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ABSTRACT

Several surveys have revealed that most of théirgiErench buildings are still poorly insulatedheTl
current rate of retrofitting is low (1%) but it iending to accelerate to reach the announced
objectives. The problem of internal moisture regsiispecial attention during retrofitting operations
In strongly insulated and poorly ventilated builghninternal condensation can leads to the
development of micro-organisms, materials degradati discomfort and potentially health issues.
The aim of the Humirisk project was to propose aovation methodology in order to limit the
moisture risks related to the building modificaBoThis paper describes a method that has been
developed and discuses the results obtained frowesie studies. The method is based on assessment
of the building initial state according to sevgralameters (construction system, condition of hrasi
units, behaviour of inhabitants, temperature, netathumidity, air permeability and diagnostic
through infrared camera). The building is thentsiplio several sub-systems and studied through a
simplified Failure Modes and Effects Analysis (FMEA order to emphasize potential failure modes
that would result from the retrofitting step. Thisodeling approach allows representing easily
different configurations of buildings. Results betdifferent FMEAs can then be compared in order
to propose a suitable retrofitting solution thdetminto account the risks related to moisture.
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1 INTRODUCTION

Products and innovative systems are and will bégded to achieve the ambitious goals of reducing
energy consumption in buildings. Their levels offpamance will thus be particularly high, and they
must be maintained over time to ensure the dutalufi the works and in compliance with essential
requirements "for a reasonable economically seriifee” as stated in the Construction Products
Directive.

So, the failure criteria of these retrofit packagesst be studied with new eyes. What was previously
assessed as minor degradation (less critical &s)uwill be most serious malfunctions of tomorrow

regarding the new energy performance requiremélits.must also take into account interactions
between the different systems and products usadeétrofitting.

Failure Mode and Effect Analysis (FMEA) is a methbdt aims to identify the combination of events
leading to the failure of a product. Previous wohles’e shown that this approach is interesting for
durability assessment of building systems [TaloBQ&). The literature reports several approaches
presenting guidelines for FMEA integration in thélthing sector as well as case studies [Talon.et al
2006]. For instance [Hans & al. 2007] used a commMEA workflow involving products and
method experts to assess durability of severaldtio® building systems.

The HUMIRISK [Abele & al. 2010] project aims to ass the consequences of a renovation on heat
and moisture transfer and intend to demonstrateathiak free renovation is possible. This requires
integrate the issue of durability and risk manageraé early conception stage.

In this objective, the FMEA approach has been smthpo include several components of building.
Indeed the system has been defined to collect #rous renewal actions (establishment of a
ventilation system , change of windows, installatod insulation ...) and to list the events leadiog
degradation both on the element themselves but @isothers parts of the buildings. From this
analysis failures scenarios have been highlighfdds study was managed by CSTB attended by
several partners (ALDES, Saint-Gobain Isover).

The study is divided into different steps:
- Definition of functional generic block (wall, iner insulation, ventilation system,...)
- The selection of blocks and interfaces for defirfiogising in the initial state;
- The selection of blocks and interfaces for defirtimg unit after renovation;
- The definition of links between blocks;
- The definition of the functions of each of thesediks (functional analysis) and study of
possible damage;
- The list of the final degradation related to theawation for each block;
- Analysis of critical points related to the renoeati

2SYSTEM ANALYSIS

The analysis of the system deals with the desoripttharacterization and modeling of the studied
product and its components. For our study the systdich was studied was the building before
renovation.

In this analysis we have defined the structural position of the building (system boundaries,
components, interfaces, binding modes), its enwiemt, functions and errors, omissions, negligence
suffered by the product during its constructiongess that can cause damages or failures during its
operational phase.

This first step gives information about the struatwcondition of the building during its operatidna
phase (before renovation) and its behavior in nespo environmental contrains.
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Risks assessment of moisture

To meet the expectations of the study, that isaote have a method to effectively assist innovatio
in the renovation with the problematic of moistuse, propose a new FMEA methodology.

The FMEA method requires a large investment foheaew study as it is necessary to redefine the
system with all its component. To be able to maohel study more easily a building, we have split the
building into different "generic blocks ". The 1Bbks created (ventilation system, heating system,
interior insulation, ...) are showned in the syss&tructural analysis. This simplification of thRIEA
method allows to reuse these blocks without haténgpnduct a study on every detail of the building
structural decomposition.

Each block is representing a portion of the bugdamd is initially studied independently.

The blocks are the following:
- Ventilation system;
- Heating System;
- Technical jacket;
- Interior insulation;
- External insulation;
- External vertical walls;
- Roofing;
- Floor;
- Balcony / loggia / window sill;
- Window;
- Door;
- QOutdoors;
- Service Parts;
- Living areas

3 DETERMINATION AND CHARACTERIZATION OF INTERFACES

The interfaces are modeled as mechanical connecfgined, welded, bolted, attached or single
contact) between system components (e.g. The winsloannected to the vertical wall with screws).

3.1 Functional analysis of blocks and bonds

The goal of functional analysis is to determine theerall system functions and the functions
performed by its components and interfaces.

For this, key features of each block are identifibds leading to the creation of a functional nade
the studied building. This model will be used dsaais for failure effect identification. Indeedoifie

of the function is no more maintened the impacttba component and the system could be
immediately identified trough relations betweendtions.

This step is crucial, but still difficult to cargut. Indeed the definition of the overall systemdiions
gives the boundaries of the study and the detetiomaf relevant failure modes is strongly depend
on the quality of the functional description.

In our approach, functions are attibuted to theegenblocks previsouly defined, but also at the
interface between blocks.
The table below shows the functions of blocks dmairtconnections (table 1).
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Table 1. Exemple of functions

Block 1

Block 2

Connection function

Ventilation system

Heating system

extract the house contaminated air

to be safe (user safety)

bring fresh air

to be safe (user safety)

Ventilation system

outside wall

Distribute air flow

stop air flow

remain in position

Distribute air flow

limit weathering flow

remain in position

limit outside noise

control noise flow

remain in position

be silent

control noise flow

remain in position

reduce heat losses

limit heat flow

remain in position

Distribute air flow

Esthetic

remain in position

Distribute air flow

limit noise flow

limit noise flow

Ventilation system

Roofing

extract contaminated air

control weathering flow

limit weathering flow

provide fresh air

control weathering flow

limit weathering flow

Ventilation system

under the window

Distribute air flow

stop air flow

remain in position

Distribute air flow d

limit weathering flow

remain in position

limit outside noise

control noise flow

remain in position

be silent

control noise flow

remain in position

reduce heat losses

limit heat flow

remain in position

Distribute air flow

being aesthetic

remain in position

Distribute air flow

limit noise flow

limit noise flow

Ventilation system

window frame

Distribute air flow

stop air flow

remain in position

Distribute air flow

limit weathering flow

remain in position

limit outside noise

control noise flow

remain in position

be silent

control noise flow

remain in position

reduce heat losses

Limit heat flow

remain in position

Distribute air flow

being aesthetic

remain in position

4 QUALITATIVE ANALYSISTHROUGH FMEA

FMEA allows the identification and description @&gtadations modes and product failures.

For each block and its associated functions we geaentify all potential degradations, their caesis
and consequences. This process is iterative arsiveimen all the failure scenarios are known.

The first step summarizes the damage caused bytraotisn process, stage 1 corresponds to the
initial state at the beginning of the exploitatigimase which is not necessarily a stage without dama
since it can integrate those due to errors in tresituction process. The following steps identifg t
sequence of degradations, that is to say the sosrzfrsystem failures. Examples of results obtine
are presented in table 2 bellow.
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Table 2. Excerpt from FMEA results.

Function Component Cause direct effect indirect effect
e Ventilation airflow not or Insufficient air Insufficientair quality /
1 air distribution o -
system partially insured turnover humidity
I . I obstruction of
2 I|m|t|ng.out3|de Ventilation noise the ventilation back 1
noise system
system
limiting functional Ventilation obstruction of
3 gt noise the ventilation back 1
noises system
system
Ventilation cold air / energetig obstruction of
4 limit heat loss 9 the ventilation back 1
system losses feeling
system
5 extract the housd  Ventilation airflow not or Insufficient air Insufficientair quality /
contaminated air system partially insured turnover humidity
provide fresh air Ventilation airflow not or Insufficient air Insufficientair quality /
6 (focuses on } ; -
people) system partially insured turnover humidity

5 FAILURES GRAPH

FMEA identifies all possible failure scenarios irtadle. Therefore the table quickly becomes very
large and make it difficult to visualize the scaosr

To overcome this problem, results are ussully iegmeed as failure event graphs. The graphs
represent event-failure sequence and / or the coiteiot degradation of components over time that
lead to product failure (see figure 1).

sufficient condition
for D(n} to occur

Dégradation
o n+l
necessary condition

for D(n)
generates D(n+1)

necessary conditior
for D(n-1)
generates D

Deégradation
n

Figure 1. Convention adopted for reading failure graphs

The failures graphs construction is based on theesarinciple as the iterative development of the
matrix of failure modes and effects analysis. Taeycomposed of nodes and edges.

Nodes define : the name of the component or interfthe functions provided by this component or
the interface and their modes of deterioration.

In addition, to support damage diagnosis, faillgesphs can be useful for the analysis of potential
malfunctions during the design phase, and the tyuadintrol provided for the different stages of the
process (implementation, maintenance) or implengenfer an existing product (operation,
retrofitting).
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6 MODELING THE CONFIGURATION AFTER RETROFITTING

Using the generic blocks presented earlier, wergadelize the initial configuration of the building
before the renovation.

Changes related to the renovation are then integjras, for instance an exterior insulation or the
installation of a ventilation system.

The risk analysis shows that the presence of abwglor loggia or window sill may create a thermal
bridge if the area is not properly treated. Figdrehow that this failure should creat thess of
overall thermal performance

The photo below shows that the insulation doesrettrn on the window sill, this is leading to the
presence of a thermal bridge. Cracking of the ogatian also create points of water infiltratione(se
Fig 2).

E—:"\
Figure 2. Treatment of windowsills in a renovation
This thermal bridge itself can cause a cold spbe fealization of a thermal imaging confirms this
degradation and the presence of cold spot at thetipn outside wall / floor. The two zones are

surrounded on the figure below.

38C

T e T G L0 LSRR 0.3

Figure 3. Infrared thermography performed after the renavati

6 Xl DBMC, Porto, PORTUGAL, 2011



Risks assessment of moisture

Figure 4 bellow shows one of the failure event prdpveloped from FMAE study. The analysis of
this graph allows us to identify the consequendeakase cold spots and water infiltration.

Cold spot
occupant

Figure 4. Failure event graph of deterioration of the Exééinsulation renovation

We note that the consequences can be of 3 types:
- Aesthetic losses;
- Loss of thermal performance;
- Destruction of the structure and therefore potéptdangerous to people.

To be complete, the probability of occurrence o€ ttifferent events has been taken into
acount.Results shown that the ruin of the insutaigstem remains very unlikely. In contrast some
water infiltration may create aesthetic losses ititoo serious consequences.

7 CONCLUSIONS

The proposed approach, through simplified FMEAva#ld us to evaluate the consequences of a
renovation on the expected functions of a buildingnsfer of moisture, thermal performance, indoor
air quality, structural stability, occupant safet@geveral potential failure modes related or caused
retrofiting have been identified.

FMEA at macroscopic scale is quite innovative alholg to reuse the work done to any building or
building renovation and open the way to Risk arnalfrom component to building scale.
Furthermore, this approach may serve as decisidpinigetool for project owner involved in
renovation projects.

To complete this study, it is still important to rkato determine the occurrence and severity and
thereby define an criticality assesment of thaiified defects .

In addition, incorporation of a time scale in tthegradation phenomena will also helps to identify
priorities for action or further feasibility studie
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