Experimental and analytical
investigation into the stiffness
of composite steel-reinforced
timber beams with flexible
shear connectors

W M G Burdzik, S Skorpen

Most of the current research on the design of timber composite beams involves either complex
mathematical models which are not checked with experimental testing, or is purely based on
experimental work with no attempt to model the behaviour. In a literature review the authors
failed to find a practical way of designing composite timber beams, other than in the Eurocode 5.
The equations in Eurocode 5 are unfortunately limited in their application. This paper looks at
stiffening timber beams, with a known stiffness distribution, by screwing or nailing a steel strip to
the underside of the beam. The modelled behaviour is compared with experimental test results
and recommendations for the analysis and design of such members are given.

The experimental work involved determining the stiffness of twenty-four South African pine
beams reinforced with metal strips. The spacing of the connectors was varied to ascertain the
increase in stiffness of the composite with a reduction in the connector spacing. The analytical
methods used were the Eurocode 5 method, as well as two finite element modelling methods,
which may be used to determine the composite stiffness. The results of the three methods used

show a remarkably good fit with the lower-bound experimental results.

INTRODUCTION

Timber design codes SANS 10163:2003
(SANS 2003) and BS EN 1995-1-1:2004

(EN 2004) call for beams to be designed for
strength criteria, as well as serviceability
criteria. The most important serviceability
criterion is deflection, which is not only
influenced by creep, but also by the modu-
lus of elasticity of the beam. Sometimes
beams that meet the strength criteria
deflect too much under permanent loading
only. To overcome a lack of stiffness, the
second moment of area can be increased by
either adding timber with a similar modulus
of elasticity or by adding less material,

such as steel, with a much higher modulus
of elasticity.

Current research done on timber-steel
composite beams is often either largely
experimental work, with little attempt made
to compare the results with the ana-
lytical design method given in Eurocode 5
(EN 2004), or complex mathematical model-
ling which is not checked with experimental
results. The Euocode 5 design method is
also very limited in its application, as it
applies only to flexural members where the
stiffening element stretches from support
to support. Examples of current research
include timber-steel-hybrid beams in

high-rise buildings (Winter et a/ 2012), work
on two-dimensional simply-supported com-
posite beams (Xu et al 2006), the analysis

of partial composite beams (Girhammer et
al 2006) and a simplified analysis method
for composite beams with interlayer slip
(Girhammer 2009). The authors believe
that, because of the highly varied nature of
timber, experimental verification is a crucial
part of all timber-related research. Practical
methods for analysis are also important for
design engineers who would not necessarily
be designing composite timber structures on
a regular basis.

With the above in mind the authors had
a two-pronged approach to the problem.
The initial approach was to see how well
proposed finite element models and the
Eurocode equations would be able to predict
the stiffness of composite timber and steel
flexural elements. This was done by measur-
ing the stiffness of each piece of timber, the
steel plate and the predicted stiffness of the
connector (based on test values) prior to the
assembly of the composite.

With the successful completion of the
first set of tests, which showed remarkable
correlation between the proposed finite ele-
ment models, the Eurocode equations and
the individual test results, the tests were
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expanded to include other connectors and
thickness of steel plate.

Most design engineers would not have
the facilities to measure the timber stiff-
ness, the stiffness of the steel plate or the
stiffness of the connectors, and would have
to use published values. The authors felt it
prudent to validate the theoretical values,
based on the actual stiffness of the beams
and steel plates, with test results. Predicted
theoretical values agreed with the measured
stiffness within acceptable experimental
tolerances. The authors feel confident to
recommend that design engineers use the
theoretical design method, and base the
stiffness on the published characteristic
density and modulus of elasticity of the
steel and timber.

COMPOSITE BEAM CONNECTORS
When adding steel to improve beam stiff-
ness, the best solution is to glue the metal
strip to the underside of the beam with
some form of epoxy glue, although phenol
resorcinol formaldehyde has been used
before (Ebersohn 1994). The adhesive forms
a very thin layer between the steel and the
timber, and this layer has a very high stiff-
ness. Very little or no slip occurs between
the two materials. Practical problems, such
as the proper cleaning of the steel and

the clamping of steel to the timber, make
this a fairly difficult and expensive option,
especially on site. Furthermore, many
engineers do not trust the bond between
the steel and the timber, as even small
impurities such as oil or milling scale cause
de-bonding and subsequent stress peaks
around the de-bonded areas, which can lead
to complete de-bonding of the two materi-
als. When the epoxy is subjected to elevated
temperatures, such as would occur during a
low-intensity fire, degradation of the epoxy
layer takes place, which could cause failure
(Mouritz 2002). High-temperature-resistant
low-viscosity epoxies are available, but
these would not necessarily be used in the
construction industry.

Acceptable alternatives are mechanical
fasteners, such as high-tensile screws or
nails. Mechanical fasteners, however, need
to undergo deformation before they are able
to transfer loads (nails are preferable, as the
pre-drilled holes in the steel plate can be
much smaller than for screws). This relative
movement between the materials leads to
loss in stiffness and strength. The stiffness
of the composite will lie somewhere between
the sum of the individual stiffnesses and
that of the fully composite element. Figure 1
shows the strain distributions for three
conditions, namely the idealised condition

No slip

""" ]

No connection

Limited slip

Figure 1 Strain distribution in a composite member, subjected to bending moment, for various
conditions of connectivity between the two materials, where:
NA; is the position of the neutral axis for the timber on its own
NAg is the position of the neutral axis for the steel on its own
NA is the position of the neutral axis of the ideally combined section.
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Figure 2 The dimensions, stresses and axes of a two-part composite steel and timber beam to be

used with the equations in Eurocode 5

(no slip on the interface), no connection
between the two materials, and limited slip
on the interface.

The fully connected, i.e. no slip, stiffness
of the section can be given by the parallel
axis theorem:

(EDc=Eglg+ Eplp+ AgEsyg + ArEryy (1)

Where:

(EI)¢ is the combined stiffness of the sec-
tion with no slip on the interface

Eg  is the modulus of elasticity of the
steel

I is the second moment of area of the
steel about its own axis

ys s the distance from the combined
neutral axis to the neutral axis of
the steel

E; is the modulus of elasticity of the

timber

I;  is the second moment of area of the
timber about its own axis

yr  is the distance from the combined
neutral axis to the neutral axis of
the timber

With no positive connection between the
timber and the steel, the stiffness of the
combined section is reduced to:

(ED)¢ = Eglg + Eply @)

Many engineers who do not design timber
structures on a regular basis would assume
the idealised case, calculate the shear force
on the interface and design the connection
to transfer the load. This method ignores the
deformation of the connector and the loss

in stiffness as a result of that deformation.
However, a simple beam or shell finite ele-
ment model that can accurately predict the
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Figure 3 Assumed deflected shape of the
connecting member

stiffness of the composite member, taking
the stiffness of the connector into account,
will make it easier for designers to assess
the consequences of using steel and timber
composites with flexible connectors.

EUROCODE 5 MODEL

Eurocode 5, BS EN 1995-1-1:2004 Appendix
B contains an equation that can be used to
determine the effective flexural stiffness of
mechanically joined beams. This equation is
based on a simply-supported beam with uni-
form distributed loading where the composite
section stretches from support to support.
The basic assumptions are given, and the
equation offered to the designer is as follows:

3
(ED) = 2 (Ed; + yEAaD) 3)
i=1

The two-element composite timber and steel
beam that was used for this investigation is
shown in Figure 2.

For a two-element composite member,
as shown in Figure 2, the equation may be

simplified with:
A =b; xhjand Ay = b,y x I, 4)
3 byxh
P Rl QN Sl )
12 12
y2=1
2xE xA -1
}/1 1+ - X 1 X 1 X Sl
K, x L? ©6)
xE/xA;x(h+h
ay= Y1 x By x Ay x (y + hy) @)
2x(y; xE; x A +yyxEyxA,y)
2 ®)
Where:

b is the width of the member in m
h s the height of the member in m
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Connecting elements with stiffness £/

fixed to timber, fixed to steel

Figure 4 The assembly of the composite using the beam element method

E  is the modulus of elasticity of the
member in kN/m?

K,,, is the stiffness of the connector in
kN/m

s is the spacing of the connectors in m

y  isa connector stiffness parameter

Eurocode 5 also has equations that may be
used to determine the stresses in the indi-
vidual members, so that they may be checked
for strength. From these equations it is pos-
sible to determine the bending moment and
axial force components in each member.

The theoretical stiffness of the connector
can be calculated by using the equations
given in Table 7.1 of BS EN 1995-1-1:2004.

Screws and nails with pre-drilling:

1.5 d
Koy = P ©)
23
Nails (without pre-drilling):
L5 5 0.8
K, =Pn % (10)
30
Where:

K,,, is the stiffness of the screwed con-
nection in kN/m

d s the screw diameter in mm

p,, isthe mean mass density in kg/m3

It should be noted that this equation is unit-
dependent. Clause 3 of BS EN 1995 allows
the stiffness for steel-to-timber connections
K,,, to be multiplied by 2.0.

FINITE ELEMENT MODELS

The following two finite element methods

can be used to predict the stiffness of the

combined section:

B Beam elements, where the centreline of the
timber beam and the centreline of the steel
strip or plate are connected by means of
elements that have the same flexural stiff-
ness as the shear stiffness of the connector.

B Shell elements, where the timber beam
that is divided into shell elements is con-
nected to the steel elements by means
of three-dimensional axial and moment
springs that model the shear stiffness of
the connector.

The shell element method will give the stiff-

ness as well as the stresses in the members,

whereas the beam element method will

give the axial forces as well as the bending

moments in each element.

Beam element method
The composite beam can then be assembled
as shown in Figure 4. The connecting ele-
ments between the centreline of the timber
beam and the centreline of the steel plate
are given a stiffness of K (as calculated in
Equation 12), and are spaced at the required
spacing of the nails or screws. They also need
to have a high axial stiffness to simulate the
contact pressure between the plate and the
timber beam and ensure that the steel plate is
forced to the same deflection as the underside
of the timber beam. The authors propose that
the Eurocode connection stiffness K, be
used for K in this method where testing of the
connector stiffness is not possible.

The method that is used to define the
connector must take cognisance of the
way in which the connection element is
deformed. The connector may be placed
through a pre-drilled hole in the thin steel
plate and screwed or nailed into the timber
beam. When screws are used, the top of the
hole may be bevelled to accommodate the
screw head. This bevel will allow for some
rotation of the screw head to take place,
whereas the shaft into the timber can be
seen as fixed to the centreline of the timber
beam. The stiffness of the connector can
then be defined in terms of the stiffness of
the connecting ‘spring’. Figure 3 shows the
assumed deflected shape of the connector.
The assumption is made that the connector
bends in double curvature.

The stiffness of the connection K is given
by F/A. Standard deflection tables in the
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Figure 5 The composite when analysed using shell elements and springs
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Graph 1 Measured stiffness of screwed joints in SA pine

Steel Designer’s Manual (1983) may be used
to calculate the deflection in terms of the
stiffness of the connecting element AB. The
deflection is given by:

F x x3

12 x EI 11)

A=

The stiffness of the connecting element EI is

then given by:
Fxx3 Kxu3

Elz——= (12)
12 x A 3

Where:

F is the longitudinal shear force at the
interface between the two members in
kN

x is the distance between the centrelines
of the connected members in m

EI is the stiffness of the connector in
kN.m?

K is the shear stiffness of the connector
in kN/m

A is the displacement of the connector
under the shear force in m

Shell elements
The composite beam can be assembled
as shown in Figure 5. The timber beam is
divided into shell elements, the dimensions
keeping within the bounds of the standard
element sizes as suggested by Brooker (2006).
The width of the beam is the shell thickness.
The steel plate is then also divided into the
correct proportions. On the contact surface
between the timber elements and the steel
elements, springs are placed so that the shear
stiffness of the springs K is the same as the
expected stiffness of the screwed connection.
The connector shear stiffness of K is
calculated in Equation 12 in the X direction,
has a large stiffness in the Y direction and no
moment stiffness. A high axial stiffness (Y
direction) is required to simulate the contact
pressure between the plate and the timber
beam and ensure that the steel plate is forced
to the same deflection as the underside of

1
Photograph 1 Screw test layout showing clip
gauge extensometer

the timber beam. The authors propose that
the Eurocode connection stiffness K, be
used for K in this method where testing of

the connector stiffness is not possible.

INITIAL EXPERIMENTAL VALIDATION
Six South African pine specimens (3.1 m
long, 36 mm x 149 mm), marked as Grade 5
but having a stiffness closer to Grade 7, as
well as six 30 mm x 5 mm thick steel plates
were selected for the initial evaluation of the
proposed finite element methods. The steel
plates had screw holes drilled at a spacing of
50 mm and were to be screwed to the under-
side of the timber beams. The spacing of the
connectors was varied between 400 mm and
50 mm to ascertain the increase in stiffness
of the composite with a reduction in the con-
nector spacing.

The stiffness and properties of all the
components of the reinforced timber beam
were measured:

B The stiffness of the connectors was
measured.
B The equivalent modulus of elasticity

of the steel reinforcement strips was

determined.

B The density and modulus of elasticity of
each timber beam were measured.

Measured stiffness of

connectors (screw joints)

Fifty double-screw connections were con-
structed, as shown in Photograph 1, and
these were tested for stiffness by measuring
the relative displacement of the two lines on
the steel plates under load with the help of
clip extensometers. The results of the screw
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Graph 2 Stress strain curve for specimen 3

tests are given in Graph 1. The connector
stiffness is calculated by determining the
slope of the linear portion of the load-
deflection curve. The linear portion is taken
as the load divided by deflection between
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Photograph 2(b) Steel strip before and after testing

10% and 40% of the ultimate strength of the
connection. The density was calculated by
accurately determining the dimensions and
mass weight of each specimen and by divi-
ding the mass by the volume.

Table 1 Equivalent modulus of elasticity of the
steel strip with bevelled screw holes
based on the full cross-sectional area

Specimen Modulus of elasticity
P based on gross area (GPa)
1 179
2 176
3 182
Average test 179

Equivalent modulus of elasticity

of steel reinforcement strip

The equivalent modulus of elasticity of the
steel reinforcement strip with pre-drilled
connector holes was determined by obtaining
the tensile load versus elongation of the strip.
The equivalent modulus of elasticity was
determined from the stress-strain graph (see
Graph 2 and Table 1). The full cross-sectional
area of 5 mm x 30 mm was used to determine
the equivalent modulus of elasticity (shown in
Table 2). Three strips were tested.

Photograph 2(a) shows the testing of a
steel reinforcement strip, and Photograph 2(b)
shows where the mill scale on the steel strip
has come off the steel, as well as the distor-
tion around the holes. It was noteworthy to
observe how the mill scale popped off the
strip as the loading was increased to the yield
stress and beyond.

Density and modulus of

elasticity of the timber beam

The timber pieces were weighed so that the

average density could be determined. The

stiffness of the connectors depends to a large
extent on the density of the timber. Four-
point loading was applied, and the deflection
measured in the middle of the member so
that the average modulus of elasticity could
be calculated. The properties of the speci-

mens are shown in Table 1.

Once the modulus of elasticity and den-
sity of the timber beams were determined,
the stiffness of the connectors was calculated
using the following two methods:

B The measured connector stiffness K,
determined by experimental testing:
K, =-162.7 + 2.55p,, (13)

Where:

K, is the experimentally determined

stiffness of the connector in kN/m

p,, isamean density of the timber beam

B Connector stiffness determined

by Eurocode method (Table 7.1 of
BS EN 1995):

15




Table 2 Properties of initial timber specimens

Modu!l{s of e Meast}red screw Eurocpde*
elasticity stiffness screw stiffness
Specimen

E P K, K.,

MPa kg/m3 kN/m kN/m

1 9357 511 1140 1758
2 12747 602 1372 2248
3 10 327 522 1168 1815
4 12 315 514 1148 1773
5 13 993 670 1546 2639
6 13 195 509 1135 1747

* The Eurocode values are the values prior to multiplying by 2

3.1 m timber beam

(RS (A N N (N Y O O |

\

S |

Screws at 400, 200, 100 and 50 mm spacing

oy || m—
=

hl
100 mm
overhang

2.9 m steel plates

"
100 mm
overhang

Figure 6 Composite timber and steel beam layout (Human 2013)

1.5
K, = ‘M (screws and nails with
23 pre-drilling) (14)

Photograph 3 Laboratory setup of the tests performed on the composite beams (Human 2013)

p,, isthe mean density of the timber

beam in kg/m3

Where:

K is the stiffness of the connector in

ser

kN/m

16

Table 2 shows the properties of the timber
beams used, and the calculated connector
stiffness using the two methods described

above.

Test procedure of the

composite beams

The testing for stiffness was done by means
of four-point loading and the beams were
loaded to the maximum service stress,

i.e. about 45% of the characteristic stress

of the timber alone. Test specimens were
estimated to be of Grade 7, so the beams
were loaded to a stress of about 7 MPa.
This was well within the elastic stress
range of the composite beam. The 3.1 m
long beams spanned 3.0 m, with the steel
having a length of 2.9 m so that it would
not rest on the supports. The authors did
not want the plates to rest on top of the
end supports, as they were worried that the
friction forces induced at the supports could
lead to a slightly higher stiffness, and none
of the analytical models take friction into
account. Deflection was measured in the
middle of the span and the load-deflection
increases were measured at 10 Hz. Initial
fixing of steel plates was with a screw spac-
ing of 400 mm, and the tests were then
repeated on each specimen with the screws
at 200 mm, 100 mm and 50 mm. This was
accomplished by halving the spacing after
each test had been completed. A total of six
beams were used, giving a total of 24 test
results. The experimental setup is shown in
Figure 6 and Photograph 3.

The screws were tightened fully and then
loosened a little so that frictional forces
between the steel and the timber would be
minimised. In the actual construction of
the steel-reinforced timber composite, one
would expect the steel plates to initially be
fixed tightly to the timber beam. Friction
between the interfaces could increase the
stiffness. Over time, the cross-sectional
dimensional changes of the timber as a
result of moisture variation will create a gap
at the connection interface, thereby elimina-
ting the friction.

Each specimen was then tested in
the same way until all six specimens
of each configuration had been tested.

The composite beam stiffness was then
calculated using Equation 6 from the
standard stiffness tables in the Steel
Construction Handbook.

2 13
=B WX (15)
129 &
Where:

W = total point load, placed as W/2 at
thirds of the span

§ = the deflection measured at
midspan

L = the span of the beam

EI = the flexural stiffness of the com-
posite beam
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Comparison of test results

Table 3 Comparison of measured stiffness to modelled stiffness

with finite element analyses .
and Eurocode equations S element Shell element | Eurocode EI | Eurocode EI
Only the flexural rigidity of Specimen 1 spacing Measured EI mgthoI(iEI mﬁtho}‘( EI (lulsz;l;)gkllfffr ; :‘25"1% %(é'i
using usin: m X
is shown to illustrate the good correlation a 140gk1\ffl;1) o
between the measured results, the two finite ) 3 ) 3 )
element models where the connector stiff- mm kN.m kN.m kN.m kN.m KN.m
ness is modelled, and the Eurocode equations 400 104.18 107.80 108.9 106.33 125.5
(see Table 3). Both the calculated connector
R 200 115.97 116.59 117.7 116.67 142.5
stiffness K, and the measured connector
stiffness K, have been used for the Eurocode 100 129.74 130.03 130.9 131.58 160.0
method. PROKON (2014) software was used
. 50 145.85 148.58 147.4 149.25 174.4
for all the finite element models.

The following properties were used for
the anaylsis:

Table 4 Summary of various test steel plate and connector variation

W E =9357 MPa Timber size No of Steel plate dimensions C —
B 30 mm x 5 mm steel plate with E = 179 width x height | specimens width x thickness onnector type
GPa
B K, -1140 kN/m (from Eq 13) with den- 36 mm x 149 mm 6 30 mm x 5 mm 40 mm long, 3.5 mm particle-board screws
sity of 511 l<g/m3 36 mm x 149 mm 6 30 mm x 4.5 mm 3 mm high-tensile fluted masonry nails
B I, ecior = 243 x 10-10 m* (from Eq 12)
i i 36 mm x 149 mm 6 30 mm x 8 mm 3 mm high-tensile fluted masonry nails
with the element in double flexure high le fluted y nail
W Kier=1758 kN/m (from Eq 14) and this 36 mm x 149 mm 6 30 mm x 10 mm 3 mm high-tensile fluted masonry nails
may be multiplied by 2 (Section 7, 7.1 (3)

of BS EN 1995-1-1;2004)
As can be seen from Table 3, there is very
good correlation between the measured
stiffness EI and the Eurocode method, as

Table 5 Modulus of elasticity (MOE) and density of timber specimens used in experimental
validation. Note that the MOE of the timber reinforced with 5 mm and 8 mm steel plates
is very high. All the timber used was marked as Grade 5 and was obtained from a local

supplier. The high variation in E value is noted and attributed to the timber being graded
visually for strength.

well as the proposed finite element methods.
However, the Eurocode screw stiffness equa-

tion, where the stiffness using steel plates 4.5 mm thick plate 5 mm thick plate 8 mm thick plate 10 mm thick plate
is two times the timber-to-timber stiffness,
could overestimate the stiffness by 20%. Sge:ﬁ?:r“ il S s Wl
u

The other methods, using the Eurocode E Density E Density E Density E Density
stiffness for timber-to-timber (i.e. without (MPa) (kg/m?) (MPa) (kg/m?) (MPa) (kg/m?3) (MPa) (kg/m?)
multiplying by 2), are in the region of 2% of 1 11037 551 9695 511 10 280 547 6996 483
the tested value.

2 10 267 607 12 745 602 13 300 600 8 926 489

3 6815 481 10 625 522 13120 687 9281 503
FURTHER EVALUATION
OF PROPOSED FINITE 4 6784 478 12 305 514 8 142 514 8 749 536
ELEMENT MODELS 5 8 665 519 14220 670 8 968 623 5032 479
In order to further validate the three pro-

. 6 7 093 495 13 480 508 16 910 570 8966 503

posed design methods, tests on a further 18

timber beams, reinforced with steel plates,
were performed. The timber beam size was
kept the same as the initial tests, and the

Table 6 Mean and characteristic modulus of elasticity of the test specimens compared to the
values given in SANS 10163

conbnector type and steel plate th1c1<nes§ \A.f.ere Modulus of clasticit T LI R LT

varied. (Human 2013; Huang 2014; Meintjies (tested timber) Y| modulus of elasticity | modulus of elasticity

2014; Abdul 2014). (Grade 5) (Grade 7)
Three variables play a part in the stiffness MPa MPa MPa

of the composite member, these being the

stiffness of the steel plate, the stiffness or Mean 9148 7 800 9 600

spring constant of the connection, and the Characteristic (5" percentile) 5878 4630 5700

stiffness of the timber member. The modulus

of elasticity of the steel plate has little varia-
bility, which reduces the variables that would
influence the stiffness of the composite to
two, namely timber stiffness and connection
stiffness. By reducing the variables to two, it
was felt that a steel-reinforced timber beam
would give a good indication of whether the
proposed analysis methods have any merit.

Table 4 shows the specimens with the dif-
ferent steel plate thicknesses and the type of
connectors used.

To increase the number of test values,
the authors decided to gradually decrease
the spacing of the screws from a spacing
of 400 mm, to 200 mm, to 100 mm and

finally to 50 mm. This would then give four
test results for every specimen. A total of
24 beams were used with a total of 96 test
results. The experimental setup was similar
to the setup in Figure 6.

Prior to assembly of the composites, the
stiffness and density of each piece of timber

Journal of the South African Institution of Civil Engineering + Volume 58 Number 4 December 2016



were determined (see Table 5). This was
done using the standard four-point loading
test on edge. The stiffness that was obtained
from each individual test, with each spac-
ing of the connector, was compared to the
stiffness that had been obtained by using the
three proposed design methods — using the
characteristic modulus of elasticity of the
tested timber, the stiffness of the steel based
on the full area of the section, and the stiff-
ness of the nail or screw using the Eurocode
dowel connector stiffness for dowels through
steel. Characteristic values were used, as a
practising engineer cannot be expected to
measure the modulus of elasticity of each
individual piece of timber, or the reduced
modulus of elasticity of the steel.

The method proposed by Leicester (1986)
was used to determine the lower-bound
characteristic value of the modulus of
elasticity, as well as the density (see Table 6)
from the experimental results. These val-
ues were used in the analytical Eurocode
method and the two finite element methods
to determine the characteristic stiffness of
the composite beams. It is noted that the
experimental E values differ from the values
in SANS 10163 for a Grade 5 timber, as they
are closer to a Grade 7.

The mean density of the tested timber was
541 kg/m3 and the characteristic density was
444 kg/m3. SANS 10163 gives minimum den-
sities for Grade 5 as 360 kg/m3 and Grade 7 as
425 kg/m3. More important is that the mean
density for Grade 5 would be in the region of
425 kg/m3 and 500 kg/m? for Grade 7.

The theoretical stiffness of the screws and
nails can be calculated by using Equations
(9) and (10) given in SANS 10163:Part 1 or
Table 7.1 of BS EN 1995.

Clause (3) of BS EN 1995 allows the stiff-
ness for steel-to-timber connections K, to be
multiplied by 2.0. However, using the initial
test results it was decided to not multiply K,
by 2, as the stiffness of the initial tests was
overestimated when this factor was applied.

For the 3.5 mm screw in mean density
of timber = 516 kg/m3, the stiffness K, will
be 1 784 kN/m, which is the value used in
the analyses.

For the 3.0 mm nail, without pre-drilled
holes, in mean density of timber = 516 kg/m?,
the stiffness K. will be 941 kN/m, which is

ser
the value used in the analyses.

COMPARISON

Graphs 3, 4, 5 and 6 show the measured
stiffnesses for the composite beams with
various connectors, connector spacing and
steel plate thicknesses. They also show the
theoretical stiffnesses calculated using the
three different proposed design methods,
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Graph 3 Stiffness of composites with 3.5 mm board screws and 30 mm x 5 mm steel plate
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Graph 4 Stiffness of composites with 3.0 mm nails and 30 mm x 4.5 mm steel plate
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Graph 5 Stiffness of composites with 3.0 mm nails and 30 mm x 8.0 mm steel plate
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Graph 6 Stiffness of composites with 3.0 mm nails and 30 mm x 10 mm steel plate; note that the E

for Beam 4 was less than the Eg,

and the stiffnesses calculated assuming full
fixity and no connection.

All the theoretical values have been
calculated using the measured MOE_ .,
and MOEg, for the tested timber. The
SANS 10163 MOE and MOEg, values
for Grade 5 timbers are not compared, as the

mean

intent of this work was to compare test values
against the proposed modelling methods. For
the shell and beam elements, only the fifth
percentile MOE has been used to avoid confu-
sion between the data and the theoretical.
Where the test results are higher than
the stiffness based on Eurocode 5 equations
using MOE_ .., it is because the timber had
a higher stiffness than the MOE of the
sample. Beam 6 of the sample using 8 mm

mean

steel plates (Graph 5) had an exceptionally

high MOE and tested above the fully-fixed

case. Only one test specimen had a modulus
of elasticity that was less than the MOEs of

the sample and that was beam 4 (Graph 6).
Comparing the four graphs, the following

can be noted:

B The increase in stiffness of the composite
beam as the spacing of the connectors
decreases.

B Full fixity can theoretically be achieved
when connector spacing tends towards
zero; however, this would not be practical.

B There is a significant difference in pre-
dicted stiffnesses depending on whether
MOE,.,, or MOE;, is used, and many
of the test values fall below the predicted
value for MOE
ness based on the mean density.

B The MOE;y calculated stiffnesses correlate
with the lower-bound curve from the exper-

and connector stiff-

imental results, indicating a safe design.

B There is a very good correlation between
the two finite element models and the
Eurocode spring model, as can be seen on
the lower-bound curves of Graphs 1 to 4.

B The MOE value of the timber has a
significant effect on the stiffness of the
composite beam. The timber used for the
8 mm plate beams had high E values, and
thus were stiffer composite beams when
compared to the composite beam with
the 10 mm thick plate which used timber
with a lower MOE.

CONCLUSION
The objective of this investigation was to
find suitable analytical methods that could
be used by structural engineers to obtain an
acceptable effective cross-sectional stiffness
of a composite timber-steel beam, when
using flexible connectors.

Three design methods were used in this
paper and these were compared to test values.
The methods in order of complexity are:
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B A spring model as given in Eurocode 5
B A finite element model using beam
elements
B A finite element model using shell
elements.
Engineers or designers who do not have
that much experience with timber design
can easily understand the methods
presented. The finite element methods
have an added advantage in that it makes
it possible for the designer to specify
non-linear behaviour for the connectors
when investigating failure of the
composite element.

The three design methods all use the
following properties, which are easily
obtained from design codes or other litera-
ture without testing:

B The 5th percentile modulus of elasticity
of timber

B The mean density for the grade of timber

B The Eurocode connector stiffness
equation which is based on the mean
density

B The full cross-section of the steel
member may be used with no loss of area
or second moment of area due to holes.

Note that the Eurocode 5, BS EN 1995-1-1:2004

method for the stiffness of screwed and nailed

connections, which is given in Equations 9

and 10, should not be multiplied by 2 as

recommended in the code when connecting

a steel plate to timber, as the stiffness is then

overestimated.

It was concluded that the stiffness,
given by the Eurocode spring method and
both the beam and the shell finite element
methods, showed a remarkably good fit with
the lower-bound experimental values if the
characteristic modulus of elasticity is used.
Using these methods for design would result
in a conservative assessment of the stiffness
of a composite timber and steel beam. It
was also noted that the full fixity condition
cannot be achieved in reality with a practical
connector spacing.

The Eurocode 5 method for determining
composite stiffness is specifically for a
simply-supported member subjected to
uniformly distributed loading, with the
composite section stretching from support to
support. The authors find it encouraging that
it is possible to use the fairly simple finite
element methods to obtain the composite
stiffness with some measure of assurance.

It gives the designer the option of designing
for a specific loading case, as well as giving
the designer the possibility of using the finite
element methods to analyse continuous
multiple-span members, and also members
where the composite does not necessarily
stretch from support to support.

LIST OF NOTATIONS

b = the width of the member in m

d the screw diameter in m

E the modulus of elasticity

El the flexural stiffness of the compos-
ite beam

El- the combined stiffness of the section
with no slip on the interface

Eg the modulus of elasticity of the steel

E; the modulus of elasticity of the
timber

F longitudinal shear force at the inter-
face between the two members (kN)

f frequency (Hz)

h the height of the member in m

1 the second moment of area of the
board on flat

Ig the second moment of area of the
steel about its own axis

Iy the second moment of area of the
timber about its own axis

K the stiffness of the connector in
kN/m

K, the stiffness of the connector in
kN/m (using Eurocode)

K, the stiffness of the connector in
kN/m (determined experimentally)

L the span of the beam

Vs the distance from the combined neu-
tral axis to the neutral axis of the steel

r the distance from the combined
neutral axis to the neutral axis of
the timber

NA; = the position of the neutral axis for
the timber on its own

NAg = the position of the neutral axis for
the steel on its own

NA = the position of the neutral axis of
the ideally combined section

s the spacing of the connectors in m

t thickness of the board (m)

w mass of the board (kg)

w point load

x distance between the centrelines of
the connected members (m)

AW change in the point load

y a connector stiffness parameter

p,, = the mass density in kg/m3

AS the change in the deflection that
matches the change in the point load,
measured in the middle of the span

9 the deflection at the middle of the
span

A the displacement of the connector
under the shear force in m
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