
This is a repository copy of Reducing human‐induced vibration of cross‐laminated timber 
floor - application of multi‐tuned mass damper system.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/167755/

Version: Accepted Version

Article:

Huang, H., Wang, C. and Chang, W. orcid.org/0000-0002-2218-001X (2021) Reducing 
human‐induced vibration of cross‐laminated timber floor - application of multi‐tuned mass 
damper system. Structural Control and Health Monitoring, 28 (2). e2656. ISSN 1545-2255 

https://doi.org/10.1002/stc.2656

This is the peer reviewed version of the following article: Huang, H, Wang, C, Chang, W‐S.
Reducing human‐induced vibration of cross‐laminated timber floor—Application of multi‐
tuned mass damper system. Struct Control Health Monit. 2020;e2656., which has been 
published in final form at https://doi.org/10.1002/stc.2656. This article may be used for 
non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-
Archived Versions.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



 

 

Reducing human-induced vibration of cross laminated 

timber floor - Application of multi-TMD system 

 

Haoyu Huanga, Chang Wanga, Wen-Shao Changb,* 

a Beijing Key Lab of Earthquake Engineering and Structural Retrofit, the Key Laboratory 

of Urban Security and Disaster Engineering of Ministry of Education, Beijing University of 

Technology, Beijing 100124, China 

b School of Architecture, University of Sheffield, Sheffield S102TN, UK 

* Corresponding author, w.chang@sheffield.ac.uk 

 

Abstract 

As a vibration control technique, tuned mass damper (TMD) system has been shown to be effective in 

reducing the human-induced vibration of a cross laminated timber (CLT) floor. However, the light-weight 

property of such a floor means there could be off-tuning when its mass varies. This study therefore 

developed a steel-based multi-TMD (MTMD) system and a shape memory alloy (SMA)-based MTMD 

system to reduce human-induced vibration of the CLT floor. Two 3-TMD systems in different locations and 

5-TMD systems were designed to be effective within a certain bandwidth. The results show that SMA-

based 5-TMDs are the most effective in reducing human-induced vibration, e.g., single-person and two-

person slow walking, fast walking, and running, as they can cover a wider frequency band. By contrast, 

the effectiveness of the steel-based MTMD systems was unsatisfactory owing to permanent deformation 

of the steel components. When the loads on the CLT floor changed, the SMA-based 5-TMDs exhibited 

high robustness and was able to maintain the response at a low level. Test results show that a high-

frequency excitation could degrade the effectiveness of the MTMD, as this is beyond the effective 

bandwidth. Therefore, future investigations should focus on developing strategies to enlarge the 

bandwidth of the MTMD.  

Keywords: Cross laminated timber floor, Shape memory alloy, Multiple tuned mass damper, Human-

induced vibration 

 

 



 

 

1. Introduction 

As a low-carbon construction material, timber has become increasingly popular in modern 

building projects. The rapid development of timber engineering is primarily due to the deep 

processing technology involved, a typical example of which is cross laminated timber (CLT). 

Existing practices show that the serviceability of the CLT floor should be considered more 

closely than that of floors using traditional construction materials. 

In most design methods for floors [1-3], static deflection is a key criterion. In Eurocode 5, 

a frequency criterion known as the 8 Hz limitation is set for timber floor design. However, 

CLT structural design is not included in Eurocode 5. To meet the serviceability requirement, 

CLT floors with a larger thickness are often employed, which can cause material waste and 

nullifies the construction expediency advantage of CLT. With the development of vibration 

control techniques, employing a tuned mass damper (TMD) has been shown to be an 

effective way to reduce floor vibration [4-9]. By applying TMD, Webster and Vaicaitis [5] 

and Nguyen et al. [8] successfully reduced the human-induced vibration of concrete floor 

systems by approximately 60% and 40%, respectively. Wang et al. [10] proposed a general 

vibration control methodology for floor vibration using TMD system, and the results showed 

the optimised TMD system plays an important role in reducing the floor vibration. In 

theoretical terms, the TMD consists of mass 𝑚, stiffness 𝑘 and damping 𝑐, which function 

to resonate with the main structure and further dissipate the energy.  

However, a drawback of TMD is off-tuning as the mass on the CLT floor is not fixed. A 

change in configuration or use of the structure could cause the natural frequency of the 

system to shift, as a result of which the vibration could be greatly amplified. Timber is a 

light-weight material, and research has shown that it is easier to encounter the off-tuning 

problem in a CLT floor with TMD by changing the floor weight [11]. The semi-active TMD 

is a passive vibration control system with adjustable parameters. This can retune the 

primary structure in order to control the structural response [12, 13]. Our previous studies 

developed a shape memory alloy (SMA)-based temperature-controlled semi-active TMD 

for CLT floors, which effectively reduces the vibration caused by off-tuning [11, 14]. Another 

solution for off-tuning is to apply a multiple TMD system, which means that more than one 

TMD is installed on the floor. A MTMD system covers a wider frequency band and is less 

sensitive to the uncertainties of the floor [15]. The MTMD has been shown to be more 

effective than the standard TMD, the dynamic mechanics of which is presented in a 

previous study [16]. The effectiveness and robustness of MTMD were designed and 

evaluated by Dehghan-Niri et al. [17]. Semi-active methods such as temperature control 



 

 

[11, 14], magnetorheological control [18], and SAVIS-TMD control [19] require energy 

supply, complex mechanical operation, and computer control algorithms, which increases 

the difficulties and uncertainties surrounding long-term civil engineering applications. The 

MTMD system is passive-control and is more robust for massive vibration excitations such 

as human-induced vibration of the floor [8, 20]. Therefore, it is important to carry out 

research on the application of MTMD to the CLT floor to reduce vibration. 

In the previous study, SMA was applied to the TMD system on a CLT floor [11, 14]. SMA is 

a smart material and has a phase transformation property, as shown in Figure 1 (a). There 

are four phase transformation temperatures,  𝑀𝑠, 𝑀𝑓, 𝐴𝑠 and 𝐴𝑓, which indicate the start 

and finish temperatures of the martensitic and austenitic transformations, respectively. Two 

unique mechanical characteristics of SMAs are superelasticity (Figure 1 (b)) and the shape 

memory effect (SME) (Figure 1 (c)) [21]. The stress-strain curve of superelasticity reveals 

that the recoverable strain is large because the SMA can virtually return to its original shape, 

even though the curve passes the yield point and nonlinear deformation occurs. Our 

previous study performed material characterisation on NiTi and Cu-Al-Mn SMA bars under 

dynamic bending. The results showed that superelastic SMA had a long fatigue life, stable 

hysteresis, and a large damping ratio during dynamic loading [22]. However, the dynamic 

properties of traditional construction materials such as steel can be greatly affected by the 

residual strain in plastic deformation, and there is no damping in elastic deformation. SMA 

has the potential to be employed in the TMD system for the floor. The performance of the 

superelastic SMA in structural control can also be found in [23]. It is therefore important to 

compare the effectiveness of a steel-based MTMD with a SMA-based TMD. 

 

Figure 1 (a) Different phases of SMAs at various temperatures and a stress-strain curve demonstrating 

(b) superelasticity and (c) the shape memory effect [24] 



 

 

In this study, different arrangements of steel-based and SMA-based MTMD systems were 

employed in a CLT floor for the reduction of human-induced vibration. It comprised a series 

of experimental tests conducted on a full-scale one-way CLT floor supported by steel 

beams. Slow walking, fast walking, and running loads exerted by one person and two 

people were the inputs used to assess effectiveness in serviceability. A single-TMD system 

was tested in the same scenario as a reference. The aim was to optimise the effectiveness 

of TMD control on a CLT floor and investigate how robustness of the MTMD system can 

be achieved in the application. 

2. Fabrication of the CLT floor system and its dynamic properties 

Figure 2 presents the CLT floor arrangement in the testing condition. The CLT floor was 6 

m in span and 5.6 m wide. It was joined by five CLT panels with dimensions of 6×1.2 m 

using half-lapped joints. The 3-Ply CLT panels of 105 mm thickness were provided by Sino-

Canada Low-Carbon Ltd, and the raw material was hemlock spruce (Tsuga chinensis). The 

moisture content of the timber was 12% tested in a storage condition of 40% R.H. 10℃. 

The material characteristics of CLT are tabulated in Table 1. The CLT floor spanned one 

way and was supported by two I beams, the construction details of which are presented in 

Table 2. The CLT floor was connected to the top flange of the steel beams by drilling self-

tapping screws from the bottom up. The fabrication details of the column and column-beam 

connections are presented in Figure 3. To ensure its integrity and prevent the column from 

rocking, the column footings were connected using four steel beams.  

Table 1 The material characteristics of the CLT 

Density (𝒌𝒈/𝒎𝟑) 500 

The modulus of elasticity parallel to grain (MPa) 5.45 

The modulus of elasticity perpendicular to grain (MPa) 2020 

 

Table 2 Fabrication details of the steel I beams 

Category HN450×200 (specified in the standard of GB/T 11263-2017 [25]) 
Grade of the steel Q235 (specified in the standard of GB/T 700-2006 [26]) 

 



 

 

 

Figure 2 CLT floor system used in experimental testing 

 

Figure 3 Fabrication details of the beam-column connections 

As shown in Figure 4 (a), an accelerometer was installed on the central point on the floor, 

and the sampling rate was 1000 Hz. On the top of the CLT floor (Figure 2), sandbags 

weighing 0.08, 0.35, 0.50, 0.65 and 1.50 tons were placed to simulate the permanent 

actions of 0.02, 0.11, 0.15, 0.19 and 0.45 𝑘𝑁/𝑚2, respectively. The modal analysis was 

carried out using heel-drop tests conducted by a person of mass 75 kg, as shown in Figure 

4 (b). Dynamic parameters such as natural frequencies, damping ratio, and modal masses 

were analysed from the measured acceleration. The analytical methods for the dynamic 

parameters were based on a linear-prediction singular-value decomposition-based matrix 

pencil (SVD-MP) method, detailed descriptions of which can be found in Sarkar and 

Pereira [27] and Zieliński and Duda [28]. The dynamic properties of the CLT floor under 

different loads are presented in Table 3. These show that the natural frequency decreases 

as the loads increase. The damping ratio is also larger when there are larger loads on the 

floor. The reason for employing the SVD-MP method is that it exhibits high precision when 



 

 

estimating the frequencies and damping ratio from the measured data. The spectra in 

frequency domain analysed by FFT under a load of 0.50 t is presented in Figure 5. This 

clearly shows there are two peaks at 5.21 and 8.42 Hz, which means that the vibration is 

dominated by the first mode shape and the second mode shape. Mode shapes under the 

load of 0.50 t are shown in Figure 6. The first mode shape is that of longitudinal bending 

(Figure 6 (a)), the second mode shape is a torsion about the longitudinal axis (Figure 6 

(b)), and the third mode shape is that of transversal bending (Figure 6 (c)).  

  

(a) (b) 

Figure 4 (a) Installation of the accelerometer; (b) Heel-drop tests 

 

Table 3 The dynamic properties of the CLT floor under different dead loadings 

Total loads on the 

floor (ton) 
0.08 0.35 0.50 0.65 1.50 

Fundamental natural 

frequency (Hz) 
5.45 5.24 5.21 5.07 4.62 

Mass (kg) 2020 2290 2444 2590 3440 

Damping ratio (%) 1.32 1.93 2.14 2.65 2.08 

 

 

Figure 5 The spectra in frequency domain analysed by FFT under a load of 0.50 t 



 

 

  

(a) (b) 

 

 

(c)  

Figure 6 (a) First mode shape of the CLT floor (corresponding frequency: 5.21 Hz); (b) Second mode 

shape of the CLT floor (corresponding frequency: 8.33 Hz); (c) Third mode shape of the CLT floor 

(corresponding frequency: 10.83 Hz) 

3. Design and fabrication of the MTMD system 

Both steel-based MTMD and SMA-based MTMD were investigated in identical testing 

conditions. This is because the main material in MTMD is mobile and can be switched to 

steel or SMA. The configuration of the single TMD in this study employed the TMD design 

used in our pilot study [11]. One of the MTMD systems is shown in Figure 7 (a). Its 

installation is presented in Figure 7 (b). Two masses were symmetrically cantilevered on a 

steel support, and the connecting bar between the steel support and the attached mass 

was made of steel or SMA so that the steel/SMA bar could be bent to provide the stiffness 

and damping. The steel bar used in TMD is stainless steel graded in 304 as specified in 

the standard [29]. The SMA used in the TMD was Ni-Ti (Ni = 55.74%, Ti = 43.73%, and V 

= 0.53%) SMA, and the phase transformation temperature was approximately -30℃. This 

was tested using differential scanning calorimetry. This revealed that, in room temperature, 

Ni-Ti SMA exhibited superelasticity (Figure 1 (b)). The modulus of elasticity of Ni-Ti SMA is 



 

 

83 GPa and its ultimate strength is 1050 MPa. A comprehensive material characterisation 

of Ni-Ti SMA was conducted in our previous material study [22], the results of which 

showed that the stiffness, damping capacity, and fatigue property of Ni-Ti SMA are reliable 

in terms of its dynamic application. 

 

 

(a) (b) 
 

Figure 7 (a) One of the SMA-based MTMDs installed on the CLT floor; (b) Drawings of the installation of 

the SMA-based MTMD 

The optimal design of the TMD was first proposed by Den Hartog [30] as presented in 

Equations (1) and (2): 

𝑓𝑜𝑝𝑡 = 11 + 𝜇 (1) 

ξ𝑜𝑝𝑡 = √ 3𝑢8(1 + 𝜇) (2) 

where 𝜇 denotes the mass ratio between the TMD and the main structure. 𝑓𝑜𝑝𝑡 and ξ𝑜𝑝𝑡 
denote the optimal frequency ratio and damping ratio, respectively. In Den Hartog [30]’s 

theory, the structure-TMD system is simplified to a 2-degree-of-freedom (DOF) system. 

Through the dynamic equation derivations of a 2-DOF system, reaching 𝑓𝑜𝑝𝑡 can facilitate 

resonance between the TMD and the main structure, while reaching ξ𝑜𝑝𝑡 can lower the 

amplitude at a wider frequency band. For the MTMD system applied to the CLT floor, the 

theoretical model could not be simplified to a 2-DOF system. A schematic diagram of the 

MTMD system is shown in Figure 8, in which a single-DOF structure is attached by 𝑛 

masses in parallel. 𝑚𝑠, 𝑘𝑠 and 𝑐𝑠 are the mass, stiffness, and damping coefficient of the 

CLT floor while 𝑚𝑛, 𝑘𝑛 and 𝑐𝑛 are the mass, stiffness, and damping coefficient of the 𝑛𝑡ℎ damper.  



 

 

 

Figure 8 Schematic diagram of the MTMD system installed on the CLT floor 

Under the excitation of a harmonic load 𝑃𝑒𝑖𝜔𝑡  to the main structure, the dynamic 

equations of the system are as shown in Equation (3): 

[  
 𝑚𝑠 𝑚1 … 𝑚𝑛]  

 [�̈�𝑠�̈�1…�̈�𝑛] +
[  
   𝑐𝑠 + ∑𝑐𝑗𝑛

𝑗=1 −𝑐1 −𝑐𝑛−𝑐1 𝑐1 …−𝑐𝑛 𝑐𝑛 ]  
   [�̇�𝑠�̇�1…�̇�𝑛]

+
[  
   𝑘𝑠 + ∑𝑘𝑗𝑛

𝑗=1 −𝑘1 −𝑘𝑛−𝑘1 𝑘1 …−𝑘𝑛 𝑘𝑛 ]  
   [𝑥𝑠𝑥1…𝑥𝑛] = [𝑃𝑒𝑖𝑤𝑡0…0 ] 

(3) 

Following simplification, Wang and Shi [31] proposed an optimal design method for MTMD 

system based on Den Hartog [30]’s methods. The detailed derivation process is described 

in [27]. The design process for the MTMD system is presented in the flow chart in Figure 

9. Firstly, the number of TMDs (𝑛) and the mass ratio (𝜇) are selected. It is important to 

note that 𝜇 is a ratio between the total mass of the TMDs and the main structural mass. 

The central frequency ratio of the MTMD is then set to 1 in accordance with the suggestion 

in [27]. The next step is to ensure the MTMD can tune in a bandwidth rather than a single 

frequency. By calculating Equations (4) and (5), the optimal frequency bandwith (𝜒𝑜𝑝𝑡) and 

the optimal TMD damping ratio (𝜉𝑜𝑝𝑡) can be acquired.  

𝜒𝑜𝑝𝑡 = 1.048 − 0.498ln(𝑛) + 0.27 ln(𝜇) + 0.108[ln(𝑛)]2 + 0.02[ln(𝜇)]2 − 0.05 ln(𝜇)ln(𝑛)  (4) 

𝜉𝑜𝑝𝑡 = 0.175 + 0.092𝑛 + 0.058 ln(𝜇) + 0.074𝑛2 + 0.005[ln(𝜇)]2 + 0.019 ln(𝜇)𝑛  
(5) 

 

ks cs 

ms 

k1 c1 k2 c2  … kn cn 
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Figure 9 Design process for the MTMD system 

In this study, MTMD systems with TMDs (𝑛) of 3 and 5 were selected and named “3-TMDs” 

and “5-TMDs”, respectively. The optimal design was based on a CLT floor under a load of 

0.50 t. The calculations for 𝜒𝑜𝑝𝑡  and 𝜉𝑜𝑝𝑡  for steel-based 3-TMDs and 5-TMDs using 

Equations (4) and (5) are shown in Table 4. The fundamental natural frequency and 

damping ratio of each TMD in the MTMD were calculated using 𝜒𝑜𝑝𝑡  and 𝜉𝑜𝑝𝑡  in 

accordance with the methods in Figure 9. The parameters of the steel-based 3-TMDs and 

5-TMDs applied to the CLT floor are shown in the 2nd-4th columns of Table 5. In this study, 

the damping ratio was not optimally designed and the vibration control was based on 

frequency tuning. 

To make a compariosn, the steel bars were replaced by the SMA bars to conduct the tests 

in the same scenario. To compare the effect of different materials on the MTMD, the tuning 

bandwidth of the MTMD was kept constant in both testing programmes. Therefore, due to 

the lower stiffness of the SMA, each SMA-based TMD was designed to have a smaller 

attached mass in turn, as shown in the 5th-7th columns of Table 5. However, there was an 

error of approximately 10% between the actual and optimal tuning bandwidth when the 

SMA bars were applied. The damping ratio of the SMA-based MTMD was also not optimal. 

Table 4 Results for 𝜒𝑜𝑝𝑡 and 𝜉𝑜𝑝𝑡 for the steel-based 3-TMDs and 5-TMDs 

 3-TMDs 5-TMDs 𝜇 0.027 0.044 𝜒𝑜𝑝𝑡 0.144 0.181 𝜉𝑜𝑝𝑡 0.034 0.039 

 

 

 



 

 

Table 5 Parameters of the 3-TMDs and the 5-TMDs 

MTMD type 

Steel-based MTMD SMA-based MTMD 

Fundamental 

natural 

frequency 

(Hz) 

Mass (kg) 
Damping 

ratio (%) 

Fundamental 

natural 

frequency 

(Hz) 

Mass (kg) 
Damping 

ratio (%) 

3-TMDs 

4.83 24.60 0.14 4.83 13.20 0.14 

5.20 21.80 0.13 5.20 11.40 0.08 

5.57 18.34 0.14 5.57 9.44 0.14 

5-TMDs 

4.71 25.60 0.14 4.71 14.20 0.16 

4.96 24.00 0.13 4.96 12.20 0.12 

5.20 21.80 0.13 5.20 11.40 0.08 

5.45 19.46 0.14 5.45 10.40 0.13 

5.69 17.30 0.17 5.69 9.20 0.12 

 

There were two location plans for the 3-TMDs, which were named “3-TMDs-a” and “3-

TMDs-b”. The location arrangements for both are shown in Figures 10 (a) and (b), 

respectively. In both 3-TMDs-a and 3-TMDs-b, one of the TMDs was located at the central 

point with the maximum modal amplitude. In 3-TMDs-a, the TMDs were aligned in a 

transversal direction and two were placed near the edge of the floor. This tuned the second 

and third mode shapes of the CLT floor (Figures 6 (b) and (c)) to reduce the vibration 

caused by torsion and transversal bending. In 3-TMDs-b, the TMDs were aligned in a 

longitudinal direction and two were at the quarter span. The aim of this arrangement was 

to tune the first mode shape, which is longitudinal bending. As presented in Figure 10 (c), 

5 TMDs were employed and named “5-TMDs”. In these, the arrangements of 3-TMDs-a 

and 3-TMDs-b were combined and thus the aim was to tune the first three mode shapes 

simultaneously. Figure 11 shows the instalment of the 5-TMDs on the tested CLT floor. 

   

(a) (b) (c) 

Figure 10 (a) 3-TMDs-a locations; (b) 3-TMDs-b locations; (c) 5-TMDs locations 



 

 

 

 

Figure 11 Instalment of the 5-TMDs 

4. Testing plan 

The excitation considered in this study is human-induced vibration. In an area of 6×5.6 m 

in a residential house, there are likely to be one or two persons carrying out activities at 

the same time. Therefore, slow walking (1.27 Hz), fast walking (1.77 Hz), and running (2.22 

Hz) by a single person and two persons were considered. The moving path of the testers 

was along a longitudinal direction from the midpoint of one edge to the midpoint of another, 

as shown in Figure 12 (a) and (b). The weight of the testers was between 60-70 kg. When 

two people were walking and running, the distance between them was approximately 0.5 

m.  

  
(a) (b) 

Figure 12 (a) Single-person excitation; (b) Two-person excitation  

The testing protocol is shown in Table 6. To set a reference, a non-TMD and single-TMD 

were compared with MTMD systems. The single-TMD was designed to have a 

fundamental natural frequency of 5.20 Hz, which is close to that of the CLT floor for a 

resonant effect. The single-TMD was installed on the central point of the floor. In tests Nos. 



 

 

1-10, the effects of materials, number of TMDs, and locations of MTMD were studied. 

Because a CLT floor is light-weight, variation in structural mass also had to be considered. 

In Tests Nos. 11-50, the loads on the CLT floor were varied to cause off-tuning. Because 

MTMD can tune a number of frequencies, its robustness needed to be studied. There were 

six repetitions in each testing condition.  

Table 6 Testing protocol 

 
Loads on the floor (t) 

Materials used in MTMD MTMD types 
0.50 0.08 0.35 0.65 1.50 

Test No. 

1 11 21 31 41 

Steel-based 

Non-TMD 

2 12 22 32 42 Single-TMD 

3 13 23 33 43 3-TMDs-a 

4 14 24 34 44 3-TMDs-b 

5 15 25 35 45 5-TMDs 

6 16 26 36 46 

SMA-based 

Non-TMD 

7 17 27 37 47 Single-TMD 

8 18 28 38 48 3-TMDs-a 

9 19 29 39 49 3-TMDs-b 

10 20 30 40 50 5-TMDs 

 

5. Results and discussion 

5.1 Assessing the floor response: vibration dose value  

Vibration dose value (VDV) is a popular method for evaluating floor response [32, 33]. It 

can be calculated as shown in Equation (6): 

VDV = [∫ 𝑎𝑤4 (𝑡)𝑑𝑡𝑇
0 ]14 (6) 

where 𝑎𝑤(𝑡) is the weighted acceleration and the frequency weighting spectra refers to 
BS 6472-1:2008 [32]. The weighting means that the acceleration data is filtered and 
amplified in a frequency range of 4-12.5 Hz. This assumes that a person is more sensitive 
within that particular range. The frequency-weighting curve for vertical vibration proposed 
in BS 6472-1:2008 [32] is presented in Figure 13. The comparison between raw time-
history data and weighted time-history data can be found in [11]. 𝑇 denotes the time during 
which the floor is excited. In this study, 𝑇 was assumed to be the total time of each testing 
programme. VDV is widely applied in areas such as civil engineering, mechanical 
engineering, and vehicle engineering to control the vibration exposure limit for a person 
within a designated period of time.  



 

 

 

Figure 13 Frequency-weighting curve for vertical vibration proposed in BS 6472 [32] 

 

5.2 SMA-based MTMD systems 

Figure 14 (a) and (b) presents the VDV of the CLT floor in Tests Nos. 6-10. This shows that 

the VDV under running excitation has the largest value, followed by the VDVs under fast 

walking and slow walking. CLT floor responses under walking and running were reduced 

by applying the SMA-based MTMD system. As shown in Figure 14 (a), compared with the 

VDV of the CLT floor without TMD control, the VDV under single-person running equipped 

with SMA-based single-TMD, 3-TMDs-b, and 5-TMDs can be reduced from 1.614 𝑚/𝑠1.75 

to 1.173, 0.886, and 0.809 𝑚/𝑠1.75, respectively. It is notable that 5-TMDs and 3-TMDs-b 

can reduce the VDV by approximately 50% and 45%, respectively in contrast to the non-

TMD-controlled system. However, the reduction of VDV using a single-TMD is smaller at 

approximately 27%. As shown in Figure 15 (a), the time-history analysis of one event of 

single-person running shows that TMD is effective in decreasing the vibration amplitudes, 

especially after the first 3 seconds. In Figure 15 (b), the effectiveness of 3-TMDs-b is similar 

to that of a single-TMD, and a reduction effect only occurs between 4-6 s. By contrast, 

Figure 15 (c) shows that the 5-TMDs system can significantly reduce the vibration 

amplitudes throughout the event. In terms of reducing slow walking and fast walking-

induced vibration, 5-TMDs system exhibits the same effectiveness, as shown in Figure 14. 

Overall, the vibration reduction capacity of the 5-TMDs system is better than that of single-

TMD, 3-TMDs-a, and 3-TMD-b. 

The VDV and time history results can be explained by analysing the data in the frequency 
domain. Figure 16 presents the FFT analysis of the CLT floor free-vibration response 
without TMD control and with the controls of TMD and MTMD systems. The free vibration 
acceleration was acquired using heel-drop tests. These show that the vibration of the CLT 
floor was dominated by one mode at 0-8 Hz when there is no TMD. When the single-TMD 



 

 

was applied, as shown in Figure 16, the first peak of the amplitude in the frequency domain 
was split into two smaller peaks. According to Den Hartog [30]’s theory, TMD enables the 
energy in one mode to be distributed into two, and thus the vibration amplitudes in one 
mode are attenuated. After installing 3-TMDs-a and 3-TMDs-b, the first peak could be split 
into three and the amplitudes were further reduced. However, the amplitudes at 5.67 Hz 
using 3-TMD-a and 4.67 Hz using 3-TMD-b were greater than the peak amplitude using a 
single-TMD. The reason for this is that the designed frequency bandwidth of the 3-TMDs 
was 4.83-5.57 Hz, as indicated in Table 5, and was thus unable to reduce amplitudes 
outside this this range. The application of the 5-TMDs offered a wider frequency bandwidth 
and could lower amplitudes in 4.71-5.69 Hz, as illustrated in Table 5. The 5-TMDs system 
enabled the amplitudes to be reduced at 4.7-7 Hz; however, the amplitudes around 4.6-
4.7 Hz remained larger because they were outside the effective frequency bandwidth of 
the 5-TMDs. In future MTMD designs for reducing CLT floor vibration, the frequency 
bandwidth should be designed to cover a broader range.  

 

(a) 

 

(b) 

Figure 14 (a) VDV of the CLT floor with SMA-based TMDs under single-person loadings; (b) VDV of the 

CLT floor with SMA-based TMDs under two-person loadings 
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(c) 

Figure 15 (a) Time-history under single-person running in Tests Nos. 6 and 7; (a) Time-history under 

single-person running in Tests Nos. 7 and 9; (c) Time-history under single-person running in Tests Nos. 
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Figure 16 FFT analysis of CLT floor response equipped with different SMA-based MTMD systems 

Figure 14 shows that the VDVs of the CLT floor using 3-TMDs-b are smaller than that using 

3-TMDs-a. This can be explained by the frequency domain analysis in Figure 16. This 

shows that the vibration amplitude of the floor using 3-TMDs-b is lower than that using 3-

TMDs-a at frequencies of 0-4.1 Hz and 5.3-7.3 Hz. At frequencies higher than 7.3 Hz, the 

amplitudes are almost identical. Therefore, in most frequency ranges from 0-12 Hz, the 

amplitude using 3-TMDs-b is lower than that using 3-TMDs-a. However, it is risky if 

concentrated excitations are between 4.1 and 5.3 Hz on the floor, and the resonance could 

increase the vibration substantially. To ensure a steady serviceability capacity, an MTMD 

system with a wider effective bandwidth should be employed such as 5-TMDs. 

 

5.3 Steel-based MTMD systems 

Figure 17 presents the VDVs of the CLT floor equipped with steel-based TMD and MTMD 

systems used in Tests No. 1-5. It shows that the reduction in vibration using a steel-based 

MTMD is less than that using a SMA-based MTMD. In Figure 17 (a), the VDVs of the CLT 

floor under single-person running are reduced by only 28% and 25% after applying steel-

based 5-TMDs and 3-TMDs-b, respectively, much less than those applying SMA-based 5-

TMDs and 3-TMDs-b. The situation is the same under two-person loadings, as presented 

in Figure 17 (b). Another finding is that the effect of steel-based MTMD is unsatisfactory in 

reducing the response induced by slow walking.  



 

 

 

(a) 

 

(b) 

Figure 17 (a) VDV of the CLT floor with steel-based TMDs under single-person loadings; (b) VDV of the 

CLT floor with steel-based TMDs under two-person loadings 

 

5.4 Comparison between SMA-based MTMD and steel-based MTMD 
systems 

Figure 18 compares the VDV of the CLT floor equipped with SMA-based MTMD with that 

equipped with steel-based MTMD. It shows that the VDV using steel-based MTMD is larger 

than that using SMA-based MTMD in most cases. For example, in Figure 18 (c), the floor 

response using SMA-based 5-TMDs can be reduced to a low level, and in the vast majority 

of cases the VDV can be controlled so that it is lower than 1.000 𝑚/𝑠1.75.  

This is due to the large permanent deformation of the steel bar after two cyclic deformations. 

During Tests No. 1-5, the bending angle of the steel bars became increasingly larger as 

the residual strain accumulated. By contrast, no permanent deformation was observed on 



 

 

SMA bars owing to their superelasticity. The larger bending angle caused by the permanent 

deformation can lead to a smaller bending moment, which increases the fundamental 

natural frequency of the TMD. Therefore, the variance of the TMD frequency influences the 

tuning accuracy. Furthermore, a comparison between SMA and steel bars under cyclic 

loading in our previous study [34] shows that limited energy is dissipated after the 

permanent deformation occurs on the steel bar. Variations in the frequency and decreasing 

of the damping ratio act against optimal tuning with the CLT floor. Therefore, Tests No. 11-

15, 21-25, 31-35, and 41-45 were not conducted in further investigations due to miss-tuning 

of the steel-based TMD and MTMD systems. The additional investigations primarily 

focused on the performance of the SMA-based TMD and MTMD systems. 
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Figure 18 Comparison of the VDVs (a) between using a SMA-based single TMD and a steel-based 

single TMD; (b) between using SMA-based 3-TMDs-b and steel-based 3-TMDs-b; (c) between using 

SMA-based 5-TMDs and steel-based 5-TMDs 

5.4 Robustness of the SMA-based MTMD 

The investigations presented in Section 5.2 examined the effectiveness of the SMA-based 

MTMD, and also analysed vibration reduction theories. When dead loadings on the CLT 

floor are changed, the structural mass can be easily varied and there can be off-tuning 



 

 

problems. The robustness of the MTMD system in adapting to different main structural 

frequencies must therefore be assessed. Figures 19 and 20 show the VDVs of CLT floor 

under different loadings (0.08, 0.35, 0.50, 0.65 and 1.50 t) equipped with SMA-based single 

TMD, 3-TMDs-b, and 5-TMDs. Figure 19 presents the results under the excitation of a 

single person while Figure 20 presents the results under the excitation of two people. 

Figure 19 (a) and Figure 20 (a) present the results of Tests No. 7, 17, 27, 37, and 47; Figure 

19 (b) and Figure 20 (b) present the results of Tests No. 9, 19, 29, 39, and 49; Figure 19 

(c) and Figure 20 (c) present the results of Tests No. 10, 20, 30, 40, and 50.  

According to previous studies, increasing the floor mass is conducive to reducing vibration. 

The VDVs also decrease as the structural mass increased, as shown in Figures 19 and 20. 

As shown in Figure 19, the VDVs vary greatly with changes in loads when single-TMD and 

3-TMDs-b are applied. For instance, in Figure 19 (a), the VDV under fast walking increases 

from 0.821 𝑚/𝑠1.75 to 1.177 𝑚/𝑠1.75 (43%) after the loads increase from 0.50 to 0.65 t. 

Moreover, the VDVs under fast walking increase to 0.908 and 0.955 𝑚/𝑠1.75  after the 

loads decrease to 0.35 and 0.08 t, respectively. As presented in Figure 19 (b), the variance 

of the VDVs as the loads change is also large when the 3-TMDs-b system is equipped, 

especially under running. When the 5-TMDs system is employed, the VDVs can be 

reduced to a lower level and remain constant with changing loads, as shown in Figure 19 

(c). Table 7 presents the standard deviation (SD) of the VDVs and the averaged VDVs over 

different loads in each testing condition. This shows that the SD of VDVs and the averaged 

VDVs under single-person excitations can be controlled to a low level when the 5-TMDs 

system is employed. This means that the variation of VDVs is small over different loadings 

and the 5-TMDs system is robust enough to adapt to different loading conditions. 

As presented in Figure 20, the VDVs under two-person walking maintain a steady 

downward trend as the loads increase with a 5-TMDs system, contrasting with those of 

single-TMD and 3-TMDs. Table 7 shows that the SD of VDVs and the averaged VDVs with 

5-TMDs are reduced to a small level. However, the SD of VDVs under running with 5-TMDs 

is larger than those under slow and fast walking due to a big drop from 1.479 to 1.071 𝑚/𝑠1.75 (Figure 20 (c)). It is important to note that there were fluctuations in the VDVs with 

changing loads under two-person running in single-TMD, 3-TMDs, and 5-TMDs equipment 

conditions. Because running induces heel strike and toe-lift off of the floor, it can exert high-

frequency loadings, as indicated in [11]. When two persons ran simultaneously, the 

excitation contained high-frequency loadings at 2.2, 4.4, 6.7 and even 8.9 Hz, much higher 

than the effective bandwidth of the 5-TMDs system.  



 

 

In summary, the 5-TMDs system has been shown to have high robustness over different 

loading conditions. The VDVs of the CLT floor with the application of 5-TMDs can be 

controlled to a low level. However, the effectiveness of the 5-TMDs system is degraded 

when the excitations contain high-frequency loadings. Future MTMD systems should be 

designed to possess a broader bandwidth. 
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(c) 

Figure 19 (a) Single-person-induced VDVs of the CLT floor with SMA-based single TMD under different 

loads; (b) Single-person-induced VDVs of the CLT floor with SMA-based 3-TMDs-b under different 

loads; (c) Single-person-induced VDVs of the CLT floor with SMA-based 5-TMDs under different loads; 

 

(a) 

 

(b) 

 



 

 

(c) 

Figure 20 (a) Two-person-induced VDVs of the CLT floor with SMA-based single TMD under different 

loads; (b) Two-person-induced VDVs of the CLT floor with SMA-based 3-TMDs-b under different loads; 

(c) Two-person-induced VDVs of the CLT floor with SMA-based 5-TMDs under different loads; 

 

Table 7 Standard derivation of VDVs and averaged VDVs over different loads in each testing condition 

 

 Single-TMD 3TMDs-b 5TMDs 

Single-person slow 

walking 

Standard derivation 0.134 0.176 0.143 

Averaged VDV (𝑚/𝑠1.75) 0.698 0.695 0.642 

Single-person fast 

walking 

Standard derivation 0.241 0.168 0.143 

Averaged VDV (𝑚/𝑠1.75) 0.860 0.778 0.709 

Single-person 

running 

Standard derivation 0.180 0.248 0.135 

Averaged VDV (𝑚/𝑠1.75) 1.033 1.001 0.783 

Two-person slow 

walking 

Standard derivation 0.128 0.133 0.120 

Averaged VDV (𝑚/𝑠1.75) 0.684 0.683 0.693 

Two-person fast 

walking 

Standard derivation 0.158 0.201 0.177 

Averaged VDV (𝑚/𝑠1.75) 0.841 0.849 0.772 

Two-person running Standard derivation 0.306 0.171 0.253 

Averaged VDV (𝑚/𝑠1.75) 1.370 1.163 1.130 

 

6. Conclusions 

Through a series of experimental tests, this study investigated the effectiveness of steel-

based and SMA-based MTMD systems on reducing the vibration of a CLT floor. The MTMD 

systems were designed to be effective in a bandwidth to overcome off-tuning problems. 

The testing results were analysed using the VDV method which was calculated by 

weighted accelerations. Based on the results, the following conclusions can be drawn: 

⚫ The SMA-based MTMD system was able to reduce human-induced vibration such as 

single/two-person slow walking, fast walking, and running. 

⚫ The SMA-based 5-TMDs system was shown to be the most effective as it reduced the 

VDV by about 50%. 

⚫ The effectiveness of the steel-based MTMD was unsatisfactory in comparison with 

SMA-based MTMD due to the accumulated permanent deformation that was observed. 

⚫ The SMA-based 5-TMDs system was the most robust as the floor response remained 

steady over different loadings. 



 

 

Thus, the use of SMA-based 5-TMDs as a passive control strategy is suitable for CLT floor 

vibration control. In future, a MTMD with a wider bandwidth should be developed for CLT 

floors to achieve higher robustness. 
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