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Abstract 

Under the Transformative Technologies program of Natural Resources Canada, FPInnovations launched 

the several projects on next generation wood building systems to support the expansion and 

diversification of wood into new markets. Next generation wood Systems   use innovative wood-based 

materials and systems beyond those defined and addressed in current building codes.  As part of this 

initiative, the serviceability research focuses on addressing issues related to floor and building vibrations, 

sound insulation and creep by developing provisions and design guidelines to control vibrations and noise 

in next generation wood buildings.   

 

Cross-laminated-timber (CLT) is a relatively new building product which constitutes is an alternative to 

concrete in certain applications.  Several innovative that incorporate CLT floors and walls have already 

been designed or built across Canada.  Unlike the conventional lightweight joisted wood floor systems, 

CLT floors are a massive wood slab system generally constructed without the use of joists. There is no 

design method to determine vibration controlled spans for CLT floors in current codes and standards.  

This study was conducted from 2008 to 2010 to establish a knowledgebase and database to develop a 

vibration controlled design method for CLT floors.  

 

CLT floor systems were tested in laboratory with varying construction details including CLT panel 

thickness, floor spans, type of panel-panel joints, supports, topping and suspended ceilings. The study 

included performance tests and subjective evaluations to determine the natural frequencies, damping 

ratios, stiffness indicated by the 1.0 kN static deflections, and human perceptions to the vibration 

performance of the CLT floors.  

 

Findings from this study indicated that:   
 

 fundamental natural frequencies of satisfactory bare CLT floors were above 10Hz; 

 bare CLT floors had damping ratios around 1%, which is lower than that of the bare conventional 

lightweight joisted wood floors which had damping ratios around 3%; 

 type of panel-panel joints used in this study did not noticeably affect the vibration performance of 

the CLT floors ;  

 suspended ceiling enhanced the CLT floor damping significantly.  Consequently the acceptance 

of the vibration performance by the evaluators improved or at least did not degrade even  the 

ceiling added additional mass to the floor ; 

 the wood topping  slightly enhanced floor stiffness, therefore the acceptance of the vibration 

performance by the evaluators improved slightly, or at least did not degrade; 

 the wood topping and ceiling together noticeably improved or at least did not degrade the 

vibration acceptance ; 

 human perception was correlated to the combination of floor stiffness and mass that were 

measured with the fundamental natural frequencies and 1.0 kN static deflections at the floor 

centers. 

 

This study formed a knowledgebase and database for the development of vibration controlled design 

method for CLT floors. Based on this study, a simple design method was developed based on CLT floor 

stiffness and mass (Hu and Sylvain 2011).  
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1 Objective 
The overall objective of this study was to build a knowledge base and database for the development of 

vibration controlled design method for CLT floors, specifically: 

 To build a knowledge base of the dynamic behaviour of CLT floors with various construction 

details ;  

 To build a database of the effects of the construction details of CLT floors on CLT floor vibration 

performance and human perception ; 

 To identify the design and construction parameters of CLT floors that are significantly affecting 

CLT floor vibration performance and human perception ; 

 To provide a background document for the proposed CLT design method in the CLT handbook 

(Hu and Gagnon 2011).  

 

 

2 Introduction 
 

Under the Transformative Technologies program of Natural Resources Canada, FPInnovations launched 

the several projects on next generation wood building systems to support the expansion and 

diversification of wood into new markets. Next generation wood systems use innovative wood-based 

materials and systems beyond those defined and addressed in current building codes.  As part of this 

initiative, the serviceability research focuses on addressing issues related to floor and building vibrations, 

sound insulation and creep by developing provisions and design guidelines to control vibrations and noise 

in next generation wood buildings.   

 

Cross-laminated-timber (CLT) is a next generation building wood-based product, which is an alternative 

to concrete, especially in floor applications.  Different from the conventional lightweight joisted wood 

floor systems, CLT floors are massive wood slab systems designed and built generally without the use of 

joists. Currently, there is no design method to determine vibration controlled spans for CLT floors in 

codes and standards.  This study was conducted from 2008 to 2010 to develop a knowledge base and 

database. The database was used to develop the vibration controlled design method for CLT floors in 

2011 (Hu and Gagnon). This report describes the CLT floor specimens, test methods, and results that 

form the background for the proposed design method.  
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3 Background 

3.1 CLT 

The appearance of CLT panels is similar to concrete slabs, but they are much lighter than concrete slabs 

while having similar stiffness/strength.  Figure 1 illustrates the concept of CLT panel.  It has a higher 

stiffness/strength to mass ratio than cold-formed steel, reinforced concrete, and masonry, making it a 

promising alternative to such materials.  Moreover, CLT building components are prefabricated, which 

accelerates the construction process and makes the construction efficient in terms of time, labour, and 

materials leading to a cost-effective building system. Another advantage is the ecological benefits of 

wood, which makes CLT more environmentally friendly compared to other building materials such as 

steel and concrete. 

 

 

Figure 1 Concept of CLT 
 

 

 

3.2 CLT Floors and Their Special Features 

Most of CLT floors are built with the CLT panels and without use of any joists. The form of CLT floors 

is very similar to the form of concrete slab floors – they are solid and massive. The four (4) edges of CLT 

floors are usually supported on walls or beams. Figure 2 illustrates the cross-section of a bare CLT floor.  

 

 

 

Figure 2 Cross-section of a bare CLT floor  
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By contrast, conventional lightweight joisted wood floors are usually built with joists spaced no more 

than 600 mm o.c., with a wood subfloor of 15.5 mm or 18 mm thick depending on the joist spacing as can 

be seen in Figure 3.  

 
 

Figure 3 Conventional lightweight wood floor built with joists and subfloor 
 

 

Furthermore, in comparison with joisted wood floors having the same span and equivalent vibration 

performance, CLT floors are generally shallower than conventional lightweight joisted wood floors. For 

example, a 6.5 m span floor can usually be built using 0.23 m thick CLT panels.  If the same floor is built 

using conventional wood joists, then at least 0.3 m deep joists are needed.   

 

CLT floors are heavier than conventional joisted wood floors and lighter than concrete slab floors. 

Currently, the thickness of the CLT panels on the market varies from 60 mm to 320 mm.  For floor 

application, the minimum thickness will be about 100 mm.  Therefore, the area mass of CLT floors varies 

from around 50 kg/m
2
 to 150 kg/m

2
.  The conventional wood joisted floor systems have an area mass of 

about 20 kg/m
2
 for base floors and around 110 kg/m

2
 for base floors with a 38 mm thick normal weight 

concrete topping.  The concrete slab floors normally have an area mass above 200 kg/m
2
.   

 

 

3.3 Review of the Feasibility of the Application of Existing Design Methods to CLT 
Floors  

3.3.1 Uniformly Distributed Load (UDL) Deflection Method  

The uniformly distributed load (UDL) deflection method attempts to control vibrations by limiting the 

static deflection of a CLT floor under a uniform design load.  For example, some CLT and indeed other 

engineered wood product (EWP) manufacturers recommend limiting the total UDL deflection to 

Span/400. This approach assumes that the allowable deflection for controlling vibration is linearly 

proportional to the span of a floor.  
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It was found in previous studies that problem floors tended to fall into the long span category because this 

method allows the longer span floors have more UDL deflection than shorter span floors.  This points out 

to the limitation of this approach, and that long span floors should have a more stringent deflection limit. 

 

Therefore, if rationally using this method to avoid excessive vibrations in CLT floors, the design engineer 

needs good judgment for selection of a proper UDL deflection limit according to the floor spans. A 

standardized calculation procedure is then needed for CLT floor vibration controlled design so that all 

CLT floors can be economically designed with satisfactory in-service performance.  

 

3.3.2 Conventional Design Methods for Wood and Steel-Concrete Floors  

The 2005 National Building Code of Canada (NBCC) (NRC 2005) recommends limits for static 

deflections of lightweight lumber joisted floors under 1.0 kN static load at floor centre. It was shown that 

this method is only applicable to wood joisted floors without topping, i.e. floors having an area mass less 

than 30 kg/m
2
 (Hu and Gagnon 2009).  Such lightweight floors with satisfied vibration performance 

should have the fundamental natural frequency above 15Hz.  Therefore this method is not applicable to 

CLT floors that have fundamental natural frequencies below 15Hz.  

 

A design method was developed by Murray et al. (1997) for heavy steel joist-concrete slab floors having 

an area mass larger than 150 kg/m
2
 and is proposed in the Steel Design Guide (Murray et al 1997). Such 

heavy floors usually have fundamental natural frequency below 9.0 Hz. This method limits the peak 

acceleration of a floor to control the vibrations of heavy floors. Therefore, this method is also not 

applicable to CLT floors that have fundamental natural frequencies above 9Hz.  

 

Table 1 summarizes the scope of the above two (2) design methods.  Also shown in Table 2, the types of 

floor construction not currently covered or not adequately covered by existing design methods. As can be 

noted, the scope of the existing design methods in current codes does not cover CLT floors.  
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Table 1 Summary of floor design methods in codes proposed for wood and steel-concrete 

floors and their scope 

Design Method 
2005 National Building 

Code of Canada (NRC 2005) 

Currently not 

addressed in Codes 

Murray et al. (1997) 

for steel-concrete 

Floor construction 
Light-weight joisted floors 

without topping 

1. Joisted floors 

with concrete 

topping 

2. CLT 

Steel joist – concrete 

slab 

Floor area mass 

(kg/m
2
) 

15-30 30-150 > 150 

Floor natural 

frequency 

characteristics 

(Hz) 

> 15 > 9 < 9 

 

3.3.3 FPInnovations’ New Design Method for Joisted Wood Floors and the Need for the 
Development of a Vibration Controlled Design Method for CLT Floors 

FPInnovations and the University of New Brunswick (UNB) developed a design method to control 

vibrations in a broad range of wood joisted floor systems with an area mass varying from 15 kg/m
2 
to 150 

kg/m
2 

and for fundamental natural frequency above 9 Hz (Hu 2007). The design method uses 1.0 kN 

static deflection and fundamental natural frequency as design parameters so that the floor stiffness and 

mass are accounted for.  

 

SINTEF (Homb 2008) has conducted extensive field and laboratory studies on the vibration performance 

of CLT floors. SINTEF found that the FPInnovations performance criterion, which was originally 

developed for lightweight joisted wood floors, predicted the vibration performance of CLT field floors 

that suitably matched the occupants’ expectations, as illustrated in Figure 4.  Each symbol in the figure 

represents a CLT field floor. If the symbol is below the curve, it means that the CLT floor is acceptable 

according to the proposed criterion. SINTEF’s field study has shown that the occupants were generally 

satisfied with the vibration performance of the floors tested.   

 

SINTEF’s study confirmed that FPInnovations’ design criterion for joisted wood floors is applicable to 

CLT floors. However, the equations for calculation of the 1.0 kN static deflection and fundamental 

natural frequency of CLT floors needed to be developed. The equations in FPInnovations’ design method 

were originally derived from conventional joisted wood floors (Chui 2002) based on ribbed plate theory, 

not for non-joisted slab floors like CLT floors. Meanwhile, the form of the criterion shown in Figure 4 

also needed to be calibrated to the new equations to develop a new design criterion for CLT floors.  In a 

nutshell, a new design method for CLT floors is needed to control the CLT floor vibrations.  A 

knowledgebase and database of the dynamic behavior and human perception to CLT floor vibration 

performance are needed for the development of the vibration controlled design method for CLT floors.  

Therefore, this laboratory study was designed initially to build such knowledgebase and database.   
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Figure 4 Comparison of FPInnovations’ design criterion for joisted wood floors  

(Hu & Chui criterion) with the vibration performance of field CLT floors studied at SINTEF  

(Byggforsk, Norway) (Homb 2008) 
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5 Test Floor Assemblies and Materials 

5.1 Bare CLT Test Floor Assemblies and Materials 

To understand the vibration performance of CLT floors and the effects of various construction details on 

bare CLT floor vibration performance, seventeen (17) bare CLT test floor assemblies were built at 

FPInnovations’ laboratory in Québec City, with various construction details such as CLT thickness, 

spans, joints between CLT panels, and supports.  Table 2 summarizes the material and construction 

details of the seventeen (17) bare CLT test floor assemblies.  

 

Table 2 Material and construction details of bare CLT test floor assemblies 

Floor 

ID 

Width 

(m) 

Span 

(m) 

CLT panel details 
Type of  panel-

panel joint 
Edge support Thickness 

(mm) 

Type 

(KLH) 

1 5.9 8.0 230 7ss Step, Fig. 5 Free 

2 5.9 7.0 230 7ss Step, Fig. 5 Free 

3 5.9 7.0 230 7ss Step, Fig. 5 Simple 

4 6.0 7.0 230 7ss Spline, Fig. 6 Free 

5 6.0 7.0 230 7ss Spline, Fig. 6 Simple 

6 5.9 6.5 182 5s Step, Fig. 5 Free 

7 5.9 6.5 182 5s Step, Fig. 5 Simple 

8 5.9 5.5 182 5s Step, Fig. 5 Free 

9 5.9 5.5 182 5s Step, Fig. 5 Simple 

10 6.0 5.5 182 5s Spline, Fig. 6 Free 

11 6.0 5.5 182 5s Spline, Fig. 6 Simple 

12 5.9 5.5 140 5s Step, Fig. 5 Free 

13 5.9 5.5 140 5s Step, Fig. 5 Simple 

14 5.9 4.5 140 5s Step, Fig. 5 Free 

15 5.9 4.5 140 5s Step, Fig. 5 Simple 

16 5.9 4.5 140 5s Spline, Fig. 6 Free 

17 5.9 4.5 140 5s Spline, Fig. 6 Simple 

Note:  

5s stands for 5-layer CLT with single longitudinal layers on faces of panel (KHL 2008) ; 

7ss stands for 7-layer CLT with double longitudinal layers on faces and centre of panel (KLH 2008). 

 

 



Serviceability of Next Generation Wood Buildings:  

Laboratory Study of Vibration Performance of Cross-Laminated-Timber (CLT) Floors 

  Project No. 301006159 

 

 

® FPInnovations. All rights reserved. 
  FPInnovations, its marks and logos are registered trademarks of FPInnovations. 

8 of 26 

 

The bare test floor assemblies were built using three (3) individual pieces of 2m wide CLT panels with 

varied thickness of 230 mm, 182 mm and 140 mm.  The spans varied from 8 m to 4.5 m, and two (2) 

types of joint details for connecting panels together were used.  The details of the joint between panels are 

showed in Figures 5 and 6.  Panels were manufactured by KLH in Austria. 

 

 

Figure 5 Step joint details 
 

        

                       45 mm thick X-LVL 

 
Figure 6 Spline joint details 
 

 

For the “step joint” detail, 8 mm diameter Wurth self-tapping screws were used to connect two (2) CLT 

panels at a spacing of 320 mm o.c.  In the case of the “spline joint” detail, normal wood screws No. 10 

(diameter of 4.83 mm.) were used to connect the continuous strip of cross ply LVL (X-LVL) to the CLT 

panels. The spacing was 200 mm o.c.   

 

The test floor assemblies met the strength and deflection requirements for specified unfactored uniform 

dead load of 1.5 kPa, excluding the self-weight of the panels, and uniform live load of 2.4 kPa specified 

for office applications by the National Building Code of Canada (IRC 2005).  

 

The ends of each CLT floor assembly were supported on 190 mm thick and 685 mm high glulam walls 

(see Figures 7 and 8).  Floors No. 1 to 7 were connected to the walls using Wurth self-tapping screws of 

10 mm diameter and 300 mm long at a spacing of 300 mm o.c.; floors No. 8 to 11 were connected using 

Wurth self-tapping screws of 7 mm diameter and 300 mm long with a spacing of 200 mm; and floors No. 

12 to 17 were built using Wurth screws of 8 mm diameter at a spacing of 250 mm and 220 mm long.  The 

Wurth self-tapping screws spacing used in this study followed the installation guide of the screw 

producer.   
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As shown in Figure 8, the glulam supporting walls were connected to a 700 mm wide and 190 mm thick 

glulam foundations using steel angles and lag screws. The glulam foundations were in turn connected to a 

concrete ground floor using steel angles and concrete anchor bolts at a spacing of 3 m (see Figure 9). 

Each glulam supporting wall was braced using 38 mm x 140 mm lumber on each side of the wall at a 

spacing of 2 m.  Figures 7 to 9 show the details of the supporting system.   

 

The test floor assemblies were tested under two (2) types of supporting conditions for the floor edges, i.e. 

free and simple support along the longitudinal strength direction of the panels.  When the floor edges 

were supported, the 38 mm x 89 mm wood stud wall panels of 2 m long were used as supports (see Figure 

7).  The wall panels were spaced at 2 m or less.  

 

 

 

Figure 7 A typical CLT test floor assembly and its edge and end supporting walls 
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Figure 8 End supporting wall details 
 

 

Figure 9 Steel angle and anchor bolts at the connection of the glulam foundation and the 

concrete ground floor 
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5.2 CLT Test Floor Assemblies with Topping and Ceiling 

For satisfactory sound insulation, topping and dry wall ceiling are needed to be added to the bare CLT 

floors.  The effects of various topping and ceiling materials/details on vibration performance of CLT 

floors were studied.  

 

The base test floor assembly selected for this study was Floor No. 3 in Table 2, which was the 230 mm 

thick CLT bare floor of 7 m span using step joint and with the edge simply supported.  This floor was 

selected because the vibration performance of the bare floor was rated as marginal.  Therefore, in this 

study, using this floor as the benchmark will most likely reveal whether adding topping and ceiling to the 

base floor would improve or degrade the CLT floor vibration performance.  

 

The dry wall ceiling was composed of 2-layer 16 mm thick Type X gypsum boards, as shown in Figure 

10b. The gypsum boards were suspended from the bottom of the CLT floor through sound isolation clip 

(RSIC-1 shown in Figure 10a).  The height of the clip was adjustable.  As shown in Figure 10b, one end 

of the clip was attached to the bottom of the CLT floor, while the other end supported the metal hat 

channels (furry channels). The gypsum boards were installed directly on the channels.  The clips were 

spaced at 0.78 m in the span direction (i.e., major strength direction of the panels), and 0.55 m in the other  

direction of the floor.  

 

 
 

(a) Sound isolation clip 

 

 

 
 

 
(b) Resiliently suspended gypsum board ceiling 

with sound isolation clips supporting metal hat 

channels and gypsum boards from CLT floor 

Figure 10  Sound isolation clip (a) and resiliently suspended gypsum board ceiling with sound  

isolation clips supporting metal hat channels and gypsum boards from CLT floor (b) 
 

The base layer of the gypsum board panels was oriented with the long axis perpendicular to the steel furry 

channels which were installed parallel to the span floor direction, and spaced at 0.55 m o.c.  The face 

layer of the gypsum board panels was also oriented with the long axis perpendicular to the furry channels 

and staggered relative to the base layer.  The gypsum panels were fastened to the furry channels using 

type S, No. 6 drywall screws of 41mm long and spaced at 305 mm o.c., both at the perimeter and in the 

field of the panels.  The distance measured from the bottom CLT to the top of the face layer of the 

gypsum board was 220 mm, which created a 220 mm deep ceiling cavity.  
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The wood topping was composed of 18 mm (3/4”) OSB panels attached to the CLT floor surface through 

38 mm x 38 mm (1.5” by 1.5”) wood sleepers at 600 mm o.c.  The OSB tongue and groove sheets were 

staggered with long axis perpendicular to the sleepers. The sheets were fastened to the wood sleepers 

using construction No. 8 screws of 50 mm long and spaced at 150mm o.c. along the edge of each sheet 

and 305 mm o.c. in the field of each sheet.  The wood sleepers were installed parallel to the floor span 

direction. The sleepers were fastened to the CLT panels using No. 8 screws of 64 mm long, and spaced at 

457 mm o.c.. Wood fiber boards of 34 mm thick filled the sleeper cavity.  

 

The mechanical properties of the ceiling and topping materials were measured and are given in Table 3.  

Table 4 summarizes the construction details of the test floor assemblies with topping and ceiling.  

 

Table 3 Summary of mechanical properties of the ceiling and topping materials 

Material Type 
Size 

(m) 

Thickness 

(mm) 

MOE 

(MPa) 

G  

(shear modular) 

(MPa) 

Mass 

OSB N.A. 1.2 x 2.4 18 6090 1920 10.6 kg/m
2 

Wood fiber 

board 
Primecoat 1.2 x 2.4 17 N.A N.A 4.0 kg/m

2
 

Sleepers 
SPF MSR 

2100Fb 

0.038 by 

0.038 
N.A. N.A N.A Total: 72kg 

Clips RSIC-1 ADM N.A. N.A. N.A. N.A. Total: 10kg 

Furry channels Steel N.A. N.A. N.A. N.A. Total: 25kg 

Gypsum 

boards 
X 1.2 x 2.4 16 *2400 *1300 11.6 kg/m

2
 

Note: * Reference values measured on similar gypsum boards.  

 

 

Table 4 Construction details of the 230 mm thick CLT test floor assemblies of 7 m span  

with topping and ceiling, simply supported edge, and step joint 
 

Floor ID Wood topping Suspended ceiling Edge support 

18 None Yes Simple 

19 Yes Yes Simple 

 

 

6 Methods 
FPInnovations’ research found that human perceptions to floor vibrations correlated well to floor 

deflections resulted from a concentrated load, floor fundamental natural frequency, and floor dynamic 

responses (Hu 2000). The dynamic responses include acceleration, velocity, and displacement responses 

to an impulse (Hu 2000). 

 

Therefore, the performance tests were conducted on the CLT floor specimens using the floor test 

protocols developed at FPInnovations (Hu 1998).  The following sections describe the test methods. 
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Meanwhile, the vibration performance of some CLT test floor assemblies was subjectively evaluated by 

twenty (20) people.  

 

For each floor depth, subjective evaluations were conducted only on the shortest span built with the step 

joint connection. This was due to the fact that longer spans were obviously too bouncy to satisfy 

occupants, and the vibration performance of the floors built with spline joint did not show any noticeable 

difference to that of the floors built with step joint in terms of subjectively evaluation ratings,  measured 

static deflections, natural frequencies and dynamic responses.   

 

All measurements were done in general agreement with the specified standards and protocols. The 

precision levels were in accordance with the technical requirements. 

 

6.1 Static Concentrated Load Testing 

This test was conducted to determine the maximum static deflection of the CLT floors at mid-span under 

a 1.0 kN concentrated static load.  

 

The basic elements needed to measure static deflection under a concentrated load are: 1) a stable 

reference from which to measure floor movement, 2) an accurate and sensitive deflection measuring 

device, and 3) a mobile loading system.  

 

For the CLT test floor assemblies without the ceiling, the concrete ground floor was used as the reference. 
Figure 11 shows the measurement setup and the loading system. Two (2) electronic gauges having a 

resolution of 0.001 mm were used as the deflection measuring device as shown in Figure 11b.  The 

deflection gauges were mounted to the free ends of two (2) rods which in turn were fixed on two (2) steel 

plates resting on the concrete ground floor (see Figure 11b).  The end of one deflection gage was fixed to 

the bottom of the middle point of the centre CLT panel through the rod to measure the static deflection of 

the floor centre.  The end of the second deflection gauge was fixed to the bottom of the middle point of 

the joint of two (2) CLT panels through the rod to measure the static deflection at the joint.  The 

concentrated static load was applied by a person standing over each CLT panel’s centre, floor edges and 

panel to panel joints.  Figure 11a shows the static loading process using the tester’s weight.  The 

deflection profile of the floor was generated from a complete set of measurements. Three (3) deflection 

measurements were taken for the loading at each location to assure that stable results were obtained.  The 

average of the three (3) sets of the deflection profiles was used to represent the resulting deflection profile 

of the test floor under the person’s weight.  Finally, the deflections were normalized to 1.0 kN load.   
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(a) Static loading using the tester’s weight. 

 

 

 
 

(b) Two (2) deflection gauges under the 

CLT floor. 

 Figure 11  Static testing on a CLT test floor assembly without ceiling 
 

 

For test floor assemblies with ceilings, it was not possible to attach the static deflection gage under the 

bottom of the CLT floor due to the presence of the ceiling. Therefore, the static deflection gauge was set 

on  the surface of the CLT floor and attached  to a reference beam that was supported on the ground (i.e., 

used as a reference). Figure 12 shows the setup of the static deflection test for this particular case.  

 

 
 

Figure 12  Setup of static deflection test on the CLT test floor assemblies with ceiling system  

showing the deflection gauge and the tester applying his weight to the floor 
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6.2 Modal Testing 

Modal tests were conducted to determine the natural frequencies, modal damping ratios, and mode shapes 

of the CLT test floor assemblies.   

 

Modal testing followed a standard procedure specified in FPInnovations’ protocols (Hu 1998).  Hammer 

excitation was selected because of its simplicity and reliability. DataPhysics Multi-channel analyzer was 

used to acquire the impact force and response signals.  A 2.5 kg instrumented hammer (Kistler) with soft 

tip was used for exciting the floor.  The hammer was impacted on the floor through a 100 mm x 100 mm 

soft pad to ensure that the impact force would have sufficient energy to excite the fundamental natural 

frequency with a high signal to noise ratio.  Vibrametrics accelerometers having sensitivity of about 500 

mv/g were used to measure the floor responses.  

 

The hammer impact was applied at the top of the floor by a person sitting on a beam supported on the 

ground so that the tester’s weight was not added to the floor.   The hammer impact was located on the side 

panel away from the mid-span of the test floor areas.  At such a location, it was unlikely that a modal 

point of the first three (3) modes would occur.  The floor vibration was measured on each panel at one 

quarter of the span of the test floor.  Figure 13 shows a typical modal test setup and the locations for the 

hammer and accelerometers.  The force and acceleration signals were recorded by the DataPhysics multi-

channel analyzer. The signals then were post-processed to determine the natural frequencies, modal 

damping ratios and mode shapes using ME’scope modal analysis software. 

 

 

 

Figure 13  Modal testing on a CLT test floor assembly 
 

 

6.3 Forced Vibration Testing 

Forced vibration testing was also conducted to determine the dynamic responses including acceleration, 

velocity, and displacement responses of the CLT floors to an impulse similar to the heel impact force of 

the footsteps of a human normally walking.   
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Forced vibration testing followed the procedure described in the FPInnovations’ floor test protocols (Hu 

1998).  The excitation was generated by dropping a 5 kg medicine-ball onto a force plate instrumented 

with a force transducer.  The ball drop impact was performed by a tester while sitting on a stool.  The ball 

was caught when it rebounded to avoid multiple impacts. 

 

The ball drop force was applied at the floor centre.  An accelerometer having sensitivity of about 500 

mv/g was also located at the impact location to measure the maximum response of the floor.  The impact 

force and acceleration signals were recorded by the DataPhysics multi-channel analyzer. The acceleration 

signals were then integrated to obtain velocity or displacement responses using ME’scope software. The 

impact force signal was processed to determine the impulse, which was further used to normalize the 

dynamic responses to a 1 N-s impulse.  Figure 15 shows the ball drop impact test and the measurement 

setup.  

 

 

 

 

Figure 14  Forced vibration testing on a CLT test floor assembly using ball-drop as excitation 
 

 

6.4 Subjective Evaluation 

The key objective of the subjective evaluation of the vibration performance is to define the maximum 

annoying vibration level that can be acceptable to the majority of occupants of residential floors. Based 

on our experience of field floor study, we have found that the occupants in non-residential floors are more 

tolerant to floor vibrations than the residential occupants.  Therefore, if the floor vibration level can be 

acceptable to residential occupants, then it will most likely be accepted by non-residential occupants as 

well.  This statement is true only for the non-residential floors that are not used for sensitive equipment 

(e.g., medical laboratories)   

 

The subjective evaluation uses the rating scale and procedure originally developed at FPInnovations in the 

1970s (Onysko and Bellosillo, 1978), further enhanced in the 1990s by Hu (1997), and recently simplified 

by Hu and Gagnon (2010).  The procedure is described below.  
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To mimic more closely normal living conditions during subjective performance evaluations, the test floor 

assemblies were carpeted and furnished.  As shown in Figures 16 and 17,  there were some vases with 

flowers and water on top of a cabinet, as these objects are very good indicators for excessive floor 

vibrations.  If the floor is vibrating at a high level, then the moving flower and water will be noticeable.  

In Figure 17, you also can see some kind of a china cabinet with glassware.   

We found that the glassware in the cabinet is another good indicator for the excessive vibrations, since a 

person walking by will notice the rattling of glassware.  In these figures, you also see a chair located in 

the centre of the floor.  During the subjective evaluation, if the person is sitting on the chair and feels the 

floor vibrating when someone is walking by the chair, then the floor vibration level is most likely not 

acceptable.   

 

At least twenty (20) persons were invited to evaluate the performance of a floor.  Only one (1) evaluator 

was allowed on the floor at a time.  He or she first walked freely on the floor while observing clues 

related to floor performance (Figure 16).  The clues included seeing the movement of the flowers and the 

water, hearing the rattling of the china cabinet, and feeling the sensation of the floor’s movement.  

 

The evaluator was then asked to sit on the chair, while another person walks on the floor according to a 

designated pattern (Figure 17).  The walking pattern is such that the person walks at least two (2) times 

along the two (2) diagonal directions from one (1) corner of the floor to another, then walks at least twice 

along the middle lines parallel and perpendicular to the floor span.  Again the evaluator was observing the 

three (3) clues, i.e. seeing, hearing and feeling the floor’s vibration performance.  Immediately after the 

evaluation, the evaluator is asked to fill out a questionnaire (Tables 5 and 6), which provided an overall 

performance rating for the floor as well as a score for the three (3) performance-related clues.  

 

 

Figure 15  Subjective evaluation while the evaluator is walking, feeling and observing the  

floor movement 
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Figure 16  Subjective evaluation while the evaluator is sitting, observing and feeling the floor  

Movement 
 

The subjective evaluation questionnaires are given in Tables 5 and 6.  The average value of the twenty 

(20) evaluators’ ratings on the floor vibration performance was finally assigned to the floor. The 

questionnaire given in Table 5 was designed to study the effects of the evaluator’s background on his/her 

rating given in Table 6.  The personal background information can be useful in adjusting the ratings 

he/she gave in Table 4 if the rating is not normal.   However, so far, such an adjustment was hardly 

needed in our study of hundreds of floors.  This means that the human mind usually is rational, therefore, 

the subjective evaluation results from the twenty (20) evaluators are reasonably reliable, and the 

subjective matter of floor vibration acceptance can still be quantified using FPInnovations’ method 

described here.   
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Table 5      Floor evaluator questionnaire and record 

Evaluator’s Name  

Evaluator’s ID  

Age:  

    Below 45  

    45 or over  

Sex:  

    Female  

    Male  

Type of Dwelling:  

    I live in a single family dwelling that I own  

    I live in a single family dwelling that I rent  

   I live in a condominium that I own  

   I live in a condominium that I rent  

   I live in an apartment  

The floor in my most recent or current dwelling are:  

    Concrete floors  

     Wood floors  

The floors where I currently live are:  

     Very solid  

      Solid  

      Marginal or undecided  

     Bouncy or springy  

      Very bouncy  

I consider myself:  

       Selective or “picky”  

       Somewhat selective  

       Not too selective  

       Not selective at all  

Post-interview questionnaire filled by interviewer 

Evaluator’s Weight:  

       Heavy  

       Medium  

       Light  

Evaluator’s Gait:  

        Heavy  

        Normal  

        Light  
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Table 6 Floor rating questionnaire and score system. 

Questions Score  1-5 1=Agree 

2=Agree somewhat 

3=No opinion 

4=Disagree somewhat 

5=Disagree 

 

Price:  

Low:  <150K 

Medium: 180-250K 

Expensive:  >350K 

 

(Note: the prices 

should be adjusted to 

the current market 

prices for low, 

medium and 

expensive houses)  

The floor in the home I currently live is better than this floor  

This is not a satisfactory floor for  a low-priced house  

This is not a satisfactory floor for  a medium-priced house  

This is not a satisfactory floor for  an expensive custom house  

I could feel the floor move or bounce while I’m walking  

I could feel the floor move or bounce while others walked  

I was annoyed by the floor movement or bounce  

I could hear objects rattling while I’m walking  

I could hear objects rattling while others walked  

I was annoyed by the rattle  

I could see objects moving while I’m walking  

I could see objects moving while others walked  

I was annoyed by the objects’ movement  

 

                       Rate 1-5 

Rate the overall floor vibration performance  

    1 =  Definitely unacceptable  

    2 =  Unacceptable 

3 =  Marginal 

4 =  Acceptable 

5 =  Definitely acceptable 

 

 

 

7 Results and Discussion 
The statistical summary of the measured vibration performance attributes and subjective ratings of the 

bare CLT test floor assemblies are given in Table 7. 
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Table 7 Vibration performance attributes and subjective ratings of the bare CLT test floor 

assemblies 

Floor 

ID 

1kN static 

deflection (mm) 
Fundamental 

natural 

frequency 

(Hz) 

First 

modal 

damping 

ratio 

(%) 

Peak 

acceleration 

to a 1N-

second 

impulse 

(mm/S
2
) 

Peak 

velocity 

to a 1N-

second 

impulse 

(mm/S) 

Subjective 

rating, 1 to 5 

for definitely 

not 

acceptable to 

definitely 

acceptable 

At 

centre 
At joint 

230 mm thick panel floors 

Step joint, 8 m span, free edges: 

1 (F) 0.31 N.A. 7.2 1 126 0.7 N.A. 

Step joint, 7 m span: 

2 (F) 0.22 0.32 9.1 1 108 0.8*
 2.6  

(s.d.= 0.86) 

3 (S) 0.19 0.32 10.5 1 64 0.7 
3.4 

(s.d.=0.58) 

Spline joint, 7 m span: 

4 (F) 0.21 0.29 9.1 2 133 0.7 N.A. 

5 (S) 0.21 0.30** 10.4 1 101 0.8**
 

N.A. 

182 mm thick panel floors 

Step joint, 6.5 m span: 

6 (F) 0.37 0.59 7.9 1 157 0.8 N.A. 

7 (S) 0.38** 0.58 9.1 1 88 0.9** N.A. 

Step joint, 5.5 m span: 

8 (F) 0.26 0.43 10.5 2 146 1.1* 
3.7 

(s.d.=0.69) 

9 (S) 0.25 0.42 11.7 2 N.A N.A. 
3.4*** 

(s.d.=0.99) 

Spline joint, 5.5 m span: 

10 (F) 0.27 0.48 10.4 2 147 1.3 N.A. 

11 (S) 0.24 0.40 11.7 2 105 1.1 N.A. 

140 mm thick panel floors 

Step joint, 5.5 m span: 

12 (F) 0.39 0.88 9.2 1 290 1.5 N.A. 

13 (S) 0.40** 0.90** 9.9 2 180 1.5 N.A. 

Step joint, 4.5 m span: 

14 (F) 0.36 0.59 12.4 1 262 1.7* 
3.9  

(s.d.=0.68) 

15 (S) 0.37** 0.50 13.9 2 226** &* 1.4 
4.4 

(s.d. =0.60) 

Spline joint, 4.5 m span 

16 (F) 0.35 0.58 12.4 2 204 1.6 N.A. 

17 (S) 0.37** 0.59** 13.2 2 218** 1.4 N.A. 

Notes: 

N.A. stands for Not Applicable 

F stands for free edge supports, i.e. the floor edges were not supported 

S stands for simply supported edges, i.e. the floor edges were simply supported 

s.d. stands for standard deviation 
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* The slight increase in peak velocity or acceleration measured after the floor spans were reduced by one 

meter indicates that the improvement of the velocity or acceleration response due to reduction of the span 

was too small to detect using the current measurement technology.  

** The slight increase in deflection, peak velocity or acceleration measured after the floor edges were 

simply supported indicates that the improvement of the deflection, velocity or acceleration response due 

to the edge supports was too small to detect using the current measurement technology. 

*** The reduced rating after the floor edges were simply supported indicates the improvement in 

vibration performance was not obviously noticeable by the evaluators. 

 

 

7.1 Effect of Type of Panel to Panel Joint on CLT Floor Vibration Performance 

In comparing the measured CLT floor performance attributes shown in Table 5 of floors No. 2 with No. 

4; No. 3 with No. 5; No. 8 with No. 10; No. 9 with No. 11; No. 14 with No. 16; and No. 15 with No. 17, it 

can be found that with the same span and edge supporting condition, the types of joints have no 

significant effects on the measured fundamental natural frequency, static deflections of the floor centers 

and dynamic responses.  Only some slight differences in the static deflections measured under the joint, in 

the peak accelerations and velocity were noticeable, but they were too small to differentiate the overall 

performance of the floors.  Based on these findings, we did not conduct subjective evaluations on the 

floors with spline joints and we believed that the subjective rating scores should be close to that of the 

same floors with step joints. In other words, the subjective ratings of the floors with spline joints can be 

projected from the ratings of the same floors with step joints.  

 

 

7.2 Effect of Span on CLT Floor Vibration Performance 

In comparing the measured CLT floor performance attributes shown in Table 4 of floors No. 1 with No. 

2; No. 6 with No. 8; No. 7 with No. 9; No. 12 with No. 14; and No. 13 with No. 15, it can be observed 

that with the same edge supporting conditions and type of panel to panel joints, and the same thickness of 

CLT panels, the one meter span reduction significantly increased the floor’s natural frequencies, and 

noticeably reduced the floor’s static deflections and peak accelerations, but the improvement in the peak 

velocity was not so noticeable.  In some cases, the opposite was observed.  However, one may think that 

the measurement technique is not sensitive enough to measure the difference.  In fact, our test method to 

determine the dynamic response of the floor using the ball drop excitation is an improved method of the 

conventional heel drop method, which has been widely used to evaluate floor vibration performance.  

Because the heel drop method does not even measure the impact force, therefore one is not able to 

normalize the floor acceleration and velocity response.  Based on our experience of impulse response tests 

using the conventional heel drop method or this ball drop impact method, we found that the peak velocity 

to a unit impulse is not a parameter that can be reliably measured or predicted, therefore, we do not 

recommend using it as a parameter for vibration controlled wood floor design or evaluation.   

 

We also found that the three-thicknesses of CLT floors spanned according to manufacturer’s 

specifications were ranked from close to acceptable, to very acceptable, regardless whether the edges 

were supported or not, except for the 7 m span of the 230 mm thick CLT panel floor.  For this particular 

floor, when the two (2) edges were free, the vibration performance was not satisfied.  The 4.5 m span 

floor made of 140 mm panels with two-edge simply supported obtained the highest rating from the 

evaluators. It was noticed that the spans recommended by the producer was based on UDL deflection 

method (KHL 2008).   Therefore, the test results further validated the shortcoming of using the UDL 

deflection method to control CLT floor vibrations, which was discussed in Section 3.3.1 above. 
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7.3 Effect of Edge Supports on CLT Floor Vibration Performance 

In comparing the measured CLT floor vibration performance attributes shown in Table 4 of floor No. 2 

with No. 3; No. 4 with No. 5; No. 6 with No. 7; No. 8 with No. 9; No. 10 with No. 11; No. 12 with No. 

13; No. 14 with No. 15; and floor ID No. with No.17, it can be seen  that with the same span and type of 

panel to panel joint, the edge supports significantly increased the floor fundamental natural frequencies; 

about 1 Hz increase was observed. A certain degree of improvement of the peak accelerations after the 

floor edges were simply supported was also observed.  But there were no significant improvements in 

measured static deflections and peak velocities after the two edges were simply supported.  

 

It was also noticed that the edge supports’ condition significantly improved the subjective ratings, except 

for the 5.5 m span floors using 182 mm thick panels.  However, the vibration performance of the 5.5 m 

CLT floor made of 182 mm thick CLT panels were marginal, the subjective ratings were around 3.5 

regardless of the type of support conditions.  It means that for the marginal floor, the edge support did not 

bring the floor to a satisfied level.  

 

 

7.4 Effects of Topping and Ceiling on CLT Floor Vibration Performance  

Table 8 summarizes the test results and comparison of the attributes of the CLT floors with and without 

ceiling and topping in terms of static deflection under 1.0 kN point load, fundamental natural frequency 

and its associated damping ratio, and the subjective rating.   

 

Table 8 Effects of ceiling and topping on CLT floor vibration performance 

 

 

Floor assembly 

 

1.0 kN static 

deflection 

(mm) 

 

 

Fundamental 

natural 

frequency 

(Hz) 

 

First 

modal 

damping 

ratio (%) 

 

Subjective rating, 

 1 to 5 for definitely 

not acceptable to 

definitely acceptable 

Effect of ceiling 

 

Base floor  

 

0.21 

 

10.2 

 

1 

3.4 

(s.d.= 0.58) 

 

Base floor with ceiling 

 

0.22 

 

7.9 

 

3 

3.8 

(s.d. = 0.65) 

Effect of ceiling and topping 

 

Base floor  

 

0.21 

 

10.2 

 

1 

3.4 

(s.d. = 0.58) 

 

Base floor with ceiling and 

topping 

 

0.17 

 

7.9 

 

3 

4.3 

(s.d. = 0.59) 

Effect of topping 

 

Base floor with ceiling 

 

0.22 

 

7.9 

 

3 

3.8 

(s.d. = 0.65) 

 

Base floor with ceiling and 

topping 

 

0.17 

 

7.9 

 

3 

4.3 

(s.d. = 0.59) 

 

Comparing the vibration performance of the floor with ceiling to that of the floor without ceiling, and 

observing Table 8, it can be seen that adding the ceiling system actually added about 24 kg/m
2 

area mass 

into the bare CLT floor having a mass of 110 kg/m
2
, which meant a 22% increase in the CLT floor mass.   
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The 22% additional mass reduced the CLT floor fundamental frequencies significantly. We also observed 

that the ceiling system did not add stiffness to the CLT floor system, indicated by having almost no 

changes in the measured 1.0 kN static deflections of the CLT floors after the ceiling was installed.   It was 

interesting to note that the modal damping ratio of the CLT floor with a simply supported edge has 

significantly increased from 1% to 3%, as given  in Table 8.  This resulted in improved vibration 

acceptability of the CLT floor, which was indicated by the improved subjective rating from 3.4 to 3.8, 

which meant that the vibration performance was improved from marginal to almost acceptable.       

 

Comparing the vibration performance of the CLT floors with topping and ceiling and that of the floors 

with topping only, and observing Table 8, it is  found that the wood topping improved the stiffness of the 

CLT floors, which was indicated by the reduced static deflections of the CLT floors with the topping.  It 

was also found that the wood topping added 20.3 kg/m
2
 additional mass to the CLT floors, which was 

about 15% of the mass of the CLT floors.  The additional mass reduced the floor frequencies, but the 

additional stiffness provided by the wood topping increased the floor frequencies, which then resulted in 

very little change in the fundamental natural frequencies of the CLT floors.  The wood topping also did 

not change the floor damping ratios. The additional stiffness provided by the wood topping led to a 

further improvement in the subjective rating from 3.8 to 4.3.  It is worth noting that a rating above 4.0 

means that the occupants are satisfied with the floor’s vibration performance.  
 

Comparing the vibration performance of bare CLT floors with the CLT floors that have toppings and 

ceilings, and observing Table 8, we found that the topping and ceiling together improved the subjective 

rating from 3.4 to 4.3, which meant that the vibration performance improved from marginal to acceptable.   
 

In summary, the 220 mm deep suspended ceiling enhanced the CLT floor damping significantly, therefore 

improving the floor vibration performance.  The 56 mm thick wood topping alone only slightly enhances 

floor stiffness, therefore it also slightly enhances the vibration acceptance.  The wood topping and the 

ceiling together significantly improved the CLT floor vibration performance. 

 

   

7.5 Summary of Findings 

The following provides a brief summary of study findings: 

 

For the 6 m wide CLT test floor assemblies:  

1. For floors having a span of 7 m and made of 230 mm thick panels, floors 5.5 m  made of 182 mm 

thick panels, and 4.5 m floor span of 140 mm thick panels were rated as above marginal, 

regardless of the type of support conditions (i.e.,  longitudinal edge supports or not), except for 

the 7 m span floor.  For the 7 m span floor made of 230 mm thick panels (Floor No. 2), when the 

longitudinal edges were not supported, the vibration performance was rated as below marginal ;   

2. Floor evaluators were very satisfied with the vibration performance of the 4.5 m CLT floors made 

of 140 mm thick panels, especially that of the floor with two (2) edges simply supported (Floor 

No. 15) ; 

3. Longitudinal edge supports significantly affected the floor’s natural frequencies and occupants’ 

perception, but not the static deflection and peak velocities ;  

4. Floor spans and panel thickness significantly affected the measured floor vibration performance 

attributes and evaluators’ perceptions ;   

5. The type of panel to panel joints did not noticeably affect the vibration performance of the CLT 

floors ;  

6. The fundamental natural frequencies of all satisfactory bare CLT floors was above 10Hz ; 
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7. Bare CLT floors had damping ratios around 1% which was lower than that of the bare 

conventional lightweight joisted wood floors.  The bare lightweight joisted wood floors usually 

had damping around 3% ; 

8. The suspended ceiling enhanced the CLT floor damping significantly, therefore the evaluators’ 

acceptance of the vibration performance improved, or at least did not degrade considering that  

the ceiling added additional mass to the floor ; 

9. The wood topping alone only slightly enhanced floor stiffness, therefore the acceptance of the 

evaluators to the vibration performance slightly improved or at least did not degrade with the  

additional mass to the floor due to ceiling ; 

10. The wood topping and ceiling together noticeably improved or at least did not degrade the 

vibration acceptance. 

 

 

8 Conclusions 
This study formed a knowledgebase and database for the development of vibration controlled design 

method for CLT floors. Based on this study, a simple design method was developed based on a 

combination of CLT floor stiffness and mass. 
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