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Abstract 

House Charlie is an office building located in Växjö, Sweden, with approx. 

5,700 m2 area on four floors, fitting 3,700 m2 of office space, and 2,000 m2 

of restaurants and conference rooms. The load-bearing structure is a column-

beam system made from glued laminated timber (Glulam) with the flooring 

made from cross-laminated timber (CLT). The house is equipped with a net-

work of sensors which were already installed during the construction phase. 

The design of the network was done in collaboration between the Department 

of Building Technology from Linnaeus University and SAAB, in close contact 

Videum and JSB, the owner and constructor, respectively. In the network, two 

sensor cards collect data from the sensor (displacement, relative humidity, 

temperature, vibrations, as well as weather station data) which is accessible 

via a 3G-router from the outside. Except for power supply the network is work-

ing independently from the buildings facilities. The building was erected and 

the network installed during spring 2018, since then the network is providing 

data. The report describes the measurement network and its sensors as well as 

their positioning within the building. Additionally the results are presented for 

the time-span July 2018-December 2019 as well as an interpretation of the first 

1.5 years of run-time are given.  
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Sammanfattning 

 

Hus Charlie är en kontorsbyggnad i Växjö, Sverige, med en sammanlagd area 

på runt 5 700 m2 som fördelas på 3 700 m2 kontorsytor och 2 000 m2 för re-

staurang och konferenslokaler. Huset är uppfört i ett balk-pelar-system i 

limträ, bjälklagen är tillverkat av korslimmat trä (KL-trä). I byggnaden finns 

ett nätverk av sensorer som installerades redan under byggfasen. Nätverket 

utvecklades i samarbete mellan Institutionen för Byggteknik, Linneuniversite-

tet, och SAAB, i tätt samarbete med Videum (byggherre) och JSB (utförande 

byggföretag). Två kretskort samlar in data från de sensorerna (förskjutningar, 

relativ fukthalt, temperatur, vibrationer, och en väderstation) som kan nås via 

en 3G-router utifrån. Förutom elförsörjning finns därmed ingen koppling med 

husets installationer. Hus Charlie byggdes under våren 2018, sedan dess finns 

löpande mätningar. Rapporten beskriver själva nätverket och dess sensorer 

samt placeringen i huset. Dessutom visas resultaten för perioden juli 2018-

december 2019 och en analys av data för de första 1,5 åren av mätningar.  
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1 Introduction 

House Charlie is a four-story wooden building constructed as an expansion of 

Videum Science Park in Växjö. The building was designed by Jai architects 

and constructed by JSB AB, with a total construction cost of 

SEK 110,000,000. The construction had begun on February 2017, and the 

building was officially opened in December 2018. The total area of House 

Charlie is about 5,700 m2 consisting of 3,700 m2 of office space and approx-

imately 2,000 m2 of restaurants and conference rooms [1]. 

Since the early stages of construction, researchers at Linnaeus University have 

had the opportunity to instrument House Charlie with a network of sensors to 

monitor temperature, humidity, moisture, displacement, and vibration at sev-

eral locations of the building. The research team have worked in collaboration 

with SAAB to design a modular data acquisition system for distributed data 

logging. A user-friendly web interface has been also developed in order to en-

able the user to remotely access the data acquisition system to view and down-

load the data. 

This report describes equipment installed at house Charlie, presents the ongo-

ing measurements as well as discusses the results obtained so far from the data 

collected between July 2018 and September 2019. The report is organized as 

follows: Section 2 describes the sensors and data acquisition equipment in-

stalled in House Charlie; Section 3 explains how to access and interact with 

the web interface; Section 4 discusses the studies carried out on the acquired 

data; Section 5 concludes the report with conclusions and an outlook.  





 

3 
  

2 Sensors and data acquisition instruments 

House Charlie has been equipped with a network of sensors and data acquisi-

tion and communication instruments. The network consists of 27 humid-

ity/temperature sensors, 3 potentiometers and 12 uniaxial geophones along 

with a single triaxial accelerometer, weather station, and conductance meas-

urement card. The humidity/temperature sensors, potentiometers, and weather 

station are handled by two sensor cards, while the geophones and accelerom-

eter signals are acquired using seven ADC cards. Additionally, two 32-bit mi-

crocontrollers together with a Controller Area Network (CAN) card are used 

to facilitate temperature/humidity and moisture content measurements .  

Two Power-over-Ethernet switches (PoE) and two Uninterruptible Power Sup-

plies (UPS) are used to connect all sensors and supply them with the required 

power. A Raspberry Pi (a single card Linux-based computer) is utilized to 

manage the data collection and storage from the sensor cards as well as the 

ADC cards. The two PoE switches and the Raspberry Pi are all connected to a 

3G router so that the network can be reached on demand via a web interface.  

 Sensors 
This section summarizes all the sensors that are used in House Charlie.  

 Potentiometers 

Potentiometer model 1540 from Regal [2] are used to monitor displacements 

at three locations of House Charlie (Figure 1). The used potentiometers have 

a nominal length of 40 mm.  
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Figure 1. Potentiometer of type 1540 from Regal. 

 Conductance 

A conductance measurement card (Figure 2) is used for measuring the mois-

ture content. The board measures resistance at three inputs of between 100 kΩ 

and 150 MΩ. One input at a time is connected to the measuring circuit and the 

resistance is measured with an alternating voltage (5 Hz) of about 3 V. The 

Measured values are transmitted via an isolated serial port either to a computer 

via USB or a CAN controller via CAN bus. 

 
Figure 2. Conductance measurement card. 

 Temperature/humidity sensors 

SHT31 [3], SHT75 [4], SHT35 [5] from Sensirion (Figure 3) are been used to 

measure temperature and relative humidity at various locations of House Char-

lie. 
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Figure 3. Temperature/humidity sensor SHT31 and SHT35 (left) and SHT75 (right) from Sensirion. 

 Geophones  

PS-4.5B uniaxial geophones from Sunfull [6] (Figure 4) were installed to 

measure the vibration response of the building at several locations. 

 

Figure 4. PS-4.5B uniaxial geophones from Sunfull. 

 Triaxial accelerometer 

TRV-3300-1 triaxial accelerometer from Acoutronic [7] (Figure 5) is used to 

measure acceleration in the three directions at a single location. 

 

Figure 5. TRV-3300-1 triaxial accelerometer from Acoutronic. 



 

6 
  

 Weather station 

A weather station (Davis Vantage Pro 2, Figure 6) [8] was installed to measure 

outdoor temperature, humidity, rain, wind speed and direction, and air pres-

sure. 

 
Figure 6. Weather station (Davis Vantage Pro 2). 

 Network components 
This section provides a brief overview of the model and function of the data 

acquisition and communication devices. For more details, the reader is referred 

to the technical report prepared by SAAB [9].  

 Sensor card 

A sensor card for continuous measurements was developed by SAAB and 

LNU [9]. The card can handle ten sensor inputs (S1 to S10), eight of which 

can be used to acquire 3.3 or 5V analog signals as well as certain types of 

digital sensors (Figure 7). The remaining two channels are suitable for operat-

ing digital sensors or weather stations. The card also has a CAN bus suitable 

for collecting moisture content measurements, which can be obtained using 

conductance measurement card via a CAN controller. The measurement card 

is described in more detail in [9].  
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Figure 7. The sensor card developed by LNU and SAAB [9] (left) with the pinout diagram (right). 

The current time of the sensor card is set via web server or Network Time 

Protocol (NTP) from the internet. The real-time clock on the card has a “Su-

percap” that retains the timer for about 24 hours without driving voltage. The 

card can be powered by either USB (5 V at S9), drive voltage of 10-30 V at 

S10, 12 V at terminal block J5, or by PoE via the network socket.  

A 20x4-character LCD displays status messages and shows the real-time val-

ues. 

 32-Bit microcontroller 

A 32-bit microcontroller (Microchip PIC32MM0064GPL036, Figure 8) [10] 

is used to operate six temperature and humidity sensors simultaneously over 

only a single channel of the sensor card. The microcontroller can be connected 

either to channel S1 or S2 of the sensor card since these channels have a higher 

driving capacity (5 V/100 mA). The connection to the sensor card utilizes two 

conductors for drive voltage 5 V and two for data transmission (one data and 

one clock signal). The microcontroller supports the temperature/humidity sen-

sors SHT75 and SHT35 and the barometers BMP180 and BMP280. 

The microcontroller’s size is less than 40 x 40 mm2, which can easily fit inside 

a normal electrical box. A USB-to-Serial cable can be connected to view the 

current measurement values with a terminal program as long as the card is 

powered by either the sensor card or USB cable. 
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Figure 8. 32-bit microcontroller for handling temperature/humidity measurements.  

 CAN controller 

A CAN controller (Microchip MCP25625, Figure 9) [11] is used to handle 

moisture content measurements along with temperature and humidity sensors. 

The controller is similar to the microcontroller described in Section 2.2.2 ex-

cept that it is connected to the CAN bus of the sensor card instead of the sensor 

input channels. The CAN controller supports the temperature/humidity sen-

sors SHT75 and SHT35 and the barometer sensors BMP180 and BMP280. 

The device has also an internal temperature and humidity sensor SHT31 [3] to 

measure ambient temperature and humidity. 

Additionally, the CAN controller can act as a CAN bridge to connect a con-

ductance measurement card to the CAN bus of the sensor card.  

 
Figure 9. CAN controller MCP25625 for handling temperature, humidity, and conductivity measure-

ments. 
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 ADC card 

Seven ADC cards have been used to operate the geophones and triaxial accel-

erometers. The ADC card (Figure 10) has four inputs, each with a digital filter 

(Maxim Integrated, MAX7401) [12], a sample/hold amplifier (Texas Instru-

ments, LF298) [13] and a 24-bit A/D converter (Texas Instruments, ADS1255) 

[14]. A separate circuit board was provided to amplify the geophones output 

by approximately 500 times. 

Power is supplied to the ADC cards via PoE. To avoid malfunction, a TP-Link 

PoE splitter was installed on each card.  

 
Figure 10. ADC card MAX7401 for data acquisition from the geophones and accelerometer. 

 Raspberry Pi 

A Raspberry Pi Zero (Figure 11) [15], which is a single card Linux-based com-

puter with 1 Gbyte memory and 1.2 GHz processor, has been connected to the 

network via cable at the speed of 100 Mbit. One of the four USB ports of the 

Raspberry Pi is connected to an external 2.5 "USB hard drive with one Ex-

change space and one to the UPS located on plane 1. The hard drive has parti-

tions for both operating system and data storage. The SD card is used only 

boot as the boot partition. The Raspberry Pi is mounted in a protective plastic 

box.  
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The devices on the network can be accessed through a web interface that runs 

a number of scripts written in the Python 3 [16]. The settings and communica-

tion between scripts are stored in a MySQL [17] database.  

 
Figure 11. Raspberry Pi. 

 PoE switch, UPS and router 

Two UPS devices (APC ES700VA [18] and Trust Oxxtron 800VA [19], Fig-

ure 12) along with two PoE switches (D-Link DES1210 [20], Figure 13) are 

used to supply the equipment with power. 

One of the UPS devices is connected to the Raspberry via a USB cable to allow 

the computer to shut down before the battery runs out and ensure safe shut-

down in the event of a power failure. The ADC cards receive network connec-

tivity and power from the nearest PoE switch via a pair of sync cables. 

The two PoE switches and the Raspberry Pi are all connected to a 3G router 

(TP-Link TL-MR6400 [21], Figure 14) allowing the user to communicate with 

the equipment using the web interface. 
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Figure 12. UPS devices: APC ES700VA (left) and Trust Oxxtron 800VA (right). 

 
Figure 13. PoE switch (D-Link DES1210). 

 
Figure 14. 3G router (TP-Link TL-MR6400). 

 Distribution of sensors and data acquisition devices 
The following subsections describe the distribution of the sensors and data ac-

quisition devices over the four floors of the building. 

 Floors 1 and 2 

Figure 15 and Figure 16 illustrate the types and locations of sensors on floors 

1 and 2, respectively. In floor 1, groups of temperature/humidity sensors were 

positioned on two positions in the south/eastern facade. Two geophones were 

mounted in the x- and y-direction, respectively, in the south/eastern corner. 



 

12 
  

Indoors, at one position temperature/humidity sensors were mounted with ad-

ditional measurements of conductivity close by. One potentiometer was posi-

tioned. Conductivity measurement was only performed on one position on 

floor one.  

During the phase of erection of the building, a separate measurement system 

was installed at multiple positions to measure the moisture content in the wood 

directly by conductivity. Close to the measurement points, additional temper-

ature/humidity sensors were positioned. 

On floor 2, two potentiometers were mounted on two different positions as 

well as two geophones (in x- and y-direction, respectively) in the south/eastern 

corner.  

 
Figure 15. Sensors installed on floor 1. 
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Figure 16. Sensors installed on floor 2. 

The UPS and PoE switch required for supplying all equipment on floors 1 and 

2 together with the 3G router and the Raspberry Pi were all mounted under the 

ceiling of floor 1 (Figure 17). A sensor card was connected to the PoE switch 

to operate the sensors on floors 1 and 2. 

 
Figure 17. Setup for floors 1 and 2. 

Temperature/humidity sensors: On floor 1, six temperature/humidity sensors 

(Sensirion SHT75) were installed horizontally at six different depths through 
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the wall above the window on the southeast corner (Figure 18). Additionally, 

another six sensors were placed on the sill of the same window1F as depicted 

in Figure 19. The six sensors under the window were connected to 32-bit mi-

crocontroller, which was connected to S1 channel on the sensor card. Simi-

larly, the other six temperature/humidity sensors (i.e. the ones above the win-

dow) were connected to another microcontroller that was connected to S2 in-

put channel. 

 

 
Figure 18. Temperature/humidity sensors placed six depths through a wall. 



 

15 
  

 
Figure 19. Temperature/humidity sensors placed across the window sill. 

Potentiometers: Three potentiometers were installed and connected to chan-

nels S3 to S5 of the sensor card. The first potentiometer is located under a 

beam-column connection on the ceiling of floor 12F, while the other two po-

tentiometers are installed under the ceiling of floor 23F. 

 
Figure 20. A potentiometer installed at a beam-column connection. 

Conductance measurement: A conductance measurement card was used to 

measure conductance at three different depths under the ceiling of floor 15F. 

Three SHT75 sensors were also installed to measure the corresponding tem-

perature/humidity. The three output channels of the conductance cards along 

with the three temperature/humidity sensors were connected to a CAN con-

troller, which was connected to the CAN bus of the sensor card. 
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Figure 21. Measurement of conductance and temperature/humidity at three depths. 

Geophones: To measure the dynamic response of floors 16F and 27F, geo-

phones were installed. At each location, two uniaxial geophones were used to 

measure the response in the x and y directions. As shown in Figure 22 and 

Figure 23, the two geophones were placed inside a box, which was then at-

tached to desired measurement location. Two ADC cards, one on floor 1 and 

the other on floor 2, were used to acquire measurements from the geophones. 

The PoE switch in floor 1 operates both ADC cards. 

 
Figure 22. Two geophones for measuring vibration in the x and y directions placed inside a box. 
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Figure 23. A Box containing two geophones attached to a column. 

 Floors 3 and 4 

Figure 24 and Figure 25 illustrate the types and locations of sensors on floors 

3 and 4, respectively. On floor 3, only two geophones in the x- and y-direction 

were mounted in the south/eastern corner. 

On floor 4, groups of temperature/humidity sensors were installed at the two 

locations in the northern and southern facade. The sensors were connected to 

two microcontrollers (i.e. a microcontroller of each location) which were con-

nected to the S1 and S2 channels on the sensor card. 

 
Figure 24. Sensors installed on floor 3. 
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Figure 25. Sensors installed on floor 4. 

As shown in Figure 26, the UPS and PoE switch required for supplying all 

equipment on floors 3 and 4 were all mounted under the ceiling of floor 4. A 

sensor card was connected to the PoE switch to operate the sensors on floors 

3 and 4. The PoE switch located in floor 4 operates all the four ADC cards on 

floors 3 and 4. 

Temperature/humidity: The sensors were installed at six different depths 

through the wall at two positions, one in the northernF, one in the southern9F 

façade. The six sensors from each position were connected to a microcontroller 

for each position. The microcontrollers were connected to channels S1 and S2 

on the sensor card.  

Weather station: The weather station0 was installed on the roof to measure 

outdoor temperature, humidity, rain, wind speed and direction, and air pres-

sure. The station was connected to S10 channel of the sensor card. 

Geophones: To measure the dynamic response of floors 3 and 41, geophones 

were placed at the locations depicted in Figure 24and Figure 25 At each loca-

tion, two uniaxial geophones were used to measure the response in the x and 
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y directions. Two ADC cards, one on floor 3 and two on floor 4, were used to 

acquire measurements from the geophones.  

Triaxial accelerometer: Another ADC card was installed on floor 4 to operate 

the triaxial accelerometer15F on floor 4.  

 
Figure 26. Setup for floors 3 and 4. 
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3 Web interface 

A webserver has been installed on the Raspberry Pi to allow live monitoring 

of the sensors and provide control over data acquisition and logging. The web-

server receives the data from a Python script through a WebSocket and pre-

sents all information on a user-friendly web interface consisting of several 

webpages.  

As mentioned earlier, the Raspberry Pi is connected to the internet via a 3G 

router so that the web interface can be reached remotely via port-forwarding 

in the router. The router reports its IP address to a dynamic Domain Name 

System (DNS) service. With this measures, the web interface can be safely 

accessed remotely on through a Secure Shell (SSH) client such as PuTTY [22]. 

This section describes the components of the web interface and provides a tu-

torial on how to access the server remotely to view live readings and download 

log files. For further details, the reader is referred to [9]. 

 Components of the web interface 
The material presented on the web interface is only available in Swedish. The 

Home page (Figure 27) presents brief information on House Charlie project 

and the instruments used for measurement and data collection. The main menu 

of the interface includes nine tabs: Hem (Home), Styrning (Control), Plan 1-4 

(floor 1-4), Live ADC, Admin, and Dokumentation (Documentation).  

 
Figure 27. Welcome screen of the web interface’s homepage. 

 Control page 

The control section allows the user to determine when the data measured by 

the geophones is recorded. Three different recording times and three wind-
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based triggers can be defined. Time-based triggers can be set as once a day, 

once a week or once a month.  

The duration of data logging can be set between 5 to 90 minutes. Both time-

based and weather-based triggers can be turned on or off using the checkboxes 

as shown in Figure 28. Upon clicking the button Spara ändringar (Save 

changes), the changes are stored in the MySQL database on the Raspberry Pi.  

 
Figure 28. Control page. 

 Floor 1-4 pages 

The four pages associated with the four floors provide easy access to all sens-

ing, data acquisition, and networking equipment on the floors. For example, 

Figure 29 shows the webpage for floor 1. As shown in the figure, all sensors 

are displayed as icons on the floor’s plan. Each sensor has its own webpage, 

which can be accessed simply by clicking on the corresponding icon.  
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Figure 29. Floor 1 webpage. 

As shown in Figure 30, the webpage for any group of temperature/humidity 

sensors displays the most recently measured values by all sensors in a table as 

well as the temperature (or humidity) time history over the past 24 hours in a 

graph. In addition to temperature/humidity measurements, the webpage corre-

sponding to the CAN controller on floor 1 (Figure 31) displays the time history 

of resistance and moisture content at the monitored locations. 

Similarly, potentiometer pages (e.g. Figure 32) display the most recent dis-

placement values along with the displacement time history recorded over the 

last 24 hours. 

Geophones and accelerometer webpages, such as the one shown in Figure 33, 

allow starting and stopping vibration data logging. The duration can be set 

between 30 seconds to 1 hour. The page also displays the most recently logged 

vibration data in x- and y-directions along with the wind speed time history 

over the past 24 hours, measured by the weather station on the roof. 

In addition to sensor information, each floor webpage shows the status of the 

data acquisition and networking instruments on the floor. For example, as 

shown in Figure 29, the page for floor 1 displays the status of the sensor card, 

ADC card, CAN controller, PoE switch, Raspberry Pi, and UPS. As depicted 
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in Figure 34, by clicking on the button “In”, the user can view the sensors 

connected to each channel of any sensor card, ADC card, or CAN controller. 

 
Figure 30. Temperature/humidity data displayed on the web interface. 

 
Figure 31. Temperature/humidity and resistivity/moisture content measurements displayed on the web 

interface. 
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Figure 32. Potentiometer measurements displayed on the web interface. 

 
Figure 33. Geophone signals displayed on the web interface. 



 

26 
  

 
Figure 34. Sensors connected to sensor card 1. 

 Live ADC 

For monitoring and troubleshooting purposes, the Live ADC webpage displays 

live vibration signals from the geophones and triaxial accelerometer. The drop-

down menus and sliders on the right side can be used to select and configure 

the displayed signals (Figure 35).  

 
Figure 35. Live ADC measurements. 

 Admin 

The Admin page needs a password to be accessed. After log-in, settings of the 

network and the sensors can be changed. As shown in Figure 36, this page 

additionally indicates if the current user is logged in.  
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Figure 36. Admin page on the web interface. 

 Documentation 

The documentation webpage shown in Figure 37 describes the data acquisition 

and networking equipment used in House Charlie. Information about log files 

are also available on this page. For each device, the page provides links for 

downloading additional information such as drawings, technical specifica-

tions, and datasheets. Accessing the documentation requires a log-in.  

 
Figure 37. Documentation page on the web interface. 

 How to access the interface 

The web interface can be accessed remotely using a SSH client that supports 
tunneling, e.g. PuTTY [22]. A dummy user is used to log in on the Raspberry 
Pi so that the webpages can be browsed.  

 Log files 
The monitoring system generates three types of log files: data from the sensor 

cards (temperature/humidity, conductivity, potentiometers, weather station, 

barometers); data from the ADC cards (geophones, accelerometers); and in-

ternal data logging of the status of data acquisition instruments.  
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 Sensor cards 

The readings from the sensor cards are logged into two comma-separated text 

files: “1-YYYY-MM.TXT” for the sensor card on floor 1 and “4-YYYY-

MM.TXT” for floor 4. By default, the data is written to the log-files at ten 

minute intervals. For more details about the content of each log file, consult 

the documentation on the web interface. 

 ADC cards 

Data logging from the seven ADC cards is carried out by a Python script on 

the Raspberry Pi. As the ADC cards acquire the data, the script stores the out-

put of the ADC cards in a binary file. Each second, 120 samples × 4 channels 

are stored in the binary file for each ADC card. This means that the sampling 

frequency of the vibration signals is 120 Hz. When the acquisition is termi-

nated, the binary file is converted to a comma-separated text file. The resulting 

text file is then compressed into a GZIP archive. The script also calculates the 

amplitude of the Fourier spectrum for each channel (0 to 60 Hz) and stores the 

frequency/amplitude data samples in a CSV file. 

 How to access the data 

The data can be accessed remotely using a SFTP-client. Logging in allows to 
download the data files.  
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4 Results 

House Charlie has been monitored since July 2018 using the sensor network 

described in Section 2. Weather, temperature, humidity, moisture content, dis-

placement, and vibration measurements have been continuously acquired and 

stored for further analysis. 

Two studies have been conducted so far on the collected data. The first study 

involved modeling the relationship between temperature/humidity and mois-

ture content in timber members. In the second study, the vibration measure-

ments obtained by the geophones were used to conduct an Operational Modal 

Analysis (OMA) to identify the dynamic properties of House Charlie. This 

study is part of a master’s thesis [23] carried out at the University of Southern 

Denmark. 

The following sections describe the work done in these two studies. Addition-

ally, weather, temperature, and relative humidity measurements collected be-

tween July 2018 and Aug 2019 are presented graphically in Appendix A. 

 Distribution of temperature and humidity in the wall 
At four positions in total, temperature/humidity sensors were positioned in the 

throughout the thickness of the outer walls: on floor 1, the positions were be-

low and above a window in the outer wall of the southern façade; on floor 4 in 

the outer walls of the southern and the northern façade, respectively.  

Figure 38 shows the temperature data from the southern façade of floor 4 

through the wall in two different visualizations: to the left all data points and 

at the right the weekly averages in combination with the weekly maxima and 

minima. The latter presentation if more suitable for a long-term overview, the 

actual data for each time point though for further calculations of, e.g., dew 

point, of for a smaller time range. It clearly shows the heating periods with a 
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rather constant indoor climate of around 22 °C while the room gets warmer 

during the summer period. 

Figure 39 shows the comparison between the positions close to the sill plate 

and above the window for floor one. Naturally, the temperature outside is ra-

ther similar at those positions over the time interval. The temperature inside, 

though, clearly shows difference between the positions over room height. Dur-

ing winter, average temperature is below 20 °C, partially close to 15 °C, at the 

lower position while permanently above 20 °C in the upper position.  

 
Figure 38. Temperature measured at six depths at the southern location on floor 4: all data (left) and 

weekly average with maximum/minimum values (right).  

 
Figure 39. Weekly averaged temperature measured at six depths at the 1st location on floor 1 at the sill 

plate (left) and above the window (right).  

For the time-span July 2018 to December 2019, figures for all measurement 

points are summarized in Appendix A for the temperature and in Appendix B 

for the relative humidity. Outdoor climate data from the weather station is 

found in Appendix C.  
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 Moisture content in the CLT 
The moisture content at which wood is neither gaining nor losing moisture at 

certain ambient conditions is referred to as the Equilibrium Moisture Content 

(EMC). A commonly used formula for estimating EMC from temperature and 

moisture content is the one suggested in [24]. This formula is given as: 

EMC(%) =
1800
𝑊𝑊

�
𝐾𝐾 ℎ

1 − 𝐾𝐾 ℎ
+

𝐾𝐾1 𝐾𝐾 ℎ + 2 𝐾𝐾1 𝐾𝐾2 𝐾𝐾2 ℎ2

1 + 𝐾𝐾1 𝐾𝐾 ℎ + 𝐾𝐾1 𝐾𝐾2 𝐾𝐾2 ℎ2
�              (1) 

where ℎ is the relative humidity and 𝑊𝑊, 𝐾𝐾, 𝐾𝐾1, and 𝐾𝐾2 are temperature-de-

pendent parameters given as: 

𝑊𝑊 = 349 + 1.29 𝑇𝑇 + 0.0135 𝑇𝑇2
𝐾𝐾 = 0.805 + 0.000736 𝑇𝑇 − 0.00000273 𝑇𝑇2
𝐾𝐾1 = 6.27 − 0.00938 𝑇𝑇 − 0.000303 𝑇𝑇2

𝐾𝐾2 = 1.91 + 0.0407 𝑇𝑇 − 0.000293 𝑇𝑇2
                       (2) 

where 𝑇𝑇 is the temperature in °C.  

The formula was used in an attempt to model the relationship between tem-

perature/humidity and moisture content measurements obtained from a timber 

member in floor 1 at three different depths (15, 185 and 225 mm). As shown 

in Figure 38, the agreement between the predicted and measured moisture con-

tent was unsatisfactory. 

It is clear from Figure 39, that there is an offset between the measured and 

predicted values. It is possible to achieve a stronger correlation if this offset is 

eliminated as illustrated in Figure 39. After compensation for the offset, the 

results shown in Figure 40 were obtained. 
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Figure 40. Comparison between predicted and measured moisture content at three depths. 

 
Figure 41. The offset between the predicted and measured moisture content. 
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Figure 42. Comparison between the predicted and measured moisture content after compensation for 

offset. 

 Operational modal analysis of House Charlie 
Operational Modal Analysis (OMA) is a technique for extracting structural 

modal properties (i.e. natural frequency, mode shapes, and damping ratios) 

from the ambient response of the structural. Unlike Experimental Modal Anal-

ysis (EMA), OMA does not require any external excitation source such as 

electrodynamic shakers. This feature makes this kind of dynamic testing suit-

able for large-scale civil structures, where applying artificial excitation is usu-

ally not possible. 

 Data selection 

The ambient vibration signals measured by the 12 geophones in both x and y 

directions were utilized to identify the modal properties of House Charlie. A 

total of 189 vibration datasets were examined in terms of both wind speed and 

Operational Deflection Shape (ODS) quality. As a result, only five datasets 
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were chosen for carrying out OMA. The datasets names and the associated 

wind speeds and directions are illustrated in Figure 41. 

 
Figure 43. Wind speeds and directions associated with the five datasets [23]. 

 Data preprocessing 

The selected datasets were preprocessed in order to facilitate OMA computa-

tions. The first step was to calibrate the geophone measurements by making 

use of the acceleration signals measured by the triaxial accelerometer on floor 

4. A high-pass filter was then used to eliminate the unwanted high frequency 

components from the signals. The filtered signals were then downsampled 

from 120 Hz to just 12 Hz, since the frequency range of interest in this work 

was between 0 to 5 Hz. Figure 42 shows the Power Spectral Density (PSD) of 

the vibration response before and after filtering and downsampling. 
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Figure 44. PSD before and after filtering and downsampling [23]. 

 Extraction of modal properties 

Ibrahim Time Domain (ITD) modal analysis technique [25] was applied to 

extract the modes and poles from the vibration response of each dataset. The 

maximum number of desired modes was set as 20. The resulting stability dia-

gram is shown in Figure 43. By visually inspecting the stability diagram, the 

three modes shown in Figure 44 were hand-picked. Note that the mode shapes 

and natural frequencies given in Figure 44 are the average values over the five 

datasets. Figure 45 shows the Modal Assurance Criteria (MAC) computed for 

each dataset. The natural frequencies and the corresponding damping ratios 

are given in Table 1. 
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Figure 45. Stability diagram [23]. 

 
Figure 46. Average mode shapes and natural frequencies (top view) [23]. 
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(a) (b) 

   
(c) (d) (e) 

Figure 47. MAC for the five datasets [23]. 

Table 1. Natural frequencies and damping ratios of the five datasets [23]. 

Dataset Mode Natural frequency (Hz) Damping (%) 

1 
1 3.313 1.89 
2 3.580 3.06 
3 3.953 1.87 

2 
1 3.359 1.63 
2 3.626 2.16 
3 4.090 2.61 

3 
1 3.305 1.83 
2 3.613 2.70 
3 4.061 2.57 

4 
1 3.315 2.13 
2 3.581 2.22 
3 4.038 3.02 

5 
1 3.261 1.48 
2 3.570 1.98 
3 3.989 2.84 

 Scaling of OMA mode shapes 

Since the input force in not known in OMA, the resulting mode shapes are not 

mass-scaled. This is a major drawback of OMA because it is not possible to 
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obtain the Frequency Response Functions (FRFs) between the input force and 

the output vibration response with unscaled mode shapes. 

Therefore, a technique called OMAH [26] was used in an attempt to compute 

the mass-scaled modes. This technique only requires an inexpensive generic 

shaker to excite the structure with harmonic forces at the natural frequencies.  

A small electrodynamic shaker was placed on the third floor as illustrated in 

Figure 46 and used to apply the required excitation. The force applied on the 

structure and the acceleration at the corner of the shaker were measured using 

a force transducer and an accelerometer, respectively. The measured response 

was used to obtain the modal mass for each mode. Given the modal masses, 

synthesized acceleration signals were obtained at the three geophone locations 

on floor 4. 

Table 2 compares between the synthesized accelerations and geophones meas-

urements in terms of RMS values. Significant error was noticed between the 

actual and synthesized values, which indicates that the mass scaling process 

was unsuccessful.  

 
Figure 48. OMAH setup [23]. 
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Table 2. Comparison between the measured and synthesized accelerations [23]. 

Frequency 
(Hz) 

Response 
point 

Measured  
acceleration 

(m/s2) 

Synthesized  
acceleration 

(m/s2) 

3.30 
1 1.28 × 10−4 2.23 × 10−4 
2 1.28 × 10−4 3.49 × 10−4 
3 5.83 × 10−5 1.19 × 10−4 

3.59 
1 1.20 × 10−4 3.26 × 10−4 
2 1.21 × 10−4 5.11 × 10−4 
3 1.03 × 10−4 1.74 × 10−4 

4.05 
1 1.01 × 10−5 7.23 × 10−5 
2 1.01 × 10−5 1.13 × 10−4 
3 7.82 × 10−5 3.87 × 10−5 

 

 Finite element modeling 

A finite element (FE) model was created using ANSYS Mechanical APDL 

software [27]. Beam elements (BEAM189) were used to model the columns 

and beams. The wood slabs and concrete walls were modeled using 

SHELL181 shell elements. Figure 47 shows the multilayer bidirectional com-

posite cross-sections used in all floors. Non-load bearing walls were assumed 

as lumped masses. The concrete basement was discarded and the building was 

modeled as a four-story structure supported on rigid foundation.  

As shown in Figure 48, an initial FE model was created with a nominal mesh 

size of 5.12 m. A convergence study was then conducted to determine the mesh 

size. The resulting model had a total of 280 802 nodes, 15 053 beam and 

250 134 shell elements with a nominal mesh size of 0.115 m. The natural fre-

quencies of this FE model are given in Table 3. 

The initial material parameters were then calibrated in order to improve the 

accuracy of the FE model. The natural frequencies after model updating are 

reported in Table 3. 
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Figure 49. Cross-sections of the shell elements used to model the floors [23]. 

 
Figure 50. Initial FE model [23]. 

Table 3. Comparison between the natural frequencies of the calibrated FE model and the measured 
ones [23]. 

Mode 

Measured 
natural  

frequency 
(Hz) 

Natural frequency of the  
FE model before calibra-

tion (Hz) 

Natural frequency of the  
calibrated FE model (Hz) 

1 3.31 1.93 2.98 
2 3.59 2.45 3.20 
3 4.02 3.04 4.05 
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 Monitoring of beam-column connections 
The relative displacements in connections of columns and beams were meas-

ured at three positions, the displacement data is shown in Figure 48. Only very 

modest relative displacements were monitored so far. The displacements be-

tween the columns and beams are thought to be small and to develop over 

longer time periods. From this little information, a cautious prognosis is that 

summer- and winter periods will behave differently. The blue line, which is a 

connection on floor one in the inside of the building, e.g., shows an increase 

during the winter period 2018/19, a constant value during summer 2019 and 

again an increase during winter 2019. Checking the displacements over a 

longer time period will allow for more secure conclusions.  

 
Figure 51. Average weekly displacement measured from three positions. The solid line represents the 

average values and the dashed lines represent the minimum and maximum values. 
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5 Conclusions & Outlook 

Since July 2018, House Charlie has been continuously monitored by a network 
of sensors and data acquisition equipment. So far, two studies have been con-
ducted on the collected data. The first study involved analyzing the relation-
ship between the moisture content in wooden members and the associated tem-
perature and relative humidity measurements. The second study investigated 
the dynamic properties of the building. The following conclusions can be 
drawn from these two studies: 

1. The results of the first study suggested that there is a depth-dependent 
offset between the actual moisture content values and those predicted 
from temperature/humidity measurements. Good agreement between 
the measured and predicted values was achieved by eliminating this 
offset.  
However, further investigation effort is required for understanding 
and modeling this offset in order to improve the current moisture pre-
diction models. Suggestions are that the correlation formula cannot 
be applied, or that one of the measurement systems is not working 
properly.  

2. In the study about operational modal analysis of House Charlie, sig-
nificant error was noticed between the measured acceleration signals 
and the ones synthesized from the scaled mode shapes. This indicates 
that OMAH mode scaling procedure was unsuccessful. The reasons 
behind this could be the following:   

a. A geophone works properly only when its natural frequency 
is less than the frequency of the measured signals. The geo-
phones used to monitor House Charlie have a natural fre-
quency of 4.5 Hz, which is above the frequencies of the first 
three modes. 

b. Since the House Charlie was not occupied during the tests, the 
only possible source of ambient excitation was wind load. The 
problem here is that the building was not exposed to strong 
wind since it is located between two buildings of the same 
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height. Therefore, the ambient excitation levels were probably 
below the desired value. 

The systems are currently still running, no specific end time for turning down 

the systems has been specified. In the near future, the data will be evaluated 

further on. A more detailed study is also proposed on House Charlie where a 

more sensitive measurement system for vibrations will be used. With this, 

House Charlie might be evaluated in more detail.  

Additionally, the measurement techniques for determining moisture content 

will also be revised. The correlation between moisture content and tempera-

ture/humidity in the measurement points needs to be accurate. Depending on 

the continuous development, the sensor might be able to changed or an updated 

evaluation method be applied.  
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Appendix A: Temperature measurements 

 
Figure 52. Average weekly temperature at six depths at the 1st location on floor 1. The solid lines rep-

resent the average temperature and the dashed lines the minimum and maximum temperatures. 

 
Figure 53. Average weekly temperature at six depths at the 2nd location on floor 1. The solid lines rep-

resent the average temperature and the dashed lines the minimum and maximum temperatures. 
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Figure 54. Average weekly temperature at six depths at the 1st location on floor 4. The solid lines rep-

resent the average temperature and the dashed lines the minimum and maximum temperatures. 

 
Figure 55. Average weekly temperature at six depths at the 2nd location on floor 4. The solid lines rep-

resent the average temperature and the dashed lines the minimum and maximum temperatures. 
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Appendix B: Humidity measurements 

 
Figure 56. Average weekly relative humidity at six depths at the 1st location on floor 1. The solid lines 

represent the average temperature and the dashed lines the minimum and maximum temperatures. 

 
Figure 57. Average weekly relative humidity at six depths at the 2nd location on floor 1. The solid 

lines represent the average temperature and the dashed lines the minimum and maximum temperatures. 
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Figure 58. Average weekly relative humidity at six depths at the 1st location on floor 4. The solid lines 

represent the average temperature and the dashed lines the minimum and maximum temperatures. 

 
Figure 59. Average weekly relative humidity at six depths at the 2nd location on floor 4. The solid 

lines represent the average temperature and the dashed lines the minimum and maximum temperatures. 
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Appendix C: Weather station data 

 
Figure 60. Weakly averaged temperature from the weather station. The solid line represents the aver-

age temperature and the dashed lines represent the minimum and maximum temperatures. 

 
Figure 61. Weakly averaged relative humidity values from the weather station. The solid line repre-

sents the average values and the dashed lines represent the minimum and maximum values. 



 

52 
  

 

 



 

 

  



 

 

 

 
 

Fakulteten för teknik 
351 95 Växjö 
tel 0772-28 80 00, fax 0470-76 85 40 


	Acknowledgement
	Abstract
	Sammanfattning
	Table of contents
	1 Introduction
	2 Sensors and data acquisition instruments
	2.1 Sensors
	2.1.1 Potentiometers
	2.1.2 Conductance
	2.1.3 Temperature/humidity sensors
	2.1.4 Geophones
	2.1.5 Triaxial accelerometer
	2.1.6 Weather station

	2.2 Network components
	2.2.1 Sensor card
	2.2.2 32-Bit microcontroller
	2.2.3 CAN controller
	2.2.4 ADC card
	2.2.5 Raspberry Pi
	2.2.6 PoE switch, UPS and router

	2.3 Distribution of sensors and data acquisition devices
	2.3.1 Floors 1 and 2
	2.3.2 Floors 3 and 4


	3 Web interface
	3.1 Components of the web interface
	3.1.1 Control page
	3.1.2 Floor 1-4 pages
	3.1.3 Live ADC
	3.1.4 Admin
	3.1.5 Documentation
	3.1.6 How to access the interface

	3.2 Log files
	3.2.1 Sensor cards
	3.2.2 ADC cards
	3.2.3 How to access the data


	4 Results
	4.1 Distribution of temperature and humidity in the wall
	4.2 Moisture content in the CLT
	4.3 Operational modal analysis of House Charlie
	4.3.1 Data selection
	4.3.2 Data preprocessing
	4.3.3 Extraction of modal properties
	4.3.4 Scaling of OMA mode shapes
	4.3.5 Finite element modeling

	4.4 Monitoring of beam-column connections

	5 Conclusions & Outlook
	References
	Appendix A : Temperature measurements
	Appendix B : Humidity measurements
	Appendix C : Weather station data

