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FOREWORD 

Timber-concrete composite (TCC) systems first started being used in the 1910’s for bridge 

construction, due to a lack of availability of steel. Ignored in most parts of the world until the 

1990’s, the construction method started to be used in European cities for refurbishing old historical 

buildings. In recent years, TCC floors have started being used in new constructions; when the 

two materials are well connected, the load-carrying capacity and the bending stiffness are 

considerably improved. The timber part can be solid wood lumber, glued laminated timber 

(glulam), structural composite lumber (SCL), which includes cross-laminated timber (CLT), or be 

made of other engineered wood products. The shear connectors can be discrete fasteners (e.g., 

nails, screws, or notches cut in the wooden part) or shear connectors transferring the load to a 

larger surface (e.g., embedded plates, glue). A combination of different shear connectors is also 

possible.   

In the construction of buildings, the TCC system can be a cost-competitive solution for floors with 

longer spans, since the mechanical properties of the two materials are used efficiently. 

Furthermore, the additional mass from the concrete improves the acoustic performance compared 

to a timber floor system alone. Nevertheless, TCC floors are not commonly used in buildings in 

Canada, due to the absence of technical guidelines for such types of structural systems in this 

country.  

The development of this Technical Design Guide was made possible thanks to support by Natural 

Resources Canada (NRCan) over the last five years, for research conducted on composite floor 

structures. The work of different experts at FPInnovations and other organizations have greatly 

contributed to the elaboration of this document.   

Special thanks are extended to the external reviewers for their contributions and valuable 

comments on the document. These external reviewers are:  

• Dr. Luca Sorelli, P.Eng., Professor, Université Laval 

• Keven Durand, P.Eng., Nordic Structures 

• David Bowick, P.Eng., Blackwell Structural Engineers 

• Stephane Rivest, P.Eng., Bureau d’Études Spécialisées 

It is understood that this guide is intended for engineers. Although this guide has been written 

with the utmost accuracy in accordance with research undertaken by FPInnovations and 

information available in the literature, FPInnovations is not responsible for any errors or omissions 

that may arise from the use of this guide. Anyone using this guide assumes all risks and 

responsibilities. 
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Nomenclature  

𝐴𝑖 Cross-section area of layer 𝑖, mm2 

𝑎𝑖 Distance between the centroid of layer 𝑖 and the neutral axis of the concrete layer, mm 

𝑏𝑖 Width of layer 𝑖, mm 

𝑏𝐹 Participative width of the floor supporting a punctual load, mm 

𝑑1𝑘𝑁 Static deflection due to 1-kN load, mm 

𝐸𝑖 Young modulus of layer 𝑖 (the Young modulus may be different for axial and bending 

stiffness properties if the layer is not homogeneous), MPa 

(𝐸𝐴)∗ Axial stiffness parameter, (((𝐸𝐴)𝑐
−1 + (𝐸𝐴)𝑡

−1)−1 for positive moment), N 

(𝐸𝐴)𝑖 Axial stiffness of layer 𝑖, N 

(𝐸𝐼)0 Bending stiffness of the composite beam without composite action, ((𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 

for positive moment), N∙mm2 

(𝐸𝐼)∞ Bending stiffness of the composite beam, assuming a perfect composite action, 

((𝐸𝐼)0 + (𝐸𝐴)
∗𝑟2), N∙mm2 

(𝐸𝐼)𝑒𝑓𝑓 Effective bending stiffness of the composite beam, N∙mm2 

(𝐸𝐼)𝑖 Bending stiffness of layer 𝑖, N∙mm2 

(𝐸𝑄)𝑖 First moment of area multiplied by its Young modulus for layer 𝑖, N∙mm 

𝐹𝑣 Corrected specified shear strength as per CSA O86, MPa  

𝑓1 Fundamental natural frequency of the composite section, Hz 

𝑓𝑐
′ Specified compression strength for the concrete, MPa  

𝑓𝑦 Specified yield strength for non-prestressed reinforcement, MPa  

ℎ𝑐,𝑒𝑓𝑓 Effective height of the concrete layer by neglecting the concrete in tension, mm 

ℎ𝑖 Height of layer 𝑖, mm 

ℎ𝑓𝑖𝑟𝑒 Effective reduced cross-section for fire-resistance, mm 

𝐾 Distributed shear stiffness in the span direction, (𝑛 ⋅ 𝑘 𝑠𝑒𝑓𝑓⁄ ), N/mm2 

𝐾𝑐𝑟𝑒𝑒𝑝,𝑖 Creep modification factor for layer 𝑖 
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𝑘 Shear stiffness of a single connector in the span direction for serviceability limit state 

or ultimate limit state design for the subscript s and u, respectively, N/mm 

𝐿 Span, mm 

𝐿𝑚 Length between the critical-cross section and one point of zero moment, mm 

𝑀 Bending moment applied on the composite section, N∙mm 

𝑀𝑖 Bending moment of layer 𝑖, N∙mm 

𝑀𝑟 Bending moment of the whole composite section 𝑖, N∙mm 

𝑀𝑟,𝑖 Bending moment resistance of layer 𝑖, N 

𝑀𝑟,𝐸𝑃 Bending moment resistance of the composite section calculated with the elasto-

plastic model, N∙mm 

𝑀𝑟,𝛾,𝑖 Bending moment resistance of the composite section calculated with the 𝛾-method 

limited by layer 𝑖, N∙mm 

𝑚 Number of connectors between the zero moment and the critical cross-section 

𝑚𝐿 Linear mass of a 1-meter wide floor, kg/m 

𝑁 Axial force on each layer due to bending force (𝑁 = 𝑁𝑐 = 𝑁𝑡), N 

𝑁𝑖 Axial force on layer 𝑖 due to bending force, N 

𝑁𝑟,𝜃 Compressive resistance at an angle to grain, N 

𝑛 Number of connector rows along the width 

𝑃𝑟 Lateral resistance of a dowel-type fastener connector calculated with CSA O86, N 

𝑃𝑟,𝑡 Compression resistance of the timber layer, N 

𝑃𝑟,𝑤 Withdrawal resistance of a dowel-type fastener connector calculated with CSA O86, N 
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𝑠 Effective, maximum and minimum spacing of the connector along the span for 

subscript 𝑒𝑓𝑓, 𝑚𝑎𝑥 and 𝑚𝑖𝑛, respectively, mm 

𝑇𝑟,𝑡  Tension resistance of the timber element, N 

𝑡  Gap between the concrete and the timber layer, mm 

𝑡  Duration of the fire, min 

𝑡𝑒𝑓𝑓  Effective gap between the concrete and the timber layer where the concrete in 

tension is considered as a gap, mm 

𝑉 Shear force applied on the composite section, N 

𝑉𝑖 Shear force applied to layer 𝑖, N 

𝑉𝑟 Shear resistance of the whole composite section, N 
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𝜎𝑏,𝑖 Axial stress due to the bending moment in layer 𝑖, MPa 

𝜎𝑁,𝑖 Axial stress due to the normal force in layer 𝑖, MPa 
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1 INTRODUCTION 

1.1 Origin of the Timber-Concrete Composite System 

A timber-concrete composite (TCC) system consists of two distinct layers, a timber layer and a 

concrete layer, joined together by shear connectors; typically, the concrete slab is the top layer. 

The properties of both materials are better exploited in a composite, since tension forces from 

bending are mainly resisted by the timber while compression forces from bending are resisted by 

the concrete. This construction technique is used to strengthen and stiffen timber floors of existing 

and new constructions, especially in multi-storey buildings. When the two materials are well 

connected together, the load-carrying capacity can be tripled and the bending stiffness can be six 

times higher, compared to a traditional timber floor system [1]. The concrete layer is usually a 

reinforced concrete slab. The timber part can be solid wood lumber, glued laminated timber 

(Glulam), structural composite lumber (SCL), cross-laminated timber (CLT) or made of other 

engineered wood products. The shear connectors can be discrete fasteners (e.g., nails, screws, 

or notches cut in the wooden part) or shear connectors transferring the load to a larger surface 

(e.g., embedded plates, glue). A combination of different shear connectors is also possible.  

The development of the TCC system was initiated after the First World War to find an alternative 

for reinforced concrete and steel, because of a lack of availability of steel. Several connection 

systems were patented [2, 3]. In the 1930’s, this construction technique was applied to bridges 

mainly located in the U.S.A. [4]. In the 1950’s, TCC building structures appeared in Australia and 

New Zealand [5]. It was ignored in most parts of the world until the 1990’s, when TCC structures 

started to be used when refurbishing old historical buildings in European cities, in order to meet 

the new requirements regarding sound insulation and fire-resistance [6]. 

TCC systems can be a cost-competitive solution in the construction of buildings with floors having 

longer spans, since the mechanical properties of the two materials would be used efficiently. 

Furthermore, the additional mass from the concrete can improve the acoustic performance, 

compared to that of a timber floor system alone. Nevertheless, TCC floors are not commonly used 

in buildings in Canada due to the absence of technical guidelines for such type of structural 

system in this country. 
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The Earth Science Building (ESB) located on the campus of the University of British Columbia is 

a good example of this construction technique. The building, built in 2012, is composed of two 

main wings: one built with a glulam post-and-beam structure, including a timber-concrete 

composite floor, a concrete core, and heavy timber braces; the other wing is built using reinforced 

concrete elements. The timber-concrete composite floor is made of 89-mm thick laminated-strand 

lumber (LSL) connected to a reinforced concrete slab of 100 mm, using a proprietary steel mesh 

shear connector. A 25-mm thick thermal insulation layer was installed between the two materials 

and a radiant heating system was incorporated in the concrete slab. The floor, which has a span 

of 6.4 m, is supported on glulam beams. Figure 1.1 shows the TCC floor during construction. 

 

 

(a) 

 

(b) 

Figure 1.1 Construction of the LSL-concrete composite floor system in ESB:  
(a) steel meshshear connectors in LSL through the insulation layer (pink colour); and (b) steel 

reinforcement bars and radiant heating system (photos courtesy of Equilibrium Consulting, Inc.) 
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Another good example of TCC construction is the UMass Design Building built in 2017 in Amherst, 

on the campus of the University of Massachusetts in the U.S.A. The TCC floors are composed of 

a 5-ply CLT slab with a 100-mm concrete slab, connected together by a steel mesh shear 

connector. One layer of rigid insulation board was added between the CLT and the concrete. The 

floor spans up to 7.6 m in some parts of the building. Figure 1.2 shows the TCC composite floor 

before installing the insulation boards. 

 

Figure 1.2 CLT slab with steel mesh shear connectors (courtesy of Alex Schreyer / UMass) 
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1.2 Scope and Limitation 

Although the TCC system can be used in bridge construction, this guide focuses on applications 

in building construction with emphasis on applications as beam or slab components in floor 

systems. 

This guide consists of eight chapters, which can be summarized as follows: 

Chapter 1 Introduction -- This Chapter presents general background information about TCC 

systems. 

Chapter 2 Partial Composite Action Beam Theory -- This Chapter covers the fundamental theory 

of partial composite action beam. The effective bending stiffness equations are presented and 

developed, including the effect of the spacing of the connectors. 

Chapter 3 Shear Connection Systems -- This Chapter presents the basic principles for evaluating 

the mechanical properties of the shear connectors. The current shear connectors are divided into 

five groups and their mechanical properties are summarized into tables. Advantages and 

disadvantages of each group of connectors are also discussed. 

Chapter 4 Instantaneous and Long-Term Deflection -- This Chapter presents the equations for 

evaluating the instantaneous and long-term deflection. The long-term deflection is estimated by 

applying an effective modulus method where the stiffness of each component of the TCC floor is 

reduced as a function of their creep adjustment factor. 

Chapter 5 Vibration Performance of TCC Floors -- This Chapter provides theory on the vibration 

behaviour of wood floors. Equations to estimate the deflection of a TCC floor under a 1-kN load 

are also given. Design equations to limit the maximum span to control vibration of wood floors are 

presented. 

Chapter 6 Ultimate Limit State Design -- Equations are developed to evaluate the shear and the 

bending moment resistance of the whole TCC floor by considering the component that would fail 

first. Two scenarios are considered in these equations: 1) the shear connector can be brittle, or it 

is not allowed to yield or 2) the shear connector can be ductile, and it is allowed to yield. The 

resisting equations are not the same in these two different scenarios. In this Chapter, a section 

that summarizes all the important equations to evaluate the ultimate resistance of the TCC floor 

is also included. 

Chapter 7 Fire Resistance of TCC Floors -- This Chapter addresses the structural design of TCC 

floors subjected to a standard fire. The fire resistance of a TCC floor is evaluated using the 

equations developed in Chapter 6 but by applying an adjustment factor for fire resistance and by 

reducing the cross-section of the wood component depending on the charring rate and the time 

of fire exposure. The mechanical properties of the shear connectors and the concrete can also 

be affected by the fire, as explain in this Chapter. 

Chapter 8 Design Examples -- This Chapter provides a multi-criteria design example where the 

serviceability and ultimate limit states are verified. The fire resistance of the floor is also estimated.
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2 PARTIAL COMPOSITE ACTION BEAM THEORY 

2.1 Introduction 

This Chapter summarizes the fundamental theory of a beam with partial composite action. After 

presenting the governing differential equations, a simple equation to estimate the effective 

bending stiffness of a composite beam is provided. The accuracy of the effective bending stiffness 

equation is then verified analytically and numerically with different load patterns and spacing 

patterns of the connectors. Modified equations for neglecting the tensile behaviour of concrete 

are presented. 

2.2 Development of the Governing Differential Equations 

Most physical phenomena can be described by differential equations. These phenomena can be 

the heat transfer through a plate, the deflection of a plate, the flow of a fluid, and so on. One of 

the well-known differential equations in civil engineering is the one that governs beam deflection, 

the Euler-Bernoulli equation: 

 𝑑2

𝑑𝑥2
(𝐸𝐼

𝑑2𝑤(𝑥)

𝑑𝑥2
) = 𝑞(𝑥) (2.1) 

where 𝑥 is the position along the beam, 𝑤 is the vertical deflection, 𝑞 is the applied load, and 𝐸𝐼 

is the bending stiffness of the beam. Using Equation (2.1), the mid-span deflection 𝑤 (
𝐿

2
) of a 

beam under a uniform load, 𝑞, is as follows: 

 
𝑤 (

𝐿

2
 ) =

5𝑞𝐿4

384𝐸𝐼
 (2.2) 

One of the hypotheses of Equation (2.1) is that the section remains plane after loading, i.e. the 

shear deformation is neglected. This hypothesis cannot be applied to a composite beam with 

partial composite action, since the section does not remain plane where the two materials are 

connected; a slip occurs in the connections. In order to accurately evaluate the behaviour of a 

composite beam, several authors, around the 1950s, developed fundamental equations for a 

composite beam with partial composite action [7, 8, 9, 10]. The equations are based on the 

following assumptions: 

1- Each layer (timber and concrete layers) is based on the Euler-Bernoulli beam theory (i.e., 

the effects of shear deformation on the bending behaviour is neglected except for the 

connections); 

2- Each layer has the same deflection, rotation, and curvature (i.e., no vertical separation is 

considered); 

3- Distributed shear stiffness is assumed between the two layers along the composite beam 

(more information concerning the shear stiffness is given in Chapter 3). 
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Following these assumptions, Equations (2.3) and (2.4), which govern the structural behaviour of 

a partial composite action beam, as well as the free body diagram of a TCC beam, can be 

developed and illustrated, as shown in Figure 2.1. 

 𝑑2

𝑑𝑥2
((𝐸𝐼)0

𝑑2𝑤(𝑥)

𝑑𝑥2
+ 𝑟𝑁(𝑥)) = 𝑞(𝑥) (2.3) 

   
 𝑑

𝑑𝑥
(
1

𝐾

𝑑𝑁(𝑥)

𝑑𝑥
) −

1

(𝐸𝐴)∗
𝑁(𝑥) + 𝑟

𝑑2𝑤(𝑥)

𝑑𝑥2
= 0 (2.4) 

In Equations (2.3) and (2.4), 𝑟 is the distance between the centroid (of rigidity) of the two layers, 

𝑁 is the axial force on each layer due to the applied bending moment created by the composite 

action, 𝐾  is the distributed connection stiffness of the composite beam, (𝐸𝐼)0  is the bending 

stiffness of the composite beam without composite action, and (𝐸𝐴)∗  is the axial stiffness 

parameter. The last two variables are calculated with the following equations: 

 (𝐸𝐼)0 = (𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 (2.5) 

   
 

(𝐸𝐴)∗ = (
1

(𝐸𝐴)𝑐
+

1

(𝐸𝐴)𝑡
)
−1

 (2.6) 

 

 

(a)  (b) 

Figure 2.1 (a) Cross-section; (b) applied loads, moments, and forces of a composite beam 

For TCC floors with a low span-to-depth ratio, the shear deformation of the wood itself and 

possibly of the concrete itself may become non-negligible, which will reduce the overall stiffness. 

Consequently, the governing differential equations are not applicable for such floors. 

  

𝑟 

(𝐸𝐼)𝑐 , (𝐸𝐴)𝑐 

(𝐸𝐼)𝑡 ,  

(𝐸𝐴)𝑡 

𝑉𝑐 

𝑉𝑡 

𝑁𝑐 

𝑁𝑡 

𝑀𝑐 

𝑀𝑡 

𝑀 𝑉 

𝑁𝑐 = 𝑁𝑡 = 𝑁 

𝑞(𝑥) 

𝐾 
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2.3 Evaluation of the Effective Bending Stiffness 

2.3.1 Solving the Differential Equations (the Gamma Method) 

It is very useful to have the governing differential equations, since they can be implemented into 

software and be solved analytically or numerically. However, from a designer’s point of view, the 

design equations need to be simple and similar to the equations that are normally used. In 1956, 

Möhler [11] developed a closed-form solution to estimate the effective bending stiffness of a 

composite beam. The developed equation has been adopted in Eurocode 5 [12] (Part 1, Annex B) 

and it is known today as the gamma method (𝛾-method). To develop the closed-form solution, a 

sinusoidal load is applied, as shown in Figure 2.2, and a constant distributed connection stiffness 

along the composite beam is assumed; the established governing differential equations are then 

solved. 

 

Figure 2.2 Sinusoidal load on a composite beam 

With this type of load and by assuming the deflection and the axial force on each layer as a 

sinusoidal function, the following equations are obtained: 

 𝑞(𝑥) = 𝑞0 sin (
𝜋𝑥

𝐿
) (2.7) 

   
 𝑤(𝑥) = 𝐶1 sin (

𝜋𝑥

𝐿
) (2.8) 

   
 𝑁(𝑥) = 𝐶2 sin (

𝜋𝑥

𝐿
) (2.9) 

By substituting Equations (2.7) to (2.9) into the governing Equations (2.3) and (2.4), the following 

equations are obtained: 

 
(𝐸𝐼)0 (

𝜋

𝐿
)
4

𝐶1 − 𝑟 (
𝜋

𝐿
)
2

𝐶2 = 𝑞0 (2.10) 

   
 

(
1

𝐾
(
𝜋

𝐿
)
2

+
1

(𝐸𝐴)∗
)𝐶2 + 𝑟 (

𝜋

𝐿
)
2

𝐶1 = 0 (2.11) 

 

  

𝑞0 sin (
𝜋𝑥

𝐿
) 
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By isolating 𝐶1, which is the mid-span deflection, from the two last equations, it is found that: 

 
𝐶1 =

𝑞0𝐿
4

𝜋4 ((𝐸𝐼)0 +
𝐾𝐿2(𝐸𝐴)∗𝑟2

(𝐸𝐴)∗𝜋2 + 𝐾𝐿2
)
 

(2.12) 

In the classical beam theory, Equation (2.1) is solved with a sinusoidal load, and 𝐶1 would be 

expressed as: 

 
𝐶1 =

𝑞0𝐿
4

𝜋4(𝐸𝐼)𝑒𝑓𝑓
 (2.13) 

So, with Equations (2.12) and (2.13), it is found that the effective bending stiffness, (𝐸𝐼)𝑒𝑓𝑓, is: 

 
(𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)0 +

𝐾𝐿2(𝐸𝐴)∗𝑟2

(𝐸𝐴)∗𝜋2 + 𝐾𝐿2
= (𝐸𝐼)0 +

1

1 +
𝜋2(𝐸𝐴)∗

𝐾𝐿2

(𝐸𝐴)∗𝑟2 (2.14) 

Performing some mathematical operations on Equation (2.14), the (𝐸𝐼)𝑒𝑓𝑓 can be expressed as 

Equation (2.15), the form in which that equation is expressed in the Eurocode 5: Part 1-1 annex B 

(Mechanically Jointed Beams). 

 (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 + 𝛾𝑐(𝐸𝐴)𝑐𝑎𝑐
2 + 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

2 (2.15) 

where: 

 𝛾𝑐 = 1 (2.16) 

   
 

𝛾𝑡 =
1

1 +
𝜋2(𝐸𝐴)𝑡
𝐾𝐿2

 
(2.17) 

   
 

𝑎𝑐 =
𝛾𝑡(𝐸𝐴)𝑡𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.18) 

   
 

𝑎𝑡 =
𝛾𝑐(𝐸𝐴)𝑐𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.19) 
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In Equations (2.15) to (2.19), 𝛾𝑡 represents a non-dimensional factor for the composite action. 

When 𝛾𝑡 = 0, there is no composite action between the two layers (𝐾 = 0) and (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)0; 

when 𝛾𝑡 = 1, there is a perfect composite action (𝐾 = ∞) and (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)∞ = (𝐸𝐼)0 + (𝐸𝐴)
∗𝑟2. 

The term 𝑎𝑐 represents the distance between the centroid of the concrete member and the neutral 

axis of the concrete member; the term 𝑎𝑡 represents the distance between the centroid of the 

timber member and the neutral axis of the concrete member, as shown in Figure 2.3. For common 

dimensions of TCC floors (𝐸𝐼)∞ ≈ 4(𝐸𝐼)0 [13].  

 

 

Figure 2.3 Axial deformation of a TCC beam and its neutral axes 

Once the (𝐸𝐼)𝑒𝑓𝑓 is calculated with Equation (2.15), the classical beam theory can be used to 

evaluate the deflection of the composite beam. 

2.3.2 Effect of the Load Pattern 

The closed-form solution of (𝐸𝐼)𝑒𝑓𝑓 calculated with the 𝛾-method is exact only when the load is 

sinusoidal and when the distributed connection stiffness (𝐾) is constant along the composite 

beam. However, it can be demonstrated that the load pattern does not significantly influence the 

(𝐸𝐼)𝑒𝑓𝑓 calculated with the 𝛾-method [13]. Figure 2.4 shows a comparison between the predicted 

mid-span deflections divided by the deflection of the full composite action beam (𝑤𝐿/2/𝑤∞,𝐿/2), as 

a function of 𝛾𝑡. The dashed line gives the predicted mid-span deflection calculated with the 𝛾-

method, while the solid line represents the exact deflection. From Figure 2.4, it can be observed 

that, indeed, the load pattern does not significantly influence the (𝐸𝐼)𝑒𝑓𝑓, whether a uniformly 

distributed loading condition or a centre point-load prevails. 

𝑀𝑐 

𝑀𝑡 

𝑁𝑐 

𝑁𝑡 

𝑉𝑐 

𝑉𝑡 

𝑎𝑐 

𝑎𝑡 
𝛾𝑡𝑎𝑡 
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(a) Uniformly distributed load 

 

(b) Centre point-load 

Figure 2.4 Comparison of exact and approximate (effective) results for the mid-span 
deflection (EI∞/EI0 = 4, (EA)t = 120 x 106 N) 
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2.3.3 Effect of Non-Constant Spacing of Connectors 

The shear force applied to the connector is directly related to the shear force applied on the 

composite beam. Thus, the shear connectors are commonly spaced according to the shear 

distribution along the span. Two types of spacings are common: 1) the spacing of the connectors 

varies linearly between the support to the mid-span (Figure 2.5(a)); and 2) there are two different 

spacings, a minimum connector spacing in the two end-quarter spans and a maximum connector 

spacing in the middle-half span (Figure 2.5 (b)). Spacing the connector according to the shear 

force distribution allows installation of fewer shear connector, by affecting the (𝐸𝐼)𝑒𝑓𝑓  of the 

composite beam to a lesser degree. Since (𝐸𝐼)𝑒𝑓𝑓 is calculated assuming a constant 𝐾 along the 

composite beam, an effective distributed connection stiffness needs to be calculated when 𝐾 is 

not actually constant along the span. 

 

(a) Linear variation between smin and smax 

 

 

(b) smin on the end-quarters span and smax on the middle half span 

2.5 Non-constant spacing of the connector 

  

CL  

L/2 
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The distributed connection stiffness (𝐾) is calculated by dividing the connector stiffness (𝑘) and 

its number of rows (𝑛) by the effective spacing of the connector (𝑠𝑒𝑓𝑓) (Equation (2.20)). When 

the spacing is not constant, Eurocode 5 [12] proposes to estimate 𝑠𝑒𝑓𝑓  with Equation (2.21), 

where 𝑠𝑚𝑖𝑛 < 𝑠𝑚𝑎𝑥 ≤ 4𝑠𝑚𝑖𝑛. Equation (2.21) has not been developed through a rigorous analysis.  

 
𝐾 =

𝑛𝑘

𝑠𝑒𝑓𝑓
 (2.20) 

   
 𝑠𝑒𝑓𝑓 = 0.75𝑠𝑚𝑖𝑛 + 0.25𝑠𝑚𝑎𝑥 (2.21) 

Solving the governing differential equations with a non-uniform spacing of the connectors with a 

finite element method (FEM), as proposed by C.-Auclair et al. [14, 15], it is found that 

Equation (2.21) might not be accurate enough to evaluate 𝑠𝑒𝑓𝑓 when the spacing varies linearly. 

Figure 2.6 shows a comparison between 𝑠𝑒𝑓𝑓 predicted with the approximate Equation (2.21) and 

the estimated 𝑠𝑒𝑓𝑓 obtained by the 1-D FEM. Figure 2.6(a) and (b) shows the predictions when 

the connectors are placed as shown in Figure 2.5(a) and (b), respectively. 
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(a) Connectors spaced linearly according to the shear force 

 

(b) Two different spacing of the connectors 

Figure 2.6 Comparison of seff evaluated with Eq. (2.21) and 1-D FEM 

From the plots shown in Figure 2.6(a) (when the spacing of the connector varies linearly between 

𝑠𝑚𝑖𝑛  and 𝑠𝑚𝑎𝑥 ), one can observe that 𝑠𝑒𝑓𝑓  predicted with Equation (2.21) is not on the 

conservative side. However, when looking at Figure 2.6(b) (when there are two different spacings 

of the connectors), the values of 𝑠𝑒𝑓𝑓  predicted with Equation (2.21) appear to be on the 

conservative side and fit with the initial slope. 
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Since the pattern of connection spacing has an impact on 𝑠𝑒𝑓𝑓 and Equation (2.21) is accurate 

enough when there are two different spacings, another equation can be developed when the 

connector spacing varies linearly. When the connection pattern is per Figure 2.5(a) or (b), 𝑠𝑒𝑓𝑓 

can be calculated with Equations (2.22) or (2.21), respectively. 

 𝑠𝑒𝑓𝑓 = 0.67 𝑠𝑚𝑖𝑛 + 0.33 𝑠𝑚𝑎𝑥 (2.22) 

Figure 2.7 shows the 1-D FEM predictions, using the new proposed equations for the 𝑠𝑒𝑓𝑓 when 

the connector spacing varies linearly, and demonstrating a better fit than that shown in Figure 2.6(a). 

The spacing of discrete connectors should not exceed 1000 mm (𝑠𝑚𝑎𝑥 ≤ 1000 mm) [16]. Moreover, 

𝑠𝑚𝑎𝑥 must be smaller than 4𝑠𝑚𝑖𝑛. The 𝛾-method may not be accurate when the spacing is too large, 

since it assumes a distributed connection stiffness; vertical separation could occur between the 

shear connectors if the spacing becomes too large. 

 

Figure 2.7 Comparison of seff evaluated with 1-D FEM  
when the connector spacing varies linearly 
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2.3.4 Concrete Effective Width 

The effective width is a concept used in flexural analysis of T-beams to simplify analysis of the 

whole beam. Design calculations are thereby based on the theoretical concept of an effective 

width of the slab, which may be different from the actual width, or the spacing between the timber 

beams. Due to the concentration of stress caused by the shear connectors, the part of the slab 

that is remote from the shear connectors lags behind the part that is in closer proximity to the 

connectors. This shear lag effect causes a non-uniform stress distribution across the width of the 

slab, as shown in Figure 2.8 [17, 18, 19, 20]. 

  

  

 

Figure 2.8 Stress distribution across the width of the slab 

The vast majority of the studies on shear lag are based on steel-concrete beams and several 

standards have developed equations to estimate the effective width of the slab. In the elastic 

range, the principal difference between steel-concrete and wood-concrete composite beams is 

the degree of composite action. The degree of composite action for steel-concrete beams is 

generally higher. Several studies conclude that the stronger the composite action, the greater the 

shear lag effect, thus reducing the effective width [20, 21]. Since TCC beams tend to have a lower 

degree of composite action compared to steel-concrete beams, the equations given in steel or 

concrete standards to estimate the effective width will tend to be conservative. 
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The Canadian Steel Design Standard (CSA S16-14) [16] and the Canadian Concrete Design 

Standard (CSA A23.3-14) [22] limit the effective width of the concrete (𝑏𝑐) as a function of the 

span, the thickness of the concrete slab, and its tributary width. The limitation due to the span is 

from the CSA S16-14 standard and the limitation due to the thickness of the concrete slab is from 

the CSA A23.3-14 standard. The other limitation is a geometric one. From these limitations, the 

following equations can be developed: 

 𝑏𝑐,1 = min(0.1𝐿; 12ℎ𝑐; 𝑏1) (2.23) 

   
 𝑏𝑐,2 = min(0.25𝐿; 24ℎ𝑐; 𝑏2) (2.24) 

The term 𝑏𝑐,1 is the effective width of an edge beam, while 𝑏𝑐,2 is the effective width of a internal 

beam, as shown in Figure 2.9.   

 

 

 

 

Figure 2.9 Effective width of the concrete slab 

The Steel Design Standard [16] adds the width of the beam in the calculation of 𝑏𝑐,1 . A 

conservative assumption is made in Equation (2.23), since the timber width is not considered in 

the calculation of the effective width. This assumption is suggested because a plastic film is 

sometimes added between the concrete and the timber, which would reduce considerably the 

friction between the two materials. However, without a plastic film, it is also possible that the 

friction link between the concrete and the timber can disappear with time, with the result that only 

the connectors will ensure a connection between the two materials and not the friction. For TCC 

floors with a timber slab, the connectors spacing in the width direction cannot be larger than 𝑏𝑐,2. 

  

𝑏𝑐,2 𝑏𝑐,1 𝑏𝑐,1 

𝑏2 𝑏1 𝑏1 
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2.3.5 Neglecting the Concrete Solicited in Tension 

For normal concrete, the Steel Design Standard (CSA S16-14 [16]) neglects the contribution of 

the tensile resistance of concrete when calculating the strength and stiffness of the steel concrete 

composite beam. Analogously, the 𝛾-method can be adapted to neglect the tensile contribution 

of the concrete. This section is an original development by the authors; the developed equations 

are conservative. 

2.3.5.1 Positive Bending Moment 

The concrete portion subjected to tensile forces is assumed to be part of the gap (𝑡𝑒𝑓𝑓) between 

the timber and the concrete, as shown in Figure 2.10. The real gap 𝑡 between the timber and the 

concrete layer can be, among others, a sound insulation layer, a thermal insulation layer, or a gap 

due the construction method. 

 

 

 

Figure 2.10 Cross-section and axial deformation of a TCC beam in positive moment, while 
neglecting the concrete solicited in tension 

When 𝑎𝑐 ≥ ℎ𝑐/2, where 𝑎𝑐 is calculated with Equation (2.18), it means that the entire thickness 

of the concrete is in compression and ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐. But when 𝑎𝑐 < ℎ𝑐/2, a portion of the concrete 

is subjected to tension stress. To neglect that portion, an effective height of the concrete (ℎ𝑐,𝑒𝑓𝑓) 

can be defined by satisfying the following equation: 

 
𝑎𝑐 =

𝛾𝑡(𝐸𝐴)𝑡(0.5ℎ𝑡 + ℎ𝑐 − 0.5ℎ𝑐,𝑒𝑓𝑓 + 𝑡)

𝛾𝑐𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓 + 𝛾𝑡(𝐸𝐴)𝑡
= 0.5ℎ𝑐,𝑒𝑓𝑓 (2.25) 
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Equation (2.25) is developed by considering the position of the neutral axis of the concrete to be 

equal to its effective depth (𝑎𝑐 = 0.5ℎ𝑐,𝑒𝑓𝑓), as shown in Figure 2.10, and by substituting 𝑟 =

(0.5ℎ𝑡 + ℎ𝑐 − 0.5ℎ𝑐,𝑒𝑓𝑓 + 𝑡)  and (𝐸𝐴)𝑐 = 𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓  in the 𝑎𝑐  equation (Equation (2.18)). By 

isolating the variable ℎ𝑐,𝑒𝑓𝑓 from the last equation: 

 
𝛼 =

𝛾𝑡(𝐸𝐴)𝑡
𝛾𝑐𝐸𝑐𝑏𝑐

 (2.26) 

   
  ℎ𝑐,𝑒𝑓𝑓 = √𝛼

2 + 𝛼(ℎ𝑡 + 2ℎ𝑐 + 2𝑡) − 𝛼 ≤ ℎ𝑐 (2.27) 

By assuming the concrete solicited in tension as a gap, the effective gap (𝑡𝑒𝑓𝑓) between the timber 

and the concrete becomes: 

 𝑡𝑒𝑓𝑓 = 𝑡 + ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 (2.28) 

The (𝐸𝐼)𝑒𝑓𝑓, the bending moment resistance, and the shear resistance in positive moment are 

calculated with ℎ𝑐,𝑒𝑓𝑓 and 𝑡𝑒𝑓𝑓 instead of ℎ𝑐 and 𝑡, respectively, when using the 𝛾-method. The 

bending moment and the shear resistance of the composite beam are calculated following the 

provisions detailed in Chapter 6 of this Technical Design Guide. The effective height of the 

concrete in compression only, calculated with Equation (2.27), has been validated with a 

numerical model presented in C. Auclair et al. [14].  

2.3.5.2 Negative Bending Moment 

It is noted that no literature was found on TCC beams tested in negative moment or in multi-span. 

That is, there is no experimental validation in the open literature for the application of the 𝛾-method 

for the calculation of the bending stiffness of a composite beam under negative bending moment. 

Moreover, some shear connectors are not appropriate for TCC beams under negative moment. 

Consequently, before designing a TCC beam that withstands negative moment, it is 

recommended to perform laboratory tests to validate the method presented in this document.  

In negative bending moment, the concrete is essentially in tension, which means reinforcement 

must be added if the designer wants to keep the structural capacity of the concrete slab. Since 

concrete is weak in tension, only the reinforcement is considered in the calculation of the strength 

and stiffness in the concrete layer, which is consistent with the CSA S16-14 Steel Design 

Standard. Note that it is possible to estimate the (𝐸𝐼)𝑒𝑓𝑓 in negative moment with the 𝛾-method 

(Equations (2.29) to (2.33)). Figure 2.11 shows the parameters of the 𝛾-method when used in 

negative bending moment. 
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 (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝑡 + 𝛾𝑠(𝐸𝐴)𝑠𝑎𝑠
2 + 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

2 (2.29) 

where: 

 𝛾𝑠 = 1 (2.30) 

   
 

𝛾𝑡 =
1

1 +
𝜋2(𝐸𝐴)𝑡
𝐾𝐿2

 
(2.31) 

   
 

𝑎𝑠 =
𝛾𝑡(𝐸𝐴)𝑡𝑟

𝛾𝑠(𝐸𝐴)𝑠 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.32) 

   
 

𝑎𝑡 =
𝛾𝑠(𝐸𝐴)𝑠𝑟

𝛾𝑠(𝐸𝐴)𝑠 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.33) 

 

 

 

Figure 2.11 Cross-section and axial deformation of TCC beam in negative moment 

The bending moment resistance of a TCC beam in negative bending moment is calculated 

following Section 6.3.1 of this design guide (with this adapted 𝛾-method).  
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2.3.6 Multi-Span TCC Floor 

In multi-span applications, a TCC floor will be subject to positive and negative bending moments 

and, as mentioned earlier, no experimental validation in the open literature was found for a TCC 

beam withstanding a negative moment. In negative bending moment, only the concrete 

reinforcement and the timber are considered for the calculation of (𝐸𝐼)𝑒𝑓𝑓, which means that the 

(𝐸𝐼)𝑒𝑓𝑓 in positive and negative bending moments do not have the same value. Moreover, the 

length of the composite beam influences the value of (𝐸𝐼)𝑒𝑓𝑓 . In multi-span applications, the 

length is taken as the distance between two zero moments, as shown in Figure 2.12. The inflection 

points in Figure 2.12(a) have been determined assuming a constant 𝐸𝐼 along the beam. Since 

the bending stiffness of the composite beam in negative moment (𝐸𝐼−) is normally smaller than 

the bending stiffness in positive moment (𝐸𝐼+), the position of the inflection point changes, as 

shown in Figure 2.12(b). 

 

(a) 

 

(b) 

Figure 2.12 Inflection points for a continuous beam with two equal spans; 
(a) constant EI; and (b) EI- < EI+ 

The inflection points can be found by an iterative approach. First, the inflection points (zero 

moment) are found by assuming a constant 𝐸𝐼 value along the length of the composite beam. 

When the approximate locations are known, the (𝐸𝐼)𝑒𝑓𝑓 for each beam segment is calculated. 

Then, new inflection points are found and new values for (𝐸𝐼)𝑒𝑓𝑓 are calculated. Three iterations 

are typically enough to have a good convergence [1]. 

  

𝐿 𝐿 

0.75𝐿 0.75𝐿 0.5𝐿 

𝐿 𝐿 

> 0.75𝐿 > 0.75𝐿 < 0.5𝐿 

𝐸𝐼+ 𝐸𝐼+ 

𝐸𝐼− 



Design Guide for Timber-Concrete Composite Floors in Canada 
First Edition 2020 

 

 

21 

2.4 Conclusion 

The TCC floor combines the advantages of wood, i.e. its low density and its good traction 

resistance, with those of concrete, i.e. good stiffness and good acoustic insulation. Compared to 

a traditional timber floor, the composite action can greatly increase the stiffness and the strength 

of the TCC floor. With the equations presented in this Chapter, it is possible to evaluate the 

effective bending stiffness of a timber-concrete composite beam.  
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3 SHEAR CONNECTION SYSTEMS 

3.1 Introduction 

The shear connector is an important component of a TCC floor. When the shear connection 

between the concrete slab and the timber component is stiff enough, the bending stiffness and 

the resistance of the TCC floor is enhanced considerably. There exists a large variety of shear 

connectors, each with its own mechanical and physical properties (strength, stiffness, ductility, 

and durability), advantages, and inconveniences.  

This Chapter presents some basic principles to evaluate the mechanical properties of shear 

connectors. When possible, the design shear strength should be evaluated according to 

CSA O86-14 (2017) [23], as presented in this Chapter; the shear stiffness could be evaluated by 

conducting shear tests when data are not available. Laboratory results of existing shear 

connectors, which are not design values, are also given in tables below. 

3.2 Evaluation of the Shear Connection Properties 

The connection properties used in the 𝛾-equations are usually provided by the manufacturer. 

When these values are not available, the stiffness of the connector should be determined from 

shear tests according to ASTM D1761 [24], and the shear strength should be calculated according 

to the principles presented in CSA O86-14 (2017) [23]. If it is not possible to estimate the shear 

strength according to CSA O86-14 (2017) [23], because the standard does not address the kind 

of connector used, this property can also be estimated with shear tests; however, more specimens 

will need to be tested, compared to the evaluation of the shear stiffness only. Figure 3.1 shows 

different possible testing configurations for shear testing. 

 

 

 

Figure 3.1 Possible configurations for determining the load-slip behaviour  
of a connection system [1]  
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The asymmetric monotonic test consists in applying a load (P) that will simulate the planar shear 

force experienced by the composite system when subjected to a bending moment. A 

displacement sensor is fixed to one of the components and records the differential movement, in 

order to generate the load-slip curve. The symmetric monotonic test uses the same principles, 

with the advantage that no steel support is needed. The disadvantage of the asymmetric shear 

test method, when compared to the symmetric shear test, is the increased influence of the friction 

resulting from the eccentricity between the load and the reaction, which induces a normal force 

at the interface and increases the friction. This friction could lead to non-conservative stiffness 

and strength values. On the other hand, the disadvantage of the symmetric shear test method is 

that two connectors are tested at the same time; these two connectors can have a different load-

slip value, which may induce non-symmetrical slip and then could result in an additional friction 

between the timber and the concrete. To limit the friction between the concrete and the timber, it 

is recommended to add a thin plastic film between the concrete and the timber components.  

According to Carvalho & Carrasco [25], the symmetric configuration should have the concrete 

slab on the outside to better represent the conditions of the composite beam, as is done for steel-

concrete composite structure [26]. Nevertheless, special attention should be given to the 

dimensions of the specimen in order to avoid undesired behaviour during the test. For example, 

narrow timber inner material in shear tests may display a possible interaction between the shear 

connectors on both sides.  

Unfortunately, there is no standard that specifies the dimensions of the timber-concrete shear test 

specimen. However, based on experimental tests and results available in the open literature, 

FPInnovations proposes the minimal dimensions shown in Figure 3.2 when performing a shear 

test. These are suggested dimensions and are not mandatory. The shear connector must have a 

minimum rotational stiffness around itself when the connectors are positioned as shown in 

Figure 3.2. If the shear connector has negligible rotational stiffness around itself, as is the case 

for nails and screws positioned perpendicularly to the shear plane, the specimen will need to be 

modified in order to prevent possible rotation of the inner material around itself when applying the 

load. The thickness of the concrete for the shear test specimen should be the same thickness as 

the concrete on the floor, and the thickness of the timber must be great enough to avoid interaction 

between the shear connectors on both sides of the shear plane. Usually, the concrete thickness 

in TCC applications should be higher than 70 mm, when normal concrete is used [27]. For high 

performance concrete and fibre-reinforced concrete, the needed thickness may be lower. 
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Figure 3.2 Proposed minimum specimen dimensions (in millimetres)  
for wood-concrete shear tests 

Based on the load-slip curve of the connector, the serviceability stiffness (𝑘𝑠) of the connector 

can be determined by calculating the slope between 10% and 40% of the maximum load 

achieved, within 15 mm of slip. Several definitions exist for the connector stiffness used to 

calculate the ultimate limit state (𝑘𝑢). A common one is the slope between 0% and 60% of the 

maximum load achieved within 15 mm, which is usually around 2/3 of the serviceability stiffness 

(𝑘𝑢 ≈ 2/3 𝑘𝑠) [12]. These stiffness definitions are illustrated in Figure 3.3 [1, 28, 29]. When the 

shear connector has a stiffer initial behaviour, 𝑘𝑢 may be higher than 𝑘𝑠, with the definition given 

in Figure 3.3. In that situation, it is proposed to assume that 𝑘𝑢 is equal to 𝑘𝑠. 

 

Figure 3.3 Load-slip curve of a connector and stiffness definitions 
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The connector stiffness is modified when calculating the ultimate limit state, in order to account 

for the non-elastic behaviour of the connector in the collapse mechanism. Reducing the connector 

stiffness is a simplification of the real collapse mechanism. Underestimating 𝑘𝑢  will result in 

conservative moment capacity estimations when the moment capacity is limited by the 𝛾-method 

but, on the other hand, the shear load taken by the shear connector will be underestimated. 

Figure 3.4 shows the influence of the distributed connection stiffness on the bending stiffness of 

the composite beam. In this case, the curves are based on a cross-laminated timber (CLT) 

concrete composite beam with a simple span of 9 metres. The cross-section is also shown in 

Figure 3.4. The efficiency is a ratio used to compare the stiffness of a perfect composite action of 

the TCC beam, 𝛾𝑡 = 1, to its actual stiffness. That efficiency is calculated using Equation (3.1). 

The curves presented in Figure 3.4 show that the gain in efficiency is essentially achieved 

between low- and high-distributed connection stiffness. Consequently, to achieve an efficiency 

over 0.9, very high-distributed connection stiffness is needed, which can be difficult and costly to 

achieve. It should be noted that high-distributed connection stiffness can be accomplished using 

a few very stiff connectors or many connectors of lower stiffness. High efficiency results in 

maximum stiffness of the TCC beam, but a floor with lower efficiency could also be economical 

and procure the required stiffness to ensure all design criteria are met. 

 
Efficiency =

(𝐸𝐼)𝑒𝑓𝑓 − (𝐸𝐼)0
(𝐸𝐼)∞ − (𝐸𝐼)0

 (3.1) 

 

Figure 3.4 Effect of the distributed connection stiffness on the bending stiffness  
of the composite beam 
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3.3 Existing Shear Connectors for TCC Structures 

During the last few years, a significant increase in research on shear connectors has taken place, 

resulting in the development of a vast array of shear connection systems; the majority of these 

systems can be classified into five groups based on their shear transfer mechanisms. These 

groups are: 

Group 1:  Dowel-type fasteners 

Group 2:  Notched connectors 

Group 3:  Longitudinal connectors 

Group 4:  Glued connections 

Group 5:  Other mechanical connectors. 

In general, connection systems in Groups 1 to 4 vary from flexible to very stiff. Group 5 consists 

in connector systems that do not fit in the other groups. The main characteristics of a connector 

are its stiffness (𝑘𝑠, 𝑘𝑢), its strength (𝑉𝑚𝑎𝑥), and its ductility ratio (𝜇 = 𝑠𝑚𝑎𝑥 𝑠𝑦⁄ ) (see Figure 3.3). 

The ductility ratio can be estimated with an Energy Equivalent Elasto-Plastic (EEEP) model [30]. 

In the literature, no minimum value for 𝜇 is clearly stated to specify when the connector can be 

considered as ductile. The authors think that the value of 𝜇 should be at least 4, to consider the 

connector to be ductile in the calculation. However, more study should be conducted to validate 

the required value for a TCC floor. The mechanical properties given in the following sections, or 

by the manufacturers, may assist the designers in their design. However, several parameters can 

have an impact on the design such as the wood species, moisture content, size of the connectors, 

concrete properties, etc. Consequently, it is recommended to perform laboratory tests to evaluate 

the properties of the shear connection system if there is some doubt about the applicability of the 

value found. It should be noted that the given shear resistance values listed in Tables 3.1 to 3.4 

are generally the average shear resistance and not the design shear resistance. Moreover, 

several values presented in the following tables have not been determined using Canadian wood. 

Consequently, design should not be conducted using the data in the following tables. 
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3.3.1 Group 1: Dowel-Type Fasteners 

Dowel-type fasteners are the most common connection system used for TCC beams. Although 

they are usually cheap and easy to install, they are typically more flexible. When a large quantity 

of materials needs to be connected, as it is with timber slabs, the dowel-type fastener may not be 

the most appropriate connector, since the quantity of shear connectors required in order to 

achieve a good composite action may be too large. Usually, their design resistance can be easily 

estimated with CSA O86-14 (2017) [23], by assuming an embedment strength of the concrete at 

125 MPa (Clause 12.4.4.3.3.2). According to Eurocode 5 [12], the serviceability stiffness for 

dowel, screws, or nails with pre-drilling is evaluated with the following equation: 

 
𝑘𝑠 = 2

𝜌𝑚
1.5𝑑

23
 (3.2) 

where 𝜌𝑚  is the mean density in kg/m3 of the wood at 20°C and 65% relative humidity 

(approximate 12% moisture content), and 𝑑 is the diameter of the connector. The units for 𝑘𝑠 are 

N/mm. 

Table 3.1 shows some shear tests results taken from research conducted on this group of shear 

connectors. 

Table 3.1 Group 1 connection system: dowel-type fastener 

Description of the 
connection system 

𝐕𝐦𝐚𝐱*  
(kN) 

𝒌𝒔* 
(kN/mm) 

Timber depth 
(mm) 

Ref. 

Nail, 𝜙3.4 mm 5.7 5.9 35 mm [31] 

Dowel, 𝜙12 mm 9.0, 9.5 and 11.4 22.8, 25.8 and 31.1 3𝜙, 4𝜙 and 6𝜙 [32] 

Dowel, 𝜙16 mm, with 22 mm 
interlayer 

8.8, 11.5 and 11.7 11.4, 16.6 and 13.1 3𝜙, 4𝜙 and 6𝜙 [32] 

Lag screws, 𝜙12-16 mm 21.5 - 34.2 12.0 – 15.0 115 - 105 [33] 

2 STS** at 45°, 𝜙8 mm 18.5 14.4 100 mm at 45° [33] 

2 STS* at 45° in CLT, 𝜙8 mm 24.8 21.2 100 mm at 45° [34] 

Rebar, 𝜙8-10 mm, smooth 6.8-11.3 6.6-8.6 80-100 [35] 

Rebar, 𝜙10 mm, profiled 17.2 10.1 120 [35] 

Rebar with hook, 𝜙8-10 mm, 
profiled at 45° 

32.8 – 33.8 28.2 – 84.9 
88 – 110 mm  

at 45° 
[36] 

Tecnaria (Base) 17.2 17.9 70 à 120 [37, 38] 

*These are not design values, **STS: Self-tapping screws 
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Although Table 3.1 lists the most common dowel-type connection systems, we can add several 

others to this category. Benítez [39] has tested dowels inclined at 60° as shown in Figure 3.5(a). 

Since the dowels where essentially in compression during the test, significant cracking occurred 

in the concrete during the test due to stress points, which is not a desired behaviour. Doehrer & 

Rautenstrauch [40] have tested steel rebars (𝜙14 mm) placed in an “X” configuration, as shown 

in Figure 3.5(b). This connector exhibited very good stiffness and strength. 

 
(a) Dowel (𝜙20 mm) installed at 60° [39]  

 
(b) Steel rebar connectors placed in “X” [40]  

Figure 3.5 Other dowel type fasteners 

3.3.2 Group 2: Notched Connectors 

The notched connector system consists in grooving the timber element in order to distribute the 

shear force on a larger surface which increases the stiffness and the strength of the shear 

connector. To prevent brittle failure of the concrete, crack, and uplift, a dowel-type fastener needs 

to be added at the notch. It is also possible to estimate the design shear resistance of the 

connection with the principles stated in the CSA O86-14 (2017) standard [23]. From the angle of 

the notch (𝜃), it is possible to evaluate the force resultant on the timber, the concrete, and the 

fastener, as shown in Figure 3.6. The compression force at the notch needs to be verified both 

on the timber and the concrete using their respective standard, Equations (3.3) and (3.4). 𝑁𝑟,𝜃 is 

the compression resistance at an angle to the grain, 𝑑𝑛 is the depth of the notch, and 𝑏𝑛 is the 

width of the notch. The withdrawal resistance of the dowel-type fastener (𝑃𝑟𝑤) also needs to be 

verified (Equation (3.5)), as does the shear stress on the concrete. An equation from the Steel 

Design Standard [16] for the steel-concrete composite chapter is adapted here to develop 

Equation (3.6). 𝐿𝑛  is the length of the notch and 𝜙𝑐  is the material resistance factor of the 

concrete, which is equal to 0.65. Finally, the design shear resistance of the notch connector is 

estimated with Equation (3.7). It must be noted that Equations (3.3) to (3.7) do not address all 

failure mechanisms, as the shear failure of the wood between the notches, caused by the 

compression force on the notch, needs to be considered. 
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 𝑉𝑟,𝑊𝑜𝑜𝑑𝐶𝑜𝑚𝑝 = 𝑁𝑟,𝜃 cos(𝜃) (3.3) 

   

 𝑉𝑟,𝐶𝑜𝑛𝑐𝐶𝑜𝑚𝑝 = 𝛼1𝜙𝑐𝑓𝑐
′
𝑐
𝑑𝑛𝑏𝑛  where  𝛼1 = 0.85 − 0.0015𝑓𝑐

′ (3.4) 

   

 
𝑉𝑟,𝑊𝑖𝑡𝑑𝑟𝑎𝑤𝑎𝑙 =

𝑃𝑟,𝑤
tan(𝜃)

 (3.5) 

   

 𝑉𝑟,𝐶𝑜𝑛𝑐𝑆ℎ𝑒𝑎𝑟 = 0.8𝑃𝑟,𝑤 + 2.76𝜙𝑐𝑏𝑛(2𝑑𝑛 tan(𝜃) + 𝐿𝑛)

≤ 0.5𝜙𝑐𝑓𝑐
′𝑏𝑛(2𝑑𝑛 tan(𝜃) + 𝐿𝑛) 

(3.6) 

   

 𝑉𝑟,𝑐𝑜𝑛𝑛 = min(𝑉𝑟,𝑊𝑜𝑜𝑑𝐶𝑜𝑚𝑝; 𝑉𝑟,𝐶𝑜𝑛𝑐𝐶𝑜𝑚𝑝; 𝑉𝑟,𝑊𝑖𝑡𝑑𝑟𝑎𝑤𝑎𝑙; 𝑉𝑟,𝐶𝑜𝑛𝑐𝑆ℎ𝑒𝑎𝑟) (3.7) 

 

 

 

 

Figure 3.6 Force equilibrium at the notch 

From J. Natterer et al. [41], the length of the notch to ensure proper introduction of force in the 

concrete should at least respect the following equation: 

 
𝐿𝑛 ≥

𝑑𝑛
tan(𝜃)

 (3.8) 

Table 3.2 shows some shear test results obtained in studies conducted on this type of connector. 

  

𝑑𝑛 𝜃 

𝐿𝑛 
𝑉 

𝑁𝜃 
𝑃𝑤 𝜃 



Design Guide for Timber-Concrete Composite Floors in Canada 
First Edition 2020 

 

 

31 

Table 3.2 Group 2 connection system: notched connectors 

Description of the connection system 
𝑽𝒎𝒂𝒙* 
 (kN) 

𝒌𝒔* 
(kN/mm) 

Timber depth 
(mm) 

Ref. 

Round notch 𝜙48.5 mm 13.2 83.1 20 [33]  

Round notch 𝜙48.5 mm + lag screw 𝜙12 mm 31.4 106 
Notch: 20 

Lag screw: 100 
[33] 

Round notch 𝜙48.5 mm + steel pipe of 40 mm 32.6 66.6 20 [33]  

Rectangular notch of 150 x 63 mm (Figure 3.7(a)) 48.3 105 50 [42]  

Rectangular notch of 150 x 63 mm + lag screw 
𝜙12 mm 

66.0 77.9 
Notch: 50 

Lag screw: 100 
[42] 

Rectangular notch of 150 x 63 mm + lag screw 
𝜙16 mm 

73.0 80.2 
Notch: 50 

Lag screw: 100 
[42]  

Triangular notch 30° _60° 137x63 (Figure 3.7(b)) 40.2 101 60 [42] 

Triangular notch 30° _60° 137x63 + lag screw  
𝜙16 mm 

82.6 123 
Notch: 60 
Lag screw: 
≈100 

[42] 

*These are not design values 

 

(a) Rectangular notch 

 

(b) Triangular notch 

Figure 3.7 Dimension of the notches presented in Table 3.2 
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Yeoh [42] has tested several configurations of notched connectors; the results for some of these 

configurations are summarized in Table 3.2 and show that the strength and stiffness of these 

connectors are generally higher compared to the connectors in Group 1. The Australian Design 

Guide [43] for timber-concrete composite floor provides some plots that can be used to predict the 

strength and stiffness of triangular and trapezoidal notched connectors with lag screws. For timber 

with a width under and over 50 mm, the lag screw diameter is 12 and 16 mm, respectively. Figure 

3.8(a) and (b) provides the characteristic strength and serviceability stiffness for triangular and 

trapezoidal notched connection system, respectively. It should be noted that the value presented 

in Figure 3.8 are values developed for Australian wood according to the Australian Code and that 

these values cannot be used directly for design in Canada. 

 

Figure 3.8 Properties of trapezoidal and triangular notched connectors  
(Australian Design Guide [43]) 
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Gutkowski et al. [44] have tested post-tensioned notched connectors, as shown in Figure 3.9. The 

composite efficiency determined from the mid-span deflection of the TCC beams tested was 

around 57 to 77 % for a 3.5-m span with four connectors, which is a good result for the use of 

only four connectors. 

 

Figure 3.9 Post-tensioning notched connection detail [45] 

C. Auclair et al. [46] have developed a composite connector with the aim of achieving a ductile 

failure of the TCC beams. The connector is made of ultra-high-performance fibre-reinforced 

concrete (UHPFRC) with a core of steel, as shown in Figure 3.10. The diameter of the concrete 

element and that of the steel core can be designed according to the needs of the TCC beam, in 

order to provide good serviceability behaviour and a ductile failure of the TCC beams. The main 

feature of this connector is that the external diameter governs the connection stiffness (𝑘𝑠), while 

the internal steel core governs the shear strength (𝑉𝑚𝑎𝑥). With the right diameters and spacing, 

good serviceability behaviour and a ductile failure of the TCC floor is ensure [46]. This connector 

is patented by Université Laval [47]. 

 

Figure 3.10 Composite notched connector [46] 
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Thanks to its good stiffness, the notched connector can achieve a good composite action with 

timber slabs, with a relatively limited number of shear connectors. The groove can be made in the 

manufacturing process using Computer Numerical Control (CNC) technology and the dowel-type 

fastener can be installed on site. While the grooves can be uniformly spaced, the quantity of 

dowel-type fasteners can be different in each groove depending on the applied shear force, as 

shown in Figure 3.11. Conservatively, for a groove that spans the whole width of the slab, the 

notch depth should be considered as a gap between the concrete and the timber. 

 

Figure 3.11 Groove into a CLT slab with a different number of lag screws  
into the grooves, depending on the applied shear force 

3.3.3 Group 3: Longitudinal Connectors 

Longitudinal connectors have the advantage of limiting local stresses; this increases the potential 

stiffness and strength of the shear connector, since there will be less deformation into the wood. 

The longitudinal connector can be continuous along the beam, if required. Usually, manufacturers 

of longitudinal connectors (e.g. truss plates) can provide a CCMC evaluation report for their 

products. The design shear resistance is consequently evaluated based on their CCMC 

evaluation report. 

Table 3.3 presents some shear tests results taken from a limited amount of studies [34, 36, 42, 

48, 27]. The stiffness and strength values in Table 3.3 have been normalized to a shear connector 

length of 500 mm for easier comparison. 

Usually, the glued longitudinal connectors (e.g. HBV shear connector) have the advantage of 

being less dependent on the wood properties and of being stiffer. However, when gluing the 

longitudinal connector to the wood, particular attention should be paid to quality control. Poor 

quality in the bonding of the longitudinal connector can greatly affect the connection properties. 
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Table 3.3 Group 3 connection system: longitudinal connectors with a length of 500 mm 

Description of the connection system 
𝑽𝒎𝒂𝒙* 

(kN) 

𝒌𝒔* 

(kN/mm) 

Timber depth 

(mm) 
Ref. 

One-sided truss plate 69 67 76 [34]  

Nail plate bent at 90° 92 90 - [48]  

Double-sided nail plate 126 291 180 [42]  

Perforated steel plate glued to the timber 170 377 50 [36]  

Steel mesh plate glued to the timber (HBV) 80 412 ≥40 [27]  

*These are not design values 

Truss plate connectors can achieve a good composite action with a relatively limited number of 

shear connectors and can be easily installed in the manufacturing process of nail-laminated 

timber (NLT). A good example of this is shown in Figure 7.1(a) of Chapter 7.  

3.3.4 Group 4: Glued Connections 

Structural adhesives developed for wood engineering products (i.e. glulam, LVL, CLT) have to 

meet severe testing standards and procedures. However, there is still limited information on 

adhesives developed for gluing concrete to wood and there are many concerns [49]: 

• Brittle behaviour of the adhesives 

• Sensitivity to hydrothermal changes 

• Performance at elevated temperatures (e.g. fire conditions) 

• Durability of the adhesives and its behaviour under long-term or dynamic loading. 

However, a number of advantages of glued connection are worth a deeper investigation: 

• The possibility to achieved perfect composite action 

• Simple and fast solution for prefabrication (no drilling, grooving, insertion of mechanical 

connector). 

Negrão et al. [50] studied over 300 small specimens with two different types of epoxy resins. They 

concluded that under dry and stable conditions, the glued connection provides good strength and 

that the failure is essentially in the concrete. The average strength capacity was around 4.5 MPa. 

They also had concerns about the moisture content of the wood during the application of the 

adhesive. They concluded that the strength of the adhesive can be strongly affected by that 

moisture content of the wood. 
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Loulou [51] tested epoxy, polyurethane, and acrylic resin performance under different 

atmospheric relative humidity. The adhesive was first applied at a relative humidity of 60% on 

small specimens, as shown in Figure 3.12(a). The glued timber-concrete specimen was then 

subjected to a relative humidity of 97% for three weeks. The conclusion was that the wood 

deformations due to hydrothermal changes affect the adhesive performance. The same test was 

repeated on larger wood specimens, as shown in Figure 3.12(b), where no significant damage 

was observed at the glued interface. This suggests that the same issue may not be critical on a 

structural scale; however, more research is needed to confirm this assumption. In addition, 

another test on lumber having saw kerfs, as shown in Figure 3.12(c), was performed. The saw 

kerf allows timber deformation with less stress concentration. In this test, no significant damage 

was observed on the glued interface. It should be noted that both Ultra High-Performance Fibre-

Reinforced Concrete (UHPFRC) and normal concrete were used in the test; it was observed that 

the use of UHPFRC reduces the risk of cracking in the concrete near the interface, compared to 

normal concrete. 

 

Figure 3.12 Specimen tested under 97% relative humidity for (a) a small specimen;  
(b) a larger wood specimen; and (c) a small specimen with grooves [51] 

Pham [52] has tested TCC beams with epoxy resins in fatigue for over 2 million cycles. According 

to Pham, the specimens displayed a very good behaviour in fatigue; no noticeable loss of stiffness 

was observed in the three TCC beams tested. It must be noted that the concrete used was 

UHPFRC. 
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3.3.5 Group 5: Other Mechanical Connectors 

This group includes other connection systems that cannot be classified in the other categories. 

Several shear connectors can be classified into this group; this section presents only two of them. 

Table 3.4 shows some shear tests results from a few studies. 

Table 3.4 Group 4 connection system: other mechanical connectors 

Description of the connection system 
𝑽𝒎𝒂𝒙* 

(kN) 

𝒌𝒔* 

(kN/mm) 

Timber depth 

(mm) 
Ref. 

Joist hanger with six nails of 𝜙3 mm 16.8 27.8 40 [33]  

Steel plates on each side of glulam 

connected with 4 ring shank nails 𝜙 4.5 mm 

by plate 

42.3 258.8 
75 on the timber 

side 
[53] 

*These are not design values 

The joist hanger shear connector consists in fixing a joist hanger on top of the timber components 

and then casting a concrete slab. This shear connector has a relatively low stiffness, since the 

shear load is taken by nails with a small diameter. The steel plates on each side have the 

advantage of being easily removable, which can greatly help deconstruction of the TCC floor. 

However, this shear connector can only be installed on timber beams and can complicate the 

construction of the concrete formwork. Figure 3.13 illustrates that shear connector. 

 

Figure 3.13 Steel-plate shear connector on each side of a timber beam 
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3.4 Conclusion 

A wide range of shear connectors is commercially available for timber-concrete composite beams, 

with a wide range of properties in term of stiffness (𝑘𝑠) and strength (𝑉𝑚𝑎𝑥). 

The mechanical properties given in the tables in this Chapter may assist designers in their pre-

design and in choosing connectors. However, the values presented in these tables are not design 

values. Several parameters can have an impact on the design such as the wood species, the 

wood product, moisture content, size of the connectors, concrete properties, etc. Consequently, 

if no design values are available from the connector manufacturer, the design stiffness must be 

determined from shear tests and the design shear strength can be calculated according to the 

CSA O86-14 (2017) principles [23]. If it is not possible to estimate the design shear strength 

according to CSA O86-14 (2017) [23], this property must be determined from shear tests, but 

more specimens will need to be tested compared to the number required when evaluating the 

shear stiffness only. If the design values from the manufacturer are used, verification that these 

values are applicable to the design (e.g. the wood species and the concrete properties) must be 

conducted. 



Design Guide for Timber-Concrete Composite Floors in Canada 
First Edition 2020 

 

 

39 

4 INSTANTANEOUS AND LONG-TERM DEFLECTION 

4.1 Introduction 

This Chapter presents equations to evaluate instantaneous and long-term deflection. The 

instantaneous deflection of a TCC floor is usually not critical in a multi-criteria design. However, 

the long-term deflection can be the most critical verification that has to be conducted for a TCC 

floor [54]. The instantaneous deflection is calculated by evaluating the effective bending stiffness 

(𝐸𝐼)𝑒𝑓𝑓 of the TCC floor with the 𝛾-method (Chapter 2).  

The same principles are used when evaluating the long-term deflection, but the stiffness of each 

component is reduced according to their creep adjustment factor. The creep adjustment factors 

presented in this Chapter aim to be conservative. However, since the deflection due to the 

concrete shrinkage is neglected, the total evaluated deflection is likely realistic. Moreover, 

concrete shrinkage induces tensile stress in the concrete slab, which is balanced by compression 

in the timber element. The tensile stress can make the concrete crack, which will reduce the 

deflection due to shrinkage. Moreover, in the long-term, the stress due to shrinkage can relax due 

to the creep phenomena, which also reduces the deflection due to shrinkage [55]. Accounting for 

all these phenomena is complex and more research is needed in order to develop simple 

equations to account for the deflection due to creep and shrinkage. 

According to Fragiacomo & Lukaszewska [55], shoring the floor when casting the concrete or 

prefabricating the concrete slab before connecting it to the timber can reduce the long-term 

deflection since the deflection due to shrinkage is reduced. 

4.2 Instantaneous Deflection 

The deflection limits under serviceability loads are prescribed by the NBC [56]. These limits 

depend on the type of floor and the type of loading. The equations used to calculate the deflections 

of a TCC floor are the same as those used to evaluate the deflection of a beam.  

The effective bending stiffness, (𝐸𝐼)𝑒𝑓𝑓, of the TCC floor is calculated with the 𝛾-method; these 

equations have been developed in Chapter 2: 

 (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 + 𝛾𝑐(𝐸𝐴)𝑐𝑎𝑐
2 + 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

2 (2.15) 

where :   
 𝛾𝑐 = 1 (2.16) 

   
 

𝛾𝑡 =
1

1 +
𝜋2(𝐸𝐴)𝑡
𝐾𝐿2

 
(2.17) 

   
 

𝛼 =
𝛾𝑡(𝐸𝐴)𝑡
𝛾𝑐𝐸𝑐𝑏𝑐

 (2.26) 
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  ℎ𝑐,𝑒𝑓𝑓 = √𝛼

2 + 𝛼(ℎ𝑡 + 2ℎ𝑐 + 2𝑡) − 𝛼 ≤ ℎ𝑐 (2.27) 

   
 (𝐸𝐴)𝑐 = 𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓 (4.1) 

   
 

(𝐸𝐼)𝑐 =
𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓

3

12
 (4.2) 

   
 

𝑟 =
ℎ𝑡
2
+ 𝑡 + ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
 (4.3) 

   
 

𝑎𝑐 =
𝛾𝑡(𝐸𝐴)𝑡𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.18) 

   
 

𝑎𝑡 =
𝛾𝑐(𝐸𝐴)𝑐𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.19) 

A conservative assumption has been made with the last equations, where it has been decided to 

neglect the tension contribution of the concrete even for the serviceability load. Once the load and 

the (𝐸𝐼)𝑒𝑓𝑓 have been determined, the instantaneous deflection can be estimated. 

4.3 Long-Term Deflection 

For medium- to long-span TCC floors, the maximum deflection related to serviceability limit states 

may be the critical criterion, especially for long-term deflection. With time, the rheological 

behaviour phenomena such as creep, mechano-sorptive creep, and shrinkage of each 

component (concrete, timber and connection system) change the strain and the stress 

distributions. Accounting for all these phenomena involves complex numerical algorithms, but to 

promote the use of this structure a simplified method is needed, such as applying an effective 

modulus to each component [12, 54, 57]. 

4.3.1 Concrete Creep Coefficient 

The Concrete Design Standard CSA A23.3-14 [22] provides a formula to estimate long-term 

deflection as a function of time, by multiplying the instantaneous deflection under sustained load 

by the following factor: 

 
𝐾𝑐𝑟𝑒𝑒𝑝,𝑐 = (1 +

𝑆

1 + 50𝜌′
) (4.4) 

where 𝜌′ is the percentage of steel reinforcement in compression and 𝑆 is a time-dependent 

factor; values for 𝑆 are presented in Table 4.1. 
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Table 4.1 Value of the time-dependent factor 𝑺 (as given in [22]) 

For loads sustained for: Value 

Five years or more 2.0 

Twelve months 1.4 

Six months 1.2 

Three months 1.0 

 

Therefore, by assuming 𝜌′ = 0 and the deflection for loads is sustained for five years or more, the 

instantaneous deflection is multiplied by 3. It must be noted that Equation (4.4) is only applicable 

when the concrete reaches an age of 28 days. If the concrete is loaded before 28 days, the creep 

factor must be modified as prescribed in CSA A23.3-14 [22]. For example, if the concrete is loaded 

after only 7 days, Equation (4.4) needs to be multiplied by 1.6. 

4.3.2 Timber Creep Coefficient 

Unlike the Concrete Design Standard, the Wood Design Standard CSA O86-14 (2017) [23] does 

not provide a normative method to account for the long-term deflection as a function of time. 

However, its Annex provides a formula applicable to cross-laminated timber to estimate the long-

term deflection at the end of its service life (50 years): 

 Δ𝑚𝑎𝑥 = Δ𝑆𝑇 + Δ𝐿𝑇 (4.5) 

where: 

Δ𝑆𝑇 = Elastic deflection due to short-term loads 

 Δ𝐿𝑇 = Long-term deflection due to long-term loads (𝐾𝑐𝑟𝑒𝑒𝑝,𝑡 × Δ𝑖𝑛𝑠𝑡,𝐿𝑇) 

Δ𝑖𝑛𝑡𝑠,𝐿𝑇 = Instantaneous deflection due to long-term loads 

 𝐾𝑐𝑟𝑒𝑒𝑝,𝑡 = Creep adjustment factor 

 = 2.0 for dry service conditions (Moisture content < 19%). 

CSA O86-14 (2017) [23] does not specify creep adjustment factors for other wood products. 

However, as a conservative hypothesis, the same creep adjustment factor can be used for other 

wood products, in accordance with the National Design Specifications (NDS) [58], which 

prescribes a lower creep adjustment factor of 1.5 for glue-laminated timber and structural 

composite lumber in dry service conditions, and a creep adjustment factor of 2.0 for wood 

structural panels and CLT. 
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4.3.3 Connection Creep Coefficient and Deflection Calculation 

When following the Effective Modulus Method [57], which consists in reducing the Young modulus 

of the concrete, the timber, and the shear stiffness of the connector as a function of their creep 

adjustment factor, the total long-term deflection for a TCC floor can be calculated from 

Equation (4.5). For a TCC floor, Δ𝑆𝑇 is the instantaneous deflection due to the short-term loads 

(loads that are not considered to be long-term loads) calculated from the standard properties of 

each component (𝐸𝑐 , 𝐸𝑡 and 𝐾); Δ𝐿𝑇 is the long-term deflection due to long-term loads calculated 

with the long-term modulus of each component (𝐸𝑐,𝐿𝑇 , 𝐸𝑤,𝐿𝑇 and 𝐾𝐿𝑇). The long-term shear stiffness 

(𝐾𝐿𝑇) of the connection is determined from experimental tests and is generally provided by the 

manufacturer. In the absence of data, the serviceability shear stiffness of the connectors can be 

divided by twice the creep adjustment factor of the wood [54]. It is assumed that twice the creep 

adjustment factor of the timber is a conservative hypothesis for the shear connector, since its creep 

is generally between 1 and 2 times the creep of the timber [6]. 

The effective modulus of each component is calculated with the following equations (for the end-

of-service life): 

 
𝐸𝑐,𝐿𝑇 =

𝐸𝑐
𝐾𝑐𝑟𝑒𝑒𝑝,𝑐

=
𝐸𝑐
3.0

   for 𝜌′ = 0 and concrete loaded after 28 day (4.6) 

   
 

𝐸𝑡,𝐿𝑇 =
𝐸𝑡

𝐾𝑐𝑟𝑒𝑒𝑝,𝑡
=
𝐸𝑡
2

 (4.7) 

   
 

𝐾𝐿𝑇 =
𝐾

2𝐾𝑐𝑟𝑒𝑒𝑝,𝑡
=
𝐾

4
 (4.8) 

Normally, the long-term load (𝑤𝐿𝑇) is the total dead load plus a percentage (𝑝) of the live load. 

The short-term load (𝑤𝑆𝑇) is the part of the live load that it is not applied to long-term loads. The 

percentage of the live load that is considered as long-term is determined by the designer.  

 𝑤𝐿𝑇 = 𝑤𝐷 + 𝑝𝑤𝐿 (4.9) 

   
 𝑤𝑆𝑇 = (1 − 𝑝)𝑤𝐿 (4.10) 

where 𝑤𝐷 is the dead load and 𝑤𝐿 is the live load. According to the Eurocode [59], the percentage 

of live load that should be considered as long-term is 30% for residential and office areas, 60% 

for congregation and shopping areas, and 80% for storage areas. 
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4.4 Conclusion 

While the short-term deflection is most likely not critical for TCC floors, the long-term deflection 

can be the most critical verification parameter. More research is needed to provide more accurate 

predictions of the long-term deflection by considering the interaction between concrete shrinkage, 

creep of the timber, creep of the shear connectors, creep of the concrete, cracking of the concrete, 

and the effects of construction methods. 

The method presented in this Chapter is a simplified method to evaluate long-term deflections by 

accounting for the creep adjustment factor of each component of the TCC floor. However, the 

effect of concrete shrinkage on the deflection is not directly considered, although some 

conservative assumptions have been made on the creep adjustment factor in order to have, what 

is believed by the authors, a realistic predicted long-term deflection. 
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5 VIBRATION PERFORMANCE OF TCC FLOORS 

5.1 Introduction 

This Chapter provides a method to limit the span of a TCC floor where the vibrational behaviour 

of the floor due to human normal walking vibration can be the most critical aspect for design. The 

design criterion presented in this Chapter has been developed by studying three different 

laboratory floors: 

1- NLT-concrete composite slab floor with nail plates as shear connectors; 

2- CLT-concrete composite slab floor with self-tapping screws as shear connectors; 

3- Concrete slab - glulam beam composite floor with self-tapping screws as shear connectors. 

The three floors were tested according the ISO 18324 [60] and ISO 21136 [61], in order to 

evaluate their natural frequency, damping ratio, static deflection under a concentrated load, and 

their vibration performance under a subjective evaluation. From the results of these tests, design 

criteria to limit the span to minimize vibrations induced by human normal walking have been 

developed. More information on the tested laboratory TCC floors can be found in the 

FPInnovations report by C.-Auclair et al. [62]. 

5.2 Vibration Induced by Human Normal Walking 

Human normal walking excites the floor through its footstep. Significant efforts have been made 

towards understanding the nature of footsteps [63, 64, 65, 66]. Based on these findings, it can be 

concluded that the footstep force generated by walking comprises two components [64]. One 

component is a short duration impact force induced by the heel of each footstep on the floor 

surface, as illustrated in Figure 5.1. The duration of the heel impact varies from about 30 ms to 

100 ms, depending on the conditions and the materials of the two contact surfaces (that of the 

floor and the footwear of the walking person), and on the weight and gait of the person. The other 

component is the walking rate, a series of footsteps consisting of a wave train of harmonics, at 

multiples of about 2 Hz (Figure 5.2). 

 

Figure 5.1 Measured load-time histories of footsteps from a person walking normally [65] 
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Figure 5.2 Fourier transform spectrum of the load time history of normal walking action  
by a person [63] 

5.3 Design Equations to Calculate the Fundamental Natural 
Frequency and Deflection of Timber-Concrete Composite 
Floors 

The perception of vibration can be correlated to the frequency and the deflection of the floor under 

a concentrated load [62]. Usually, a TCC floor is considerably wider compared to its span, and its 

bending stiffness value in the span direction ((𝐸𝐼)𝑒𝑓𝑓) is larger compared to its bending stiffness 

value perpendicular to the span direction. However, accurate calculation of the deflection under 

a concentrated load can imply the application of complicated Fourier series equations because of 

the orthotropic behaviour of the TCC floor [67]. Usually, the fundamental natural frequency, 𝑓1, of 

the floor is not significantly affected by the orthotropic behaviour and can be calculated using the 

Euler-Bernoulli beam equation, as long as the floor is significantly larger than its span, and its 

bending stiffness in the span direction is larger than its bending stiffness in the width direction, 

Equation (5.1). 

 

𝑓1 =
𝜋

2𝐿2
√
(𝐸𝐼)𝑒𝑓𝑓

1𝑚

𝑚𝐿
 (5.1) 

where: 

(𝐸𝐼)𝑒𝑓𝑓
1𝑚 =  the effective bending stiffness of a 1-m wide floor strip, in N-m2; calculated using 

Equations (2.15) to (2.19), and (2.26) to (2.27).  

𝑚𝐿 =   mass per unit length of a 1-m wide strip of wood-concrete composite floor, in kg/m.  

𝐿 =   floor clear span, in m.  
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The deflection of a floor under a 1-kN concentrated load can be calculated using the equation 

below [68]: 

 
𝑑1𝑘𝑁 =

106𝐿3

48(𝐸𝐼)𝑒𝑓𝑓
1𝑚  (5.2) 

where: 

𝑑1𝑘𝑁 =  floor deflection under 1-kN concentrated load, in mm. 

The deflection of the TCC floor can be evaluated using Equation (5.2); however, the deflection 

value obtained is not accurate, since only a 1-m strip floor is considered in the calculation of the 

deflection. Nevertheless, it is not important that the estimated deflection be accurate, since the 

design criterion will be estimated from the calculated deflection, and the inaccuracy of the 

equation will be considered by a factor in the design equation. The (𝐸𝐼)𝑒𝑓𝑓
1𝑚 , in N-m2, is evaluated 

with the equations presented in Chapter 2 (Equations (2.15) to (2.19) and (2.26) to (2.27)) by 

considering only a 1-m wide strip of the floor.  

In the cases of “T”-beams, the (𝐸𝐼)𝑒𝑓𝑓
1𝑚  is estimated with the equations presented in Chapter 2 

with the effective width details in Section 2.3.4; then the total calculated (𝐸𝐼)𝑒𝑓𝑓 is divided by the 

effective width, in order to normalize the value for a 1-m wide floor. 

5.4 Development of the Design Criterion 

Using the subjective evaluation results of the three tested TCC floors along with their natural 

frequencies and deflections calculated using Equations (5.1) and (5.2), the following design 

criterion can be derived using the method described in ISO 21136 [61]. 

 𝑓1

𝑑1𝑘𝑁
0.14 ≥ 5.75 (5.3) 

where 𝑓1 is the fundamental natural frequency, in Hz, calculated with Equation (5.1) and 𝑑1𝑘𝑁 is 

the static deflection under a 1-kN point load, in mm, calculated with Equation (5.2). 

Substituting Equations (5.1) and (5.2) into Equation (5.3) yields the vibration-controlled span limit 

for wood-concrete composite floors, as shown below:  

 
𝐿 ≤ 0.329

((𝐸𝐼)𝑒𝑓𝑓
1𝑚 )

0.264

𝑚𝐿
0.207  (5.4) 

Figure 5.3 illustrates the verification of the proposed design criterion for TCC floors using the 

limited laboratory data and the field floor data. Each symbol represents a subjectively rated TCC 

floor. The frequencies and the 1-kN static deflections of these floors were calculated using 

Equations (5.1) and (5.2).  
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Figure 5.3 Verification of the proposed design criterion for controlling vibration  
of TCC floors 

5.5 Limitations of the Design Methods and Recommendations 

This Chapter has been written based on up-to-date technical information and knowledge provided 

by researchers and engineers involved in vibration performance of wood buildings, and it is an 

attempt to address key issues related to vibration-controlled design of TCC floors. However, the 

topic is complex and limitations are unavoidable. The following are limitations and 

recommendations for the proposed design approaches provided in this Chapter:  

1- The supplementary dead load that does not contribute to stiffening the floor (e.g. mechanical 

dead load) should not be higher than the structural dead load. If it is, the floor span should 

be reduced by 20%. This is a conservative assumption and it is similar to what it is proposed 

in the CLT Handbook [69]. 

2- For a CLT floor and a light-weight floor, the floor span can be increased by up to 20% when 

partition walls contribute to stiffening of the floor. For TCC floors, it is not recommended to 

increase the span due to the contribution of partition walls, since no field data or laboratory 

data can currently support that assumption. 

3- For a multi-span floor, it is not recommended to increase the span since no field data or 

laboratory data can currently support that assumption. 

The vibration-controlled design criteria (Equation (5.3) or (5.4)) might not address all occupant 

performance expectations. In summary, this Chapter will evolve over time when more research 

information becomes available and the knowledge of designers improves. 
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5.6 Conclusion 

The maximum span controlled by the vibrations induced by normal human walking can be 

estimated for timber-concrete composite floor. These span limits were derived based on the 

gamma method. The proposed design method to control the TCC floor vibration induced by 

normal walking is simple and based on the mechanical properties of TCC floors. 
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6 ULTIMATE LIMIT STATE DESIGN 

6.1 Introduction 

TCC floors are made of three components: timber, concrete, and shear connectors, and each of 

these can limit the strength of the floor. In this Chapter, equations are developed to evaluate the 

bending moment and the shear resistance of the whole TCC floor by considering the component 

that will fail first. 

The shear connector can be 1) brittle or not allowed to yield; or 2) ductile and allowed to yield. 

The resisting equations are not the same for these two different scenarios. In the first scenario, 

the 𝛾-method is used to estimate the force in each component; the TCC floor design resistance 

is achieved when the first component has reached its ultimate resistance. The second scenario 

assumes that each connector has yielded, which changes the kinetic equilibrium compared to the 

𝛾-method. Consequently, an elasto-plastic model (EPM) [70] is used to estimate the force on each 

component; the ultimate resistance of the TCC floor is achieved when the timber or the concrete 

has reached its ultimate resistance. It should be noted that a shear connector under serviceability 

load must remain in its elastic behaviour; this is verified with the 𝛾-method. 

If the connector is ductile and the resistance of the TCC floor is limited by the 𝛾-method, the floor 

will likely be brittle; if the resistance is limited by the EPM model, the floor will have an inelastic 

deformation before collapse. Figure 6.1 shows which method will limit the resistance of the floor 

in function of the load-deflection curve. 

 

 

Figure 6.1 Failure mechanism of TCC floor 
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If not all the connectors have yielded when the floor fails, that situation is not directly accounted 

for in either the 𝛾-method or the EPM model. However, in the 𝛾-method the shear stiffness of the 

connectors is reduced when calculating the ultimate resistance of the floor, which partially takes 

that situation into account. Moreover, in the EPM model, the total shear load given by all the 

yielded connectors is estimated from their design resistance. Due to repeatability effects, the total 

shear load given by the connectors in the EPM model gives a smaller probability of failure 

compared to a single shear connector. Consequently, in the design calculation, the EPM model 

gives a conservative design value, if all the connectors have yielded. 

6.2 Shear Resistance 

6.2.1 Gamma Method 

6.2.1.1 Positive Bending Moment 

The shear resistance of a TCC floor can be dictated by the strength of the connectors, the timber, 

or the concrete. From Eurocode 5 [12], the shear flow at the connection interface (𝜏𝑐𝑜𝑛𝑛) is 

evaluated with the following formula: 

 
𝜏𝑐𝑜𝑛𝑛 =

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡
(𝐸𝐼)𝑒𝑓𝑓

𝑉  (6.1) 

where 𝑉 is the applied shear force on the whole TCC section. The applied shear force at one 

connector (𝑉𝑐𝑜𝑛𝑛) is evaluated afterwards with the following equation:  

 
𝑉𝑐𝑜𝑛𝑛 =

𝜏𝑐𝑜𝑛𝑛𝑠

𝑛
=
𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑠

𝑛(𝐸𝐼)𝑒𝑓𝑓
𝑉 (6.2) 

where 𝑠 is the tributary spacing of the evaluated shear connectors, as shown in Figure 6.2. 

 

Figure 6.2 Shear flow diagram applied to shear connectors 
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(𝐸𝐼)𝑒𝑓𝑓
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With the 𝛾-method, the shear resistance of the whole composite beam dictated by the connection 

strength (𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛) is: 

 
𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛 =

𝑛(𝐸𝐼)𝑒𝑓𝑓

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑠
𝑉𝑟,𝑐𝑜𝑛𝑛 (6.3) 

where 𝑉𝑟,𝑐𝑜𝑛𝑛 is the design connection strength. According to the classical beam theory (and the 

theory of mechanically jointed beams [12]), the vertical shear stress in the timber and concrete 

elements is calculated as follows:  

 
𝜏𝑚𝑎𝑥 ,𝑖 =

𝑉(𝐸𝑄)𝑖
(𝐸𝐼)𝑒𝑓𝑓𝑏𝑖

 (6.4) 

where: 

 
(𝐸𝑄)𝑖 = 𝐸𝑖𝑏𝑖𝑦𝑁𝐴,𝑖 (

ℎ𝑖
2
+ 𝛾𝑖𝑎𝑖 −

𝑦𝑁𝐴,𝑖
2
) (6.5) 

𝑦𝑁𝐴,𝑖 is the position where the shear stress is estimated in the layer 𝑖. Since the shear stress is 

critical at the neutral axis, 𝑦𝑁𝐴,𝑖 is consequently evaluated with the following equation: 

 
𝑦𝑁𝐴,𝑖 =

ℎ𝑖
2
+ 𝛾𝑖𝑎𝑖 (6.6) 

The maximum shear stress within a layer is then: 

 

𝜏𝑚𝑎𝑥,𝑖 =

{
 
 

 
 0.5𝐸𝑖 (

ℎ𝑖
2 + 𝛾𝑖𝑎𝑖)

2

(𝐸𝐼)𝑒𝑓𝑓
𝑉, 𝑦𝑁𝐴,𝑖 < ℎ𝑖

𝐸𝑖ℎ𝑖𝛾𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑉, 𝑦𝑁𝐴,𝑖 ≥ ℎ𝑖

 (6.7) 

If there is no neutral axis in the layer, the shear stress is maximal at the interface, as dictated by 

the second expression in Equation (6.7). Figure 6.3 below shows the distribution of the shear 

stress as a function of the axial stress. 

 

 

 

Figure 6.3 Bending and shear stress in a composite beam 
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Following the principles of CSA A23.3-14 Concrete Design Standard [22] and the CSA O86-14 

(2017) Wood Design Standard [23], the design equations of the shear resistance are expressed 

as a function of the total shear force (𝑉𝑓) and not the maximum shear stress (𝜏𝑚𝑎𝑥,𝑖) applied to 

the individual elements. Consequently, the applied shear force on each layer (𝑉𝑖) is evaluated, 

instead of the maximum shear stress. According to the theory of mechanically jointed beams 

(𝛾-method), 𝑉𝑖 is evaluated with the following equation (the development is given in Appendix I): 

 
𝑉𝑖 =

(𝐸𝐼)𝑖 + 0.5𝛾𝑖(𝐸𝐴)𝑖ℎ𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑉 (6.8) 

When there is a gap ( 𝑡𝑒𝑓𝑓 ) between the two materials, 𝑉𝑐 + 𝑉𝑡 < 𝑉 . This may seem 

counterintuitive, but a portion of the vertical shear is actually taken by the connectors (or the part 

of the concrete in tension) to ensure equilibrium. That portion is: 

 
𝑉𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑐𝑜𝑛𝑛 =

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡
(𝐸𝐼)𝑒𝑓𝑓

𝑡𝑒𝑓𝑓𝑉 (6.9) 

However, to ensure that the total factored shear force applied of the TCC floor is resisted by the 

timber and the concrete, Equation (6.8) is conservatively modified to the following equation: 

 
𝑉𝑖 =

(𝐸𝐼)𝑖 + 0.5𝛾𝑖(𝐸𝐴)𝑖(ℎ𝑖 + 𝑡)𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑉 (6.10) 

For a normal rectangular beam subjected to a shear force, 𝜏𝑚𝑎𝑥 = 1.5𝜏𝑎𝑣𝑔 . For common 

dimensions of TCC floors, 𝜏𝑚𝑎𝑥,𝑖  is usually smaller than 1.5𝜏𝑎𝑣𝑔,𝑖 . Consequently, the common 

design equation for evaluating the shear resistance for timber and concrete are still applicable. 

The following condition needs to be respected for both the timber component and the concrete 

component: 

 𝑉𝑓,𝑖

𝑉𝑟,𝑖
≤ 1 (6.11) 

The shear resistance for the concrete element is evaluated with the following equation 

(CSA A23.3-14 [22]): 

 𝑉𝑟,𝑐 = 0.21𝜙𝑐𝜆√𝑓𝑐
′𝑏𝑐ℎ𝑐 (6.12) 

where 𝜆 = 1 for concrete of normal density, 𝜙𝑐 = 0.65 and the term √𝑓𝑐
′ shall not be greater than 

8 MPa. The shear resistance for the timber is evaluated with the following equation (CSA O86-14 

(2017) [23]): 

 
𝑉𝑟,𝑡 = 𝜙𝐹𝑣

2

3
 𝐴𝑡 (6.13) 
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If the shear connectors are made of notches into the wood component, the shear resistance at 

the notch must be calculated according to CSA O86-14 (2017) [23]. With Equations (6.10) to 

(6.13), the shear resistance of the whole composite beam, dictated by the concrete and timber 

strength obtained with the 𝛾-method, can be evaluated with the following equations: 

 
𝑉𝑟,𝛾,𝑡 =

(𝐸𝐼)𝑒𝑓𝑓
(𝐸𝐼)𝑡 + 0.5𝛾𝑡(𝐸𝐴)𝑡(ℎ𝑡 + 𝑡)𝑎𝑡

𝑉𝑟,𝑡 (6.14) 

   
 

𝑉𝑟,𝛾,𝑐 =
(𝐸𝐼)𝑒𝑓𝑓

(𝐸𝐼)𝑐 + 0.5𝛾𝑐(𝐸𝐴)𝑐(2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡)𝑎𝑐
𝑉𝑟,𝑐 (6.15) 

The shear resistance of the whole TCC floor is reached when the first component reaches its 

strength. Thus, the following equation gives the shear resistance of the whole TCC floors (𝑉𝑟): 

 𝑉𝑟 = min(𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛; 𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐) (6.16) 

Reaching the connector resistance before the shear resistance of the timber or the concrete does 

not necessarily mean failure of the TCC floor, if the connectors exhibit a ductile behavior [14, 70, 

71]. When the capacity of the ductile shear connector is reached, it will transfer its forces to the 

concrete and timber elements until one of them fails. In a conservative design, Equation (6.16) 

may be used to evaluate the shear resistance of the TCC floor when the connector is ductile. 

However, if the designer wants to benefit from the ductility of the connector, the following equation 

can be used: 

 𝑉𝑟 = min(𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐; 𝑉𝑟,𝐸𝑃,𝑡; 𝑉𝑟,𝐸𝑃,𝑐) (6.17) 

where 𝑉𝑟,𝐸𝑃 is the shear resistance following the elasto-plastic model evaluated in Section 6.2.2. 

Although the shear connectors are ductile, the shear resistance limited by the shear connector, 

𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛, must be higher than the serviceability shear load, in order to limit the fatigue phenomena 

and ensure accuracy in the deflection calculation. 

6.2.1.2 Negative Bending Moment 

In negative bending moment, the (𝐸𝐼)𝑒𝑓𝑓 is calculated according to the equation presented in 

Section 2.3.5.2. A conservative approach to evaluate the shear resistance of the composite beam 

is to neglect the shear force taken by the concrete slab. Consequently, the shear resistance is 

evaluated with the following equation: 

 𝑉𝑟 = min(𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛; 𝑉𝑟,𝑡) (6.18) 

If the ductility of the connector is considered: 

 𝑉𝑟 = 𝑉𝑟,𝑡 (6.19) 

As is the case with a positive bending moment, although the shear connectors are ductile, the 

shear resistance limited by the shear connector, 𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛, must be higher than the serviceability 

shear load. 
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6.2.2 Elasto-Plastic Model 

Based on a simple equilibrium of forces and the beam theory, and by assuming that all connectors 

have yielded [70], the shear force applied on a given layer due to the shear force applied on the 

composite beam can be calculated as follows (the development is given in Appendix I):  

 
𝑉𝑖 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑖
(𝐸𝐼)0

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑖 + 𝑡

2
 (6.20) 

where 𝑚 is the number of connectors between the critical cross-section and one point of zero 

moment, and 𝐿𝑚 is the length between the critical cross-section and one point of zero moment. If 

the connector spacing is constant but the load is not symmetric, the shear resistance on one side 

of the critical cross-section will not be the same as on the other side. From Equations (6.11) and 

(6.20), the factored shear resistance equations of the composite beam can be developed: 

 
𝑉𝑟,𝐸𝑃,𝑡 = (𝑉𝑟,𝑡 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑡 + 𝑡

2
)
(𝐸𝐼)0
(𝐸𝐼)𝑡

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟 (6.21) 

   
 

𝑉𝑟,𝐸𝑃,𝑐 = (𝑉𝑟,𝑐 −
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡

2
)
(𝐸𝐼)0
(𝐸𝐼)𝑐

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟 (6.22) 

It is important to note that, when calculating the resistance with the elasto-plastic model, the 

effective height of the concrete (ℎ𝑐,𝑒𝑓𝑓) is not the same as the ℎ𝑐,𝑒𝑓𝑓 calculated with the 𝛾-method. 

More information on the ℎ𝑐,𝑒𝑓𝑓 calculated with the elasto-plastic model is given in Section 6.3.2.1. 

6.3 Bending Resistance  

6.3.1 Gamma Method 

6.3.1.1 Positive Bending Moment 

A bending moment applied to a composite beam (𝑀) induces a bending moment (𝑀𝑖) and an axial 

force (𝑁𝑖) on each layer. According to the 𝛾-method, the forces on each layer is calculated with 

the following formulae: 

 
𝑁𝑖 =

𝛾𝑖(𝐸𝐴)𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑀 (6.23) 

   
 

𝑀𝑖 =
(𝐸𝐼)𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑀 (6.24) 
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For a homogenous layer, the respective stresses for these forces are: 

 
𝜎𝑁,𝑖 =

𝛾𝑖𝐸𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑀 (6.25) 

   
 

𝜎𝑏,𝑖 =
𝐸𝑖ℎ𝑖

2(𝐸𝐼)𝑒𝑓𝑓
𝑀 (6.26) 

Consequently, the maximum stress on each layer is: 

 
𝜎𝑚𝑎𝑥,𝑖 = 𝜎𝑁,𝑖 + 𝜎𝑏,𝑖 =

𝑀

(𝐸𝐼)𝑒𝑓𝑓
(0.5𝐸𝑖ℎ𝑖 + 𝛾𝑖𝐸𝑖𝑎𝑖) (6.27) 

For the timber element, however, looking only at the maximum stress is not sufficient. The 

interaction between the axial force and the bending moment needs verification with the following 

interaction equation, in accordance with CSA O86-14 (2017) [23]: 

 𝑇𝑓,𝑡

𝑇𝑟,𝑡
+
𝑀𝑓,𝑡

𝑀𝑟,𝑡
≤ 1.0 (6.28) 

where 𝑇𝑟,𝑡 and 𝑀𝑟,𝑡 are the tension and bending moment resistances, respectively, evaluated with 

the CSA O86-14 (2017) [23] for the timber element. The bending moment resistance of a TCC 

floor limited by the timber can be determined by substituting Equations (6.23) and (6.24) into 

Equation (6.28): 

 
𝑀𝑟,𝛾,𝑡 =

(𝐸𝐼)𝑒𝑓𝑓𝑇𝑟,𝑡𝑀𝑟,𝑡

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑀𝑟,𝑡 + (𝐸𝐼)𝑡𝑇𝑟,𝑡
 (6.29) 

The bending moment resistance of a TCC floor limited by the concrete component is determined 

by ensuring that the maximum axial stress of the concrete does not exceed 0.9𝜙𝑐𝑓𝑐
′, which is in 

coherence with Clause 10.1.6 of CSA A23.3-14 [22]. However, ensuring that the concrete never 

exceeds 0.9𝜙𝑐𝑓𝑐
′  with a triangular distribution of stress is very conservative since in reality, 

concrete is capable of some inelastic deformation. 

 𝑀𝑟,𝛾,𝑐 = 0.9𝜙𝑐𝑓𝑐
′𝑆𝑐 (6.30) 

No specific verification for the tensile resistance of the concrete needs to be made, since its tensile 

contribution is neglected. In Equation (6.30), 𝜙𝑐 is taken as 0.65, in accordance with CSA A23.3-

14 [22]; 𝑆𝑐 is the section elastic modulus for the concrete and is evaluated with the following 

equation: 

 
𝑆𝑐 =

(𝐸𝐼)𝑒𝑓𝑓

𝐸𝑐(0.5ℎ𝑐,𝑒𝑓𝑓 + 𝛾𝑐𝑎𝑐)
 (6.31) 

As a result, the bending moment resistance of a TCC floor is: 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐) (6.32) 
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If the connectors are ductile and yield before the bending moment resistance of the timber or the 

concrete is reached, the resistance given by Equation (6.32) may overestimate the real bending 

moment resistance, since the equation will overestimate the contribution of the connectors to the 

bending moment resistance. Consequently, an elasto-plastic model [70] needs to be adopted, 

where the resistance of the connectors is considered when calculating the bending moment 

resistance of the TCC floor. This model is presented in the next section (Section 6.3.2).  

6.3.1.2 Negative Bending Moment 

The stress on each component subjected to a negative bending moment is evaluated with the 

same equations as those presented for a positive bending moment. However, the bending 

moment resistance for the timber cannot be evaluated using the same equations, since 

Equation (6.28) can change to the following equation for some wood products: 

 
(
𝑃𝑓,𝑡

𝑃𝑟,𝑡
)

2

+
𝑀𝑓,𝑡

𝑀𝑟,𝑡
≤ 1.0 (6.33) 

Consequently, the bending moment resistance of the timber component of a TCC floor is 

determined using the equation below, when the axial term in the interaction equation is squared: 

 

𝑀𝑟,𝛾,𝑡 = √(
𝛼(𝐸𝐼)𝑒𝑓𝑓(𝐸𝐼)𝑡

2𝑀𝑟,𝑡
)

2

+ 𝛼(𝐸𝐼)𝑒𝑓𝑓
2 −

𝛼(𝐸𝐼)𝑒𝑓𝑓(𝐸𝐼)𝑡

2𝑀𝑟,𝑡
 (6.34) 

where: 

 
𝛼 = (

𝑃𝑟,𝑡
𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

)
2

 (6.35) 

Evaluating the bending moment resistance with Equation (6.29) (by replacing 𝑇𝑟,𝑡 by 𝑃𝑟,𝑡) instead 

of Equation (6.34) is conservative for a negative bending moment, since the term for the axial 

force in Equation (6.28) is not squared. 

For a negative bending moment, the bending moment resistance is only governed by the timber, 

and not the concrete steel reinforcement, since the latter is ductile and can redistribute its stress 

after yielding. Consequently, the negative bending moment resistance of the TCC floor is 

calculated with the following equation: 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝐸𝑃,𝑡) (6.36) 

where 𝑀𝑟,𝐸𝑃,𝑡 is the bending moment resistance detailed in Section 6.3.2.2 and limited by the 

timber, assuming the concrete steel reinforcement or the shear connectors have yielded.  
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6.3.2 Elasto-Plastic Model 

When evaluating the bending moment resistance with the 𝛾-method, it is assumed that each 

component has a linear elastic behaviour. However, if the connector yields before failure of the 

timber or the concrete element, the bending moment resistance given by the 𝛾-method may 

overestimate the resistance; this is why the bending moment resistance needs to be limited as a 

function of the connection strength determined from the elasto-plastic model (𝑀𝑟,𝐸𝑃 ). When 

calculating the resistance with the elasto-plastic model, the connectors must exhibit a ductile 

behaviour. 

To consider the ductility of the connectors, Frangi & Fontana [70] proposed a method that takes 

the strength of the connectors into account. The principles of this method are similar to those of 

the method presented in CSA S16-14 [16] to calculate the bending moment resistance of a steel-

concrete beam, with some minor differences. 

6.3.2.1 Positive Bending Moment 

When the connectors are allowed to yield, the bending moment resistance is calculated using the 

following equation: 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐;𝑀𝑟,𝐸𝑃) (6.37) 

where 𝑀𝑟,𝐸𝑃 is the bending moment resistance evaluated with the elasto-plastic model presented 

by Frangi & Fontana [70] and described in this Section. Frangi & Fontana developed the equations 

to evaluate the bending moment resistance considering that the timber fails first, while a part of 

the concrete is in tension, which is usually the case. However, for completeness in this Section, 

equations for the bending resistance in the event that the concrete fails first or when the entire 

thickness of the concrete is in compression are also developed. First, the connection behaviour 

is assumed to have a perfectly rigid plastic relationship, as shown in Figure 6.4, and the stress 

distributions are assumed to be as shown in Figure 6.5. 

 

 

Figure 6.4 Load-slip behaviour for the connectors 

  

Slip (𝑠) 

Shear load (𝑉) 

𝑉𝑚𝑎𝑥 
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Figure 6.5 Assumed stress distribution for the ultimate limit state of a  
partially connected timber-concrete composite beam (Adapted of [70]) 

Based on the assumption that all connectors have yielded in the collapse mechanism, the 

maximum shear force that can be transferred to each layer is calculated from the design connector 

strength (𝑉𝑟,𝑐𝑜𝑛𝑛) and the number of connectors (𝑚) located between the critical cross-section and 

one point of zero moment: 

 𝑁𝑐 = 𝑁𝑡 = 𝑁 = 𝑚𝑉𝑟,𝑐𝑜𝑛𝑛 ≤ min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐) (6.38) 

A value of 𝑚𝑉𝑟,𝑐𝑜𝑛𝑛 ≥ min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐) means that the concrete or the timber will reach its 

resistance before all the connectors have yielded. In this case,  𝑁 = min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐) , 

ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐, 𝜎𝑏,𝑡 = 𝜎𝑏,𝑐 = 0, when evaluating 𝑀𝑟,𝐸𝑃 with Equation (6.50). 

If the bending moment resistance of the composite beam is governed by the timber design 

strength, the bending stress applied on the timber, 𝜎𝑏,𝑡 is calculated as follows: 

 
𝜎𝑏,𝑡 = (1.0 −

𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.39) 

If part of the concrete is in tension, ℎ𝑐,𝑒𝑓𝑓 and 𝜎𝑏,𝑐 are calculated as: 

 

ℎ𝑐,𝑒𝑓𝑓 = √
𝑁𝐸𝑡ℎ𝑡
𝐸𝑐𝜎𝑏,𝑡𝑏𝑐

≤ ℎ𝑐 (6.40) 

   
 

𝜎𝑏,𝑐 =
𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
≤ 0.45𝜙𝑐𝑓𝑐

′ (6.41) 

 

  

 

𝑏𝑐 

𝑏𝑡 

ℎ𝑡 

𝑡 

ℎ𝑐   

𝑟  

𝜎𝑁,𝑐 

𝜎𝑁,𝑡 

𝜎𝑏,𝑐 

𝜎𝑏,𝑡 

𝜎𝑚𝑎𝑥,𝑐 

𝜎𝑚𝑎𝑥,𝑡 

𝑁𝑐 

𝑁𝑡 

+  =  

ℎ𝑐,𝑒𝑓𝑓  
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Note that 𝐸𝑡 in the elasto-plastic model is equal to 12(𝐸𝐼)𝑡 (𝑏𝑡ℎ𝑡
3)⁄  in case of a non-homogenous 

material (e.g., CLT) since the developed equations are based on bending cinematic equilibrium. 

If the limitation of Equation (6.40) is not respected, then the entire thickness of the concrete is in 

compression and ℎ𝑐,𝑒𝑓𝑓 and 𝜎𝑏,𝑐 are calculated as: 

 ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐 (6.42) 

   
 

𝜎𝑏,𝑐 =
𝐸𝑐ℎ𝑐,𝑒𝑓𝑓

𝐸𝑡ℎ𝑡
𝜎𝑏,𝑡 ≤ (0.9𝜙𝑐𝑓𝑐

′ −
𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
)  (6.43) 

If the limitation of Equation (6.41) or (6.43) is not respected, then the bending moment resistance 

of the composite beam is governed by the concrete strength. If part of the concrete is in tension, 

ℎ𝑐,𝑒𝑓𝑓, 𝜎𝑏,𝑐 and 𝜎𝑏,𝑡 are calculated as follows: 

 
ℎ𝑐,𝑒𝑓𝑓 =

2𝑁

0.9𝜙𝑐𝑓𝑐
′𝑏𝑐

≤ ℎ𝑐 (6.44) 

   
 𝜎𝑏,𝑐 = 0.45𝜙𝑐𝑓𝑐

′ (6.45) 

   
 

𝜎𝑏,𝑡 =
𝐸𝑡ℎ𝑡𝑏𝑐(0.9𝜙𝑐𝑓𝑐

′)2

4𝐸𝑐𝑁
≤ (1.0 −

𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.46) 

If the limitation of Equation (6.44) is not respected, then the entire thickness of the concrete is in 

compression and ℎ𝑐,𝑒𝑓𝑓, 𝜎𝑏,𝑐 and 𝜎𝑏,𝑡 are calculated as follows: 

 ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐 (6.47) 

   
 

𝜎𝑏,𝑐 = 0.9𝜙𝑐𝑓𝑐
′ −

𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
≤

𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
 (6.48) 

   
 

𝜎𝑏,𝑡 =
𝐸𝑡ℎ𝑡
𝐸𝑐ℎ𝑐

(0.9𝜙𝑐𝑓𝑐
′ −

𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
) ≤ (1.0 −

𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.49) 

Once 𝑁, ℎ𝑐,𝑒𝑓𝑓, 𝜎𝑏,𝑐, and 𝜎𝑏,𝑡 are known, the bending moment resistance of the composite beam 

is calculated as follows: 

 
𝑀𝑟,𝐸𝑃 = 𝑁(

ℎ𝑡
2
+ 𝑡 + ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
) + 𝜎𝑏,𝑐

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
2

6
+ 𝜎𝑏,𝑡

𝑏𝑡ℎ𝑡
2

6
 (6.50) 
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6.3.2.2 Negative Bending Moment 

Given that the concrete reinforcement is ductile, Equation (6.38) becomes: 

 𝑁 = min(𝑚𝑉𝑟,𝑐𝑜𝑛𝑛; 𝜙𝑠𝐴𝑠𝑓𝑦) ≤ 𝑃𝑟,𝑡 (6.51) 

where 𝜙𝑠 = 0.85, 𝐴𝑠  and 𝑓𝑦  are the cross-section area and the specified yield strength of the 

concrete reinforcement, respectively, and 𝑃𝑟,𝑡 is the compression resistance of the timber layer. 

If 𝑁  is limited by 𝑚𝑉𝑟,𝑐𝑜𝑛𝑛 , the connector must exhibit a ductile behaviour, since the shear 

connectors will yield before the steel reinforcement. If the condition of Equation (6.51) is not 

respected, this means that the timber will reach its resistance before all the shear connectors 

have yielded; in this case, 𝑁 = 𝑃𝑟,𝑡 and 𝜎𝑏,𝑡 = 0. If the condition of Equation (6.51) is respected, 

the bending stress in the timber element (𝜎𝑏,𝑡) is calculated with Equation (6.39) and the bending 

moment resistance with the elasto-plastic model is calculated with the following equations: 

 
𝜎𝑏,𝑡 = (1.0 −

𝑁

𝑃𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.39) 

   
 

𝑀𝑟,𝐸𝑃,𝑡 = 𝑁𝑟 + 𝜎𝑏,𝑡
𝑏𝑡ℎ𝑡

2

6
 (6.52) 
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6.4 Summary of the Important Equations 

6.4.1 Connectors Are Brittle or Not Allowed to Yield 

6.4.1.1 Positive Bending Moment 

Effective Bending Stiffness, (𝑬𝑰)𝒆𝒇𝒇 

 (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 + 𝛾𝑐(𝐸𝐴)𝑐𝑎𝑐
2 + 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

2 (2.15) 

   
 𝛾𝑐 = 1 (2.16) 

   
 

𝛾𝑡 =
1

1 +
𝜋2(𝐸𝐴)𝑡
𝐾𝐿2

 
(2.17) 

   
 

𝛼 =
𝛾𝑡(𝐸𝐴)𝑡
𝛾𝑐𝐸𝑐𝑏𝑐

 (2.26) 

   
  ℎ𝑐,𝑒𝑓𝑓 = √𝛼

2 + 𝛼(ℎ𝑡 + 2ℎ𝑐 + 2𝑡) − 𝛼 ≤ ℎ𝑐 (2.27) 

   
 (𝐸𝐴)𝑐 = 𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓 (4.1) 

   
 

(𝐸𝐼)𝑐 =
𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓

3

12
 (4.2) 

   
 

𝑟 =
ℎ𝑡
2
+ 𝑡 + ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
 (4.3) 

   
 

𝑎𝑐 =
𝛾𝑡(𝐸𝐴)𝑡𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.18) 

   
 

𝑎𝑡 =
𝛾𝑐(𝐸𝐴)𝑐𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.19) 
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Bending Moment Resistance 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐) (6.32) 

where: 

 
𝑀𝑟,𝛾,𝑡 =

(𝐸𝐼)𝑒𝑓𝑓𝑇𝑟,𝑡𝑀𝑟,𝑡

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑀𝑟,𝑡 + (𝐸𝐼)𝑡𝑇𝑟,𝑡
 (6.29) 

   
 𝑀𝑟,𝛾,𝑐 = 0.9𝜙𝑐𝑓𝑐

′𝑆𝑐 (6.30) 

   
 

𝑆𝑐 =
(𝐸𝐼)𝑒𝑓𝑓

𝐸𝑐(0.5ℎ𝑐,𝑒𝑓𝑓 + 𝛾𝑐𝑎𝑐)
 (6.31) 

Shear Resistance 

 𝑉𝑟 = min(𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛; 𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐) (6.16) 

where: 

 
𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛 =

𝑛(𝐸𝐼)𝑒𝑓𝑓

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑠
𝑉𝑟,𝑐𝑜𝑛𝑛 (6.3) 

   
 

𝑉𝑟,𝛾,𝑡 =
(𝐸𝐼)𝑒𝑓𝑓

(𝐸𝐼)𝑡 + 0.5𝛾𝑡(𝐸𝐴)𝑡(ℎ𝑡 + 𝑡)𝑎𝑡
𝑉𝑟,𝑡 (6.14) 

   
 

𝑉𝑟,𝛾,𝑐 =
(𝐸𝐼)𝑒𝑓𝑓

(𝐸𝐼)𝑐 + 0.5𝛾𝑐(𝐸𝐴)𝑐(2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡)𝑎𝑐
𝑉𝑟,𝑐 (6.15) 
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6.4.1.2 Negative Bending Moment 

Effective Bending Stiffness, (𝑬𝑰)𝒆𝒇𝒇 

 (𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝑡 + 𝛾𝑠(𝐸𝐴)𝑠𝑎𝑠
2 + 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

2 (2.29) 

where: 

 𝛾𝑠 = 1 (2.30) 

   
 

𝛾𝑡 =
1

1 +
𝜋2(𝐸𝐴)𝑡
𝐾𝐿2

 
(2.31) 

   
 

𝑎𝑠 =
𝛾𝑡(𝐸𝐴)𝑡𝑟

𝛾𝑠(𝐸𝐴)𝑠 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.32) 

   
 

𝑎𝑡 =
𝛾𝑠(𝐸𝐴)𝑠𝑟

𝛾𝑠(𝐸𝐴)𝑠 + 𝛾𝑡(𝐸𝐴)𝑡
 (2.33) 

For 𝑟 see Figure 2.11. 

Bending Moment Resistance 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝐸𝑃,𝑡) (6.36) 

If the interaction equation of the timber element is: 

 𝑃𝑓,𝑡

𝑃𝑟,𝑡
+
𝑀𝑓,𝑡

𝑀𝑟,𝑡
≤ 1.0 (6.28) 

then:   

 
𝑀𝑟,𝛾,𝑡 =

(𝐸𝐼)𝑒𝑓𝑓𝑃𝑟,𝑡𝑀𝑟,𝑡

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑀𝑟,𝑡 + (𝐸𝐼)𝑡𝑃𝑟,𝑡
 (6.29) 

If the interaction equation of the timber element is: 

 
(
𝑃𝑓,𝑡

𝑃𝑟,𝑡
)

2

+
𝑀𝑓,𝑡

𝑀𝑟,𝑡
≤ 1.0 (6.33) 

then:   

 

𝑀𝑟,𝛾,𝑡 = √(
𝛼(𝐸𝐼)𝑒𝑓𝑓(𝐸𝐼)𝑡

2𝑀𝑟,𝑡
)

2

+ 𝛼(𝐸𝐼)𝑒𝑓𝑓
2 −

𝛼(𝐸𝐼)𝑒𝑓𝑓(𝐸𝐼)𝑡

2𝑀𝑟,𝑡
 (6.34) 
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where:   
 

𝛼 = (
𝑃𝑟,𝑡

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡
)
2

 (6.35) 

𝑀𝑟,𝐸𝑃,𝑡 is calculated with the following equation: 

 
𝑀𝑟,𝐸𝑃,𝑡 = 𝜙𝑠𝐴𝑠𝑓𝑦𝑟 + 𝜎𝑏,𝑡

𝑏𝑡ℎ𝑡
2

6
 (6.52) 

where:   
 

𝜎𝑏,𝑡 = (1.0 −
𝜙𝑠𝐴𝑠𝑓𝑦

𝑃𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.39) 

Shear Resistance 

 𝑉𝑟 = min(𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛; 𝑉𝑟,𝑡) (6.18) 

where 𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛  is evaluated with Equation (6.3) and 𝑉𝑟,𝑡  is the shear resistance of the timber 

element alone. 
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6.4.2 Connectors Are Allowed to Yield 

6.4.2.1 Positive Bending Moment 

Bending Moment Resistance 

Note that 𝐸𝑡 = 12(𝐸𝐼)𝑡/𝑏𝑡ℎ𝑡
3 in the elasto-plastic model. 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐;𝑀𝑟,𝐸𝑃) (6.37) 

𝑀𝑟,𝛾,𝑡  and 𝑀𝑟,𝛾,𝑐  are evaluated with Equations (6.29) and (6.30). 𝑀𝑟,𝐸𝑃  is evaluated with the 

following equation: 

 
𝑀𝑟,𝐸𝑃 = 𝑁(

ℎ𝑡
2
+ 𝑡 + ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
) + 𝜎𝑏,𝑐

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
2

6
+ 𝜎𝑏,𝑡

𝑏𝑡ℎ𝑡
2

6
 (6.50) 

where: 

 𝑁 = 𝑚𝑉𝑟,𝑐𝑜𝑛𝑛 ≤ min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐) (6.38) 

If 𝑚𝑉𝑟,𝑐𝑜𝑛𝑛 ≥ min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐): 

𝑁 = min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐) 

ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐 

𝜎𝑏,𝑐 = 0 

𝜎𝑏,𝑡 = 0 

If the criterion of Equation (6.38) is respected: 

 
𝜎𝑏,𝑡 = (1.0 −

𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.39) 

   
 

ℎ𝑐,𝑒𝑓𝑓 = √
𝑁𝐸𝑡ℎ𝑡
𝐸𝑐𝜎𝑏,𝑡𝑏𝑐

< ℎ𝑐 (6.40) 

   
 

𝜎𝑏,𝑐 =
𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
≤ 0.45𝜙𝑐𝑓𝑐

′ (6.41) 
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If the criteria of Equations (6.40) and (6.41) are respected, 𝑀𝑟,𝐸𝑃  is calculated with 

Equations (6.39) to (6.41) and (6.50). If the criterion of Equation (6.40) is not respected: 

 ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐 (6.42) 

   
 

𝜎𝑏,𝑐 =
𝐸𝑐ℎ𝑐,𝑒𝑓𝑓

𝐸𝑡ℎ𝑡
𝜎𝑏,𝑡 ≤ (0.9𝜙𝑐𝑓𝑐

′ −
𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
)  (6.43) 

If the criterion of Equation (6.40) is not respected and the criterion of Equation (6.43) is respected, 

𝑀𝑟,𝐸𝑃  is calculated with Equations (6.39), (6.42), (6.43), and (6.50). If the criterion of 

Equation (6.41) or (6.43) is not respected: 

 
ℎ𝑐,𝑒𝑓𝑓 =

2𝑁

𝑏𝑐0.9𝜙𝑐𝑓𝑐
′ < ℎ𝑐 (6.44) 

   
 𝜎𝑏,𝑐 = 0.45𝜙𝑐𝑓𝑐

′ (6.45) 

   
 

𝜎𝑏,𝑡 =
𝐸𝑡ℎ𝑡𝑏𝑐(0.9𝜙𝑐𝑓𝑐

′)2

4𝐸𝑐𝑁
≤ (1.0 −

𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.46) 

If the criterion of Equations (6.44) and (6.46) are respected, 𝑀𝑟,𝐸𝑃  is calculated with 

Equations (6.44) to (6.46) and (6.50). If the criterion of Equation (6.44) is not respected: 

 ℎ𝑐,𝑒𝑓𝑓 = ℎ𝑐 (6.47) 

   
 

𝜎𝑏,𝑐 = 0.9𝜙𝑐𝑓𝑐
′ −

𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
≤

𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
 (6.48) 

   
 

𝜎𝑏,𝑡 =
𝐸𝑡ℎ𝑡

𝐸𝑐ℎ𝑐,𝑒𝑓𝑓
(0.9𝜙𝑐𝑓𝑐

′ −
𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
) ≤ (1.0 −

𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.49) 

If the criteria of Equations (6.48) and (6.49) are respected, 𝑀𝑟,𝐸𝑃  is calculated with 

Equations (6.47) to (6.50). 
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Shear Resistance 

 𝑉𝑟 = min(𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐; 𝑉𝑟,𝐸𝑃,𝑡; 𝑉𝑟,𝐸𝑃,𝑐) (6.17) 

𝑉𝑟,𝛾,𝑡 and 𝑉𝑟,𝛾,𝑐  are evaluated with Equations (6.14) and (6.15), respectively. 𝑉𝑟,𝐸𝑃 is evaluated 

with the following equation: 

 
𝑉𝑟,𝐸𝑃,𝑡 = (𝑉𝑟,𝑡 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑡 + 𝑡

2
)
(𝐸𝐼)0
(𝐸𝐼)𝑡

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟 (6.21)  

   
 

𝑉𝑟,𝐸𝑃,𝑐 = (𝑉𝑟,𝑐 −
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡

2
)
(𝐸𝐼)0
(𝐸𝐼)𝑐

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟 (6.22) 

6.4.2.2 Negative Bending Moment 

Bending Moment Resistance 

 𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝐸𝑃,𝑡) (6.36) 

𝑀𝑟,𝛾,𝑡  is evaluated with Equation (6.29) or (6.34), depending on the applicable interaction 

equation. 𝑀𝑟,𝐸𝑃,𝑡 is evaluated with the equation below. If the criterion of Equation (6.51) is not 

respected, 𝑁 = 𝑃𝑟,𝑡 and 𝜎𝑏,𝑡 = 0. 

 
𝑀𝑟,𝐸𝑃,𝑡 = 𝑁𝑟 + 𝜎𝑏,𝑡

𝑏𝑡ℎ𝑡
2

6
 (6.52) 

   
 𝑁 = min(𝑚𝑉𝑟,𝑐𝑜𝑛𝑛; 𝜙𝑠𝐴𝑠𝑓𝑦) ≤ 𝑃𝑟,𝑡 (6.51) 

   
 

𝜎𝑏,𝑡 = (1.0 −
𝑁

𝑃𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  (6.39) 

Shear Resistance 

 𝑉𝑟 = 𝑉𝑟,𝑡 (6.19) 
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6.5 Conclusion 

The design procedures presented in this Chapter are adapted from Annex B of Eurocode 5 [12] 

(𝛾-method) and from a design method proposed by Frangi & Fontana [70] (elasto-plastic model). 

Although the mechanically jointed beams theory (𝛾-method) is universally well-accepted for the 

calculation of the effective bending stiffness [1], there is no universal approach for the evaluation 

of the strength. 

The method proposed to calculate the bending and the shear resistance in this Chapter combines 

two methods, in the case where the shear connector is ductile: 1) the 𝛾-method; and 2) the elasto-

plastic model. By combining these two methods, the ductility of the connectors is considered only 

if the connectors yield before failure of the TCC floor. If the connectors exhibit a non-ductile 

behaviour, the strength of the TCC floor is calculated with the 𝛾-method and the shear connector 

must resist the applied factored shear force. 

Following the method results in a non-uniform probability of failure for each material, since the 

resistance factor used in the calculation for each component is taken as a function of their 

respective standard, and a conservative hypothesis has been made in the method. In the future, 

a probabilistic analysis on the failure mechanism of TCC floors could be conducted, in order to 

have a uniform probability of failure according to the calculated resistance of each component. 

From this analysis, the estimated resistance limited by the concrete and the connector will 

probably increase. 



Design Guide for Timber-Concrete Composite Floors in Canada 
First Edition 2020 

 

 

71 

7 FIRE RESISTANCE OF TCC FLOORS 

7.1 Introduction 

This Chapter addresses only the structural fire resistance of a TCC floors subjected to a standard 

fire from underneath and does not address all the other subjects related to fire safety, such as the 

separating function of floor assemblies. In order to develop and validate a calculation method to 

predict the time of structural fire resistance for a TCC floor, FPInnovations [72, 73] tested three 

different TCC floors exposed to a standard fire such as that specified in CAN/ULC-S101 and ASTM 

E119. One of the floors consisted of a series of nine screw-laminated 2x8 “beams” (38 x 184 mm, 

on the edge), where each build-up beam consisted of five pieces of lumber board. Conventional 

truss plates were used as shear connectors into 89 mm of reinforced concrete, as shown in Figure 

7.1(a). The second floor tested consisted of a 5-ply (175 mm) E1 stress grade CLT and 89 mm of 

concrete connected using self-tapping screws driven at 45° into the CLT, as shown in Figure 7.1(b). 

The third floor tested consisted of 5¼” x 16” (133 x 406 mm, on flat) laminated veneer lumber (LVL) 

with a 89-mm concrete topping connected with lag screws, as shown in Figure 7.1(c). All the floors 

were fully exposed to the fire from underneath (i.e. timber components were exposed to the fire). 

 
(a) 

 
(b) 

 
(c) 

Figure 7.1 TCC floors under construction for fire-resistance testing: (a) 2x8 screw laminated 
wood with a truss plate; (b) CLT with self-tapping screws; and (c) LVL with lag screw 
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7.2 Structural Fire Resistance 

7.2.1 Concrete Layer 

The three TCC floors tested for their fire resistance were made with a timber slab, which means 

that the concrete was not exposed to the fire and consequently, its mechanical properties were 

not affected as long the timber continued to act as a semi-infinite thermally thick slab. However, 

TCC floors can be built with timber beams, which means that the concrete slab between the 

beams would be exposed to the fire. Design for fire resistance of the exposed concrete shall be 

in accordance with Appendix D of the NBC, when applicable [56]. 

The concrete and reinforcing steel properties can be modified with time as a function of the 

temperature conducted through the concrete layer, using a transient heat transfer analysis. This 

calculation method is complex and usually requires Finite Element Software. A simpler solution 

can be to ensure that the minimum thickness of the concrete slab and the minimum reinforcement 

cover prescribed in Appendix D-2.2 of the NBC [56] are respected. If the minimum thicknesses 

are respected, the mechanical properties of the concrete can be assumed to be constant 

throughout the duration of the fire (time) when calculating the structural fire resistance of TCC 

floors. Spalling of the concrete is not considered in the proposed method. 

Table 7.1 Minimum thickness of reinforced concrete floor, mm (per Table D-2.2.1.-A of 

the NBCC [56]) 

Type of concrete 
Fire-resistance rating 

30 min 45 min 1 h 1.5 h 2 h 3 h 4 h 

Type S concrete 60 77 90 112 130 158 180 

Type N concrete 59 74 87 108 124 150 171 

Type L40S or Type L 

concrete 
49 

62 72 89 103 124 140 

 

Table 7.2 Minimum concrete cover over reinforcement, mm (per Table D-2.2.1.-B of the 

NBCC [56]) 

Type of concrete 
Fire-resistance rating 

30 min 45 min 1 h 1.5 h 2 h 3 h 4 h 

Type S, N, L40S or L concrete 20 20 20 20 25 32 39 
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7.2.2 Timber Layer 

If the TCC floor is made with a timber slab, the structural fire resistance can be calculated by 

simply reducing the timber thickness as a function of time, as long as the shear connector or the 

concrete do not become exposed to fire. Annex B of CSA O86-14 (2017) [23] provides 

Equations (7.1) and (7.2), below, to calculate the one-dimensional char depth (𝑥𝑐,0) for timber, 

glulam, structural composite lumber, and CLT exposed to fire from one side only (e.g. floor/ceiling 

slab exposed from underneath). If the timber element is exposed to fire on more than one side, 

the reduced cross-section must be calculated according to the principles stated in Annex B of 

CSA O86-14 (2017) [23]. 

 𝑥𝑐,0 = 𝛽0𝑡 + 𝑥𝑡 (7.1) 

 ℎ𝑓𝑖𝑟𝑒 = ℎ𝑡 − 𝑥𝑐,0 (7.2) 

where 𝛽0 is the one-dimensional charring rate in mm/min, 𝑥𝑐,0 is the char depth in mm, 𝑡 is the 

duration of the fire exposure in min, 𝑥𝑡 is the zero-strength layer depth above the char front, ht is 

the initial timber slab thickness in mm, and ℎ𝑓𝑖𝑟𝑒 [74] is the remaining thickness of timber with full 

strength and stiffness. Figure 7.2 illustrate the terms used in these last two equations. 

 

Figure 7.2 Term used in the calculation of the fire-resistance rating of timber exposed to fire 

When calculating the resistance of the timber with reduced cross-section, its resistance should 

be adjusted using the modification factors given in Annex B.3 of CSA O86-14 (2017) [23]. 
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7.2.3 Shear Connectors 

Based on the data gathered from the tested TCC floors exposed to the CAN/ULC S101 standard 

fire, it was found that the shear connectors have little to no impact on the heat transfer into the 

assembly. Even the lag screws’ larger diameter did not create a significant increase in heat 

transfer through the assembly [61], as the shear connector became exposed to fire from 

underneath. Consequently, as long as the connector is not exposed to fire, it can be assumed 

that the shear resistance and the shear stiffness of the connector are not affected. However, when 

the timber element is exposed to fire on its side and underneath (e.g. timber beam), the wood that 

covers the shear connector on the side must be at least 35 mm to remain thermally thick (i.e. to 

limit heat transfer up to the connector). When the wood cover is less than 35 mm, the temperature 

into the connection can increase significantly and then greatly affect its mechanical properties. 

When the connector becomes exposed to fire from underneath, its shear resistance should be 

estimated using the provisions in CSA O86-14 (2017) [23] as a function of its residual penetration 

depth. If it is not possible to estimate the shear resistance with the CSA O86-14 (2017) [23] 

equations, its strength may be reduced proportionally to its remaining depth. This design 

assumption may not be applicable for all shear connectors. Consequently, applying this 

assumption is left to the judgment of the structural engineer of record. 

When no test data are available, the reduced shear stiffness of the shear connector could be 

considered to be proportional to the loss of strength. This assumption may not be applicable for 

all shear connectors but has been validated with self-tapping screws inserted at an angle of 45°, 

as well as lag screws and truss plates, in the following references [72, 73]. It is left to the judgment 

of the structural engineer of record to decide whether or not to apply this hypothesis, depending 

on the shear connector. 

7.2.4 TCC Floor 

When the concrete is not exposed to fire or when its thickness and reinforcing steel cover are 

thick enough for the time of exposure to the fire, there is no need to modify the concrete and 

reinforcing steel properties when calculating the structural fire resistance. Consequently, the fire 

resistance of the TCC floor is estimated only by reducing the wood cross-section, provided the 

connector is not exposed to fire throughout the entire fire exposure. Once the connector is 

exposed to fire, its mechanical properties shall be modified, as stated in Section 7.2.3. 

The structural fire resistance with the reduced wood cross-section and the modified shear 

connector properties are evaluated with the behavioural equation presented in Chapter 6, with 

the resistance factors taken as unity (𝜙 = 1.0) and the appropriate modification factors applied. 
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7.3 Validation 

Three TCC floors were tested for their fire resistance [72, 73]. The span of these three floors was 

4815 mm, with an applied live load of 2.4 kPa. Table 7.3 gives the structural failure times obtained 

for these three tested floors and those predicted using the methodology proposed herein. 

Table 7.3 Fire resistance of TCC floors – Test data vs. calculation method 

 NLT-Concrete CLT-Concrete LVL-Concrete 

Shear connector Truss plates Self-tapping screws Lag screws 

Test failure time (min) >214* 214 191 

Predicted failure time (min) 247 198** 165 

*Test was stopped when the CLT-concrete floor failed. No failure was reached for the NLT-concrete floor. 

**Using the effective charring model from Annex B of CSA O86-14 (2017) [23] 

The predicted structural fire-resistance failure times were calculated using laboratory shear 

connector test results (stiffness and resistance). The shear connector properties were 

proportionally reduced linearly as a function of its remaining penetration depth once it was 

exposed to fire. The predicted times are conservative for the CLT-concrete and LVL-concrete 

composite floors. For the NLT-concrete floor, the predicted failure time seems realistic, but it is 

uncertain whether or not the estimation is conservative, since the test was stopped after 214 min, 

the time at which the CLT-concrete floor failed (CLT and NLT were tested simultaneously in the 

same furnace). 

Figure 7.3 shows the predicted deflection as a function of time for the LVL-concrete composite 

floor with two different assumptions. One predicted curve assumes that the stiffness of the 

connectors is reduced proportionally to their remaining depth and the other curve uses the 

stiffness of the connectors based on shear test results conducted at different remaining 

penetration depths into the LVL. The deflection was estimated by reducing the thickness of the 

wood through time and the shear connector stiffness, which impacted the calculated (𝐸𝐼)𝑒𝑓𝑓. For 

the LVL-concrete composite floor with lag screws as shear connectors, the estimated deflection 

and residual resistance are conservative when assuming that the properties of the shear 

connector are reduced proportionally to its remaining penetration depth. The predicted deflection 

is also quite accurate when compared to the experimental results using shear connector 

properties being modified based on experimental shear test results. 
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Figure 7.3 Comparison between the experimental and the predicted deflections  
as a function of time  

7.4 Conclusion 

The method presented in this Chapter to evaluate the structural fire resistance of TCC floors has 

been validated through full-scale tests and seems conservative. When the composite floor is 

made with a timber slab, the timber protects the concrete from the thermal effects of the fire 

underneath. Consequently, the strength of the TCC slab floor can be calculated by simply 

reducing the timber cross-section and the connector properties as a function of its remaining 

penetration depth. However, when the floor is made with timber beams instead of a timber slab, 

the concrete located between the beams becomes exposed to the fire and its fire resistance shall 

be calculated in accordance with the National Building Code of Canada [56]. It is noted that 

spalling of the concrete is not considered in the proposed method. 
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8 DESIGN EXAMPLE 

In this Chapter, the proposed design method for TCC structures is illustrated through a design 

example. 

This example relates to the verification of a 9.0-m TCC slab floor required to provide a 2-hour fire 

resistance. The live and the additional dead load supported by the floor are 2.4 kPa and 1 kPa, 

respectively. All the loads are supported by the composite floor, which means that the floor is 

either prefabricated or supported during the concrete curing. The floor is made of a NLT slab 

composed of 2 x 8 (38 x 184 mm) SPF visually classified No. 2 finger-jointed lumber according to 

the SPS 1 standard [75] in order to avoid butt joints, which reduce the bending stiffness and 

strength considerably, according to the NLT Guide [76]. The concrete slab is made of standard 

weight concrete (2300 kg/m3) with a compressive strength of 30 MPa. The shear connectors are 

conventional truss plates. Based on the shear tests, the connectors are considered ductile and 

the shear stiffness for one truss plate of 254 mm in length is 34,200 N/mm, for its serviceability 

and ultimate shear stiffness. According to the evaluation report on the truss plate, its shear 

resistance is 107 N per millimetre of truss plate. Its design resistance is evaluated using 

Clause 12.8.3 of CSA O86-14. The truss plate has enough teeth in its wood component to ensure 

that the resistance is governed by the shear resistance of the plate and, consequently, the steel 

material. The geometry of the floor and the spacing of the connectors are shown in Figure 8.1.  

 

Figure 8.1 NLT-concrete floor for the design example: (a) elevation view in the span direction 
and (b) cross-section view 
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8.1 Geometries and Materials Properties 

Timber Concrete Connection system 

𝑀𝑟,𝑡 = 78.2 ⋅ 10
6 Nmm 𝜙𝑐 = 0.65 𝑉𝑟,𝑐𝑜𝑛𝑛 = 0.6 ⋅ 254 ⋅ 107 = 16307 N 

𝑇𝑟,𝑡 = 1209 ⋅ 10
3 N 𝑓𝑐

′ = 30 MPa 𝑘𝑠 = 34200 N/mm 

𝑉𝑟,𝑡 = 216 ⋅ 10
3 N 𝐸𝑐 = 25000 MPa 𝑘𝑢 = 34200 N/mm 

𝐸𝑡 = 9500 MPa 𝜌𝑐 = 2400 kg/m3 𝐾𝑐𝑟𝑒𝑒𝑝,𝑐𝑜𝑛𝑛 = 4 

(𝐸𝐴)𝑡 = 1727 ⋅ 10
6 N 𝐾𝑐𝑟𝑒𝑒𝑝,𝑐 = 2.82 𝑛 = 5 or 𝑛 = 3 (See Figure 8.1) 

(𝐸𝐼)𝑡 = 4873 ⋅ 10
9 Nmm2 𝑏𝑐 = 1000 mm 𝑠𝑚𝑖𝑛 = 600 mm 

𝜌𝑡 = 420 kg/m3 ℎ𝑐 = 100 mm 𝑠𝑚𝑎𝑥 = 600 mm 

𝐾𝑐𝑟𝑒𝑒𝑝,𝑡 = 2   

𝑏𝑡 = 38 ⋅ 26 = 988 mm   

ℎ𝑡 = 184 mm   

 

The span is 𝐿 = 9000 mm and the gap between the concrete and the timber is 𝑡 = 25 mm. This 

gap aims to enhance the structural bending properties without adding too much mass. However, 

in order to avoid the truss plate to go through flexible material, there is no gap at the position of 

the connectors, as shown in Figure 8.1. Consequently, the average thickness of the concrete slab 

for the dead load calculation is 108 mm, assuming a thickness of 100 mm to be conservative for 

the calculation of the structural properties. 

A minimum reinforcement ratio of 0.002 of the concrete slab section to control cracking due 

shrinkage is placed into the concrete slab, as prescribed by the Concrete Standard [22]. Since 

the concrete is essentially in compression, the totality of this reinforcement can be considered in 

the calculation of the creep coefficient according to Equation (4.4), if the reinforcement is in 

compression; this yields a value of 2.82. 
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8.2 Calculation of the Effective Bending Stiffnesses 

𝑠𝑒𝑓𝑓

𝑛
= 0.75

𝑠𝑚𝑖𝑛
𝑛

+ 0.25
𝑠𝑚𝑎𝑥
𝑛

= 0.75
600

5
+ 0.25

600

3
= 140 mm 

𝐾 =
𝑘𝑠𝑛

𝑠𝑒𝑓𝑓
=
34200

140
= 244.3 MPa 

𝛾𝑐 = 1 

𝛾𝑡 =
1

1 +
𝜋2

𝐿2
(𝐸𝐴)𝑡
𝐾

=
1

1 +
𝜋2

90002
1727 ⋅ 106

244.3

= 0.54 

𝛼 =
𝛾𝑡(𝐸𝐴)𝑡
𝛾𝑐𝐸𝑐𝑏𝑐

=
0.54 ⋅ 1727 ⋅ 106

1 ⋅ 25000 ⋅ 1000
= 37.1 mm 

ℎ𝑐,𝑒𝑓𝑓 = √𝛼
2 + 𝛼(ℎ𝑡 + 2ℎ𝑐 + 2𝑡) = √37.1

2 + 37.1(184 + 2 ⋅ 100 + 2 ⋅ 25) − 37.1 = 95.1 mm 

𝑡𝑒𝑓𝑓 = 𝑡 + ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 = 25 + 100 − 95.1 = 29.9 mm 

𝑟 = 0.5ℎ𝑡 + 𝑡𝑒𝑓𝑓 + 0.5ℎ𝑐,𝑒𝑓𝑓 =
184

2
+ 29.9 +

95.1

2
= 169.4 mm 

(𝐸𝐼)𝑐 = 𝐸𝑐
𝑏𝑐ℎ𝑐,𝑒𝑓𝑓

3

12
= 25000

1000 ⋅ 95.13

12
= 1793 ⋅ 109 Nmm2 

(𝐸𝐴)𝑐 = 𝐸𝑐𝑏𝑐ℎ𝑐,𝑒𝑓𝑓 = 25000 ⋅ 1000 ⋅ 95.1 = 2378 ⋅ 10
6 N 

𝑎𝑐 =
𝛾𝑡(𝐸𝐴)𝑡𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
=

0.54 ⋅ 1727 ⋅ 106 ⋅ 169.4

1 ⋅ 2378 ⋅ 106 + 0.54 ⋅ 1727 ⋅ 106
= 47.6 mm 

𝑎𝑡 =
𝛾𝑐(𝐸𝐴)𝑐𝑟

𝛾𝑐(𝐸𝐴)𝑐 + 𝛾𝑡(𝐸𝐴)𝑡
=

1 ⋅ 2378 ⋅ 106 ⋅ 169.4

1 ⋅ 2378 ⋅ 106 + 0.54 ⋅ 1727 ⋅ 106
= 121.9 mm 

(𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 + 𝛾𝐶(𝐸𝐴)𝑐𝑎𝑐
2 + 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡

2 

(𝐸𝐼)𝑒𝑓𝑓 = 1793 ⋅ 10
9 + 4873 ⋅ 109 + 1 ⋅ 2378 ⋅ 106 ⋅ 47.62 + 0.54 ⋅ 1727 ⋅ 106 ⋅ 121.92

= 25.83 ⋅ 1012 Nmm2 

The serviceability (𝐸𝐼)𝑒𝑓𝑓 for short- and standard-term loads is 25.83 ⋅ 1012 Nmm2.  

The serviceability (𝐸𝐼)𝑒𝑓𝑓 for a long-term load is 9.69 ⋅ 1012 Nmm2. This value is calculated by 

reducing the bending and axial stiffness of the timber, the Young modulus of the concrete, and 

the shear stiffness of the shear connector, according to their creep modification factors. 
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The ultimate (𝐸𝐼)𝑒𝑓𝑓  for short- and standard-term loads is 25.83 ⋅ 1012  Nmm2. This value is 

calculated with the same variables as the serviceability (𝐸𝐼)𝑒𝑓𝑓  for short- and standard-term 

loads, except that the ultimate shear stiffness of the shear connector (𝑘𝑢) is used instead of the 

serviceability shear stiffness (𝑘𝑠). Since in this example, 𝑘𝑠 = 𝑘𝑢, the values of (𝐸𝐼)𝑒𝑓𝑓 are the 

same.  

The ultimate (𝐸𝐼)𝑒𝑓𝑓 for a long-term load is 9.69 ⋅ 1012 Nmm2. This value is calculated with the 

same variables as the serviceability (𝐸𝐼)𝑒𝑓𝑓 for a long-term load, except that the ultimate shear 

stiffness of the shear connector (𝑘𝑢) is used instead of the serviceability shear stiffness (𝑘𝑠). Since 

in this example, 𝑘𝑠 = 𝑘𝑢, the values of (𝐸𝐼)𝑒𝑓𝑓 are the same.  

8.3 Calculation of the Instantaneous and Long-Term 
Deflections 

8.3.1 Estimation of the Loads 

The average thickness of the concrete slab for calculation of the dead load is 108 mm (Figure 8.1). 

One meter of wood is also assumed as conservative instead of 988 mm for the dead load. 

Structural dead load = (420 kg/m3 ⋅ 0.184 m+ 2400 kg/m3 ⋅ 0.108 m) ⋅
9.81

1000
⋅ 1 m = 3.30 kN/m 

Additional dead load = 1.00 kPa ⋅ 1m = 1 kN/m 

Live load = 2.40 kPa ⋅ 1m = 2.4 kN/m 

30% of the live load is considered as long-term, as suggested by Eurocode [59]. 

8.3.2 Estimation of the Deflections 

The instantaneous deflection due to the live load only is: 

Δ𝐿 =
5 ⋅ 2.4 ⋅ 90004

384 ⋅ 25.83 ⋅ 1012
= 7.9 mm <

𝐿

360
= 25 mm, OK 

The deflection due to the long-term load is: 

Δ𝐿𝑇 =
5(3.30 + 1 + 0.3 ⋅ 2.4) ⋅ 90004

384 ⋅ 9.69 ⋅ 1012
= 44.3 mm 

The deflection due to the live load that is not considered long-term is: 

Δ𝐿,𝑛𝑜𝑡 𝑙𝑜𝑛𝑔 𝑡𝑒𝑟𝑚 = (1 − 0.3) ⋅ 7.9 = 5.6 mm 

The total deflection due to long- and short-term loads is: 

Δ𝑡𝑜𝑡𝑎𝑙 = Δ𝐿𝑇 + Δ𝐿,𝑛𝑜𝑡 𝑙𝑜𝑛𝑔 𝑡𝑒𝑟𝑚 = 42.6 + 5.6 = 49.8 mm <
𝐿

180
= 50 mm, OK 
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8.4 Verification of the Vibration Criterion 

The structural mass of the floor for a width of one metre is: (420 ⋅ 0.184 + 2400 ⋅ 0.108) ⋅ 1 = 336.5 

kg/m 

According to Equation (5.4), the maximum span of the floor is: 

𝐿𝑚𝑎𝑥 ≤ 0.329
((𝐸𝐼)𝑒𝑓𝑓

1𝑚 )
0.2645

𝑚𝐿
0.2066 = 0.329

(25.83 ⋅ 106)0.2645

336.50.2066
= 9.0 m 

Despite the fact that the floor respects the vibration criterion, for such a span and innovative floor, 

it is recommended to build a mock-up to validate the vibration criterion, since the maximum 

acceptable span tested in laboratory for vibration criterion was about 8.65 m for the design 

Equation [62]. 

8.5 Ultimate Limit State 

8.5.1 Estimation of the Factored Load 

𝑤𝐷 = 3.30 + 1 = 4.30 kN/m 

𝑤𝐿 = 2.4 kN/m 

For a standard-term load, the factored load is: 

𝑤𝑓 = max(1.4𝑤𝐷; 1.25𝑤𝐷 + 1.5𝑤𝐿) = max(1.4 ⋅ 4.30; 1.25 ⋅ 4.30 + 1.5 ⋅ 2.4) = max(6.02; 8.98) =

8.98  kN/m 

𝑀𝑓 =
𝑤𝑓𝐿

2

8
= 90.9 kNm 

𝑉𝑓 =
𝑤𝑓𝐿

2
= 40.4 kN 

For a long-term load, the factored load is (30% of the live load is considered long-term): 

𝑤𝑓 = max(1.4𝑤𝐷; 1.25𝑤𝐷 + 1.5(0.3𝑤𝐿)) = max(1.4 ⋅ 4.30; 1.25 ⋅ 4.30 + 1.5 ⋅ 0.3 ⋅ 2.4) 

      = max(6.02; 6.46) = 6.46 kN/m 

𝑀𝑓 =
𝑤𝑓𝐿

2

8
= 65.4 kNm 

𝑉𝑓 =
𝑤𝑓𝐿

2
= 29.1 kN 
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8.5.2 Bending Moment Resistance 

Since the shear connector is considered as ductile, the bending moment resistance of the whole 

composite floor is governed by the following equation: 

𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐;𝑀𝑟,𝐸𝑃) 

According to the 𝛾-method, the bending moment resistance for standard-term load is: 

𝑀𝑟,𝛾,𝑡 =
(𝐸𝐼)𝑒𝑓𝑓𝑇𝑟,𝑡𝑀𝑟,𝑡

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑀𝑟,𝑡 + (𝐸𝐼)𝑡𝑇𝑟,𝑡
=

25.83 ⋅ 1012 ⋅ 1209 ⋅ 103 ⋅ 78.2 ⋅ 106

0.54 ⋅ 1727 ⋅ 106 ⋅ 121.9 ⋅ 78.2 ⋅ 106 + 4873 ⋅ 109 ⋅ 1209 ⋅ 103
 

            = 165.7 kNm 

𝑆𝑐 =
(𝐸𝐼)𝑒𝑓𝑓

𝐸𝑐(0.5ℎ𝑐,𝑒𝑓𝑓 + 𝛾𝑐𝑎𝑐)
=

25.83 ⋅ 1012

25000(0.5 ⋅ 95.1 + 1 ⋅ 47.6)
= 10.86 ⋅ 106 mm3 

𝑀𝑟,𝛾,𝑐 = 0.9𝜙𝑐𝑓𝑐
′𝑆𝑐 = 0.9 ⋅ 0.65 ⋅ 30 ⋅ 10.86 ⋅ 10

6 = 190.6 kNm 

The bending moment resistance according to the elasto-plastic model is: 

𝑚 = 4 ⋅ 5 + 3.5 ⋅ 3 = 30.5 connectors between the point of zero moment and the critical cross-

section 

𝑁 = 𝑚𝑉𝑟,𝑐𝑜𝑛𝑛 = 30.5 ⋅ 16307 = 497 ⋅ 10
3 N 

497 ⋅ 103 N ≤ min(𝑇𝑟,𝑡; 0.9𝜙𝑐𝑓𝑐
′𝑏𝑐ℎ𝑐) = min(1209 ⋅ 10

3; 1755 ⋅ 103)  = 1209 ⋅ 103 N OK 

𝜎𝑏,𝑡 = (1.0 −
𝑁

𝑇𝑟,𝑡
)
6𝑀𝑟,𝑡

𝑏𝑡ℎ𝑡
2  = (1.0 −

497 ⋅ 103

1209 ⋅ 103
)
6 ⋅ 78.2 ⋅ 106

988 ⋅ 1842
= 8.25 MPa 

ℎ𝑐,𝑒𝑓𝑓 = √
𝑁𝐸𝑡ℎ𝑡
𝐸𝑐𝜎𝑏,𝑡𝑏𝑐

= √
497 ⋅ 103 ⋅ 9500 ⋅ 184

25000 ⋅ 8.3 ⋅ 1000
= 64.9 mm ≤ ℎ𝑐 = 100 mm OK 

𝜎𝑏,𝑐 =
𝑁

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
=

497 ⋅ 103

1000 ⋅ 64.9
= 7.66 MPa ≤ 0.45𝜙𝑐𝑓𝑐

′ = 8.78 MPa OK 

From the last two verifications, we know that the concrete has a neutral axis and that the 

resistance is limited by the timber. 

𝑀𝑟,𝐸𝑃 = 𝑁(
ℎ𝑡
2
+ 𝑡 + ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
) + 𝜎𝑏,𝑐

𝑏𝑐ℎ𝑐,𝑒𝑓𝑓
2

6
+ 𝜎𝑏,𝑡

𝑏𝑡ℎ𝑡
2

6
 

            = 497 ⋅ 103 (
184

2
+ 25 + 100 −

64.9

2
) + 7.66 ⋅

1000 ⋅ 64.92

6
+ 8.25 ⋅

988 ⋅ 1842

6
 

            = 143.2 kNm 
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The bending moment resistance of the whole composite section for a standard-term load duration 

is then: 

𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐;𝑀𝑟,𝐸𝑃) = min(165.7; 190.6; 143.2 ) = 143.2 kNm ≥ 90.9 kNm OK 

For a long-term load duration, the timber resistance is multiplied by the load duration factor, 𝐾𝐷, 

which equals 0.65 for a long-term load. The resistance of the concrete and the shear connector 

are not modified. However, the stiffness of the concrete, the timber, and the shear connector are 

modified according to their creep modification factors. Accounting for all that: 

𝑀𝑟,𝛾,𝑡,𝐿𝑇 = 99.2 kNm 

𝑀𝑟,𝛾,𝑐,𝐿𝑇 = 204.3 kNm 

𝑀𝑟,𝐸𝑃,𝐿𝑇 = 107.4 kNm 

𝑀𝑟,𝐿𝑇 = min(𝑀𝑟,𝛾,𝑡,𝐿𝑇;𝑀𝑟,𝛾,𝑐,𝐿𝑇;𝑀𝑟,𝐸𝑃,𝐿𝑇) = 99.2 kNm ≥ 65.4 kNm OK 

8.5.3 Shear Resistance 

Despite the fact that the shear connector is ductile, the connectors must not yield under service 

load conditions. According to Figure 6.2, the total shear load applied to the shear connector 

nearest to the support is: 

𝑤 = 4.30 + 2.4 = 6.70 kN/m  

𝑉 =
𝑤(𝐿 − 2𝑥)

2
=
6.70 ⋅ (9000 − 2 ⋅ 300)

2
= 28.1 kN 

The shear resistance at that shear connector is (note that the short-term serviceability (𝐸𝐼)𝑒𝑓𝑓 is 

used for serviceability load verification): 

𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛 =
𝑛(𝐸𝐼)𝑒𝑓𝑓

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡𝑠
𝑉𝑟,𝑐𝑜𝑛𝑛 =

5 ⋅ 25.83 ⋅ 1012

0.54 ⋅ 1727 ⋅ 106 ⋅ 121.9 ⋅ 600
16.307 = 31.0 kN ≥ 28.1 kN OK 

The shear connectors near the support do not yield under the service load. The same verification 

needs to be conducted when the connector spacing changes: 

𝑉 =
𝑤(𝐿 − 2𝑥)

2
=
6.70 ⋅ (9000 − 2 ⋅ 2700)

2
= 12.1 kN 

𝑉𝑟,𝛾,𝑐𝑜𝑛𝑛 =
3 ⋅ 25.83 ⋅ 1012

0.54 ⋅ 1727 ⋅ 106 ⋅ 121.9 ⋅ 600
16.307 = 18.6 kN ≥ 12.1 kN OK 

The shear connectors do not yield under the service load. Since the shear connectors are ductile, 

the shear resistance of the whole composite section under ultimate load is evaluated with the 

following equation, under factored load: 

𝑉𝑟 = min(𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐; 𝑉𝑟,𝐸𝑃) 
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According to the 𝛾-method, the shear resistance for standard term load is: 

𝑉𝑟,𝛾,𝑡 =
(𝐸𝐼)𝑒𝑓𝑓

(𝐸𝐼)𝑡 + 0.5𝛾𝑡(𝐸𝐴)𝑡(ℎ𝑡 + 𝑡)𝑎𝑡
𝑉𝑟,𝑡 

          =
25.83 ⋅ 1012

4873 ⋅ 109 + 0.5 ⋅ 0.54 ⋅ 1727 ⋅ 106(184 + 25) ⋅ 121.9
216 ⋅ 103 

          = 334 kN 

𝑉𝑟,𝑐 = 0.21𝜙𝑐𝜆√𝑓𝑐
′𝑏𝑐ℎ𝑐 = 0.21 ⋅ 0.65 ⋅ 1√30 ⋅ 1000 ⋅ 100 = 74.8 kN 

𝑉𝑟,𝛾,𝑐 =
(𝐸𝐼)𝑒𝑓𝑓

(𝐸𝐼)𝑐 + 0.5𝛾𝑐(𝐸𝐴)𝑐(2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡)𝑎𝑐
𝑉𝑟,𝑐  

          =
25.83 ⋅ 1012

1793 ⋅ 109 + 0.5 ⋅ 1 ⋅ 2378 ⋅ 106(2 ⋅ 100 − 95.1 + 25) ⋅ 47.6
74.8 ⋅ 103 

          = 211 kN 

According to the elasto-plastic model, the shear resistance for standard term load is: 

ℎ𝑐,𝑒𝑓𝑓 = 64.9 mm (according to the Elasto-Plastic Model) 

(𝐸𝐼)𝑐 =
𝐸𝑐𝑏𝑐ℎ𝑐

3

12
=
25000 ⋅ 1000 ⋅ 64.93

12
= 570 ⋅ 109 Nmm2 

(𝐸𝐼)0 = (𝐸𝐼)𝑐 + (𝐸𝐼)𝑡 = 570 ⋅ 10
9 + 4873 ⋅ 109 = 5442 ⋅ 109 Nmm2 

𝑟 = (
ℎ𝑡
2
+ ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
+ 𝑡) = (

184

2
+ 100 −

64.9

2
+ 25) = 184.5 mm 

𝑉𝑟,𝐸𝑃,𝑡 = (𝑉𝑟,𝑡 −
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑡 + 𝑡

2
)
(𝐸𝐼)0
(𝐸𝐼)𝑡

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟 

            = (216 ⋅ 103 −
30.5 ⋅ 16.3 ⋅ 103

4500

184 + 25

2
)
5442 ⋅ 109

4873 ⋅ 109
+
30.5 ⋅ 16.3 ⋅ 103

4500
184.5  

            = 249 kN 

𝑉𝑟,𝐸𝑃,𝑐 = (𝑉𝑟,𝑐 −
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡

2
)
(𝐸𝐼)0
(𝐸𝐼)𝑐

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟 

            = (74.8 ⋅ 103 −
30.5 ⋅ 16.3 ⋅ 103

4500

2 ⋅ 100 − 64.9 + 25

2
)
5442 ⋅ 109

570 ⋅ 109
+
30.5 ⋅ 16.3 ⋅ 103

4500
184.5  

            = 650 kN 

The shear resistance of the whole composite beam for a standard-term load is: 

𝑉𝑟 = min(𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐; 𝑉𝑟,𝐸𝑃,𝑡; 𝑉𝑟,𝐸𝑃,𝑐) = min(302; 211; 249; 650) = 211 kN ≥ 39.3 kN OK 
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For a long-term load duration, the shear resistance is: 

𝑉𝑟,𝛾,𝑡,𝐿𝑇 = 209 kN 

𝑉𝑟,𝛾,𝑐,𝐿𝑇 = 228 kN 

𝑉𝑟,𝐸𝑃,𝑡 = 186 kN 

𝑉𝑟,𝐸𝑃,𝑐 = 309.9 kN 

𝑉𝑟,𝐿𝑇 = min(𝑉𝑟,𝛾,𝑡,𝐿𝑇; 𝑉𝑟,𝛾,𝑐,𝐿𝑇; 𝑉𝑟,𝐸𝑃,𝑡,𝐿𝑇; 𝑉𝑟,𝐸𝑃,𝑐,𝐿𝑇) = 186 kN ≥ 28 kN OK 

8.6 Fire Resistance 

According to Annex B of CSA O86-14 (2017) [23], the effective char depth after 120 min of 

standard fire exposure is 85 mm, which means that the reduced depth of the NLT is 99 mm. The 

truss plate depth into the NLT is 76 mm, consequently the shear connector is not yet exposed to 

fire and its shear properties do not need to be reduced. When calculating the fire resistance, the 

resistance factor of each material is taken as unity (𝜙 = 1.0), the specified strengths must be 

multiply by the short-term load duration factor (𝐾𝐷 = 1.15), and by the strength adjustment factor 

for fire design (𝐾𝑓𝑖 = 1.5), when applicable. 

The resulting (𝐸𝐼)𝑒𝑓𝑓 after reducing the cross-section of the timber element is: 10.54 ⋅ 1012 Nmm2. 

The calculated bending moment resistance after reducing the cross-section and applying the 

resistance and modification factors are: 

𝑀𝑟,𝛾,𝑡 = 151 kNm 

𝑀𝑟,𝛾,𝑐 = 158 kNm 

𝑀𝑟,𝐸𝑃 = 141 kNm 

𝑀𝑟 = min(𝑀𝑟,𝛾,𝑡;𝑀𝑟,𝛾,𝑐;𝑀𝑟,𝐸𝑃) = 141 kNm ≥ 67.8 kNm OK 

The calculated shear resistance after reducing the cross-section and applying the resistance and 

modification factors are: 

𝑉𝑟,𝛾,𝑡 = 490 kN 

𝑉𝑟,𝛾,𝑐 = 211 kN 

𝑉𝑟,𝐸𝑃,𝑡 = 372 kN 

𝑉𝑟,𝐸𝑃,𝑐 = 284 kN 

𝑉𝑟 = min(𝑉𝑟,𝛾,𝑡; 𝑉𝑟,𝛾,𝑐; 𝑉𝑟,𝐸𝑃,𝑡; 𝑉𝑟,𝐸𝑃,𝑐) = 211 kN ≥ 30.2 kN OK 

The applied moment and shear on the whole composite section are calculated with the specified 

loads (𝑤𝐿 +𝑤𝐷 = 2.4 + 4.3 = 6.7 𝑘𝑁/𝑚 ), as per Annex B of CSA O86-14. It is noted that 

serviceability limit states are typically not verified for structural fire resistance, unless they are 

judged critical by the designer (i.e. excessive deflection leading to cracking of concrete).
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APPENDIX I 

DEVELOPMENT OF SOME EQUATIONS 
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Development of Equation (6.8): 

 
𝑉𝑖 =

(𝐸𝐼)𝑖 + 0.5𝛾𝑖(𝐸𝐴)𝑖ℎ𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑉 (6.8) 

According to the internal equilibrium of TCC beams (Figure 2.1): 

 𝑀 = 𝑀𝑐 +𝑀𝑡 +𝑁𝑟 
(I.1) 

According to the beam theory: 

 
𝑉 =

𝑑𝑀

𝑑𝑥
 (I.2) 

By substituting Equation (I.1) into (I.2) and knowing that 𝑟 = (
ℎ𝑐,𝑒𝑓𝑓

2
+
ℎ𝑡

2
+ 𝑡𝑒𝑓𝑓): 

 
𝑉 =

𝑑𝑀𝑐
𝑑𝑥

+
𝑑𝑀𝑡
𝑑𝑥

+
𝑑𝑁

𝑑𝑥
(
ℎ𝑐,𝑒𝑓𝑓

2
+
ℎ𝑡
2
+ 𝑡𝑒𝑓𝑓) 

(I.3) 

From Equations (6.23) and (6.24) in Section 6.3.1.1, we know that: 

 
𝑀𝑐 =

(𝐸𝐼)𝑐
(𝐸𝐼)𝑒𝑓𝑓

𝑀 
(I.4) 

   

 
𝑀𝑡 =

(𝐸𝐼)𝑡
(𝐸𝐼)𝑒𝑓𝑓

𝑀 
(I.5) 

   

 
𝑁 =

𝛾𝑖(𝐸𝐴)𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑀 
(I.6) 

By substituting Equations (I.4) to (I.6) into (1.3): 

 
𝑉 =

(𝐸𝐼)𝑐
(𝐸𝐼)𝑒𝑓𝑓

𝑉 +
(𝐸𝐼)𝑡
(𝐸𝐼)𝑒𝑓𝑓

𝑉 +
𝛾𝑖(𝐸𝐴)𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

(
ℎ𝑐,𝑒𝑓𝑓

2
+
ℎ𝑡
2
+ 𝑡𝑒𝑓𝑓)𝑉 

(I.7) 
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Rewriting Equation (I.7) into the following form: 𝑉 = 𝑉𝑐 + 𝑉𝑡 + 𝑉𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑐𝑜𝑛𝑛, the shear force on 

each component can be expressed as: 

 
𝑉𝑐 =

(𝐸𝐼)𝑐 + 0.5𝛾𝑐(𝐸𝐴)𝑐ℎ𝑐,𝑒𝑓𝑓𝑎𝑐
(𝐸𝐼)𝑒𝑓𝑓

𝑉 
(I.8) 

   

 
𝑉𝑡 =

(𝐸𝐼)𝑡 + 0.5𝛾𝑡(𝐸𝐴)𝑡ℎ𝑡𝑎𝑡
(𝐸𝐼)𝑒𝑓𝑓

𝑉 
(I.9) 

   

 
𝑉𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑐𝑜𝑛𝑛 =

𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡
(𝐸𝐼)𝑒𝑓𝑓

𝑡𝑒𝑓𝑓𝑉 
(6.9) 

Knowing that 𝛾𝑡(𝐸𝐴)𝑡𝑎𝑡 = 𝛾𝑐(𝐸𝐴)𝑐𝑎𝑐, Equations (I.8) and (I.9) can be expressed as: 

 
𝑉𝑖 =

(𝐸𝐼)𝑖 + 0.5𝛾𝑖(𝐸𝐴)𝑖ℎ𝑖𝑎𝑖
(𝐸𝐼)𝑒𝑓𝑓

𝑉 
(6.8) 
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Development of Equation (6.20): 

 
𝑉𝑖 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑖
(𝐸𝐼)0

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑖
2

 (6.20) 

According to the internal equilibrium of TCC beam (Figure 2.1): 

 𝑀 = 𝑀𝑐 +𝑀𝑡 +𝑁𝑟 (I.1) 

From the beam theory, we also know that: 

 
𝑉 =

𝑑𝑀

𝑑𝑥
 (I.2) 

By substituting Equation (I.1) into (I.2): 

 
𝑉 =

𝑑𝑀𝑐
𝑑𝑥

+
𝑑𝑀𝑡

𝑑𝑥
+
𝑑𝑁

𝑑𝑥
𝑟 (I.10) 

The total shear is then expressed by the following equation: 

 𝑉 = 𝑉𝑀,𝑐 + 𝑉𝑀,𝑡 + 𝑉𝑁,𝑐 + 𝑉𝑁,𝑡 = 𝑉𝑐 + 𝑉𝑡 (I.11) 

where: 

 𝑉𝑐 = 𝑉𝑀,𝑐 + 𝑉𝑁,𝑐 (I.12) 

   

 𝑉𝑡 = 𝑉𝑀,𝑡 + 𝑉𝑁,𝑡 (I.13) 

Assuming that the concrete layer and the timber layer have the same deflection, from the beam 

theory we know that: 

 𝑀𝑐
(𝐸𝐼)𝑐

=
𝑀𝑡
(𝐸𝐼)𝑡

=
𝑀𝑐 +𝑀𝑡
(𝐸𝐼)0

 
(I.14) 

From Equation (I.14), the two following equations can be developed (knowing that 𝑀𝑐 +𝑀𝑡 = 𝑀 −

𝑁𝑟): 

 
𝑀𝑐 = (𝑀 − 𝑁𝑟)

(𝐸𝐼)𝑐
(𝐸𝐼)0

 
(I.15) 

   

 
𝑀𝑡 = (𝑀 − 𝑁𝑟)

(𝐸𝐼)𝑡
(𝐸𝐼)0

 
(I.16) 
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By assuming that all connectors have yielded and a constant spacing of the connectors, the value 

of 𝑁 at a certain position (𝑥) on the composite beam is: 

 
𝑁 =

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑥 
(I.17) 

Substituting Equation (I.17) into (I.1): 

 
𝑀 = 𝑀𝑐 +𝑀𝑡 +

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑥𝑟 
(I.18) 

Evaluating at first the shear force due to the composite action (
𝑑𝑁

𝑑𝑥
𝑟): 

 
𝑉𝑁,𝑐 + 𝑉𝑁,𝑡 =

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

(
ℎ𝑡
2
+ ℎ𝑐 −

ℎ𝑐,𝑒𝑓𝑓

2
+ 𝑡) 

(I.19) 

Thus, the shear force on each component due to the composite action is then: 

 
𝑉𝑁,𝑐 =

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡

2
 

(I.20) 

 
𝑉𝑁,𝑡 =

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑡 + 𝑡

2
 

(I.21) 

Evaluating the shear force due to the moment taken by the concrete and timber layer 

(
𝑑𝑀𝑐

𝑑𝑥
 and 

𝑑𝑀𝑡

𝑑𝑥
): 

 
𝑉𝑀,𝑐 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑐
(𝐸𝐼)0

 
(1.22) 

 
𝑉𝑀,𝑡 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑡
(𝐸𝐼)0

 
(I.23) 

The shear forces taken by the concrete layer and the timber layer are: 

 
𝑉𝑐 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑐
(𝐸𝐼)0

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

2ℎ𝑐 − ℎ𝑐,𝑒𝑓𝑓 + 𝑡

2
 

(I.24) 

 
𝑉𝑡 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑡
(𝐸𝐼)0

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑡 + 𝑡

2
 

(I.25) 

Equations (I.24) and (I.25) can then be expressed as: 

 
𝑉𝑖 = (𝑉 −

𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

𝑟)
(𝐸𝐼)𝑖
(𝐸𝐼)0

+
𝑚𝑉𝑟,𝑐𝑜𝑛𝑛
𝐿𝑚

ℎ𝑖 + 𝑡

2
 

(6.20) 

 






