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The authors are collaborating with a manufacturer of custom built steel frame modular 
units which are then transported for rapid erection onsite (volumetric building system). 
A bespoke integrated monitoring system is under development for control of all systems 
in the building (such as efficient energy usage, lighting, security and comfort) as well as 
the monitoring of structure. The former could be achieved by buying in existing 
technology, however these tend to be costly, single supplier, closed systems that have 
limited interoperability. Furthermore, there are no systems available that will easily 
integrate structural health monitoring with monitoring for controlling building systems. 
As the structural system is relatively lightweight, the vibration characteristics are of 
interest from a noise insulation point of view. The paper describes all aspects of the 
integrated system and presents a selection of results from early tests carried out to assess 
the integrated system. 
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ABSTRACT: The authors are collaborating with a manufacturer of custom built steel 
frame modular units which are then transported for rapid erection onsite (volumetric 
building system). A bespoke integrated monitoring system is under development for 
control of all systems in the building (such as efficient energy usage, lighting, security 
and comfort) as well as the monitoring of structure. The former could be achieved by 
buying in existing technology, however these tend to be costly, single supplier, closed 
systems that have limited interoperability. Furthermore, there are no systems available 
that will easily integrate structural health monitoring with monitoring for controlling 
building systems. As the structural system is relatively lightweight, the vibration 
characteristics are of interest from a noise insulation point of view. The paper describes 
all aspects of the integrated system and presents a selection of results from the early 
tests carried out to assess the integrated system. 

 

1 INTRODUCTION 

In an increasingly technology driven world where everything is beginning not only to be 
“intelligent” but also “interconnected”, while also constrained by “green” pressures 
(such as energy efficiency, life cycle performance and costs etc.), society is placing ever 
increasing demands on industry to improve their products by taking advantage of new 
technologies. At the same time, companies have to comply with increasingly stringent 
performance requirements imposed by the pressures of sustainability and climate 
change. As part of its strategy to develop modular housing, Powerwall (a small Scottish 
manufacturer of “volumetric building systems”) is also taking the opportunity to 
develop “intelligent buildings” by integrating the control of all systems in the building 
(HVAC, lighting, telecoms, security etc.) with structural monitoring. The monitoring of 
the building’s internal and external environment by the building intelligence would 
enable optimisation of occupant comfort in an energy efficient manner as well as 
ensuring their safety and security. There is also the opportunity to provide continued 
service, repair and maintenance through remote monitoring of the building through a 
service hub. In addition the company aims to provide this value in a sustainable manner 
at life cycle costs much lower than conventional building systems. While these 
technologies already exist for high value buildings, very few companies have 
investigated such systems for incorporating into ordinary domestic dwellings in a cost 
effective manner. 
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The pace of development of building intelligence has stepped up considerably over the 
last decade with open communication standards such as BACnet and LonWorks 
maturing, Snoonian (2003). However, such systems remain too expensive for mass 
installation in budget housing, thus an in-house system has been designed specifically 
for Powerwall modular buildings. A development system has been installed in a test 
house that the company has constructed using its volumetric system. The monitoring 
system is constructed using a combination of a wired network (1-wire) and a wireless 
system (Z-wave), which has enabled robust measurement of many environmental 
variables such as power use, external & internal humidity, external solar radiation 
(luminance), indoor CO2 as well as interior and exterior temperatures of the sample 
house. A weather station houses and protects the sensing equipment for humidity and 
luminance measurement. Work has also progressed towards development of user-
friendly human-computer interfaces that work on a web browser from laptops or 
handheld smart devices.  
 
The structural robustness of the modular systems under extreme loads such as 
earthquake and fire have been carried out using detailed finite element models and 
design modifications are being developed and implemented. The structural monitoring 
system is currently under discussion and will include monitoring for structural 
robustness and for long term maintenance. Once structural monitoring is installed in the 
sample house, system identification will be carried out through monitoring ambient and 
forced vibrations. Full structural dynamic models of the sample house will be 
constructed and updated to assist in developing integrated control and maintenance 
strategies. 

2 THE BUILDING SYSTEM AND STRUCTURAL ANALYSIS 

Lightweight steel is increasingly used in modern building construction. Apart from pre-
fabricated structural components such as curtain walls, ceilings and floors, self-
contained modular units are also being developed. Building systems constructed by 
assembling modular units are sometimes called open house system, Veljkovic and 
Joahansson (2006), volumetric structure, Powerwall (2008), or modular steel building, 
Annan et. al. (2009). The advantages of module systems include higher accuracy and 
efficiency of production, shorter construction period, reduced use of skilled labour for 
on-site work, lower life-cycle cost, reduced construction waste, and thus generally 
improved sustainability. 
 
In this study, a novel modular system, referred to herein as post-tensioned modular 
system (PTMS), is considered, Powerwall (2008). The system is constructed by 
assembling modular frame units through special diecast connectors at the floor levels 
and using tie rods vertically. The post-tensioned tie rods tightly connect the modules 
and also provide a mechanism for lateral load resistance in conjunction with the 
connectors. Because of unique structural features due to the pre-stressing system, the 
structural system requires special modelling considerations. 
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Figure 1. Building structure made from modular units and tie rods (courtesy Powerwall 

2008) 

Zheng et. al. (2011) carried out a detailed local and global analyses of the structural 
system subjected to lateral (wind or seismic) loads and suggested design modifications. 
The complexity of the contact behaviour between individual modular frame units and 
the connecting tensioning rods was modelled using a number simplifying idealisations 
which conserved the essential features of behaviour. The tie (post-tensioned) rods were 
modelled using tension only bar elements. The post-tensioning force was introduced by 
setting an initial tensile strain in the bar elements. The contact between the modular 
frame units in the vertical direction was modelled using mass-less, rigid and 
compression only bar elements. The connection between the tie rods and connectors 
was also modelled using compression only bar elements. The analyses identified three 
main failure modes for the system: failure of tubular components in the frame, with 
buckling of a tubular column or bending failure in columns/beams; rupture of tension 
rods; and, connection failure at the joints caused by local failure in the tubular columns 
around the connectors. 

3 INTELLIGENT BUILDING MANAGEMENT SYSTEMS 

3.1  Current State of the Art 

Building Management System (BMS) Solutions are almost exclusively targeted towards 
larger buildings, with few solutions for smaller residential homes (Smart Home 
Solutions), which tend to be aimed towards luxury installations. They are used to 
monitor, control and manage systems and facilities for HVAC, Lighting and Security. 
Early incarnations used proprietary protocols for communication between sensors and 
actuators; nowadays manufacturers give options for protocols such as BACnet and 
LonWorks allowing a degree of integration between systems. It is this integration that 
enables intelligence within buildings, so that data can be shared between different 
systems. Advanced monitoring is now possible with the proliferation of web access and 
mobile devices. It is said that more intelligent control of buildings and systems may 
yield savings of 20% in energy consumption, Murakami et. al. (2007). In order to 
maintain a BMS in an optimal state, expert knowledge is required to interpret monitored 
data and identify how to save energy, minimise costs and provide the best comfort to 
occupants. A building can be considered a living entity, a form of intelligence that seeks 
to improve itself to perform efficiently and provide the best level of comfort for its 
occupants. Though there are several technologies that support building intelligence, 
there is still a lack of 'self-awareness', whereby the building adapts to its use and the 



5th International Conference on 
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011 
11-15 December 2011, Cancún, México 
 
 

- 5 - 

environment producing an optimum level of performance in terms of functionality and 
efficiency.  
 
As the field of structural health monitoring matures, it would make sense to integrate 
SHM and BMS, particularly so for smaller buildings. The authors are unaware of any 
such integration in the context of buildings however such systems do exist for aircraft, 
Gorinevsky et. al. (2005). If a building could store information about itself, in the form 
of a model and how it interacts with internal and external conditions, the BMS would be 
able to make decisions about how to deal with day to day operations, without human 
intervention. Humans should only need to be alerted of potential problems and faults or 
events detected by the BMS (such as seismic excitation), and not have to concern 
themselves with daily operation and optimisation. Other advances in Building Modeling 
and Simulation have yet to cross over to Building Management Systems and create a 
true Intelligent Building. Though there are solutions that have integrated Building 
Information Modeling (BIM) with BMS in terms of 3D visualisation, floor planning and 
design of plant (the BIM concept has roots in 3D CAD), simulation has yet to have an 
impact beyond design stages, even though the same BIM data can be used throughout 
the building lifecycle, from initial conception during design to maintenance strategies 
for repairs or refurbishment. The benefits brought forward by dynamic simulation 
integrated into the BMS has been a relatively small research area, potentially offering 
massive benefits. These will be highlighted in following sections. 
 

3.2  Simulation & Simulated Assisted Control Strategies for Building Management 
Systems 

Building simulation software is increasingly being employed by architects and facilities 
managers to model performance of a building and its energy use. Recent developments 
in BIM look to integrate CAD software with energy performance tools to aid design of 
energy efficient buildings. Simulation allows a range of building physics problems to be 
applied to a building model and analysed, particularly thermal loads (e.g. ESP-r), 
lighting luminance (e.g. RADIANCE) and structural deformations (ANSYS, 
ABAQUS). The building can essentially be prototyped virtually, and various profiles of 
use can be applied, in order to make control and design decisions. It is said that 
decisions made early in the building design process, based on simulation results, can 
have a substantial impact on the building performance[7]. Of particular importance are, 
heating and cooling strategies, which dominate the decision process for energy 
performance, as they form the majority of energy demand in a building. Example 
strategies include Optimised Start/Stop for heating systems and Optimum Night Set 
Back Temperature. Such strategies require to be implemented in the BMS. However, 
even a well implemented BMS is still developed from design parameters, and over time 
these initial parameters will no longer hold true, as the building use changes. These 
changes can be seasonal, in which case the BMS needs to be reprogrammed to a winter 
or summer operating mode. Furthermore with climate change shifting seasons it 
becomes more difficult to predict extreme weather conditions such as a harsh winter. 
Even though a BMS may be pre-programmed to anticipate seasonal changes, occupant 
usage changes, equipment use and knowledge of internal furnishings is impossible to 
determine. BMS can have complex monitoring abilities, and skilled operators will be 
needed to assimilate the data and make adjustments. For very large buildings, this may 
require dedicated staff, but in a residential setting, this simply is not possible. The 
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ability to adapt, by applying intelligence to the BMS will enable automatic 
configuration without an operator, a feature that could be a form of self-learning. 
Previously much research in this area (model predictive control), has focused on neural 
networks and other prediction techniques. These techniques have been found 
implemented in commercial systems (Yoga Intelligent Buildings applying neural 
network theory), however, lack of initial knowledge, and the time to acquire it can 
affect the efficiency. This can be achieved with simulation. Simulation permits larger 
data sets to be used and real-time computation to aid control. 
 
3.3  Building Information Model (BIM) 

BIM is a relatively new and exciting paradigm in the construction industry, and is a 
method of generating and managing building data using software. Information about a 
building is held in a central repository. Various models can be derived, such as a cost 
estimate model, 2D/3D CAD drawings, energy and seismic analysis, etc. 

A BIM is a superset of the 3D CAD model of a building, containing parametric 
information supplemented with object relationships, allowing comparisons and analysis 
to be made. The additional data contained within the BIM can be used to create further 
models and useful information. 4D Models contain time information such as project 
scheduling. 5D Models add a further cost dimension, including labour and construction 
costs, with respect to the 4D plan. 6D Models add MEP (Mechanical, Electrical & 
Plumbing), and may also include equipment details, such as maintenance scheduling. 
This is otherwise known as Lifecycle Management. 

4 PROPOSED SYSTEM ARCHITECTURE 

4.1 Base system for building intelligence  

 

Figure 2 shows the proposed system architecture. The building intelligence platform 
itself has been designed to be considerably more energy efficient in comparison to 
commercial BMS systems, which can themselves consume a lot of energy while trying 

Figure 2. Building Intelligence Architecture 
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to save it.  An embedded 'Plug Computer' has been chosen as the central controller 
hardware; essentially an extremely small form factor Linux (Debian), computer 
packaged into the size of a small AC adaptor.  Consuming less than 5W, and with a 
hardware specification including a 1.2Ghz processor and no moving parts, makes it a 
robust processing unit that requires to run continuously and provide all the monitoring 
and control duties that is required from a BMS.  The Plug Computer interfaces to both 
wired and wireless sensor networks.  1-Wire permits a diverse networking bus structure, 
whereby a single cable can be used to both transmit power and data, making it an 
energy efficient wired solution, particularly for continuous sensing. Z-Wave was chosen 
as the wireless protocol for control of lights and heating thermostats, as it operated in a 
different frequency band to commonly installed WiFi systems (IEEE 802.11) and also 
to Zigbee (IEEE 802.15.4), and offered a wide range of equipment options for the 
chosen services.  Measurements are taken every minute and stored in a database 
(RRDTool), which also provides comprehensive graphing functions.  A Building 
Information Model (BIM) is stored in a separate database, containing the building's 
geometric, structural and thermal properties, which can be used to perform on-line 
simulation via a building simulation tool (ESP-r) to generate energy efficient control 
strategies, and a structural modeling tool developed at Powerwall to continually assess 
the building's structural health.  The BIM is continually updated and calibrated to reflect  
the building's properties virtually, which can also be downloaded remotely, so that 
further analysis may be performed, including more computationally intensive 
simulations (e.g. earthquake simulation) on more powerful hardware. 

4.2  Structural monitoring components  

The monitoring system is intended to provide a real time structural safety and 
serviceability assessment of the modular structure, particularly when it is subjected to 
extreme loading scenarios, such as an earthquake or high wind. Two levels of structural 
monitoring are being considered.  

The base level will involve the monitoring of the conditions related to the critical modes 
of failures identified by the structural analyses. This will include strain in the tension 
rods, primary floor beams and columns for the structural safety monitoring. The current 
building intelligence platform does not have the capacity to monitor structural 
vibrations. A stand alone vibration monitoring system is being considered to collect and 
locally store high frequency time series data and communicate appropriately filtered 
data to the BIM system. 

The higher level will include an expert system to process the structural monitoring data 
acquired from the sensors and carry out safety and serviceability assessment. This will 
provide structural maintenance and repair recommendations for each building due to 
aging or extreme loading history. All structural monitoring and processing information 
will be provided to users and service engineers through an appropriate interface on the 
BIM system. 
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5 PROGRESS SO FAR AND REMAINING WORK 

The current monitoring system has been successful in data acquisition, storage and 

representation, allowing the occupants to monitor their behaviour, particularly energy 
use.  Figure 3 shows the increases in energy during the winter months due to additional 
heating requirements last year.  The energy consumed during this period is hoped to be 
significantly reduced, by employing simulation assisted control to generate optimum 
heating strategies.  By integrating the building simulation tool, ESP-r, to dynamically 
compute thermal loads based on real-time measurements, significant energy 
improvements can be gained by supplying heating only as required.   

 

                (a)                                                      (b) 

Figure 4. (a) iPhone interface showing room monitoring and controls and (b) Android 
phone interface showing real time energy monitoring. 

Other monitoring capabilities include external & internal luminance measurements 
allowing calculation of the daylight factor, to adapt lighting conditions dynamically 
depending on the amount of daylight in a room. An iPhone interface can be used to 
monitor and adjust lighting and temperature in each room (Figure 4a). Similarly an 
alternative Android interface has been developed (Figure 4b).  These devices can also 
act as useful mobile alerting systems. 

Presence detection is determined using PIR (Passive Infra-Red) movement sensors, and 
is used to control courtesy lighting.  However to ascertain persistent occupancy, CO2 
monitoring (usually used to assess air-quality) will be evaluated in combination with 
PIR, to determine when to turn off lighting and heating when rooms are unoccupied 
(currently scheduled).  Also under evaluation, is the use of adaptive comfort 
temperatures which aim to set them lower during winter months, based on the principle 
that occupants will adapt their clothing based on external temperatures. 

A large amount of work has been carried out in automatic creation of optimised 
volumetric structures visualised in the 3D CAD tool, Google Sketchup. The software 

Figure 3. Energy Monitoring 
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developed automatically designs and draws volumetric modules, with further options 
for walls, floors and roof design, with 4D and 5D BIM capabilities, proving useful in 
project management. This dramatically saves time, and the same data generated is used 
for initial creation of the BIM to help create the Building Simulation Model for ESP-r. 
This is of particular importance for a self-configuring BMS, which is already 
knowledgeable for its structure from initial installation.   

Upon completion of the structural monitoring system, plug-ins will be created in Google 
Sketchup to visualise the results of the expert system in 3D, highlighting any structural 
components that may require maintenance.  Later a bespoke 3D visual system will be 
integrated as part of the BMS, to be visualised on mobiles and tablets (possibly with 
augmented reality components) completing the integration task, and offering a complete 
intelligent and future proof system. 

6 CONCLUSIONS 

The paper presented the mid-stage progress of a project to develop an affordable 
building intelligence system which will integrate structural monitoring. The progress so 
far has been promising as a low-cost architecture has been developed and partially 
tested. Considerable work remains, particularly for the structural monitoring part of the 
system and the comprehensive testing of the integrated system on the sample house 
constructed to demonstrate the prototype system. 
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