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Wood-concrete composites (WCCs) 
are composite deck structures that 
consist of a solid cast-in-place con

crete slab that is placed upon, and integrally 
connected to, wood members below. Although 
not commonly seen today, WCCs have been 
used since the early 1930s in North American 
timber bridge construction. The two most 
prevalent types are the T-beam deck (see 
Figure 1) and the composite slab deck (see 
Figure 2). Traditionally, the shear connection 
between the wood and concrete was formed 
through slots cut into the wood members to 

form concrete shear keys or by mechanical fas
teners driven into the top of the wood, or both. 
Recent research and development efforts 
throughout the world have advanced the tech
nology and understanding of WCCs and have, 
consequently, increased the interest and 
acceptance of these systems in North America 
of late,1-5 

The concept of a composite deck is not 
novel - it is most commonly associated with 
steel-concrete composite construction. The two 
materials act in unison and, through composite 
action, the material achieves overall stiffness 
and strength that is superior to that of either of 
the components acting alone. In the case of a 
wood-concrete composite, the concrete slab 
(having virtually no tensile capacity) is used 
predominantly in compression where it has 
superior performance in terms of strength and 
stiffness. The wood (in the form of glue-lami
nated timber or structural lumber) is used pre
dominantly in tension, which provides excep
tional strength and stiffness and results in 
reduced weight when compared to an equiva
lent all-concrete section. The end result is a 
strong, rigid and relatively lightweight deck. 
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FIGURE 1. A wood-concrete composite T-beam deck. 

A significant market for the WCC has been 
established in restoring and upgrading histor
ical buildings in Europe, where WCCs are 
considered "an economical and ecological 
alternative to removing the old floor and 
replacing it with a reinforced concrete slab."6 

Figure 3 shows one such project - a structur
al upgrade for an attic in an historic home in 
Aschaffenburg, Germany. WCCs are used to 
improve serviceability (i.e., deflection and 
vibration). They are also used to upgrade the 
load capacity of old timber floors. The renova
tion process involves installing metal shear 
connectors in the wood members and pouring 
a cast-in-place concrete slab over the existing 
timber floor. The floor (typically timber beams 
with transverse planking) becomes permanent 
formwork. Temporary shoring is generally 
used to support the weight of the wet concrete 
prior to curing and achieving composite 
action. With this process, construction times 
are quick and historical ceilings are preserved. 

Similar opportunities exist for the applica
tion of WCCs in the United States in the 
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restoration of old mills and other industrial 
buildings (particularly in southern New 
England). General interest for reusing old 
structures ( quite often with timber flooring) is 
on the rise as evidenced by local news articles 
(such as in the Boston Sunday Herald and the 
Norwich Bulletin7

'
8

) and feasibility studies (for 
example, by Schreyer9

). Many of these aban
doned buildings are ideally located next to a 
river or in a downtown area and have excel
lent potential for upgrade to residential or 
commercial use. 

There are also reasons to consider WCCs 
for new construction. For instance, for com
mercial floor systems - housing units, 
schools and public buildings - the improve
ment of sound and vibration performance as a 
result of the added mass of the concrete offer 
distinct advantages. WCCs also perform well 
in terms of fire resistance, with an achievable 
rating of up to 90 minutes.10 Concrete has a 
natural high resistance to fire, and large tim
bers form a char that naturally insulates both 
the timber core and any metal shear connec-
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FIGURE 2. A wood-concrete composite slab deck. 

tors against high temperatures. In the use of 
pedestrian or vehicular bridge decks, durabil
ity is improved. A fully exposed wooden 
bridge deck will deteriorate from exposure to 
weather as well as from common wear and 
tear. In a wood-concrete composite, the con
crete slab is able to protect the wood beams 
beneath by providing a wear-resistant surface 
from which water can run off. Conceivably, 
preservative treatment for the wood (and the 
related strength loss as well as detrimental 
effects on the environment) could be avoided 
if the wood members could be reliably pro
tected from weathering. 

From a sustainability standpoint, WCCs are 
superior to reinforced concrete or steel options 
due to the environmental merits of wood. In 
addition to recognizing that wood is the only 
primary building material that comes from a 
renewable resource, it is also the lowest in 
energy requirements for its manufacturing 
and life-cycle assessment. Recent studies by 
university and industry research groups in the 
United States (by the Consortium for Research 
on Renewable Industrial Materials [COR
RIM]) and in Canada (by the Athena 
Sustainable Materials Institute) have indicated 

that wood structures possess the least embod
ied energy ( energy used to acquire raw mate
rials as well as to process, manufacture, trans
port and construct) when compared to similar 
structures of concrete or steel. Wood also con
sumes the least amount of operating energy 
(energy used for heating, cooling, lighting, 
etc.). Both embodied and operating energies 
mainly use nonrenewable fossil fuels, which 
release deleterious greenhouse gases (such as 
carbon dioxide and nitrous oxide) into the 
environment. Buildings account for approxi
mately 40 percent of primary energy con
sumption in the United States.11 The need to 
reduce this consumption is widely recognized. 
Even a modest increase in the use of wood 
through WCC construction could help reduce 
the impact of building on the environment. 

The primary drawback to some WCC sys
tems is the added construction time and cost 
required to prepare and/ or install the shear 
connectors. Cost advantages are found, how
ever, in labor savings by using the timber as 
the permanent formwork, using less material 
for foundations as a result of lower floor dead 
loads (wood being lighter than concrete or 
steel), and, in the case of restoration, quicker 
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FIGURE 3. A photo of an attic floor structur
al upgrade of an historic home in 
Aschaffenburg, German, using wood-con
crete technology. 

turn-around times in comparison to floor 
replacement. 

Shear Connectors 
The connector plays an integral role in the per
formance of the composite in its function to 
transfer the shear between the concrete layer 
and the wood members. Consequently, a mul
titude of connectors with a wide range of 
effectiveness have been investigated and 
developed. These connectors are perhaps best 
categorized into four groups: 

• dowel; 
• sheet metal - flat or tubular; 
• shear key with anchor; and, 
• glued-in metal plate connectors. 

These four groups of connectors are illustrated 
in Figure 4. 

Group 1 connectors (for example: nails, 
screws and bolts) have the advantage of being 
uncomplicated to install (particularly for 
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uneven surfaces that are typically encoun
tered in restoration projects). However, they 
are generaH(z considered to be the least rigid of 
all systems 2 and have been corroborated as 
such in comparative studies.13

'
14 A study by 

Ahmadi and Saka investigated various config
urations of high-strength nails, screws and 
bolts and found increases in static four-point 
flexural strength of 55 percent and reductions 
in mid-span deflections in the order of 2.3 

. times when compared to tests with no shear 
connectors.1 Similarly, in another study a 
dowel-type connector in a fiber-reinforced
polymer glulam-concrete bridge girder was 
tested. 15 This study found that "stiffness 
increases of over 200 percent and strength 
gains of over 60 percent relative to the expect
ed response of a noncomposite girder."15 

Currently, screw connectors inserted at ±45° 
are the most commonly used shear fastener in 
Europe.3 

Group 2 connectors have been shown to 
possess higher rigidity, ductility and ultimate 
strength than dowel connectors.14

'
16 The rea

son is that nails and screws typically cause 
wood crushing and ultimately splitting fail
ure, whereas sheet metal connectors (rigid 
rings, in particular) can cause wood shear 
plug failure - a stronger, more rigid mode of 
failure. Hollow cylinders, as well as bent sheet 
metal (truss-plate) connectors, are also apt to 
provide good ductility since the common fail
ure modes are wood embedment, metal shear 
and/ or concrete crushing.17

,
18 

Group 3 connectors - where notches (shear 
keys) have been cut into the wood and have 

· been reinforced with an anchoring device such 
as a post-tensioned bolt or lag screw - have 
been shown to have similar to moderately bet
ter strength and slip resistance than Group 2 
connectors.13

'
14 The horizontal shear forces are 

transmitted through the shear key with little 
interlayer slip, while the dowels work in trac
tion to resist the vertical load component. 
Gutkowski et al. reported the load-slip response 
to be initially linear with abrupt partial failure 
(presumably of the concrete) with a modest 
residual ductile behavior thereafter (presum
ably from yielding of the dowel).19 Further tests 
were performed by Gutkowski et al. on various 
adhesives to study the withdrawal strength of 
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FIGURE 4. General types of sheer connectors: a) dowel; b) sheet metal; c) concrete shear key 
with anchor; and 4) glued-in metal plate. 

the anchor.20 Disadvantages of Group 3 connec
tors include the deleterious effects of reducing 
wood cross-section as well as a rather compli
cated installation process. 

Group 4 connectors utilize glued-in connec
tors such as a continuous steel inesh, of which 
one half is glued into a slot in the wood while 
the other half is embedded into the con
crete.21,22 These systems are generall/2 consid
ered to possess the greatest rigidity. 2 Studies 
have shown that near-to-full composite action 
can be achieved with this type of connector.5

'
22 

In these studies, failure was intentionally 
induced in the steel plate, as opposed to the 
wood or concrete, in order to attain the superi
or qualities of steel -- good predictability, high 

strength and stiffness, as well as high ductility. 
On-site construction of this system is simple 
and fast relative to other connector systems. 

Design Methodology 
Mechanical Behavior. In general, when a wood
concrete composite is subjected to positive 
bending, the concrete layer experiences com
bined bending and compressive stresses while 
the wood member experiences combined 
bending and tensile stresses. The actual linear 
elastic stress field is dependent on the rigidity 
of the shear connector (see Figure 5). The con
nector transfers longitudinal shear between 
the wood and the concrete. This shear force is 
in equilibrium with the internal normal force 
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FIGURE 5. The stress field of a wood-concrete composite that is dependent on connector 
rigidity. 

of each component. At the lower bound of 
rigidity, when the layers are not connected, the 
shear and normal forces are zero and the com
ponents are subjected only to bending. The 
upper bound (i.e., full composite action) 
occurs when the layers are rigidly connected 
and act as one unit with no interlayer slip. In 
this case, the shear force is at maximum and 
the components are subjected to maximum 
normal forces and minimum bending 
moments. Full composite action is convenient 
for design purposes because the mechanics 
technique of transformed sections may be 
applied to estimate the stress field. Also, ideal
ly, full composite action is the desired state 
since it provides the most structural efficiency; 
however, zero slip is difficult to achieve in 
practice and most connectors are semi-rigid, 
producing some interlayer slip (i.e., partial 
composite action). 

Design Equations. To date, no design guide
lines are available in the United States for the 
design of wees with semi-rigid connectors. 
Some texts suggest using the method of trans
formed sections - as is done for steel-concrete 
composites, but this method is valid only for 
fully composite sections.23

'
24 The method is 

non-conservative for partially composite sec
tions. 

Design equations for semi-rigid connectors 
are available, however, in the European 
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Standard for Timber Design, Eurocode 5, 
Appendix B.25 It is assumed in the derivation 
of these equations that, for linear elastic 
behavior, the Bernoulli theory of elementary 
mechanics (plane sections remain plane) does 
not apply to the cross-section as a whole, but 
is valid for each component. The stress field is 
the algebraic summation of internal normal 
stresses and bending stresses within each 
component (see Figure 6). 

For a simply supported wood-concrete 
composite beam with span Z, the effective 
bending stiffness, (EI)ef, is calculated as: 

2 

(EI\y= _!(E/i+'YiEiAia/) 
i = 1 

where (referencing Figure 5): 

(1) 

subscripts i = 1 and i = 2 refer to the 
respective component; 

E = modulus of elasticity; 
I = moment of inertia; 
A = cross-sectional area; 
a = distance from centroid of respective 

component to overall neutral axis; and 
'Y = a dimensionless shear connection 

reduction factor. 

The value of 'Yi ranges between O (no com
posite action) and 1 (full composite action) 
and is calculated as: 
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FIGURE 6. The stress field of a wood-concrete composite with semi-rigid connectors. 

where: 
(2) uc = normal compressive stress in the con-

where: 
s = spacing of the connectors; 
K = slip modulus; and 
l = beam span. 

The slip modulus, K, is determined as the 
slope of the load/ slip curve from an experi
mental test. The value of y2 is a constant value 
of 1.0. 

The distance between the centroid of the 
wood member and the overall neutral axis, a2, 

is dependent on the shear reduction factor, y1, 

and is calculated as: 

crete due to the force couple in the 
composite section; 

ub,c = maximum compressive bending 
stress in the concrete due to the force 
couple about the concrete section; 
and 

M = applied moment. 

The maximum tensile stress in the concrete, 
u 1,r, occurring at the lower surface of the con
crete is simply the subtraction of the tensile 
bending stress, ub,T, from the compressive 
stress, uc, in the concrete: 

_ _ M M h1 
0"1,T - Uc- ub,T- (EI)ef 'Y1E1ai- (EI)ef 2 E1 (5) 

y1E1Ai(h1+h2+2t) 
2 

2 ! y1E1A1 

(3) The maximum tensile stress, u2,r, in the wood 
is calculated in a similar manner as: 

i = 1 

where: 
h1 = height of the concrete; 
h2 = height of the wood; and 
t = height of the planking. 

The distance a1 is determined from the geom
etry of the composite beam and Equation 3. 

The maximum compressive stress in the 
concrete, u1,c, occurring at the upper surface 
of the concrete, is calculated as: 

M M h2 
0"2,r= Uy+ ub,T= (EI)ef E2a2+ (EI)ef 2 E2 (6) 

where: 
uy = tensile stress in the wood due to the 

force couple in the composite section; 
ub,T = maximum tensile bending stress in 

the wood due to the force couple 
about the wood section; and 

M = applied moment. 

The maximum beam shear stress - which 
occurs at the neutral axis in the wood compo
nent - can be calculated using: 
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E h2V 
fv = 2(~I)ef 

where: 
V = applied shear force; and 
h = a2 + hi/2 

(7) 

The shear flow, q, in the connector may be 
computed as: 

q = 1'1E1A1a1 V (8) 

(EI)ef 

Design & 
Construction Considerations 
The initial design is typically performed using 
the full concrete height (uncracked section). If 
it is found that tension exists in the concrete, 
this assumption may have to be revised in fur
ther iterations. Consistent with other design 
practices, the modulus of elasticity (MOE) of 
both materials is usually taken as the mean 
value. It is possible to gain in economy by 
staggering the shear fasteners according to the 
shear stress distribution. It is also possible to 
use more than one row of fasteners, particu
larly under concentrated loads or at the sup
ports - if wood thickness permits. The 
designer is advised to check code require
ments or product specifications issued by a 
fastener manufacturer as to the permissibility 
of this practice. 

Long-term system performance of WCCs is 
not, as yet, well understood, particularly for 
fluctuating outdoor climates. It is known that 
wood and concrete exhibit creep under pro
longed loading. For both materials, the 
amount of creep-related deflection is a func
tion of load duration as well as the applied 
stress level. For wood, however, its creep 
behavior is also influenced by moisture and 
temperature changes due to its hygroscopic 
nature. While temperature has a negligible 
influence under normal service conditions,26 

elevated moisture levels and particularly 
changes in moisture content can create deflec
tions in the range of three to four times the 
instantaneous creep.27 Since wood and con
crete are adjoined in a WCC, different creep 
rates (concrete creeps faster than wood) may 
also have a detrimental effect, particularly in a 
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range between three and seven years of serv
ice.27 In addition to magnified deflections, the 
differential creep also tends to migrate inter
nal forces from the concrete to the wood, lead
ing to higher stresses in the wood.12 

A common approach to estimating the 
long-term behavior ( deflection and stresses) 
of a wood-concrete system is through the 
reduced-modulus method where the modu
lus of elasticity for each material is reduced 
to account for creep.12 Although this simpli
fied approach may be adequate for constant 
environments (such as indoors), it has been 
shown that seasonal climate changes, such as 
what would occur for a bridge structure, may 
lead to a more unfavorable creep behavior, 
which cannot accurately be estimated by the 
reduced-modulus method.27 Further investi
gation is necessary in this area and work is 
currently being carried out by several 
researchers. 28-30 

With reference to Group 4 connectors, there 
are some limitations to using adhesive in 
structural assemblies. For example, the use of 
dry wood (i.e., old interior timbers or kiln
dried new material) is generally a necessity for 
adequate adhesive bonding. Another draw
back is the uncertainty of how the glue per
forms under temperature fluctuations (i.e., 
outdoor climate or fire) or under long-term 
loading. For example, standard light-frame 
construction adhesive is often neglected in 
strength or deflection calculations for medium
to long-duration loads such as dead or floor 
live load. However, a wide array of high
strength adhesives exist that are well suited to 
structurally demanding applications. For 
example, in concrete construction, anchoring 
epoxies are commonly used and, in wood con
struction, phenol resorcinol adhesive has 
undergone extensive research (and more than 
100 years of service in glulam) to prove its reli
ability for structural use. Comprehensive 
understanding of the adhesive's behavior is a 
critical component of the development of this 
connector system and, to that end, testing is 
ongoing at the University of Massachusetts, 
Amherst. 

Ease of installation is often a decisive factor 
when choosing a shear connector. While 
Group 1 fasteners are uncomplicated to install 



and do not require routing of the wood (as 
would Group 3 connectors), usually a large 
number of fasteners are necessary - meaning 
substantial nailing, screwing or pre-drilling 
with subsequent insertion of the dowel. A 
more labor-efficient approach is employed for 
a Group 4 connection system, where only 
three steps are needed:22 

1. Cut a 3.5-millimeter (0.14-inch) wide 
and 40-millimeter (1.6-inch) deep saw kerf 
in the wood member. 

2. Place glue into the kerf. 
3. Push the steel sheet into the assembly. 

Both Steps 1 and 2 are continuous processes 
that can be simplified greatly by power 
tools. 

In many structures, the horizontal structur
al elements (floors, roof) are used to transfer 
wind loads to vertical load-resisting elements 
(for example, shear walls). When a floor acts 
in this manner (as a diaphragm), its in-plane 
stiffness is the determining factor as to how 
much load each shear wall will receive. If a 
diaphragm is rigid, interior and exterior shear 
walls typically experience similar loads. If the 
diaphragm is flexible, however, interior walls 
tend to receive higher loads than external 
walls. The addition of a monolithic concrete 
slab on top of the wooden beams in the WCC 
system increases in-plane stiffness and pro
vides a more rigid diaphragm than a wooden 
floor system with decking alone. Thus, when 
used to renovate masonry buildings with 
wooden floors (such as mill buildings) the 
effects of the increased diaphragm rigidity on 
the lateral load-resisting system of the build
ing should be considered. 

The fire performance of the wood-concrete 
system needs to be evaluated with regard to 
three characteristics: 

• smoke impermeability; 
• thermal insulation; and, 
• structural stability and strength. 

In regards to smoke impermeability, the mono
lithic concrete slab of the WCC is very effective 
in preventing smoke from permeating 
between floors. However, as with any floor 

system, proper detailing must be provided at 
openings that penetrate the slab. Regarding 
thermal insulation, the thermal properties of 
each material must be considered separately. 
Typical thermal conductivity, k, for concrete is 
5 to 10 Btu/ft2/°F/in/hr and for wood 1 to 2 
Btu/ft2/°F/in/hr.31 This difference favors the 
slab-type WCC system (see Figure 2), where 
the solid wood slab provides a highly effective 
thermal barrier between floors. Also, since the 
(usually metal) WCC-connector is typically 
inserted into the center of the top side of a 
beam, it is embedded enough into the wood 
and the concrete to have sufficient insulating 
material around it. In terms of structural sta
bility and strength, two strategies can be pur
sued. For the first strategy, it is important to 
note that during a fire, the cross-section of a 
wooden member is reduced at a very consis
tent rate of approximately 0.6 millimeters 
(0.023 inches) per minute on average.32 The 
undestroyed core remains fully capable of car
rying load. If the wood cross-sections (for 
either WCC system) are increased by the nec
essary amounts, fire-resistance ratings of 1 
hour can easily be achieved. An increase• in 
cross-sections will likely also yield dimensions 
beyond the 140 millimeters (6 inches nominal) 
that many building codes require for a "heavy 
timber" designation. An alternative approach 
is to use other methods of fire protection (for 
example, spray-on fireproofing, suspended 
ceilings and sprinklers) in conjunction with a 
wee system. 

With respect to construction, several issues 
should be considered. The slab is typically cast 
in place and transverse planking acts as per
manent formwork as well as the finished ceil
ing. To reduce the service load stresses, tem
porary shoring may be used to support the 
weight of the timber beams and wet concrete 
prior to curing. After the concrete cures, the 
shores are removed and the section acts com
positely to resist all loads. 

It is important to protect the wood from 
direct contact with wet concrete either during 
concrete curing or in service. Wet wood can lead 
to excessive deflection and, if not dried prompt
ly, decay. Wood protection is usually assured by 
placing a water barrier film on top of the plank
ing (typically one or two layers of 0.2-millimeter 

CIVIL ENGINEERING PRACTICE SPRING/SUMMER 2006 13 



System: 

Live Load = 1 .46 N/mm 

! I I I I i 
Dead Load= 1.06 N/mm 

! I 
A 

L 
'I 

Detail Cross-Section: 

63.5 
19 

235 

I I I i 
A 

7000 l 
'l 

.~ 

610 

Shear Connector, Expanded Metal, 
h = 100 mm (4 in.), Glued Into 
Slots in Wood 

Moisture Barrier, t = 0.2 mm 
(8 mil) 

Plywood, 24/32 Exterior I Grade, 
t = 19 mm (3/4 in.), Cut at Connector 

Wood Beam, 89 x 235 (mm) ("4x10") 

FIGURE 7. An example application of a commercial wood-concrete floor (all dimensions are 
in millimeters). 

[0.008-inch] polyethylene [PE] foil). When 
Group 4 connectors are used, any cuts in the foil 
from cutting the saw kerf for the connector may 
be sealed by extra glue squeezed out from the 
placement of the connector. 

Other construction issues for WCCS are: 

• long-span applications are often designed 
with some camber to offset dead load 
deflection; 

• adequate bearing surface should be pro
vided to avoid wood crushing at the sup
ports; and, 

• a small ventilation gap should be provid
ed around timber beams that rest in 
masonry pockets. 

If the composite section design check indicates 
that the concrete slab acts fully in compres-
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sion, then only minimum reinforcement (to 
prevent cracking) is required. 

Design Example 
The following design example outlines a sug
gested allowable stress design (ASD) proce
dure for a WCC floor with semi-rigid con
nectors. This approach is used (as opposed to 
a load and resistance factored design [LRFD] 
method) because the WCC system is relative
ly new and strength reduction factors, used 
to calibrate the LRFD method, are not avail
able. Design of the wood component follows 
the 2001 National Design Specification 
(NDS) for Wood Construction,33 the concrete 
properties derive from ACI 318-0234 and 
loads are applied in accordance with the 2003 
edition of the International Building Code 
(IBC).3s 



Figure 7 shows a typical com
mercial application of a wood-con
crete floor spanning 7 meters (23 
feet) with a 63.5-millimeter (2.5-
inch) thick medium density con
crete slab. The wood beams (visual
ly graded southern pine, No. 1 
dimension lumber) are spaced at 
610 millimeters (24 inches) on cen
ter. They are 89 millimeters (3.5 
inches) wide by 235 millimeters 
(9.25 inches) deep (i.e., nominal 4 
by 10s). The planking is 19-millime
ter (0.75-inch) thick plywood (such 
as a 24/32 structural panel). The 
dead load on the assembly is 1.06 
kN/m (72.6 plf). Live load is the 
minimum uniformly distributed 
load per the me for offices - 1.46 
kN/m (100 plf). The composite 

FIGURE 8. Connector detail for the example applica
tion. 

beams will be supported on temporary 
shoring while the concrete cures so that the 
composite section will act to resist all dead 
and live loads. If the construction were with
out temporary shoring, the wood beams 
would be required to act non-compositely (i.e., 
by itself) to support the weight of the wet con
crete as well as any formwork and its self 
weight. 

Material Properties. The material properties 
of the medium-density concrete are: modulus 
of elasticity, E1, of 23,000 MPa (3335.9 ksi); and 
a specified compression strength, f' c, of 25 
MPa (3625.9 psi). 

The material properties of the wood (No. 1 
grade southern pine) used: modulus of elastic
ity, E2, of 11,700 MPa (1696.5 ksi); unadjusted 
parallel to grain tension strength, F1, of 7.24 
MPa (1050.1 . psi); unadjusted bending 
strength, Fb, of 12.76 MPa (1850.7 psi); and, 
unadjusted shear strength, Fv, of 1.21 MPa 
(175.5 psi). 

The connector to be used in this floor (see 
Figure 8) is a glued-in expanded-metal plate 
with a total connector slip modulus, K, of 
415,460 N/mm (2.37 X 106 lb/in) and 
strength, Q, of 279 N per millimeter length 
(1593 lb per inch length) of connector.22 Both 
properties are average values determined 
from experimental tests using a connector 
length of 400 millimeters (15.7 inches). The 

equivalent slip modulus K per millimeter 
length of connector (or beam) is calculated as 
1039 N/mm per millimeter length (151 X 103 
lb/in per inch length). 

It is noted that to provide adequate pro
tection of the glued connection against fail
ure, a minimum cross section of 80 by 80 
millimeters (3.1 by 3.1 inches) should be 
used for the wooden beams.36 Doing so pre
vents the use of this wee connector (with
out modification) in residential construc
tion, where floor joists commonly measure 
38.l millimeters (1.5 inches) in width. 
Primary applications are in heavy-timber 
construction, upgrading of mill buildings or 
other commercial construction. 

Composite Factors. Using Equation 2, the 
reduction factor, y1, is found to be equal to 
0.85. This value is a highly favorable result in 
light of the fact that as y1 approaches 1, the 
system approaches full composite action. 
Moreover, for nails and screw type connectors, 
the factor is typically much less - with y1 
between 0.1 and 0.4.37 

Using Equation 3, and given A1 equal to 
38,735 square millimeters (60 square inches) 
and A2 equal to 20,915 square millimeters 
(32.4 square inches), the distance between the 
centroid of the wood member and the overall 
neutral axis, a2, is calculated to be 127.3 mil
limeters (5 inches). Using this result in 
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FIGURE 9. Effective bending stiffness as it varies with the shear reduction factor, -y1• This 
plot shows the high efficiency of glued-in metal plate connectors in comparison with dowel 
connectors. 

Equation 1, and given a1 equal to 41.0 mil
limeters (1.6 inches), 11 would be 1.3 X 107 

mm4 (31.2 in4
) and 12 equal to 9.63 X 107 mm4 

(231.4 in4
) the effective bending stiffness, 

(EDei: equal to 6.66 X 1012 N ·mm2 (2.32 X 109 

lb·in2
). 

Figure 9 gives a visual depiction of the 
efficiency of this connector for this applica
tion. The graph plots the increase of effec
tive bending stiffness, (El\p with -y1• For the 
given application, the effective bending 
stiffness, (El\p would be 6.66 X 1012 N ·mm2 

(2.32 X 109 lb·in2
), which is 97 percent of (or 

3 percent softer than) that of the most effi
cient wood-concrete system (i.e., when -y1 is 
1) where (EI)ef is 6.89 X 1012 N ·mm2 (2.40 X 

109 lb·in2
). 

Strength Analysis (t equal to 0, Short-Term). In 
terms of wood tensile failure, a linear interac
tion formula is employed: 
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where: 
<Yy = tensile stress in the wood due to the 

force couple in the composite section; 
ub,T = maximum tensile bending stress in 

the wood due to the force couple 
about the wood section; 

F/ = allowable parallel-to-grain tensile 
stress; and 

Fb * = allowable bending tensile stress with
out adjustment for lateral stability. 

For applied stress, the governing load com
bination is w equal to D plus L. Hence, the 
maximum applied moment, M, is equal to w·z2 
divided by 8, or 1.55 x 107 N·mm (1.37 X 105 

lb·in). Using Equation 6 and knowing that a2 is 
127.3 millimeters (5 inches) and (EI)efis 6.66 X 



1012 N·mm2 (2.32 X 109 lb·in2
), then <l'y would 

be 3.45 MPa (500.4 psi) and <l'b,r would be 3.19 
MPa (462.7 psi). 

In terms of strength, the allowable parallel
to-grain tensile stress, F/, would be 
F1CvCMCtCFCi where the C-factors represent 
adjustment factors to account for load dura
tion (Cv), moisture (CM), temperature (C1), 

member size (Cp) and incising (CD. Assuming 
a dry service condition, normal temperature 
range and untreated material, all adjustment 
factors default to 1.0. Therefore, Ft' is F1, or 
7.24 MPa (1050.1 psi). 

The allowable bending tensile stress with
out adjustment for lateral stability, Fb *, would 
be F1CvCMCtCFCiC, where the C-factors are as 
noted as above but also include a factor to 
account for repetitive member design (C,). In 
this case, the only applicable factors are CF 
equal to 1.1 and C, equal to 1.15. Therefore, Fb * 
is FbCFC,, or 12.7 MPa · l.1 · 1.15, which is 16.07 
MPa (1842 psi·l.1 ·l.15, or 2330.8 psi). 

Finally, using the interaction equation: 

In terms of wood shear failure, the maxi
mum shear stress in the wood, fv, is checked 
against the allowable shear stress, F /: 

For applied stress, the maximum design 
shear in the beam is V equal to w ·l divided by 
2, or 8.84 kN (1987.3 lb). The corresponding 
applied shear stress,fv, is 0.46 MPa (66.7 psi). 

For strength, the allowable shear stress, F v', 
is equal to FvCvCMCtCi where the C-factors rep
resent adjustment factors as noted above. In 
this case, all factors default to 1.0. Therefore, F / 
equals Fv, or 1.21 MPa (175.5 psi). 

Considering the design equation (Equation 
7) for shear: 

E h2V 
fv = 

2
/EI)ef = 0.46 MPa ~ Fv'= 1.21 MPa 

(66.7 psi ~ 175 psi) ➔ okay 

In terms of concrete compressive failure, 
the maximum compressive stress in the con
crete, <l'1,c, is checked against the allowable 

concrete compressive strength, Fe: 

For applied stress, given the applied 
moment, M, of 1.55 X 107 N·mm (1.37 X 105 

lb·in), a2 of 127.3 millimeters (5.0 inches) and 
(EI)ef of 6.66 X 1012 N·mm2 (2.32 X 109 lb·in2

) 

and using Equation 4, then <l'1,c is equal to 3.56 
MPa (516.3 psi). 

The allowable concrete compressive 
strength, Fe, is assumed to be one-half the 
specified compressive strength, f' e· 

38 

The design check for concrete becomes: 

<l'1,c = 3.56 MPA ~ Fe = 12.5 MPa 
(516.3 psi ,,;; 1813 psi) ➔ okay 

In terms of concrete tensile failure, the max
imum tensile stress in the. concrete, <l'1,r, is cal
culated using Equation 5. Given the applied 
moment, M, of 1.55 X 107 N ·mm (1.37 X 105 

lb·in), a2 of 127.3 millimeters (5.0 inches) and 
(EI)ef of 6.66 X 1012 N·mm2 (2.32 X 109 lb·in2

), 

then <l'1,r is equal to 0.17 MPa (24.7 psi) in com
pression. Hence, the concrete slab is subjected 
to compression stresses exclusively and tensile 
failure is not a consideration. 

In terms of connector shear failure, the 
maximum shear flow in the connector from 
the applied loads, q, is checked against the 
allowable shear capacity of the connector, Qa: 

For applied stress, the maximum applied 
shear force, V, is 8.84 kN (1987.3 lb). Using 
Equation 8, the maximum shear flow experi
enced by the connector, q equals 41.3 N /mm 
(235.8 lb/in). 

The allowable connector strength, Qw is 
assumed to be one-third the specified shear 
strength, Q. 

The design check for the connector is thus: 

q = 41.3 N/mm ~ Qa = 93.0 N/mm 
(235.8 lb/in ,,;; 531.0 lb/in) ➔ okay 

Serviceability Analysis (t equal to 0, Short
Term). Because the floor is temporarily shored, 
the composite section is expected to carry both 
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the dead load and the live load. Consequently, 
the effective stiffness of the composite section 
- (EI)ef equals 6.66 X 1012 N·mm2 (2.32 X 109 

lb·in2
) - is used to calculate live load deflec

tion as well as dead load deflection. 
The dead load deflection, L10 v is calculated 

thus: 

5wL4 5(1.06)(7000)4 

L1 -----=------m- 384(EI)ef 384(6.66)(10)12 

= . mm ------ = 0.20 m 5 0 
( 

5(6.05)(275.6)4 
) . 

384(2.32)(10)9 

If desired, the composite beam can be manu
factured with a camber to offset this deflec
tion. 

The live load deflection, L1Lv is calculated 
thus: 

5wL 4 5(1.46)(7000)4 

L1 -----=------
LL - 384(EI)ef 384(6.66)(10)12 

= . mm ------ = 0.27 m 6 8 
( 

5(8.34)(275.6)4 
) • 

384(2.32)(10)9 

One of the primary advantages of a wood
concrete system is the superior stiffness 
afforded by composite action. In this exam
ple, the live load deflection is relatively 
small, providing a serviceability of L/1029. 
In comparison, code guidelines for deflec
tion limits typically suggest that for walking 
comfort (or to avoid plaster cracking) of 
commercial beams, the live load limit can be 
as much as L/360. 

Strength & Serviceability Analyses (t equals oo, 

Long-Term). No consensus among researchers 
has been reached for estimating the long-term 
performance of WCC beams. As noted above, 
one common approach has been to approxi
mate the creep behavior by reducing the mod
ulus of elasticity for each material. For steel
concrete construction, the ACI-ASCE Joint 
Committee recommends using Ec/2 as the 
concrete modulus of elasticity instead of Ee 
when calculating sustained load creep deflec
tion. 39 The AASHTO Bridge Design 
Specification, Section 10.38.1.4, suggests using 
EJ3.40 The European Code recommends 
using creep factors developed through load 
duration studies to reduce the moduli of the 
respective materials.25 In absence of an estab-
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lished approach, the European method is 
adopted for this example (see Table 1). 

Further Analysis. In addition to the afore
mentioned design checks, the analyses on the 
following items should also be performed (as 
appropriate): 

• wood bearing at the supports; 
• planking between beams; and, 
• concrete plate between beams. 

Lateral stability of the wood beams is provid
ed through the concrete slab - therefore, a 
design check on that item should not be nec
essary. 

Conclusion 
WCC floor systems make use of a well estab
lished mechanics principle - that of compos
ite action. Composite action is developed 
when two materials are integrally connected 
and deflect as a single unit, which results in a 
floor that exhibits greater strength and stiff
ness than a floor where the supporting mem
bers act independently. Direct advantages of 
composite design include increased floor stiff
ness, increased span length, shallower floor 
beams and/ or reduction in weight of the floor 
system. Advantages also stem from the inte
gration of wood with concrete - adding con
crete to a timber floor will naturally improve 
sound and vibration performance as well as 
fire resistance and durability. This system also 
provides the aesthetics of a finished wood ceil
ing directly after the completion of the pri
mary structural members. Furthermore, the 
inclusion and promotion of wood into a struc
tural system generally delivers environmental 
benefits. 

A mechanical shear connector is used to 
resist the horizontal shear that develops dur
ing bending. Several options exist and differ
ent connector systems provide different levels 
of composite action. While it is acceptable to 
use transformed-section analysis for steel-con
crete composites, which can acquire full com
posite action, this procedure is not appropri
ate for WCCs, which typically exhibit only 
partial composite action. There is a need in the 
United States for an adequate design method 
that can account for semi-rigid shear connec-



TABLE 1. 
Long-Term Strength & Serviceability Analyses 

Given: 

<p 1 = creep factor for concrete for permanent loads = 2.25 

El(,educed! = E,/(1+<p 1) = E,/(1+2.25) = 23,000/3,25 = 7077 MPa (3335.9/3.25 = 1026.4 ksi) 

<p2 = creep factor for timber for permanent loads = 0.25 

E2rreduced! = E:/(1 +</J2) = E:/(1 +0.25) 11,700/1.25 = 9360 MPa (1696.9/1.25 = 1357.5 ksi) 

(El)ef(reduced) = 4. 16 X 1072 N·mm2 (1.45 X 109 lb·in2
) 

Strength 
(Calculated in manner analogous to the aforementioned design checks.) 

Wood: 

Bending & Tension: 

(}"; + (}"b,.r = 3.34 + 4.09 = 0.72 ,;;; 1 ( 484.4 + 593.2 = 0.72 ,;;; 1 ) ➔ okay 
Ft Fb 7.24 16.07 1050 2330.8 

Shear: 

fv = 0.46 MPa ,;;; fv' = 1.21 MPa (66.7 psi ,;;; 175.5 Psi) ➔ okay 

Concrete: 

Compression: 

(}",,c= 2.64 MPa,;;; Fe= 12.5 MPa (382.9 psi,;;; 1813 psi) ➔ okay 

Tension: 

(}"1,r = 0.97 MPa (140.7 psi) in compression ➔ okay 

Fastener: 

Shear: 

q = 40.0 N/mm,;;; Q. = 93.0 N/mm (228.4 lb/in,;;; 531.0 lb/in) ➔ okay 

Deflection 
For sustained load deflection, only the dead load need be considered: 

'Li =---=----- =8.0mm ------ =0.31 in 
5wL 4 5(1.06)(7000)4 ( 5(6.05)(275.6)4) 

DL 384(El)ef 384(4.16)(10)12 384(1.45)(10)9 

This creep deflection represents a serviceability of L/875 and is acceptable. 
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tors for the design of WCCs. Suggested design 
equations from the European Standard for 
Timber Design, Eurocode 5, Annex B have 
been presented herein and have been used to 
demonstrate a sample design analysis of a 
typical commercial WCC floor structure.25 

Research is currently underway in many 
places throughout the world to better under
stand aspects of WCCs. A major focus has 
been placed on studying and modeling rhea
logic (time-dependent) behavior. Not know
ing the long-term performance of WCCs, par
ticularly outdoors under fluctuating moisture 
conditions, is a barrier to widespread use of 
these systems. Other issues specific to the 
shear connector, such as adhesive perform
ance or connector dimensions, are also being 
examined by individual researchers. 
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