friction

coefficient, with the coefficient of friction defined as:

124
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[5.1] 4 = F/N

in which, F Frictional or shear force, kN

N

Normal force, kN

After the peak value was reached, release of strain energy
resulted in a sudden displacement, and the frictional force
decreased. Subsequently, as the horizontal (shear) loading
continued, the kinetic frictional force response curve was
established. This curve is relatively smooth indicating a
continuous dissipation of strain energy. For normal loads of
0.4 P, 0.6 P and greater the kinetic curves are
discontinuous and the slip occurs in jumps. The phenomena of
sliding friction is a discontinuous process made up of a
series of strain energy dissipation steps, somewhat
analogous to the shear deformation response of the
continental plates of the earth, known as earthquakes. With
further increases in normal load, up to that causing failure
of the plate, the load displacement steps are accentuated
and dominate the response. The magnitude of the strain
energy releases is proportional to the magnitude of the
normal load. After large relative displacements the respohse
shows the usual more or less continuous kinetic plateau.
This is attributed to a change in the surface
characteristics along the interface. The plateau, however,
still consists of a series of smaller strain energy

dissipation steps or shear deformation jumps.
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Typical load strain curves for strains measured along
the length of the plate are given in Figure 5.4 for test
ST6.06. As expected, for any given position of the plate
with respect to the concrete block, the steel strains are a
maximum at the loaded edge and dissipate to zero at the
other end as the frictional force is introduced into the
concrete. The strain in the steel plate is constant in the
region in front of the concrete where there is no frictional
drag. Displacement distributions can be determined by
integrating the strain along the length of the plate with a
zero datum located at the free or unloaded edge of the plate

as indicated in Figure 5.4.

5.2.2 Test Series 2 - Repeated Loading with Increased Normal
Loads

Relative movement or slip between the steel plate and
the concrete or some form of delamination may occur at small
normal loads. The most accurate representation of the shear
deformation response is given by the kinetic response. The
kinetic response is a lower bound to the force that can be
transmitted by friction across the interface.

Four test specimens of different nominal plate
thicknesses were tested under repeated horizontal or shear
loads with increased normal loads. Figure 5.5 illustrates
the typical shear deformation response obtained for test
ST6. Similar characteristics to those described previously

are shown here. The only true static peak value is
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associated with the virgin curvé, static peak curves under
increased normal loads for subsequent shear deformation

curves after some displacement has occurred are generally
reduced and are only slightly greater than or equal to the

kinetic value for the same normal load.

5.3 Discussion

Figure 5.6 shows the relationship between the
frictional force and the normal load, and Figure 5.7 shows
the relationship between coefficient of friction and normal
load curves, for all the tests. Figure 5.6 shows that the
frictional force is proportional to the normal load up to a
normal load of about 900 kN. At this load level, in addition
to the compressive stresses due to the normal load, the
couple produced by the shear forces on the top surface of
the concrete and the reaction near the bottom start to
introduce significant additional compressive stresses at the
leading edge of the block. Estimates of the normal stresses
indicate that matrix craéking of the concrete should occur.
This is supported by observations of cracking of the
concrete during the tests. The increased slope_of the
frictional force normal force curve at this point was
attributed to the change in surface characteristics
resulting from matrix cracking of the concrete.

Also shown on Figure 5.6 are the static and kinetic
response values from the first series of tests. The static

curve lies above the kinetic curve but approaches the
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kinetic curve with incfeasing normal load. These values
merge as a result of the change in the shear deformation
response at large normal loads where there are large strain
energy dissipation steps.

Apart from the values obtained from the first normal
load shear deformation response curve for the second series
of tests, the static and kinetic curves are essentially the
same. As would be expected, there does not appear to be any
significant variance between the curves regardless of loaded
area or steel plate thickness.

The coefficient of friction values corresponding to the
frictional forces described above were calculated using
Equation 5.1 and are shown in Figure 5.7. The mean value of
the coefficient of kinetic friction is 0.5 with a

coefficient of variation of 0.15.
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6. RESTRAINED PLATE TEST RESULTS

6.1 General Behaviour

In Figure 6.1 are plotted the centre span deflection
versus total applied load for plates of similar steel plate
thicknesses and in Figure 6.2 are plotted the same curves
for composite p}ates with constant section depth. The
behaviour of the restrained plates can be divided into three
quite distinct regions: flexural, flexural membrane, and
membrane behaviour. Tables 6.1 to 6.6 summarizes the
restrained plate tests giving dates, total load, load steps,
with corresponding deflections and behaviour, and

observations or events recorded during the tests.

6.1.1 Composite Plate Tests

6.1.1.1 Flexural Behaviour

For any continuous composite structure loaded
symmetrically the changes in flexural stiffness are
delineated by:
1. first cracking;
2. development of plastic hinges at the supports;
3. development of a plastic hinge at centre span.
These demarcation points are illustrated on the load
deflection curve for test C203T6, a typical test of a
composite plate, in Figure 6.3.

The flexural behaviour of these plates was dominated by

the progression of cracking of the concrete in tension,
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crushing of the concrete in compfession and by localized
yielding of the steel plate in tension at the crack
locations. First cracking was characterized by the formation
of a small number of flexural cracks on the tension (lower)
side under the inmost load points, at centre span, and
adjacent to the supports on the upper side. The deflected
shape of the composite plate could be approximated closely
as two straight line segments with sharp changes in slope at
the crack locations.

Plastic hinges first formed at both ends of the span
adjacent to the supports. These manifested themselves as
zones of cracked and crushed concrete on the tension and
compression sides, respectively, with paréllel yield lines
across the width of the steel plate over the cracks. The
cracked and crushed concrete are shown in Figure 6.4(a). The
widths of the flexural cracks at these points ranged between
1.8 and 4.0 mm. With further loading, the flexural cracks
opened and the localized yielding of the plate associated
with the crack spread. Craéké in the concrete then ranged
between 7 and 10 mm in width.

Formation of the plastic hinge at centre span started
with the development of a horizontal crack located 10 to 20
mm below the top plate as shown in Figure 6.4(b) for test
C152T6. As discussed in Section 4.2.4.2, the formation of
such cracks parallel to the direction of the principal
internal compressive force is an indication that the

compressive strength of the concrete has been reached. As a
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result of the growth in width of the horizontal cracks, the
depth of the section increases between 1.05 and 1.10 times
the original depth. If adequate through-thickness
reinforcement or plate interconnection were provided, the
formation and propagation of the horizontal cracks would be
suppressed, and the flexural capacity of the section could
be increased. This load level corresponds to the maximum
flexural capacity of the section at approximately 10% of the
final centre span deflection. A net tensile force measured
in the horizontal restraint frame corresponds to an outward
movement of the bulkhead supports. This is shown in Figures
6.5 and 6.6 as the development of some initial tensile force
measured from the offset position. The offset position
results from the pretensioning in the plates. The
measurements of restraint are further discussed in Section
6.5. There were no signs of distress or buckling of the
steel plates on the compression side of the composite plate

element either at the supports or at centre span.

6.1.1.2 Flexural-Membrane Behaviour
Subsequent to the formation of the last hinge, the

composite plate deflects with no increase in load capacity,
until the tensile force in the horizontal reaction frame is
reduced to zero and the bulkhead supports have returned to
their original positions. With further increased loading,
the horizontal frame starts to provide the reaction to the
in-plane or membrane forces being developed in the plate.

Tensile forces in the plate result in compressive forces in
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the frame. The compression force in the horizontal reaction
frame develops at a decreasing rate and the variation of the
force with applied load is typically parabolic. For test
C203T6 in Figure 6.5, this action occurs between the end of
the flexural behaviour and the point 'B', at a horizontal
force of about 1400 kN. In this region, for this test an
average of about 2.9 kN of reaction load is needed to
develop 1 kN of total applied transverse load. The parabolic
increase is consistent with elastic membrane action.

To accommodate the increased change in curvature along
the length of the plate as the centre span deflection
increases, the concrete core breaks down into a series of
blocks, which conform to the load plates. The change in
curvature is concentrated at the edges of the load plates in
the form of flexural cracks. The formation of concrete
blocks progresses from the centre of the span in each
direction towards the supports as the deflections increase.
The steel plates mold themselves around the concrete blocks.
Existing flexural cracks simply opened up or split into a
fan-like array of smaller cracks. A few of the larger
flexural cracks had widths greater than 10 mm. Over the
supports where there are regions of sharp curvature, the
crack widths were much larger and the splintering of the
concrete more severe. The horizontal crack at midspan
increased in length and propagated towards the supports.
While the crack pattern is difficult to discern in Figure

6.7, it can be seen that the plate consists of two more or
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less'straight segments.

Yielding of the top steel plate spread from the
supports towards centre span and the bottom plate from the
centre towards the supports. Yield lines formed across the
width of the plate at an angle between 40 and 45 degrees to
a line perpendicular to the long direction of the plate.

Approximately 30% of the total centre span deflection
was reached at the load level corresponding to the change in

behaviour from flexural membrane to membrane.

6.1.1.3 Membrane Behaviour

The major portion of the load deformation response of
the composite plate was dominated by membrane behaviour of
the two steel plates as shown in Figures 6.1 and 6.2.

While the overall behaviour of the composite plate is
dictated by membrane action some contribution from the
concrete occurs locally. This load carrying mechanism plays
a minor role and diminishes as the centre span deflection
increases. The decreése arises primarily because the
concrete strain softens after reaching its ultimate
strength.

A close examination of the steel plate test behaviéur,
which acted essentially as a membrane throughout, shows that
the load deformation curve is bilinear, as shown in Figure
6.1 with a break at point 'A'., The increase in stiffness has
been attributed, Ratzlaff and Kennedy (1986), to strain
hardening of the steel plate. Evaluating the behaviour of

the plate acting as a membrane and subjected to transverse
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load shows this to be the case as described subsequently in
Section 7.3. The change in stiffness for the composite plate
tests are not as well defined due to non-uniform straining
of the top and bottom plates.

Yielding of the steel plates, began when flexural
behaviour was still playing a role, and continued to spread
throughout the plate. The concrete continued to break down
as previously described with the cracks in the concrete
becoming more evenly distributed along the length of the
plate in a fan-like appearance. The crack pattern is shown
in Figure 6.8. The horizontal restraint force continued to
increase up to failure. As can be seen for test C203T6 in
Figure 6.5, the increase is relatively large from point 'B'
up to point 'C' where yielding of both the top and bottom
steel plates between the supports and the first load points
occurred. Subsequently, the horizontal restraint force
increased much more slowly.

At a typical centre span deflection of approximately
350 mm and an end rotation of the composite plate of
approximately 20 degrees over the bulkhead supports, cracks
began to appear at the upper edge of the bottom steel plate
over the inside edge of one or both of the supports. The
cracks resembled flexural cracks in concrete, initiating at
the top of the bottom steel plate, where the combination of
bending and axial strains are a maximum, and propagated down
through the thickness. With continued loading and increasing

deflections the cracks increased in width, depth and number.
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At centre span deflections of between 440 and 460 mm, cracks
were observed on the top steel plate. These were accompanied
by necking of the steel plate both through the width and
thickness. As loading continued, the cracks continued to
propagate through the thickness and opened up, until
separation and ultimately failure occurred, most frequently
in the bottom plate. Typical cracks are shown for the top
plate and bottom plate in Figure 6.9.

Failure in all cases was a shear tension failure
resulting from exceeding a fracture strain of one or more of
the steel plates as described in Tables 6.1 to 6.6. From an
examination of the cracks and necking of the plate at the
supports, it was concluded that fracture could have occurred
at either end. The average angular rotation of the plates
over the supports was 29.8 degrees with a coefficient of
variation 6f 0.072. In all cases, regardless of plate
thickness or section depth, the ultimate failure mode,
centre span deflection, and deflected shape of the structure
were about the same.

The deflected shape of composite plate test C203T6 is
shown in Figure 6.10. The limits of each region of behaviour

are identified.

6.1.2 Steel Plate Test
As a basis for comparison with the composite plate
tests, two steel plates, one on top of the other, with no

mechanical shear interconnection, were tested. From this
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test the contribution of the steel plates alone can be

determined. The load centre span deflection curve for this
test is shown in Figure 6.1.
Because the span to depth ratio for this plate was
large, L/d=205.6, the general behaviour of the plate from
the initial stages of loading to ultimate was dominated by
membrane behaviour. No flexural behaviour was discernable.
Observations during the test support the hypothesis that a
cable analysis based on consistent deformations is valid for
determining the deformed shape, strain distribution and
internal force distribution. The observations were:
1. under transverse load the plate deformed to the shape of
the load plates, forming a series of straight line
segments with concentrated curvature located at the
inside edge of the supports and the edges of the load
plates;
2. yield pattern, sequence of loading and propagation of
yielding
a. yield lines parallel to and over the inside edge of
the support

b. parallel yield lines at locations of concentrated
curvature

c. yield lines at 40 - 45 degrees propagating from the
support towards the adjacent load point, one end
then the other

d. continuing yielding towards the interior load points

e. yielding of the centre segment of the plate'
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f. yield lines at 40 - 45 degrees formed as the section
of the plate between the support and the horizontal
reaction frame (anchor span), one side then the
other.

Straining in any given segment was quite uniform at all load
levels.

Although cracks were not observed during the test, an
examination of the plates after the test showed that cracks
and the associated localized necking existed not only at the
support, but also in a less developed stage at several of
the locations where the curvature was concentrated. Failure
occurred as for the composite plates and as described in the

previous section.

6.2 Steel Strain Distributions

Electrical resistance strain gauges located at discrete
points along the length of the plates as discussed in
Section 3.2.3.6 were used to measure strains up to 25 000
us. Strains greater than this value were calculated from
measurements of the deformed shape of the plate assuming
uniform straining over any given segment. Final strains were
determined from before and after measurements of the plate
dimensions.

Representative steel strain distributions are shown for
the top and bottom plates at three load levels, for the
steel plate test, C121T6 and C203T6 in Figures 6.f1, 6.12

and 6.13, respectively. The first load level corresponds to
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the upper limit of the elastic membrane behaviour for the
steel plate test and the attainment of the maximum flexural
load for the composite plate tests. The second level
corresponds to general yielding or strain hardening of the
steel plates with increased straining greater than strain
hardening of the plate segments between the bulkheads and
the first load points. The third level corresponds to fully
developed membrane behaviour for all the tests.

For the composite tests, the strains at the maximum
flexural load were relatively small. The strains for the top
plate were tensile and maximum over the supports and
decreased in magnitude to a small tensile or even a
compressive strain at centre span. The strains for the
bottom plate were tensile and maximum at centre span and
decreased to a small tensile value at the supports. The
strains for the steel plate test at the first load level
were generally equal to or just less than the yield strain
along the length of the plate, except for the plate segments
between the bulkheads and the first load points where strain
hardening existed.

At the second load level, general yielding or strain
hardening of the steel plates and increased straining
greater than strain hardening for both plates in the steel
plate test and for the top plate in the composite test for
the plate segment between the supports and the first load
point occurred. For all cases at load level three, the

strains over the inside edges of the supports, for both the
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top and bottom plates, were extremely large (125 000 us). At
midspan the strains dropped down to strain hardening strain
or less. Steel strain measurements were compared to the

strains calculated from the behavioural models described in

Chapter 7.

6.3 Concrete Strain Distributions

Concrete strains were measured at the locations shown
in Figure 3.13 at the load levels corresponding to the
ultimate flexural capacity of the composite plates. These
measurements have marginal utility for two reasons: (i) the
exact state of stress is not known and therefore the
transformation of strains to stresses and hence internal
forces is questionable; and (ii) the stréins were measured
over a finite gauge length which encompassed regions
confaining cracked or crushed concrete, non-uniform
straining makes the interpretation of the data difficult.
Because of this, measurements wére made only once. However,
qualitative information about the interaction between the
steel plates and the concrete core can be deduced from the
measurements as can the relative magnitude of the load
carried by the concrete and whether or not the concrete was
in tension or compression. Concrete and steel strains
corresponding to the flexural capacity of the composite
plate, for test C152T4, are shown in Figure 6.14 and 6.15,

respectively.
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Figure 6.14 suggests that the concrete will be cracked
in tension in the upper fibres over the support and in the
bottom fibres near midspan where large crack widths would be
expected. The upper concrete fibres at midspan are heavily
strained in compression as are the bottom fibres at the
supports. From Figure 6.15 the steel strains of the bottom
plate are always tensile while the top plate has compressive
strains in the positive moment region.

Because these strains were determined using a
mechanical extensometer, they represent the average strain
over the gauge length. For tensile strains in the concrete
exceeding 250 us (the fracture strain suggested in Section
4,.2.4.3), the corresponding changes in length (deformations)
between gauge points have been calculated and are shown in
brackets in Figure 6:14. The defo;mations are generally
concentrated at single cracks and are good indications of

the crack widths.

6.4 Slip Distributions

Slip or differential displacement of two materials
along an ipterface results from the rigid body displacements
~(sliding) of one body with respect to the other and/or the
accumulation df differential in-plane straining, of the
materials. For the case when local slip is due to
accumulated differential in-plane straining defined as the

total difference in elongation of the two materials, then
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[6.1] w, = !g (esx - ecx)dx

where: w = Local slip, mm

€ = Longitudinal in-plane strain in the

steel at a distance "x" from a point of
zero slip, mm/mm

€ = Longitudinal in-plane strain in the
concrete at a distance "x" from a point of
zero slip, mm/mm

Slips were measured along the length of the plate when
the ultimate flexural capacity was reached. Typical slip
distributions, corresponding to the concrete and steel
strains described in Section 6.3, are shown for test C152T4
in Figure 6.16. These distributions were corroborated by
additional measurements of the relative movements of the
Demec points. There are several interesting features:

1. essentially zero slip occurred at the point of symmetry,
centre span, and at the ends of the plate element;

2. the slip distributions are symmetric about the centre
line of the test span; and

3. the direction of slip, the relative movement of the
steel plate with respect to the concrete core, for the
top plate and bottom plate within the span are opposite.

The first two features are a function of the load
pattern and boundary conditions while the last is a result
of the large deformation behaviour and fracture of the
concrete core. To accommodate large curvature changes, the
concrete core fractured into wedge shape pieces and formed a
series of stréight line segments with the angle changes

concentrated at crack locations. The steel plates, like
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flexible skins, stretched over and contained the concrete.
As the curvature increased, the in-plane force of the steel
plate acting on the concrete caused the wedge to splinter,
resulting in a fan like array of cracks and a more gradual
change in slope. This action depends upon the thickness of
the steel plate and the depth of the concrete core.

Because the steel plate was not mechanically
interconnected to the concrete it was able to slip on it.
For the left hand half of the composite plate, as wedges
formed and cracks opened, Fhe top plate slipped to the left
relative to the concrete. Although the steel plate was
straining in tension (large strains), the rigid body
movement of the wedge adjacent to the top plate exceeded the
total extension of the steel plate. This combined slip
action is shown in Figure 6.17. The extension of the bottom
steel plate exceeded the combined straining and'rigid body
movement of the concrete, resulting in a relative slip of
the steel to the right.

If slip and/or splintering was not allowed to occur in
regions of tension, then large crack openings in the
concrete will cause localized straining of the steel plate,
which may be sufficiently large to cause rupture and

premature failure of the plate element.
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.6.5 Restraint Measurements

6.5.1 Horizontal Restraint Frame

The response of the horizontal restraint frame to the
test plates under locad is shown in Figures 6.5 and 6.6 for
tests of constant plate thickness and tests of constant
section depth, respectively. While a compressive load in the
frame is equivalent to a tensile load in the test plate,
some of the tension within the test span is taken out as
shear in the bulkheads.

The curves can best be described by first examining the
behaviour in the steel plate test. The zero offset,
exhibited in all tests, but marked for the steel piate test,
corresponds to the load induced in the specimen due to weld
shrinkage. Upon applying a transverse load, a load is
introduced into the frame at an approximate rate of 2.5 kN
per kilonewton of applied load. The slightly nonlinear
response is a function of the small deflections, the
boundary movements and the resulting éeometry of the
deformed membrane. At an applied load of 830 kN, there is a
sharp change in the slope of the curve due to yielding of
the plate segment between the bulkheads and the first load
points. Deflections increased rapidly with significant
changes in geometry. Subsequent yielding of the other
segments of the test span had little effect on the force in
the horizontal restraint frame. Another discrete change in

slope occurs when yielding and strain hardening of the
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anchor spans adjacent to the test span takes place. Near

failure the curve flattens as a result of large deformations

with the steep slope of the membrane transferring the
transverse load more effectively into the bulkheads.

The curves for the composite plate tests are similar to
that of the steel plate test with two major differences:

1. the increase in length of the composite plate in flexure
resulted in an outward movement of the bulkheads and a
decrease in load in the external frame. The initial
compression in the restraint due to weld shrinkage
decreased. Not until the flexural capacity of the
section was reached did the frame start to restrain the
test plates as described in Section 6.1.1 (point 'B' on
the curve for test C203T6);

2. the rate at which the load in the restraint frame
developed decreased sooner and less rapidly as a result
of non-uniform straining, yielding and strain hardening.

Both effects become more pronounced with increasing section

depth. For tests of different plate thickness, the curves

exhibit the same characteristics, but in different

proportions.

6.5.2 Vertical End Restraint

Measurements were made of the vertical end restraining
force required to maintain the anchor (adjacent) spans in an
horizontal orientation. This load, in addition to the

rotational restraint generated by the bulkheads, provided
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the reaction necessary to develop the negative moment
capacity of the plate. The maximum force was reached when
the test plate reached its flexural capacity. Subsequently,
the restraining force decreased slightly and then remained

essentially constant throughout the remainder of the test.

6.5.3 Lateral Confinement Devices

The passive lateral confinement devices were provided
to simulate the lateral confinement of surrounding concrete
in a real structure. The loads measured in the load rods of
the lateral confinement devices were extremely small.
Calculated values of pressure developed by the passive
confinement devices did not exceed a maximum pressure of 2
MPa with an average of only 0.2 MPa. Maximum pressures
occurred during flexural behaviour, just prior to
compression failure of the concrete. The pressureé then
diminished with increasing deflection of the plate. The
transverse pressures across the width did not develop as
anticipated because the concrete simply expanded through the
thickness in the direction of least resistance. This is
supported by measurements which indicated an overall
increase in thickness of the composite plate. The state of

stress in the concrete was therefore essentially uniaxial.
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6.6 Final Strain Measurements

Prior to testing and after failure, the steel plate
thicknesses and widths were measured at a number of
locations along the length of the member, as shown in Figure
6.18. Based on these measurements, strains across the width,
through the thickness and along the length were calculated

using Equations 6.2, 6.3, and 6.4, respectively.

o
[6.2] e, = 1n (;;) |
where: €, = True strain across the width of the
steel plate, mm/mm
We = Width of the steel plate after failure, mm
vy o= Original width of the steel plate, mm
te
[6.3] e, = 1n ( T )
o
where: €, = True through-thickness strain in

the steel plate, mm/mm
£ Thickness of the steel plate after
failure, mm

o
]

to = Original thickness of the steel
plate, mm
A
[6.4] e, = 1n ( X; )
where: e, = True longitudinal strain in
the steel plate, mm/mm
A =

£ Area of thezsteel plate after
failure, mm

Original grea of the steel
plate, mm

>
]

Strain distributions and strain ratio distributions (ew/e(,
et/el) are shown for a typical test, C121T6, for the top and
bottom plates in Figures 6.19 to 6.22. The strains and

strain ratios are plotted as absolute values.
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The strain distributions shown in Figure 6.19 and 6.21
exhibit several interesting features. The distributions are
symmetric about centre span and parallel which indicates
symmetrical loading conditions and excellent repeatability.
The parallelism of the curves suggest a strong correlation
between strains across the width, through the thickness and
along the length. "Spikes" in the strain distributions are
the result of local necking or thinning of the plate at
locations where significant angle changes occurred. The
largest of these spikes are at the edge of the span adjacent
to the bulkheads. In general, the strains across the width
are considerably less than the through-thickness strains,
which are an appreciable fraction of the longitudinal
strains.

The strain ratio distributions, shown in Figure 6.20
and 6.22, indicate that the state of stress imposed on the
plate was between that of uniaxial stress and plane strain.
Based on the assumption of zero volume change for plastic
straining, the ratio of strains ew/ef and et/ef for a state
of uniaxial stress are 0.5. For a state of plane strain the
strain across the width is zero and the through-thickness
strain is € ,- Thus the strain ratio ew/ef is zero and the
absolute value of the strain ratio et/el is 1.00. Figures
6.22 and 6.23 show that the strain ratio ew/el lies between
zero and 0.5 as suggested and the strain ratio et/el lies
between 0.5 and 1.00. For the bottom plate at the supports,

the strain ratios of zero and one indicate a plane strain
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condition there.
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6.7 CRACK PATTERN, FLEXURAL MEMBRANE BEHAVIOUR

Figure 6.8 CRACK PATTERN, MEMBRANE BEHAVIOUR

691l
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(a) Test C152T3, top plate - south end

(b) Test C203T6, bottom plate - north end

Figure 6.9 FRACTURE CRACKS IN THE STEEL PLATE
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7. ANALYSES

7.1 General

Two behavioural models have been developed to describe
the basic modes of behaviour exhibited by the composite
plates. The methods of analysis, features and limitations of
the flexural and membrane models are presented in Sections
7.2 and 7.3, respectively. Predictions of the load
deflection behaviour and failure modes are verified by
comparison with the test data. The models are used to
éstablish the effect of varying key parameters on the
behaviour of the plates. An ultimate strength model, based
on an extension of the von Mises-Huber-Hencky yield
criterion to ultimate condition, is presented. The overall

behaviour is presented in Section 7.5.
7.2 Flexural Model

7.2.1 Description and Limits of Behaviour

A flexural model has been developed to describe the
load deflection behaviour of steel-concrete composite plates
without mechanical shear interconnectors. The load and
corresponding deflections were determined from a nonlinear
incremental analysis based on an assumed displaced shape,
equilibrium of forces on the deformed element (defined by a
probable load carrying mechanism), and compatible

deformations of the element with the boundaries.
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Load is carried primarily by the element behaving as a
tied arch as shown schematically in Figure 7.1. The arch
consists of seven compression struts, four extending from
the supports to the load points and three horizontal struts
bridging between the load points, and the bottom plate
acting as a tension tie. Additional load is carried by the
top plate in tension as a result of load transfer by
friction from the compression struts at the load points and
from membrane action. These have been incorporated into the
analysis. A detailed description of the forces acting on one
half of the plate element shown in the displaced
configuration is given in Fiqgure 7.2 and Figure 7.3.

Although the model is for a particular load pattern and
load distribution, the analysis could be applied equally
well to other load cases by simply selecting the appropriate
load paths, by determining the internal forces (based on
equilibrium of the deformed shape), and by identifying the
critical section. For slender plate elements this becomes
the location of maximum moment.

The limits of the analysis are defined for
over-reinforced members by compression failure of the
concrete at midspan, and for under-reinforced members, by
yielding of the bottom plate in tension. Limits of the
applicability of this analysis for determining flexural
capacity of composite plates, in terms of maximum and
minimum slenderness limits, L/d, have yet to be defined.

With a large L/d, membrane behaviour dominates from the
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start and the .flexural model is not applicable. With a small
L/d, the critical concrete element may change from the
horizontal compression strut at midspan to an inclined strut
from the load point to the support. A modified model would
need to be developed. The analysis does not include the
post-flexural failure behaviour described by the continued
degradation of the concrete and composite action, nor the

development of full membrane action.

7.2.2 Features

The following parameters have been included as
variables in the analysis:
1. nonlinear material models, as shown in Figure 7.4;

2. material properties: fé, E ,f E, e E

crfp o

o

y' Ty’ €st’ ®st’ %y’

3. geometric properties: thickness of the top and bottom
plates - ty and fb’ and the depth and width of the
composite section - d and w;

4. coefficient of sliding friction between the steel and
the concrete, u=0.5;

5.. boundary stiffness as determined from the stiffness of
the surrounding structure;

6. pretension forces in the steel plates.

7.2.3 Method of Analysis
For any applied load, the following steps are used to
determine the corresponding centre span deflection:

1. a small value of centre span deflection, y, is assumed;
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2. based on the centre span deflection, the assumed
displaced shape and the distribution of loads, the
internal forces are calculated by statics;

3. the deformation of the top and bottom plates is
calculated;

4. the load carried by the top plate in membrane action is
calculated and subtracted from the applied load. The
internal forces, taking the membrane contribution of the
top plate into consideration, are re-evaluated and steps
2 to 4 were repeated until satisfactory convergence of
the top plate deformations is achieved;

5. if the deflection satisfies the deformation convergence
criterion, then another load is assumed and the analysis
continues until failure is predicted to occur or the
limits of the analysis are exceeded. Otherwise the
assumed centre span deflection, y, is incremented until
the deflection and corresponding internal deformations

satisfy the deformation convergence criterion.

7.2.4 Deformation Convergence Criterion

Becéuse the flexural behaviour of the composite plate
was dominated by the behaviour of the concrete, the
convergence criterion was based on compatibility of the
internal deformations of the critical strut element path
with the external deformations required to achieve -

compatibility with the boundaries.
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The external deformation that has to be imposed on the
element to make it conform to its boundaries is equal to a
length 'a', shown in Figure 7.5, which results from a rigid
body rotation of a rectangular concrete block one-half the

length of the span. The length 'a' is given by:

[7.1] a = f(cose - 1) + dcsine

where: a = external deformation, mm
{4 = span length, mm
dc = depth of the concrete core, mm
6~ = angle of rotation

0 = tan—1(%¥),

where y equals the centre span deflection, mm

The deformation "a" is shared between the supports and the
centreline.

- The corresponding internal deformations were determined
over the same section. The critical length is defined as the
prime load carrying path which extends from the support to
the inmost load point and then to centre span as shown in
Figure 7.5. This length is divided into five segments: two
nodal struts, a combined load strut, the remainder of
compression strut no. 2, and the remainder of the centre
horizontal strut. To calculate the deformation, the loads,
lengths, areas and corresponding stiffnesses for each of
these segments were determined.

The loads for each of the struts were obtained by

statics from the analysis described in Section 7.2.1.
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The area of the struts was assumed to be constant
throughout with the dimensions defined by the width of the
plate and the depth as a function of the bearing length, z,

as determined from the displaced shape, and given by:

[7.2] z =b + ¢

where: -
a siné
b = ————
cos?é
a cosé
C = —/—5
siné

The bearing length, z, is the total bearing length of both
contact sides; one at the support and the other at midspan.
The depth of contact on either side is z/2. The protruded
shape defined by z/2 and a/2, is a triangle with the length
c much greater than b. Enforcing compatibility of
deformation here implies the formation of a triangular
strain distribution, which is approximated, for small
strains and én elastic stress strain curve, with a
rectangular stress block of 1/2 the depth z/2, i.e. z/4.

Although the internal forces and the corresponding
depth of the compression struts are likely to be different
at the supports and at midspan, the depth of the compression
struts was idealized as an average §alue, approximated as
z/4,

The lengths for the nodal struts are defined as
one-half the depth of the compresSion strut. Based on the

geometry of the truss, the length of the region of overlap



190

of the combined strut; segment 2 in Figure 7.5 (a), was
approximated as the depth of the concrete core and the
length of the other segments were determined accordingly.

_Table 7.1 lists the parameters used to calculate the
internal deformations. -

The bilinear stress-strain curve given in Figure 7.4
(a) was used for all segments except the nodal segments.
Because of the concentrated angle changes in the nodal
segments, the compressive stresses are exceedingly large and
therefore the stiffness of these segments was taken
arbitrarily to be a small noﬁ-zero number, 0.03 E,. It was
assumed that when either the combined strut or compression
Strut no. 2 reached the reduced stiffness load level,
corresponding to a stress of 0.67 £., that the other would
also assume this stiffness. The increased load capacity
after this point is attributed to some confinement given to
these struts by the surrounding concrete. The horizontal
segment stiffness is dictated»by the first portion of the
stress-strain curve. Further increase in capacity, beyond
0.67 fé, is not possible because the concrete at that
critical section is in a state of uniaxial sStress with
little or no transverse confinement.

When the total deformation over the span length, as
determined from the deformations of each segment, equals the
deformations required for external compatibility,

convergence is achieved.
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7.2.5 Results
The load deflection curves predicted by the flexural
model and those from the corresponding tests are shown in

Figures 7.6, 7.7 and 7.8, for test plates of constant steel

plate thickness, constant section depth, and for test

C152T3, respectively.

The test curves exhibited the following
characteristics:

1. the tests generally experienced some initial deflection
without any significant load increase. This is
attributed to initial set of the system;

2. the load deflection response was essentially linear to
the point where plastic hinges developed at the
supports, after which there was a substantial decrease
in-stiffness. The flexural stiffnesses before and after
hinge formation were related to the depth of the
concrete core and not to the thickness of the steel
plates;

3. after flexural failure, although there was a slight
decrease in capacity, the composite plates recovered
this capacity and then carried increasing load with
increasing deflections because of the membrane action.

The flexural model identifies the failure mode and the
portion of the load deflection curve attributed to flexural
behaviour. A summary of the failure modes predicted by the
model, and the test to predicted ratios for failure load are

given in Table 7.2.
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In Figure 7.6, all predictéd curves are in reasonable
agreement with the test curves as they are in Figure 7.7,
with the exception of test C152T3. Excepting C152T3, the
mean value of the test to predicted flexural failure load
from Table 7.2 is 1.07 with a coefficient of variation of
0.088. Test C121T6 in this set gives the largest test to
predicted ratio of 1.21. The variance increases with
increasing slenderness ratios, L/d, and is attributed to the
relatively greater contribution of the membrane action to
the total load carrying capacity.

The model also underestimates the strength of specimen
C152T3, this time by 1.41 times. Yielding of the bottom
plate is predicted at a load of 95 kN, at which load
yielding did occur. With subsequent strain hardening, the
test specimen formed plastic hinges and carried more load
flexurally. The model as presently developed does not extend
beyond yielding of the bottom plates.

It is of special interest that the model predicts the

load deformation behaviour quite well, within its
limitations, when the initial set of the test plates is
taken into account. This prediction recognizes the reduced
strength of the concrete under uniaxial stress conditions
and does not require any "adjustment coefficients".

The model was used to make a parametric study of the
influence on the flexural behaviour of the composite plate
of varying the section depth and the bottom plate thickness.

Test C203T6 was used as the base case. In the study, the
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section depth was varied from 204.2 mm to 400.0 mm while

keeping the plate thickness constant at tb=6.91 mm; and

while the bottom plate thickness was varied from 6.91 mm to

15.0 mm keeping the section depth constant, d=400.0 mm. The

results of this study are shown in Figure 7.9. Test C203T6

had a depth of 204.2 mm and a bottom plate thickness of 6.91

mm.,

By increasing the section depth, curves 1, 2, 3 and 4,
the following occurred:

1. the behaviour changed from that of an over-reinforced
member to that of an under-reinforced member. The
"failure" mode changed from a compression failure of the
concrete at midspan to yielding of the bottom plate;

2. the initial stiffness increased from 11.3 kN/mm for
d=204.2 mm, curve 1, to 69.3 kN/mm for d4=400.0 mm, curve
4, an increase of 6.1 times with an increase in depth of
2.02 times;

3. the ultimate flexural capacity increased from 350 kN to
1300 kN, an increase of 3.7 times.

The argument for increasing the bottom plate thickness
is that it provides the tie for the tied arch action and
therefore should result in increased capacity. Curves 5, 6
and 7 of Figure 7.9 show that varying the bottom plate
thickness does not change the initial flexural stiffness
appreciably. Curves 5 and 6 are shown as one because the
behaviour was essentially identical. This is corroborated by

the results of tests, C152T6, C152T4 and C152T3 in Figure
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7.7, which have about the same initial slope. The failure
mode changes from an under-reinforced to an over
over-reinforced member with increasing plate thickness, as
would be expected. In this particular example at least, the
proportion of the steel and concrete shows that, for
balanced or for over-reinforced conditions, the ultimate
flexural capacity and behaviour remains relatively
unchanged. For less than balanced reinforcing (curve 4 as
compared to curve 5) there is a decrease in flexural
capacity as was the case for test C152T3.

Curves 5 and 6 with bottom plate thicknesses of 9 and
10 mm had virtually identical load deflection curves. They
fall on either side of the balance point, with one failing
by yielding of the bottom pPlate, and the other by
compression of the concrete. Curve 7, for a member with a
bottom plate thickness of 15 mm, is below curve 6 for a
member with a 10 mm thick pPlate. As the total section depth
is the same, this appears to be due to the reduction in the
concrete thickness. This was also the prediction of test
C152T6 as compared with the prediction of test C152T4.

The flexural model allows the designer to proportion
the section to achieve the required flexural stiffness,

capacity and failure mode.
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7.3 Membrane Model

7.3.1 Description and Limits of Behaviour

A membrane model has been developed to describe the
load deflection behaviour of steel plates of finite width.
The load and corresponding deflections are determined using
a nonlinear incremental analysis based on equilibrium of
forces on the deformed shape and on compatible deformations
of the steel plate with flexible boundaries. Flexural and
flexural membrane behaviour are not included in this
analysis.

The half span model of the plate consists of five
segments extending from the support to the edges of each
load plate and then to centre span as shown in Figure 7.10.
A series of five spring elements, one in parallel with a
series of four, represent the boundary stiffness. These
represent the boundary conditions of the test set-up as do
the five segments and four loads. Other loadings and
boundary conditions could be readily modelled. All spring
elements were modelled as linear elastic elements, except
the anchor span, which had the same nonlinear stiffness
(material) model as the plate.

The upper limit to the load carrying capacity of the
plates was set at the load which produces a critical state
of stress in the plate given by the ultimate stress on the
von Mises failure surface as described subsequently in

Section 7.4.
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Although the model was developed for this particular
problem, the method of analysis can be applied to any load
and restraint system. It may also be possible to extend the
solution to a double membrane separated by links which
maintain the spacing between the plates without influencing

the behaviour of either membrane.

7.3.2 Features
The following parameters have been included as
variables in the analysis:
1. nonlinear material model for the steel, shown in Figure
7.4; ’

o

2. Material properties: E, ¢ E [

YI y’ estl stl u;

3. Geometric properties: plate thickness and width;

4. Boundary stiffnesses.

7.3.3 Method of Analysis
For any applied load, the following steps are used to
determine the corresponding centre span deflection:

1. a small value of centre span deflection, y, is assumed;

2. based on the distribution of loads the horizontal force,
H, is calculated;

3. the internal forces, corresponding strains (based on
linearized stress strain curves, Figure 7.4) and
extensions of each segment are calculated;

4. the horizontal projection of each extended segment is

calculated;
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the sum of these projections is compared to the original
length between the flexible boundary (support) and
centre span. If the projected length of the membrane is
greater than the original length, the centre span
deflection, vy, is increased and steps 2 to 4 are
repeated uﬁtil the lengths are in close agreement;

the resulting horizontal force, H, is applied to the
boundary and the corresponding x-displacement is
determined;

if the x-displacement of the boundary due to the load,
H, is greater than the displaced position of the
boundary, then the boundary is displaced by an amount
Ax’ and a new length between the boundary and centre
span is calculated;

steps 1 to 7 are repeated until the x-displacement of
the boundary due to the horizontal load is in agreement
with the displaced bohﬁdéry position;

another load is assumed and the analysis continued until

failure, defined as rupture of the steel plates, occurs.

7.3.4 Results

The load deflection curves predicted by the membrane

model and those from the corresponding tests are shown in

Figures 7.11 and 7.12 for steel plate test and composite

plates of constant steel plate thickness, and for composite

plates of constant section depth, respectively. The

predictions for horizontal restraint forces are shown in
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Figure 7.13 together with some test results. The plate
thicknesses given are the nominal plate thicknesses for each
steel plate.

Apart from the flexural behaviour, for which the
membrane model is not applicable, the predicted curves are
in reasonable agreement with the test results. Some
variations exist because of initial set and a difference in
straining of the top and bottom plates'for the composite
tests. This results in slightly softer test response as
shown in the figures. The model accurately predicts:

1. the influence of boundary movements on the load
deflection behaviour of the plate;

2. the occurrence and progression of yielding and strain
hardening for the steel plate test;

3. The magnitude of the reaction force required to develop
the membrane force as shown in Figure 7.13 for the case
of the two 6.35 mm plates with yielding anchor spans.

Failure loads are discussed subsequently in Section 7.4.

Based on this model a parametric study was conducted to
study the influence of boundary stiffneés, material
behaviour and plate thickness. The results of this study are
illustrated in Fiqures 7.13 and 7.14, for load horizontal
restraint and for load deflection of the plate,
respectively.

The effect of changing the boundary stiffness is
apparent in Figures 7.13 and 7.14. Decreasing the boundary

stiffness from an infinite stiffness to the test value, and
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then to 1/10th of the test value, increased the centre span
deflection corresponding to the end of the elastic membrane
response, from 71 mm to 128 mm, and 361 mm, respectively, as
seen in Figqure 7.14. Reducing the boundary stiffness
decreased the area under the load deflection curve hence the
energy absorption capacity of the element. For this
particular problem, the 90% reduction in boundary stiffness
represents a 20% decrease in energy absorption capacigy.
Conversely, there is little energy absorption capacity to
gain by increasing the stiffness to a large amount. Figure
7.13 shows in curves 1, 2 and 3 that the maximum horizontal
force required to develop the membrane remains virtually
unchanged when the boundary stiffness is changed.

Changes in plate thickness or material behaviour alter
the magnitude of load for a given deflection, but not the
basic behaviour. The magnitudé of load is directly
proportional to the plate thickness and to the stress level
corresponding to that particular deflection. The maximum
horizongél force required to deyelop the ultimate membrane
strength is»equal'to the yield load of the plate element
times 1/cosf, where @ is the angle of the critical plate
segment with respect to the horizontal at failure.

This analysis allows the design engineer to determine

both the strength and stiffness of the boundary so that the

desired energy absorption capacity is achieved.
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7.4 Failure Criterion

Ultimate failure of the composite plate occurred with
rupture of one or both of the steel plates. Rupture occurs
when the state of stress in the material on a critical
section exceeds a limiting value. The limiting value is
defined here by an extension of the von Mises-Huber-Hencky
yield criterion to ultimate. In the general form, for any

state of stress, this criterion gives:

42 42 ) 2, 2,2, _ .2
[7.3] (ax ay) +(oy az) +(oz ox) +6(rxy+ryz+rzx) = 2U
where: Oyr 0, o, = normal stresses in the X, ¥, 2
y coordinate system
Towr To, T = shear stresses in the x, Y, 2
Xy ¥z ZX coordinate system
U = ultimate stress for uniaxial

stress, ¢
ss, u

The critical section for the plate element occurs at
the support where the plate is in a state of plane strain
and ay (through-thickness stress), ryz and T,x are all equal
to zero, and the transverse stress, 0 is Vo Poisson's
ratio times the longitudinal stress. Simplifying the general
formulation for tﬂe particular problem gives:

o 2 2 2 .2
[7.4] (1 v + p°) o, * 31,0 =1U

From an examination of the free body diagram in Figure
7.15, it can be seen that the critical section is subjected

to a combination of normal and shear forces acting on the
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original cross-sectional area, A_. The average normal

o)
stress, o, acting over the critical cross section is

P
[7.5] o, =3
X AO

where: P = horizontal component of the membrane force, S
Similarly, the average shear stress is

[7.6] T = —

where: V = vertical component of the membrane force, S

Stresses computed from the test loads are compared to the
limiting stresses given by equation 7.4 at ultimate

conditions, with Poisson's ratio equal to » as previously

p’
discussed. The results are summarized in Table 7.3. The mean
test to predicted value is 1.128 with a coefficient of
variation of 0.037. This value is less than 1.0 because
stresses have been assumed to be constant over the entire
cross-section. This is not likely to be the case, even with
significant ductility.

Equation 7.4 can be rewritten to form a strength
interaction equation in terms of loads. Letting the ultimate

force that can be developed on the critical cross section be

Y, where:

[7.7] Y

i
a
g
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and substituting Equations 7.5, 7.6 and 7.7 into Equation

7.4 and dividing by the U2 term gives:

[7.8] 8 (% +3 D2 = 1.0

where: B8 = (1-v+v2) =.0.75 for »=0.5

This interaction equation is shown in Figure 7.15, where the
test values are also plotted. Compared to the interaction
diagram these test values would, of course, give the same
test to predicted ratios as given in Table 7.3. The test
points are clustered because, only one span was used in the
tests and the members all failed at about the same angle, 6.
Based on this interaction equation the design engineer
can determine the ultimate failure load for any combination

of shear or axial load at the plate edge.

7.5 Overall Behaviour

The overall behaviour of the test specimen ranges from
flexural to membrane behaviour and within theé ranges of
applicability of the models developed for flexural and
membrane behav1our there is good agreement with the test
data. The solutions are not additive.

The transition between the two models isva combination
of flexural and membrane behaviour, which occurs subsequent
to reaching the flexural capacity of the system and is
characterized by increasing deformation without reduction in

load carrying capacity. This indicates that the increasing
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strength due to membrane action replaces the lost flexural
strength until membrane action only exists.

The limiting strength of the system is given by the
failure criterion which is based on a combined stress state
and an extension of the von Mises-Huber-Hencky yield
criterion to ultimate. The mean test to predicted value for
the ultimate load was 1.128 with a coefficient of variation

?

of 0.037.
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Applied Load , kN

215

1750 T T T T
model, t;, =9.0mm '/
d = 400.0mm ,’
(yield of bottom plate)® W, /
/
I500F  model, tj, =6.910 mm / }
d =400.0 mm /s model, fb =10.0 mm
(yield of bottom plate) @) / d = 400.0 mm
/ (compression failure) @
Y / model, t, =15.0mm
1250 A d=400.0mm _ "
§ / (compression failure)®
, crushing of concrete
/ at the supports
1000} model, t, =6.910 mm 4
_.,/ d=300.0 mm
7 (yield of bottom plate) ®
7
-/
| L/
750} E/ i
F/ model, t, =6.910mm
E/ d = 250.0 mm
F/ (compression failure) @
/ >
500 B ./. -
/ fiexural model prediction
Test C203T6 ®
250} i .
Test C203T6
(compression failure)
1 ]

o 10 20 30 40 50

Centre Span Deflection, mm

Figure 7.9 FLEXURAL MODEL - PARAMETRIC STUDY
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Horizontal Restraint, kN
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Figure 7.13 TEST AND PREDICTED HORIZONTAL RESTRAINT

5000



220

AQOLS DIMLANYIVA - SHAYND NOILIATIFAd AVOT ¥l°L @2anb1g
ww ‘uoyoejjeq undsg 84ju8) -

009 0SS 00 oGy OO0t 0S€ 00 082 002 05l 00l 0§

v

¥ ¥ T L T

fuiod pooj isJ1j ayy puo jioddns 3y} usemjeq ayp|d jo praik

IS8} 8y} 10} papinosd °
$sauyjlis K10punoq ey yj oj/) 7 doooi
o} |onbs s1 sseuyjis Kippunog - .\ff:_o_‘_um aup|d
ww j9¢ O ) e | 1noiaoyeq VIOOm_ B
840|d Jo Bujuepioy uipbuys . Sublquiew aysore S
_ - L juswanow K1opunoq W.
Uo1j08s S$S0JI |S8}|DWS 0 o \ Ou ¢ss8.4s |DIXDIUN 10002 —
- §S8.§S |DIXDIUN \ 8
\ Q
A .\ {ooszx
.\\ \ UOYI8S §S040 SBBID| - §S844S |DIXDIUN 1000¢
By \ {oose




221

gOVAYNS FYNTIVA GIL L @anbtg

(A/d) 82404 |DIXYy |DuOlsuaw|g-uoN

11 0l 60 80 L0 90 S0 v0 €0 ¢0 I'0

i 1 t L} T i I 1 4 ' ¥

j1oddng ayj 40 U01}23G |DOHIND

2010} BUDJQWAW -G / :

911219

$1 2610 Y
€125l D—»e V. “—71331S

91¢020

(R0 ()

®«——9]26GI0

L0

(A/A\) @104 JDeYS |puoisuswig-uUoN



8. DESIGN APPLICATIONS

8.1 General

A flexural and a membrane model have been developed to
describe the load deflection response of steel-concrete
composite plates without mechanical shear interconnection.

The loads and corresponding deflections were determined by a

nonlinear incremental analysis based on measured geometric

and material properties, an assumed displaced shape,
equilibrium of forces and compatibility of deformations of

the composite plate with the boundaries. The analyses have a

wide range of applicability and are not limited by plate

thicknesses, stress-strain characteristics, section depth,
boundary stiffness, nor to the coefficient of friction
between steel and concrete. Although the analyses were
developed for this particular load configuration, they can

.be‘modified to apply equally well to other configurations.

The models, together with the failure criterion, allow
the design engineer to:

1. proportion the section to achieve the required flexural
stiffness, capacity and failure mode;

2. determine the strength and stiffness of the boundary
system so that the desired strength and energy
absorption capability of the plate can be achieved:

3. select the appropriate plate sizes to resist the maximum

| equivalent static load.

Having developed the general configuration for the structure
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and having determined the environmental loads, the designer
would select the relative proportions of the section by
trial and error to provide the required response as

predicted by the flexural and membrane models.
8.2 Specific Aspects of Design

8.2.1 Construction

Because of the simplicity of the element, no
stiffeners, no shear connectors, fewer pieces and less
welding are required, making construction and placement of
the concrete easier. Elimination of these pieces also
reduces the weight of steel in the structure offering

significant cost savings.

8;2.2 Fracture Toughness
The total thickness of steel in the top and bottom
plates can be distributed arbitrarily except that the bottom

(or inside) plate must be proportioned for flexure. By

making the inside plate thicker, thereby satisfying the

flexural requirements, the overall fracture toughness of the
assembly is improved because:

1. the temperature gradient through the thickness of the
wall exposes the thick plate to temperatures much less
than the climatic temperatures, lessening fracture
toughness requirements and fracture susceptability of

the plate. The thinner tougher plate is placed on the
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outside;
2. the thicker main load carrying plate is subjected to
less severe loading rates. The concrete core and the

outside plate dampen the impact.

8.2.3 Energy Absorption

Based on the load deflection response of the plates, it
can be seen that a great amount of energy can be absorbed
through plastic deformation. When the membrane behaviour of
the composite plates is recognized, utilized and properly
designed, the plates can receive a significant number of
impacts and absorb energy through accumulated plastic
deformation before rupture occurs. If the accumulated
deformation of a section became excessive, replacement may

be necessary, but this could be anticipated.

8.2.4 Punching Failure

Concrete infill in sandwich plate construction has been
recognized to spread or distribute the load over a large
area lessening load intensities and the chance of punching
failure.

Stiff elements tend to absorb energy through local
plastic deformations, which are generally small when
compared to the plastic deformation energy of larger more
flexible elements. For an impact load this may lead to a
premature failure as a result of punching through, as shown

by several tests reported in Chapter 2. Flexible elements
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such as the one proposed are more desirable from this point

of view,

8.2.5 Fatigue

Based on experimental evidence from fatigue tests of
composite plate elements by Matsuishi et al.(1980), fatigue
of these elements in the elastic or plastic regions of
behaviour did not seem to be an issue as long as proper
detailing was ensured. Fitzpatrick (1987) repeats that
fatigue has not been a problem for caisson type structures

currently operating in the Arctic.

8.3 Other Applications

With an increasing knowledge and understanding of the
behaviour of steel-concrete composite plates, also comes
increased and diversified usage of the element.

A variation has been considered for the legs of
offshore structures, to replace the heavily stiffened steel
large diameter tubes with a composite sandwich annulus. More
than 100 small scale tests were conducted by Goode(1980) and
Montaque(1985; 1986) to obtain experimental evidence about
the performance of these elements. Models such as the
flexural or membrane model developed here could be combined
and modified to describe the behaviour of such a system.

Other uses may extend to other engineering applications

such as shear walls or prefabricated bridge deck panels.



9. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

9.1 Summary

An experimental and analytical program was undertaken
to determine:

1. the strength and behaviour of steel-concrete composite
plates without mechanical shear interconnection and
subjected to transverse loads:

2. the shear deformation response of the steel-concrete
interface under varying normal loads:

3. the effects of boundary restraint and the problems of
implementing such restraint.

A series of six one-span steel-concrete composite plate
elements, with a main span of 3050 mm centre-to-centre of
supports, axially restrained and made continuous, were
tested Qith a four point load system. The primary variables
were the steel plate thickness, which varied from 3.18 to
6.35 mm, and the section depth, which gave span to depth
ratios from 15 to 25.

Material properties and behaviour were established from
a series of ancillary tests which included shear interface
tests, tension coupons, biaxial stress plane strain tension
coupons, concrete cylinders and concrete prisms.

The literature review presents the relevant research on
the steel-concrete composite plate behaviour and on steel

plate membrane behaviour.
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The analyses included basic data reduction and the
development of:

1. a transformation model to convert the longitudinal
stress strain curve of a conventional uniaxial coupon
test to an equivalent one for plane strain so that
strain data from the tests could be interpreted;

2. a flexural model to describe the load deflection
behaviour of steel-concrete composite plates without
mechanical shear interconnectors;

3. a membrane model to describe the load deflection
behaviour of steel plates of finite width and flexible
boundaries (a description of boundary forces is also |
given);

4. a failure criterion to describe rupture of the steel
plates at the supports.

A comparison was made between the models and test data.

9.2 Conclusions and Recommendations

1. The focus of cyrrent and past experimental and
analytical work has been on the flexural capacity of
steel-concrete composite beams where the influence of
in-plane restraint provided to the beam element by the
rest of the structure has been ignored.

2. The function relating the octahedral shear strain,

Yoct’

to the octahedral shear stress, r is independent of

oct’
the state of stress, and the maximum octahedral shear

stress is approximately constant at rupture.
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The energy of local plastic distortion per unit volume,
a measure of ductility, given by the area under the
octahedral shear strain shear stress curve, W, decreases
with an increase in the ratio of transverse to
longitudinal stress. For the particular case tested, the
ratio of W for plane strain to uniaxial stress was 0.8.
The transformation model developed for converting the
longitudinal stress-strain curves of a conventional
uniaxial tension test to one for plane strain yielded

results which were in excellent agreement with the test

results from the plane strain and the uniaxial stress

tests.

'The influence of altering the state of stress for the

material from uniaxial stress to plane strain is to
strengthen and stiffen the longitudinal stress-strain
curve. The apparent ductility of the material is reduced
by as much as 40%. Necking of the material at ultimate
becomes highly localized.

By reducing the effect of end restraint on the behaviour
of a standard concrete cylinder test, only 67% of the
compressive resistance, fé, can be mobilized. It is
speculated that the compressive resistance of the
concrete is related to the maximum tensile strain that
can be developed. These tests indicate that the value is
around 250 us.

The mean value for the kinetic coefficient of sliding

friction between the steel and concrete was 0.5 with a
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coefficient of variation of 0.15.

The composite plates exhibit two distinct types of
behaviour, flexural and membrane with a transition from
one to the other.

The flexural stiffness of steel-concrete composite
plates is chiefly a function of depth of the concrete
core.

The ultimate load carrying capacity of the plate was
unaffected by the prior flexural behaviour.

The ultimate load carrying capacity is a function of the
steel plate thickness, support conditions and the load
distribution.

In all tests, a shear tension failure occurred when a
fracture strain or an ultimate stress of one or more of
the plates at the support was exceeded.

In all tests, the ultimate failure mode, the centre span

deflection and the deflected shape of the structure were

about the same, regardless of plate thickness or section
depth.

The average maximum centre span deflection at failure
was 1 in 5.46 of the span length and the average maximum
angular rotation at the support was 29.8 degrees.
Apparent slip between the concrete core and the steel
plates was the result of one or both of the following
mechanisms:

a. accumulated differential straining

b. rigid body displacements
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The vertical end restraint maintained the geometry of
the system and provided the necessary reaction to
develop the full negative moment capacity of the section
over the support.

Lateral confinement of the concrete core proved to have
little or no effect on the behaviour because the
concrete simply expanded through the thickness in the
direction of least restraint.

Measurements of plate dimensions before and after the
test showed that the critical_section of the plate,
where rupture occurred, was in a state of plane strain.
A flexural model was developed to describe the load

deflection behaviour of steel-concrete composite plates

without mechanical shear interconnectors. The model

gives loads and deflections which are in good agreement
with the test results.

The flexural model provides a general analysis technique
which can be used for other load configurations to
proportion the section to achievz the required flexural
stiffness, load capacity and flexurél failure mode.

A membrane model was developed to describe the load
deflection behaviour of steel plates of finite width.
The model is in'close agreement with the test results.
The model is general and can be applied to other load
configurations and boundary stiffnesses and can be used

to determine the energy absorption capacity of the plate

and the strength and stiffness of the restraint system
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so that the required behaviour could be achieved.

If full membrane capacity is required, then the in-plane
restraint mechanism must be able to develop a load equal
to the yield load of the plate element divided by the
cosine of the angle that the critical plate segment
makes with the non-deformed position.

Variations in boundary stiffness alter the extent of the
elastic membrane behaviour region. The less stiff the
boundary system, the greater the extent of this region.
A failure criterion, based on the combined stress state
at the critical region and on an extension of the von
Mises-Huber-Hencky yield criterion to ultimate, gives a
mean test to predicted value of 1.128, for the membrane
failures, with a coefficient of variation of 0.037. This
criterion is also presented as a strength interaction
equation in terms of the normal and shear loads on the
plate cross section.

The innate characferistics of the steel-concrete
composite plate include flexural strength, membrane
strength, fracture toughness, energy absorption
capability, and favorable fatigue life. Tﬂese along with
the flexural and membrane analyses allow the design
engineer to proportion the section to achieve a wide

range of favourable responses.
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9.3 Future Work

Further research and development in the following areas

would be of interest:

1.

analytical work to develop a complete model to describe

more fully the interaction of flexural and membrane

behaviour. The following features could be incorporated:

a. post bottom-plate yield behaviour

b. varying load patterns and intensities

C. double membrane analysis to account for variation in
plate loads between the top and bottom plates

d. multispan model

e. variations in stress-strain models to account for
different strain rate response of impact loads

£. flexible bulkhead supports (axial stiffness)

g. calculations of plastic deformation energy;

analytical and experimental studies to determine the

influence of different combinations of axial and‘shea;

forces, restraint across the width and mandrel radii on

the failure of the plates at the supports. From this

investigation a comprehensive strain rupture criterion

could be developed;

a small number of composite plates could be tested to

verify the extension from two dimensional to three

~dimensional behaviour;

the experimental work could be continued on plates with
a broader range of flexural behaviour, boundary

stiffnesses and plate thicknesses (including different
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bottom and top plate thicknesses), to provide the

necessary data to verify the models presented in Chapter

7. Subsequently, this could be extended to investigate

the influence on strength and behaviour by:

a. welding the plates to the supports

b. interconnecting the plates together at locations
other than at the supports -

c. adding shear connectors

d. varying support condition details

e. variable loads, patterns and sequencing of loads

Because this work investigated only the static behaviour

of composite plates, further analytical and experimental

work is required to determine the material and member

behaviour under dynamic and impact loads which simulate

jce loads in the Arctic.
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