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Abstract

This thesis introduces a novel form of double skin composite walling with profiled
steel sheeting and an infill of concrete. This 1s a logical extension of research on
composite slabs with profiled steel sheeting currently known as popular " Fastrack”
construction. The composite walling 1s thought to be specially applicable as shear or
core walls 1n steel frame buildings. The profiled steel sheeting will act as a temporary
shear bracing to stabilise the frame against wind and destablising forces during
construction and also act as a form work for infill of concrete. In the service stage,
they will act as a reinforcement to carry axial, lateral and in-plane forces.

This thesis investigates the behaviour of composite walls under in-plane shear so that
they can be used as shear elements in buildings. The investigation includes analytical,
numerical and small scale model tests. Design recommendations for the composite
walls are the final aim of the research.

The 1nvestigation 1s based on the concept that the in-plane shear strength and stiffness
of the composite wall will be derived from the individual sheeting, concrete core and
from the interaction between the two. Based on above, individual behaviour of the
sheeting and concrete core was studied before considering the composite wall as a
whole. A shear rig has been designed and fabricated to carry out the model tests of
approximately 1/6 th scale using very thin sheeting (profiled in house) and micro-
concrete.

Analytical equations for the shear strength and stiffness of the sheeting, profiled
concrete and composite wall are derived. These equations are validated by model
tests and finite element analysis. Finite element analysis included modelling of
composite walling with full composite action and some parametric studies using
interface elements. The stiffness of the composite wall 1s found to be greater than the
individual summation of stiffness of the sheeting and concrete core. The profiled steel
sheeting will provide sufficient shear bracing to the frame during construction. The
composite wall is capable of taking high in-plane shear loads which is greater than the
summation of individual capacity of the sheeting and concrete and confirms 1its
potential to be used as shear elements in buildings.

Simple equations for the calculation of shear strength and stiffness of the composite

wall are derived which can safely be used for design purposes. Further research
directions are also outlined.
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NOTATION

Unless otherwise stated the following notation applies
b depth of panel

a  width of the panel

A cross sectional area of edge member or purlins

P pitch of sheet to purlin fastener

ng no. of seam fasteners per side laps

nge number of side fasteners or shear connector

ne total number of sheet-purlin fasteners per sheet width
ngy, number of sheet widths per panel

Sg  ship per seam fastener per unit load.

s slip per sheet to purlin fastener per unit load

Spr ship at purlin-rafter connections per unit load

Ssc  slip per sheet to shear connector fastener per unit load
F¢ ultimate load of one of seam fastener

ng no. of seam fasteners per side lap

Fp ultimate load of one sheet-purlin fastener

Nne no. of sheet-purlin fasteners

Ny, number of purlins

s  slip per sheet to purlin fastener per unit load
Sg slip per seam fastener per unit load

Fgc the ulumate load of individual shear connector fastener
V applied shear load

0 shear deformation

I moment of 1nertia of concrete core

E the elastic modulus of the material

t thickness

Iy the moment of inertia of one repeating corrugation about its neutral axis
vV poisson's ratio of the material of sheeting

¢ angle of inclination of the tension field
0., limiting elastic shear displacement
J  yield function
ky post-buckling stiffness
Ot tension field stress

k1 pre-buckling stiffness
Ty shear yield stress of web matenal



yield stress of the material
scale factor

ratio of compressive to tensile strength of concrete
cylinder strength

cube strength
splitting tensile strength
modulus of rupture



CHAPTER ONE

GENERAL INTRODUCTION

1. 1. The Development of Composite Walling

The development of composite walling using profiled steel sheetin g 1s a logical
progression from the current popular and economic use of profiled steel sheets in
composite floors. Composite slabs are most commonly used in multi-storey steel-
framed buildings although they may be incorporated in concrete, masonry or wood
structures. They are normally located internally where corrosion is unlikely to occur
under normal conditions. Maximum spans range from 2m to over 4m with deep
profiles or where temporary supports are provided. Since the early 1980's the use of
composite slabs in the construction industry has grown rapidly, replacing traditional
reinforced concrete flooring system. For the historical development the reader is
referred to papers by Viest (1960), Schuster (1976) and more recently Wright (1987).

Their present widespread popularity in "Fastrack” construction arises from the

advantages of this type of construction:

The decking can be installed quickly (approximately 800m2 per person per day) and
easily poured which decreases construction time.

The sheeting provides temporary working platform that eliminates or reduce the need
for temporary supports.

The sheeting acts as tensile reinforcement on the soffit of the slab, reducing
substantially the overall requirements. The mesh reinforcement normally required can
be easily fixed in position.

Services. The geometry of the re-entrant decking ribs allow simple installation of

suspended ceilings and ventilation.
Wind bracing. Once the decking is fixed in position it provides in-plane stability to

the frame.
Weight reductions. Composite slabs are normally lighter than the equivalent

reinforced flooring providing savings in material, and reductions in foundation and

column costs.



The profiled decks can be with re-entrant ribs and those with trapezoidal ribs as
shown in figurel.l. The thickness of the decks range from 0.75mm to 1.5mm

protected on both faces by 20 micron zinc coating. Embossments are pressed into

the surtace of the ribs and upper flanges, which provide longitudinal shear resistance
at the steel concrete interface ( figure 1.1).
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/ Profiled steel sheeting
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Figure 1.1 (a) Re-entrant Profile Deck with or without embossments

A Y S
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Figure 1.1(b): Trapezoidal Profile Deck with or without embossments

Based on the advantages of composite slabs, Wright, Evans and Gallocher (1992) and
Gallocher (1993) proposed the concept of composite walling. Figure 1.2 shows a
schematic diagram of the walling system which comprises vertically aligned profiled
steel sheeting and an infill of concrete. The whaling supports are temporary and may

be removed after casting.

Composite walling has many advantages when used in conjunction with composite
flooring and 1s thought to be especially applicable to shear or core walls in steel

framed buildings. The advantages of the system are thought similar to those of

composite slabs:

- The steel sheeting will act as permanent form work obviating the need for expensive

rebuilding of shutters



- The steel sheeting will act as reinforcement to the wall and allows the concrete to be

placed without the infringing clutter of reinforcing bars associated with a reinforced
concrete wall.

Channel section \\ rofll_ed steel
sheeting shot

\\ nailed to
Steel frame :
e

steel frame

\J‘emporary

whalings
Concrete T1es through
infill |

whalings

I \chker of hot or cold formed
\"‘ steel bolted to floor

Figure 1.2 : Schematic of composite walling system

- The profiling of the steel sheets results in less concrete required for the same inertia,

with a consequent weight saving, especially where slenderness 1s a factor.



- The bond between the concrete and steel can be improved by using embossments Or
by providing shear connectors.

- For steel framed buildings, the walls must be formed either before or after the steel

frame is erected. In the latter case, the steel sheeting will provide temporary bracing to
wind and destabilising forces during construction.

- Overall construction costs, as in composite slabs are reduced.

Certain disadvantages have also been identified such as fire and corrosion resistance
but these are considered avoidable by suitable protection and finishes.

1.2. Research significance

The design criteria associated with composite walling includes its axial, lateral and in-

plane resistance. The first two of these were the subject of research carried out by

Wright et. al. (1992). This research work is intended to concentrate on the in-plane

shear behaviour of the wall so that they can be used as shear elements in buildings.

In buildings, in-plane loads are transmitted via the structural floors or frames to the
shear walls. The behaviour of the walls under in-plane loading is important for the
analysis and design of such structures. The double skin composite wall 1s a novel

element in construction with details studied required to explore its behaviour under in-
plane loads.

1.3 Aim of the Thesis

An extensive research study consisting of theoretical and experimental investigation
has been planned and carried out by the author studying the in-plane shear behaviour
of composite wall. Design recommendations for the composite wall under in-plane

shear are the final aim of the current thesis.

The theoretical and experimental investigations will be based on the concept that the
composite walls resist shear loading in three ways: 1. shear resistance of the profiled
steel sheeting as a skin, ii. shear resistance of the concrete core and 111. shear resistance
arising from the interaction of the sheeting and core. Consequently both theoretical



and experimental investigations have concentrated upon the individual behaviour of

the component parts before considering the composite wall as a whole.

Analytical model for shear strength and stiffness of the sheeting, concrete core and
composite wall have been developed. Numerical analyses using a finite element
program have been carried out to model the behaviour. To validate the analytical and
numerical work a series of model tests have been carried out. The experimental work
has been based upon an approximate scaling factor of 1/6th full scale and involves the
testing of specially formed profiled steel sheeting and formed concrete cores
consisting of micro-concrete as well as combinations representing the composite wall.
A shear rig was designed to ensure that pure shear loading could be imparted to the
specimens. The heavily instrumented model tests are designed to give information on

strength and stiffness, load transfer mechanism, strain characteristics and hysteretic
behaviour of the test panels.

The design and construction of shear rig is given in chapter 2 . The performance of the

rig was validated by testing a flat sheet plate and comparing this with test and
theoretical data found from the literature.

The detailed small scale modelling of composite wall with micro-concrete is described
in chapter 3. The performance of the chosen micro-concrete was also validated by
testing a flat slab and several parameters such as the shear retention factor to be used

in numerical simulation of micro-concrete was determined from this test.

The chapter 4 1s devoted to the analytical, numerical and experimental behaviour of

the profiled concrete core. The strength, stiffness and strain characteristics are

focused.

T'he individual behaviour of the profiled steel sheeting under in-plane shear is
described 1n chapter 5. Analytical model for the strength and stiffness of the profiled
sheeting are derived based on the previous associated works. Finite element modelling
of profiled steel sheeting for various boundary conditions are also carried out. Both
numerical and analytical results are compared to the small scale model tests. Design
equations for strength and stiffness ot sheeting under practical situations of composite

walling are suggested.



The behaviour of the composite wall is described in chapter 6. The study includes
small scale model tests on composite wall along with analytical model developments
for strength and stiffness. The numerical analysis was carried out assuming full
connection between sheeting and concrete core. Parametric studies are also carried
out with various interface elements available in finite element program LUSAS.

Design equations for strength and stiffness of the composite wall are developed based

on model tests and numerical analysis.

Although the current research is mainly concentrated on pure shear behaviour of the
walls. Some work has also been carried out on the behaviour of composite wall as a
beam subjected to a concentrated load at the centre span in chapter 7. The limited
number of tests (mainly two tests) provided information on ultimate strength of the
wall beam and distribution of bending and shearing strain. Analytical models for shear

and moment capacity are described with some finite element analysis.

Chapter 8 describes the design and potential application of composite shear wall 1n
buildings. The design of a framed composite shear wall 1s described with design

equations for strength and stiffness both in service and construction stages.

Chapter 9 summarises the major findings of the thesis with recommendations for

further research.



CHAPTER TWO

DESIGN OF A SHEAR TESTING RIG

2.1. Introduction

The design of a shear testing rig required early attention in order to allow the
experimental small scale model investigation to proceed on schedule.

The Heavy Structures Laboratory located in the John Anderson Building at
Strathclyde University had a Dartec loading machine capable of applying tensile,
compressive and dynamic loading to specimens. This machine could be used with two
cylinders to apply a load of between 25 kN and 250 kN. The Dartec was therefore,
used as the loading device for a purpose made shear testing frame. The shear testing
frame was connected to the Dartec via special head details and the model panels were
tested by applying load through head details. The shear frame simulated in-plane shear
1In the model panels.

Various factors related to cost, model scale, simplicity and feasibility, use of existing
facility, previous research experience and performance were considered in the design
and selection of a particular shear testing rig.

2.2. Design alternatives

A literature review revealed some information on the shear testing rigs used in
previous research. A number of shear rigs with different systems of applying loads
to generate in-plane shear were critically examined before a choice of rnig was
finalised. A brief reference of those will be mentioned here.

Vechio F.J. and Collins M. P. (1986) used a membrane element tester to study the
response of rectangular reinforced concrete element subjected to in-plane shear and
combination of in-plane shear and axial stresses. The 37 double acting hydraulic jacks,

the network of links, the shear keys, a steel box -section reaction frame to house jack-



and-link assembly and a lateral support frame to resist any out of plane displacement
made the rig costly and unfeasible for the author's model tests.

The 1dea of the rig designed for the current research was taken from the following
Researchers. Rocky K.C., Anderson R.G. and Cheung Y.K. (1969) studied the shear
buckling behaviour of webs having central circular holes. Easely J.T. (1975) used a
rig to study the behaviour of corrugated metal deck shear diaphragms. Davies J.M.
and Fisher, J. (1979) constructed a rig to study the diaphragm action of cantilever
square composite slabs with profiled steel sheeting. Zaras J. et. al (1983) devised a
rig to study the behaviour of rectangular plates under complex loading including in-
plane shear. Roberts T.M. and Sabouri-Ghomi (1992) studied the hysteric behaviour

of steel plate shear panels. The basic idea of generating in-plane shear in all the rigs

was SdIIe.

The problems of testing panels of micro-concrete and panels of composite walling
were not faced by previous researchers. The designed shear testing rig has proved

cost effective, simple in fabrication and incorporates the Dartec machine with simple
head details.

2.3. Design of Shear Frame

The tframe was designed to be capable of applying a tensile or compressive force of
200 kN across a diagonal. This allowed sufficient capacity of the rig to carry out all
model tests. The design was carried out at the ultimate limit state according to the
recommendations of BS 5950: 1984 with a serviceability check performed at working
load levels to ensure that the yield was not reached. The general details of the shear
frame assembly 1s shown 1n figure 2.1 and also in photograph 2.1. The shear rig has

the following components:

a. T'est Frame

The details of the test frame is shown in figure 2.1(a) and 2.1(b). The test frame was
consisted of four pairs of frame members. The frame members were made from 16
mm thick and 60 mm wide steel plates. The internal dimension of square test frame
was 500 mm x 500 mm which provided an effective dimension of 560 mm x 560 mm
for the model panels under test. The panels were clamped between pairs of frame
members by one row of 10 mm diameter high tensile bolts. These bolts were designed

to provide sufficient clamping force for shear forces to be transferred from the test
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Figures 2.2 and 2.4: Top and Bottom hinge details

frame to the panels by friction with no slip. The boundary frame members were
pinned at their corner with 20 mm diameter high strength pins. These corner pins

were designed so that they could safely transfer loads to the test frame whilst
maintaining hinge action.

b. Top Hinge

The test frame was connected to the Dartec head through the top hinge, details of
which are shown in figure 2.2. This consisted of a clamp welded to a specially made
circular plate. The circular plate was bolted to the Dartec head through high strength
bolts. The detail of the clamp initially used ( figure 2.3(a)) was different than its final
form (figure 2.3(b)). Initial clamp consisted of a channel and a vertical plate welded
to the channel base. Vertical plate was removed due to the possible bending and
twisting. The final form consisted of only a channel welded to circular plate at 1ts
base. Holes were made at the sides of the channel for 20 mm dia corner pin. The

test frame was connected to the top hinge through the corner pin.

c. Bottom Hinge

The final detail of the bottom hinge i1s shown in figure 2.4. It consisted of a channel

section welded to a rectangular plate at the base. The rectangular plate was bolted to

10



the strong I-beam bolted to the strong floor. The sides of the channel were stiffened
to avold bending and twisting by using stiffening plates. Provision was made for the

holes at the sides of the channel to allow the corner pin to make connection between
bottom hinge and test frame.

2.4. Loading System

The general details of the experimental set up including the shear testing rig is
presented 1n figure 2.1. Two diagonally opposite pinned corners of the test frame
were connected to the Dartec head (through top hinge) at the top and I-beam at the

bottom (through bottom hinge). The rig was capable of testing in-plane shear and
hysteretic behaviour of the panels.

The shear panels were tested by applying tensile or compressive forces across a
diagonal of the test frame. Since the boundary members of the test frame were pinned
at their corner, they formed a mechanism and did not contribute to the load carrying
capacity of the system as a rigid framework. All components of the pinned joints and

hinges were machined as accurately as possible to minimise slack during loading and
unloading.

The general method of realisation of shear loading is shown 1n figure 2.5. The
diagonal force P applied to the top hinge was transmitted through comer pin to the
frame members and produced the components V, and Vj which were then
transmitted on to the panels. The equilibrating resultant P acting at the bottom hinge
also produced V, and Vi in the similar way. The required stress system may be

converted 1nto a system of self equilibrating forces via the following relationships:

P = Va + Vb : V,=1at and Vp=1bt where

V,:Vp = Shear forces along a and b edges respectively
t = Thickness of the panel and

T = Shearing stress

Due to application of diagonal load, P, the test panel abcd undergoes shear
deformation and assumed deformed configuration ab'c'd’ as shown 1n figure 2.5. If the

deformed shape ab'c'd’ is rotated clockwise so that ab' coincides with ab ( as shown in
figure 2.5), the diagonal force P and corresponding diagonal deformation A can be

11



related to the panel shear force V and shear displacement 0 by the following
equations :

V=PcosOy and d=A/ COSOT e (2.1)
where 0 1s the angle of loaded diagonal
P
V . b 4 V H Pt
S ) /1 r_' \ A
a Vo V o ™ et
/
V| \
P / ’ 7~
Loading System Force System Stress System

Figure 2.5: Load and deformation realisation in shear rig

The equation(1) needed the following assumptions :

0 Rotation of test frame members at the hinges should be same at each load

increment throughout the loading history.

0 The boundary members were assumed very rigid and test frame behaved as a
mechanism.

0 Slip at the interior bolts was negligible.

0 No overall out of plane movement of the whole rig.

0 Non-linear variation of shearing stress along the boundary frame should not
attect the value of resultant shear force,V, along the boundaries.

0 For square panels, magnitude of resultant shear forces, V, along each of the

boundaries were same.

The above assumptions were deemed to be reasonable and particular attention was

given to attain the required conditions during testing of the panels.
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2.5. Shake Down Trials

Preliminary tests were conducted to check the performance of the rig. The shear rig
alone was tested to study whether the frame behaved as mechanism or not. It was

found that the frame behaved as a mechanism and no load was recorded for a diagonal
displacement of up to 60 mm.

2.5.1.

Preliminary Test on Plain Steel Sheet

A model test on a very thin steel sheet was performed to validate the shear rig. The

same type of steel sheet was used latter for making profiled steel sheet and
composite wall models.

2.5.1.1 Material Test

Tensile tests were performed on specimens of the steel sheet to determine the
properties of the sheet. The load-extension curves from coupon tests are shown in
figure 2.6. The general shape of the curves are similar to the typical stress-strain curve
(BS5950: Part 1, 1988) for steel as shown in figure 2.7. The curves show well
defined yield plateau extending more than six times the strain at first yield. Table 2.1

summarises the properties of the steel sheet derived from the coupon tests.

—— Coupon 4

— — - Coupon 2
— - Coupon 1

Tensile load 1in kN

0.5 1.0 1.5
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