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Abstract12

This paper presents a novel input-output frequency-response function13

(FRF) based field modal testing (MT) of an operational and fully occupied14

tallest cross-laminated timber (CLT) building in the U.K. A custom-built15

MT system and testing protocol were developed to facilitate exceptionally16

fast field testing work lasting only 10 h, including all instrumentation and17

field testing work.18

This yielded eight fundamental and higher-order modes of vibration with19

natural frequencies up to 12 Hz. The higher order modes are normally not20

possible to measure well enough using the standard output-only operational21

modal analysis (OMA). An FE model was developed prior to the testing to22

assure quality and facilitate the fast testing process. The FE model, based23

on the best engineering judgement, proved to be able to predict very well the24

key features of the test building. This includes close matching and correct25

clustering of the FE-calculated and MT-estimated natural frequencies, as26

well as a very reasonable prediction of the static stiffness at the top of the27

building. The in-situ measured horizontal static stiffness at the top of the28

CLT building is a considerable benefit of the field FRF measurements and29

is not possible in the standard OMA. It was shown that the preliminary30

best practice FE model was over-predicting the static stiffness in the two31

orthogonal directions by only up to 22 % of the measured values.32
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Curve-fitting of the good quality FRF data yielded damping ratio values33

for the higher order modes of vibration, typically above 3 %. This is quite34

high for a full-scale multi-storey residential building.35

Keywords:36

modal testing, full-scale, CLT building, frequency response function,37

OCXO-based synchronised data loggers38

1. Introduction39

Medium to very tall high-rise buildings dominate the skylines of many40

cities in the world, which decided to go ’up’ rather than ’out’ to cope with41

transportation and other challenges facing their growing population. Vibra-42

tion serviceability due to wind-induced lateral sway has become the de-facto43

governing design criterion for high-rise buildings above 50 m, dictating the44

size, shape and therefore cost of such structures [1]. Damping ratios and45

natural frequencies of all modes of vibration that can be excited by wind are46

the key modal parameters which are used in design to size the structure and47

predict wind-induced sway vibrations of tall buildings in service.48

However, long-term practice is showing that damping and natural fre-49

quencies of tall buildings are also quite unreliable parameters to assume in50

design. Underestimation of the fundamental natural frequency of up to 50 %51

by the finite element model (FEM) relative to its experimental counterpart52

is common ([2]). The situation with damping ratios is similar or worse due53

to even greater uncertainties in the values of modal damping ratios measured54

in as-built buildings. This is because the natural frequencies and damping55

ratios in as-built tall building structures are fundamentally non-linear and56

amplitude-dependent ([2]). Therefore, standard output-only ambient vibra-57

tion testing (AVT), also known as ambient vibration survey (AVS) or opera-58

tional modal analysis (OMA), methods for their estimation - based only on59

the measured responses to unmeasured ambient excitation which vary with60

time - are naturally producing estimates of modal parameters which vary61

considerably from one block of data to another ([3]; [4]).62

An input-output modal testing (MT), or experimental modal analysis63

(EMA), where both the excitation force and the corresponding dynamic64

response are measured simultaneously with the aim of experimentally es-65

timating the structure’s frequency response function (FRF) is a much more66

powerful tool to deal with structural non-linearities and uncertain modal67
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parameters such as the natural frequency and damping. For decades MT has68

traditionally dominated aerospace and automotive sectors, whereas AVT has69

been very much used in experimental dynamic testing of large civil engin-70

eering structures. This even though AVT has, by its very nature and due to71

its underpinning assumptions ([5]; [4]), rather inferior performance as to its72

quality of modal parameters relative to MT.73

The key reason for this situation is practical difficulties in exciting a74

massive full-scale tall building in a noisy open-space environment with a75

measurable force causing measurable response without damaging the building76

at the point of excitation. Even if this first problem is, overcome then the77

next is the logistical challenge of measuring such responses simultaneously78

throughout the building. These are needed to estimate experimentally mode79

shapes to complete the set of four modal properties: natural frequencies,80

modal damping ratios, modal masses, and mode shapes. Finally, the last81

problem is to do it extremely fast on a typically operational building, which82

is relevant and needed for serviceability investigations, to avoid disruption.83

Hence, MT results based on the experimentally measured FRFs across a wide84

range of frequencies, fast and in operational multi-storey buildings practically85

do not exist in the literature.86

This paper addresses this gap and describes a novel FRF-based MT of a87

multi-storey residential building in operation to measure its important sway88

modes. The building is the tallest timber building in the UK constructed89

in 2017 in Glasgow in an area known as Yoker. The Yoker building is a90

seven-storey building containing 42 occupied flats made entirely of cross-91

laminated timber panels. To the best knowledge of the authors, this is the92

first ever attempt to conduct an FRF-based MT on an occupied multi-storey93

residential building.94

The testing was conducted using a set of synchronously operating elec-95

trodynamic shakers and wirelessly synchronised oven-controlled crystal os-96

cillator (OCXO)-based data logger in conjunction with high-precision accel-97

erometers for simultaneous force and response measurements ([6]). The key98

novelty of this MT system is that it makes no use of cables or radio waves to99

connect the response accelerometers throughout the building simultaneously100

with the multi-channel data acquisition system. However, it still provides a101

perfect synchronous measurement of a practically unlimited number of force102

and response channels. This new FRF-based modal testing process will be103

described in detail in this paper using the Yoker building as a case study.104

After the introduction, Section 2 describes the test structure. Section105
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3 presents finite element (FE) modelling and results of the modal analysis.106

Following best practice in FRF-based modal testing ([7]), these preliminary107

results informed the set up of the modal testing apparatus and the cor-108

responding testing protocol, which are presented in Section 4. Section 5109

describes the results of the modal testing and compares them with the pre-110

liminary FE modelling results. Finally, Section 7 presents conclusions.111

2. Structural description112

Figure 1 is two photos of the Yoker building made in November 2019.113

   

Figure 1: Two views of the Yoker building.

The main load-bearing super-structure of the building is made entirely of114

CLT panels: horizontal for floors and vertical for the internal walls, including115

the lift shaft and façade. Only the foundations and ground slab are made of116

reinforced concrete, as appropriate.117

The building has a T-shaped plan and is divided into North and South118

wings, as shown in Figure 2. The North wing is connected to the Southern119

wing only through the communal corridor/lobby where the stairwell and lift120

are located. The lightweight cladding was used for the façade. The height121

of the building is approximately 22 m. Figure 3 shows key structural details122

and CLT connections of the Yoker building.123

The total mass of the building is approximately 1,300 tonnes.124

3. FE modelling in preparation for modal testing125

Following good practice and to quality assure full-scale modal testing, a126

representative finite element (FE) model was developed ([7]) based on the127

best engineering judgement using ANSYS software ([8]).128
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Figure 2: Isometric, side and plan views of the Yoker building.
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(a) Typical floor plan with CLT panels orientations and
typical connection between the panels. This particular

plan is for 4th to 6th storey (b) Typical wall-slab joint

Figure 3: Key structural details of the Yoker CLT building (after [8]).

The CLT panels were modelled using the SHELL181 ANSYS element, and129

these elements accounted for 515 t of the total mass of the building. Then,130

the mass of well-defined non-structural elements (partitions, etc.) was 685 t,131

and the ’uncertain’ mass of other non-structural elements, such as furniture,132

doors, windows and services, was estimated at 70 t. The non-structural mass133

was distributed throughout the building based on its location by increasing134

the mass of the relevant structural elements, as appropriate, using SURF154135

elements. Five types of CLT panels were used with three or five layers with136

total thickness varying from 100 to 200 mm. Key material properties of137

timber were assumed based on the data from its producer Stora Enso ([9]),138

as follows:139

� Elastic moduli E0 = 12, 000 MPa and E90 = 370 MPa;140

� Shear moduli: G0,90 = 460 MPa and G90,90 = 50 MPa;141

� CLT density: ρ = 470 kg/m3;142

� Poisson’s ratio is ν0,90 = 0.3143

The 0 and 90 sub-scripts represent the timber layer’s orientation angle144

in the CLT panel. The wall-to-wall and wall-to-floor CLT connections were145

assumed to be rigid. Further details of this initial FE model are presented146

elsewhere ([8]).147
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Figure 4 shows the considerable level of the FE modelling detail and the148

meshing size adopted.149

 

Figure 4: The Yoker building FE model and its meshing detail.

Figure 5 shows the eleven FE-calculated modes of vibration, which were150

used to inform the modal testing. There are two clear clusters: around 3-4 Hz151

and 8-12 Hz. This kind of clustering is therefore expected to be observed in152

the experimental FRF data during their initial in-situ quality check.153

4. FRF-based modal testing of occupied full-scale building154

As previously mentioned, FRF-based modal testing of an occupied multi-155

storey residential building is an ultimate challenge in vibration serviceability156

research on fully operational buildings. Being input-output based, it provides157

the best quality experimental modal data (natural frequencies, mode shapes,158

modal damping, modal mass) for a fully operational residential building.159

As opposed to partially finished buildings, which are normally available for160

and used for AVT in the past, modal data from occupied residential build-161

ings based on experimental FRFs over a full range 0-12 Hz is virtually non-162

existing.163

4.1. Modal testing and FRF data acquisition specifications164

The key reason for this situation is the tremendous practical and logistical165

problems to:166

1. gain access to an occupied building and carry out the tests quickly and167

without disturbing the building occupants,168
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Figure 5: Natural frequencies and mode shapes of the first 11 modes of the Yoker
building.
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2. provide and operate sufficient measurable excitation, typically at the169

top of the building, and170

3. record continuously and simultaneously the excitation force and the171

corresponding vibration response at multiple levels of the building,172

which is needed to measure the mode shapes.173

Therefore, the following specifications were developed for this modal test-174

ing:175

� To address problem 1, the testing had to be finished in a single day176

using only existing facilities within the building (staircases, an elevator,177

normal mains 240 V power supply, single parking space in front of the178

building, etc.).179

� To address problem 2, a set of portable horizontal shakers was em-180

ployed, which could be moved manually and transported to the top of181

the building using the existing elevator in the building. The shakers182

were selected based on the FE calculated natural frequencies and modal183

masses calculated using a unity-scaled mode shapes (Figure 5) so that184

they had sufficient force to excite the whole 1300-tonne building lat-185

erally. This was done in conjunction with the ultra-sensitive accelero-186

meters distributed throughout the building, which could measure the187

resulting building sway response.188

� To address problem 3, there was a need to eliminate wires between the189

accelerometers throughout the building and the multi-channel force190

and response data acquisition system at the top of the building, placed191

next to the exciters. Therefore, a novel wireless data acquisition system192

was developed able to simultaneously record multi-channel force and193

acceleration digital data in the time domain. Considering that radio194

connections seldom work well in occupied buildings, a set of very pre-195

cisely synchronised data loggers was developed. This was based on an196

oven-controlled crystal oscillator (OCXO) synchronisation enabling less197

than a micro-second time shift between the physical loggers, which was198

more than enough accuracy for FRF measurements of a low-frequency199

civil engineering structure. Figure 6 shows the hardware of the OXCO-200

based data logger. This device, developed in the laboratory of the201

Vibration Engineering Section (VES) at the University of Exeter is202

described in detail elsewhere ([10]; [6]).203
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OCXO-based data loggers could distinguish between ’master’ and ’slave’204

during application. As a master clock/ticks, only one distributed data205

logger is initially chosen. The chosen ’master’ data logger must then be206

connected to the DC/AC power in order to activate. A beep sound is207

announced when the master data logger and clock/ticks are successfully208

activated. The remaining ’slave’ data loggers and the local clock/ticks209

are then separately powered on and activated using the same procedure.210

The next step is to synchronise the ’local’ units. The correlated graph-211

ical block diagram programming of Labview is demonstrated in Figure212

7a. The primary concept is to convert the binary ’master’ clock ticks213

into an analogue number and subtract the ’slave’ clock to calculate the214

difference. Then, the ’master’ clock/ticks could be added/overwritten215

the difference to other ’slave’ clock/ticks. This action is physically done216

using a BNC cable to connect the ’master’ data logger output port with217

each of the ’slave’ units’ input port, as shown in Figure 7b.218

The OCXO-based data logger also includes on-site visualised data re-219

cording and time synchronisation operations, as shown in Figure 8. A220

’master’ clock/ticks (see Figure 8a) was counting the number beyond221

the others. Figure 8b shows one of the slave clocks/ticks. It can be222

seen that the ’slave’ OXCO count/ticks was lower than the ’master’223

OXCO count/ticks since the first 300000 sample points were recorded224

before the ’master’ OCXO added or overwrote any ticks. After that,225

the physical BNC link from the ’master’ to the ’slave’ clock/ticks, the226

’slave’ unit could be overwritten at the precise synchronised point, res-227

ulting in an OCXO count jumping, as shown in Figure 8b insert plot.228

This jumping might serve as a time synchronisation indicator, making229

it convenience for the test crews to observe the time synchronisation230

process in real-time. The benefit only took a few seconds for each ’slave’231

unit and was conducted once at the start of the test.232

4.2. Modal testing test grid throughout building233

To avoid disturbing the building occupants, the key instrumentations234

(shakers and accelerometers) were placed only in the building corridor(s) as235

no permission was given to enter and instrument any of the 6 flats on each236

floor level. Therefore, there are no test locations at the far ends of the North237

and South wings of the building, which would be logical choices to pick up238

more twisting modes (Figure 2). Figure 9 shows the modal testing grid and239
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Figure 6: OXCO-based data logger featuring CompactRIO data acquisition hardware
(after [10];[6]).

 

(a) LabVIEW real time block diagram of the
CompactRIO-9064

Master

Slave

Slave

Slave
Slave

 

(b) Time synchonisation: connecting a
’master’ OCXO to ’local’ OCXO units

Figure 7: Master and slave OCXO units time synchonisation (after [6]).
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Figure 8: Demonstration of ’master’ clock/ticks OCXO count adding/overwriting the
’slave’ clock/ticks to achieve the time synchronisation process.
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orientation of accelerometers adopted over the height of the building. Figure240

10 shows the measurement points and locations on the plan of the typical241

floor levels.242

th

th
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rd

nd

st

 

Figure 9: Test grid points were possible only within a rectangular corridor between the
six flats shown in Figure 10.

Clearly, with such a limited test grid, a potential issue could have been243

with an insufficient spatial resolution to describe the mode shapes sufficiently244

well. To check this, an auto Modal Assurance Criterion (Auto-MAC) [7] was245

calculated using the selected test points and degrees of freedom (DOF) in the246

FE-calculated mode shapes (Figure 11). The limited test grid, in principle,247

has sufficient resolution to describe the eleven identified modes of vibration248

(see parts of the mode shapes corresponding just to corridors in Figure 5).249

The only exception is modes 2 and 4, which could be swapped and misinter-250

preted due to their high AutoMAC value of 0.8. Figure 12a shows a setup251

for the FRF point mobility measurement at the top floor and Figure 12b252

shows a typical response-only setup at one of the lower levels in the building.253

It is noted that Figure 13 demonstrates the horizontal alignment and setup254

details for several shakers. The self-weight plus reaction mass and friction-255

grasping support frame may successfully stabilise the shaker. Additionally,256

the proper input force management is required to guarantee that the driving257
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(a) 6th floor instrumentation
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Sensor

Sensor

Sensor
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(b) 1st floor to 5th floor instrumentation

Figure 10: Modal testing instrumentation shown in floor plans.

voltage results in steady shaker operation. After that, the shaker will not258

be requested to add any extra consolidated mounting. This semi-mounted259

method could be less disruptive, less intrusive, and flexible to the occupied260

properties, such that there is no need to request new drilling holes and use an261

invasive mounting strategy. This is another crucial justification for adopting262

these settings. The input voltage trail (from 0.5 to 1.75 V) for testing the263

ideal input voltage to drive the shaker is shown in Figure 14. The finalised in-264

put voltage was chosen at 1.5 V to compromise functionality and safety after265

on-site visualisation of the shaker stroke, force output level, robustness, and266

structure-shaker connecting stability. Consequently, the shaker and structure267

did not require any special connections or stingers.268

4.3. Modal testing data flow269

A key limitation of the OXCO-based data loggers is that they could not270

be live-monitored during the modal testing. Although they recorded simul-271

taneously all the time-domain modal testing data, that was done ’blindly’272

during the testing as the recorded data were available for visualisation and273

post-processing only after the testing.274

However, a good practice in MT ([7]) and a key part of the quality as-275

surance system in VES when doing FRF-based field modal testing is to -276

at least - visually monitor the formation of the point-accelerance FRF. This277

FRF is crucial for the curve-fitting quality ([7]). In noisy, open-space envir-278

onments experimental measurement of FRFs requires averaging of multiple279

data blocks to remove extraneous noise on response channels ([7]). Greater280
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Figure 11: AutoMAC calculation corresponding to first 11 modes of vibration based on
the pre-test FE model.

 

(a) Excitation and response measurement setup at
top floor

 

(b) Typical response-only point
measurement setup

Figure 12: Modal testing instrumentation featuring OCXO-based data loggers: (a)
measurement of the excitation using three APS400 electrodynamic shakers (the photo

shows only two shakers) by utilising QA 750 sensors mounted on the shakers to measure
the acceleration of the moving shaker armature of known mass and on the floor to

measure floor accelerations; (b) typical QA 750 sensors setup to measure floor horizontal
accelerations on one of the lower floor levels.
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  Figure 13: The configuration detail of the APS shaker horizontal setup and

friction-grasping mount in the laboratory and field testing.

 

0.5V0.6V
0.8V

0.9V
1V
1.1V

1.2V 1.35V 1.45V1.5V

1.7V 1.75V

Figure 14: Different trail input voltage evaluation for the shaker.
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extraneous excitation (e.g. due to wind) requires more averages to remove281

it and hence longer data acquisition. Therefore, the number of averages de-282

pends on the level of that extraneous noise which is never known in advance283

of the test. By live monitoring how the point-accelerance FRF ’settles’ and284

stabilises with the increasing number of averages, the overall data acquisi-285

tion time can be set. This is of crucial importance in severely time-limited286

exercises of this type whereby a minimum number of averages is needed to287

shorten the data acquisition time while still producing a usable set of FRFs.288

Figure 15 shows a point accelerance FRF measured on the Yoker building289

after only 1 average using 80 s of data and after 100 averages using over 30290

minutes of data with 75 % of data block overlapping. The difference between291

them is remarkable, indicating the importance of the monitoring of the FRF292

formation during the MT.293

To address this quality assurance problem, a standard ’wired’ spectrum294

analyser (SA) was used to monitor only the formation of the point-accelerance295

FRF corresponding to the shaker excitation and structural response at the296

top of the building. This was done using a separate and independent set297

of ’wired’ transducers measuring nominally identical data as the transducers298

feeding data to the OXCO data logger. These wired transducers were posi-299

tioned very close to the data acquisition centre to reduce the length of the300

standard wires, as shown in Figure 16. The spectrum analyser was also used301

to generate random signals for the shakers.302

Figure 17 shows the data flow enabling ’dual’ measurement of the point303

mobility FRF for on-site immediate visual inspection and off-site post-processing.304

4.4. Modal testing instrumentation305

Apart from the already described OXCO-based data logger (Figure 6),306

the spectrum analyser used was the 20-channel Data Physics DP730 in con-307

junction with a 10-channel signal conditioner (Figure 18a) for Honeywell308

QA 750 uniaxial force-balanced accelerometers ([12]). Also, Japan Aviation309

Electronics (JAE) JA-70SA tri-axial MEM accelerometers ([13]) were used310

to measure the structural response. The two types of accelerometers used311

are shown in Figure 18b.312

Figure 18a also shows a compact and portable instrumentation rack fea-313

turing amplifiers for the three APS shakers used as well as the laptops for314

driving the system and immediate point accelerance FRF data (instantan-315

eously available from the spectrum analyser) processing, part of the VES316

QA system for field FRF measurements. Namely, considering very short317
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(b) Point accelerance FRF measurement

Figure 15: Point accelerance FRF measurement in the North-South (X-direction, Figure
9) at 6th floor. (a) corresponds to one averages, and (b) corresponded to 100 averages

which is the final number of averages adopted for the measurements. Total data
acquisition time to be able to do 100 averages with 75 % overlapping and Hanning

windowing of data blocks was over 1800 s.
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Figure 16: Dual ’wired’ and ’wireless’ FRF data acquisition system at the top of the
building. It can be seen that the shakers have two accelerometers each mounted to
measure the same acceleration of the moving armature of the known mass i.e., the

excitation force. For each shaker, signal from one accelerometer is wired directly into the
spectrum analyser (green lines) while the other accelerometer is connected to the yellow
OCXO box (red line). The two accelerometers measure nominally the same acceleration.

Spectrum 
analyser (SA) Shaker(s)

Drive

Force
Structure

Excitation 

Force

Structural

Response

OCXO data logger 
for response

OCXO data 
logger for force

Output

Input

Point accelerance 
FRF calculation 

(on site)
Input Output

MATLAB-logged 
FRF calculation (off site) 

QA check 
(off site)

QA check 
(on site) 
visual 

inspection All FRF curve fitting + 
modal estimation (off site)  

 
Figure 17: Flow of data in the ’dual’ wired and wireless FRF data acquisition system

(after [11])
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time scales to run the tests and often inability to repeat the test at a later318

date if something goes wrong and is not discovered immediately, part of the319

QA process used requires immediate processing of any of the in-situ avail-320

able FRFs to check if they could be processible producing meaningful modal321

estimation. Further information on the adopted instrumentation and meth-322

odology used is available elsewhere ([6]).323

 

(a) Data acquisition system

 

 
(b) Accelerometers

Figure 18: (a) Data acquisition centre and (b) Uniaxial QA 750 and tri-axial JA-70SA
accelerometers used and their alignment in the X and Y directions of the CLT floor of

the Yoker building.

4.5. Modal testing logistics and timing324

After six months of preparations and practising fast deployment, setting325

up, data acquisition, checking and packing of the modal testing equipment,326

the FRF-based modal testing took place on 21st, January 2020. The test327

team had four members, and the whole of the test equipment was packed328

in a single van occupying only a single car park space at the Yoker building329

(Figure 19). The modal testing was done in only 10 hours. The test team330

arrived at 8 a.m., unloaded and deployed the equipment, performed modal331

testing, packed and loaded the equipment back into the van. The team left332

the site by 6 p.m. on the same day.333

4.6. Modal testing raw data and their checks334

As the speed of the modal testing process was of paramount importance,335

a broadband random excitation 0-12 Hz was applied through three synchron-336
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Figure 19: A long wheelbase van with equipment packed and ready to be deployed. The
total weight of the equipment was less than 1 tonne and individual pieces were less than

50 kg each enabling safe and easy manual handling by two people.

ously running shakers, first in the X-direction (Figure 20a) and then in the337

Y-direction (Figure 20b). This was done via a random signal generated by338

the DP730 spectrum analyser which was simply split three ways so that339

three identical analogue random signals were fed to the amplifiers of the340

three shakers generating their driving voltage.341

 
 

(a) X-direction excitation

 
 

(b) Y-direction excitation

Figure 20: Synchronous random excitation by three horizontal APS400 shakers: (a) in
the X-direction and (b) in the Y-direction.

4.6.1. Checking of synchronously running shakers342

Multiple shakers had to be utilised in the test to provide a sufficient force343

level to excite the structure. The BNC channel T-splitter (see Figure 21)344

could be used at the spectrum analyser output port to diversify the input345

signal and drive each exciter to reach the performance of the single input,346

which could ensure the exciters were operating in phase. In other words, when347

the shakers receive out-of-phase input, they behave non-synchronised, which348
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results in a time delay and amplitude deduction issues that lower the total349

force generation. The synchronised sinusoidal input time history evidence350

of shakers is shown in Figure 22. Each shaker input force measurement’s351

forms under various resonant sinusoidal excitation frequencies had a constant352

amplitude and phase. The total force engagement was taking the sum of the353

shakers instead of averaging the value.354

 

Figure 21: Spectrum analyser and BNC channel T-splitter of the single output port.

4.6.2. Excitation in X-direction355

A single-input multiple-output (SIMO) FRF measurement and modal356

testing process was applied, with all three shakers assumed to generate a357

single random force exciting the building at its top and along a single de-358

gree of freedom (DOF) corresponding to the location and orientation of the359

shakers at TP1 (Figure 9). Although the shakers excited only one DOF360

(either X- or Y- direction) at the time, the structural vibration responses361

were measured in both X- and Y- directions simultaneously over all floor362

levels. This resulted in a single column of the FRF matrix with a total of 26363

elements, half of which corresponding to the X-direction and the remaining364

half to the Y-direction excitation at TP1 (Figure 9).365

As previously mentioned, the shaker force was measured by measuring366

acceleration (using QA 750 accelerometers) of the shaker armature mass of367

22.95 kg. Hence, Figure 23a shows the total force applied at TP1 in the368

X-direction and the corresponding acceleration responses in the X- direction369

(Figure 23b) and Y-direction (Figure 23c). The root mean square (RMS)370

of the random force signal was 500 N with occasional peaks just over 1 kN.371

As the random vibrations caused by the shakers were not perceptible by the372

test personnel at the top of the building or anywhere else within the building,373
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(a) Mode 1: f1 = 2.84 Hz
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(b) Mode 2: f2 = 2.93 Hz

Figure 22: Input force time history of each shaker representing to modes 1 and 2.

it was reassuring to see that the random accelerations in the X-direction at374

TP1 were considerably larger than in the Y-direction, as expected consider-375

ing the mode shapes (Figure 5). This check was important to ascertain that376

the whole 1,300-tonne building was clearly responding to the shaker excita-377

tion in the X-direction in a logical manner in addition to any not measured378

extraneous excitation within and outside the building.379

Using a 75 % overlap of individual data blocks lasting 80 s each, 100 av-380

erages, Hanning window were used to estimate the FRFs with the frequency381

resolution of 0.0125 Hz.382

Based on these data acquisition and analysis parameters, Figure 15b383

shows FRF point accelerance in the X-direction at TP1 and Figure 24 shows384

FRF transfer accelerance between the X- and Y- directions at TP1. The385

transfer FRF magnitude has a considerably lower magnitude than the point386

FRF magnitudes, as expected, and it is also noisier due to worse signal-387

to-noise ratios. However, clear modes between 2 and 3 Hz are identifiably388

confirmed by clear phase shifts. After the modal test on the day, MATLAB389

was used to process data from the OXCO data loggers and the FRF plots in390
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(a) Total random force in the X-direction
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(b) Acceleration response in the X-direction
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(c) Acceleration response in the Y-direction

Figure 23: (a) Total random excitation force in the X-direction applied by three APS400
shakers applied at TP1. The corresponding random response at TP1 in (b) the

X-direction and (c) the Y-direction.
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Figures 15 and 24 also demonstrate that the ’wireless’ OCXO- and ’wired’391

SA-based data acquisition systems generate practically identical FRF data.392

This confirmed the ability of the OXCO-based system to generate good-393

quality FRF data.394

 

M
ag

n
it

u
d

e 
((

m
/s

2 )/
N

)
P

h
as

e 
(d

eg
re

e)

Figure 24: FRF transfer accelerance at TP1 between the excitation in the X-direction
and response in the Y-direction (a) magnitude and (b) phase calculated by the spectrum
analyser immediately (blue dashed line) and after return form the testing using OCXO

data (green line). The FRF data quality is good and the two sets of SA- and
OCXO-based FRF data are practically identical indicating the ability of the

OCXO-based data acquisition system to reproduce high fidelity FRF data identical to
the standard, tried and tested spectrum analyser system.

4.6.3. Excitation in Y-direction395

After acquiring and quality-assuring raw data in the X-direction, the396

shakers were rotated by 90 degrees to excite the building in the Y-direction,397

see Figure 20b. A testing process identical to the X-direction was followed398

and similar good quality of FRF data were obtained. To support that, Fig-399
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ure 25a shows FRF point accelerances for the X- and Y-directions at TP1.400

They indicate that the X- and Y-direction excitations resulted in a logical401

complementary set of point accelerance FRFs demonstrating that the lowest402

modes of vibration have components in both orthogonal directions as expec-403

ted considering the FE-calculated mode shapes (Figure 5). Figure 25b shows404

that the two FRF transfer accelerances between X and Y DOFs at TP1 look405

nominally identical, indicating a successful FRF reciprocity check ([7]).406
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Figure 25: Comparison of FRFs at TP1 for shaker excitations in the X- and
Y-directions. (a) are point accelerances. (b) are transfer accelerances between DOFs in

X and Y directions at TP1.

4.6.4. Coherence function407

The coherence function is defined as the relationship between input and408

output signals. Two highly correlated signals have an ideal linear constant409

parameter proportion when the coherence function is equal to one. The410

quality of the FRF-based measurement and the presence of noise can both be411

evaluated using the coherence function as an indicator. The noise could enter412

the measurement if the coherence function is less than one but greater than413

zero, which refers to the non-linear proportion between the input and output414

signals. Alternatively, the output signal could be caused by the original415

and other inputs. If the coherence is zero, the input and output signals416

are completely independent of one another. Figure 26 shows the coherence417

function for X- and Y-directions at TP1. The clustering frequency ranges418

of 2-4 Hz, 5.5-6.5 Hz, and 7-12 Hz have coherence values that are almost419

close to 1 with strongly correlated input-output signals and have a tolerable420
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amount of noise for the presentation of these modes. The range of 0-2 Hz421

and 4-5 Hz has a low coherence value due to uncorrelated relationships or no422

mode happened.423
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Figure 26: Coherence function of input output signal at TP1 for shaker excitations in the
X- and Y-directions. (a) X and Y responses related to X-direction excitation. (b) X and

Y responses related to Y-direction excitation.

4.6.5. Static stiffness check424

By integrating twice the two measured FRF point accelerances, their425

corresponding FRF point receptances can be calculated ([14]). Figure 27426

shows that the excellent quality of the FRF data enables an estimation of427

the static stiffness at TP1 using the horizontal part of point receptance FRF428

modulus plot before the rise of the curve towards the first resonant peak.429

The experimentally estimated static stiffnesses are: kTP1,X,EXP = 143 MN/m430

and kTP1,Y,EXP = 123 MN/m. These compare well with their counterparts431

for the pre-test FE model with values readily available during the testing:432

kTP1,X,FE = 170 MN/m and kTP1,Y,FE = 150 MN/m, indicating that the FE433

model is up to 22 % stiffer than the test structure at TP1. The right order434

of magnitude and a relatively small error further increased confidence in the435

test data.436

This was a last quality assurance check indicating good FRF data despite437

the large size and normal operation (generating plenty of the extraneous438

noise) of the as-built structure.439
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Figure 27: FRF point receptances for TP1 in the (a) X-direction and (b) Y-direction.

5. Modal testing results440

5.1. Modal analysis441

After the return to base, MATLAB code was used to process all of the442

data acquired using the OXCO-synchronised boxes yielding two columns of443

the FRF matrix measured. Therefore, it was possible to perform a multi-444

input multi-output (MIMO) curve-fitting procedure in which all FRFs are445

curve-fitted simultaneously ([14]). The multi-reference curve-fitting was done446

in the MEScope software [15] using the Complex Mode Indicator Function447

(CMIF) algorithm and two reference FRFs at TP1, corresponding to the448

DOFs in the X- and Y- directions, respectively. The good quality of the449

curve-fitting is demonstrated in Figure 28 with a clear indication that the450

two key point accelerance FRFs are well curve-fitted.451

Finally, Figure 29 shows the estimated modal properties of this building.452

Despite the limited test grid, the modal properties in Figure 29 are logical and453

of exceptionally good quality. There are two clear clusters of modes: around454

3-4 Hz and 7-12 Hz. As previously mentioned, by visual inspection of the455

FE-calculated modes, similar clustering of modes is also presented in the FE456

modelling (Figure 5). This observation further enhances confidence in the457

FRF-based modal testing results. Figure 30 also compares the experimental458

and FE models’ natural frequencies, MAC values, and mode shapes before459

and after model updating. Again, the updated model’s result obtained an460

acceptable match to the measurement. More specific information about the461

model updating may be found in the author’s previous paper [8].462
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(a) Curve-fitting of moduli of all 52 FRFs
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(b) Curve-fitting of moduli of two FRF point accelerances

Figure 28: Results of MIMO multi-reference curve-fitting with the estimated model
represented by a dashed red trace plotted over the 52 (2 × 26) measured FRF moduli.
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Figure 29: Estimated experimental modal properties using multi-reference FRF
curve-fitting.

30



Experiments Initial model Updated model
f1=2.85Hz 

 

f1=2.85Hz, MAC1=0.77 f1=2.84Hz, MAC1=0.83 

 

f2=2.93Hz 

 

f2=2.81Hz, MAC2=0.77 f2=2.95Hz, MAC2=0.99 

 

f3=3.13Hz 

 

f3=2.94Hz, MAC3=0.38 f3=3.08Hz, MAC3=0.97 

f4=3.63Hz 

 

f4=3.98Hz, MAC4=0.95 f4=3.77Hz, MAC4=0.96 

 

f5=6.73Hz 

 

f5=8.32Hz, MAC5=0.80 f5=6.70Hz, MAC5=0.95 

 

f6=8.74Hz 

 

f6=8.19Hz, MAC6=0.78 f6=8.64Hz, MAC6=0.90 

 

Figure 30: Graphical comparison of initial and updated model with experimental data
(after [8]).
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5.2. Evaluation of potential excitation level463

Figure 31 shows the FRF magnitude plot driving in current and voltage464

modes of one APS shaker. The current drive at 1.5 Hz exhibited a clear465

resonant with a prominent peak. After 2 Hz, the platform may be steady466

with a constant output, but the voltage drive would not experience this467

kind of peak overshoot. Therefore, the voltage drive was selected in this468

horizontal excitation setup. Random excitation was used for the first test in469

the modal testing, with a driving voltage of 2 V per shaker. The first mode470

of the structure is 2.85 Hz, burying into the shaker’s steady output dynamic471

frequency range. This might ensure that the shaker’s driving force will be472

sufficient to excite the structure to the right level.473
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Figure 31: FRF magnitude plot of APS shaker driving in current and voltage modes.

Figure 32 shows a single APS shaker’s excitation force time history, which474

had an amplitude of about 165 N root mean square (RMS). Otherwise, Figure475

23a depicts the total excitation force, with an RMS amplitude of about 500 N476

needed to excite a 1300 tonne timber building.477

A technical report from concrete society suggested the response calcula-478

tion of low-frequency floor [16], the steady-state acceleration response at a479

position i in a single mode n of frequency fn at a given excitation frequency480

hfp can be calculated as follows:481

ai,n (hfp) = µi,nµj,n

(
hfp
fn

)2
Pj,h
Mn

DMF (1)

where hfp is the harmonic excitation frequency. The harmonic excitation482

force of amplitude Pj,h is applied at location j. µj,n is mode shape amplitude483
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Figure 32: Single APS shaker random excitation force in the X-direction applied at TP1

at location j. µi,n is mode shape amplitude at location i. DMF is the dynamic484

magnification factor for steady-state harmonic response in the case of single485

mode, which could be given by:486

DMF =
1√[

1 −
(
hfp
fn

)2
]2

+ 2ζn

(
hfp
fn

)2

(2)

where ζn is the viscous damping ratio for mode n. Taking the excitation487

point/location as a reference (TP1), the µj,n and µi,n could assume equal 1.488

Additionally, the structure was excited with sinusoidal input using its489

resonance frequencies. Due to the input energy being concentrated at a single490

frequency, the sinusoidal input would produce a greater acceleration response491

than the random white noise signal. Figure 33 shows the three-run total input492

force time history of the first mode resonant frequency. The corresponding493

structural acceleration allowance level could be calculated using equations 1494

and 2 and the modal parameters of the first mode, which is given by:495

� The first resonant frequency: f1 = 2.85 Hz,496

Harmonic excitation force of amplitude Pj,h at TP1: P1,1 = 770 N,497

The first mode modal damping: ζ1 = 1.38 %,498

The first mode modal mass: M1=1067296.729 kg, then499

Allowable steady-state acceleration level at TP1 of the first mode:500

a1,1 = P1,1

M1
√

2ζ1
= 0.043 (m/s2)501

The allowable acceleration level is the maximum acceptable root mean502

square (RMS) acceleration for a given fundamental frequency of a struc-503

ture. Figure 34 displays the response at TP1 related to each run. The RMS504
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acceleration value is around 0.0105 m/s2, which is 4 times lower than the505

allowable acceleration level. From this point of view, the shaker excitation506

is sufficient to excite the structure and ensure an adequate level of shaking,507

not excessively high or low.508
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Figure 33: Total sinusoidal input force time history using the first resonant frequency.

Figure 34 shows three runs’ total input sinusoidal force under the second509

resonant mode frequency. Similarly, the modal parameters of the second510

mode are used to calculate the allowable acceleration level, which is given511

by:512

� The second resonant frequency: f2 = 2.93 Hz,513
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Har-514

monic excitation force of amplitude Pj,h at TP1: P1,2 = 813 N,515

The second mode modal damping: ζ2 = 1.74 %, The second mode516

modal mass: M2 = 1524571.956 kg, then Allowable steady-state accel-517

eration level at TP1 of the second mode: a1,2 = P1,2

M2
√

2ζ2
= 0.029 (m/s2)518

This configuration setting of the APS electromagnetic dynamic shaker519

could be customised to fit various low-frequency buildings and structures.520

The adjustment requires adding a mass source to the shaker as a horizontal521

reaction mass system, as shown in Figure 35. Table 1 also illustrates an522

idea of the lowest frequency connected to the shaker’s addition of mass bars523

(each mass bar weighs 24.8 kg). The goal is to ensure the force can supply524

sufficient excitation and full steady energy to drive the shaker. Therefore,525

it was necessary to know the first mode resonant frequency in advance and526

change the shaker’s setup accordingly. The number of shakers could also be527

employed to regulate the level of the total input force, ensuring that the force528

suitably excites the structure. Figure 36 shows the extra information related529

to a high-rise building in Norway to apply this methodology to capture the530

structural dynamics.531

6. Operational modal analysis of ambient vibration testing (AVT)532

The ambient vibration testing could be conducted to capture dynamic533

response under service load (i.e., wind-induced excitation). However, the534
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Figure 34: Acceleration response at TP1 under the first resonant frequency sinusoidal
excitation.

   
 

Figure 35: Horizontal reaction mass system with APS shaker.

Quantity of mass
bars

0 2 4 6 8 10 12 14 16 18 20 22

Lowest frequency
for rated force (Hz)

1.11 0.9 0.83 0.8 0.69 0.64 0.6 0.6 0.55 0.52 0.5 0.48

Table 1: Horizontal reaction mass system extra mass versus lowest rate frequency
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Figure 36: Photo of the application of APS shaker with horizontal reaction mass system.

amount of sway produced by wind is mostly small amplitude/movement than535

the dynamic exciters created. Additionally, the low-frequency dynamic char-536

acteristics have always been easily generated by the service load, whereas the537

high-frequency dynamic characteristics are difficult to get using the OMA538

method.539

The x and y directional acceleration time histories of each test point540

channel under ambient loading are shown in Figure 37. The measurement541

duration of the ambient data was around an hour. It can be seen that wind542

excitation caused some considerable amplitude/vibration to occur at specific543

times, particularly around 3000, 4000, and 4500 s. The response during rest544

time remained at the usual vibration level.545

As illustrated in Figure 38, the acceleration raw time history data could be546

used to obtain the power spectral density function (PSD). The low-frequency547

dynamics could readily be captured using the peak-picking technique (e.g.,548

under 6 Hz for Yoker Building); however, high-frequency modes could not be549

excited by the ambient loading since there was not enough energy (e.g., over550

10 Hz for Yoker Building). The measured result using FRF (see Figure 28)551

demonstrated better high-frequency dynamic response capturing. Addition-552

ally, the frequency range of roughly 6 to 8 Hz in the ambient OMA result553

could not provide a good compromise to the FRF-based measurement.554

The identified modes of a structure can be effectively visualised using555

a stabilisation diagram of the covariance-driven subspace stochastic identi-556

fication (SSI-COV) results. The stabilisation diagram provides a graphical557
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Figure 37: One-hour acceleration time history of ambient vibration testing in X- and
Y-directions
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Figure 38: Power spectral density function (PSD) of the ambient vibration testing data.
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representation of a system’s poles (modes) at different model orders when558

identifying the modal parameters (see Figure 15 left-hand side y-axis). The559

blue circle symbol represents the stable poles, which occurred between 2.5-560

4 Hz and 8.5-9 Hz.561
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Figure 39: Stabilisation diagram

The estimated modal characteristics of the structure under ambient excit-562

ation are shown in Figure 40. The environmental loading efficiently aroused563

the low-frequency range 2-5 Hz modes, and stability verification from Fig-564

ure 39 also provided assurance that these range estimated modes are logical.565

However, comparing the damping values estimation from output-only OMA566

and FRF-based measurement, the output-only result is usually higher than567

FRF curve-fitting. Furthermore, compared to FRF-based measurement (see568

Figure 28), the frequency range 6-9 Hz modes are hardly found since they569

could not have been significantly caused by the ambient loading (see Figure570

38). Additionally, the stability checking in Figure 39 is inevitably shown that571

6-7 Hz mode is not a reliable mode via ambient OMA.572

Looking at the estimated modal properties, notable advantages of the573

FRF-based modal testing relative to the standard output-only AVT are:574

(a) Ability to identify well higher modes of vibration which is practically575

not possible with AVT relying on environmental loading (e.g., wind),576

which simply does not have the energy in the 7-12 Hz region and cannot577

excite modes in that frequency range. AVT-based methods to estimate578

modal properties of as-built operational buildings almost never measure579

higher order bending modes of vibration of multi-storey buildings as580

reliably as demonstrated here.581
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Figure 40: Estimated modal properties using ambient vibration testing data
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(b) In multi-storey timber buildings in particular, which tend to have rel-582

atively high fundamental frequency compared with really tall standard583

steel and/or concrete multi-storey buildings, these higher modes may584

be useful to estimate the as-built stiffness of connection joints by FE585

model updating. This is because the such high frequency and clean586

bending modes engage structural joints much more than the funda-587

mental modes of vibration. This study is beyond the scope of this588

paper and is presented elsewhere ([8]).589

(c) Damping values are notably higher in the cluster of higher modes (apart590

from mode 7 outlier value) compared with the cluster of the lower591

modes. It is not clear what is causing this and is speculated there that592

it could also be a feature of the greater engagement of timber joints593

which do not contribute only to the structural stiffness but also to its594

damping. This feature merits further investigation.595

7. Conclusions596

This paper presented a novel input-output FRF-based MT of a multi-597

storey CLT residential building with 42 occupied flats in normal operation.598

The key observations and conclusions are listed below.599

� The testing was a success, although it was carried out exceptionally fast600

within only a single working day but following 6 months of preparations.601

The testing lasted only 10 h from arrival to the site and starting the602

instrumentation from scratch to leaving the site completely.603

� The testing was carried out using purposely built OCXO-synchronised604

data loggers, which did not require connecting signal wires running605

through the building. This even though every of the six-floor levels606

was monitored at least at four horizontal DOFs, yielding excellent de-607

scriptions of the mode shapes over 26 DOFs throughout the whole608

building.609

� The limited common area of the building corridor leading to individual610

flats at each level, over which the instrumentation was allowed, was suf-611

ficient to measure key modal features of the building structure. This612

was helped and confirmed by the key features of the pre-test FE model,613

which correlated well with the modal data from the limited set of meas-614

urement points.615
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� Random excitation 0-12 Hz by three synchronously running APS400616

shakers with a total force of only 500 N RMS was able to excite617

the whole 1300-tonne building sufficiently to yield good quality FRFs618

between the excitation DOF at TP1 at the top of the building and619

response DOFs throughout the building. Key to this was the low-noise620

OXCO-based data acquisition system coupled with excellent ultra-sensitive621

DC accelerometers.622

� A QA process was followed throughout the testing ensuring the best623

quality modal data for not less than eight modes of vibration. This is a624

significant number of quality modes compared to typical AVT output-625

only methods used on operational multi-storey buildings. Preliminary626

FE analysis was carried out to inform the modal testing and provide627

confidence in the measured FRF and modal data during the intense628

10h of field testing.629

� In the low-frequency region of the measured FRFs a useful feature has630

been the ability to estimate experimentally the horizontal static stiff-631

ness at the top of the building, a feature not seen before for tall struc-632

tures. It was shown that the preliminary best practice FE model was633

over-predicting the static stiffness by only up to 22 % of the measured634

values.635

� In the high-frequency region of the measured FRFs higher order modes636

of vibration were identified in the region 7-12 Hz yielding in general637

modal damping ratios of over 3 %. This damping ratio is quite high638

for a multi-storey building. These high-order mode shapes could fur-639

ther be used to investigate sources of stiffness and damping in timber640

joints in a manner not done before. This is because such higher modes641

of vibration of a timber building have not been experimentally meas-642

ured in the past in the 7-12 Hz region, which is quite typical for novel643

multi-storey CLT buildings. Although beyond the scope of this paper,644

this could be a consequence of the higher modes bending more and645

engaging more the CLT connections than the lower-order modes. This646

greater engagement, in turn, generates more modal damping in the647

higher-order modes. This is an important feature that needs further648

investigation and could be exploited in new designs of CLT structures.649
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