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Abstract. This paper outlines the initial findings derived from a year-
long dynamic monitoring of an eight-story Cross-Laminated Timber (CLT)
building situated in As, Norway. The authors conducted bi-daily dynamic
response measurements of the structure since November 2022. In tan-
dem, the environmental humidity, and wind speed were also monitored.
A key aspect of the study lies in examining of the interplay between en-
vironmental factors and modal parameters, with a specific emphasis on
temperature. The analysis reveals that the first two bending modes of the
structure exhibit a positive correlation with external temperature, with
coefficients of determination of 0.44 and 0.25, respectively. The study
also discusses the expected negative correlation between the natural fre-
quencies and moisture content of wood, based on general wood behavior
principles.

Keywords: Timber building · continuous monitoring · environmental
effects · wind effect.

1 Introduction

The main innovation in engineered wood products has been the introduction
of Cross-laminated Timber (CLT), with the European Technical Approval in
2006 [3]. However, there are no studies on the long-term dyanmic performance
of CLT buildings and the effect of environmental parameters. The impact of
environmental variables like temperature and humidity on the properties of wood
has been a longstanding area of research interest [17].
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Nontheless, most of the studies on the long-term dynamic response focused
on non-timber structures. This research spaned various countries, including Italy
[8], the United States [5], and China [19, 13, 6]. Additionally, there is considerable
research attention on adobe structures in Peru [21] and Italy [18, 7, 1].

Studies have consistently shown that environmental elements, particularly
temperature [20] and humidity [15], profoundly influence the dynamic behavior
of buildings [16]. However, the specific investigation into the long-term dynamic
monitoring of timber buildings remains limited. For instance, Leyder et al. ex-
amined the House of Natural Resources in Switzerland, a building with a post-
tensioned timber frame and concrete-timber composite slabs, but did not delve
into the correlation between environmental factors and its dynamic response
[12]. In recent developments, Larsson et al. have made substantial contributions
in this area. Their work involves extensive long-term monitoring of a hybrid tim-
ber structure, with a particular focus on understanding the relationship between
moisture content and modal parameters [10, 11].

2 Case study

This paper focuses on an eight-storey residential building for students, situated
in Ås, Norway. This edifice is 27 m high. It has rectangular footprint measuring
23 by 15 m. The primary construction material is CLT, employed in load-bearing
walls and the elevator shaft. The building is characterized by extensive mono-
lithic walls which considerable length-to-height ratios. These walls are built us-
ing a variety of fastening mechanisms, including tie-downs, angle brackets, and
screws. Underneath the interior walls, there is a 10 mm sound insulation. The
building’s external façade is cladded with wooden boards, each 20 mm in thick-
ness. Inside, the walls are mostly finished with 25 mm plasterboard, although
some are left in their natural state.

In the latter part of 2022, specifically in October, a comprehensive monitoring
system was established on the building’s rooftop, as depicted in Fig.1(d). This
system includes three piezoelectric accelerometers and a fully-equipped weather
station, complete with an anemometer and sensors for both temperature and
humidity.

Table 1 presents a comprehensive overview of the sensor specifications utilized
in the Ås student residence in Norway. Figure 2 provides a visual representation
of the sensor setup, including (a) an accelerometer mounted on the rooftop, (b)
the data acquisition unit, and (c) an anemometer, elevated 3.1 meters above the
roof.

The data acquisition system was developed using Labview, with a CDAQ‑9181
CompactDAQ Ethernet chassis equipped with an NI-9205 ±10 V, 250 kS/s, 16-
Bit, 32-Channel C Series Voltage Input Module. Data storage is managed on a
PC located in a technical room on the roof, with internet access and Dropbox
synchronization for data backup. The collected data are organized in text files,
each containing seven columns, aligning with the seven sensors detailed in Table
1. A uniform sampling rate of 200 Hz is maintained across all sensors, a decision
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(a) (b)

Fig. 1. (a) Pictures of student housing in Ås (Norway) and (b) details of the permanent
monitoring system.

(a) (b) (c)

Fig. 2. View of an (a) accelerometer installed on the rooftop, (b) the data acquisition
unit and (c) the anemometer.

made to streamline the software for data acquisition and its output processing.
Subsequent data analysis is conducted using Python, employing the pyOMA
software [14], a tool for Operational Modal Analysis developed by two authors
of this study.

Data recording is scheduled twice daily, with each session lasting 30 min-
utes. These sessions occur at 14:00 and 3:00 to capture the maximum tempera-
ture variations, a methodology aligned with other research in the field [1]. Data
post-processing in Python follows a streamlined, automated method similar to
approaches used in other studies [4, 1]. The analysis has identified three dis-
tinct and clearly distinguishable modes, as highlighted in [2]. Furthermore, the
stability of these modes greatly facilitates the process of modal tracking.
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Table 1. Main characteristics of the sensors installed in the student housing in Ås
(Norway).

Channel No. Measurement Sensor Output range Sensitivity

1 Wind speed Gill WindMaster
ultrasonic anemometer 0-30 m/s 0.16 V/m/s

2 Wind direction Gill WindMaster
ultrasonic anemometer 0-360° 0.16 V/°

3 External temperature Vaisala transmitter
HMT333 -40/80°C 0.0625V/°C

4 External humidity Vaisala transmitter
HMT333 0-100 RH 0.05 V/RH

5 Vibration Accelerometer
(PCB 393B12) 0-1g 10.48 V/g

6 Vibration Accelerometer
(PCB 393B12) 0-1g 10.13 V/g

7 Vibration Accelerometer
(PCB 393B12) 0-1g 10.13 V/g

3 Long-term monitoring

The automatic dynamic identification led to the estimate of three modes corre-
sponding to the building’s bending (first two modes) and torsional (third mode)
deformation. The experimental setup adopted for the long-term monitoring does
not provide a good spatial resolution of the mode shapes. However, past experi-
mental investigations [2] revealed the nature of the first three modes illustrated
in Fig.3.

Fig. 3. Illustration of the first three modes.

Figure 4 plots the variation of the (a) natural frequencies and (b) damping
ratios of the first three modes as a function of the acquisition date. The estimated
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(a) (b)

Fig. 4. Variation of the (a) natural frequencies and (b) damping ratios of the first three
modes as a function of the acquisition date.

natural frequencies are pretty separate and never get too close to compromise the
performance of the adopted modal tracking approach. Tab.2 reports the mean
and standard deviation of the natural frequency and damping ratios of the first
three modes.

Table 2. Mean and standard deviation (Std. Dev.) of the natural frequency and damp-
ing ratios of the first three modes.

Parameter First mode Second mode Third mode
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

Natural Frequency 1.8837 0.0159 2.4119 0.0180 2.7003 0.0259
Damping ratio 0.0152 0.0021 0.0152 0.0021 0.0152 0.0021

The average values are 1.88, 2.41 and 2.70 Hz for the first three modes. The
damping ratio exhibits limited variability, always close to 2% for all three modes.
The authors did not present the evolution of the Modal Assurance Criterion
(MAC). This omission is attributed to the limited number of accelerometers
used — only three — which is insufficient for achieving the necessary spatial
resolution of mode shapes. Consequently, this limitation hampers the ability to
derive accurate and reliable estimates of MAC values.

The measurements of the weather station do not correlate with the modal
parameters, except for the external temperature temperature.

Fig. 5(a) shows the relationship between the fundamental frequency and ex-
ternal temperature. In contrast, Fig. 5(b) depicts the fundamental frequency
against the average MC of the perimeter walls. In Fig.5(a), a colour gradient
from blue to red represents varying MC values, and in Fig. 5(b), the colour
coding is based on temperature values. The main observation from the analysis
of the correlation between the modal data and the environmental parameters
are: The MC and external temperature positively correlate with the first two
modes. Furthermore, temperature and MC show a positive correlation, with an
R2 value of approximately 0.6. This finding is counterintuitive, as wood typically
dries out with increasing temperature. However, heating systems are active for
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(a) (b)

Fig. 5. Natural frequency vs (a) external temperature and (b) average MC.

most of the year in buildings, particularly in colder countries like Norway, ex-
cept during summer and early fall. This results in a progressive drying of wood,
reaching its peak at the end of winter. A positive correlation implies that the
structure becomes stiffer as temperature and MC increase. Elevated tempera-
tures lead to thermal expansion, enhancing friction and stiffness in connections.
Similarly, increased MC causes timber to swell, leading to enhanced friction and
stiffening phenomena [10].

4 Conclusions

This study focused on an eight-story student housing structure in Ås, Norway,
made of Cross-laminated Timber (CLT). The authors installed a permanent
monitoring system on the rooftop, consisting of three piezoelectric accelerom-
eters and a weather station. The modal tracking identified three distinct and
stable modes. The modal frequencies demonstrated minimal influence from wind
speed and direction, even during strong wind conditions, suggesting the absence
of significant structural nonlinearities under such excitations. The analysis in-
dicates that the external relative humidity and wind speed do not significantly
impact the modal parameters of the structure. A positive correlation was found
between the MC and the external temperature in the first two modal modes.
This relationship, with an R2 value of approximately 0.6, might be counterin-
tuitive. In colder countries like Norway, heating systems are operational most
of the year, leading to a progressive drying of wood, which peaks at the end of
winter. The study suggests that increased temperatures and MC contribute to
a stiffer structure, owing to thermal expansion and enhanced friction in timber
connections.
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