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ABSTRACT

The research presonted in this thesis has investigated the use of composie
construction (a swel-concrets sandwich system) fou (he exterior, ice-resisting walls of an
¢ rotic, offshare drilling/production structure. The Composite system developed consists of
two steel plates enclosing a concrete core. The system can be visualized a3 a reinforced
concrei wall with the reinforcing steel (in the form of neel plaes) on the cutsids.

The proposed composite ice-resisting wall confliguration 1s simple from &
fabrication and construction paint of view. The ouser and inner steel plases are fasened
WMMMMMMmMmunmmm
No other welded details in the wall are required. This results in a significant reduction in
labour-intensive welding, compared to a convendonal, all-steel wall. The stee! frame is
w-wmwmmmummm:mmWhm
mmmmumwmwwmumum
and the diaphragm plates.

The testing program which was part of the research work coasisied of sixteen
Quarter-scale beam specimen tests and three quarter-scale slab specimen sests. The tests

showed the wall t0 possess high strength in both flexure and shear and to exhibit ductile
modes of failure when the ultimate capacity is exceeded.

An analysis and design approach is prescnted which is consistent with the same
Mymwmw«wmummedmww
equations, lower bound plasticity methods and upper bound energy methods. The methods
showed good agreement with the test results and are also consistent with the limit stases
philosophy and provisions contained in the new CSA Standard for the Deasign,
Construction and Installation of Fixed Offshore Syuctures.

Cost analyses were conducted which compared the cost of composite wall
construction with those of reinforced concrese and all-steel construction. The compaerison

showed the composise wall concept 10 be cost competitive.

This work has demonstrated that a steel-concrete composite sanviwich wall is a
ﬁablewmep:.botbmhnicaﬂylndecmouﬁauy.fwmmﬁngmeMbc-
resisting wall of ap Arctic offshore structure.
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1.0 INTRODUCTION

Offshore oil and gas production structures, which operate year round in the harsh
environments of the Arctic and off the Canadian east coast, must be designed to resist very
large, concentrated ice loads in a safe and efficient manner.

In an effort to find cost-effective solutions to the design of ice-resisting walls for
these structures, composite steel-concrete walls have been proposed. The general structure
of a composite ice-resisting wall is shown in Figure 1.1. It consists of outside and inside
steel plates, fastened together with diaphragm plates or some other means, and a structural
concrete fill in between. The basic idea is to replace the large amounts of congested
reinforcing steel contained in a reinforced concrete wall with an exterior shell of welded
steel plate. The system is more efficient than a concrete wall, since the steel plates act as
reinforcing in both directions simultancously, the concrete cover is eliminated and the steel
shell effectively confines the concrete leading to enhanced strength and ductility properties.

In 1977, the Hitachi Shipbuilding and Engineering Company introduced the idea of
using a composite steel/concrete sandwich system for the exterior walls of offshore
structures. In several papers published that year, Hitachi presented the results of a test
program on sandwich composite wall elements consisting of two steel plates enclosing a
concrete core (Matsuishi et. al., 1977a, 1977b).

During the next decade the sandwich system caught the attention of structural
engineers engaged in the planning and construction of offshore structures and several
research programs were initiated in various locations throughout the world (Gerwick and
Berner, 1987; Matsuishi, et. al., 1977a, 1977b,1978,1980a, 1980b,1987; Smith and
McLeish, 1987; O'Flynn and MacGregor, 1987; Ohno, et. al., 1987; Hattori, et.al, 1985;
Shioya, et.al.,1986; Adams, et.al., 1987, 1988) These programs focussed on particular
arrangements of the wall elements and utilized different means for achieving composite
action and for transferring load through the thickness of the wall.

All of the composite wall types considered by the various researchers are similar in
that they are composed of two steel plates enclosing a concrete core. The differences are in
the internal details; the methods used to fasten the plates together and to the concrete.

Figure 1.2 shows a typical composite wall specimen of the type developed by the author in
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the research work discussed herein. Figures 1.2 10 1.6 show the wall specimen types
tested by some of other researchers referenced in the previous paragraph. In addition, a
vanety of other specimen types can be found in Nojiri and Koseki [ 1986).

As a result of this research, several advantages of composite ice-resisting walls
have been recognized: simplified construction, reduced material and stiffening requirements
for the steel plates, and improved load distribution (Gerwick 198S; Zinserling and
Cichanski, 1986; Rojansky and Hsu, 1985; Bruce and Roggensack, 1984). In addition,
the research shows that composite walls can exhibit very high shear and flexural strength,
as well as the post-failure ductility required to prevent a progressive collapse failure in the

event of a local overload (Nojiri and Koseki, 1986; Shioya, et al., 1986; Hattori, et al.,
1985).

The composite system developed by the author and presented in this thesis, stresses
simplicity. The system is simpler than most other composite schemes which have been
studied; the number of internal welded details being kept to a minimum.

The research presented here shows the effectiveness of this simple system, presents
results from a physical testing program and outlines a design approach which should be
applicable to many types of composite wall members. The design approach is consistent
with the generally accepted engineering principles used in reinforced concrete design. It
has been used as the basis for developing code clauses for Part ITI of the new CSA Code
for the Design, Construction and Installation of Fixed Offshore Structures (Clause 13,
Composite Walls, CSA Preliminary Standard S473, Steel Structures, 1990).
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2.0 SCOPE AND OBJECTIVES

For a composite wall design to be considered for use in an offshore structure, it
must satisfy throe basic requirements:

1. Strength - the wall must possess sufficient capacity in both flexure and
shear to resist very high ice loads.

2. Ductility - following a loca) failure, the wall must possess sufficient
strength through large deformations to ensure that structural damage which
would cause environmental damage or loss of life will not occur.

3. Economy - detai's of the wall must be sufficienty simple so that the cost

of fabrication and construction is competitive with conventional steel or
reinforced concrete wall designs.

In developing composite wall details, the last of these requirements must be kept in
mind. If a composite wall design satisfies the first two criteria, but not the last, there may
not be sufficient incentive to pi-tsue a new type of design.

Conventional, ali-steel ice-resisting walls are composed of heavily stiffened plate
panels, with the skin plate spanning between closely spaced T-ribs and the T-ribs spanning
between closely spaced bulkhead frames. An extensive amount of labour intensive welding
is required. Conventional, reinforced concrete ice-resisting walls are composed of thick
sections containing high percentages of reinforcing steel in all directions (Gerwick, 198S).
This construction method is also labour intensive, requiring the difficult placing of highly
congested reinforcing bars.

The philosophy adopted for this research work then, was to develop a composite
wall scheme which would avoid the high cost items associated with the two conventional
wall types, and to show through . . sical testing program, that the chosen scheme could
also satisfy the appropriate high strength and high ductility requirements.

In order to evaluate the large number of composite schemes that are possible (see
for example Nojiri and Koseki, 1986), and to choose those simple schemes with a

reasonable chance of success, it was important to develop a preliminary analysis and design
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methad 10 estimate the capacity of theas walls. An initlal assessment showed that 8 limit

analyiis approach, which utilizes lower bound plastic theory, appearad appropriae for
members of this type.

With all of the foregoing in mind, the objectives of the research program were set
out as follows:

1. Develop a basic, simple composite wall configuration which avoids, as
much as possible, welded stiffening details and complicated relaforcing
schemes.

2. Test a series of 1/4 scale beam and alab specimens subject to transverse
loads.

kR Develop limit analysis methads, which use concrete plasticity concepts and
incorporate these methods into an overnll design approach.

4 Evaluate existing finite element computer programs to determine their
applicability in modeling a problem of this type, and develop appropriate
modeling techniques within an existing program.

S. Prepare recommendations concerning optimum structural configurations, as
well as analysis and design methods.

While al] of these objectives have been met, the work presented in this thesis
essentially discusses objectives 1,2,3, and S. The finite element work (objective 4) has
been conducted by others and is oaly briefly commented on. Additional recent work by the
author, dealing with concrete fatigue due to cyclic ice loads, is also mentioned briefly.



3.0 CODE REQUIREMENTS AND DESIGN CRITERIA

The purpose of this secuon is 10 review existing code requirements for the design of
composite walls for fixed offshore structures and to discuss the criteria for the design of
such walls. It gives a complete list of the codes which were reviewed in this regard, as
well as the abbreviations used to refer to them. It also contains a brief discussion of those

clauses which werc felt to relate directly to each of these areas, as well as summary
statemnenta and conclusions made from this review.

The soction provides sufficient documentation to show that composite walls can be
designed to meet the same general code requirements used to design more raditonal forms
of construction. This provides a rationale for regulatory acceptance of a composite design.

3.1 Existing Code Requirements for Composite Walls

3.1.1 List of Codes Reviewed

The codes and guidelines which have been reviewed are shown below, along with
the abbreviations used in this report 10 make reference to them.

ABS Rules for Building and Classing Offshore Installations: Part 1 -
Structures, American Bureau of Shipping, 1983.

ACl 387 Guide for the Design and Construction of Fixed Offshore Concrete
Structures, ACI Committce 357 Report 357R-84, American
Concrete Institute, 1984,

ACI 357.1 State-of-the-Ant Report on Offshore Concrete Structures for the
Arctic, ACI Committee 357 Report 357.1R-85, American Concrete
Institute, 198S.

API Bul 2N  API Bulletin on Planning, Design and Constructing Fixed Offshore
Platforms in Ice Environments, APl Bul. 2N, First Edition,
American Petroleum Institute, Washington, D.C., 1982.

APIRP2A  API Recommended Practice for Planning, Design and Constructing
Fixed Offshore Platforms, API Recommended Practice 2A
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API RP 2N

BSI

CSA S471

CSA S473

CSA S474

DnV

FIP

(RP 2A), Seventeenth Edition, American Petroleum Institute,
Washington, D.C., 1987.

API Recommended Practice for Planning, Design and Constructing
Fixed Offshore Platforms in Ice Environments, API Recommended
Practice 2N (RP 2N), First Edition, American Petroleum Institute,
Washington, D.C., 1988.

Code of Practice for Fixed Offshore Structures, BS6235, British
Standards Institute, 1982.

Canadian Standards Association, Preliminary Standard S471,
General Requirements, Design Criteria, Environment, and Loads;
Part I-CSA Code for the Design, Construction and Installation of
Fixed Offshore Production Structures, Ninth Draft, 1988.

Canadian Standards Association, Preliminary Standard S473, Steel
Structures; Part III-CSA Code for the Design, Construction and
Installation of Fixed Offshore Production Structures, Seventh Draft,
1988.

Canadian Standards Association, Preliminary Standard S474,
Concrete Structures; Part IV-CSA Code for the Design,
Construction and Installation of Fixed Offshore Production
Structures, Eighth Draft, 1988.

Rules for the Design, Construction and Inspection of Offshore
Structures, Det norske Veritas, Oslo, Norway, 1977.

Recommendations for the Design and Construction of Concrete Sea
Structures, Fourth Edition, Federation Internationale de la
Precontrainte (FIP), 1985.

Regulations for Structural Design of Load-Bearing Structures
Intended for Exploitation of Petroleum Resources, Norwegian
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Petroleum Directorate, Regulations and Provisions for the Petroleum
Activity, Volume 2 of Acts, January 1986.

3.1.2 Composite Wall Requirements in S473

CAN/CSA Standard $473-92, part of the Code for the Design, Construction and
Installation of Fixed Offshore Structures, is virtually the only offshore structures code
which currently addresses the design of sandwich composite walls in detail. Clause 13 of
this Standard, titled Composite Walls, was initially written by the author and made
extensive use of the information generated by the research presented in this thesis. There
has also significant input from an ad hoc CSA Working Group (chaired by the author);
Working Group 5, Composite Walls. The Working Group included representatives from
industry (Charles Yu, Gulf; John Fitzpatrick, Amoco), government (Ray Smith, COGLA),
consultants (Ben Gerwick, BCG Inc., Bob Mast, ABAM) and universities (J.G.
MacGregor, University of Alberta). If CSA Standard S473 is adopted by the regulatory
authorities prior to design and construction of an offshore structure, regulatory approval of
a composite design would not be a problem. The composite wall design itself should also

be straight forward, as the design method given in this document is completely consistent
with the requirements of Clause 13 in §473,

3.1.3 Composite Wall Requirements in Other Codes

In order to cover the possibility that S473 is not in-force when a structure is built, it
was deemed advisable to look at the requirements of other offshore codes which could be
used to justify a composite wall design. The code review revealed the following:

(a) Three other codes (API Bul 2N, API RP 2N and ABS) contain references to

composite or hybrid structures, but do not contain any specific guidance or
recommendations for design.

®) In the absence of any specific requirements, approval of a composite design
may best be achieved as follows:

. Demonstrate, by submission of information such as that contained in this
thesis, that the composite design method is based on sound engineering
principles, and is founded on the same limit states design concepts, as are



Code Requirements and Design Criteria 11

the accepted design criteria used for reinforced concrete and structural steel
designs.

. Cite the offshore structures codes that allow novel structural concepts (DnV

and FIP) such as composite walls to be used provided that they are verified
by model tests.

. Provide details of testing programs to substantiate the composite design
method and the capacity of the resulting structure.

The three codes, other than CSA S473, that mention composite or hybrid
structures, API Bul 2N, API RP 2N, and ABS Part 1, generally refer to various types of
mixed systems. In fact, Clause 5.6, Hybtrid Structures, in API Bul 2N, refers to any
structure incorporating at least two different construction materials (e.g. stecl-earthfilled
structures, concrete structures with protective ice berms, etc.). API RP 2N does make a
brief mention of steel-concrete composite walls. Other codes make no reference to
composite walls, but do discuss the use of model tests to justify a novel design concept.
The particular Clauses from these codes are given below.

As mentioned, very little design guidance is actually given in these Clauses.
However, the API codes do state that "both elastic and plastic analysis methods may be
used" where appropriate. They also state that there is "no generally accepted procedure for
hybrid structures” and that it is "essential to adopt a consistent approach throughout the
hybrid structure design, such as is offered by the limit state procedure”. Both these
comments indicate recognition of composite designs as a possibility for offshore structures.

Several references are given specifically for designing hybrid steel-concrete
structures (AISC, BS5400, Knowles and several AOGA project reports), but most of these
references deal with traditional composite elements, such as beams or columns, which are
significantly different from composite wall clements. The AOGA projects mentioned are
proprietary research efforts that deal with composite walls; however, the reports are not
available to those outside of the joint industry group which funded them and significant
research work, such as that presented here, has been ccmpleted since then.
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3.1.3.1

Clause 5.6.1

Clause 5.6.6

12

API Bul 2N

“A hybrid structure is defined as one incorporating at least two different
construction materials in major parts of the structure. Examples of this are
mixed steel and concrete structures, earthfilled concrete or steel caissons,
and steel or conc - te structures surrounded by earthfill or ice berms.”

“There is no generally accepted design procedure for hybrid structures. As
explained in Section 2, different materials frequently imply different design
codes. However, it is essential to adopt a consistent approach throughout
the hybrid structure design such as is offered by the limit state procedure.”

“Procedures for the design of hybrid steel-concrete structures may be found
in Knowles (1969), BS 5400 (1978), AISC (1978, 1986) and AOGA
Projects #265 (1984), #296 (1985), and #324 (1985).”

The information in all of these references, except the AOGA Projects, relates to
more traditional types of composite beam and column members commonly used in building
and bridge structures. They are not appropriate references for composite wall behaviour or

design.
3.1.3.2

Clause 5.6.1

API RP 2N

“General. Examples of hybrid structures are mixed steel and concrete
structures such as CIDS (Wetmore 1984a and 1984b) and SSCD (Berlie,
1984), earthfilled concrete or steel caissons such as Tarsiut (Fitzpatrick,
1983) and Molikpaq (Bruce, 1982) and steel and/or concrete structures
surrounded by earthfill or ice berms such as the Prudhoe Bay Waterflood
Facility. An example of a hybrid structural component is a composite (steel
and concrete) ice resisting wall.”

“Procedures for the design of hybrid steel-concrete structures may be found
in Knowles (1969), BS 5400 (1978), AISC (1978, 1986) and AOGA
Projects #265 (1984), #296 (1985), and #324 (1985). Procedures for the

design of hybrid carthfilled structures may be found in NAV-FAC DM-70.2
(1982).”
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Clause 5.6.2 “Design Considerations. The designer should consider the effects from the

3.1.3.3

interaction of different materials based on their individual physical and
mechanical properties. Design inconsistencies that can develop when using
more than one design procedure should be avoided. The analysis method

must ensure deformation compatibility at interfaces between component
materials.”

ABS

There is a brief mention of concrete-steel hybrid structures in this code, but no
guidance or methods are provided.

Clause 5.7.4

Clause 6.1.4

Clause 7.1.4

3.1.3.4

“Concrete-Steel Hybrid Structures - Special attention is to be paid to the
design of the connections between steel and concrete components.”

“Steel-Concrete Hybrid Structures - The steel portions of a steel-concrete
hybrid structure are to be designed in accordance with the requirements of
this section, and the concrete portions are to be designed as specified in
Section 7.”

“Steel-Concrete Hybrid Structures - The concrete portions of a steel-
concrete hybrid structure are to be designed in accordance with the
requirements of this section, and the steel portions are to be designed as
specified in Section 6.”

DnV

No mention is made of composite walls, but this code does refer to using model
tests in place of theoretical calculations for novel systems.

Clause 4.6

Design by Testing - “Model tests may, when adequate, be used in
combination with or instead of theoretical calculations. In cases of
structures or details for which adequate analytical methods of analysis do
not exist, tests may be required for verification of acceptable structural
resistance. When it is obvious by judgment that acceptable resistance or
performance exists, such model tests may be dispensed with.”
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3.1.3.5 FIP

No mention is made of composite walls, but this code does refer to using model
tests in conjunction with model analysis for novel systems.

Clause 4.6.6 Model analysis and testing - “A design may be deemed satisfactory on the
basis of results from an appropriate model test, coupled with the use of
model analysis to predict the behaviour of the actual structure, provided that

the work is carried out by engineers with relevant experience using suitable
equipment.”

Clause 4.6.7 Experimental development of analytical procedures - “A design may be
deemed satisfactory if the analytical or empirical basis of the design has
been justified by development testing of prototype units and structures
relevant to the particular design under consideration.”

3.2 Ice Loading

Initially, it is important to know approximately the type and magnitude of load to
which an ice-resisting wall of an offshore structure will be subjected. The ice load to be
used in design is still the subject of much debate and research. Although it is not possible
to discuss ice loads in any detail here, it is necessary to give them some consideration.

It is known that local ice pressures are primarily a function of ice type, temperature
and salinity, the geometry of the ice feature, the geometry of the structure and the rate of
loading (Allyn 1986). In addition, it is well recognized that the effective ice pressure
decreases as the loaded area increases. Croasdale (1984) discusses the decrease in failure
pressure with an increase in interaction area. His graph, shown in Figure 3.1, does not
indicate specific ice pressures or loaded areas, but does show the general wend. It also
attempts to explain why the ice failure pressure decreases as the loaded area increases.
Sanderson (1986) proposed a pressure-area curve which is shown in Figure 3.2. Also
shown on this plot are data points from lab tests and fuli scale field tests, which Sanderson
gathered from a number of different sources. Many others have treated this problem One
good source of additional information is contained in two publications by Public Works
Canada (Marcellus, et. al., 1988 and Morrison, et. al., 1988).
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At the time of the inidation of this project, a reasonable consensus of available
information was that ice pressures appropriate for the design of ice-resisting walls are
between 10 MPa and 15 MPa for concentrated loads on areas of approximately 1 m?2 and
between 3 MPa and S MPa for loads on areas of 5-10 m2 For the purpozes of this
research work, these values are considered appropriate.

3.3 Design Assumptions

In establishing the design approach, a number of assumptions need to be made
concerning the structural layout and the serviceability and ultimate strength requirements for
a typical structure. Figure 3.3 shows the structure used as a "target" structure in this work.
This structure consists of a series of barges, which fit together and enclose a sand core to
make an island. The exterior walls of this structure could be constructed using steel-
concrete composite walls. The design assumptions were made with this structure in mind,
however, these assumptions are not limited to this structure alone and indeed are also valid
for a large number of different structural layouts. The design assumptions are as follows:

1. The composite wall spans horizontally between vertical bulkhead supports,
resulting in a one-way slab system.

2. Limitations on bulkhead capacity will likely require a bulkhead spacing of
not greater than S or 6 metres.

3. The overall thickness of the wall should be large enough to allow a worker
access to the inside of the wall during fabrication; i.e. not less than
approximately 800 mm to 1000 mm.

4, Preference should be given to steel plate thicknesses of 25 mm or less, to
avoid, as r~:ich as possible, difficult welding procedures.

5. Although in-plane restraining forces in a wall may increase its capacity, the
magnitude of these forces is not easily determined and will conservatively
be neglected for the initial work. The possible detrimental effects of in-
plane restraint must still be considered.
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6. Under norml ice loads, the wall should have sufficient stiffness so that

cracking of the concrete core is not excessive and deflections remain small,
in the elastic range.

7. The ultimate capacity of the wall is considered to have been reached when a
mechanism is formed due to yielding of the steel tension plate, a
shear/compression failure in the concrete or a bearing failure at the support.
Following this failure, the catenary action of the steel plates may provide

additional capacity which will be available to help prevent a progressive
collapse failure,

It is believed that these assumptions will lead to a practical design which will be
feasible to build and will exhibit satisfactory performance.
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4.0 TESTING PROGRAM

A total of 16 beam specimens and 3 slab specimens made up the test program.
Fourteen of the beam specimens were tested in the test frame shown in Figures 4.1 and
4.2. The other two beam specimens and the three slab specimens were tested using the
University of Alberta's 6600 kN Universal Testing Machine (see Figures 4.3 and 4.5).

The two ice load cases that may govern the design of an ice-resisting wall are a
concentrated load giving a high pressure on a small area, or a lower pressure acting on a
larger area. In the concentrated load case, three dimensional effects are important, since, as
the load is transferred to the bulkhead supports, it will distribute laterally. As a result, a
larger “tributary area” of the wall will be available to resist the load. For the lower pressure
case, the problem is essentially two dimensional, with the effect of the third dimension
being limited to the imposition of a condition of plane strain.

The beam specimen tests described in this thesis are intended to consider the latter
load case (ignoring the effects of plane strain), while the slab specimen tests are intended to
consider the high concentrated “punching” load case (where three dimensional effects are
more important).

4.1 Testing Procedure and Specimen Details

The wall configuration which the preliminary work selected for study is the simple
configuration shown in Figure 1.1. The outer and inner steel plates are connected together
with continuous, vertical diaphragm plates (also referred to as transverse web plates; i.e.
transverse to the span). The diaphragm plates are welded to both the outer and inner plates
with continuous fillet welds. Only vertical diaphragms are used to facilitate concrete
placing and worker access. The prototype wall would contain no other welded details.
Most test specimens also used only vertical diaphragm plates.

4.1.1 Beam Specimens

The test frame constructed for the first fourteen beam specimen tests is shown in
Figures 4.1 and 4.2, and the dimensions of a typical beam specimen are shown in Figure
1.2. The specimen is inverted in the test frame, with the load being applied from the
bottom, with a total of sixteen, 45 tonne hydraulic jacks (in pairs of two, at eight load



Testing Progyam 10

points). The total load that can be applied to a specimen in this frame is 7120 kN,
distributed along the length of the member, or 890 kN applied at any one location. The
first fourteen beam specimens (CF-1 to CF-14) were all single span, with candlevered ends
providing flexural continuity over the supports. The majority of these specimens were
tested with all the load points acting, intending tc simulate a uniform load on both the main
span and on the cantilevered ends of the beam. The last two beum specimens (B-1 and
B-2) were three-span continuous beams with two concentrated loads applied near the centre

of the middle span (Figure 4.4). These two specimens were tested in the U of A's MTS
machine.

The variables considered for the beam specimens were:
« plate thickness;

. ggnctete stren ti;

* boundary ons;

 amount of additional shear reinforcing;
« span-to-depth ratio.

Details for the beam specimens and loading configurations are shown in Tables 4.1
and 4.2. Where specimen loads are shown in kilonewtons (kN), the load refers to the
concentrated load, P, applied at each load point. Where specimen loads are shown in
megapascals (MPa), the load refers to the pressure exert by a single load point over its
ributary area. The appropriate tributary areas are: 375 mm x 200 mm for CF-1 to CF-3;
381 mm x 300 mm for CF-4 to CF-9; and 375 mm x 250 mm for CF-10 to CF-14,

4.1.2 Slab Specimens

In order to properly determine the capacity of this composite wall configuration to a
high local “punching” load, two composite slab specimen tests were conducted (Specimens
S-1 and S-2). In addition, a preliminary slab specimen (Specimen SP-1) was tested in
order to determine the approximate failure load and failure mode of Specimens S-1 and
S-2. Details of the three slab specimens are also given in Table 4.1.

All three specimens were loaded with a single point load. A photograph of the
overall test set-up is shown in Figure 4.3 and schematic diagrams the individual set-ups are
shown in Figure 4.5. Specimen SP-1 was a simple span, 1/5 th scale specimen, while
Specimens S-1 and S-2 were three-span continuous, 1/4 scale specimens.
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4.1.3 Material Properties

4.1.3.1 Structural Steel Plate

All specimens were specified to be fabricated with structural steel plate
conforming 10 CSA Standard G40.21-M, “Structural Quality Stecls”, grade 300W,
which has a nominal minimum tensile yield strength of 300 MPa. This material is
normal grade stuctural steel plate common in the building construction industry and
was used because it is readily available and has properties at room temperature
similar to Arctic grade plate. The type of plate common for Arctic offshore
structures is ABS grade EH36, which has a slightly higher minimum yield strength
(350 MPa), as well as low temperature notch toughness properties. Welding was
specified to be done with E480 electrodes. The yield strength (fy) and the tensile
strength (f,) for each specimen are shown in Table 4.1. All specimens conformed
to the specified minimum yield strength, with the exception of Specimens CF-1,
CF-2 and CF-3, which were under-strength by approximately 12 percent. It is
likely that the plate material used for these three specimens was grade 265W.

4.1.3.2 Concrete

The concrete used for all specimens was a normal density (2395 kg/m3),
high-early strength mix design with a low water/cement ratio (0.28), a high cement
content (471 kg/m3) and a superplasticizer added for workability. Both the mix
design and concrete were obtained from Alberta Concrete Products, a local ready-
mix supplier. The superplasticizer was added to the concrete transit vehicle on site
and the concrete was then placed either directly from the vehicle or using a bottom-
dumping concrete bucket. Little vibration was required during placing because the
specimens were virtually free of congested reinforcing steel and because of the very
high slump (not measurable) resulting from use of the superplasticizer.

Concrete compressive test cylinders were ficld cured by being placed
adjacent to the representative beam or slab specimen. Four separate batches of
concrete were used to construct the specimens. Specimens CF-1 to CE-3 were cast
from the first batch on January 21, 1986; Specimens CF-4 to CF-9 were cast from
the second batch on May 2, 1986; Specimens CF-10 to CF-14 were cast from the
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third baich on August 21, 1986; and Specimens B-1, B-2, S-1 and S§-2 were cast
from the fourth batch on January 30, 1987. Seus of three field-cured cylinders were
tested at regular intervals after casting, with the average being assumed as the
concrete strength on that date. For the first fourteen beam specimens, the cylinder
testing dates did not generally match the dates on which the specimens were tested;
therefore for any particular test, ¢ was determined from the equation of a best-fit
curve through the average t<st results. It was felt that this would give a better
prediction of the actual compressive strength of the concrets in a particular
specimen. The concrete strength curves as well as the actual average cylinder
strength data are shown in Figure 4.6. The concrete strength of each of the last
four specimens was determined by testing the field-curved cylinders on the same
day as the specimen test.

4.2 Boundary Conditions

The test set-ups included load and reaction point details which were intended to
simulate three different boundary conditions, as shown in Figure 4.7. Steel half-round
rocker plates and roller bearings were used so that the applied load cither remained norma!
to the surface of the specimen (as in the beam tests) or normal to the hoizontal (as in the
slab tests). Reaction points used the same system so that the reactions were always in a

vertical direction. No in-plane restraining forces were applied to any of the specimens for
the reasons indicated in Section 3.2, Item §.

The vertical force applied to the overhanging (cantilevered) ends of the beam
specimens was generated in one of two ways (see Table 4.2). Either an active force, P,
was applied (Specimens C-1 to C-9) or a passive restraint was used to provide flexural
continuity (Specimens C-10 to C-14). The use of passive resmaint on the cantilevers for
the last five specimens resulted in the set-up being statically indeterminate. This change
was made in an effort to provide a test set-up that would remain stable as the member failed
so that more information could be gathered concerning the post-peak response. Failures
were typically unsymmetrical shear failures, which produced an unbalanced load which the
testing frame could not easily handle.

The end conditions used on beam specimens B-1 and B-2, and slab specimens S-1
and S-2, provided resistance to uplift by fastening the ends of the specimens directly to the
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strong floor on which the specimens were supported for testing. This was achieved by
welding each vertical end plate to a thick (50 mm) horizontal plate which was bolted to the

strong floor. Specimen SP-1 was the only specimen which was simply supported.

There were two notable exceptions to the elimination of horizontal, in-plane forces
at the reaction points. Specimens CF-1 and CF-3 both used “low-friction” teflon pads
under the support points and reaction points, rather than steel roller bearings. The teflon
had a coefficient of friction of about 0.02 which led to horizontal friction forces of
sufficient magnitude to affect the test results (as discussed in Section 4.4.1.1). Thus for
Specimen CF-1 the horizontal reaction at ultimate load was in the order of 50 kN,
approximately 8% of the yicld strength of the tension plate. This implies an 8% increase in
effective flexural capacity of the specimen. This actually turned out to be a fortuitous
cvent, as it allowed the observation that cven a very moderate in-plane restraining force can
change the mode of failure in a structurs; in this case from one of flexure to one of shear.

As this type of in-plane restraint is also present in any real structure, its effects must be
assessed.

4.3 Instrumentation

All specimens were instrumented with electrical resistance strain gauges, in order to
determine the stresses and strains in the steel plates. The general location of the strain
gauges is shown in Figures 4.8 and 4.9.

Loads were measured by monitoring the pressure in the hydraulic system used to
operate the hydraulic loading jacks (all jacks were hydraulically linked in parallel).
Reactions were checked (i.e. compared to the load going in) by monitoring electric
resistance gauges placed on the steel reaction frame.

Displacements were measured with LVDT's (linear variable displacement
transducers).

4.4 Test Results

To provide a logical sequence for presenting the thesis, test results are given next.
It may, however, be preferable to first read Section 4.5, Discussion of Test Results, so that
the significance of the results given in this section will be clear.



Testing Program 24

The test results (observations, strain gauge measurements, displacement
measurements, etc.) given in this section are only those which are considered of immediate
relevance to the conclusions and recommendations. A laboratory test summary sheet for
each test is given in Appendix A. This summary sheet shows the cracking pattern for each
specimen and gives material properties, dimensions, mid-span deflections and tension plate

strains. It also provides observations and comments concerning the specimen's behaviour
during the test.

4.4.1 Beam Specimens

Test results for all of the beam specimens are presented here; however, results for
Specimens CF-2 and CF-3 are given in more detail than the other specimens, as they best
illustrate some of the features of this type of composite system. Table 4.1 summarizes test
results for all the specimens. Table 4.2 gives loading patterns for the first fourteen beam

specimens and Table 4.3 shows cracking patterns for the same specimens just prior to
failure.

4.4.1.1 Specimens CF-1 to CF-3

Specimens CF-1, CF-2 and CF-3 were identical in all respects, except for:
1) a slight variation in concrete strength; 2) the presence of wire reinforcing cages in
Specimens CF-2 and CF-3; and 3) the boundary conditions at the supports. The
first two of these differences are considered to have had very little effect on the
strength or behaviour of the specimens, while the third, the support boundary
conditions, will be shown to have had a considerable effect.

The load vs. deflection curves for the three tests are shown in Figure 4.10.
Specimens CF-1 and CF-3, which had the same support boundary conditions
(moderate horizontal restraint due to friction), had the same shear failure mode and
approximately the same failure load (9.1 and 9.6) MPa. Specimen CF-2,
however, failed in a flexural rather than a shear mode, and at a slightly lower load

(8.2 MPa). This specimen had roller supports which offered virtually no
horizontal restraint at the supports.
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It should be noted that the CE-1 test was stopped after the first shear failure
occurred, due to instability in the test frame caused by the unbalanced type of
failure. This prevented the “ductile” part of the curve from being obtained. This
unsymmetrical, unbalanced type of shear failure caused this same difficulty in a
number of the other tests as well. The ultimate failure load was always obtained,
however, and post-failure curves were obtained for a sufficient number of
specimens to allow valid conclusions to be drawn.

Strains were measured in the steel plates at a number of locations in each of
the specimens (Figure 4.8). Refer to the load-strain diagrams shown on the
summary sheets in Appendix A.

4.4.1.1.1 Specimen CF-3 - Shear Failure

The sketches in Figure 4.11 and the pictures in Figure 4.12 show specimen
CF-3 at various different stages of loading. Loads are given in MPa and represent
a uniform pressure over the tributary area of each load point (200 mm x 375 mm).
At an applied load of 4.5 MPa (Figures 4.11a and 4.12a) the member was
uncracked; very slight separations had opened at particular locations between the
concrete and the diaphragms. These separations closed again if the load was
removed. The deflection at this point was approximately 3 mm. By the time a load
of 6 MPa had been reached (Figures 4.11b and 4.12b), diagonal shear cracks had
formed adjacent to each support. A flexural tension crack had also formed in the
concrete at mid-span. Load cycling (five load cycles) at this load level caused no
further progression of these cracks. At a load of 9.5 MPa (Figure 4.12c),
numerous diagonal cracks had formed and concrete crushing was evident adjacent
to the supports. At a load of 9.6 MPa (Figure 4.12d), shear failures occurred in
the cracked regions at each end of the beam. These involved crushing of the
concrete at either end of the diagonal shear cracks, with coincident diagonal tensile
failures along the length of the shear cracks. The load subsequently dropped to
approximately 7.5 MPa, where 't remained reasonably constant as the specimen
was pushed thi'ough significant deformations. As deformations became large, the
specimen began to take more load. At the conclusion of the test (the specimen
could be pushed no further in the test frame), the load was nearly back to what it
had been at first failure. When the test was terminated, the specimen, in the
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damaged condition shown in Figures 4.11¢ and 4.12¢, was still able to carry a load

of almost 9.5 MPa. Both inside and outside steel plates had yiclded extensively,
but were not fractured at any locations.

4.4.1.1.2 Specimen CF-2 - Flexural Failure

Up to a load of approximately 6 MPa, specimen CF-2 behaved identically
to CF-3, including the formation of diagonal shear cracks. At this load, however, a
flexural failure began to occur as the tension plate yielded in the centre third of the
specimen. Both the mid-span flexural crack and the gaps at the diaphragms opened
up, as deflections became large. Failure of the specimen occurred at a load of
8.2 MPa, when the tension plate fractured in the heat affected zone (or adjacent to
it) at the diaphragm/tension plate weld. Following this failure, the specimen had no

further load capacity. The failed specimen is shown in the pictures in Figure 4.13.
No crushed concrete was observed.

4.4.1.2 Specimens CF-4 to CF-9

The variables for these six specimens were: concrete strength (36 MPa to
61 MPa); plate thickness (5.4 mm, 10.0 and 12.6 mm); diaphragm spacing; and,
loading arrangement (uniform load or patch load). Refer to Table 4.1 for details.
Load-deflection curves for each of these test specimens are shown in Figure 4.14.

The following items are especially worthy of note for these six specimens:

1. All of the members eventually failed in shear: Specimens CF-4,5,7
and 9, without significant yielding of the longitudinal steel;
Specimen CF-6, after some flexural yielding; and, Specimen CF-8,
after significant flexural yielding.

2. Specimen CF-8 reached its full flexural capacity at a load very close
to that theoretically calculated from a truss analogy (see Figure
5.11). The capacity corresponding to a plastic hinge mechanism for
this specimen is shown as a dashed line in Figure 4.14{e).
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The lower concrete strength of Specimen CF-5 (36 MPa; other

specimens had concrete strengths between 50-60 MPa) reduced its
shear capacity.

All of the specimens had a post-failure capacity of approximately
50% of the full capacity (except CF-8 which had an additional
diaphragm plate in the critical shear span, thus reducing by half the
a/d ratio). This post-failure capacity should be compared to that of
Specimens CF-3 at 79% and CF-8 at 87%.

Specimens CF-10 to CF-14

The variables for these five specimens, shown in Table 4.1, were:
diaphragm spacing, shear reinforcing, and, end restraint. All of the specimens in
this group were tested with the free ends restrained against vertical deflection.
Refer to Table 4.1 for details. Load-deflection curves for these specimens are
shown in Figure 4.15. Pictures of Specimens CF-11 and CF-12, near the end of
each test, are shown in Figures 4.16 and 4.17.

The following items are especially worthy of note:

1.

All of the specimens eventually failed in shear: Specimens CF-13
and 14, without significant yielding of the longitudinal steel plates;
Specimen CF-12, after some flexural yielding; and, Specimens
CF-10 and 11, after significant yielding.

The additional shear reinforcing in Specimen CF-10 (headed studs
and rebar; see Figure 5.12) significantly increased the shear
capacity.

The closer diaphragm spacing of Specimens CF-11 and CF-12
significantly increased the shear capacity.

Prior to the shear failure, Specimen CF-11 became fuliy yielded in
flexure, with a plastic hinge forming at mid-span. It ultimately
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failed in shear at a load very close to the theoretical capacity
calculated from an upper bound plastic solution (see Table 5.3).

5. Specimen CF-11 showed remarkable redundancy while failing in
shear. One at a time, shear failures occurred in the concrete in two
cells at one end of the specimen and in one cell at the other end, and
one diaphragm web plate at each end of the specimen fractured.
Each time a failure occurred, the load found a new path to the
support, finally being transferred via membrane tension in the upper
steel plate (Figure 4.16).

6. As a percentage of full capacity, the post-failure capacities of the
specimens were:

CF-10 and 11 98% ;

CF-12 70% ;

CF-13 53% ;
and, CF-14 66%

4.4.1.4 Specimens B-1 and B-2

These two three-span, continuous beam specimens were companion
specimens for the three-span, continuous slab specimen, Specimen S-1 (see Section
4.4.2.2). The purpose of the tests was to determine the effect of specimen width
on the failure load (by comparing B-1 with S-1), and to determine the effect of a
30% reduction in the diaphragm plate thickness. Specimen B-1 had a diaphragm
plate thickness of 6.80 mm, compared to a thickness of 4.90 for Specimen B-2.
Load deflection curves for these two tests are shown in Figure 4.18.

The following items are especially worthy of note:

1. Both specimens B-1 and B-2 behaved almost identically, until the
later stages of the tests.
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2. Both specimens failed in shear prior to yielding of the longitudinal
steel plates. In each case, at a load slightly above 1000 kN, shear
cracking at one end of the centre span was closely followed by shear
cracking at the other end, closely followed by a shear failure at one
end and a reduction in load to approximately 800 kN. After some
continued deformation, a second shear failure occurred and the load
dropped to between 400 and 500 kN. Further loading achieved a
post-failure load near 600 kN (60% of ultimate).

3. After considerable deformation, Specimen B-1 finally failed by
fracturing of the upper plate in a region of high plastic deformation
over one of the interior diaphragms. Specimen B-2 did not fracture
in this way, but maintained the post-failure load level throughout the
test.

4. The reduction in diaphragm plate thickness of 30% between
Specimens B-1 and B-2 had no discemible effect on the failure load
or post-failure response, as in both cases the diaphragm plates were
not stressed to their ultimate capacitics.

4.4.2 Slab Specimens

Three slab specimens were tested: Preliminary Specimen SP-1, a single span slab

specimen shown in Figure 4.5(b); and Specimens S-1 and S-2, three-span, continuous slab
specimens.

Specimens S-1 and S-2 are shown in Figure 4.5 (a). These specimens were
intended to determine the resistance of a composite wall to a high local “punching” load.
The only difference in the two specimens was the thickness of the exterior steel plates.

Specimen S-1 had a plate thickness of 5.35 mm, compared to a thickness of 9.35 mm for
S-2.
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4.4.2.1 Specimen SP-1

The only purpose of Specimen SP-1 was to determine the approximate
failure load and failure mode of Specimens S-1 and S-2, which were designed and
tested following testing of SP-1. The results are also being reported however,
since this specimen illustrates some typical features of composite wall behaviour. A
load-deflection curve for this specimen is shown in Figure 4.19 (a).

The following items are especially worthy of note:

1.

This 1/5th scale simple-span specimen had oversized exterior
steel plates (12.5 mm) in order to prevent a premature
flexural failure.

Indenting of the specimen at the load point, bulging of the
tension plate under the load point, and a leveling off of the
load-deflection curve at approximately 3000 kN indicated the
initdation of a punching-shear failure.

Punching-s} ear was not the ultimate cause of failure. Local
membrane action of the steel plate around the load point
arrested the punching failure and allowed the full shear
capacity of the section to develop.

At a load of 3270 kN the specimen began failing in shear as
a wide beam, almost identically to the shear failures
observed in the beam specimen tests.

A post-failure load of approximately 2500 kN (76% of
ultimate) was sustained through large deformations, until
termination of the test.

The pressure on the centrally loaded area was 165 MPa at
the initiation of the punching-shear failure.
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4.4.2.2 Specimen S-1

A load-deflection curve for Specimen S-1 is shown in Figure 4.19 (b).
Pictures of the specimen following the test are shown in Figures 4.20, 4.21 and

4.22.

The following items are especially worthy of note:

1.

The initiation of a punching shear failure in the concrete core
of Specimen S-1 was indicated by the indenting of the top
plate (loaded plate) and the bulging of the bottom plate at a
load of 2500 kN. A conical piece of concrete was pushed
down, bearing on the bottom plate of the specimen.

1‘ollowing considerable deformation of this type, the bottom
plate began to fracture. Two fractures started on the bottom
plate, on the longitudinal mid-line of the specimen in the heat
affected zone of the welds connecting the bottom plate to the
two interior transverse diaphragm plates. As loading
continued, the fractures slowly propagated transversely
toward the edges of the specimen (Figure 4.22).

The specimen lost all its load carrying capacity, when a
sudden shear failure occurred in the steel in the top plate
around the perimeter of the loaded area (Figure 4.21).

The load magnitude required for the initiation of the
punching-shear failure in the concrete was very high; a
pressure of 90 MPa on the centrally loaded area.

4.4.2.3 Specimen S-2

A load-deflection curve for this specimen is also shown in Figure 4.19 (b).
Pictures of the specimen following the test are shown in Figures 4.23, 4.24 and

4.25.



Testing Program

32

The following items are worth noting:

1.

The initial response of the specimen was somewhat stiffer

than Specimen S-1 due to the increase in the exterior plate
thickness.

The strains measured in the tension plates of the specimen

were close to those predicted by the results of an elastic
truss-model analysis.

A punching shear failure began at a load of approximately
3660 kN at the first peak in the load-deflection curve;
however, the membrane action of the top and bottom steel
plates arrested the punching failure allowing the full shear
capacity of the specimen to be developed (Figure 4.25).

The specimen failed in one-way shear as a “wide beam™ at a
load of 4170 kN in the same manner as Preliminary
Specimen SP-1 (Figure 4.24).

The member was very efficient in laterally spreading the
concentrated load. The diaphragm web plates welded to the
outer plates acted as “I-beams” to laterally distribute load (in
Figures 4.23 and 4.24 it appears as if the entire centre third

of the centre span was loaded, rather than just the 188 mm
diameter load point).

The specimen maintained a post-failure load capacity of
approximately 2500 kN (60% of ultimate) through large
deformations until termination of the test.

The magnitude of the load required to initiate the punching-
shear failure mode was very high; 132 MPa on the centrally
loaded area.
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4.5 Discussion of Test Results

The basic idea when the test program began, was to start with very simple wall
details and gradually increase their complexity until the necessary strength and ductility
were achieved. It was quickly realized that the very simple details worked well and were
capable of providing high strength in flexure and shear, as well as providing ductile failure
modes in both flexure and shear. For this reason, the simple configuration, utilizing
transverse diaphragm plates (Figures 1.1 and 1.2), was adopted as the *‘basic™ design
configuration. All of the other specimens were vaiations of this basic design.

This design uses transverse diaphragm plates as the only means of tying the exterior
plates together, providing interfacial shear transfer between the exterior plates and the
concrete core and providing shear reinforcing for the wall (at discrete locations, rather than

distributed as in a conventional reinforced concrete member).

As will be shown, the most impoitant variables, in determining the strength and
ductility of the wall, are: plate thickness; concrete strength; and “a/d” ratio of the
unreinforced cell between diaphragm plates (Figure 5.14). The horizontal dimension “a” is
equivalent to the effective shear-span, as this is the maximum distance over which the shear
force must be transferred before being intercepted by a diaphragm plate or support.

4.5.1 Beam Specimens

The behaviour of the beam specimens was similar in some respects to that of a
reinforced concrete beam with tension and compression reinforcement. Flexure involved
the development of a force couple with tension being generated in the bottom steel plate and
compression being generated in the top plate and the adjacent concrete at the top of the
beam. Shear was transferred through the beam via diagonal compression struts which
were anchored at the intersections of the tension steel and the diaphragm plates.

The post-failure response of those specimens which were taken far past the point at
which the first shear failure occurred usually involved large deformations and the
development of catenary action in the steel plates. This is depicted well in Figures 4.12,

4.16 and 4.17 which show Specimens CF-3, CF-11 and CF-12 at the termination of each
test.
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The following deductions can be made from the beam specimen test results:

1. Flexural strength is dependent on the maximum tensile force couple
that can be generated by the exterior steel plates (Specimen CF-2);
this implies that the important parameters are plate thickness, yield
strength, tensile strength and section depth (i.e. wall thickness).
Comparing the results of Specimens CF-2 and CF-3 also shows that

the presence of in-plane boundary restraint can increase the flexural
capacity.

2. Shear capacity is dependent on: concrete strength (CF-4 vs. CF-8);
exterior steel plate thickness (CF-6 vs. CF-7); and a/d ratio (CF-4
vs. CF-8). It is also obvious that section depth is *n important
parameter.

3. A composite wall can be designed to provide a stiff response with
few cracks in the service load range (as exhibited by all specimens).

4. The inclusion of additional shear reinforcing in the unreinforced
cells between diaphragm plates (Specimen CF-10 vs. CF-12)
increases shear capacity. However, it appears that such additional
shear reinforcing will not be necessary in order to attain the required
level of shear capacity; most specimens had shear capacities greater
than the target ice load ievel (3 to 5 MPa; see Section 3.2).

5. The post-failure capacity as a percentage of ultimate, for specimens
failing in shear, appears to be mainly a function of the a/d ratio and
the presence of additional shear reinforcement, if any. The
relationship between a/d ratio and post-failure strength is shown in
Figure 4.26 for all beam specimens. It should be noted that CF-2
failed in flexure not shear. Basically, the lower the a/d ratio, the
steeper the shear failure surface and the higher the post-failure
strength. Additional shear reinforcing also increased the post-failure
strength (Specimen CF-10), as would be expected.
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When failing in flexure, a composite wall specimen of this type can
develop its full flexural capacity (Specimen CP-8), provided that
there is sufficient shear capacity to prevent an earlier shear failure.
The load required o form a flexural mechanism can be accurately
calculated from a plastic truss analysis, Whether or not this
mechanism can be achieved in an actual structure, however, is
dependent on the amount of in-plane boundary restraint which acts
on a particular section of wall. In some cases in-plane restraint, due
to the continuity of the wall beyond the section being considered,
would reduce the flexural tensile stresses in the wall, thus increasing
the flexural capacity of the wall to the point where a shear failure
occurs before a flexural mechanism fully develops. This is
discussed further in Section S, Design Methods.

Inclined (diagonal) cracks were always contained within a single
cell. In no case did a single inclined crack extend across two cells.

4.5.2 Slab Specimens

The following deductions can be made from the results of the slab specimen tests:

1.

This composite wall design, which uses transverse diaphragm
plates, has a great ability to laterally distribute local loads. This
results in a one-way action in the slab, so that in the tests it behaved
essentially as a wide-beam, even for local concentrated loads.

Thue slab specimens displayed a very high resistance to a punching-
shear type of failure. The pressure on the loaded area required to
initiate a punching failure was an order of magnitude higher than any
anticipated local ice load (the minimum pressure recorded for
punching initiation was 90 MPa on a centrally loaded area vs. a
probable maximum local ice pressure of 12-15 MPa). However,
this may be an important mode of failure to consider for loading
events other than ice-loading (e.g. ship collision).
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The magnitude of the punching-shear failure load is dependent on
exterior plate thickness (as shown by the tests). It is also intuidvely
obvious (although not cnnsidered in the tests) that loaded area
perimeter, depth of section and concrete strength also have an effect
on punching-shear capacity.

For an ice-load event, the ultimate shear failure mode of concern is
wide-beam shear.

If the possibility of a punching-shear failure is discounted, a ductile,
wide-beam shear failure mode can be achieved, with a high post-
failure strength (60% and 76% of ultimate were achieved in two of
these tests). Bven for a punching-shear type of failure, ductlity can
be achieved, provided that a shear-fracture in the exterior steel plates
can be prevented.
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Teble 4.2 Loading Patterns for Beam Specimens CF-1 to CF-14

Specimen .rn.l. Diaph. Loading Pattem
No. mm)
s (mm
gl 1000 | 333
CF-3
CF4
CFS 1500 | 500
CF-8
CF-7
CF-8 1500 | 2s0
CF-9 1500 | 500
CF-10 1250 | 417
1250
204 08~ 417
foorr ?;‘é’f/’ ’///';7’ 7/1
i
CF11 125 | 208 .
A /// Vi 7 A
CF-12 1250 | 313 / 7 %%/
CF-13
CE14 1250 | 417
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Table 4.3 Cracking Patterns for Beam Specimen CF-1 to CF-14

Specimen | Load | Faliure | Shear
No. Type |Load,P , @
(kN) | (mm)
CF-1* 684 | 238
CF-2 A 617 | 238
CF-3 717 | 288
CF4 560
CF-8 8 437 | 425
CF-6 561
CF-7 * 601
CF-8 c 761 175
CF-9 1] 754 | ars
CF-10 E 008 175
CF-11 F 757 133
CF-12 F ey 113
CF-13* 712
CF-14 G 745 | MR

+ Indicates which specimen's cracking paltern is shown.
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Figure 4.1 Specimen in Beam Testing Frame

Steel reaction frame
tied to concrete
reaction beam

Rocker / roller assemblies;
reaction remains vertical
throughout test

Testspecimon —— |
o« (shown shaded)

<+——— Rockar / roller assembilies;
load remains normal to
surface of specimen
throughout test

50 ton hydraulic
loading jacks;

8 pairs; force acts
vertical upwards

Section A \ Concrete reaction baam / End View

Figure 4.2 Schematic of Beam Testing Frame




Testing Program 41

Figure 4.3 Slab Specimen in MTS Universal Testing Machine
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Figure 4.4 Specimen Configuration for B-1 and B-2
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(b) Specimen SP-1
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(a) Specimens S1 and S2

Figure 4.5 Slab Specimen Configurations
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Figure 4.6 Concrete Strength Data
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Figure 4.7 Support Boundary Conditions
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Figure 4.8 Typical Instrumentation for Beam Specimens
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Figure 4.9 Typical Instrumentation for Slab Specimens
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Figure 4.10 Load vs. Deflection Curves for CF-1, CF-2 and CF-3
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(b) Load = 6.0 MPa

Crushed concrete

-
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(c) Load =9.4 MPa

Figure 4.11 Sketches of Specimen CF-3 Test
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(e) After completion of test

Figure 4.12 Photographs of Specimen Test CF-3
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Figure 4.14 Load vs. Deflection Curves for CF-4 to CF-9
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Figure 4.20 Specimen S-1 After Test

. gf:_;.;f . 3 - s — < I ‘ .

Figure 4.21 Specimen S-1: Close-up of "Punched"” Area of Plate
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Figure 4.22 Underside of Specimen S-1

(the painted “grid® indicates the centre third of the miidie span,
l.e. between the centre diaphragm web plates; the vertical
white bands on either side, mark the inner two supports)
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Figure 4.25 Specimen S-2: Close-up of Dented Area of Plate
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5.0 ULTIMATE STRENGTH C,/ALCULATION ME:HODS

The ratiooal methods used to dewrmine the ultimas: strength of composite wails are
essentially the same a3 those used for relniorced concrete beams and slabs. This is not
surprising since these mothods are based on equilibrium and material strength conoepts and
should therefore be valid for members which are really not so very different from
reinforced conci ite 1embers. Oa the other hand, the cxisting empirical methods of
reinforced conciete csign are gencrally not applicavle for use with composite wall
members. Again th.s .8 not surprising, since empirical methods are sensitive to member
details and structurid application. Any empirical methods which are considered for use
must be dovelopud e::perimentally for the particular member details being considered.

This cha:ter considers three basic methods for determining ultimate srength and

makes recomnx .dations advising where each should be used. The three basic methods
are:

1. Ixaditional Methods:

rlanc Section Method for Fiexure - A method which assumes a lineir strain
distribudon through the depth of the section, a non-linear stress-strain

relaiion for concre'e, an elastic perfectly plastic stress-strain relation for steel
and requires the maintenance of equilibrium;

Erapirical Mcthod for Shear - A method whaich assumes the shear capaci:+ is
made up of a concrete sontributicn, which is computed by an empirical
equation, and a shear reinforcement contribution;

2. Lower Bound 2lasticity Methods:

Those plasticity methods which do not require strain compatibility, but
which do require the maintenance of equilibrium by assuming some
statically admissible stress distribution within the member which nowhere
exceeds the strength of the material and which assumes sufficient material
ductility such that the assumed stress field can be achieved; and
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3. Upper Bound Plasticity Methods:

aute plasticity methods which do not require strain compatibility, but
which do require the maintenance of equilibrium during failure by some
kinematically admissible failure mechanism, and which assume that the
external work done during failure equals the internal work expended, as
calculated by a plastic failure theory.

The equations presented in this chapter will contain material performance factors ¢c
and ¢s, in accordance with the limit states design method used by Canadian codes. The
material performance factors deemed appropriate for use are as fellows:

1. For comparing predictions with test results:
¢ =10
¢s =10

2. For use in design:
¢c = 0.60 for f'c < 40 MPa
oc = 0.67 for fc > 40 MPa
¢s = 0.90

These are the same values given in CSA Preliminary Standard S474.
§.1 Traditional Methods
5.1.1 Plane Section Method for Flexure

The plane section method is used in the design of reinforced concrete for flexure
and axial loads (CSA Standard A23.3, 1984). It assumes the following:

1. The internal distribution of stress satisfies the applicable conditions
of equilibrium.

2. The strain distribution through the depth of the member is lincar and
is directly proportional to the distance from the neutral axis; i.e.
plane sections remain plane.
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3. Strain compatibility is maintained between the concrete and the
reinforcing steel.
4. The maximum usable strain at the extreme concrete compression
fibre is equal to 0.003.
5. The compressive stress/strain curve of the concretc may be

parabolic, trapezoidal or any other shape that results in correct
strength predictions. It is normally assumed to take the shape of the
familiar “equivalent rectangular stress distribution”.

6. The tensile strength of concrete is neglected.

7. The stress/strain response for the reinforcement is based on the
stress-strain curve and is normally assumed to be linear elastic,
perfectly plastic.

Figure 5.1 shows the fully plastified internal stress and force distributions in a
composite wall section which result from the plane section method assuming strains large
enough to reach the full plastic moment capacity (theoretically this requires an infinite
strain). The three cases shown are discussed in Sections 5.1.1.1 to 5.1.1.3.

In order for this method to be valid for composite walls, it must be demonstrated
that all of the above assumptions are valid. There are two situations where some of these
assumptions are not valid and the method can therefore not be used: 1) Deep flexural
members, where significant arching action tends to produce non-linear variations in strain
through the depth of the cross section; and 2) Members which allow slip between the steel
plates and the concrete core and thereby render the assumption of compatit”  «ins
invalid. For these two situations, one of the two plasticity design methods m: = « ed.
Figure 5.2(a) illustrates some composite wall types for which the plane section . ud is
not valid; Figure 5.2(b) shows some where it may be valid. It should be noted that even
for the wall types shown in Figure 5.2(a), at particular critical sections, the stress

distributions shown in Figure 5.1 can be constructed using either the upper or the lower
bound plasticity methods, as discussed in Section 5.2.



Ultimate &¢rength Calculation Methods 67

As noted in Figure 5.2(a), the span-to-depth ratios for which deep beam behaviour
should be assumed are not well defined. It is likely, that for the extremely large ice forces
that a composite ice-resisting wall must resist, member depth will always be such that deep
beam behaviour should be assumed. Therefore it is recommended that one of the two
plasticity methods should be used.

For flexural design using the plane section method, there are three cases that can be
considered; the case where the top plate is thicker than the bottom plate (t'>t), the case
where the top plate is thinner than the bottom plate (t'<t) and the case where the plate
thicknesses are equal (t'=t). The experimental work in this research program only dealt
with the last case, however, equations for all three cases are presented here. In each case
the derivation is of the case of pure flexure (zero axial force).

5.1.1.1 Case 1, t'>t

This case is illustrated in Figure 5.1(a). Because the top plate is thicker than the
bottom plats, and because the concrete is assumed to take no tension, the plastic neutral
axis will be in the top plate. The depth of the compressive stress block in the upper steel
plate, a, is found by summing horizontal forces, i.e. XFy = 0. The flexural design
equation can then be derived by summing moments about the centroid of t! - tension steel.
The derivation is as follows:

ZFh =0 C-T=T

(s (-3 Ao

a= (A's + As)—t.—
2As

since A;=tb and A,=tb

“:%{‘ “:3] [5.1]
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z = K = _£_ - ' 2
My =M, M=Ci +'l{h :‘lt;(t2+3tt+2t )]

= 0245 + A - Azt 2
t
with further reduction the equations for M, becomes
= aA'y . 2 ' 2
M, = 0fy | Ae s ah- a4 304 2 ) (5.2)
where A; =Dt
A" = bt.
Substituting for a, As and A's results in the following equation for ultimate flexural
capacity:

M, = ¢sf,b [ht -t't- 20 ‘:1] [5.3]

§.1.1.2 Case 2, t'<t

This case is illustrated in Figure 5.1(b). Because the top plate is thinner than the
bottc:m plate, and because the concrete is assumed to take compression, but no tension, the
plastic neutral axis will be in the concrete. The depth of the compressive stress block, a, is
found by summing horizontal forces, i.e. ZFp = 0. The flexural design equation can then
be derived by summing moments about the centroid of the tension steel. The equations are
derived in the same way as those above and are as follows:

= —&(t-f)

0.85¢.f ¢ [5.4]

a

= f4ay LA
M, = 0858 fcab(d - -2-2) + A,B,f,d [5.5]

where d=h-[tit]
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Substituting for a, As and A'y and defining a new variable, @, results in the
following equation for ultimate flexural capacity:

- 1 e(-tPHe-r) ]
M “fyb[“‘ 0.85 3 i5.6]

¢-.¢_.fx-

here
v ocfc

As stated earlier, this solution requires that strain compatibility be maintained
between the top plate and the concrete, both of which are in compression.

5.1.1.3 Case 3, t'= ¢

For the special case where t = t, the flexural equations for both of the first two
cases (equations 5.2, 5.3, 5.5 and 5.6) reduce to the following:
M, = Adifyd [5.7]
where Ag=bt=A =0t
d=h-t

Some measure of the accuracy of this equation can be determined by considering
the peak load carried by Specimen CF-2 ( the only specimen to ultimately fail in flexure)
and using Fy (390 MPa) rather than Fy (265 MPa) in the calculation. This is justified
since the ultimate load was reached for this specimen when the top (tension) plate fractured.
In accordance with this, the predicted capacity is as follows:

M, = bifd

_375-6.35-390-244
1x108

=227 kNem

The actual ultimate moment at failure for this specimen as determined from simple
statics was:

M, = 224 kN°m

The agreement is within a few percent.
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5.1.2 Empirical Method for Shear

5.1.2.1 ACI and CSA LCquations for Reinforced Concrete

The current American concrete design code (ACI Standard 318-83) and the
previous Canadian concrete design code (CSA Standard A23.3-M77) both handle

design for shear in the same way. The method is essentially an empirical one,
which assumes the following:

1.

In members without shear reinforcement, the shear capacity,
V¢, is provided by the concrete web.

In members with shear reinforcement, the shear capacity is
provided by contributions from two parts: Vg, the capacity
of the concrete web; and V3, the capacity of the shear
reinforcement.

In both the above cases, V¢ is taken equal to the shear
causing significant inclined cracking and is calculated from
one of a nuunber of semi-empirical equations. These
equations are intended to include the effects of aggregate
interlock, dowel action and shear carried by the concrete
compression zone (ACI-ASCE Commiittee 424, 1973).

The shear capacity, Vs, is calculated assuming a shear crack
through the depth of the member at an angle of 45°, and is
taken equal to the vertical force required to yield the shear
reinforcing which crosses this crack.

The empirical code equations for the shear capacity provided by the concrete

are as follows:

V. =0.17VE.bd [5.8]
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or
Y
Ve = (0.16VT, + 17p.,—Mls)bd (5.9
< 0.3V bd

where the ratio V¢/M,yv shall not be greater than 1.0.

Special provisions are made for deep flexural members (defined for shear as
members with span-to-depth ratios less than 5) as follows:

V. = Eqn. 15.8] [5.10]

Vo= (3.5 - 2.5"7":5) x Eqn. 5.9

< 0.5Vf.bd

where the first term in Eqgn. 5.11 shall not exceed 2.5.

[5.11]

Other clauses dictate where the critical sections should be taken. This
affects the calculations of both the shear capacity and the shear to be resisted.

These equations were based on research for reinforced concrete beams
conducted prior to 1970. They have been used for many years in the design of
reinforced concrete beam elements althor: th they tend to be conservative, especially
for deep members.

None of these empirical equations were found to be applicable for the types
of cc nposite members which have been considered to date, either in this research
program or in the published Japanese papers.

§.1.2.2 Empirical Equations for Composite Walls

Since the empirical code equations for reinforced concrete appeared to be
inappropriate for use with composite members, it was decided to develop an
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empirical equation specifically for composite members of the type developed in this
project. The empirical equations were derived applying the techniques of
dimensional analysis and statistical regression analysis (Zsutty 1968) to the data
from this rescarch work. Following Zsutty's lead, the empirical equation is

assumed to be of the form:
Ve (Const.X£.S(p)
bd a
(3F

The purpose of the regression analysis is to determine the value of the
constant and the exponents x, y and z. These values are determined by taking the
natural logarithm of both sides of this equation

1,,(%’3) =(Cer b v 2indf) + yinlp) - zin(3)
and conducting a multipie ...« .- siun analysis.

Two sets of regressior :'.iyses were conducted using the computer
softwar~ 1.ackage Lotus 1-2-3, which has multiple linear regression capabilities.
Only data from twelve of the first fourteen specimens (CF-1 to CF-14) were used.
Specimens CF-2 and CF-10 were excluded, since CF-2 was a flexural fai'ure and
CF-10 contained shear reinfercing steel. Data and results from the two regression
analyses are given in Tables 5.1 and 5.2.

In the first analysis, an empirical equation was derived using a value for
“a”, the shear span, defined as the horizontal distance from the centre of a reaction
point to the centre of a load point, or the centre of the nearest diaphragm plate,
whichever was closer. This centre-to-centre definition was used initially as it
appeared to be consistent with that assumed by Zsutty. The resulting empirical
equation, including now a material factor for concrete, is as follows:

*0.8
V. 339 bdp®34

A 5.12
(a/d)}-2® [3-12a]
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The equation can be simplified, with a negligible loss in accuracy, as
follows:

_ 1.35¢5fcbdVp
(w/d)!? [5.12b]

where f'¢ is in MPa.

The second analysis used a definition for “a” as the clear distance from the
edge of a reaction plate to the edge of a load plate, or the centre of the nearest
diaphragm plate, whichever was closer. This definition is consistent with that used
in the tables in Chapter 4, the plasticity solutions in Section 5.2, and throughout
this thesis. In this case the resulting empirical equation is as follows:

V.= 1.20¢¢f'c°'92bdp°'5°

[5.13a]

The equation can be simplified, with a negligible loss in accuracy, as
follows:

0.87¢cf-bdVp
Ve= 08
(/)™ [5.13b)

This is the equation which is suggested for design purposes and is
referenced throughout the rest of the thesis. A plot of this equation is shown in
Figure 5.3 and the accuracy of this equation is shown in Figure 5.4, where it is
compared to test results. It is also compared to test results in Table 5.3.

Equation 5.13b is used to calculate the concrete contribution to shear
capacity of a member which fails along a diagonal crack with a horizontal
projection, “a”. It can be used for design, but should not be used for members that
diffcr significantly from those for which it was developed (composite members
with transverse webs), nor should it be used outside the range of parameters
studied in this work (35 MPa < f'¢c < 65 MPa; 0.5 < a/d < 2.0).
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It is interesting to note the similarity between this equation and those

developed by Zsutty (1968, 1971). Zsutty's equations (metric form) are as
follows:

2.1704(5p)033
Ve m 0.33
(a/d)® for /d > 2.5 (5.14)

_ _5.43bd(f:p)**

Ve 1.33
(a/d)™ fora/d < 2.5 [5.15]

A comparison between equation 5.13b and Zsutty's equations is shown in
Figure 5.5 where they are compared to test results. In Zsutty's equations, “a”, is
the distarce from the load to the support in a simple beam.

Although the equation itself is empirical, it can be used in a rational design
process. Figure 5.6 shows this equaticn with a ¢¢ £actor equal to 0.67 included.
This value of ¢c is used in CSA Preliminary Standard S474 for high strength
concrete.

5.2 Plasticity Methods

“Limit-analysis™ techniques, based on the upper and lower beund theorems of
plasticity, have been used successfully for a great number of years in the analysis and
design of structural steel and reinforced concrete members. The basic tenets of plastic
theory, including the upper and lower bound theorems, are given in detail in a number of
references (Chen 1982, Nielsen 1984). The plasticity methods were described in simple
terms at the beginning of Chapter 5.

Early applications of plasticity to reinforced concrete beams and slabs consisted of
situations where the strength was governed by the yielding of the flexural reinforcement
(e.g. yield-line and strip methods for slabs). In situations where failure in the concrete
governs the strength, plastic theory is more difficult to ar-ly, since concrete is not a
perfectly plastic material, but exhibits significant strain softeiing. Even so, during the last
decade plastic theory has been successfully used in such situations, most notably for
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determining shear capacity in reinforced concrete beams (Nielsen and Braestrup, 1978;
Collins and Mitchell, 1980; Chen 1982; and Niclsen 1984). Design codes have also
recognized the validity of both upper and lower bound methods for reinforced concrete
(CEB-FIP 1978, CSA A23.3-M84, 1984). In addition, the new Canadian offshore
structures code, which contains the requirements for composite member design
(CAN/CSA-S473-92, Clause 13), is being written 5o that cither of the two plasticity
methods will be acceptable provided they have been experimentally verified. The work
contained in this thesis has contributed significantly to the development of the requirements
contained in Clause 13 of S473. The standard is available from the Canadian Standards
Association.

Figures 5.7 to 5.9 demonstrate a number of applications of plastic, limit-analysis
solutions.

5.2.1 Lower Bound Plasticity Method
5.2.1.1 Previous Experience

Figure 5.7 shows plastic “truss” models for designing reinforced concrete
beams. This is the method specified for use by the Canadian concrete building
design code (CSA CAN3-A23.3-M84, 1984) and by the new Canadian offshore
structures code (CSA Standard S474), for the design of “‘deep” reinforced concrete
members. Such models have been suggested by a number of authors, including

Rogowsky and MacGregor (1986), Marti (1985), and Schlaich et al. (1987), as
well as those mentioned carlier.

The type of composite member being considered in this -esearch is
analogous to a reinforced concrete beam, with the reinforcing moved 1o the exterior,
and with shear reinforcement at discrete locations, rather than distributed. While
there is no bond per se between the steel and the concrete, the mechanical interlock
of the steel walls and diaphragms with the concrete infill allows forces to be
transferred from concrete to steel. It is therefore reasonable to apply this same
plastic “truss” design approach to a composite wall. There are problems, however,
in applying the truss model (or strut-and-tiec model) methods given in CSA Standard
A23.3, Clause 11.4.7. The main problems are as follows:
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1. In determining the capacity of the diagonal struts (which is key to
determining the shear capacity), it is assumed that the tensile strains
in the concrete are compatible with the tensile strains in the
reinforcing steel. This is a fair assumption for reinforced concrete,
but not for the type of composite member being considered here.
These composite members allow “slip” between the steel plates and

the concrete infili, and thus the compatible strain assumption cannot
be made.

2. “Nodal zones” in the strut-and-tie models are dimensioned by
assuming that the centroid of the reinforcing steel and the centroid of
the nodal zone coincide. This is not so for a composite wall, since
the plates are exterior to the member and, therefore, cannot be at the
centroid of the node. This is an important consideration, since the
nodal zone dimensioning plays a large role in determining the
capacity of a plastic truss.

A review of the strut and tiec model methods, indicates that the lower bound
solution procedure is an excellent method for visualizing the flow of forces and for
determining the reinforcing requirements (i.e. for determining the steel areas
required to keep the plastic truss in equilibrium). It is more difficult, however, to
use this method to obtain an accurate prediction of shear capacity, unless the shear
capacity is governed by yielding of reinforcement (e.g. stirrups yielding), or the
results are modified by an empirical factor. Even so, success has been reported by
others in this regard (O'Flynn and MacGregor, 1987).

Because of these considerations, this res <ch work suggests the use of
strut and tie models for determining the reinforc: ; steel requirements; both plate
steel, and where appiopriate, steel studs and idditional steel in the form of
deformed reinforcing bars. This covers both the reinforcing requirements for
flexure and for shear. This work also suggest the use of lower bound compression
field theory to determine the shear capacity of a composite wall which contains
additional shear reinforcement and for which the shear stress can be assumed to be
uniformly distributed over the depth of the member. It does not consider lower
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bound plasticity methods for determining the shear capacity of composite walls with
plain concrete cores, nor for situations where the assumption of uniform shear
stress is obviously invalid.

The basic approach is to take the existing lower bound plasticity methods
for reinforced concrete (both strut and tie models and compression field theory) and
adapt them for use with the type of composite wall elements developed in this
research project.

5§.2.1.2 Strut and Tle Truss Model for Flexure

Figure 5.10 shows a strut and tie model for Specimen CF-2. The model is
constructed by assuming that the applied loads must be carried to the supports
through uniaxial truss members carrying either tension or compression. The steel
plates are allowed to carry either tension or compression; the concrete is only
allowed to function in compression. Engineering judgment is required in
constructing the truss, since in most cases there are a number of plausible
configurations. In this case, the truss has been constructed so that the model is
statically determinate. This has the advantage of not requiring assumptions to be
made conceming the relative stiffnesses of the truss members. The stiffness of a
steel truss member is casily determined since the cross-sectional area ané modulus
of eclasticity of each stecl plate is know to a high degree of accuracy. To determine
the stiffness of a concrete compression strut, however, requirss an ssumption
conceming the width of the member. This becomes difficult since the geometry of
the nodal zones is not easily determined, as explained previously.

Once the truss has been constructed, the force in each of the truss members
is determined from statics. Figure 5.10 shows the forces and strains determined
from "¢ truss model for Specimen CF-2. Also shown are the measured strains for
this specimen. The strain in the uppe. :late tension tie is in close agreement with
the calculated values. Actual strains in the bottom compression plate are less than
the calculated value since the concrete adjacent to this plate shares some of the load.
Actual strains in the web diaphragm plate:: sre considerably less than the calculated
values, likely because part of the load from the two centre load points arches
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directly to the support. In any case, the stresses and strains prodicted by the truss
model are conservative from a design point of view.

For design, steel plates thicknesses (and yield strengths) are chosen by
ensuring that the factored ultimate tensile capacity of each plate is equal to or greater
than the calculated factored force. Considering the truss geometry, and assuming

equal plate thickness both top and bottom, produces a flexural design equation
identical to equation 5.7.

A second truss model, this time for Specimen CF-8, is shown in Figure
5.11. As noted in Section 4.4.1.2, this specimen developed a full flexural
mechanism prior to finally failing in shear. Also shown in Figure 5.11 is the actual
crack pattern in the specimen, as well as the load-deflection curve with the predicted
flexural failure load indicated. The cracking pattern is consistent with the flow of
forces indicated by the truss model, and the strength predictions are certainly within

acceptable accuracy limits. Again, the tension plate stresses measured agreed well
with those predicted by the truss model.

§.2.1.3 Compression Field Method for Shear

The general method for shear design of reinforced concrete beams given in
Clause 11.4 in CSA Standard A23.3-M84 (CSA 1984) is based on the lower bound
theory of plasticity. This section proposes using this method for composite walls
with distributed shear reinforcement, like that contained in Specimen CF-10.

This method of design determines the resistance of members in shear “by
satisfying applicable conditions of equi'ibrium and compatibility of strains and by
using appropriate stress-strain relations for reinforcement and for diagonally
cracked concrete” (CSA A23.3-M84). For a given concrete strength, cross
sectional dimensions are chosen to ensure that the diagonally cracked coricrete has
sufficient capacity to resist the inclinec ~ompressive stresses. Areas of longitudinal
and transverse reinforcement are chnsen w...ch are capable of equilibrating this field
of diagonal compression.

The method assumes that - stresses are uniformly distributed over the
cross-sectional area of the men.ocr and that the direction of the principal
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compressive stresses remains constant over the member depth. For composite
walls with diaphragm plates as the only form of shear reinforcement, it is
inappropriate to make this assumption, since slip is allowed between the exterior
steel plates and the concrete core, and since there is no distributed shear
reinforcement to provide a vertical reaction for the uniformly distributed inclined
struts. This method, therefore, is applicable to only one of the specimens tested in
this program; Specimen CF-10.

A review of the general method for shear design in reinforced concrete
beams is given in Appendix B, along with the development of an ultimate strength
design equation for composite members based on this method. The equation for
ultimate shear capacity given there is as follows:

0.22+ 680e.+1.36) -(1.14+340e
V, = pv¢3fy/\/v -0)1;( - ) ( x)

Bh ™A% 340(€,+0.002) 15-16]
=Av
where Pv=7p [5.17]
Pvdsfy
and Wy =——= 1
ok £5.181

Figure 5.12 shows how this method is applied to predict the shear capacity
of Specimen CF-10. This specimen contained additional shear reinforcement in the
deformed reinforcing bars which were anchored to the steel face plates by
overlapping with short headed studs which were fastened to the face plates. The
area of shear steel provided by the deformed bars was 600 mm?2, at a longitudinal
spacing of 48 mm. Since no tensile coupons were tested for the deformed bars a
yield strength of 477 MPa is assumed in the calculations. This is the mean value
determined for Grade 400, 10 M bars (Nessim, et.al. 1992). Using equation 5.16,
and assuming a mid-depth concrete tensile strain (gx) of zero (since slip between the
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steel plate and concrete can occur), an ultimate shear capacity of 1798 kN is
determined. This compares remarkably well with the experimental value of
1816 kN.

5.2.2 Upper Bound Plasticity (UBF! Jtiethod

The UBP method is an upper bound plasticity approach (an energy method) which
considers the internal and external work expended when the member fails in accordance
with some geometrically admissible displacement field. This method is well known for the
flexural design of reinforced concrete slabs, where it is called the “yield line method™.
More recently, it has been applied to cases of shear in plain and reinforced concrete by
Nielsen et al. (1978, 1984).

The philosophical problem with using upper bound plasticity methods for materials
like concrete is that the kinematically admissible failure mechanism involves yiclding,
which is not a property exhibited by plain concrete. None-the-less, Nielsen's research
group at The Technical University of Denmark has been successful in applying upper
bound techniques to shear in plain and reinforced concrete. There has not yet been general
acceptance of these methods, however, mainly because the theoretical results have to be
modified in an empirical manner in order to make them work. In the author’s opinion, this
does not detract from their usefulness, for two reasons: firstly, the design methods are far
less empirical in nature than those used to date; and secondly, they can increase one's
understanding of structural behaviour by forcing the designer to focus on the actual modes
of failure.

Appendix C provides an overview of the upper bound plasticity methods developed
by Nielsen for shear in reinforced concrete members. In the section which follows,
Nielsen's method is briefly reviewed; this same basic method is then adapted for use in
dctermining the shear capacity of composite members. The section following that
considers the upper bound method for flexure in composite members. Shear and flexural
are considered separately, since they are distinctly different mechanisms of failure.

§.2.2.1 Shear Failure Mechanism

As discussed in Appendix C, Nielsen (1984) developed upper bound
solutions for shear in plane and reinforced concrete by constructing work equations
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which equate the external work being done by the load to the internal work being
dissipated in the member. To achieve this, he had to derive expressions for energy
dissipation in the constituent materials; concrete and steel. The equation given for
the energy which is dissipated along a shear failure plane in plain concrete is:

W, = %ut'cuh(l-sin a)

(5.19]
where Wic = internal work dissipated per unit length
f¢' = uniaxial compressive strength of concrete
u = displacement
b = thickness of the element
o = angle between the yield line and the displacement vector
v

= efficiency factor used to modify concrete strength
(uf' is referred to as the effective, or plastic, concrete

strength)

Energy dissipation in reinforcing steel is based on the assumptions that bars
are straight, material is rigid-plastic and bars are capable of carrying only axial
stress. In addition, the normal assumption is made that the material yiclds when the
axial stress reaches the uniaxial yield stress, Fy. The equation for the energy
dissipated in a reinforcing bar crossing a yield line is given as follows:

W1, = -A.Fyucos (o+8) (5.20]
where Wis = internal work dissipated in the reinforcing steel bar
Ag = area of reinforcing steel bar
Fy = uniaxial tensile strength of steel
u = displacement of one side of the yield line wath respect to
the other

a = angle between the yield line and the displacement vector
angle between the yield line and the reinforcing bar
= angle between the displacement vector and the reinforcing bar

D ™
il
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Using these expressions, upper bound solutions are developed for shear in
reinforced concrete beams, both with, and without, additional shear reinforcement.

In keeping with current practice, the equations shown here have material resistance
factors included.

£ ..2.1.1 Beams Without Shear Reinforcement

For bea-:s without shear reinforcement, the work equation derived in
Appendix C is:

Vsin (o+p) = bh%({lzﬁ'—::in“j:‘l - ® cos (a+B)]

[5.21)
where @ is the mechanical degree of longitudinal reinforcement
& (A':.A") :Fy
oh o [5.22)

The left hand side of equation 5.21 is the external work done by the load;
the right hand side is the internal work dissipated by the concrete (first term inside
the square brackets) and the longitudinal reinforcing steel (second term inside the
square brackets). The lowest upper bound gives the following equations for the

shear capacity:
\Y, =i"£¢;[,\/(l)1+m- - ]
r 2 h o2 h] for®<v2 [5.23]

v, = e P 1 - 3] for®>o2  [5.24]

Expressions for the concrete efficiency factor, v, have been suggested by
several different authors for reinforced concrete beams (Nielsen 1984; Rogowsky
1983). O'Flynn (1987) developed an efficiency factor for composite beams of a
type similar to those developed here. In Table 5.3 two different efficiency factors
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are used with equations 5.23 and 5.24 to calculated shear capacities for the
specimens tested in this work. The factors used are shown below.

v = 095 [3.25]

u:%[@wr’ < 10 (5.26]

The choice of efficiency factor in equation 5.25 was made because the
number is less than and close to 1.0, which seems reasonable, and 1t provides an
average test/predicted ratio for all specimens of exactly 1.0. The expression in
equauon 5.20 was adapted from O'Flynn’s expression for compositc beams, but
with a cut-off at 1.0 included. This also seems reasonable and produces good

results both in terms of the test/predicted ratio average (1.0) and standard deviation
(0.10).

§.2.2.1.2 Beams With Shear Reinforcement

For reinforced concrete beams with shear reinforcement, and referring now
to Figure 5.13, the following work equation is given:

V-u=pyfybhcot p-u+ %ufcb(l - cos B)—Th— - u
sin [5.27]

where Pv = Ay/sb = shear reinforcement ratio
fy = yield strength of the shear reinforcement

The first term on the right-hand side of the equation is the dissipation in the
stirrups which cross the yield line; the second term is the dissipation in the concrete.
Since the movement is vertical, the longitudinal reinforcement is assumed to do no
work (the reinforcing steel is assumed to have no bending or shear capacity).
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The solution for this equation, for the special case of tan B = h/a and
including material resistance factors, is:

V, = bh"z"f; [\/(ﬁj’ +1-84 2‘#{}] [5.28)

where y is the degree of shear reinforcement:

v -pvm

VoL [5.29)

A kinematically admissible failure mechanism for a composite beam or one-
way slab is shown in Figure 5.14. It consists of a yield line running from the edge
of the support plate to the intersection point of the diaphragm plate and the upper,
exterior plate. The relative displacement rate vector v, which describes the relative
movement across the yield surface, is inclined at an angle a to the yield line. The
similarity between this failure mechanism and that shown for a reinforced concrete
beam (sec Appendix C) is obvious, resulting in equations 5.23, 5.24 and 5.28
being valid for composite wall members as well.

Figure 5.15 compares the predictions given by these equations (see Table
5.3) 10 the composite wall test results. It shows an accuracy comparable to that of
the C-FER empirical equation (Figure 5.4), as indicated by comparing the standard
deviations.

Since this method is an upper bound solution procedure, it should give an
upper bound to the load carrying capacity. It is therefore important for design to
know the correct failure mechanism. If the correct failure mechanism is chosen, it
theoretically gives the exact solution; the wrong failure mechanism will give an
unconservative prediction. Since there are relatively few possible failure modes to
check, however, the procedure can be considered a viable design tool.
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5.2.2.2 Flexural Fallure Mechsnism

Energy solutions for flexure in reinforced concrete slabs are well known
and can be most easily demonstrated by the simple case of a fixed-ended beam (or
onc-way slab) developing a three-hinge mechanism This method is directly
applicable to composite wall analysis, and is developed in the this section.

The validity of this methwa "nends on the ability of the member to undergo
sufficient plastic deformation at th “inge locations > that all three plastic hinges
can develop before failure occurs. The ability of a composite wall of the type tested
in this research work (i.e. with diaphragm web plates) to achieve such a three-
hinged mechanism was demonstrated in an extension to the work discussed here.
Most of the specimens which were tested in this work were shear critical and failed
in shear below their flexural capacities. This is of no consequence, provided that
the shear failure is recognized 1o be the governing failure mode and that it is also
sufficiently ductile.

In designing reinforced concrete beams, it is often assumed that there is
insufficient plastic deformation capacity to allow a full three-hinge mechanism to
develop. This is due to crushing of the compression zone at the first hinge, before
subsequent hinges form. This appears to be avoided in this type of composite
member because large tensile strains, which occur in the yielding reinforcement at
the first hinge, are not transmitted to the concrete core, since slip is allowed at the
concrete-steel interface between the diaphragm plates.

(Note: This allowance of slip may also increases the shear capacity of the
member, since the concrete is not being forced to undergo strains compatible with
those of the longitudinal reinforcement,which would otherwise cause cracks. This
phenomenon of increased shear capacity was noticed by Leonhards and Walther
(1964) when comparing reinforced concrete beams with deformed and smooth
reinforcing bars.)
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The energy method can be used to determine the required flexural capacity
of a continuous compositc wall spanning in one direction and subjected to a
uniformly distributed load. For this situadon the moment which the wall must
sustain at each of the hinges while developing a three-hinge mechanism is:

- m
Mo=516 (5.22)

Equations for other loading situations are easily developed.

L: order to determine the flexural capacity of a composite wall in resisting
this moment, one of the equations given in Section 5.1.1 can be used.

If this design method is to be used, there are two other factors which must
be considered: 1) The possibility of plastic deformations occurring at service 12ads;
and, 2) the effect of in-plane restraint caused by the surrounding structure.

The first of these considerations depends upon the service/ultimate load ratio
and upon the acceptability of some plastic deformations at service load levels. If the
service/ultimate load ratio is smaller than the ratio of yield moment to fully-plastic
moment, then yiclding will not be expected to occur at service load levels. If the
opposite is true, then the frequency of this occurrence will have to be considered,
along with the implications for the rest of the structure of some permanent
deformations. It is possible that permanent, local deformations may be acceptable
on a more frequent basis than the frequency of the occurrence of the factored
ultimate design load.

The second consideration is the effect of in-plane restraint. The effect is
normally a beneficial one, with respect to flexural capacity, and ignoring it is
conservative. It must be recognized, however, that the increase in flexural capecity,
caused by the in-plane restraint, may change the mode of failure to one of shear,
and it is therefore insufficient to determine the ductility of a system based only on a
flexural failure mode; the shear failure mode must also be a ductile one. If a global
analysis is used to determine the amount of in-plane restraint which can be counted
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on in a particular structure, this can be used to decrease the size of the exterior steel
plates, since they provide the flexural strength.

$.3 Recommended Ultimate Strength Calculation Methods

In the author's opinion, no one design approach is entirely suitable for all of the
components in the wall; each of the methods discussed in the previous sections has its
strengths and weaknesses.

The lower bound plasticity approach given in Section S5.2.1 is well suited for
determining the design forces in all of the stoel components of the wall. It is recommended

for the design of exterior plates, diaphragm plates, welds, and additional reinforcing (if
required). The lower bound truss models are an excellent method for visualiring the flow
of forces in the structure.

The upper bound plasticity approach given in Section $.2.2 is recommended for
determining the shear capacity of the wall. This method is well suited for considering all of
the important mechanisms of shear failure which can occur in the concrete core and allows
the determination of the critical failure mechanism.

The cmpirical equation for shear capacity given in Section 5.1.2.2 is relatively
simple, but is only recommended for a composite wall with details which maich those of
the specimens tested in this rescarch program (i.c. a configuration which uses diaphragm
plates and meets the dimensional and material requirements set out in Section 6.2.2). Care
must be taken in extending this equation outside the range of parameters from which it was
developed (subsequeat work has shown that the empirical equation may be unconservative
for members with reinforcement ratios lower than 0.025).
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Precicasd Sheer Fafure Loads |  Rano of Aciual 1o Precicesd
ol [ e o] P |G [Erenca] e T
mlt& o b logn 8N jagn 00D [agn
(LY N ] 1.2 ﬂ'j‘-“—
_ADON ]
e
-
- '
e _ N
O . _.ﬁL_E::ﬂ__m
1488 | 1306 _lm_._nll__.H.L ] ]
07 shear 1 & ‘ )
hi_ﬁl 1 X
19 | ehoer 08 00 101
14 i 0 1 02 | Oowp
] (1408 ] 081 T 130 T 196
M_ﬁ_ﬂ! 078 | o0& | 070
shoar | S35 1 GBO | €34 | 753 0% 1 08 1 070
Mean (exciuding CF-2, CF-108 8-1) 0.98 .00 1.00

Kas

1
Standard Deviation (exciuding CF-2, CF-104 8-1) 0.12 0.12

- shear spen
- specimen height, centre-to-centre of exterior plates
- shear foroe acroes oritical shear crack, &t ullimate load; calculated from statics,

)
-h
o

assuming that any ioads betwesn the shear crack and the support go directly to the
support and thersiore do not contrbute 1o the shear lorce.

Specimens which were not used 1o detenmine mean and standard deviation:

. CF-2 Falled In flaxure.

CF-10 shear equations Contain 1enms 107 reinforoament crossing crack.
i S-1 tailed in punching shear.



(b) Thicker bottom plate, t' < t

tributary width = b

- r-' ...... 2:2_,_ ........ m
hl @ deh =
"Il“" :‘k -——o,-r ¢
Croes Section Stress mﬂ

(c) Equal plate thickness, t' =t



Ultimate Strength Calculation Methods 92

Doep members (L/d > 4) with Membars which allow slip (between

non-linear strain distributions diaphragm web plates) at the intertace of
the concrete core and exterior steel plates

Members which allow slip (between
shear connectors) at the interface of
the concrete core and exterior steel
plate on one (or both) faces

(a) Examples of composite wall
types where plane sections
method may pot be valid

Members with continuous Members with continuous angle
overiapping shear connectors which shear connectors which provide
provide compatibility between the compatibilty between the concrete
concrete core and the steel plates core and the steel plates

(b) Examples of composite wall
types where plane sections
method may be valid

Figure 5.2 Applicability of Plane Sections Method
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. Compression
Struts

n w—

\ Tenslon Te

Figure 5.7 Lower Bound Truss Model for a Simply Supported R.C. Deep Beam

Nodal zones Compression

\Tonslon Ties =

Figure 5.8 Lower Bound Truss Model for a Continuous R.C. Deep Beam

P /

Tension Tie
P

Nodal zones
Compression Struts

Figure 5.9 Lower Bound Plastic Truss Model for a R.C. Corbel
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237 5@ 200 237 loads

(a) Strut-and-tie model

1.21P 1.49P 1.21P
+ tension
-1.49F - COMPresson
0.97P 0.97P 0.15P '\ Ff 0.15P 0.97P 0.97P
121
(b) Calculated forces in steel plates
733 933 733
(860) (980)
+ tension
- : - compression
600 600 -833 600 600
(430) (610) (-590) (575) (413)

(¢) Micro-strains (x 10°®) in steel plates
at P = 4.0 MPa (375mm)(200mm)/1000
= 300 kN
(measured strains in parentheses)

Figure 5.10 Lower Bound Plastic Truss Model for Specimen CF-2
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(a) Strut-and-tie model

' /\\IJJ/:/:[/I\J

(b) Actual cracking pattern
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6.4 MPa
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s, Piyg =417/0.57 = 732 kN = 6.4 MPa

-ttt

10 20 30 40 50 60 70
Mid-span Detlection (mm)

Load
(MPa)

N W A 00 O N OO O

-t

o
o d

(c) Strength prediction from truss model

Figure 5.11 Truss Model Analysis for Specimen CF-8
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1250

25 Each Side
5@ 65 Ay= 600mm: Each Ladder
- + I\ stud diam. 10M bar diam.
28
100 . (3)(75) 1\2 7-1 1(
100 8 = a . S =48 mMm
b, = 375 c = s Nra
& = ¢ = 1.0 fy-477MPa
ex =0
=D . _600  _
Pv = &b 283375 = 0033
o = pv¢..f, L 0.033477) ...
¢cfc 545
,\/ \/ 0.22+ a}v-(ssowl.se) -(1.14+340¢,)
- f -
Ve = bydypvify 390(e,+0.002) 1798 kN

Viest= 1816 kN i.e. good agreement

Figure 5.12 Cou..ression Field Method for Predicting
Shear Capacity of Specimen CF-10
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Figure 5.13 Upper Bound Failure Mechanism for a Reinforced Concrete Beam
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Figure 5.14 Upper Bound Failure Mechanism for a Composite Beam
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6.0 DESIGN METHOD

This section presents the composite design method developed as part of this
rescarch work. It is suggested that this design method be restricted in application to the
design of composite members only of the type considera herein: i.e. one-way composite
members subjected to distributed lateral loads. Design guidelines pertaining to local
punching shear considerations and the effects of in-planc loads on lateral load capacity are
beyond the scope of this method. There are also many other aspects that enter into the
design process (see Appendix D ) which are not covered here.

6.1 Recommended Design Method

CSA Standard S473 Steel Struc ires, Part [11-Code for the Design, Construction,
and Installation of Fixed Offshore S:1 ' ‘tures is the first offshore structures code % provide
design requirem-nts for composite walls. API RP 2N currently cites several proprietary
reports as references for composite wall design, but no actual design guidance or
requirements are given. The code requirements contained in S473 are drafted in rather
general terms thereby giving the designer considerable latitude in choosing both analysis

and design methods. The design method proposed here for composite walls is consistent
with, and satisfies the intent of, Clause 13 of CSA Standard 5473,

The proposed design method is summarized in the flow charts shown in
Figures 6.1 and 6.2. Figure 6.1 shows the overall logic of the design method; Figure 6.2
summarizes the equations to be used in this iterative design procedure.

Coansistent with most modemn < ogressive structural design codes, the design
method is based on a limit state design philosophy. It allows the full ultimate member
capacity to be utilized, including the effects of inclastic deformations, provided that the
member exhibits sufficient ductility to achieve the desired state. The design process is
iterative; trial sections are evaluated for their ultimate flexure and shear capacities and
revised as necessary until adequate strength is obtained.

6.1.1 Determine Ultimate Limit State Loads

The design of individual structural clements to resist forces caused by ice/structure
interaction is generally based on local ice pressures which are associated with the crushing
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strength of ice. The effective local ice fallure pressures are primarily influenced by the
mechanical proj *rues of the ice, the size and shape of the loaded area, and the mode of
jce/structure interaction. Existing data shows a trend of decreasing local ice pressure with
increasing size of contact area. This variaton in pressure intensity with loaded arca (size
effect) complicates the process of establishing governing load cases. In determining ice
load patterns and insensitics that control member design, the designer must make reasonable
assumptions about the shape of the loaded arca and must then consider load patterns in
which both the size and location of the loaded area are varied. The choice of load factors
and material resistance factors required to facilitate strength and serviceability calculations
are left to the designer. For guidance in selecting appropriate factors the designer is
directed to the appropriate clauses in CSA Standards S471 and S473.

In establishing maximum design moments it is important to note that peripheral
composite wall elements designed to resist ice loads will be supported by bulkheads having
a widib which amounts to a significant fraction of the total span length. The effective span
length will, therefore, be much closer to the clear span distance than to the centre-to-centre
span distance. An efficient wall design should take into account the reduction in design

moments resulting from the fact that the reaction force will be distributed over the support
width.

No further discussion is provided here conceming these issues, as it is considered
beyond the scope of this work.

6.1.2 Trial Sections: General Requirements

Since most of this research effort has been directed at the behaviour of beam-type
clements, the proposed design method is restricted in application to walls which span
primarily in one direction. This is consistent with the peripheral wall design concepts
currently being considered for use in the Beaufort Sea.

The general requirements outlined here are intended to constrain member designs so
as to ensure that geometric and material parameters fall within the range of values for the
experimental test data for which the strength and ductility assumptions have been shown to
be valid
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Trial sections should be chosen within the following limits:

230 MPa < (y < 400
ISMPasfca70
4sl/hsé6

045 swd<20

1.5% < vh £6.3%
wst

' = t = constant for span

NowawN -

In addition, the wall configuration should be such that the face plates are
interconnected by continuous transverse diaphragm web plates, designed to carry a
minimum tensile force equal to the full transverse shear force acting at the diaphragm
location. The welds connecting the diaphrarm plates to the face plates should be sized 10
develop the full tensile capacity of the diaphragm plate,

6.1.3 Design for Flexure

Flexural capacity calculations are based on a lower bound plasticity approach using
cither a planc scctions analysis method or a lower bound plastic truss method. The basic
difference in the results of these two methods relates to the amount of tensile steel required
at various sections in the span. However, since the proposed design method stipulates that
a constant external plate thickness should be used across the span, and that the same plate
thickness should be used top and bottom, the two methods end up being the same: i.c.
equation 5.7 is used to determine the plate thickness required for the larger of the positive
and negative moment.

The flexural strength formulac do not take into account the effects of passive in-
plane restraint provided to the loaded spans by the surrounding structure. Assessment of
the actual in-situ strength of continuous reinforced concrete bridge decks subject to local
loads (Csagoly et al.1978) has shown that passive in-plane restraint can significantly
enhance ultimate flexural capacity. Similar behaviour has been observed in tests of
restrained composite wall specimens subject to distributed lateral patch loads (Gerwick
1987). In design situations where the extent of passive in-plane restraint can be accurately
quantified, the additional flexural capacity attributed to the internal force couple generated
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by boundary restraint may be taken into account in the evaluation of ultimate member

strength.,

6.1.4 Design for Shear

Shear strength calculations are made in two different ways, depending on member
details and the presence or absence of additional shear reinforcing (in addition to that
provided by the diaphragm plates). In regions where the shear stresses can be assumed to
be evenly distributed over the member cross-section, the compression field theory method
can be used. For other cases (deep members, or members that allow slip at the concrete-to-
steel interface), the upper bound plasticity method is used.

6.1.5 Additional Considerations

Serviceability requirements are checked once the member configuration has been
determined (based on ultimate strength criteria) and revisions made if necessary. For a
composite ice-resisting wall, the serviceability check basically reduces to ensuring that
yielding does not occur at service load levels. Crack widths in the concrete core are not a
consideration, as the impervious, exterior steel plate prevents the ingress of water.
Deflections are also not generally important, except perhaps as they effect the failure
mechanism of the ice sheet (little is currently known about this phenomenon and whether it
makes any difference). Lastly, it is recommended that due consideration be given to the
need for an increase in exterior steel plate thickness to provide a corrosion allowance.

6.2 Design Example

Appendix D presents a conceptual design for a bottom-founded fixed offshore
structure proposed for Gulf Canada's Amauligak field in the Beaufort Sea. Three structural
schemnes are presented for constructing the main drilling and production barges for that
structure, each utilizing composite walls around their entire perimeter. This work was
conducted by the author and Mr. Mark Stephens of C-FER as part of a proprietary contract
project for Gulf Canada conducted by C-FER, in collaboration with Ben C. Gerwick Inc.,
San Francisco. The design work relied heavily on the research work conducted as part of

this thesis and is the first use of the research results for the conceptual design of an actual
planned structure.
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In order to develop the conceptual designs for the three schemes, detailed
preliminary design engineering had to be undertaken for those parts of the structure using
new methods or details not previously considered, such as the exterior composite walls.
The greatest design effort was aimed at the composite peripheral walls, as it was considered
important to demonstrate that those walls would function adequately under all potential load
combinations. Ice loads, foundation settlements and thermal gradients all had to be
considered. Considerable effort was directed at determining the ice load effects: critical ice
feature configurations; the determination of local ice pressure intensities and distributions;
and the adjustments required to account for load spreading. Computer models were used to
determine design forces and force influence lines were developed for the various trial
configurations to establish critical ice load patterns.

It is beyond the scope of this document to reproduce the design calculations that
went into that proprietary project. Many parts of that work are confidential and in addition,
use was made of research work conducted at C-FER by Mark Stephens, which extended
the authors work to cover composite walls subjected to combined axial load and beauing.
This consideration was important for the Gulf structure, since advantage was taken of the
beneficial effects of axial compression in the peripheral wall (caused tv the non-
perpendicular interior bulkhead walls) on flexural and shear capacity.

In order to demonstrate the use of the design method developed by the author and
presented in this document, a simplified example design is presented. It is given in Figure
6.3. The example considers ice forces as the only loading event, and does not consider all
of the loading patterns which would need to be checked in practice. Nonetheless, Figure
6.3 demonstrates the feasibility and relative ease with which a composite ice-resisting wall
design can be undertaken. Appendix D illustrates the end result of taking such a design to
the detailed preliminary design stage.
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w; KN/m per metre of width
face plase thickness, © AUTRRR R EEREEE NIRRT R R AR AR AR AR AR AR
web plate :_ R AR ’:&&{ I ~ N
w ‘ X \:l h
i M o}
Support width "a®, shear span,
= L- 172 support width - x
; L. span c/c bulkheads
a Limita Rimensions Limitetions
35MPa st < 70 MPa :;.mdszssa'/c::sz.o where d = h-t = c/c of tace plates
250MPa s { 5 400 MPa 15% s t/h s es
t = t = constant for span
Reslgn for Flexure

» design bending moment for three-hinge mechanism = M = !11:::’_2
* bending capacity (Equation 5.7) = My = Agtyf,d (Eqn. 5.7)

DResign for Shear
» determine design shear from static analysis, with load on part of span;

+ for composite walls with diaphragm web plates and no additional shear reintorcement,
evaluate shear capacity using one of two methods.

) ) 0.87¢LbdVp
empirical equation (5.13b): Vez o2l B
(wa)**

‘[
w:“"?‘*ﬂ(ﬂhm “;"’ -g] for ®su2
v,:M"zw' \/(:F-n -ﬂ for ®>vR2

_{(AtAy) F.
where &= oh :f‘l

v=0.95
« for composite walls which meet the requirements of Section 5.2.1.3 and have
additional shear reinforcement, evaluate shear capacity using:
heid theon
0.22+ 680e,+1.36) -(1.144340¢,
A ST Vo2 5 ) ) where  pv=Ar o, u Betely
o = 4 340(e;+0.002) s L % A

Figure 6.2 Summary of Composite Wall Design Equations
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w; KNAD per metre of width

6000 c/c Bulkheads

Materiuls Properties

fc = 60 MPa; O~ 0.67
fy =350MPa (Grade EH36); ¢y = 0.90
fy =350 MPa; ¢4~ 0.90

Concrete:
Plate Steel:
Snud Steel:

Dimensions of Trial Section

h = 1000 mm
L = 6000 mm
assume d « 0.98h = 980 mm

Deslgnice Load (as determined from Figure 3.2, assuming a 1:1 aspect ratio on the ice load patch)

loaded length, x (mm) | ice pressure (MPa) | wy kN/m per metre of width |  note: Load factor = 1.0, assuming & Safety Class 2 strucure
In accordance with CSA Standard S471-82.
3800 26 2600
4800 25 2500
6000 2.4 2400
Desian for Flaxure
2 2
« design bending moment for three-hinge mechanism = M; = “;'lé - 26:):(63389 = 5400 kN+m
x
» bending capacdity (Equation 5.7) = M, = A;¢sf,d - tage - 5400(1 x 10% - 175 mm
1000(.9)(350)(580) .8
Design for Shesr - use Eqn. 5130 1 determine shoar capaclly ~ use 18 mm piate ea. side
x(mm) |& :m w, kN'm Assume simple beam model is conservative \ V,=- %‘ﬁ
2500
T
5100 600 mm 2500 5418 kN > 6896 kN O.K
fsua m?
2500
O
4800 900 mm 2500 4800 kN > 4986 kN O.K.
dioc0 rano}
2500
T
4500 1200 mm 2500 4219 kN < 3960kN NG.
*4219 7031 *

« place first diaphragm plates at x = 4800 (i.e. 1200 from centre of left support),
and x = 1200.

+ need at least two more diaphram plates between these two in order to keep within
kmit a/d < 2.0 (Section 6.2.2) .. space diaphragms evenly at 1200 c¢/c.

Figure 6.3 Composite Wall Design Example
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siza diaphragm piates - design for full shear force of 4800 kN

- v - 3 -
Wreas = Bty " T000(0.9)350) ~ '52M™

< use 16 mm plate for first diaphragm web at each end

atx = 3600mm,V, = 2808 kN, .. Wpqy = 8.9 mm

but too thin to handle; say limit KLr « 200
use t = 12 mm for two inner diaphragm web plates

Design Shear Connectors to Prevent Piate Buckling

« to determine spacing requirements, treat exterior plates like cover plates on built-up members
as per CSA Standard $16.1, Clauses 11 and 18.

« parallei to span: max. spacing

» perpendicular to span: max. spacing
300t . 399(18) | 318 mm <300 mm

SV T Vaso
« size studs for 2% bracing force:
- 526 _ 525(18) _ 505 mm, say 500 mm
t Y350
T = 0.02 (Adty) = 0.02(181)&%0)1350) - BIKN
T - - As 63,000 .
r = ®stuoAatudly <~ Astdreqd = 585(350) - 212 mmeR s use 20 mm diam. studs x 150 long

20 diam. x 150 long shear connectors
at 300 c/c parailel 0 span and
at 500 c/c perpendicular 10 span

12 mm web plate
18 mm piate ea. face / /1smmmom

Figure 6.3 Composite Wall Design Example, continued
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7.0 COMPARATIVE COST ANALYSIS

In order to determine the economic feasibility of using composite walls for an
offshore structure, a cost comparison was made between three different construction types:
reinforced concrete, all-steel and composite. The comparison is made for an individual
exterior wall element subjected to some hypothetical ice load.

7.1 Isolated Peripheral Wall Element

In order to compare the various material types, a number of preliminary designs
were carried out. Four alternatives were selected for the comparison work, including a
composite scheme (Figure 7.1), a hybrid scheme (open-faced composite; Figure 7.2), a
reinforced concrete scheme (Figure 7.3) and an all-steel scheme (Figure 7.4). All of these
designs are technically feasible, the exercise is to determine if cost makes some more
attractive than others.

The four basic peripheral wall alternatives are shown in Figures 7.1 to 7.4. All of
these schemes are based on a bulkhead spacing of 6 m, which was chosen somewhat
arbitrarily for the purpose of initiai comparison. The basic layout of the structure assumed
in this work is shown in Figure 7.5. The material properties used in the preliminary
designs ar= shown on the design sketches; they are considered to be close to optimum and
well within industry's capabilities.

The ice load assumed for the preliminary designs are those obtained from the ice
load curve shown in Figure 3.2, with a load factor of 1.0 applied.

7.1.1 Composite Wall

Figure 7.1 shows the composite wall altemative. In this scheme, shear connectors
have been included, sparsely distributed over both the outside and inside steel plates.
Although the research presented here did not indicate a need for these shear connectors,
they were included in response to concerns that in some instances the exterior steel plates
could buckle in compression prior to the ultimate capacity of the wall being reached. The
studs included are sufficient in number to prevent plate buckling, but are too few to provide
complete compatibility between the concrete core and the steel plates. It was though
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nocessary to demonstrate that if the shear connectors were included as part of an actual
design, the cost penalty would be small.

7.1.2 Open-faced Composite Wall

Figure 7.2 shows the “hybrid” scheme; a combination of a reinforced concrete wall
and a composite wall. This alternative came about by recognizing the possible need for a
steel wear plate on the outside of a reinforced concrete wall and attempting to take
advantage of the situation by using the plate structurally. The outside plate is connected to
the wall using large diameter, friction-welded studs. The scantlings indicated in the figure
are required to support the outside steel plate during concrete placing operations. The
friction-welded studs look very much like conventional headed studs:; they consist of a
circular steel bar shaft and a steel plate head (circular or square). However, the great length
and large diameter of the shaft make them too large to be welded using conventional
induciion welding, hence the need for the friction welding technique. These studs have
been developed through discussions with Metalock, of Norway, and use friction welding
technology both for attaching the head to the stud and for attaching the stud to the plate.
Although this is a less well known process than induction welding, it has been successfully
used by Metalock in producing the T-headed stirrups (shear reinforcement) used by the
Norwegian Contractors for the Gullfaks C and Oseberg A platforms in the North Sea.

They have also been specified by Phillips (operator) for use on the Ekofisk peripheral
barrier wall.

7.1.3 Reinforced Concrete Wall

Figure 7.3 shows the reinforced concrete scheme. This is a conventional type of
wall, in most respects, except for the T-headed stirrups (manufactured by friction welding)
which are used to provide all of the shear reinforcement. Stirrups of this type have shown
their effectiveness during the construction of the Condeeps and are reportedly preferred to
conventional shear reinforcement because of the ease with which they can be placed. Fairly
high percentages of shear steel and transverse (vertical) steel have been provided in this
design in order to prevent a brittle type of punching shear failure.
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7.1.4 All-steel Wall

Figure 7.4 shows the last alternative: an all-steel design with a single outer face
plate and heavy T-beam stiffeners. This scheme looks like a fairly conventional steel
design and is not unlike that used on the SSDC Steel MAT. There is a significant
difference however. The high local ice loads being considered (30 MPa on an area 0.4 m
by 0.4 m) require that a membrane approach be taken in designing the outer steel face plate,
in order to keep the plate at a reasonable thickness. Although a membrane plate design is
non-conventional, there is precedence for its use on ship structures and on the steel CRI
which was used by BEsso in the Beaufort Sea. Membrane design is also allowed by CSA
Preliminary Standard S473, although little guidance is given. The approach used for this
membrane design is based on research work conducted at the University of Alberta by
Ratslaff and Kennedy. The T-beam stiffeners are designed conventionally. Their size is
govarned by shear considerations; as bending members they do not operate outside of the
clastic range.

It is interesting to note that the steel wall is remarkably insensitive to span; that is,
the face plate and web plates change very little as the span increases. This is because the
face plate is governed by the maximum local load (30 MPa), which is the same for all
spans, and the web plates are governed by shear, which remains relatively constant since
the increase in loaded area associated with increased span is offset by a proportional
decrease in ice load inteasity (resulting from the greater loaded area).

7.2 Cost Comparison

In order to obtain cost comparisons for the alternative wall designs, a number of
fabricators and contractors in Vancouver, California, and Washington were contacted for
unit cost information. From these sources, average unit costs for construction in Canada
were adopted as follows:
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Ttem Unit Cost
"Concrete $ 250/m>
Rebm'“zgkludin splices) SSMOOIIl:zl o

C 4

T-headed stirrups, 25 dia.x 955 $ 15/ca.
Studs, 25 dia.x 830 (friction welded) $ 15/ca.
Studs, 35 dia.x 1015 (friction welded) $ 22/ea.
Studs, 20 dia. 150 (regular Nelson) $ 2/ca
Steel Plate, composite walls (fab.shop) $2400/tonne
Steel Plate, all-steel walls (shipyard) $3500/tonne

The information supplied by Canron Ltd., Concrete Technology Corporation,
Dillingham Construction Ltd., Kiewit Engineering Co. Ltd., Southwest Marine, Inc., and
Vancouver Shipyards was used to determine these unit costs. These were then used to
develop the total wall costs for each alternative.

The total wall cost developed for construction in Canada is as follows:

Company Composite Hybrid Concrete Steel
Cost per square $1350 - $1550 - $1400 - $2400 -
meter $1400 $1700 $1600 $2800

The cost comparisons obtained are illustrated in Figure 7.6. Ranges have been
shown for the costs to reflect the differences in prices obtained from the various sources.
All costs shown are in 1989 Canadian dollars and assume that construction will take place
in the Vancouver areca. The costs apply only to the 6 m span and do not include any
component for constructing the bulkhead support walls.

In reviewing the cost comparisons the following is apparent:

(@ The concrete, composite and hybrid schemes are all in the same general
range;

(b) The all-steel cost is much higher than all of the other schemes;
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The high cost of the all-steel alternative and the competitive cost of the composite
scheme are perhaps the two most important findings from this costing study. The high all-
steel cost is not a surprise; it is consistent with the findings of others. The competitive cost
of the composite alternative is also consistent with preliminary expectations. It means that
the beneficial attributes of the composite scheme (such as abrasion resistance and ductile
response at ultimate) can be taken advantage of without incurring a cost penalty.

These cost comparisons were made assuming that the bulkhead support walls have
no effect on the cost. However, one cannot truly evaluate the different types of structural
systems based on their local structural capacity and cost alone. They are part of a structural
system which includes diaphragms (support bulkheads), top deck and base slab.
Therefore, a true cost comparison must look at the 3-D structure as a whole. Nonetheless,
there is no doubt that the information generated by looking only at the outside wall is
valuable in helping to determine which alternatives are the most attractive. The total
structural cost however, is dependent on the cost of the bulkhead walls and particularly the
connections between the exterior wall and the bulkhead walls.

7.3 Total Structural Cost

The major, over-riding, advantage to composite systems over .einforced concrete
systems has to do with fabrication; since the steel shells can be fabricated and launched
with minimum weight and draft, using a slipway, or shallow-draft basin, or even several
barges temporarily fixed together. Such a system was used for the composite tunnel
segments for the San Francisco BARTD Tube. Each segment was 90 m long: they were
launched from a slipway into shallow water with all the reinforcing steel inside; then
concreted afloat.

Appendix D presents a conceptual design for a bottom-founded fixed offshore
structure which uses a composite wall of the type developed in this research work around
its entire perimeter. The design concept was developed, in part, by the author for Gulf
Canada Resources Ltd. as part of proprictary development studies for Gulf’s Amauligak
field in the Beaufort Sea. Cost studies associated with that work revealed that the total cost
of the composite perimeter wall is approximately 25% of the total cost of the structure; the
supporting composite bulkhead walls make up an additional 17%.
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While the initial apparent cost savings of composite construction over reinforced
concrete construction appears to be minimal, it does provide an addidonal viable altemnative,
with more options for construction location. This allows the owner of such a structure to
be flexible in choosing a particular scheme to be used. Carrying this flexibility to the

tendering stage will allow the marketplace to decide the most economical method of
construction.
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Comparstive Cast Analysis
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Comparative Cost Analysis
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Construction
—Location __
Canada
Japan
$3,000 ‘
$2,500 |
COST
$/m2 reevee——
$2,000
%1.500 —_d
$1,000
Concrete Composite Hybrid Steel
WALL TYPE

Figure 7.6 Cost Comparison for Peripheral Wall Alternatives
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8.0 OTHER CONSIDERATIONS

8.1 Finite Element Method

The finite element work that has been conducted as part of this study was conducted
under the indirect supervision of the author, but not by the author. The work was
conducted by Dr. Rick Link, formerly a research engineer with C-FER. The work is only
mentioned briefly here in order to illustrate the feasibility of doing finite element analysis
(FEA) for composite walls and to direct the reader to other sources of information of a

C-FER's FEA work is not the first such effort related to composite walls. A
Japanese researcher, Mr. Matsuishi of the Hitachi Zosen Technical Research Laboratory,
published FEA work in the 3rd report (Matsuishi, et.al., 1980a) on his composite wall
research.

The work conducted at C-FER used the finite element program FEPARCS, written
by Drs. Murray and Elwi of the University of Alberta's Civil Engineering Department. The
program incorporates sophisticated models for both the steel and the concrete that enable
the program to trace the load deformation behaviour to initial fracture and on to final
collapse. In addition, the finite element model incorporates recently developed interface
elements which simulate slippage at the steel-to-concrete boundaries. The basic finite
element model used is shown in Figure 8.1. Load deflection curves for two of the
specimens which were analysed (CF-2, flexural failure; and, CF-4, shear failure) are
shown in Figures 8.2 and 8.3. Generally the test results are bounded by the two curves
obtained from the FEA. One analysis assumed conditions of plane stress and the other,
conditions of plane strain. As expected, the true behaviour falls somewhere in between.
Work is continuing to improve the prediction.

The use of interface “slip” elements, combined with the ability to trace the “post-
ultimate” response of a composite member which fails in shear, is a unique approach to the
analysis of composite walls. It constitutes a significant step forward in the analytical study
of the behaviour of this structural system.
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8.2 Concrete Fatigue Due to Cyclic Loads

The concrete fatigue tests, which were conducted as an extention of this work, were
planned and designed by the author and were conducted at the University of Alberta
(U of A) and at the Technical Research Centre of Finland (VTT), in Helsinki. [This was
possible because of a Joint Research Agreement which C-FER and VTT signed in 1987.)
The U of A work was designed to consider the case of high-cycle, low-amplitude fatigue
loading, while the VTT tests looked at low-cycled, high-amplitude fatigue.

8.2.1 Low-intensity, Long-term Fatigue

A single test was conducted at the U of A which was intended to simulate the cyclic
load on an actual structure during 50 years of service, with 4 moderate ice events occurring

per year of approximately 1000 cycles earh Gulf Canada's ice engineers have indicated
that this is not unrealistic.

The specimen, shown in Figure 8.4, was loaded up to the point where well defined
shear cracking occurred, at a total applied load of 1530 kN (5.7 MPa). The load was then
lowered and cycled through 214,000 cycles between 500 kN and 1000 kN (1.9 and
3.8 MPa), 25% and 50% of the anticipated ultimate capacity of the specimen. This loading
sequence represents the case in an actual structure where a one-time, large load cracks the

wall, and the structure is then subject to more frequent cyclic loading of a lesser intensity
for the remainder of its life.

The test turned out well; no visible deterioration took place during the load cycling.
A small increase in permanent deflection did take place, however, this small amount of
permanent deformation over the life of the structure is considered insignificant. On
completion of the cyclic testing, the specimen was loaded to failure. Failure occurred at a
load of 2050 kN (7.7 MPa), which compared well with the failure load of a control
specimen (no fatigue cycles), which failed at 2090 kN (7.8 MPa). A load-deflection curve
for the fatigue specimen is shown in Figure 8.5.

8.2.2 High-intensity, Single-event Fatigue

The tests conducted at VTT treated a different cyclic loading condition; low-cycle,
high-amplitude fatigue loading. During a single large magnitude ice event, an ice load
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could occur which would repeatedly load a wall member into the plastic response range
(close to ultimate capacity), resulting in the potential for a progressive collapse type of
failure. This type of low-cycle fatigue load would be expected to occur very few times
during the life of a structure, and is quite different in nature from the 200,000 cycle, lower-
intensity fatigue load.

Two fatigue specimens were tested at VTT, giving similar results; only one test is
presented here. The test set-up, which was similar to the U of A test, is shown in Figure
8.6. The specimen was loaded to 1700 kN in static load steps and was then cycled through
2000 cycles of load ranging between 900 kN and 1700 kN (46% and 86% of the ultimate
capacity). Following the load cycling, the specimen was loaded to failure, which occurred
at a load of 1962 kN. This can be compared to the statically loaded, control specimen,
which failed at a load of 1866 kN (5% lower than the fatigue specimen).

Again, no deterioration was evident as a result of the load cycling. As shown in the
load-deflection curve in Figure 8.7, the increase in permanent deflection which occurred
during load cycling was minor.

8.2.3 Summary of Fatigue Tests

The results of the two fatigue tests suggest that cyclic loading has no detrimental
effect on the performance of this type of composite wall. While the results of only a few
tests cannot be considered conclusive, they are certainly encouraging.
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9.0 CONCLUSIONS

This research work has shown that a composite ice-resisting wall can be
constructed which is simple from a fabrication and construction point of view and which
also satisfies the high strength and ductility requirements for a stucture of this type.

The most notable feature of the wall is its simplicity. The outer and inner steel
plates are fastened together with continuous, vertical steel diaphragms which we at a
relatively wide spacing. There are no other welded details in the wall. This results in a
significant reduction in labour-intensive welding, compared to a conventional, all-steel
wall. The steel frame is self-supporting and therefore requires no additional formwork
when concrete is poured. There is no additional reinforcing steel required, beyond that
provided by the external steel plates and the diaphragm plates.

Tests have shown the wall to possess high strength in both flexure, shear and
“punching” shear and to exhibit a very ductile mode of failure when the ultimate capacity of
the wall is exceeded. Further, the tests have shown that the wall can develop this ductile
mode of failure in shear, as well as in flexure. The typical mode of shear failure initially
involved crushing of the concrete core at either end of a major diagonal shear crack
extending from one side of the wall to the other between diaphragm plates. The post-
failure response depended on the diaphragm plate spacing and exterior plate thickness. It
was often ductile due to the confining effect of the steel shell on the concrete core, as well
as catenary action in the steel plates, both of which allowed load to continue to be carried to
the supports across the zones of crushed concrete.

A design approach has been presented which is consistent with the generally
accepted engineering principles used in reinforced concrete design, utilizing empirical
equations, lower bound plasticity methods and upper bound energy methods. The methods
showed good agreement with test results and are also consistent with the provisions
contained in the new CSA Preliminary Standard for the Design, Construction and
Installation of Fixed Offshore Structures.

The main conclusion of this work is that a steel-concrete composite sandwich wall
is a viable concept, both technically and economically, which provides an alternative to
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reinforce concrete or structural steel for constructing the peripheral, ice-resisting wall of an
Arctic offshore structure.
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Load Observations and Comments
1.4 MPa| A vertical tension crack, exianding 125 mm down from the plate at mid-span (cell 3),
wmmmmm e ¢ )
3.0 MPa mmmmhmz(mmmmm)wqmmmmm).
4.9 MPa| A diagonal crack appeared in cell 5 at 4.9 MPa; and in cell 1 a1 5.0 MPa. The cracking patiern shown above
was fully developed at this ime.
5.0 MPa| There were signs of concrete crushing at the botiom right comer of cell 2 and the bottom left comer of coll 4.
WMMMMhNZMthMM
5.3MPa| A diagonal shear fallure ocourred in cell 4 and the load level dropped 10 3.5 MPa. With continued loadiing,
hbum&wbw.mmoﬂnamdwzJW&
2.7 MPa| The st was lerminated at this point, as the loading frame was unable 10 react the increasingly unbalanced
latoral load caused by the shear failure.
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Lab Test Results Summary ™ 00 —— e
Composite Wall Testing Program . 27 Jun 88
Majerial  Yopertiss & Dimensions
| 1%.[21{ s 14.]43!5 | ARNRERRRERE
Coll Pt No. M0 J0ths | om e low lom | ow ] ow | ow
G| 371 |1000]| 208 | 301 [ 1241000 | 200 | 200
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Obeervations and Comments

1.5 MPa

23 MPa

3.0MPa

4.5 MPa

5.9 MPa

6.5 MPa

6.7 MPa
5.8 MPa

A vertical tension 135 down from the -t call 3),
mmmﬁmm the wet h P piate &t mid-span ( )

A shear crack 270 mm formed suddenly (and audibly; in cell 4w at a load of
23 Mba and In cofl 20 o8 1000 o4 20 ramg T long) ( !

A diagonal crack (approximately 70 formed in cell 1 at 3.0 MPa and diagonal arack
(#mymm#m)whmﬁ)u MPa. - slong

Adwmm approximately 270 formed suddenly (and audibly) in cell 4¢ at 4.5 MPa and
In deil 2w at 5.6 MPa. ¢ mm long) ¢ !

in the aotcell 3 evident; the mid-spen tension crack vishly widened. Many

A diagonal shear failure occurred siowly in cell 4« and the load level dropped 10 5.8 MPa.

The test was torminated at this point, as the loading rame was unabile 1 react the increasingly unbelanced
lawral load caused by the unsymmetrical shear fallure.

t——
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Lab Test Results Summary 0000 cro
Composite Wall Testing Program =
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e T 2 = e ke R e kT e e tan wim sk o o e Sew whe o
Midapan Oalesthen fmund Mbapmn Upper Pute Shube
Loed Obeervations and Comments
2.3 MPa Ammmmmmnommmuumam(ua).
formed and continued growing the test
3.5MPa| A long diagonal shear crack (approximately 310 mm long) formed in cell 2.
4.0 MPa] Short vertical tension cracks (; 80 mm ), one exiending down from the tp plae and one
extnding up rom the bottom plate, heolzw
5.0 MPa| The diagonal crack in csll 2 had grown into the top right and lower left cormers of the cell.
5.6 MPa| Addiional diagonal cracks were forming in cell 2 paralisl 10 the main crauc
6.2 MPs| A diagonal crack formed at the weset end of ceil 3 and a taint diagonal crack was visbbie incell 4. The
cracking pattern shown above was fully deveioped at this ime.
6.7 MPaj A diagonal shear failure occurred in cell 2 and the load level dropped 1© 3.8 MPa. Conlinued loading caused
the load 10 decrease further.
S.2MPa| The test was terminated at this point, as the loading frame was unsbie 10 react the increasingly unbalanced
unsymmetrical shear failkure.

interal load caused by the
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Obeervations and Comments

3.8 MPa
4.5 MPa
9.5 MPa

6.0 MPa
7.5 MPa

9.5 MPa

A vertical tension crack, extending 120 down from the at mid-epan (csl! 3),
mmwmnm o 0P pia ¢ )

Olagonal sheer cracks (spproximasly 240 mm long) formed in cells 2 and 4.

Many addiional diagonal cracks formed in csll 2 and osll 4 during load steps from 4.5 1 0.5 MPa

The cracking pattermn shown above deveioped at this ¥me. As 0.5 MPa virtually the
Mdhbﬂmsnﬂn(br:: ).“-W‘Mnmydo:nu.ubu’:s
removed from the spacimen and e loading were checked, and reposiionsd.

On reloading, the load-deflection response became less sitt, indicating some softening In the specimen.
The mid-span tension strain recorded a sudden increase in ensile strains and the tension orack
mbmmmmm:lhm

More extersive in call 4, and a fatiening of the ioad-deflection curve, indicated the maximum shear
mmum«u %

no reduction in Ioad ocaurred. The et was terminated st this point, as the
loading frame was unable apply any more load 1o the specimen, and the peak 10ad appsered ©© have been
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Project No. Speockren No.
Lab Test Results Summary 85-00 CF-11
 inkiats Yoot Dase
Composite Wall Testing Program ToEZ 0 Oct 66
< ~ Material Froperties & Dimensions
[t [2fed 3 [l © ) slalololoio ool
Cell Reference No. 682 | 308 [1280 | 241 | 378 |9.04 | 633 | 280 | 208
1280
a7 8 200 a7
SRR T Waest
o, P, -
»
T .
[ ] [ ]
r / ?
[ & 4 [ ) ;
=1} =1
4 4
il NN/
2 2
1 1
. 6 ®m ® % @& e ™ w w w 0o eka cass 8808 Gios 681 Ssuz Gsw eme oo osm
Ad-apan Dulestion pum) Midepun Uppar (Torniany) Flate Sivain fmevand
Load Obesrvations and Comments
Staga 1 | Only two intarior load points acting.
2.5 MPs | A vertical tansion @ 195 down from the at cell 3),
pe crack, mndngappmxlmt mm op plate at mid-span (| )
S5MPal A shear crack (appro 250 mm long) formed in cell 4¢ at & load of
55 hoolZuataloadofs and in colis 2= and 4w at a lcad of 7.8 MPa.
9.0 MPa| With the load of the loading frame being reached without tallure occurring, the specimen was unioaded
mmﬁmmmmw
Staga 2 | Four loading rams acling, as shown,
7.5 MPa | Diagonal cracks {(approximately 280 mm long) formed in colis 1 2nd 5. The cracking pattem shown above
was fully developed at this time.
8.0 MPa | A diagonal shear tailure occurred in Call 2s with a smafl decrease in load occurting. Continued loadiing was
mmuwmmwnaom A diagonal shear fallure occurred in cell 4w and the load
dropped ©© 7.8 MPa, were it was maintained while the specimen was pushed another 20 mm.
7.8 MPa| twas not possible 10 lbad further, since the outside rams mﬂbloduhlhobondng
deformaticns that ocourred in the bottom plate. Additional wasa)plodtomm both wo
and fout loading rams, producing an interesting failure sequence which was recorded on
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Lab Test Results Summary TR woe T ok
Composite Wall Testing Program e e etep s |
~ ~ Material Properties & Dimensions
EKREIESEERRER ANEEBRRARERRE
Cell Refarance No. (060 | 300 | 1290] 941 | 578 | we | n30] 130 | 310

Weest
* '/ ]
1 1 ] 4 L.
. v« s i
? / s ? &
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3 I ‘.—I
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1 ] 1 >
ot 1 o - v
[ ] 0 20 0 & o % S W0 Wo ® 0002 0008 6808 4000 A0T 0N S AMms 0B O
Mid-apan Delaction mn) AMd-aparn Upper (Termierg Piste Seaix foemivun)
Load Observations and Comments
Stage 1 | Only two interior ioad points acting.
5.0 MPa | A diagonal shear crack ( 340 men long) formed in cell 2 at a load of
5.0 MPa and in cell 4 at a lcad of 5.5 MPa.
8.0 MPa | A diagonal shear crack ( 90mm formed in cell 3 at a load of
8.0 MPa, in call 3w at a load of 8.5 tong)
10.6 MPa| With the peak load of the loading frame being reached without tailure occurting, the specdimen was unioaded
andtwoaddnonalloadﬁmngmaddod
Stage 2 | Four loading rams acting, as shown.
8.3 MPa | Just prior © reaching this load level, additional d cracis formed in celis 1
shownabovewasnuglydevelopedatmnm Ad shear failure oecunod %w
a shear tailure in cell 2, and the load dropped t0 7.0 comhndloadhp
deformations in cells 2 and 4, aecompamodbyadoamln 0 approxamawly S
Moumdebadmmmmbaded removad (since Mmmm bondm
deformations in the bottom plate).
Stage 3 | Only two interior load points acting. Further loading caused increased shear deformations in celis 2 andg 4
with the load being castied by catenary action in the steel plates.
9.5 MPa | The test was terminated at 9.5 MPa when the frame capacity was reached
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Lab Test Results Summary R 00 CF-13
Composite Wall Testing Program P e ™ josepts

o - Material Properties & Dimensions
[r]2f3Ta]5s] Y =Y - A e
Cel Retrence No. (30,0 | 308 [1200] 241 | 378 | 54 | @38 | 230 [ 417 |

West

e vw o of

0 =« w ¥ & v 0 v o o8
yy
Hlonsy

= =, ,
4
3
. /
- t
* -» L "»e ; SAR 08N G506 OGN AN OGNZ WS4 G0W ODW e
s apan Uppar ( Fans Sl
Load Obasrvations and Con...iente
5.0 MPa| Avertical sension crack, extending approximately 120 mm down from the 1op plate at mid-span (cell 3),
memwsm(emﬁmmtm)wmmmmmmnhh(u A)
diagonal shear crack (approximately 400 mm long) Sormed suddenly (and audibly) in cell 2 at 5.0 MPa and in
ool 4 at 5.5 MPg; the cracking pattern shown above was fully developed at this §me.
7.6 MPa md%gam::mmcgmow4mmuumw?umr‘humm&bg
droppi during the faikwe. tinved loading caused a sudden (explosive) shear fallure
9.5 MPa wml:gbv:lydmpphgbt()lﬁa.
6.4 MPa} On lurther bading. the load increased 1o 6.4 MP3a, then dropped suddenly © 4.3 MPa. The specimen was
able to maintain a load capacity close 1 4.0 MPa as the specimen was pushed further with the loading rams.
4.3 MPa| The test was terminated when it was deemed that further loading would produce no more significant results.
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Lab Test Results Summary 0800 " ome
Composite Wall Testing Program [ials™ :

-

— . V \ ot [ resdaan. . .?. R
.y s 2" - - » - . ..
[ ) 4 oesy ,
3 +
4/
.;" ‘{
( ‘uwanuu-unnm ':mmmmmmmmo;m'o-
M-apen Onliostion gmm) Md-apan Upper (Tansiorg Plate Gaein (uutouny
Load Observations and Commenta
5.5 MPa| A vertical tension crack, extending approximately 110 mm down from the pl&umld‘gn osll 3),
wwuv&loiump(omagomtm?od)wwmz :(:.A) "
diagonal shear crack {appraximately mm formed suddenly i at 5.5 MPa and
cell 4 at 6.0 MPa; the cracking patiern shown above was fully developed at this ime.
7.4 MPa wwwmwmuzwmA.Ammmmwzmuww
0 appraximaely 5.7 MPa.
8.0MPa 4 sudden shear failure occurred in cell 4, with the load dropping 1o 4.9 MPa.
$.8 MPa| On turther loading, the load increased t 5.8 MPa, then dropped suddenly 1 5.0 MPs. The specimen was
mwwanunammdouns.oupaummmmmwmwm.
4.5 MPa MWWWMRWMMMUMMMMMWM.
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Project No. Spedimen No.
Lab Test Results Summary 85-09 B-1
Inktisle (Test Date
Composite Wall Testing Program TEZ o e v 57
Material Properties & Dimensions
FAFA Y A RS Y
G853 | 340 |[1250 | M43 | 378 | 6.91] 680} 200 | 417

0§ B s et S
I N
= A
:I ----------------------- S G A
i
wo 4. -
A .
— Observations and Ccmments

Not available.
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Project No. Specimen
Lab Test Results Summary 8500 " B2
. InRials Tegt Dade
Composite Wall Testing Program TIEZ i 24 Maw 67
Material Properties & Dimensions
t
MRS AR A Y
68.0] 340 [1200) 243 | 376 | 0.70]| 490 | 200 | 417

Load

Observations and Comments

Not available.
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Project No. Specimen
Lab Test Resuits Summary 85-09 8P-1
Composite Wall Testing Program " ez [T sdner
Material Properties & Dimensions

000 - ~—
-
b Moo £
\""‘ e
,.,4 ....................... R S
! - i
° o [ J [ ] wo
Ao span Oebastion jvwn)
Load Observations and Comments
2.80 MN| Diagonal shear cracks formed in the celis on either side of centre. Punching shear tailure beginning to occur
(bottom plate is bulging).
3.18 MN] Shear faillures on both sides. Load dropping slowly (load control on MTS machine). The

was ahle 10 maintain a load capacity close to 2.6 MN as the specimen was pushed further with the ram.
2.50 MN| The test was terminated when it was deemed that further loading wouid produce no more significant results.
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Lab Test Results Summary

Composite Wall Testing Program

88-00 81

Toot Dade
TJEZ 4 Mar 87

Fromat Ne. Specimen Ne.
inklaia

Matorial Properties & Dimensions
t Lljd|biltjw]|h]s
_“L...e__-a._-_-._-.-_:_.z.#_
340 | 1280} 943 j1200]| 0.68| 0.30] 200 | 417

o
P |
7Y

sovo T
i . .........................
PODO ~frPorocroccrdorontainianiiiiiitiiarigocsiiaitnniioctiriringens ;:. ............

. H . .

L E 3 [ % ” 10
Mis-apan Ooler.an bung
Load Observations and Comments
2.50 MN| A vertical tension crack formed at mid-span ex approximately 90 mm down from the top plae. Cant

hold the load; a punching shear failure is occurring. ing dropping steadily.
1.86 MN| Load drops suddenly to zero; a shear failure in the 1op steel plate occurred.
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Specimen Ne.

Lab Test Results Summary ;:"‘
Composite Wall Testing Program TEZ e

85-00 8-2

Material Properties & Dimensions

|t Lidb]t{w]|h
_&_L’-__-ﬂ__z_.a__a_!_.e_t_e_
[ % ] M0 200

420 | 1280 12001 104 038

3000 - f-erencenn, v 7

Wie wpan DeSastion pavy

Obs~etvations and Comments

2.83MN
3.16 MN
7 MN
3.7MN
3.0 MN
2.5 MN

Diagonal shear crack formed in cell 1.
Shear crack in cell 3. Load leveling off. Denting around the loading point is noticabile.

Shear failure in concrete beginning in cell 1. Load dropping quickly.

Unioad 10 reset data aquisition equipement.
Shear failure occurting in cell 3. Load drops then levels off and maintains at approx. 2.5 MN.

The st was wrminated when it was deemed that further joading would produce no more significant resufts.
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APPENDIX B - COMPRESSION FIELD METHOD FOR SHEAR

B1.0 General Method for Shear Design According to
CSA Standard A23.3-M84

The general method for shear design of reinforced concrete beams given in Clause
11.4 in CSA Standard A23.3-M84 (CSA 1984) is based on the lower bound theory of
plasticity. This method of design determines the resistance of members in shear “by
satisfying applicable conditions of equilibrium and compatibility of strains and by using
appropriate stress-strain relations for reinforcement and for diagonally cracked concrete™.
For a given concrete strength, cross sectional dimensions are chosen to ensure that the
diagonally cracked concrete has sufficient capacity to resist the inclined compressive
stresses. Areas of longitudinal and transverse reinforcement are chosen which are capable
of equilibrating this field of diagonal compression.

The method assumes that shear stresses are uniformly distributed over an area by
wide and dy deep and that the direction of the principal compressive stresses (defined by
the angle ) remains constant over dy (Figure B.1). Tensile stresses in the cracked
concrete are ignored.

B1.1 Shear Capacity Based on Diagonal Crushing Strength

Clause 11.4.2 gives expressions for the diagonal compressive stresses in the
concrete (f2), as a function of the strut angle 6, and the diagonal crushing strength of
concrete (2max), as functions of the principal tensile strain (&£7) and 6.

fz=(tan a+;}3)(;‘;{-) (1]
rree 1706) 2]

It then gives an expression for £; as a function of & , the longitudinal strain at the
mid-depth of the member. A plane sections analysis can be used to determine & , or it may
conservatively be taken as 0.002.

= &+ 0.002
&= &+ =D
nnza [3]
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Setting /2 equal 10 fomax , equations [1] and [2] can be used to write an equation
for the shear capacity of a beam based on the diagonal crushing strength of the concrete.

V’- a’—g‘. 1
bd, 08 + 17081 |tan 64 1
tan 6

[4]

For given values of 1, ¢, f;, by, d and &, Equation [4] becomes an equation for
shear capacity as a function of the angle 6. The equation is shown graphically in Figure
B.2. This figure is similar to Figure 4.7, in Part II of the CPCA Concrete Design
Handbook (1985).

At all points along this curve, it is assumed that the diagonal compression struts are
crushing at a principal compressive strain of -0.002. The state of strain at the mid-depth of
the web is therefore as shown in Figure B.3 (Figure N11.§ in the CPCA Handbook).

From Figure B.3 an expression for the strain in the transverse reinforcement can be
written.

&= & - & -0.002 (5]

In order to ensure that the transverse reinforcement is yielding when the concrete
crushes, Clause 11.4.3 requires that

&> flE. (6]

This effectively puts an upper limit on the curve shown in Figure B.2. For fy equal
to 400 MPa, equations [S] and [6] require that €7 - &¢ be greater than 0.004. The 0 angle
at which the upper limit occurs can then be determined from equation [3).

0=tm" A[€t0002 -
0.004

For an assumed value of & = 0.002, the limit occurs at @ = 45°. Beyond this
point, diagonal crushing will occur without the transverse steel yielding.
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B1l.2 Shear Capacity of Transverse Reinforcement

Clause 11.4 requires that transverse reinforcement be provided to equilibrate the
outwards thrust of the diagonal compressive stresses in the concrete. Thus, the shear
resistance is governed by the amount of transverse reinforcement, provided that the 6 angle
assumed is greater than that for which diagonal crushing occurs. An expression for the

factored shear resistance is given in Clause 11.4.4; for non-prestressed members the
equation can be written

Vo o $ASy
bds  shaan ¢ (8

For given values of A., ¢a /3, 5, by and dv, Equation [4] becomes an equation for shear
capacity as a function of the angle 6. This equation is shown graphically in Figure B.4.

In order to determine the fa.ic.ed shear resistance of a member with given
dimensions and material properties, the designer is allowed to choose a value of 6 between
15° and 75° (Clause 11.4.2.6), provided the same angle is used in satisfying other
requirements (i.c. flexure) at that section. However, an additional restriction on the choice
of @ results from the requirement that the shear capacity be governed by yielding of the
transverse reinforcement and not diagonal crushing. This puts a lower limit on 6 at the
point where the curves shown in Figures B.2 and B.4 intersect. This is shown in Figure
B.S, where the minimum @ angle is shown as 6 pip. The designer has the option of
choosing a 6 angle anywhere between 6 qjn and 75°, although normally the maximum
shear resistance, which occurs at @ min, is desired for design.

B1.3 Equation for Ultimate Shear Capacity

The highest shear capacity available for a given »mount of shear reinforcement is at
the point of intersection of the two curves shown in Figure B.5. The intersection point can
be found graphically or it can be determined by solving equations [4] and (8]
simultaneously. This results in a fourth order quadratic equation for V/bd. .
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[Heeir [T

+ [0.8+17024170(£+.002){ Vi

+ [(o.m-m.- -g}-}om)‘] =0 (9]

Solution of this quadratic equation gives a single equation for the maximum
factored shear capacity of a non-prestressed beam of given dimensions and material
properties.

V 022+ i-(cso:.u_ao) - (1.14+340¢.)

14 - 10
I i 340(.+0.002) (101
where

A
= 11
a)v = ;h.g.,.
and (YA [12)
The 0 angle associated with this shear capacity is:
Ooia = tan” [ 2 )
Vrlbuds

(13]

Equation [10] can be used directly for design, in which case the designer uses the @
angle given by equation [13] for designing the flexural reinforcement (i.e. determining the
bar cut-off locations). Alternatively, a higher 6 angle can be used, which results in a lower
shear resistance as given by Equation [8].

These same equations can also be used for composite wall members, where width b
is used in place of by and where depth A is used instead of d,.
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Figure B.5 Shear Design Diagram
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APPENDIX C - UPPER BOUND PLASTICITY METHOD FOR
SHEAR

C1.0 The Upper Bound Plasticity Concept

“Limit-analysis” techniques, based on the upper and lower bound theorems of
plasticity, have been used successfully for a great number of years in the analysis and
design of structural steel and reinforced concrete members. The basic tenets of plastic
theory, including the upper and lower bound theorems, are given in detail in a number of
references (Chen 1982, Nielsen 1984). They were described in simple terms at the
beginning of Chapter 5 as follows:

1 B 1 Plasticity Methods:
Those plasticity methods which do not require strain compatibility, but which do require

the maintenance of equilibrium by assuming some statically admissible stress distribution
within the member which nowhere exceeds the strength of the material and whicl assumes
sufficient material ductility such that the assumed stress field can be achieved.

U B 1 Plasticity Methods:
Those plasticity methods which do not require strain compatibility, but which do require
the maintenance of equilibrium during failure by some kinematically admissible failure
mechanism, and which assume that the external work done during failure equals the
internal work expended, as calculated by a plastic failure theory.

Nielsen (1984) points out that in reinforced concrete beams and slabs, plastic
behaviour is largely the result of the reinforcement, since it is a material that “yields” (i.e. it
can sustain a high percentage of its failure stress through large deformations). However, in
situations where the properties of concrete are more important in determining structural
capacity (such as crushing or shear in plain concrete or over-reinforced concrete members),
it is less clear how plastic theory applies, since concrete is a brittle material, which exhibits
significant strain softening. For these situations, there are problems applying either upper
or lower bound plasticity methods.

The problem with lower bound techniques is that the statically admissible stress
distribution might never be achieved. A caveat is therefore put on the use of these methods
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requiring that there be sufficient ductility for the failure mode being considered, such that
the section can reach the assumed distribution of stress.

For upper bound plasticity methods, the problem is somewhat more fundamental;
the kinematically admissible failure mechanism involves yielding, which is not a property
exhibited by plain concrete. None-the-less, a research group at The Technical University
of Denmark, lead by M.P. Nielsen, has been successful in applying upper bound
techniques to shear in plain and reinforced concrete. There has not yet been general
acceptance of these methods, however, mainly because the theoretical results have to be
modified in an empirical manner in order to make them work. In the author's opinion, this
does not detract from their usefulness, for two reasons: firstly, the design methods are far
less empirical in nature than those used to date; and secondly, they can increase one's

understanding of structural behaviour by forcing the designer to focus on the actual modes
of failure.

In this section of the thesis, a review is provided of the upper bound plasticity
methods developed by Nielsen for shear in reinforced concrete members. This same basic
method is then adapted for use in determining the shear capacity of composite members.

C2.0 Energy Dissipation in Pinin Concrete

In order to develop an upper bound approach for shear in reinforced concrete, it is

first necessary to derive expressions for the energy w hich is dissipated along a shear failure
plane in plain concrete.

Nielsen (1984) has derived expressions for energy dissipation in plain concrete per
unit length of a yield line, where the concrete is considered as a modified Coulomb material
with a zero tension cut-off (see Figures C.1 and C.2). Referring to Figure C.3, we shall
consider the rate of internal work dissipated per unit area in the kinematic discontinuity (or
yield line) between the two rigid parts A and B, where B is moving with velocity vector u
with respect to A. The dissipation formula developed by Niclsen for both plane stress and
plane strain is as follows:

W= é—f'cub(l-sin a) (c1]
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whers Wic = internal work dissipated per unit length

fc' = uniaxial compressive strength of concrete = ko1-02,
which is the Coulomb failure criteria

u = displacement of one side of the yield line with respect to
the other

b = thickness of the element

k = (tan @ +4/1 + tan 2g)’; where @ is defined in igure C.1

a = angle between the yield line and the displacement vector

01 = major principal stress

02 = minor principal stress

Nicisc:: goes on to state that good correlation with test results is only achieved if an
“efficiency” factor, V, is used to modify the concrete strength, fc'. The modified concrete
strength, vf¢', is referred to as the effective concrete strength or the plastic concrete
strength. Concrete efficiency factors are given for a variety of cases, including shear in
reinforced concrete (Figure C.4); the factors typically range from as high as 1.0, to as low
as 0.3. Including the effective strength of concrete, the equation for energy dissipation
across a yicl? line becomes:

=1 i
Wy, = 2uf:;ub(l sin o) (C2]

C3.0 Energy Dissipation in Reinforcing Steel

In a reinforced concret: member containing shear reinforcement, account needs to
be taken of the energy dissipated in the steel reinforcing bars that cross a failure surface.
Two well established failure theories which have been shown to be applicable for steel are
the von Mises and the Tresca theories of failure. Figure C.5 shows these two criteria
plotted in principal stress space.

Several reasonable assumptions are made concerning the reinforcing bars. Firstly,
the bars are assumed to be straight; secondly, the material is assumed to be rigid-plastic,
with a stress-strain curve as shown in Figure C.6; and finally, the bars are assumed to be
capable of carrying axial tensile and compressive stress only. Shear and bending stress are
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not allowed. This means that there is a stress state of uniaxial tension or compression; i.e.
in Figure C.5, the stress state is constrained to stay on the ©) axis (02=0). Regardless
then, of whether a von Mises or Tresca failure theory is used, the material is assumed to
yield when the axial stress reaches fy, the yield stress from a uniaxial tensile test.

Using these assumptions, the energy dissipation in a reinforcing bar crossing a
yield line in the concrete can be expressed as follows (refer to Figure C.7).

Wy, = A,fyu cos 6 [C3])

W, = -A,fyu cos (a + ﬂ) [C4)
(since 6 = 180 - (a+B); therefore cos 6 = -cos (0+B))

where Wi = intermnal work dissipated in the reinforcing steel bar
Ag = area of reinforcing steel bar
fy = yield strength of steel
u = displacement of ore side of the yield line with respect to
the other
a = angle between the yield line and the displacement vector
B angle between the yield line and the reinforcing bar
0 angle between the displacement vector and the reinforcing bar

C4.0 Upper Bound Solution for Shear in a Reinforced Concrete Beam
Without Web Reinforcement

The upper bound energy method has been used to derive solutions for determining
the shear capacity of reinforced concrete beams without shear reinforcement (Nielsen and
Brastrup, 1978). Figure C.8 shows one shear span of a beam, with top and bottom
longitudinal reinforcement, subjected to a single point load, V. The upper bound failure
mechanism consists of a yield line, inclined at an angle B to the horizontal and extending
from the edge of the loading plate to the edge of the support plate. The right-hand side of
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the beam is assumed to be moving downward and to the right with a displacement &, while
the right end of the beam is not moving. The displacement vector, u, is inclined at an
angle, @, to the yield line. The shear span, g, is the horizontal clear distance between the
edges of the loading and support plates.

The internal work dissipated during this kinematically admissible failure mechanism

Wi = Lofut(1-sin a)}-B— - (A,+A,)F,ucos (ou+B)
2 sin B [CS)
where Wi = internal work dissipated

.. = rotal area of top steel

- = the length of the yield line
sin B
and other terms are as previously defined.

The first term in Equation CS is the energy dissipated in the concrete; the second
term, the energy dissipated in the reinforcing steel.

If we now define the mechanical degree of longitudinal reinforcement, @, as:

o= ArA) Fy
bh

f [ce]
Equation C'S becomes:
Wi = %uf;ub(l-sin a)-’-h— - bhf.®u cos (a+B)
si- B [C7)
The external work done during this mechanism is:
We = Vusin (o + B) [C8]

Equating external work *o ‘nternal energy dissipated on the yield line results in the
following work equatirr,
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Vsin (a+B) = bhf'{m - ® cos (G*'B)]
2 sinB (C9)
which reduces to:
v = pp] A1-5in 0) - 20 sin Bcos(a+ﬂ)]
2sin P sin {a+B) [C10)

To find th.e lowest upper bound, Equauon ClO is minimized with respect to the
variable angle .. Solving for dy- = O results in the . *«.omum value for V:

V=M,\/-(; WA : ,’,__ .
= [C11]

Equation C11 is vlid for ® w2 . For larger values of ¥, the minimum is
obtained for a+P < n/2; i.c. for a condition where the right side of the beam in Figure C.8
moves toward the left, putting the reinforcement in compression. For this case, the lowest
upper bound is obtained for a+B = n/2; i.c. the right side of the beam in Figure C.8 moves
vertically downward. Inserting @ = v/2 into Equation C11 resulits in an equation for the
minimum shear capacity when @ > v/2:

Equations C11 and C12 are both given by Nielsen and Braestrup (1978), and are
shown to give reasonably accurate results when verified against experimental results for
reinforced concrete beams without web reinforcement.

CS5.0 Upper Bound Solution for Shear in a Reinforced Concrete Beam With
Web Reinforcement

Nielsen has also used the upper bound energy method to derive solutior . for
determining the shear capacity of reinforced coricrete beams with web reinforcement. The
beam in Figure C.9 has top and bottom longitudinal reinforcement and unitormly
dis. -ibuted shear reinforcement. It is loaded with two symmetically placed point loads V.
The upper bound failure mechanism consists of two symmerric yield lines. inclined at an
angle B to the horizoatal and extending from the bottom face of the beam to the top. In this
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case, the yield line will not necessarily run from the edge of the loading plate to the edge of
the support plate. The presence of the shear reinforcement will tend to cause the shear
crack to be inclined at a steeper angle, since fewer lines of vertical shear reinforcement will
then be crossed. To facilitate a solution in this case, the central part of the beam is assumed
to be moving vertically downward with a displacement u, while the ends of the beam are
not moving. A work equation is then written and minimized with respect to the crack angle
B to determine the angle at which failure occurs.

Equating external work to internal energy dissipated on the yield line results in the
following work equation:

V-u=p,fybhcot B-u +%ofcb(1 - cos B)}-B—- u
sin B [C13)

wher= pv = Ay/sb = shear reinforcement ratio
fy = yield strength of the shear reinforcement

The first term on the right-hand side of the equation is the energy dissipation in the
stirrups which cross the yield line; the second term is the energy dissipation in the concrete
(note that (1-cos PB) = (1-sin a)). Since the movement is vertical, the longitudinal
reinforcement is assumed to do no work (the reinforcing steel is assumed to have no
bending or shear capacity).

If the degree of sh.ar reinforcement is defined as :

f
v =pv—L-
f, {C14]

then Equation C15 results in the upper bound solution:

V = vf bl yeot B+ %{1 - COs B}—l—]
sin B [C15]

Minimizing Equation C15 with respect to the angle B provides the lowest upper
bound solution:
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2
dy . \)t".;br{-\m:sc2 B- = Bzcot B, cacz B} =0
dp (C16]
solving this results in the following:
! -~2\|IHCOSB [Cl7]
Referring to Figure €. 10, the angle B is found to be:
2 o 4
tan B B e
1-2y [C18)

The limits of the angle P are: tan B = oo, a vertical shear crack; and tan B = l/a, the
case where the crack runs from the cdge cf the suppo:t plate 1o 2ic odge of the loading
plate.

For the special case where tan §§ = h/a, the lower bound solution, Equation C15,
becomes:

v = BBULLL AT T - 8] 4 yelbhut, [C19)

This can be compared to Equation C12, the upper bound solution for a beam
without shear reinforcement. The only difference is the additional second term on the right

side of the equation; the term which accounts for the contribution of the sheai
reinforcement.
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(a) With non-zero tension cut-off,
sliding failure shown

(b) With zero tension cut-off,

separation failure shown

Figure C.1 Failure Criteria for Modified Coulomb Materials
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(b) With zero tension cut-off

Figure C.2 Failure Criteria for Modified Coulomb
Materials In Principal Stress Space



Appendix C - Upper Bound Plasticity Method for Shear 173

P yleld kine

Figure C.3 Displacement in a Yield Line
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Figure C.. Effectiveness Factor, v, for Reinforced Concrete Memebers in Shear
(adapted from Nielsen 1984)
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Figure C.5 Tresca and von Mises Yield Criteria
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Figure C.6 Rigid-Plastic Stress-Strain Curve
for Reinforcing Steel
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Figure C.7 Displacement in a Yield Line Crossing a Reinforcing Bar

Figure C.8 Shear Failure Mechanism for Reinforced Concrete Beam



Appendix C - Upper Bound Plasticity Method for Shear 176

R
— :
Tl L D]k
AN te
'l= a a ~

Figure C.9 Shear Failure Mechanism for Reinforced Concrete Beam
with Shear Reinforcement
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Figure C.10 Geometric Relationship for B
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APPENDIX D OFFSHORE STRUCTURE CONCEPTUAL
DESIGN

This section presents three structural schemes, cach utilizing composite walls, for
constructing the main barges for the drilling and production structure proposed for Gulf
Canada's Amauligak field in the Beaufort Sea. This work was conducted by the author,
and Mr. Mark Stephens of C-FER, as part of a proprietary contract project for Gulf Canada
conducted by C-FER, in collaboration with Ben C. Gerwick Inc., San Francisco. The
design work relied heavily on the research work conducted as part of this thesis, and is the
first use of these research results for the conceptual design of an actual planned structure.
The downturn in Beaufort Sea activities due to poor oil prices has prevented the Amauligak
ficld from being developed; as a result, these structures have never been built. If the
economic situation changes in future, it is expected that these schemes will be givea serious
consideration as alternatives to a design composed entirely of reinforced concrete.

D1.0 Rationale for Structural Configurations

Each of the three schemes is appropriate for several different types of construction
site. The barges in Scheme 1 can be constructed in an 11.1 m deep graving dock (clev.
-5.1 m) or on large steel deck-barges, linked together for that purpose. Scheme 2, which
requires most of the concrete to be cast after float out, is appropriate for construction either
in a 5.3 m deep graving dock (elev. +0.7 m) or on steel deck-barges. Scheme 3, which
has all of the concrete cast after float out, can be constructed in a 4.2 m deep graving dock
(elev. +1.8 m), on a skidway, or on steel deck-barges.

Although each of the three schemes has a different construction sequence and
somewhat different details, the finished product in all three cases is very much the same.
Each scheme has exactly the same plan layout of walls; each has composite walls around
the entire perimeter, including the immediately adjacent bulkhead walls; each has reinforced
concrete interior bulkhead walls, although two schemes have a steel frame embedded in
these walls; and, each has a reinforced concrete +5 m deck, either formed conventionally or
cast on a stay-in-place steel deck. The total barge weight of each scheme is also virtually
the same: 54,100 tonnes, 54,700 tonnes and 55,000 tonnes for Schemes 1,2 and 3
respectively. In all of the schemes, approximately 80% of the weight is concrete, cither in
reinforced concrete members or in composite members.
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The major difference between the three schemes is the sequence in which they are
put together. Each is designed to have a different total weight at float-out: Scheme 1
weighing approximately 54,000 tonnes, Scheme 2 weighing approximately 15,000 tonnes
and Scheme 3 weighing approximately 5,000 tonnes. It is the weight difference at float-
out that allows for the different types of construction site. Scheme 1 is heavy enough that it
requires either a relatively deep graving dock. Scheme 2 is lighter, and can therefore be
floated out of a less deep graving dock, or be launched from steel deck-barges after a
shorter construction period. Scheme 3, which is the lightest, requires no graving dock at
all, and can be launched from a shallow graving dock or a timber skidway.

For all of the schemes, it is assumed that the interior bulkheads will be either jump-
formed or slip-formed. Twenty (20) meters is near the break even point for conventional
slip-forming, and using the slipforms four imes by slip-forming one-haif of the bulkheads
at a time will help reduce their costs. One major advantage of slip-forming is its speed.

Also for all schemes, it is recommended that a low head of fresh concrete be
maintained within the steel shell of the sandwich composite walls, in order to minimize the
outward pressure from the concrete, which tends to bow out the plate steel between
diaphragms. This can readily be accomplished by placing concrete over large areas of the

composite walls, thus limiting the head of fresh concrete to a level similar to that in slip-
forming.

The structural configuration and construction sequence for each of the three
schemes is given in Sections D3.1 to D3.3.

D2.0 Design Calculations and Assumptions

In order to develop the the conceptual designs for the three schemes, detailed
preliminary design engineering had to be undertaken for those parts of the structure using
new methods or details not previously considered. For example, exterior composite walls
of the type shown in this thesis have not been designed before, and therefore required a
considerable design effort, to ensure that the designs were accurate to the same level of
detail as other parts of the structure. Wherever possible, advantage was taken of designs

presented in previous reports produced for Gulf Canada, for those elements that were the
same.




Appendix D - Offshore Structure Conceptual Design 179

Those parts of the structure for which no design calculations were conducted
include the reinforced concrete base slab, the reinforced concrete interior walls and the
reinforced concrete +35 m deck slab. The designs for these elements (thickness and
reinforcing) were taken from a report by Swan Wooster Engineering Ltd., Vancouver
(1985).

The largest preliminary design effort was aimed at the composite peripheral walls.
It was considered essential to demonstrate that these walls would function adequately under
all potential load combinations. Naturally the most significant load effect was that due to
ice loads, however, deformation induced loads, caused by berm settlements and thermal
gradients, were found to be significant and therefore had to be considered.

The suresses induced in the peripheral wall due to differential settiement of the berm
were assessed using the settlement calculations reported by O'Connor Associates
Geotechnical Inc., in their report dated August 1989.

Thermal gradient induced stresses were calculated assuming a linear temperature
gradient through the thickness of the peripheral wall above the waterline and a constant
peripheral wall temperature below the water line. The calculations further assumed that an
insulation layer would be located at the inner face of the peripheral wall system.

Considerable effort was directed at determining the ice load effects: critical ice
feature configurations; the determination of local ice pressure intensities and distributions;
and the adjustments required to account for load spreading. Computer models were used to
determine design forces and force influence lines were developed for the various trial
configurations to establish critical ice load pattemns.

D3.0 Structural Schemes
D3.1 Scheme 1: Float-out Weight, 54,000 tonnes

Drawings of the barge for Scheme 1 are shown in Figures D-1 1 to D-1.3. This
configuration is essentially identical to the "base case” concrete barge designed by Sandwell
Swan Wooster, except for the composite walls used around the perimeter and for the
immediately adjacent bulkhead walls.
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The composite perimeter walls are 900 mm thick, with 16 mm face plates,
excluding a cormosion allowance. The delta bulkhead walls, which support the peripheral
ice wall, are 600 mm thick, with 12 mm face plates. The straight bulkhead walls, which
support the core peripheral wall, are 500 mm thick, with 8 mm face plates.

Designs for the reinforced concrete base slab, +5 m deck slab and interior walls
were extracted from the 1985 Swan Wooster report. These members are: a 600 mm base
slab, a 265 mm +5 m deck slab and 350 mm thick interior walls.

The construction sequence for Scheme 1 is as follows:

(a) Cast the reinforced concrete base slab.

(b) Erect the steel shells for the peripheral composite walls and the composite
bulkhead walls.

(c) Cast the interior reinforced concrete walls, making the connections to the

composite bulkhead walls with dowels and embedded steel studs, as shown
in Figures D-1.2 and D-1.3.

(d) Cast the infill concrete for the composite peripheral and bulkhead walls.

(¢) Cast the reinforced concrete +5 m deck.

() Float out of the graving dock and tow to the topsides outfitting dock.

D3.2 Scheme 2: Float-out Weight, 15,000 tonnes

Drawings of the barge for Scheme 2 are shown in Figures D-2.1 to D-2.4. The
main difference between this scheme and Scheme 1, is that most of the concrete in the
barge (82%) is not cast until after the barge is afloat. Only the reinforced concrete base
slab, 1.2 m high stub walls and 1.2 m in the base of the composite peripheral walls are cast
prior to float-out. The stub walls are required to provide support to the base slab for the
hydrostatic pressures exerted on the base during fioat-out and while moored for the
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remaining construction. The partial in-fill in the base of the composite walls is required o
encase the rebar dowels which make the connection to the base slab.

The empty steel shells for the peripheral composite walls are water tight, and can
casily resist the required hydrostatic pressures. These walls, however, require lateral
support during float-out, as neither the interior walls nor the +3 m deck slab are yet in

place. To provide this support, a steel interior erection frame and steel +5 m deck framing
(clevation +5 m) are provided.

The interior erection frame consists of Hollow Structural Section (HSS) columns
on a 10 m grid, with horizontal and diagonal bracing in both directions between each
column. This provides lines of bracing along each grid line marking the locations of the
interior bulkhead walls, with an HSS column at the intersection of each grid line. The
columns and bracing are shown on the barge sections in Figure D-2.1.

The +5 m deck framing consists of Wide-flange shape (W-shape) beams and
channels, spaced at 2 m centre-to-centre, supporting a light-gauge steel deck (50 mm flute
depth), which will act as a stay-in-place form for casting the +5 m deck slab. The deck
framing shown on the drawings is sufficient to carry the weight of the +5 m deck slab
while it is being cast. The slab itself is assumed to carry the loads on the +5 m deck

Once the barge has been floated out, the interior reinforced concrete walls will be
constructed around the interior steel frame, embedding the entire frame inside these walls.
The interior framing members have been chosen to allow them to fit between the two layers
of reinforcing bars in the wall, assuming an interior wall thickness of 350 mm. Once the
interior steel frame has been embedded, it has no further use. It is thus called an "erection”
frame, as its sole purpose is to facilitate construction, by providing the required temporary
support. Use of a such a steel erection frame, as part of a composite building frame, is
common in the construction of high-rise buildings in the United States, where the primary
impetus is to speed construction. The steel shell can be erected quickly, and the concrete
work proceeds at its own pace.

The composite perimeter walls and immediately adjacent bulkhead walls are the
same as those used in Scheme 1. Almost the same are the reinforced concrete base slab, +5
m deck slab and interior walls, except that the +5 m ieck slab is cast on a steel deck and the
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interior walls are cast around a stecl frame (i.e. the thickness and reinforcing are generally
the same, with some differen: connection details).

The construction sequence for Scheme 2 is as follows:
(a) Cast the reinforced roncrete base slab and stub walls.

b) Erect the interior stc - i erection frame.

(c) Erect the steel shells for the peripheral composite walls and the composite
bulkhead walls, fastening them to the erection frame.

(d) Cast the partial infill concrete in the hase of the peripheral composite walls.
(e) Place the steel deck for the +5 m deck slab (clevation +5 m).

(63 Float out of the graving dock, or launch from the steel deck-barges, and tow
to topsides outfitting dock for construction completion.

(g)  Cast the interior reinforced concrete walls, encasing the interior steel
erection frame.

(h) Cast the infill concrete for the composite peripheral and bulkhead walls.

@) Cast the reinforced concrete +5 m deck slab on the steel deck.

D3.3 Scheme 3 Float-out Weight, 5,000 tonnes

Drawings of the barge for Scheme 3 are shown in Figures D-3.1 to D-3.4. The
major difference between this scheme and Scheme 2, is that pone of the concrete is cast
until the barge is afloat. In this scheme, the reinforced concrete base slab and stub walls

are omitted, in favour of an open-faced composite base slab, the concrete for which is cast
after launching.

The steel shell for the composite base slab is of light, welded plate construction (see
Figure D-3.1), designed to resist the hydrostatic pressures exerted on the base during
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launching and while moored for concreting. The base plate is 12.7 thick (0.3 in.),
excluding a corrosion allowance. Angle scantlings (150x130), spaced at 1 m on ceatre,
support the base plate and span 5 m to 500 mm deep transverse T-beams. The T-beams,
spaced at 3 m on centre, span 10 m to 1000 mm deep longitudinal T-girders.

Afer float-out, reinforcing bars are placed to provide top reinforcing for the base
slab (the bottom reinforcing being provided by the steel base plate), and all of the steel base
framing is then encased in concrete. The angle scantlings provide shear transfer between
the steel base plate and the concrete allowing composite action to occur. The height of the
transverse T-beams is chosen to allow the reinforcing in the top of the base slab to be
continuous over top of the T-beams. Steel studs are detailed on the tops of the longitudinal
girders, to facilitate shear transfer between the interior bulkhead walls and the base slab
(sec Detail E on Figure D-3.4).

Steel studs are also detailed on the underside of the steel base shell. These studs
may be required to enhance the shear-friction connection between the base steel and the
under-slab grout. They have been designed to ensure that a greater shear-friction
coefficient exists at the steel-to-grout interface than that which will exist at the grout-to-
sand-berm interface. It is possible that a detailed engineering analysis of global sliding
resistance will indicate that the shear-friction coefficient without studs will be adequate; if
so, the studs may be omitted (e.g. the SSDC MAT has no such studs). In any case, the
cost of the headed studs is small.

For this scheme, the perimeter, 0.5 m deep grout curb is formed by extending the
outside plate on the peripheral composite wall and stiffening it with steel gusset plates.

The rest of the structure (composite walls, interior erection frame and +5 m deck
framing) is the same as that described for Scheme 2.

This option assumes that a concrete batch plant is set up at the topsides outfitting
dock, and that the floating steel shell is towed there for concrete placement. Concrete
would be first placed for the base slab. The concrete would be placed by pumping or by
bucket passing through the construction beams of the +5 m deck slab, if the steel stay-in-
place deck is installed later (small amounts of additional steel bracing would be required in
the plane of the +5 m deck slab to replace the steel deck diaphragm). The cells away from
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the peripheral wall would be cast first, in order 1o ;im the soucture.  Assuming, that a
concrete batch plant with a capacity of 75 m3/hr were available it would take approximately
9 hours of continuous operation to place the entire base slab, and the draft would increase.
‘The scantlings are designed to resist the extra water head due to this increased draft.

The construction sequence for Scheme 3 is as follows:
(a) Erect the welded steel base framing.

(M) Erect the interior steel erection frame.

©) Erect the steel shells for the peripheral composite walls and the composite
bulkhead walls, fastening them to the erecuon frame.

(d) Place the steel deck for the +5 m deck slab (clevation +5 m).

(e) Float out of the graving dock, or launch from the skidway or from the stecl
deck-barges, and tow to topsides outfitting dock for construction
completion.

43)] Cast the infill concrete for the composite base slab.

® Cast the interior reinforce concrete walls, encasing the interior steel erection
frame.

(h) Cast the infill concrete for the composite peripheral and bulkhead walls.

@3) Cast the reinforced concrete +5 m deck slab on the steel deck.
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