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A B S T R A C T   

Design of mass timber floor systems is commonly governed by vibration serviceability due to high stiffness-to- 
weight ratio and low inherent damping of timber. Research and design practice have shown that static deflec-
tion under a concentrated load and fundamental natural frequency can be effective and robust indicators for 
vibration performance of mass timber floors. These design parameters are normally calculated by assuming 
simply supported conditions in existing design methods. However, such an assumption deviates from actual floor 
supports, especially in platform-framed buildings, and in-situ end support restraints have been widely recognized 
as a significant factor affecting the vibration performance. The purpose of the study is to quantify the influence of 
end support restraints on vibration serviceability of mass timber floors in platform construction through a 
comprehensive experimental program and analytical treatment. This paper is the first part and focus specifically 
on the experimental work on cross-laminated timber (CLT) panels. In particular, extensive laboratory tests have 
been conducted on different CLT floor panels with various end support restraints induced by top loads, self- 
tapping screws and steel angle brackets. The fundamental natural frequency and mid-span deflection under a 
concentrated load were measured for each end support configuration. The rotational restraint stiffness was 
determined by comparing results of restrained supports to those of simple supports and represented as end fixity 
factors. The analysis of test results shows that the CLT floor-to-wall connection exhibited inherent non-linear 
behaviour and such characteristic was more significant for higher top loads. Compared with screws and 
brackets, the top loads dominated the partially restrained effect but such dominance gradually diminished for 
lower-level top loads. In addition, support wall thickness notably impacts the support restraint. It was then 
suggested that the clear span could be used to determine deflection and frequency in the design, but further 
investigation is needed.   

1. Introduction 

In recent decades, mass timber panels (MTP) have emerged as a 
practical and promising solution for mid-rise wood construction, 
particularly as floor and wall elements [1]. One of the most well-known 
MTP products is cross laminated timber (CLT), but other unidirectional 
options such as glued laminated timber (GLT), dowel-laminated timber 
(DLT) and nailed laminated timber (NLT) are beginning to attract the 
attention of designers as viable products for floor construction. The 
growing interest in and demand for MTP constructions has brought forth 
numerous design challenges, especially regarding vibration perfor-
mance induced by human activities, as mass timber floors are lighter in 
weight and have lower inherent damping than conventional concrete or 

steel-concrete composite floors. Therefore, vibration performance is a 
critical serviceability concern for these systems and is more likely to 
govern the design [2,3]. 

Vibration serviceability of timber floors due to human activities is a 
complex issue involving multiple factors. Over the last few decades, 
significant efforts have been made to reduce the level of complexity by 
identifying important performance indicators, developing statistics- 
based performance criteria, and creating analytical models for design 
parameters. This has paved the way for development of design ap-
proaches. One commonly used method for timber floors is to employ the 
static deflection under a concentrated load (usually 1 kN) and the 
fundamental natural frequency as design parameters [4–8]. This method 
has also been applied to the vibration design of mass timber floors [2,9, 
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10]. 
However, current design methods generally assume simple support 

conditions for calculating natural frequency and deflection, which de-
viates from actual floor boundary conditions in mass timber floors, 
especially in platform-framed buildings. In reality, these floors are 
commonly sandwiched between walls of adjacent storeys and mechan-
ically fastened with wall panels. As a result, the upper surface of floor 
slabs over the support is restrained by upper-storey loads, referred to as 
top loads herein, leading to a clamping action or a partially restrained 
effect at end supports [11]. Moreover, various floor-to-wall fasteners, 
such as self-tapping screws (STS), steel brackets, and metal plates can 
also introduce additional restraints. In a general overview of CLT 
development, Brandner et al. [12] have proposed the need to quantify 
the impact of end support restraints caused by semi-rigid connections, as 
well as the influence of the upper-storey loads transmitted through wall 
panels on floor performance. 

In recent years, a number of studies have been conducted to inves-
tigate the influence of end support conditions on the performance of 
mass timber floors. Among the earliest test studies, Weckendorf and 
Smith [13] employed mechanical clamps to secure the edges of CLT floor 
slabs to the top flange of steel I-beam supports. Their findings revealed 
an approximate 5% increase in fundamental natural frequencies and a 
10% reduction in damping for CLT floors that were clamped compared 
to those simply resting on the I-beam supports. In parallel, Hernandez 
and Chui [14] investigated the effect of fastening all four edges of CLT 
slabs with STS, reporting an average increase of 5% for fundamental 
natural frequencies of fastened floors compared to those with four edges 
simply-supported. Subsequently, Hernandez and Chui [15] carried out 
further laboratory tests to examine the vibrational behaviour of a 3-ply 
CLT panel supported on two end supports with different conditions, 
including superimposed top loads and STS connections. They varied the 
top loading levels between 5 kN/m and 30 kN/m and increased the 
number of STSs from 1 to 13 on each end support. Measurements were 
taken for both the mid-span deflection under a 1 kN concentrated load 
and the fundamental natural frequency were measured. They observed 
that as the top loads and the number of screws increased, the funda-
mental natural frequency increased and the static deflection decreased. 
Meanwhile, damping ratios remained fairly constant at approximately 
1%. Additionally, tests were conducted to assess the rotational stiffness 
of various support conditions in an isolated connection test setup. 

More recently, Zimmer and Augustin [16] conducted both laboratory 
tests and in-situ measurements to study the effect of top loads, support 
elastomers and dead loads on vibration behaviour of CLT floors. They 
found that the influence of elastomers can be neglected, but the 
clamping effect at the supports due to the load of superimposed storeys 
should be taken into account in calculation. Other factors such as the 
span and the width of the supports also have a major role on the degree 
of clamping. Apart from the previously mentioned one-way CLT slab 
tests (i.e., supported on two sides), a two-way laboratory-scale CLT floor 
system was tested by Chúláin and Harte [17] to investigate the influence 
of STSs, steel brackets and added mass on vibration behaviour of CLT 
floors. Their study indicated that the STS spacing had negligible influ-
ence on the fundamental frequency, but the addition of steel brackets 
increased the fundamental frequency by up to 6%, with an 11% 
reduction in the static point load deflection. Moreover, they also found 
that the added mass resulted in a reduction of the fundamental fre-
quency by more than 25%. 

In addition to conducting physical tests, many efforts were dedicated 
to numerical modelling. Using 3D shell elements with linear elastic 
orthotropic material properties, finite element modelling was performed 
in [18] to analyse the influence of different support conditions on 
serviceability deflection and natural frequencies for both one- and 
two-way CLT floor systems. They examined a range of support condi-
tions, including fully fixed, semi-rigid (i.e., partially restrained) and 
simply-supported. The study indicated that the mid-span deflection and 
vibration response are significantly influenced by end support restraints 

and the number of edges supported. Notably, increasing the degree of 
support fixity could reduce mid-span deflection by up to 79%, while the 
fundamental frequency increased by 23% and 99% for semi-rigid and 
fully clamped support conditions, respectively. Similarly, Ussher et al. 
[19] carried out numerical modelling to study effects of boundary sup-
port conditions, focusing specifically on comparison between free and 
simply supported cases (e.g., four edges simply supported and two 
opposite edges simply supported and the other two free). 

Although the aforementioned testing and modelling studies shed 
some lights on the vibrational behaviour of mass timber floors with 
restrained supports and highlighted the need to further quantify the 
influence of various end support conditions, few practical approaches 
are available to consider the effect of partially restrained supports in 
design. A frequency factor was introduced in [20] to account for the 
impact of restrained support conditions in frequency calculations. This 
factor considers only four types of boundary conditions, namely canti-
lever, simply supported, one end simply supported and the other end 
fully clamped, and both ends fully clamped. These conditions are 
idealized extreme conditions that do not reflect actual end support 
conditions in mass timber floors either. In reality, it is highly chal-
lenging, if not impossible, to achieve fully clamped conditions that 
restrain all displacement components at supports, especially for wood. 

A more realistic end support exhibits semi-rigid deformation 
behaviour. That is, for instance, a simply-supported connection pos-
sesses a certain amount of rotational stiffness, while a fully clamped 
joint contains some degree of rotational fixity flexibility. To address this 
issue, Malo and Köhler [21] implemented a beam with a rotational 
spring at each end to represent mass timber floors with restrained 
boundary conditions. They derived simple formulas to calculate the 
fundamental natural frequency and mid-span deflection under a 
concentrated load. Most recently, the restrained beam model was also 
adopted by Zhang et al. [11] to investigate the effect of end support 
restraints in CLT floors. Instead of using the rotational stiffness, they 
employed an end fixity factor to quantify end support restraints, which is 
normalised with floor flexural stiffness and span. The end restraint co-
efficients were then expressed as a function of the end fixity factor, 
which can be applied to corresponding simply-supported beam equa-
tions to calculate the deflection and fundamental natural frequency, 
accounting for the effects of end support restraints. The analytical 
approach was validated using test results reported in Hernandez and 
Chui [15]. 

The above-mentioned research activities have contributed to the 
understanding of the impact of end support restraints on vibration be-
haviours of mass timber floors. However, further testing and analytical 
modelling are necessary to move beyond qualitative conceptualizations 
and quantify the influence of a broader range of floor-to-wall connec-
tions. This study aims to fill this research gap. The purpose was two-fold: 
first, to characterize the end support restraints, not only for service-
ability design but also for bending strength in the future; and second, to 
identify the governing factors for practical designs. 

In this study, comprehensive experimental work was conducted on 
CLT floor slabs with various end support conditions, including top loads, 
STS, steel angle brackets (SAB), and their combinations. Four CLT slabs 
with different thicknesses were included, and at least three spans were 
made from each slab. Other variables, such as top loading levels, screw 
number and length, provision of steel brackets and wall support width, 
were thoroughly examined. Based on the test results, the initial focus 
was on investigating the nonlinear behaviour of floor-to-wall connec-
tions, followed by the determination of end fixity factors for deflection 
and frequency calculations. The governing factors were then established 
by comparing different combinations of floor-to-wall connections, and 
the impact of wall support thickness was also assessed. 
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2. Mass timber floor-to-wall connections and theoretical models 

2.1. Typical floor-to-wall connections in platform-framed buildings 

Mass timber buildings, particularly those made with CLT, are typi-
cally erected using platform or balloon-framed techniques that connect 
wall panels and floor slabs with STSs in combination with SABs, as 
illustrated in Fig. 1. In platform construction, mass timber floor slabs are 
commonly installed between the vertical wall panels, with the lower 
walls supporting the floor slab and the upper walls placed on top of the 
slab. 

There are many different types of fastening systems that can be used 
to join CLT floor slabs and wall panels. The most straightforward 
approach to connecting a CLT floor to wall panels is to use long, 
partially-threaded STSs, which are driven directly into the narrow side 
of the wall edge, as demonstrated in Fig. 2 [2]. Commonly used STSs are 
available in many combinations of diameters, lengths, head and thread 
types, with the screw installation angles, spacings and end/edge dis-
tances specified by manufacturers. The screw diameter is normally 
8 mm, and the screw length ranges from 160 mm to 400 mm, depending 
on the floor slab thickness. SABs are also commonly used to connect 
floors to walls both above and below, using screws and nails. These 
brackets are made from galvanised or stainless steel with a thickness of 
1.5–3 mm and a hole diameter of 5 mm for anchor nails or screws. 
Typically, these brackets are installed with a spacing of 300–500 mm. 
Both STS and SAB have many sub-types designed specifically for 
different applications. In addition, many innovative fastening tech-
niques and systems, such as concealed metal plates, have been effec-
tively utilised to connect mass timber floor slabs to wall panels [2]. 

2.2. End restraint coefficients and end fixity factors 

Rotational restraints occur at floor-to-wall connections in multi- 
storey mass timber buildings due to hindered rotations of floor slabs, 
as shown in Fig. 3. These restraints at end supports can decrease de-
flections and increase natural frequencies compared to those of a simple 
support system. To quantify the effect of end support restraints on the 
vibration serviceability of mass timber floor systems, dimensionless 
coefficients were introduced in [11] for the mid-span deflection under a 
concentrated load and the fundamental frequency of 
rotationally-restrained beams. It follows that, for a restrained beam, the 
mid-span deflection under a 1 kN concentrated load, d1kN, and the 
fundamental natural frequency, f1, can be calculated as follows: 

d1kN = Cd
PL3

48EI
(1)  

f1 = Cf
π

2L2

̅̅̅̅̅̅
EI
ρA

√

(2)  

in which P is the concentrated load; L is the floor span; EI is the flexural 
stiffness; ρ is the density; A is the section area; and Cd and Cf were 
denoted as end restraint coefficients in [11], which can be incorporated 
into the current design formulas intended for simple support conditions 
(e.g., CSA O86–19 [10]). These coefficients are dependent on the rota-
tional stiffness R = M/θ as shown in Fig. 3, and analytical expressions 
can be derived to express Cd and Cf in terms of the rotational stiffness as 
reported in Malo and Köhler [21]. 

In lieu of the rotational stiffness, a end fixity factor was proposed to 
characterise end support restraints [11], which is defined as 

r =
1

1 + 3 EI
RL

(3)  

where R is the rotational stiffness of end support restraints, EI is the 
flexural stiffness of the CLT panels, and L is the span. The end fixity 
factor varies from 0 to 1, with values of 0 and 1 representing simply- 
supported and fully clamped conditions, respectively. This allows en-
gineers to characterise the end fixity in an intuitive manner. By imple-
menting the end fixity factors, the end restraint coefficients Cd and Cf 

were derived in [11] as follows: 

Cd =
5r2 − 18r + 16

16 − 4r2 (4)  

Cf = 3.94
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

8 − 2r − 3r2

124 − 182r + 67r2

√

(5) 

It should be noted that the shear flexibility of CLT panels was not 
considered in the derivation of Eqs. (4) and (5). Based on the measured 
mid-span deflection and fundamental natural frequency, end restraint 
coefficients can be obtained by comparing deflection and frequency 

Fig. 1. Typical floor supports in a platform-framed mass timber building (red 
dotted circles: A – end support, and B – mid-support). 

Fig. 2. Typical CLT floor-to-wall connections in platform-framed construction 
(end support as A in Fig. 1). 

Fig. 3. Schematic diagram of mass timber floors with end support restraints.  
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measurements of restrained beams with those of simply supported 
beams. Once the end restraint coefficient is determined, the end fixity 
factor for each end support configuration can be calculated using Eqs. 
(4) or (5). In this manner, using Eq. (4), the end fixity factor for 
deflection, rd, can be expressed as 

rd =
9 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
81 − (5 + 4Cd)(16 − 16Cd)

√

5 + 4Cd
(6) 

Similarly, the end fixity factor for frequency, rf , can be given by 

rf =
5.86C2

f − 1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
25 − 1.16C2

f − 0.11C4
f

√

4.32C2
f + 3

(7) 

By following this procedure, the end fixity factor for a specific floor- 
to-wall connection can be determined through experimental in-
vestigations. However, to develop an empirical formula that covers a 
wide range of floor-to-wall connections, a comprehensive experimental 
study is necessary, as will be described below. 

3. Experimental work 

While a variety of MTPs can be employed in mass timber floors, this 
test program focuses on CLT slabs. Similar tests can be conducted for 
other MTP products, and the results can be used to validate design for-
mulas developed based on CLT tests. 

3.1. Test setup 

The test setup used in this study was adapted from Zimmer and 
Augustin [16] and is depicted in Fig. 4 and Fig. 5. The CLT floor slab was 
supported by 300 mm tall × 800 mm long CLT wall segments. The upper 
CLT wall segments, which was 150 mm tall, were mounted on the floor 
panel and fixed by using steel hollow structural sections 
(100 mm × 100 mm × 6 mm) and two threaded rods (Ø 19 mm) loaded 
by hollow hydraulic cylinders (Enerpac® RCH-123). These steel rods 
were anchored to the concrete strong floor using anchor holes placed at 
0.6 m (2 ft) intervals in both horizontal and vertical directions. 

The hydraulic cylinders located at end supports were implemented to 
simulate top loads transmitted from upper storeys through walls. The 
load in one cylinder was manually controlled using a hand pump with a 
pressure gauge installed, and the hydraulic pressure was monitored by 
gauges with a range up to 13.8 MPa (2000 psi). By calibrating the hy-
draulic pressure to load, the clamping force can be monitored. The two 
actuators can apply a maximum load of 49 kN. 

For static deflection tests, a concentrated load was applied at mid- 
span using either steel blocks, as shown in Fig. 5a (each block weigh-
ing 22.7 kg), or hydraulic cylinders (Fig. 5b). When using steel blocks, 
three load levels were applied, namely 0.9 kN, 1.8 kN and 2.7 kN, and 
some tests used an applied load up to 3.6 kN. If hydraulic cylinders were 
employed to apply the load at mid-span, six load levels were imposed: 
2.8 kN, 5.2 kN, 7.7 kN, 10.2 kN, 12.6 kN and 15.1 kN. For each applied 
load, deflection was measured below the CLT floor panel at mid-span 
with two cable transducers installed on both sides. 

The fundamental natural frequency was also measured for all CLT 
panels with different end support restraints in addition to the static 

deflection tests. The CLT panel was excited into free vibration by striking 
it with an instrumented hammer, and the vibration response was 
measured by an accelerometer attached to the CLT panel. The impact 
and response acceleration time history signals were recorded and ana-
lysed by modal analysis software (RT Pro 6.33, Brüel & Kjær) to produce 
frequency response function, from which the fundamental natural fre-
quency was determined. Each frequency measurement was repeated 
three times. 

3.2. Materials 

The CLT panels used in this study was E1 grade panels according to 
ANSI/APA PRG 320 standard [22]. The longitudinal laminates are 
1950 Fb-1.7E spruce-pine-fir (SPF) machine stress rated lumber and No. 
3/Stud grade SPF lumber was used in the transverse layers. The average 
moisture content was in the range of 8.5–11%, which was measured 
using an electrical resistance moisture meter. The average measured 
density was 515 kg/m3. In total, four CLT panels with width of 0.8 m 
were tested, with thicknesses of 89 mm, 105 mm, 175 mm, and 
244 mm, respectively. Among them, the 89 mm and 105 mm CLT panels 
consisted of three layers of lumber, while the 175 mm and 244 mm 
panels have five and seven layers, respectively. These CLT panels are 
denoted by 89–3s, 105–3s, 175–5s and 244–7s 

Four different spans of CLT panels were tested, namely 6.1 m (20 ft), 
4.9 m (16 ft), 3.6 m (12 ft), and 2.4 m (8 ft). These span lengths were 
measured between centrelines of end supports. The actual length of a 
CLT panel is the span plus support width (i.e., wall thickness). For each 
panel, the longest span was first tested, and the length was progressively 
reduced to allow the other shorter span specimens to be tested. 

To fasten floor slabs to wall supports, partial thread STSs with the 
same diameter but different lengths were used. The diameter of the 
screws was 8 mm, and the length ranged from 160 mm to 340 mm, 
depending on the thickness of the CLT slabs. Table 1 shows the di-
mensions of the screws used in the four CLT panels. The SABs, as shown 
in Fig. 6, were fastened to the wall and floor panels using eight Ø Fig. 4. Schematic diagram of the test setup.  

Fig. 5. The test setup for static load applications.  
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5 × 40 mm round-head screws (four screws on each leg of a bracket). 

3.3. Test matrix 

A total of fifteen CLT floor-to-wall assemblies were tested, consisted 
of four CLT panels of different thicknesses and four span lengths (The 
244–7s panel with a 2.4 m span was not tested). For each assembly, 
more than ten end-support configurations were examined, including top 
loads, STSs, or SABs. Both end supports of each assembly had the same 
arrangement. Table 2 summarises all assemblies and their end support 
configurations. The order of end support configurations in Table 2 re-
flects the actual test sequence, starting with the simply supported con-
dition, followed by gradually applying top loads on end supports from 
6 kN/m to 60 kN/m. The applied load levels were determined based on 
the weight of bare CLT storeys. For instance, a 6 kN/m load is equivalent 
to the dead load applied due to a one-storey of 5 m span floor and 3 m 
high walls built with 3-layer CLT panels. After the top load tests, SABs 
and STSs were installed. The spacing between connectors was 300 mm 
for three brackets (3SAB) or screws (3STS) and 150 mm for five brackets 
(5SAB) and screws (5STS). Only upper wall segments were connected to 
the floor panels using brackets as shown in Fig. 7. In total, five types of 
end support configurations were created, namely load, load+SAB, STS, 
Load+STS and Load+STS+SAB. 

Table 1 
Self-tapping screws used in CLT floor-to-wall connections.  

Model Diameter 
(mm) 

Total Length 
(mm) 

Thread length 
(mm) 

CLT 
panel 

PTS8160 8 160 80 89–3s 
PTS8240 8 240 80 105–3s 
PTS8280 8 280 80 175–5s 
PTS8340 8 340 100 244–7s  

Fig. 6. Size of steel angle brackets.  

Table 2 
Test program of CLT floor-to-wall assemblies.  

End-support 
configurations 

CLT floor-to-wall assemblies 

89–3s 105–3s 175–5s 244–7s 

Span (m) 

6.1 4.9 3.6 6.1 6.1 3.6 6.1 
2.4 4.9 4.9 2.4 4.9  

3.6   3.6  
2.4    

Simple supports SS (0) ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Top load (kN/m) 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

12 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
24 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
36 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
48 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
54 ✕ ✕ ✕ ✕ ✕ ✕ ✓ 
60 ✓ ✓ ✓ ✓ ✓ ✓ ✕ 

Top load + SAB 60 + 3SAB ✓ ✓ ✓ ✓ ✓ ✕ ✕ 
36 + 3SAB ✓ ✓ ✓ ✓ ✓ ✕ ✕ 
12 + 3SAB ✓ ✓ ✓ ✓ ✓ ✕ ✕ 
12 + 5SAB ✓ ✕ ✓ ✕ ✕ ✕ ✕ 
36 + 5SAB ✓ ✕ ✓ ✕ ✕ ✕ ✕ 
60 + 5SAB ✓ ✕ ✓ ✕ ✕ ✕ ✕ 

STS 3STS ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
5STS ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Top load + STS 12 + 5STS ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
36 + 5STS ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
54 + 5STS ✕ ✕ ✕ ✕ ✕ ✓ ✓ 
60 + 5STS ✓ ✓ ✓ ✓ ✓ ✕ ✕ 

Top load + STS + SAB 60 + 5STS+ 5SAB ✓ ✕ ✕ ✕ ✕ ✕ ✕ 

Note: STS = self-tapping screws; SAB = steel angle brackets 

Fig. 7. Installation of three steel angle brackets (only installed on upper 
wall segment). 
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For ease of identification of each assembly type, the following 
designation was adopted:  

CLT thickness – (support thickness) - span - loading + STS and its number +
SAB and its number                                                                               

For instance, specimen CLT89-(S89)¡ 6.1–60 þ 5STSþ 5SAB de-
notes a panel that is 89 mm thick, has a span of 6.1 m span, and is 
subject to a load of 60 kN/m. The designation also indicates that the 
panel is supported at both ends with 89 mm thick supports, and has been 
affixed with 5 STS and 5 SAB. While the width of the support (e.g., S89) 
may or may not be included in the designation, other details such as the 
length of the screws may be specified separately. 

Table 3 outlines the end support variables investigated in the present 
test program, which was designed to focus more on the parameters that 
are considered more influential. The support configurations that involve 
top loads and STSs were thoroughly investigated for all assemblies as 
they are considered more critical than SABs. On the other hand, SAB 
conditions were mainly adopted for 89–3s CLT panels, as they play a 
minor role, to reduce the total number of test configurations. Addi-
tionally, other factors such as screw length and wall support thickness 
were also studied. For CLT89 and CLT105 assemblies, wall supports 
were manufactured using 89–3s panels (i.e., S89), while 105–3s and 
175–5s CLT panels were used for wall supports of CLT175 and CLT244 
assemblies, denoted as S105 and S175. More detailed test arrangements 
for these factors will be elaborated in subsequent sections of test results 
and discussions. 

4. Test results 

The mid-span deflections under multi-level concentrated loads and 
fundamental frequency were measured for each end support configu-
ration, and the data can be found in supplemental files. By comparing 
the data of configurations with end support restraints to those of simple 
support conditions, the end restraint coefficients, Cd and Cf , can be 
obtained using Eqs. (1) and (2), followed by inversely determining the 
associated end fixity factors based on Eqs. (6) and (7). It should be noted 
that end support restraints should be considered for both strength and 
serviceability in the design of timber floors. Therefore, prior to exam-
ining the end fixity factor used for vibration serviceability, the non- 
linear characteristic of CLT floor-to-wall connections was analyzed first. 

4.1. Nonlinear behaviour and stiffness degradation 

CLT floor-to-wall connections can be essentially classified as semi- 
rigid, which could exhibit non-linear force-rotation behaviour over a 
range of loading, similar to most types of beam-to-column connections 
in steel frames [23]. Although floor vibration serviceability can always 
fall into the linear elastic category by using the initial stiffness to 

represent the connection behaviour, it is necessary to interpret the 
non-linear feature of floor-to-wall connections and specify the relevant 
loading on floors to determine the rotational stiffness and end fixity 
factor. However, previous experimental studies [15–17] only measured 
deflection due to a 1 kN load applied at midspan, providing no infor-
mation on the nonlinearity of CLT floor-to-wall connections. Hence, 
multi-level mid-span loadings had been applied during the tests for the 
first time to exemplify the non-linear nature of tested floor-to-wall 
connections. 

The mid-span deflections were measured for multi-level concen-
trated loads for each end support configuration, and the load-deflection 
curves for CLT89–6.1 assembly with various top loads are shown in  
Fig. 8a. Upon initial observation, linear behaviour was evident for each 
configuration. However, upon closer examination, it was found that 
slope slightly changes with the increase of concentrated load. Fig. 8b 
illustrates slope changes for each load-deflection curve. It suggests that 
no slope change can be found for the simple support condition 
(CLT89–6.1-SS), but slopes decrease with higher applied concentrated 
loads for loaded support conditions (CLT89–6.1–6 to 60). In particular, 
such a slope decrease is more significant for larger top loads. This im-
plies that the restrained effect by the top load over the support tends to 
be diminished with the increase of external loading on the panels. Such a 
phenomenon can be further explained by using end fixity factors. Fig. 9 
presents end fixity factor values obtained by using deflection ratios 
under different mid-span concentrated loads. It can be observed that the 
fixity factor gradually decreases with the increase of concentrated loads, 
and the rate of decrease was accelerated for larger end support top loads. 
Such stiffness reduction can be referred to as rotational stiffness 
degradation. 

Similar degradation of rotational stiffness can also be found for other 
end support configurations with screws or brackets. To consider the 
degradation of rotational stiffness, it is necessary to determine the end 
fixity factor based on the level of loading on floors. Currently, the design 
parameter for vibration serviceability of mass timber floors commonly 
use floor deflection subjected to 1 kN concentrated load at mid-span [9]. 
Hence, in this study, the end fixity factors for deflection were deter-
mined using1 kN concentrated load at mid-span. The mid-span deflec-
tion under 1 kN concentrated load, d1kN, was obtained by using linear 
interpolation on the load-deflection curves and presented in the sup-
plemental files. 

4.2. End fixity factors for deflection and frequency 

The methodology used to determine the end fixity factor in Section 
2.2 is a simple approach for identifying boundary conditions, which has 
been extensively investigated for aircraft (e.g., [24]) and highway 
bridges (e.g., [25]). The boundary stiffness can be identified using modal 
parameters such as natural frequencies or static response (e.g., static 

Table 3 
End support variables for different floor-to-wall assemblies.  

CLT Span 
(m) 

Support End support variables 

Load No. 
of STS 

STS 
length 

Load 
+

STS 

Load 
+

SAB 

Load 
+

STS 
+

SAB 

Support thickness 

CLT89 6.1 S89 ✓ ✓ ✕ ✓ ✓ ✓ ✕ 
4.9/3.6/2.4 S89 ✓ ✓ ✕ ✓ ✓ ✕ ✕ 

CLT105 6.1 S89 ✓ ✓ ✓ ✓ ✓ ✕ ✕ 
4.9/3.6/2.4 S89 ✓ ✓ ✕ ✓ ✓ ✕ ✕ 

CLT175 6.1 S105 ✓ ✓ ✕ ✓ ✓ ✕ ✕ 
4.9 S105 or S175 ✓ ✓ ✕ ✓ ✓ ✕ ✓ 
3.6 S105 or S175 ✓ ✓ ✕ ✓ ✕ ✕ ✓ 
2.4 S105 ✓ ✓ ✕ ✓ ✕ ✕ ✕ 

CLT244 6.1/4.9/3.6 S105 or S175 ✓ ✓ ✕ ✓ ✕ ✕ ✓  
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deflection) with different sensitivities [26,27]. In this study, both static 
and dynamic techniques were applied to determine the rotational stiff-
ness at end supports. It is not difficult to learn that the end-support 
rotational stiffness obtained using static deflection may not be iden-
tical with that derived from natural frequency. 

Furthermore, as discussed in preceding section, end fixity factors 
exhibit non-linear behaviours and gradually decreases with an increase 
in concentrated loads. Therefore, if different levels of concentrated loads 
are used to evaluate the floor performance, the end fixity factors will 
inevitably change due to the rotational stiffness degradation. Hence, in 
this study, the end fixity factors were separately determined for static 
deflection and fundamental natural frequency and denoted as rd and rf , 
as shown in Eqs. (6) and (7). The values of rd and rf are presented in 
Table A to Table E in Appendix A. 

A scatter plot as shown in Fig. 10 presents the comparisons between 
rd and rf for all end support configurations tested for CLT89, CLT105, 
CLT175 and CLT244 assemblies. It can be found that the points are 

widely spread around the line of identity (rf = rd), and only a few of 
them cluster closely the line. This indicates a significant difference be-
tween rd and rf , with the absolute values of the difference mostly larger 
than 20%, as seen from the dotted lines. Further observation suggests 
that more than half of the points lie to the left of the line of equality, 
which means that for the same configuration, rf is mostly larger than rd. 

5. Governing factors of end support restraints 

To achieve a clearer understanding of the governing relations and 
reduce complexity, it is necessary to identify the critical factors that 
quantify the influence of end support restraints, with a focus on 
capturing the most important features. The impact of end support con-
ditions is affected by numerous factors such as the level of top loads over 
supports, installation of STS, provision of SAB, and other fastening 
techniques. It is noticeable that the restrained effect through top loads 
plays a major role in end support restraints, and screws and brackets 

Fig. 8. Load-deflection curves and their slopes for the CLT89–6.1 assembly.  
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would be relatively minor factors. Therefore, the effect of top load was 
first examined in the following sections. It should be noted that since 
short-span floors are unlikely to be vulnerable to human-induced vi-
brations, specimens with a 2.4 m span (i.e., CLT89–2.4, CLT105–2.4 and 
CLT175–2.4) were not considered herein. 

5.1. Effect of end-support load levels 

In this study, top loads were varied between 0 kN/m (simple sup-
port) and 60 kN/m, and its effect was characterized by end-fixity factors. 
The relationship between end fixity factors and top load levels is shown 
in Fig. 11. As expected, the end fixity factors increase with higher top 
load levels, and the relationship between them is nonlinear. The 
increasing rate of the end-fixity factor declines with an increase in top 
loads, especially for CLT89 and CLT105 assemblies for rf in Fig. 11b. 
This suggests that small load increases produce appreciable increases in 
the end-fixity factor when the top load level is low, say less than 10 kN/ 
m. On the contrary, significant load changes result in small shifts in the 
end-fixity factor with high levels of top loads, higher than 10 kN/m. 
More importantly, for the same load level, the end-fixity factor decreases 

with any significant increase in the thickness of CLT panels (i.e., CLT89 
and CLT105 vs CLT175 and CLT244), leading to widely spread values. 

5.2. Effect of floor thickness and span 

A notable trend, as depicted in Fig. 11, is the substantially lower end 
fixity factors observed for CLT175 and CLT244 assemblies (red curves) 
compared to CLT89 and CLT105 assemblies (black curves). This is pri-
marily attributed to the increased weight or flexural stiffness of the 
thicker floor slabs, which reduces the restraining effect of the top loads. 

Moreover, it can be observed from Fig. 11 that, although the end 
support restraint caused by a top load is a localized effect, it is also 
influenced by the span. Similar observations were reported in [11], 
where it was found that the rotational stiffness determined by Hernan-
dez and Chui [15] was affected by the span. This influence probably 
stems from the indirect measurement of end support restraints in the 
tests. With varying floor span, the effect of external loads on end sup-
ports is different. As shown in Fig. 12, it can be observed that for the 
same top loads at the support and external forces on the floor, the longer 
the span is, the greater moment can be created by the external load at the 

Fig. 9. End fixity factors, rd, for CLT89–6.1 assembly under different concentrated loads.  

Fig. 10. Comparison of rd and rf (the line of identity indicates complete agreement between rd and rf ; the dotted line of rf = 0.8rd is below the line of identity and the 
dotted line of rf = 1.2rd lies to the top of the line of identity). 
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support pivot point O, resulting in a greater restraining demand. Due to 
the nonlinear behaviour of the floor-to-wall connections as discussed in 
Section 4.1, the stiffness of the end support restraint varies with different 
floor spans. 

However, despite the additional tests conducted in the current stage, 
no certain relations can be established between end support restraints 
and floor spans. Further investigations are needed, and it is also 
important to consider the panel thickness, especially when external 
loading is small (e.g., 1 kN at the mid-span for vibration serviceability 
design). 

5.3. Dominant role of top loads 

The clamping effect of top loads on the floor is dominant when 
compared to STS and SAB. However, it remains unclear whether the 
domination of top loads diminishes at small load levels. To examine the 
dominance of different top load levels, tests were conducted for top 
loads combining with SABs. Three load levels were studied: 12 kN/m, 

36 kN/m and 60 kN/m. The restrained effects of these loads were tested 
first, and then SABs were installed. Fig. 13 compares the end-fixity 
factors of top loads with SAB (3SAB or 5SAB) to those without SABs.  
Table 4 presents mean values and coefficient of variation (CoV) of end- 
fixity factor ratios, which is defined as the ratio of loading support 
configurations with SAB (e.g., CLT89–6.1–12 +3SAB) over the corre-
sponding one without SABs (e.g., CLT89–6.1–12). The increase in end- 
fixity factors for deflections, rd, due to installing SABs was found to be 
small and negligible for higher top loads (e.g., 36 kN/m and 60 kN/m in 
Table 4). Similarly, the increase in end-fixity factors related to fre-
quency, rf , due to SABs is consistently negligible, regardless of the top 
load level, as shown in Fig. 13b and Table 4. 

Furthermore, while direct fastening using STS serves as the primary 
connection between floor slabs and wall panels beneath, the installation 
of SABs connects the wall above to the floor slab, and it is expected to 
exert a smaller impact on end restraints. The test results in Table A show 
that the end-fixity factor values remain consistent for 
CLT89–6.1–60 + 5STS, with or without 5SAB. Hence, the effect of SABs 

Fig. 11. End fixity factors of CLT floor-to-wall assemblies with different top loads: (a) rd and (b) rf .  
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is minimal and can be neglected. 
On the other hand, in relation to STS, the domination of end support 

loads is highly dependent on the top load level. Table 5 presents end 
fixity factor ratios of top loads with STS to those without STS (i.e., 12/ 
36/60 +5STS and 12/36/60), along with their mean values and vari-
ance. Despite the large data variance (e.g., CoV=52%), a clear trend can 
be observed that the ratios are significantly higher for lower end-support 
loads (i.e., 12 kN/m) and close to 1 for the top load of 60 kN/m. This 
suggests that the effect of STS is significant for small top loads but 
minimal for high top loads, which can be attributed to the nonlinear 

Fig. 12. Schematic diagram of a mass timber floor-to-wall connection (F is the 
top load, W is self-weight, Q is external loads and O is the pivot point). 

Fig. 13. Comparisons between end-fixity factor with top load and SAB and that with top load without SAB.  

Table 4 
End fixity factor ratio of top load with SAB to that without SAB.  

Top loads 
(kN/m) 

rd ratios rf ratios 

Mean CoV (%) Mean CoV (%) 

12  1.15  12  0.99 14 
36  1.09  15  1.02 4 
60  1.01  11  1.00 5  
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impact of the top loads discussed earlier. Consequently, when the top 
load is low, installation of STS generates considerable restraints, but 
these restrained effects decrease as the top load increases. In summary, 
although the end support load dominates the restrained effect, the effect 
of STS cannot be ignored, especially for small top loads. 

5.4. Effects of self-tapping screws (STS) 

The previous section discussed the restrained effect of STS combined 
with top loads, which is a common configuration in construction prac-
tice. However, for research purposes, it is also useful to examine the 
effect of STS alone. Table 6 presents the end-fixity factors of support 
configurations with different numbers of STS (i.e., 3STS and 5STS). It 
can be found that end-fixity factors increase with increase in number of 
screws, particularly for the fundamental natural frequency. Only two 
exceptions were noted for rd, which may be due to the viscoelastic 
behaviour of timber panels. In addition, the influence of the STS length 
was examined for CLT105 assemblies, as shown in Table 7. Longer 
screws resulted in larger end-fixity factors, but the improvement was 
much smaller when adding the end support load. Two exceptions were 
highlighted in red. 

5.5. Effects of support wall thickness 

Both end support walls made from 105-3s and 175–5s CLT panels 

(referred to as S105 and S175) were provided for CLT175 and CLT244 
assemblies to investigate the influence of support wall thickness. Their 
respective end-fixity factors are listed in Table D and Table E in Ap-
pendix A. The results indicate that the end-fixity factors of the assem-
blies with S175 are significantly greater than those with S105. 

Fig. 14 presents a comparison between the end-fixity factor ratios of 
S175 and S105 assemblies. It can be observed that points spread to the 
left of the line of identity with a few exceptions on the right side, sug-
gesting that the thicker support walls (i.e., S175) resulted in larger end 
support restraints. This effect can be attributed to several factors. One 
notable factor could be the reduction in the clear span between the inner 
faces of the supports, which resulted in smaller mid-span deflection and 
higher natural frequencies, despite using the same end support load or 
connector for assemblies with different support wall thickness. It should 
be noted that end restraint coefficients Cd and Cf were directly deter-
mined based on the ratios of measured deflection and frequency of a 
restrained beam to those of a simply supported beam, as described in 
Section 4.2, without taking into account the possible reduction in the 
clear span due to end support restraints. 

In this study, the floor-to-wall connection is modelled as a lengthless 
rotational spring, and the beam span, thus far, has been defined as the 
distance from center to center of the wall supports for both simply 
supported and restrained conditions, as shown in Fig. 3. It is essential to 
note that when the floor is restrained by the upper and lower support 
walls through connectors or top loads, the floor section on the wall 
supports should be considered as part of the support restraint, rather 
than the floor slab itself. As such, coefficients Cd and Cf obtained from 
measured deflection and frequency included the effect of the reduction 
in the clear span, which may be the primary reason for the coefficient 
difference and the resulting variations in end fixity factors rd and rf . 
Considering the span reduction due to the support thickness, the clear 
span was then used in Eqs. (1) and (2). They can be rewritten as 

d1kN = Cd
PLc

3

48EI
(8)  

f1 = Cf
π

2Lc
2

̅̅̅̅̅̅
EI
ρA

√

(9)  

where Lc is the clear span. In this manner, modified values of Cd and Cf 
can be obtained. 

Fig. 15 and Fig. 16 illustrate the restraint coefficient ratios of S175 
assemblies to S105 ones. There ratios are observed to spread out on both 
sides of 1 (noting that larger end support restraints result in smaller Cd or 
larger Cf ). The figures also show the ratios of modified values for S175 
assemblies to those with S105. It can be found that the ratios of modified 

Table 5 
End fixity factors ratios of top loads with STS to those without STS (e.g., ratio of CLT89–6.1-S89 +12 +5STS to CLT89–6.1-S89 +12).  

Assemblies rd ratios rf ratios 

12 + 5STS to 12 36 + 5STS to 36 60 + 5STS to 60 12 + 5STS to 12 36 + 5STS to 36 60 + 5STS to 60 

CLT89-S89–6.1 2.02 1.18 1.12 1.12 1.05 1.01 
CLT89-S89–4.9 1.28 1.03 0.99 1.28 1.00 1.00 
CLT89-S89–3.6 2.81 1.15 1.15 1.55 1.00 1.06 
CLT105-S89–6.1 1.54 1.06 0.98 1.08 1.00 0.98 
CLT105-S89–4.9 0.91 0.95 0.91 1.03 0.95 0.94 
CLT105-S89–3.6 1.14 1.19 1.01 1.85 1.16 1.01 
CLT175-S105–6.1 3.95 2.13 1.23 2.06 1.40 1.15 
CLT175-S105–4.9 1.76 1.45 1.23 1.73 1.18 1.07 
CLT175-S105–3.6 / / / 1.32 1.09 1.05 
CLT244-S105–6.1 1.09 0.96 1.61† 1.32 1.06 1.00†
CLT244-S105–4.9 1.88 1.35 1.15† 1.48 1.35 1.13†
CLT244-S105–3.6 0.96 0.93 0.70† 1.42 1.14 1.06†
Mean 1.76 1.22 1.10 1.44 1.12 1.04 
CoV(%) 52 28 21 22 13 6 

Notes: / - not listed due to large errors as shown in Table D 
† - results of 54 kN/m 

Table 6 
End-fixity factor results of support configurations with different numbers of self- 
tapping screws (ratio values less than 1 were marked as red.).  

Assemblies rd Ratio† rf Ratio†

3STS 5STS 3STS 5STS 

CLT89–6.1-S89 0.21 0.21 1.00 0.43 0.46 1.08 
CLT89–4.9-S89 0.18 0.26 1.42 0.27 0.33 1.21 
CLT89–3.6-S89 0.10 0.07 0.71 0.14 0.18 1.34 
CLT105–6.1-S89 0.15 0.18 1.19 0.15 0.21 1.42 
CLT105–4.9-S89 0.07 0.15 2.02 0.16 0.21 1.27 
CLT105–3.6-S89 0.17 0.22 1.31 0.17 0.21 1.28 
CLT175–6.1-S105 0.06 0.04 0.72 0.04 0.14 3.42 
CLT175–4.9-S105 0.04 / / 0.09 0.10 1.15 
CLT175–3.6-S105 0.07 / / 0.12 0.14 1.20 
CLT244–6.1-S105 0.03 0.03 1.00 0.06 0.07 1.28 
CLT244–4.9-S105 0.02 0.02 1.00 0.12 0.13 1.09 
CLT244–3.6-S105 0.05 / / 0.09 0.13 1.44 
Mean: 1.17  1.43 
CoV(%): 34  45 

Notes: † - ratio of end fixity factors of 5STS to those of 3STS 
/ - not used due to large errors as shown in Table D and Table E 
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Cd and Cf are generally much closer to 1, except for CLT 244–6.1 and 
CLT 244–3.6 in Fig. 15 and CLT 244–4.9 in Fig. 16, which requires 
further investigations. 

Overall, it can be concluded that support wall thickness significantly 
influences end support restraints, with thicker support walls generally 
resulting in larger end support restraints. Using the clear span in 
calculation appears to be an effective way to account for the wall 

thickness, but further investigation is needed. 

6. Conclusions 

This paper presents a comprehensive experimental study aimed at 
quantifying end support restraints and their influence on the vibration 
serviceability of mass timber floors. Four CLT panels of varying 

Table 7 
End fixity factors of CLT105 with different screw lengths (PTS8160–160 mm and PTS8240–240 mm as shown in Table 1).  

Support configurations rd Difference (%) rf Difference (%) 

PTS8160 PTS8240 PTS8160 PTS8240 

STS 6.1–3STS  0.12  0.15 26  0.12  0.15 24 
4.9–3STS  0.07  0.07 3  0.08  0.16 103 
3.6–3STS  0.10  0.17 69  0.25  0.17 -33 
6.1–5STS  0.15  0.18 20  0.19  0.21 11 

Top loads 
+

STS 

6.1–12 + 5STS  0.31  0.29 -6  0.26  0.29 13 
6.1–36 + 5STS  0.40  0.41 2  0.33  0.37 12 
6.1–60 + 5STS  0.46  0.47 2  0.40  0.40 0  

Fig. 14. Comparisons between end-fixity factor of S175 assemblies and that of S105 assemblies.  
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thicknesses were tested at different spans, with an examination of over 
100 end support configurations. The influences of top loads, self-tapping 
screws and steel angle brackets were investigated to gain a more pro-
found understanding of the underlying relationships. The critical factors 
for quantifying the influence of end support restraints were identified 
and captured, which will be used to derive empirical formulas in future 
research based on these test results. 

The test results show that CLT floor-to-wall connections exhibit 
inherent non-linear behaviour over a whole range of loading levels at 
mid-span, similar to other semi-rigid connections. The rotational stiff-
ness gradually decreases with the increase of concentrated load applied 
at mid-span, and this non-linear characteristic is more pronounced with 
higher top loads on the supports. The value of rotational stiffness, rep-
resented by end-fixity factors, should be determined with specified 
loading level on the floors. For vibration serviceability design, the mid- 
span loads commonly set at 1 kN. It is also observed that end-fixity 
factors determined from fundamental natural frequency are generally 
larger than those determined from mid-span deflection. This suggests 
that end support restraints should differ for static deflection and natural 
frequency calculations. 

Top loads have a predominant impact on end support restraints, and 
a larger top load results in a significant increase in the support restraint. 
However, this relationship is non-linear. When the end support loading 
level is low (less than 10 kN/m), a small load increase produces an 

appreciable increase in the restraint factor. On the contrary, at high 
levels of top load, a substantial load change may result in a small change 
in the restraint factor. 

The influence of self-tapping screws is significant but diminishes 
with an increase in the top load level. A greater number of self-tapping 
screws improve the end support restraint, and the screw length also has a 
positive influence on the support restraint. A longer screw leads to a 
larger end fixity factor, although this improvement is more modest when 
a top load is also present. At last, the effect of steel bracket is minimal 
and can be neglected, no matter how large the top loads are. 

Other factors such as support wall thickness, floor slab thickness, and 
span also have some influence on end support restraints. Notably, a 
wider support results in a greater restraint, mainly due to the reduction 
in the clear span. To account for the support thickness, it is recom-
mended to use the clear span for determining the deflection and fre-
quency for restrained boundary conditions for mass timber floors, rather 
than the center-to-center length used for the simply supported 
condition. 

The end fixity factor decreases significantly with a substantial in-
crease in the thickness of floor slabs, resulting in widely varying values 
for the same load level. Since the end support restraints were indirectly 
measured, the floor span affects these restraint values. However, no 
general trend can be observed in the current investigation. 

The ultimate goal of the present study is to develop empirical design 
formulas that consider the partially restrained effect on mass timber 
floor-to-wall connections. After capturing the most-important features 
through tests, the remaining effort will be dedicated to deriving for-
mulas for the vibration serviceability design of mass timber floors to 
account for the improvement in performance resulting from an increase 
in end fixity. This work on the derivation of formulas will be presented 
in a forthcoming publication. 
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Appendix A – Results of end fixity factors 

Based on Eqs. (6) and (7), end-fixity factors were determined for 1 kN mid-span deflection and fundamental natural frequency, and the results are 
presented in Table A to Table E for all test assemblies and their associated end support configurations. Values with significant errors are marked in red 
color and were not used in analysis.  

Table A End fixity factors of CLT89-S89 assemblies.  

End support configurations CLT89-6.1 CLT89-4.9 CLT89-3.6 CLT89-2.4 

rd rf rd rf rd rf rd rf 

SS 0 0 0 0 0 0 0 0 
6 0.08 0.36 0.17 0.24 0.13 0.05 0.28 -0.07 
12 0.16 0.45 0.30 0.31 0.09 0.17 0.31 0.17 
24 0.26 0.52 0.42 0.40 0.33 0.26 0.38 0.19 
36 0.34 0.55 0.47 0.46 0.36 0.32 0.42 0.28 
48 0.40 0.59 0.51 0.47 0.38 0.35 0.48 0.34 
60 0.43 0.61 0.54 0.49 0.42 0.36 0.41 0.38 
60 + 3SAB 0.43 0.54 0.55 0.49 0.42 0.38 0.51 0.42 
36 + 3SAB 0.33 0.57 0.49 0.46 0.35 0.34 0.50 0.35 
12 + 3SAB 0.18 0.45 0.33 0.34 0.24 0.22 0.39 0.20 
12 + 5SAB 0.18 0.45 / / 0.25 0.20 0.38 0.07 
36 + 5SAB 0.33 0.55 / / 0.37 0.33 0.44 0.33 
60 + 5SAB 0.41 0.61 / / 0.37 0.36 0.51 0.41 
3STS 0.21 0.43 0.18 0.27 0.10 0.14 0.07 0.31 
5STS 0.21 0.46 0.26 0.33 0.07 0.18 -0.07 0.35 
12 + 5STS 0.32 0.51 0.39 0.40 0.25 0.26 0.24 0.07 
36 + 5STS 0.41 0.58 0.48 0.46 0.41 0.32 0.19 0.34 
60 + 5STS 0.48 0.62 0.53 0.49 0.48 0.39 0.20 0.41 
60 + 5STS+ 5SAB 0.48 0.63 / / / / / / 

Notes: rd – end fixity factors for mid-span 1 kN deflection 
rf – end fixity factors for fundamental natural frequency 
/ – not tested  

Table B End fixity factors of CLT105-S89 assemblies.  

End support configurations CLT105-6.1 CLT105-4.9 CLT105-3.6 CLT105-2.4 

rd rf rd rf rd rf rd rf 

SS 0 0 0 0 0 0 0 0 
6 0.07 0.16 0.07 0.20 0.14 0.06 0.13 -0.43 
12 0.19 0.27 0.20 0.30 0.22 0.15 0.08 -0.19 
24 0.30 0.33 0.30 0.37 0.31 0.25 0.53 0.11 
36 0.39 0.37 0.36 0.42 0.28 0.31 0.52 0.16 
48 0.44 0.40 0.43 0.44 0.33 0.36 0.61 0.20 
60 0.48 0.41 0.50 0.46 0.42 0.40 0.67 0.23 
60 + 3SAB 0.49 0.42 0.50 0.45 0.46 0.40 0.65 0.26 
36 + 3SAB 0.45 0.36 0.42 0.40 0.40 0.30 0.67 0.19 
12 + 3SAB 0.24 0.23 0.26 0.27 0.26 0.12 0.32 -0.04 
3STS 0.15 0.15 0.07 0.16 0.17 0.17 0.16 0.21 
5STS 0.18 0.21 0.15 0.21 0.22 0.21 0.08 0.09 
12 + 5STS 0.29 0.29 0.18 0.30 0.25 0.28 0.21 -0.10 
36 + 5STS 0.41 0.37 0.34 0.40 0.33 0.36 0.65 0.18 
60 + 5STS 0.47 0.40 0.46 0.43 0.42 0.40 0.65 0.24 

Notes: rd – end fixity factors for mid-span 1 kN deflection 
rf – end fixity factors for fundamental natural frequency  

Table C End fixity factors of CLT105-S89 assemblies with PTS8160.  

End support configurations CLT105-6.1 CLT105-4.9 CLT105-3.6 CLT105-2.4 

rd rf rd rf rd rf rd rf 

3STS  0.12  0.12 0.07 0.08 0.10 0.25 0.07 / 
5STS  0.15  0.19 / / / / / / 
12 + 5STS  0.31  0.26 / / / / / / 
36 + 5STS  0.40  0.33 / / / / / / 
60 + 5STS  0.46  0.40 / / / / / / 

Notes: rd – end fixity factors for mid-span 1 kN deflection 
rf – end fixity factors for fundamental natural frequency 
/ – not tested 
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Table D End fixity factors of CLT175 assemblies.  

End support configurations CLT175-6.1 CLT175-4.9 CLT175-3.6 CLT175-2.4 

rd rf rd rf rd rf rd rf 

CLT175-S105 
SS 0 0 0 0 0 0 0 0 
6 0.02 0.05 0.01 0.05 0.01 0.06 0.03 -0.70 
12 0.03 0.08 0.05 0.09 0.06 0.12 0.06 -0.37 
24 0.02 0.13 0.08 0.15 0.11 0.17 0.19 -0.14 
36 0.06 0.16 0.09 0.20 0.13 0.20 0.22 -0.02 
48 0.05 0.19 0.12 0.24 0.15 0.21 0.29 0 
54 / / / / / / 0.19 0 
60 0.13 0.23 0.13 0.26 0.12 0.22 / / 
60 + 3SAB 0.11 0.24 0.17 0.27 / / / / 
36 + 3SAB 0.07 0.17 0.11 0.22 / / / / 
12 + 3SAB 0 0.10 0.05 0.10 / / / / 
3STS 0.06 0.04 0.04 0.09 0.07 0.12 0.03 0.02 
5STS 0.04 0.14 0.03 0.10 0 0.14 0.04 0.05 
12 + 5STS 0.12 0.17 0.09 0.15 0.04 0.16 0.16 -0.34 
36 + 5STS 0.13 0.22 0.14 0.23 0.07 0.21 0.18 -0.01 
54 + 5STS / / / / 0.10 0.24 0.11 0.04 
60 + 5STS 0.15 0.26 0.16 0.27 / / / / 
CLT175-S175 
SS / / 0 0 0 0 / / 
6 / / 0.06 0.19 0.03 0.01 / / 
12 / / 0.07 0.23 0.09 0.12 / / 
24 / / 0.12 0.29 0.13 0.22 / / 
36 / / 0.15 0.34 0.22 0.28 / / 
48 / / 0.16 0.36 0.20 0.32 / / 
60 / / 0.18 0.37 0.38 0.33 / / 
60 + 3SAB / / 0.22 0.42 / / / / 
36 + 3SAB / / 0.15 0.35 / / / / 
12 + 3SAB / / 0.09 0.21 / / / / 
3STS / / 0.07 0.07 0.04 0.15 / / 
5STS / / 0.06 0.21 0.05 0.19 / / 
12 + 5STS / / 0.13 0.32 0.13 0.23 / / 
36 + 5STS / / 0.18 0.39 0.26 0.31 / / 
60 + 5STS / / 0.24 0.43 0.28 0.34 / / 

Notes: d1kN – mid-span 1 kN deflection 
f1 – fundamental natural frequency 
/ – not tested  

Table E End fixity factors of CLT244 assemblies.  

End support configurations CLT244-6.1 CLT244-4.9 CLT244-3.6 

rd rf rd rf rd rf 

CLT244-S105 
SS 0 0 0 0 0 0 
6 0.02 0.05 0.05 0.05 0.05 -0.03 
12 0.06 0.07 0.05 0.09 0.15 0.07 
24 0.09 0.11 0.07 0.13 0.14 0.13 
36 0.10 0.12 0.10 0.14 0.16 0.15 
48 0.10 0.14 0.16 0.17 0.17 0.18 
54 0.08 0.15 0.13 0.18 0.22 0.19 
3STS 0.03 0.06 0.02 0.12 0.05 0.09 
5STS 0.03 0.07 0.02 0.13 0.03 0.13 
12 + 5STS 0.06 0.10 0.09 0.13 0.14 0.10 
36 + 5STS 0.10 0.13 0.14 0.19 0.14 0.18 
54 + 5STS 0.12 0.15 0.15 0.21 0.16 0.20 
CLT244-S175 
SS 0 0 0 0 0 0 
6 0.01 0.08 0.09 0.05 0.06 -0.24 
12 0.02 0.11 0.19 0.10 0.12 0.07 
24 0.03 0.14 0.19 0.15 0.14 0.24 
36 0.04 0.17 0.20 0.19 0.19 0.29 
48 0.07 0.18 0.15 0.22 0.17 0.31 
54 0.08 0.19 0.23 0.22 0.17 0.32 
3STS 0.06 0.11 0.07 0.03 0.10 0.22 
5STS 0.05 0.11 0.06 0.00 -0.02 0.24 
12 + 5STS 0.10 0.22 0.16 0.14 0.14 0.08 
36 + 5STS 0.12 0.26 0.19 0.20 0.21 0.29 
60 + 5STS 0.19 0.27 0.25 0.23 0.35 0.33 

Notes: d1kN – mid-span 1 kN deflection 
f1 – fundamental natural frequency 
/ – not tested 
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[21] Malo KA, Köhler J. Vibrations of timber floor beams with end restraints. Structures 
and Architecture: Concepts, Applications and Challenges–Proceedings of the 2nd 
International Conference on Structures and Architecture, ICSA. London: CRC 
Press,; 2013. 

[22] APA (The Engineered Wood Association). Standard for performance-rated cross- 
laminated timber. Tacoma, WA: ANSI/APA PRG-320,; 2018. 

[23] Jones SW, Kirby PA, Nethercort DA. The analysis of frames with semi-rigid 
connections—a state-of-the-art report. J Constr Steel Res 1983;3(2):2–13. 

[24] Wang L, Guo N, Yang Z. Boundary condition identification of tapered beam with 
flexible supports using static flexibility measurements. Mech Syst Signal Process 
2016;75:138–54. 

[25] Mertlich TB, Halling MW, Barr PJ. Dynamic and static behavior of a curved-girder 
bridge with varying boundary conditions. J Perform Constr Facil 2007;21(3): 
185–92. 

[26] Waters TP, Brennan MJ, Sasananan S. Identifying the foundation stiffness of a 
partially embedded post from vibration measurements. J Sound Vib 2004;274 
(1–2):137–61. 

[27] Liu W, Yang Z, Wang L, Guo N. Boundary condition modelling and identification 
for cantilever-like structures using natural frequencies. Chin J Aeronaut 2019;32 
(6):1451–64. 

S. Zhang and Y.H. Chui                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref1
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref1
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref2
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref2
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref3
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref3
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref3
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref4
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref4
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref5
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref5
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref6
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref6
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref6
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref7
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref7
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref7
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref8
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref8
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref9
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref9
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref9
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref10
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref10
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref10
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref11
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref11
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref11
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref12
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref12
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref12
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref13
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref13
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref13
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref14
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref14
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref14
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref15
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref15
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref15
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref16
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref16
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref16
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref17
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref17
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref17
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref18
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref18
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref19
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref19
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref19
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref19
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref20
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref20
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref20
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref20
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref21
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref21
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref22
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref22
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref23
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref23
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref23
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref24
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref24
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref24
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref25
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref25
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref25
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref26
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref26
http://refhub.elsevier.com/S0141-0296(23)01604-8/sbref26

	Quantifying the effect of end support restraints on vibration serviceability of mass timber floor systems: Testing
	1 Introduction
	2 Mass timber floor-to-wall connections and theoretical models
	2.1 Typical floor-to-wall connections in platform-framed buildings
	2.2 End restraint coefficients and end fixity factors

	3 Experimental work
	3.1 Test setup
	3.2 Materials
	3.3 Test matrix

	4 Test results
	4.1 Nonlinear behaviour and stiffness degradation
	4.2 End fixity factors for deflection and frequency

	5 Governing factors of end support restraints
	5.1 Effect of end-support load levels
	5.2 Effect of floor thickness and span
	5.3 Dominant role of top loads
	5.4 Effects of self-tapping screws (STS)
	5.5 Effects of support wall thickness

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Statement
	Appendix A – Results of end fixity factors
	References


