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A B S T R A C T   

This paper presents experimental research on composite cross-laminated timber (CLT) glulam floors. The com
posite action was achieved using three different types of connectors. The connector stiffness and strength were 
determined with small-scale shear tests. Quasi-static monotonic four-point bending and vibration tests were 
conducted on six full-scale (9.1 m long, 1.6 m wide) double T-beam floor segments consisting of 3-ply CLT panels 
and two glulam beams. The vibration test results indicated that the three connection types had negligible in
fluence on the dynamic properties of the composite floor segments, while the allowable vibration controlled span 
of the composite panel was around 7.2 m with acceptable subjective evaluations. The load-deformation 
behaviour observed in the full-scale testing was linear up to failure which was brittle tension at mid-span in 
one of the glulam beams for all specimens. The ratio between experimental and expected bending stiffness was 
close to 1.0 for all three connector types demonstrating the adequacy of applying the gamma method to predict 
the performance of CLT-glulam composite floors. The findings from this research supported the design and 
construction of the floors for two new school buildings.   

1. Introduction 

1.1. Background 

The structural use of timber in North America is no longer limited to 
labour intensive commodity products used in low-rise residential light- 
frame construction but the potential for larger and non-residential 
structures is increasingly being explored [1,2]. The resulting chal
lenges, e.g. increased lateral forces and increased demand on floor 
serviceability, are being addressed by the introduction of innovative 
materials [3,4], connections [5,6], components [7] and composite sys
tems [8], as well as changing legislation. e.g., the 2020 version of the 
National Building Code of Canada (NBCC) [9] allowed mass timber 
structures up to 12 storeys and the International Building Code (IBC) 
[10] included tall wood construction up to 18 storeys. Promising 
structural approaches involve cross-laminated timber (CLT), a mass 
timber product, consisting of sawn lumbers glued together in alternating 
directions; creating panels with high in-plane strength and stiffness 

[11,12]. 
The School Board in Vancouver, British Columbia, Canada [13] 

commissioned two new buildings to replace existing elementary schools. 
The two-storey buildings include learning spaces with exposed CLT 
walls, floors, and roofs. Both projects include long-span floor or roof 
systems for which both deflection and vibration requirements fell 
outside the feasible range for even the thickest commercially available 
panels in North America (9-ply 315 mm thick panels). Therefore, a 
ribbed CLT-glulam composite was proposed, see Fig. 1. Natural Re
sources Canada, through the Green Construction Wood program [14], 
assisted with the project costs including a test program to support the 
innovative use of long-span timber-timber-composite (TTC) floors. 

1.2. Timber floor serviceability requirements 

The design of long-span floors is often governed by serviceability 
limit states, i.e. deflection and vibration [15,16]. Their dynamic prop
erties are critical for determining their vibration response. NBCC [9] has 
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clearly defined deflection limits, but does not provide explicit vibration 
limits. The Canadian Standard for Engineering Design in Wood, CSA 
O86 [17], addresses the vibration performance of bare CLT panels 
supported on rigid supports (i.e. walls). The resulting required thickness, 
however, renders such CLT slabs inefficient for long-span applications. 

Composite floor systems, joining members of similar or different 
materials, create a composite section with higher strength and stiffness 
than the simple addition of the separate elements, will improve all 
serviceability limit states. Such floors systems are not addressed in the 
standard. Various design guides and performance criteria are available 
for steel and concrete floors [18–20]. Guidance for mass timber floors, 
other than those included in CSA O86 [17], are addressed in the U.S. 
Mass Timber Floor Vibration Guide [21], this requires both laboratory 
and field verifications. 

1.3. Timber-composite systems 

Timber-concrete composite (TCC) systems have been extensively 
studied in recent years using mechanical connectors [22,23], adhesive 
bonds [24] or a combination of both [25]. On TTC systems, fewer 
experimental, numerical, and analytical investigations have been re
ported. Experiments on multi-layered timber beams using wood dowels 
showed the possibility to achieve high composite action by increasing 
the number of dowels [26]. The possibility of strengthening and stiff
ening aged timber floors by means of composite actions using CLT top 
plates connected with screws installed at different angles showed that 
the 450 installation angle led to higher composite efficiency and stiffness 
[27]. A shear connection system for CLT-glulam composite floor systems 
made of double-sided punched metal plate fasteners has been claimed to 
be suited for automated production [28]. Investigations on CLT com
posite floors connected by inclined screws led to the proposal of a for
mula to estimate the effective width of the CLT panels [29]. Comparing 
fully and partially threaded screw connections showed that the former 
exhibited higher composite efficiency [30]. Numerical analyses on TTC 
systems with inclined screws achieved good agreement when compared 
to experimental results [31]. The long-term behaviour (1.5 years) of TTC 
floors assembled by connecting CLT slabs with solid wood joists under 
consideration of cambering and pre-stressing showed that the combined 
use of partially and double threaded screws is favorable [32]. Based on 
the commercial potential, product approval exists for TTC panels, e.g. 
[33]. 

1.4. Design of timber composite floors 

The most popular and widely used timber composite system are TCC 
floors in which a timber beam or slab is connected to a concrete topping 
using shear connectors. TCC can overcome some of the inefficiencies 
associated with traditional light wood frame floors regarding strength, 
stiffness, structural fire rating, and vibration and thermal performance 
[8,22]. Numerous connectors from low to high stiffness are available as 
composite connectors: self-tapping screws, dowel-type shear keys, 
perforated steel plates, steel kerf plates, transverse notch connection etc. 
Where screws are used to provide the composite action between, either 
vertically installed partially threaded screws primarily acting in shear 
[5], or inclined fully threaded screws primarily acting in withdrawal [6] 

are used. Hybrid joints in combination of mechanical connectors with 
adhesive provide robust and rigid composite systems [25,34]. 

TTC systems can be designed using EN 1995–1-1 [35], based on the 
gamma (γ) method originally developed by Mӧhler [36] where the 
composite action is quantified by estimating γ, ranging from 0.0 (no 
composite action) to 1.0 (full composite action or full rigid connection), 
see Equation (1). The γ-value, together with cross-sectional properties of 
timbers (herein CLT floor and glulam beams), allow estimating the 
effective bending stiffness (EI)eff, of TTC composite system, see Equation 
(2). 

γ =
1

1 + π2ECLTACLTs
kL2

(1)  

(EI)eff = ECLTICLT + γECLTACLTa2
CLT +EgIg + γEgAga2

g (2)  

where, ECLT, Eg, ICLT, Ig and ACLT, Ag are the moduli of elasticity, second 
moment of area, and cross-section area for CLT and glulam beam, L is the 
floor span, k is the slip modulus of the connector, s is the connector 
spacing, and aCLT and ag are the distances from the neutral axis of the 
composite section to the neutral axis of the CLT and glulam, 
respectively. 

The maximum normal and bending stresses in CLT and glulam (σn, 

CLT, σm,CLT, σn,g, σm,g) elements can be calculated using Equations (3)–(6), 
the maximum shear stress in the glulam beams (τg,max) can be calculated 
using Equation (7), and the fastener shear force in CLT-glulam interface 
(Fc) can be calculated using Equation (8). 

σn,CLT =
γCLT ECLT aCLT Mf

(EI)eff
(3)  

σn,g =
γgEgagMf

(EI)eff
(4)  

σm,CLT =
0.5ECLT hCLT Mf

(EI)eff
(5)  

σm,g =
0.5EghgMf

(EI)eff
(6)  

τg,max =
0.5Egh2

gVf

(EI)eff
(7)  

Fc =
γCLT ECLT aCLT sVf

(EI)eff
(8)  

where, hCLT and hg are the depths of CLT and glulam, respectively. 

1.5. Objective 

TTC systems consisting of CLT slabs and glulam ribs are a promising 
option for long-span floors. The deflection and vibration performances 
depend on the stiffness of the system, which in turn depends on com
posite action between slabs and ribs. The objectives of the research 
presented herein were to investigate the efficiency of various connec
tors, and the vibration and flexural performance of a double-T shaped 

Fig. 1. Cross section of floor design for elementary schools.  
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TTC floor systems with these connectors. To achieve these goals, small- 
scale shear and full-scale bending and vibration tests were conducted. 
The performance of the connectors was evaluated in terms of capacity, 
stiffness, and ductility, whereas the performance of the TTC floors was 
evaluated in terms of frequency, acceleration, load carrying capacity, 
deflections, stiffness, and slips at timber-timber interfaces. 

2. Experimental investigation 

2.1. Materials and specimen description 

The CLT panels and glulam beams were fabricated by Structurlam in 
accordance with ANSI PRG 320 [37] and CSA O122 [38]. A summary of 
the material properties is provided in Table 1, with the specified bending 
strength values based on CSA O86 tabulated values [17]. 

A total of six composite (double T-beam cross-section) specimens 
composed of a single CLT panel and two beams, as shown in Fig. 2, were 
assembled and subsequently tested in the Wood Innovation Research 
Lab at the University of Northern British Columbia. 

Three connection types were investigated with two specimens each:  

• Type A: 10Ø × 200 mm ASSY SK partially threaded washer head self- 
tapping screws with longitudinal spacing of 75 mm on centre 
installed at 900, see Fig. 3a.  

• Type B: 8Ø × 300 mm ASSY VG fully threaded self-tapping screws 
with longitudinal spacing of 150 mm on centre installed at 450, see 
Fig. 3b.  

• Type C: 10Ø × 200 mm ASSY SK partially threaded washer head self- 
tapping screws with longitudinal spacing of 300 mm on centre 
installed at 900, see Fig. 3c, in combination with an adhesive bond 
provided by a one-component polyurethane adhesive (LePage Pre
mium PL). The specific gravity and viscosity of the adhesive are 1.71 
and 1,200,000 cps, respectively [39]. For typical wood surface 
application, the open time is 15–20 min at 25 ◦C and 50% relative 
humidity and the cure time is 24–48 h. The reported shear strengths 
as per ASTM D 3498 [40] are 4.9 MPa and 8.8 MPa for dry and wet 
lumber bonding, respectively, on Douglas Fir. 

Both mechanically fastened connections (types A and B) were 
designed to be sufficiently strong to fail the system in glulam tension 
failure. 

The expected factored standard-term duration shear force resistances 
of Type A and Type B connectors were 2.4 kN and 5.7 kN per screw, 
respectively, calculated using the properties provided in the product 
approval evaluation report [41] and design catalogue [42], respectively, 
and the design provisions for lag screws according to CSA O86 [17] and 
the product approval evaluation report [41], respectively. These ex
pected resistances correspond to factored 5th percentile values,. The 
expected serviceability limit state stiffness, Kser, of Type A and Type B 
connectors was 4.3 kN/mm and 37 kN/mm per screw, respectively, 
based on EN 1995–1-1 [35], see Equation (9), and the European Tech
nical Approval [43], see Equation (10). 

Kser = ρ1.5
m d/23 (9)  

Kser = 780 d0.2lef
0.4 [N/mm] (10)  

where, ρm is the product of the square roots of the density of the two 
jointed wood materials , d is the shank diameter of the screw, and lef is 
the penetration length of the screw. 

The glued connection (type C) had a reduced number of screws with 
the intent to achieve full composite action through the glued interface. 
As discussed subsequently, each connection type provided a different 
level of composite action, resulting in different stiffnesses and slip be
tween the panel and the beam. 

Fig. 4a and 4b show the installation of screws inclined at 450 and 900 

for the connector types B and A, respectively. Fig. 4c and 4d show the 
adhesive applied to the glulam beams. Four 825 ml cartridges were 
applied to each glulam beam, illustrated in Fig. 4c, creating a layer of 
approximately 1.8 mm thickness. The CLT panels were installed within 
the glue’s open time of 30 min. After the screw installation, some excess 
glue was pushed out on the sides, see Fig. 4d. No post-test bond-quality 
control was conducted. Therefore, small un-bonded areas may have 
been present and remained undetected;,which was not explicitly 
considered. However, any potential variation in strength would have 
had negligible impact on the system overall because small variations in 
strength did not appear to impact the strength of the system. 

2.2. Small-scale shear tests 

The three connection types were tested to determine their shear 
strength and stiffness to provide a basis to verify the composite design. 
Four replicates were tested under monotonic loading for each connec
tion type. These specimens were assembled using material sampled after 
the full-scale floor bending tests. The CLT panels were 275 mm wide and 
600 mm long and glulam beams were 215 mm wide and 600 mm long, 
see Fig. 5. 

The test set-up consisted of a compression load frame, as shown in 
Fig. 6. Test specimens were rotated by 13.5◦ as suggested in EN-408 
[44]. The loads were applied according to the EN-26891 [45] protocol 
at a displacement-controlled rate of 5 mm/min for the specimens with 
connector Type A and 1 mm/min for the specimens with connector 
Types B and C. Specimens were loaded to 40% of the estimated capacity, 
then unloaded to 10% of estimated capacity, and finally loaded to fail
ure, defined as the point when load dropped to 80% of the maximum. 

The actuator load and the relative vertical displacements between 
CLT and glulam were measured using two calibrated LVDTs, one on each 
side of the specimen, attached at mid-height. The reported displace
ments are the averages between the two measurements. The connector 
performance was analyzed at the maximum load Fmax, displacement at 
maximum load dFmax, serviceability (elastic) stiffness Kser computed for 
the range between 10% and 40% of Fmax, ultimate stiffness Ku computed 
for the range between 0% and 60% of Fmax, as well as ductility μ. In 
addition, the yield load Fy and the displacement at yield dy were 
determined based on equivalent energy elastic plastic (EEEP) curves 
[46], see Fig. 6c. The failure at ultimate load Fu is defined as of 0.8Fmax 
from the post-peak region of the load–displacement curves; the ultimate 
displacement du corresponded to Fu. Ductility was defined as the ratio of 
ultimate to yield displacement (du/dy). 

2.3. Modal tests of composite floor specimens 

The floors’ dynamic properties were investigated by modal tests and 
analysis. After assembling and measure the mass of each specimen, 
impact hammer tests and modal analysis, as illustrated in Fig. 7a, were 
conducted to determine the natural frequencies, corresponding mode 
shapes and damping ratios. The support boundary conditions were 
realized with rollers as shown in Fig. 7b and 7c. The floor specimens 
were tested via the roving hammer method for modal analysis with 
natural frequencies, mode shapes and damping ratios under 50 Hz 

Table 1 
Material description.   

CLT Glulam 

Species S-P-F Douglas-Fir 
Grade 105 V, V2M1.1 24f-E 
Cross section 1,162 mm × 105 mm 215 mm × 380 mm 
Length 9,144 mm 8,944 mm 
Density 441 kg/m3 545 kg/m3 

Moisture content 11% 12% 
Bending strength 11.8 MPa 30.6 MPa  
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obtained for each specimen. 
To investigate the influence of boundary conditions on the dynamic 

performance, floor specimen DT-4 was also tested with two end support 
conditions: 1) DT-4–0 with the glulam beam supports at the two ends; 
and 2) DT-4–1 with the CLT end walls with partially threaded self- 

tapping screws at a spacing of 250 mm as shown in Fig. 7d. Subse
quently, the fundamental natural frequency of the simply supported 
glulam beam can be estimated based on measured density and modulus 
of elasticity, see Equation (10): 

Fig. 2. Cross section of test specimens [measurements in mm].  

Fig. 3. Schematic of test specimens: (a) Type A - screws at 900; (b) Type B - screws at 450; (c) Type C - screws at 900 with glue.  

Fig. 4. Specimen fabrication: Screws installation (a) at 450 and (b) 900; application of glue to glulam beam (c) and fully glued cross-section (d).  

M. Shahnewaz et al.                                                                                                                                                                                                                            



Composite Structures 292 (2022) 115682

5

f =
π

2l2

̅̅̅̅̅̅
EI
ρA

√

(10)  

2.4. Composite floor vibration response tests 

Vibration tests were conducted on each floor according to ISO 10137 

[47] and ISO 18324 [48] to determine the floors’ natural frequencies 
and acceleration levels under normal walking by one person. The tests 
were performed by a 75 kg evaluator walking end to end with a step 
frequency of approximately 2 Hz, see Fig. 8. 

The acceleration responses were measured at certain locations on the 
floor surface as shown in Fig. 9a. Four accelerometers were mounted on 

Fig. 5. Small-scale specimen layout: longitudinal cross-section of Type A (a), Type B (b), Type C (c); transverse cross-section of Type A (d), Type B (e), Type C (f); 
photos of Type A (g) Type B (h), Type C (i). 

Fig. 6. Small-scale connector shear tests: (a) schematic [dimensions are in mm], (b) photo of test specimen, (c) EEEP curve for result analysis.  
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the floor surface as shown in Fig. 9a. The time domain acceleration data 
were post processed according to the flowchart as shown in Fig. 9b based 
on ISO 2631–2 [49]. Subjective evaluations, per ISO 21136 [50], were 
conducted for the acceptance level of the composite floors, categorizing 
the floors into levels 1 to 5, i.e. 1 = definitely unacceptable, 2 = unac
ceptable; 3 = marginal, 4 = acceptable, 5 = definitely acceptable. A 
survey with 10 evaluators was conducted on each floor. The evaluator 
first walked on the floor between two ends, and then stood stationary at 
the center of the floor while a 75 kg walker walked between the two 
ends. Each evaluator completed a questionnaire provided in ISO 21136 
[50]; all evaluator ratings for each floor specimen were averaged and 
reported as final rating. 

Additionally, double-span tests were completed with specimen DT-4 
by adding mid-span supports made of glulam blocks under the glulam 

beams as shown Fig. 8b, which added restraints in the vertical direction; 
the double-span floor tests included four span ratios: 3) DT-4–2 ratio of 
2:1; 4) DT-4–3 ratio of 3:1; 4) DT-4–4 ratio of 4:1; and 5) DT-4–4 ratio of 
7:1. The intent was to determine an approximate span that could achieve 
a subjective rating of 3 or higher, defined as when the evaluator did not 
feel much vibration as a walker and could accept the vibration level as a 
standing observer. Similarly, the accelerometers were mounted on the 
center point and the midpoint on the free edge for each span. 

2.5. Full-scale bending tests 

The destructive 4-point bending tests included a set-up with two 500 
kN actuators, positioned as shown in Fig. 10. A total of six string pots, 
labelled S1 to S6 and eight linear variable differential transducers 

Fig. 7. (a) Impact hammer modal test and analysis, (b) T-beam specimen under test; (c) roller end supports, (d) wall/beam support.  

Fig. 8. Walking tests on the T-beam floors (a); specimen with intermediate supports (b).  
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(LVDTs) labelled L7 to L14 were installed to measure the overall vertical 
deflections and the relative horizontal displacements between CLT and 
Glulam respectively, see Fig. 10. 

The floors were subjected to quasi-static monotonic loading at a 
constant rate of 10 mm/min until floor failure, where failure was 
defined as a drop in the applied load by>20%. The loading protocol 
involved performing an initial pre-load cycle to 40% of the anticipated 
ultimate load-carrying capacity. The maximum force, Fmax, and its cor
responding mid-span deflection, dFmax, were determined based on the 
actuator load and the average of string pots S3 and S4. In addition, the 
slips (relative horizontal displacement between glulam and CLT com
ponents) at locations of floor edges, Se,Fmax and at distance of a (0.3L or 
0.7L, where L is span length), Sa,Fmax were recorded using the LVDTs 
#7–8, #13–14 and LVDTs #9–12, respectively, as shown in Fig. 10a. 
The load increase from 10 to 40% of maximum force (Fmax), ΔF10-40, and 
the corresponding increase in deflection, ΔdF10-40, allowed calculating 
the apparent static bending stiffness, EIapp, using Equation (11): 

EIapp =
ΔF

48Δd
∙
(
3L2a − 4a3) (11)  

where L is the span and a is the distance from the support to the point 
load, herein 3,048 mm. 

3. Results and discussion 

3.1. Small-scale shear connector tests 

The results of the small-scale tests are presented in Table 2. Type A 
connectors reached the lowest load-carrying capacity, yield and ulti
mate strengths (Fmax = 80 kN; Fy = 65 kN; Fu = 64 kN). These metrics for 
Type B connectors were on average 30% higher. When compared to the 
un-factored design values (Fd, Type A = 18.7 kN; Fd, Type B = 41.5 kN) for 
short-term loading as per CSA O86 [17] and the ASSY CCMC Evaluation 
Report [41] respectively, Fmax is about four and three times higher, 
respectively. The CSA O86 [17] lateral resistance equations for lag 
screws are based on research with large diameter screws require sig
nificant reduction factors due to group factors, connection slips, and pre- 
drilling requirements, low reliability, and limited rope effect. The self- 

tapping screws used herein do not require pre-drilling, and have signi
fcant withdrawal strength increasing the impact of rope effect; there
fore, the CSA O86 should be expected to be overly conservative. Recent 
experimental findings presented ratios between experimental and 
design values up to 11. 

Type C connectors reached values that were more than three times 
higher than Type A connectors (Fmax = 256 kN; Fy = 236 kN; Fu = 205 
kN). However, it has to be reminded that both mechanical connections 
could also be designed for higher strength by increasing the number of 
screws per unit length. Variability between replicates within the test 
series was small with around 5% for all metrics, other than the yield 
strength of the glued connectors with 9%. 

Type A connectors reached the largest deformations at maximum 
load, at yield and at ultimate load (dFmax = 67 mm; dy = 11 mm; du =

101 mm). The deformations of Type B connectors were significantly 
lower (dFmax = 3 mm; dy = 2 mm; du = 6 mm), showing the limited 
deformation capacity of screws installed at 45⁰ and acting primarily in 
withdrawal. Type C connectors exhibited very small deformations of 
approximately 0.1 mm at yield and 0.3 mm at ultimate loads. Conse
quently, the stiffness observed for Type A connectors was low (Kser =

6 kN/mm; Ku = 2 kN/mm) while stiffness of Type B connectors was high 
(Kser = 43 kN/mm; Ku = 47 kN/mm). For both connectors, the experi
mental results were in good agreement with the expected values. Type C 
connectors achieved very high stiffness (Kser > 2,000 kN/mm) and can 
be deemed rigid for pratical purposes. The average ductility, calculated 
from the EEEP curves, for connector types A and B were 9.2 and 2.7, 
respectively. Since deformations were very small, no ductility was 
computed for type C connectors. Variability of deformation and stiffness 
metrics for type A and B connectors was between 9% and 22%; due to 
the very small values, variation between the test specimens with glued 
connectors was larger, exceeding 50%. 

The load–displacement curves of all small-scale specimens are 
illustrated in Fig. 11 where d is the average of the two measurements. 
Type A connectors with screws installed at 90⁰ had smooth curves until 
failure loads with relatively small initial stiff part up to 1.5 mm. Type B 
connectors with screws installed at 45⁰ exhibited clear bi-linear curves 
with initial high stiffness until they reached to the screw’s withdrawal 
capacity. Type C with glue was very stiff and exhibited very small 

Fig. 9. Acceleration measurement points (a); Post-processing flowchart of acceleration data (b).  
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Fig. 10. Schematics (a) and (b) and photos (c) and (d) of 4-point bending setup and location of measurement devices.  

Table 2 
Results of small-scale shear tests.  

ID Connector Fmax dFmax Kser Ku Fy dy Fu du D 
[kN] [mm] [kN/mm] [kN/mm] [kN] [mm] [kN] [mm] [-] 

A1 10Ø×200 mm PT@900 77 56 7.7 2.9 63 8.3 61 97 11.8 
A2 81 70 5.2 2.2 67 13.0 65 98 7.5 
A3 78 67 5.2 2.1 63 12.2 62 86 7.1 
A4 84 76 5.6 1.7 67 12.1 67 124 10.3 
Mean  80 67 5.9 2.2 65 11.4 64 101 9.2 
CoV  4% 13% 20% 22% 4% 18% 4% 16% 24% 
B1 8Ø×300 mm FT@450 102 3.0 40 44 95 2.4 81 6.1 2.6 
B2 107 2.9 50 53 98 2.0 85 6.3 3.2 
B3 106 3.2 40 45 103 2.6 85 6.1 2.4 
B4 98 2.8 43 46 91 2.1 78 5.2 2.4 
Mean  103 3.0 43 47 96 2.3 82 5.9 2.7 
CoV  4% 5% 11% 9% 5% 12% 4% 9% 15% 
C1 10Ø×200 mm PT @900 with glue 257 0.2 >2,000 >2,000 221 0.1 206 0.2  
C2 244 0.3 >2,000 >2,000 221 0.1 195 0.5  
C3 268 0.4 >2,000 >2,000 266 0.2 214 0.5  
C4 265 * * * * * * *  
Mean  256 0.3 >2,000 >2,000 236 0.1 205 0.4  
CoV  5% 39% >50% >50% 9% >50% 5% 49%  

*No displacement recordings available for specimen C4. 
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displacements until failure, with failure being brittle in nature. 

3.2. Dynamic properties of composite floor specimens 

The natural frequencies of each composite floor are listed in Table 3 
with corresponding mode shapes illustrated in Fig. 12. The fundamental 
natural frequencies of all specimens were between 12 and 13 Hz, with no 
significant differences among the three groups; the damping ratio of the 
fundamental frequency mode is 2.4% on average. It is thought that the 
fundamental natural frequency of the composite floor specimens is 
mainly governed by the glulam beams. The fundamental natural fre
quency of the simply supported glulam beam was approximately 11 Hz 
using Equation (4). Therefore, the connection had little influence on the 
dynamic properties of the composite floor specimens. The mode shape is 
expressed using mode indices (m, n), where, m and n are the number of 
node lines including the simply supported sides in minor and major 

strength directions, respectively. Due to the unrestrained edges of CLT 
flange panels, there are modes like mode (1,1) found for composite floor 
specimens, which are normally found for a plate with four free edges. 
The higher frequency modes such as the torsional mode and bending 
mode in the minor strength direction are governed by the CLT panel. 

3.3. Vibration serviceability performance of composite floor specimens 

The vibration performance indicators were determined from walking 
tests. Subjective evaluations of each single-span floor segment were 
rated as unacceptable under the test support condition. The fundamental 
frequencies under single person walking excitations were similar to 
those measured by impact hammer tests with transient response, see 
Fig. 13 and Table 4. Only the DT-4 results are presented as all the single- 
span specimens showed similar response and subjective evaluations. The 
acceleration time history and frequency spectra responses are shown in 
Fig. 13 for DT-4 with the different support configurations. The acceler
ation response was taken from the accelerometer with the largest peak 
acceleration values; in most cases the acceleration response was highest 
at the geometric center of the longer span, and the fundamental fre
quency mode dominated the response. Where the acceleration response 
at the edge was higher, then higher modes such as modes (2,1) and (1,1) 
are observed as the dominant mode in the frequency response spectra. 

The variation in end constrains (DT-4–0 and DT-4–1) did not appear 
to affect the fundamental frequency and or the response of the system. 
The results of floors with intermediate supports reducing the span shows 
reduction in vibration response and increase in fundamental frequency; 
a span that achieves the performance target of a subjective evaluation of 
3 appears to be approximately 7.2 m based on the single floor segment. It 

Fig. 11. Small-scale specimen load–displacement curves: (a) Type A, (b) Type B, (c) Type C, (d) average of Type A, B, and C curves in log scale.  

Table 3 
Natural frequencies of simply supported floor specimens by modal tests and 
analysis.  

Specimen 
# 

Mass 
(kg) 

Span 
(m) 

Natural frequencies (Hz) 

f(2,0) f(2,1) f(1,1) f(2,2) f(3,0) f(3,1) 

DT-1 1,548  8.84  12.3  15.8  25.0  36.5 37.0  43.0 
DT-2 1,530  8.84  12.5  14.9  29.8  39.6 -*  43.1 
DT-3 1,574  8.84  12.9  15.8  22.1  36.9 39.4  41.7 
DT-4 1,523  8.84  12.8  15.9  31.5  38.8 37.9  42.3 
DT-5 1,554  8.84  12.2  14.5  29.6  34.8 35.6  36.8 
DT-6 1,544  8.84  12.9  14.9  23.6  34.3 36.8  39.1 

*No data available. 
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should be noted that the field floor will have panel-to-panel connections 
between segments and a 50-mm thick concrete topping. Moreover, the 
measured vibration acceleration levels seem to have a low correlation 
with subjective ratings, though the same walker was used during all the 
tests. 

The peak acceleration level of the 10-s time duration, aw,peak,10s, 

seemed to be the least reliable indicator compared with the other three, 
aw,rms,100Hz, aw,peak,100Hz and aw,rms,10s. The peak acceleration shown in 
Fig. 13 can be greatly affected by the walker, walking path, boundary 
conditions and any random perturbation from a single footfall impulse 
excitation. The root-mean-square acceleration levels are about the same 
magnitude with the vibration criteria recommended in ISO 10137 [47] 

Fig. 12. Experimental mode shapes of the T-beam floor specimens under 50 Hz, mode (2,0), mode (2,1), mode (1,1), mode (3,0), mode (2,2), mode (3,1).  

Fig. 13. Time-domain acceleration signal and frequency spectrum for DT-4 with intermediate supports: DT-4–0 (span 8.8 m with only glulam beam supports), DT- 
4–1 (span 8.8 m with additional wall supports), DT-4–2 (span 7.9 m), DT-4–3 (span 7.2 m), DT-4–4 (span6.7 m), and DT-4–5 (span 5.9 m). 

Table 4 
Vibration performance indicators of composite floor specimen DT-4.  

Test Span (m) f1 (Hz) Weighted acceleration (m/s2) Rating 

aw,peak,100Hz aw,rms,100Hz aw,peak,10s aw,rms,10s 

DT-4–0  8.84  13.0  0.178  0.020  1.700  0.043 1 
DT-4–1  8.84  13.0  0.149  0.020  1.700  0.044 1 
DT-4–2  7.90  15.8  0.127  0.017  3.650  0.052 1 
DT-4–3  7.15  17.5  0.228  0.022  1.810  0.049 3 
DT-4–4  6.65  20.0  0.126  0.017  1.480  0.031 4 
DT-4–5  5.90  23.8  0.104  0.017  2.100  0.038 5  
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based on the building vibration z-axis base curve for acceleration. 
However, the measured values do not align well with subjective evalu
ations. Further investigations are required if experimental acceleration 
levels are used as a floor vibration performance indicator. 

3.4. Full-scale bending tests 

The load-deformation curves from the full-scale bending tests are 
illustrated in Fig. 14 with the deformations being the average mea
surements recorded on both glulam beams. The behaviour of the com
posite floors was linear up to failure. No stiffness degradation was 
observed as after the pre-loading to approximately 40% of expected 
capacity. 

The results from the full-scale bending tests are summarized in 
Table 5. Composite floors with Type A connectors reached the lowest 
average load-carrying capacity (Fmax = 371 kN) at an average 
displacement of dFmax = 103 mm. Both specimens followed the same 
load-deformation; however, DT1 failed at a significant lower load and 
deformation compared to DT2. This result can be explained by the large 
variability of brittle strength values of timber. The average capacity of 
floors with Type B connectors was 438 kN, 18% higher compared to 
Type A floors, similar to the floors with Type C connectors. The defor
mation at failure of floors with Type C connectors was the lowest due to 
stiffest composite connectors. Both specimens with connectors Type B 
and C specimens also followed similar load-deformation pattern until 
failure, and the variation in failure loads between two replicates was 
approx. 15%. Significant differences were observed between the 
apparent bending stiffnesses as a function of connector type. As 
observed in small-scale tests, the application of glue in the composite 
floors with Type C connectors created a very stiff system. The average 
apparent bending stiffness, EIapp of Type C floors was 71,900 kNm2, 
whereas Type A and Type B floors reached only 55,500 kNm2 and 
60,200 kNm2, respectively. 

Table 5 also includes the average slips at failure at edges Se,Fmax, and 
at location a (0.3L) Sa,Fmax at eight different locations along the interface 
of CLT-glulam. In Fig. 15, the average slips are illustrated. The slips in 
floors Type A were higher compared to floors with Type B connectors 
(more than twice as high), and floors with Type C connectors had 
negligible slips (only 0.2 mm at the edges which was 4% of the slips 
observed in Type A). The variations of average slips observed in both 
Type A and B floors were quite high, i.e., CoV of 42% and 41%, 
respectively compared to Type C with CoV of only 3%. 

The photos in Fig. 16 show exemplarily the failure of selected 

composite floor specimens. In all cases, failure was brittle, and occurred 
in the tension zone at a location close to mid-span of one of the two 
Glulam beams. In DT1, the flexural failure was observed on the right 
glulam, whereas, DT2 failed due to failure on the left glulam. Addi
tionally, as seen in Fig. 16a, the finger joint on the right glulam in DT1 
suddenly snapped and initiated failure at mid-span much earlier than 
DT2, e.g., DT1 failed at 28% lower loads compared to DT2. Since one of 
the beams appeared to be weaker than the other and commenced failure 
to the floors, there was an unequal amount of mid-span deflection 
observed. Fig. 16b illustrates that the 10Ø×200 mm screws taken out 
after the tests were essentially undamaged due to the small relative slips 
at failure. In both Type B composite floors, when the 8Ø×300 mm 
screws were taken out after the tests, these were similarly undamaged 
due to the small relative slips at failure, see Fig. 16d. Both Type C 
composite floors (DT5 and DT6) failed in a similar manner of brittle 
tension failure at the mid-span in one of the glulam beams (Fig. 16e). In 
DT6, CLT rolling shear failure was observed at the left CLT-glulam 
interface (Fig. 16f), potentially caused by stress concentrations along 
the edge. 

3.5. Comparison between test results and predictions based on gamma 
method 

The performance the tested composite floor systems was estimated 
based on the γ-method using the stiffness values recorded from small- 
scale tests, as summarized in Table 2. The resulting γ values for ulti
mate (γu) and serviceability (γser) limit states for the floors with Type A, 
B, and C connectors are presented in Table 6. Based on these gamma 
values, the expected effective composite stiffness, EIcal and the expected 
load-carrying capacity, Fcal, for each connector system were computed 
and compared against the experimentally obtained load-carrying ca
pacity, Fmax, and the apparent bending stiffness, EIapp, respectively. 

The experimental load-carrying capacities were roughly twice the 
estimated capacities, with the ratios Fmax/Fcal ranging from 1.9 to 2.3 for 
all three connector types, where Fcal is estimated with ϕ = 1.0 and short- 
term duration loading of KD = 1.15. This range is to be expected since 
Fcal was computed based on equations 3–8 with the material properties 
(listed in Table 1, and taken from CSA O86 [17]) are based on 5th 
percentile specified strength values as per ANSI PRG 320 [37] and CSA 
O122 [38]. The experimental stiffness of the system were very closely 
matched to the estimated stiffnes, with the ratio of EIapp/EIcal ranging 
from 1.0 to 1.1 for all three connector types. 

4. Conclusions 

This paper presents experimental research on composite CLT glulam 
floors. The composite action was achieved using three connector op
tions: Type A – partially-threaded STS installed at 90⁰; Type B – fully- 
threaded STS installed at 45⁰; and Type C – STS installed at 90⁰ com
bined with an adhesive bond. The connector stiffness and strength were 
determined with small-scale shear tests. Vibration and quasi-static 
monotonic four-point bending tests were conducted on six full-scale Fig. 14. Load-deflection curves at mid-span from full-scale bending tests.  

Table 5 
Results from destructive 4-point bending tests.  

Test ID Fmax EIapp dm,Fmax Se,Fmax Sa,Fmax 

[kN] [kNm2] [mm] [mm] [mm] 

DT-1 310 47,693 84  3.4  2.0 
DT-2 431 45,257 123  6.4  4.0 
Avg. Type A 371 46,475 103  4.9  3.0 
DT-3 403 56,213 92  1.5  1.3 
DT-4 473 57,149 102  2.7  1.8 
Avg. Type B 438 56,681 97  2.1  1.5 
DT-5 391 60,598 83  0.2  0.2 
DT-6 462 67,199 95  0.2  0.2 
Avg. Type C 427 63,899 8 9  0.2  0.2  
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double T-beam floor segments consisting of 3-ply CLT panels and two 
glulam beams. The following conclusion can be drawn from this 
research: 

Vibration tests were conducted on floor assemblies according to ISO 
10137 and ISO 18324 to determine the floors’ natural frequencies and 
acceleration responses. The fundamental natural frequencies of all 
specimens were between 12 and 13 Hz, with no significant differences 
among the three groups. The damping ratio of the fundamental fre
quency mode was around 2.4% on average. The limited variation 
demonstrates a consistent initial stiffness of the system, regardless of 
connector type, for low amplitude loads. 

A reduction in span increased the fundamental natural frequency, 
and thus led to acceptable vibration controlled span around 7.2 m with a 
fundamental natural frequency of 17.5 Hz, which was confirmed by 
subjective evaluations standing observers with one walking person. 

The load-deformation behaviour observed in the full-scale testing 
was linear up to failure. Although there were significant differences 
between the load-carrying capacities within each group of composite 
systems, the differences in stiffness between the two replicates from each 
group were very minor. 

The connectors were designed with sufficient shear strength and the 
failure mechanism in all specimens was observed brittle tension failure 
at mid-span initiated at either one of the two glulam beams. All floors 
exhibited similar load-carrying capacity. 

The bending stiffness of floors (EI) was a function of their gamma 
values. The ratio between experimental and expected was close to 1.0 
for all three connector types, demonstrating the adequacy of applying 
the gamma method to predict the bending stiffness of composite floors. 
The experimentally obtained load-carrying capacity exceeded the esti
mated values by roughly a factor of 2.0, providing an acceptable level of 

Fig. 15. TTC load-slip curves for: (a) DT1, (b) DT2, (c) DT3, (d) DT4, (e) DT5, and (f) DT6.  
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safety. 
The findings from this research supported the design and construc

tion of CLT-glulam composite floors for two new school buildings. 
Although the vibration tests did not meet the required performance 
criteria, the actual floor boundary conditions are expected to lead to 
satisfactory performance. In-situ testing will evaluate the vibration 
performance of the floors. 

Data availability 
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