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A B S T R A C T  

Se vere storms and trop i cal cy clones bring de struc tive winds and heavy rain. While build ing struc tural per for - 
mance has sig nif i cantly im proved in the last few decades due to higher reg u la tory re quire ments, some non - 
structural el e ments, such as win dows, ex ter nal doors, roof cov er ings and at tach ments such as gut ter ing, fas cia 
and eaves, re main sub ject to mi nor fail ure, caus ing loss of amenity and dam age to struc tural build ing com po - 
nents over time. En hanc ing the per for mance of build ings has be come im per a tive to mit i gat ing the im pacts of 
trop i cal cy clones and storm events. Dam age in ves ti ga tions con ducted af ter trop i cal cy clones and se vere storms 
have con sis tently re vealed that win dows and ex ter nal glazed doors are af fected by wind - driven rain, caus ing 
leak age into the cav ity and in te rior of the build ing. This re search study fo cuses on re peated wa ter ingress 
through win dows and ex ter nal glazed doors. Wind - driven rain can pen e trate un dam aged win dows and ex ter - 
nal doors, gaps around the win dow seals or doors, and wa ter proof ing el e ments, thereby al low ing wa ter to en - 
ter build ings. A qual i ta tive ex pert in ter view re search ap proach was ap plied to iden tify sev eral fac tors af fect ing 
the per for mance of open ings (win dows and ex ter nal glazed doors). Sub se quently, a Bayesian Net work model 
was de vel oped ac cord ing to the de ter mined pa ra me ters and ex pert work shops. The Bayesian Net work sce nario 
analy sis en abled the re searchers to iden tify the best com bi na tion of man age ment in ter ven tions to en hance the 
per for mance of open ings to wa ter ingress from trop i cal cy clones and se vere storms. The study find ings pro vide 
ev i dence - based sup port for in dus try and gov ern ment au thor i ties to de velop ef fec tive strate gies for en hanc ing 
the per for mance of open ings sub ject to wind - driven rain from trop i cal cy clones and se vere storms. 

1 . Introduction 

1. 1 . Tropical cyclones and severe storm events 

Many coun tries have a long his tory of nat ural haz ards. The dev as - 
tat ing ef fects of se vere storms and trop i cal cy clones, which are also 
called ty phoons or hur ri canes, un der score the vul ner a bil ity of some 
non - structural build ing el e ments in sev eral build ing types in many na - 
tions' coastal ar eas. Dam age costs as so ci ated with se vere storm events 
glob ally ex ceed tril lions of dol lars each year and ex treme weather - 
related dis as ters will in crease due to cli mate change. These nat ural 
haz ards still pre sent chal lenges to over come since they con tinue to 
sig nif i cantly im pact lo cal com mu ni ties, the con struc tion in dus try, the 

in sur ance in dus try and gov ern ments. Strength en ing the re silience and 
per for mance of build ings is crit i cal for achiev ing a well - functioning 
so ci ety, par tic u larly dur ing and post ex treme weather events. Wa ter 
ingress through poorly de signed and/ or in stalled win dows and ex ter - 
nal glazed doors in build ings re mains an on go ing prob lem caus ing in - 
ter nal leak age and sub se quent dam age [ 1 , 2 ]. Wa ter dam age as so ci - 
ated with each in di vid ual storm event may not be ex ces sive but re - 
peated ser vice abil ity dam age has a cu mu la tive cost im pact and of ten 
causes more se vere long - term is sues with a build ing (e.g. mould, ter - 
mite in fes ta tion, etc.). Re sults from a qual i ta tive in ter view and a 
prob a bilis tic ap proach from this study, iden ti fied and linked the fac - 
tors that can po ten tially en hance the per for mance of open ings that are 
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Table 1 
Re search stages, meth ods, ac tiv i ties and ob jec tives. 

Research 
stage 

Research 
methods 

Research 
activities 

Research activity objectives 

First Qualitative 
expert 
interview, 
thematic 
analysis 
research 

Phone interviews 
and workshops 
with experts 

To identify the factors affecting the 
performance of windows and 
external glazed doors and whether 
the performance is affected in events 
such as storms 

Second Bayesian 
Network 
design and 
scenario 
analysis 

Conceptual model 
developed 
through 
consultation with 
experts 

To synthesise previous knowledge 
into a system to provide a BN 
structure 

  BN structure and 
operationalisation 

To convert the conceptual model 
into a BN structure 

  Parameter 
learning 

To populate conditional probability 
tables (CPTs) and marginal 
probability tables (MDPs) to 
determine the current condition of 
the performance of openings 

  Sensitivity 
analysis and 
scenario testing 
and analysis 

To identify potential management 
interventions under different 
scenarios 

Table 2 
Re sults from the the matic analy sis. 

Category Issues and factors raised by industry and government 

Adequacy of 
Australian Standards 
and its adequate 
knowledge and 
training 

• Despite a water penetration test under the Australian 
Standards, water enters buildings through undamaged 
windows and doors during severe storms and tropical 
cyclone events 

• Failures of waterproofing around windows referred to 
in Australian Standards [ 56 ] cause water ingress, 
moisture and building damage 

• Poor knowledge and level of skills of many designers, 
builders, installers and certifiers in waterproofing 
practices and openings installation 

Installation quality 
assurance and 
control regime 

• Installation work quality documentation is completed 
with limited information. Poor detailed design 
specifications in general for waterproofing 

• Contracts with limited scope specification or clear 
rules in relation to the contractor's 
responsibilities during the construction process 
regarding quality control 

Inspection regime • No active inspection of window and door installation 
by building certifiers 

• There are no guidelines to assist the auditing 
process 

• Inspection certificate for aspects of building work – 
limited evidence of 
the installation and no related waterproofing statement 
required on the current Queensland Form 16 

• Missing supervision during installation and in the 
inspection process 

Liability and recourse • Self - regulation does not work 
• Building certifiers rely on 

Queensland Form 16 
• Poor accreditation of 

installation workmanship 
• Builders should be more 

responsible for checking the quality of the 
building's construction 

• Builders and tradesmen 
‘cutting corners’ 

sub ject to the en trance of wind dri ven rain from trop i cal cy clones and 
se vere storms in the North of Queens land. 

Trop i cal cy clones pro duce strong winds, heavy rain fall, large 
waves and flood ing. The heavy rain fall that ac com pa nies trop i cal cy - 
clones cov ers hun dreds of square kilo me tres and may be ex pe ri enced 
over many days [ 3 ]. They are di vided into five cat e gories. Based on 

the Aus tralian Cy clone Sever ity Scale, Cat e gory 1 is a weaker trop i cal 
cy clone with gusts lower than 125  km/ h and min i mal house dam age; 
while Cat e gory 5 are the strongest, with wind gusts ex ceed ing 
280  km/ h. Trop i cal cy clones rated higher than cat e gory 3 are called 
se vere trop i cal cy clones [ 4 ]. In the USA, the Saf fir - Simpson wind scale 
clas si fies the in ten sity of hur ri canes (which is the same nat ural phe - 
nom e non as a trop i cal cy clone) [ 5 ]. Se vere storms pro duces gusts of 
90  km/ h or more with peak wind gusts ex ceed ing 160  km/ h in the 
most dam ag ing storms [ 6 ]. Ac cord ing to Mid dle mann [ 7 ]; “se vere 
storms are at mos pheric dis tur bances gen er ally de scribed by strong 
and haz ardous winds, com monly as so ci ated with heavy rain, snow, 
hail, ice and/ or light ning and thun der”. Ciavola and Coco [ 8 ] state 
that “a de gree of con fu sion sur round ing the use of the term storm is 
ev i dent and sur pris ingly no over ar ch ing de f i n i tion presently ex ists to 
as sist in their iden ti fi ca tion”. The great est im pacts of se vere storms 
are gen er ally the re sult of large hail, de struc tive winds and heavy 
rain fall and its paid in sur ance claims are greater than those for trop i - 
cal cy clones, [ 7 ]. 

In the USA, the top 5 costli est hur ri canes by es ti mated in sured 
losses (based on USD in 2018) recorded are Hur ri cane Ka t rina at 
US$51.9 bil lion (AU$74.14 bil lion; 1 US$  =  1.4286 AU$ in May 
2019), Hur ri cane Maria (2017) at US$30.7 bil lion (AU$43.85 bil lion), 
Hur ri cane Irma (2017) at US$25.6 bil lion (AU$36.57 bil lion), Hur ri - 
cane Har vey (2017) at US$20.4 bil lion (AU$29.14 bil lion) and Hur ri - 
cane Sandy (2012) at US$20.4 bil lion (AU$29.14 bil lion) [ 9 ]. Hur ri - 
cane An drew (1992) was a ma jor in flu ence for build ing code re gard - 
ing wind de sign and was also one of the costli est to date in the USA. 
Con struc tion that failed to meet the code due to poor en force ment 
and poor qual ity work man ship were re spon si ble for ap prox i mately 
25% of the in sur ance losses (about US$4 bil lion) (AU$5.71 bil lion) 
[ 10 ]. 

In Aus tralia, the In sur ance Coun cil of Aus tralia (ICA) es ti mates the 
loss value for nat ural haz ards: trop i cal cy clones dam age ex am ples in - 
clude Trop i cal Cy clone Deb bie (2017), AU$1.7 bil lion (US$1.19 bil - 
lion; 1 AU$  =  0.70 US$ in May 2019), Trop i cal Cy clone Yasi (2011), 
AU$1.4 bil lion (US$0.98 bil lion) and the Perth storms (2010), AU$1.3 
bil lion (US$0.91 bil lion). In Aus tralia, the great est eco nomic loss from 
a sin gle trop i cal cy clone was caused by Cy clone Tracy in De cem ber 
1974, which caused more than AU$5 bil lion (US$ 3.7 bil lion) in in - 
sured losses [ 11 ]. Up to 60% of the houses and build ings were de - 
stroyed, 65 lives were lost due to build ing fail ure, only 6% of the 
houses and build ings were clas si fied as in tact af ter the event. Cy clone 
Tracy had a sig nif i cant in flu ence on caus ing changes to the Aus tralian 
Build ing Code (a per for mance - based reg u la tory sys tem), in the de vel - 
op ment of the Aus tralian Stan dards and in build ing reg u la tions, as 
well as in a num ber of de sign man u als for hous ing; the storm im - 
pacted build ing con struc tion through out Aus tralia from the 1980s, 
dur ing which is sues with struc tural el e ments were the main types of 
build ing fail ure. By that time, the per for mance of houses and small 
build ings was not fully struc turally en gi neered com pared to larger 
build ings [ 12 ]. Nowa days, struc tural el e ments fail ures are hardly 
men tioned dur ing trop i cal cy clones in ves ti ga tions as a re sult of the in - 
tro duc tion of new reg u la tions that are pro vid ing higher per for mance 
against trop i cal cy clones and se vere storms. 

Build ing codes are used widely as a tool to reg u late build ings‘ de - 
sign and con struc tion [ 13 ]. The US A's Multi - hazard Mit i ga tion Coun - 
cil of the Na tional In sti tute of Build ing Sci ences ver i fied, through a 
cost - benefit analy sis, that every pub lic US$1 (1.4286 AU$) spent on 
mit i ga tion strate gies, such as in par tic u lar ex ceed ing codes, would 
save to in di vid u als, states and com mu ni ties an av er age of US$4 (5.71 
AU$), with spe cific sce nar ios in creas ing that es ti mate to US$16 
(22.86 AU$); thus prov ing that mit i ga tion poli cies are a cost - effective 
strat egy to deal with ex treme events [ 14 , 15 ]. 
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Fig. 1 . Con cep tual model of the fac tors in flu enc ing the per for mance of open ings. 

1. 2 . Non - structural elements 

Ac cord ing to Flo res - Colen and de Brito [ 16 ] build ings can fail due 
to faulty de sign, con struc tion, main te nance, ma te ri als and use. Re - 
searchers have at tempted to iden tify the stages in which gen eral 
build ings’ de fects arise. De sign is sues con tribute to 50% – 60% of 
build ing de fects [ 17 , 18 ] and 60% of these de fects would have been 
pre ventable with a su pe rior de sign [ 17 ]. Joseph son and Ham mar lund 
[ 19 ] ex am ined build ing de fects and found that 45% orig i nated on 
site, 20% re lated to ma te ri als and ma chines, and 32% orig i nated in 
the ear lier phases of de vel op ment (in clud ing de sign). As stated by 
For cada et al. [ 20 ]; poor work man ship, poor su per vi sion, lim ited 
skills or ex pe ri ence, and lack of mo ti va tion, have been high lighted in 
the lit er a ture as the im me di ate cause of build ing de fects, when, in 
fact, the causes have been at trib uted to or gan i sa tional prac tices. In 
line with Jing mond and Ågren [ 21 ] ar gu ments, it is im por tant to 
mod ify pro ject man age ment pro ce dures to min i mize the im pact of 
build ing de fects, and this is likely to be more ef fec tive than in creased 
train ing or other changes in the con struc tion site rou tine. 

A solid struc tural sys tem and build ing en ve lope (com pound of the 
ex ter nal doors, win dows, sof fits and roof sys tems, ex ter nal wall cov er - 
ings) per for mance are crit i cal to pre vent harm and min imis ing dam - 
age to a build ing and are es pe cially crit i cal for build ings ex posed to 
high wind events. Solid de sign, ma te ri als, in stal la tion, main te nance 
and re pair re sult in a favourable per for mance of a build ing. The per - 
for mance of the build ing can be low ered due to a de fect in any of 
these five el e ments; an im proved de sign is con sid ered the key to 
achieve a su pe rior per for mance. A bet ter de sign so lu tion can com pen - 
sate for some of the in ad e qua cies of the build ing ma te ri als and/ or its 
in stal la tion, by em bed ding some sec ondary wa ter proof ing bar ri ers. 
How ever, a poor de sign so lu tion will still be in ad e quate for re pelling 
wa ter ingress, re gard less of the qual ity of ma te ri als and in stal la tion 
work man ship. These find ings are based on field in ves ti ga tions of 
houses hit by Hur ri canes Hugo, An drew, Iniki, Charley, Ivan, Ka t rina 
and oth ers [ 22 ]. 

The Cy clone Test ing Sta tion (CTS) of James Cook Uni ver sity in 
Aus tralia, con ducted in ves ti ga tions of build ing dam age from Trop i cal 
Cy clone Deb bie (2017), Trop i cal Cy clone Yasi (2011), Trop i cal Cy - 
clone Larry (2006) and Trop i cal Cy clone Ol wyn (2015) and iden ti fied 
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Table 3 
Model vari ables, states and their de scrip tion used in con struct ing the con cep - 
tual model and sub se quently BN struc ture. 

Variable Variable states Description 

1. Opening 
Standards 

1.Adequate 
2.Inadequate 

The resistance to water penetration (under 
static wind load) test requirement for windows 
and external glazed doors (AS 2047 – 2014 and 
AS/NZS 4420.1) 

2. Standards 
knowledge 
training 

1.Adequate 
2.Inadequate 

Level of skills and knowledge in several scales 
(designers, builders and installers) in (design, 
installation and waterproofing practices) 

3. Inspection 
certificate 
document 

1.Adequate 
2.Inadequate 

Level of information provided on Form 16 
(Qld document) 

4. Construction 
documentation 

1.Adequate 
2.Inadequate 

Level of design specification 

5. Contract 
documentation 

1.Adequate 
2.Inadequate 

Level of project scope in relation to the quality 
control during the construction 

6. Inspection 
effectiveness 

1.Effective 
2.Ineffective 

Level of inspection provided for windows and 
external glazed doors and its waterproofing 

7. Contractor's 
performance 
review 

1.Monitored 
2.Not 
monitored 

Record of the quality of construction provided 
by contractors 

8. Product's 
performance 

1.High 
2.Low 

Level of product performance based on 
Openings Standards and Standards knowledge 
& training 

9. Monitoring & 
inspection 
practice 

1.Effective 
2.Ineffective 

Level of Monitoring & inspection practice 
based on Inspection effectiveness and 
Contractor's performance review (relates to the 
inspection provided by certifiers using only 
Form 16 (Inspection effectiveness) and the 
quality of the construction provided by 
contractors (contractor's performance review) 

10. Liability 
evidence 

1.Satisfactory 
2.Unsatisfactory 

Level of liability evidence based on 
Construction documentation, Contract 
documentation and Monitoring & inspection 
effectiveness (liability assignment to the 
openings supply chain for issues related to 
water ingress from the openings) 

11. Quality 
Assurance and 
Control 

1.Adequate 
2.Inadequate 

Level of quality assurance and control based 
on Inspection certificate document, 
Construction documentation, Contract 
documentation and Monitoring & inspection 
practice 

12. Performance 1.Acceptable 
2.Needs 
improvement 

Performance of windows and external doors 
rely in three pillars: Product's performance and 
its variables, Quality Assurance and Control 
and its variables and Liability evidence and its 
variables 

Table 4 
Prior prob a bil i ties of Par ent nodes from pa ra me ter learn ing. 

Parent nodes (variables) Prior probabilities in each given state 

Opening Standards Adequate (14.2%) Inadequate (85.8%) 
Standards knowledge and training Adequate (33.3%) Inadequate (66.7%) 
Inspection certificate document Adequate (33.8%) Inadequate (66.3%) 
Construction documentation Adequate (38.7%) Inadequate (61.3%) 
Contract documentation Adequate (38.3%) Inadequate (61.7%) 
Inspection effectiveness Effective (30.4%) Ineffective (69.6%) 
Contractor's performance review Monitored (31.7%) Not monitored (68.3%) 

a re duc tion in struc tural dam age as a re sult of the im prove ment of the 
Build ing Code and the in tro duc tion of the Aus tralian Stan dards in the 
early 1980s. How ever, con tin ued poor per for mance of non - structural 
el e ments such as win dows, ex ter nal doors, roof cov er ings and at tach - 
ments, such as gut ter ing, fas cia and eaves, has caused a loss of 
amenity and dam age to struc tural build ing com po nents over time, es - 
pe cially re lated to wa ter ingress [ 23 – 26 ]. Min i mum stan dards for the 
con struc tion of build ings are pro vided on the Na tional Con struc tion 
Code (NCC), which is a per for mance - based code [ 27 ]. 

Wind and rain can pen e trate un dam aged win dows and ex ter nal 
doors, which have small fail ures around the win dows’ seals, the doors 

or wa ter proof ing el e ments, lead ing to wa ter dam age to in te rior fin - 
ishes and fa cil i tat ing mould growth. In ad di tion, win dows and ex ter - 
nal doors may be sucked out of the house if they have not been prop - 
erly in stalled, due to fault or un sat is fac tory fix ing of the frames to the 
house struc ture [ 23 – 26 ]. The prob lem of the ingress of wind - driven 
rain is com mon and oc curs through ex te rior doors, be tween the door 
and its frame, the frame and the wall as well as the thresh old and the 
door; for win dows, the fail ures were caused by in ap pro pri ate con nec - 
tion of the win dow frame to the wall, ac cord ing to field in ves ti ga tions 
on houses hit by Hur ri canes Hugo, An drew, Iniki, Charley, Ivan, Ka t - 
rina and oth ers in the USA [ 10 ]. 

Spe cific mit i ga tion mea sures for home own ers to pre vent wa ter in - 
tru sion in clude in stalling a plas tic sheet sill ex ten sion on the in side 
face of the win dow [ 28 ] or the use of storm shut ters on the ex te rior 
face of the win dow, though shut ters will likely not sig nif i cantly de - 
crease the wind - driven rain de mand on the glazed as sem bly [ 28 , 29 ]. 
In ad di tion, a range of in dus try guide lines with in for ma tion re lated to 
the se lec tion of open ings and in stal la tion [ 30 , 31 ] ad dressed to home - 
own ers and the con struc tion in dus try is avail able. 

Pro vid ing de tails of the in ter face be tween the win dow and the 
wall to the ex tent pos si ble, are help ful prac tices for de sign pro fes sion - 
als. The con se quences of wa ter proof ing de fects are wa ter ingress and 
mois ture. Sealants are not the pri mary pro tec tion but the sec ondary 
line of de fence against wa ter in fil tra tion. If a sealant joint is the first 
el e ment of de fence, a sec ond one should be de signed to in ter cept and 
drain the wa ter that dri ves past the sealant joint [ 22 ]. Dur ing the con - 
struc tion of the build ing, ap pro pri ate qual ity con trol (e.g., in spec tion 
by the con trac tor's per son nel) and ap pro pri ate qual ity con trol (e.g., 
in spec tion by third par ties) should be pro vided based on a spec i fied, 
de tailed de sign [ 22 ]. For qual ity con trol, the in spec tion of the win - 
dows and doors in cludes check ing the at tach ment of the win dows and 
doors to en sure there is enough wall - framing nails/ screws [ 29 ]. 
Larger win dows should re ceive more in spec tion than smaller ones. 
The in spec tion of roof cov er ings and win dows is gen er ally more im - 
por tant than for most wall cov er ings, since roof ing and glaz ing are 
more sus cep ti ble to wind, cre at ing con sid er able wa ter dam age when 
these el e ments fail [ 22 ]. 

An as sess ment in Canada of var i ous win dow types ex posed to wind 
and rain was un der taken by RDH Build ing En gi neer ing Lim ited [ 32 ] 
to de ter mine the wa ter ingress paths in the build ing and the causal 
fac tors as so ci ated with the wa ter ingress paths. The ob jec tive was to 
es tab lish strate gies for ad dress ing wa ter ingress as a per for mance is - 
sue, be cause pre vi ous stud ies iden ti fied that is sues in fab ri ca tion, in - 
stal la tion and main te nance were con sid ered main con trib u tors to 
mois ture prob lems in build ings. In dus try sec tors par tic i pated in the 
pro ject to help iden tify causal fac tors and as in put for the val i da tion 
of the re sults. It was found that the most pos i tive op por tu ni ties re - 
lated to the man u fac tur ing sec tor and build ing de sign sec tor. Rec om - 
men da tions pro vided to the man u fac tur ing sec tor ad dressed the need 
to in crease qual ity con trol and, for the de sign ers, the need to pro vide 
spe cial at ten tion to the win dow to wall in ter face, as those de tails had 
his tor i cally been a re spon si bil ity of the gen eral con trac tor and the 
trades. Builders should fo cus more on the qual ity of in stal la tion, and 
greater trade train ing should be made avail able and pos si bly man - 
dated. In John ston and Reid [ 33 ]; re search about build ings' de fects 
ad vised that wa ter ingress - related de fects of ten man i fest af ter the first 
ma jor rain even t's im pacts, are ob serv able to res i dents and usu ally re - 
quire im me di ate ac tion. How ever, con cealed de fects, usu ally be hind a 
wall or other struc ture, are of ten dif fi cult or even im pos si ble to de tect 
when un der tak ing a build ing au dit post - construction. 

Gin ger [ 3 ] has sug gested that wa ter ingress into a build ing is as so - 
ci ated with non - structural el e ments when heavy rain oc curs with 
wind speeds ex ceed ing 108  km/ h. Lab o ra tory re search at the Uni ver - 
sity of Florida has in ves ti gated the per for mance of res i den tial win - 
dow - wall sys tems with re gards to wa ter pen e tra tion rates based on 
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Fig. 2 . Bayesian Net work model - Cur rent con di tion. 

Table 5 
Sen si tiv ity of ‘Per for mance’ to in flu enc ing vari ables. 

No. Variables Mutual information 

1 Product performance 0.16219 
2 Quality Assurance and Control 0.03612 
3 Opening standards 0.02021 
4 Standards knowledge and training 0.01299 
5 Liability evidence 0.01117 
6 Monitoring and inspection 0.00672 
7 Contractor's performance 0.00440 
8 Construction documentation 0.00185 
9 Inspection effectiveness 0.00115 
10 Inspection certificate document 0.00094 
11 Contract documentation 0.00088 

time - varying wind loads sce nar ios de vel oped through wind tun nel ex - 
per i ments and has in di cated that re al is tic dri ving - rain (un der cy clonic 
winds and rain) sce nar ios should be im ple mented to ac cu rately test 
the test wa ter pen e tra tion re sis tance of the win dow - wall in ter face and 
this, may be a crit i cal omis sion in the Amer i can Stan dard, since more 
than two - thirds of the win dow - wall spec i mens leaked at the in ter face 
[ 34 ]. The Aus tralian wa ter pen e tra tion re sis tance test is a method for 
de ter min ing the re sis tance to wa ter pen e tra tion un der sta tic wind 
load (wa ter sprayed uni formly and con tin u ously [ 35 ]. Al though this 
stan dard pro vides wind pres sures and rain fall rates that are com plied 
with, these pres sures are not ad e quate to pre vent wa ter ingress dur ing 
cy clonic events [ 28 ]. 

1. 3 . Research gap and objectives 

The above re view of the lit er a ture has crit i cally sum marised the 
non - structural fail ure of win dows and ex ter nal glazed doors due to 
wind - driven rain from trop i cal cy clones and storms that af fects a wide 
range of groups, in clud ing the gov ern ment, in sur ance sec tor, in dus try 
groups and the gen eral com mu nity. Specif i cally, this study con ducted 
a sci en tific in ves ti ga tion of the fac tors af fect ing the per for mance of 
win dows and ex ter nal glazed doors dur ing trop i cal cy clones and se - 
vere storms al low ing wa ter ingress into the build ing which cause mi - 

nor or mod er ate dam age. This is sue has been gen er at ing re peated re - 
pair and con se quent cost im pact. The tar get pop u la tion to con duct the 
sci en tific in ves ti ga tion, was the open ings sup ply chain, as the study 
also sought to un veil, un der stand and un pack in ter de pen den cies be - 
tween the open ings sup ply chain which have di verse in ter ests to pos - 
si bly iden tify best prac tices to en hance the per for mance of build ing 
en ve lope open ings. As de scribed, win dows and ex ter nal glazed doors 
will leak if not de signed and in stalled in a qual ity man ner. Elim i na - 
tion of all wa ter ingress is not likely pos si ble; how ever, un nec es sary 
wa ter ingress dur ing se vere events should be elim i nated. The aim of 
this pa per was to ad dress this re search gap. As part of the re search ap - 
proach, a qual i ta tive in ter view data col lec tion method was adopted to 
in crease the the o ret i cal and prac ti cal un der stand ing of man age ment 
prac tices with rel e vant in dus try groups and gov ern ment. From that, a 
prob a bilis tic mod el ling ap proach us ing a Bayesian Net work (BN) was 
used to iden tify the most ef fec tive man age ment prac tices that can in - 
crease the per for mance of open ings. BN uses prob a bil ity the ory for 
quan ti fy ing un cer tainty, which al lows rea son ably straight for ward 
com mu ni ca tion of model un cer tain ties to stake hold ers and col lab o ra - 
tors [ 36 ]; as a con se quence for this re search work BN can be used to 
sup port in bet ter tar get ing and pri ori tis ing in vest ments and de ci sion 
mak ing for build ing open ings per for mance. This case study was con - 
ducted in Queens land, Aus tralia, with the sup port of sev eral lo cal in - 
dus try and gov ern ment par tic i pants who had knowl edge and work ex - 
pe ri ence with win dows and ex ter nal glazed doors in trop i cal cy clone - 
prone re gions. 

The ob jec tives of this re search pro ject are as fol lows: 

1) To identify the key factors that affect the performance of window 
and external glazed doors to wind - driven rainwater ingress during 
tropical cyclones; 

2) To develop an openings' wind - driven water ingress performance 
prediction model using a BN modelling approach; 

3) Use BN scenario analysis to identify the most appropriate 
management interventions that could lead to a greater 
performance of window and door openings subject to wind - driven 
rainwater ingress during tropical cyclones and severe storms, 
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Fig. 3 . Bayesian Net work model - Open ings per for mance level pre dic tion when the ‘Open ings Stan dard’ node is changed to “100% Ad e quate’ (i.e. Sce nario 1). 

helping decision making with a straightforward communication 
and support for better targeting and prioritization of investments. 

The pa per is or gan ised into five sec tions. Sec tion 2 de scribes the 
re search method and ac tiv i ties em ployed, in clud ing, qual i ta tive data 
col lec tion and analy sis, fol lowed by the Bayesian Net work (BN) model 
de vel op ment pro ce dure. The study re sults are pre sented in Sec tion 3 
and a dis cus sion in Sec tion 4 . Fi nally, Sec tion 5 pro vides con clud ing 
re marks and the main con tri bu tion of this pa per. 

2 . Methods and activities 

The north ern part of the state of Queens land in Aus tralia was se - 
lected as the case study lo ca tion, as storms and trop i cal cy clones (cat - 
e gories 1 and 2) oc cur any time of the year and trop i cal cy clones (cat - 
e gories 3, 4 and 5) gen er ally oc cur be tween No vem ber and April. A 
mixed - method re search ap proach was adopted to achieve the re search 
pro ject ob jec tives. The study started with a se ries of qual i ta tive in ter - 
views with in dus try and Gov ern ment par tic i pants who had knowl edge 
and work ex pe ri ence with win dows and ex ter nal glazed doors in trop - 
i cal cy clone - prone re gions. Sub se quently, a BN model was con cep tu - 
alised and de vel oped based on the qual i ta tive re search re sults and 
sub se quent work shops. The BN was used to iden tify the most ef fec tive 
man age ment prac tices that can in crease the per for mance of open ings. 
Table 1 sum marises the main re search stages, meth ods, ac tiv i ties and 
ob jec tives un der taken in this re search pro ject. 

2. 1 . Stage 1: qualitative data collection and analysis 

The first re search stage en com passed a qual i ta tive re search. A par - 
tic i pa tory mod el ling ap proach [ 37 ] was cho sen and in cluded work - 
shops and phone in ter views. It was an tic i pated that in dus try knowl - 
edge would help to iden tify the fac tors af fect ing the per for mance of 
win dows and ex ter nal glazed doors dur ing trop i cal cy clones, which al - 
low wa ter ingress into the build ing, and to iden tify if this fail ure oc - 
curs dur ing other events, such as storms, since they are preva lent in 
the north of Queens land. The tar get re spon dents in cluded the con - 
struc tion In dus try and con struc tion Gov ern ment sec tor, and its as so ci - 
ated pro fes sion als with knowl edge and work ex pe ri ence of win dows 
and ex ter nal glazed doors in trop i cal cy clone - prone re gions of 
Queens land, as de scribed in Sec tion 1. 2 . While gov ern ment agen cies 
and ma jor win dow man u fac tur ers were ac tively tar geted to par tic i - 
pate in the study, a num ber of smaller builders, in stallers and in spec - 
tors were con tacted af ter busi ness di rec tory searches and re quested to 
par tic i pate in this study. The data col lec tion ran from No vem ber 2017 
to March 2018, reach ing a to tal of 39 par tic i pants through both phone 
in ter views (27) and work shops (12). This ap proach was ap plied to 
gain in dus try knowl edge on cur rent man age ment prac tices in re la tion 
to the de sign, man u fac tur ing, in stal la tion, cer ti fi ca tion and in spec tion 
processes of win dows and doors in res i den tial build ings. The phone 
in ter views par tic i pants were in dus try prac ti tion ers in clud ing in stallers 
and builders, build ing cer ti fiers, man u fac tur ers, con struc tion man - 
agers and ar chi tects based on the Gold Coast, Townsville and Cairns. 
These pro fes sion als were the most fa mil iar with the is sues and fac tors 
af fect ing the per for mance of open ings dur ing trop i cal cy clones and se - 
vere storms. Three work shops were fa cil i tated, with the fol low ing par - 
tic i pants and lo ca tions: 1) a large Bris bane - based alu minium win dows 
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Table 6 
Sce nar ios (1 – 11) with state and vari able de scrip tions. 

Scenarios Variable State 

1 Opening standards 100% Adequate 
2 Standards knowledge and training 100% Adequate 
3 Construction documentation 100% Adequate 
4 Inspection effectiveness 100% Adequate 
5 Inspection certificate document 100% Adequate 
6 Contract documentation 100% Effective 
7 Contractor's performance review 100% Monitored 
8 Opening standards  +  Standards knowledge 

and training  +  Construction documentation 
100% Adequate +100% 
Adequate +100% 
Adequate 

9 Opening standards  +  Standards knowledge 
and training 

100% Adequate +100% 
Adequate 

10 Opening standards  +  Construction 
documentation 

100% Adequate +100% 
Adequate 

11 Standards knowledge and 
training  +  Construction documentation 

100% Adequate +100% 
Adequate 

and doors com pany; 2) staff from the Queens land De part ment of 
Hous ing and Pub lic Works (build ing and as set ser vices) and from a 
larger build ing con trac tor in Townsville; and 3) James Cook Uni ver si - 
ty's CTS re searchers, from Townsville. The 2 - h work shop in Bris bane 
in volved the themes of stan dards, doc u ments, qual ity pro ce dures, de - 
sign, man u fac tur ing and the in stal la tion process. The 3 - h work shop in 
Townsville fo cused on un der stand ing the de sign, con struc tion and in - 
spec tion stages. The 2 - h work shop with the spe cial ist CTS re searchers 
was con ducted on the af ter noon of the same day as the work shop 
with Queens land De part ment of Hous ing and Pub lic Works staff in 
Townsville and in cluded an open dis cus sion about win dow and wa ter - 
proof ing test ing pro ce dures and the ad e quacy of Aus tralian Stan dards 
for achiev ing ad e quate ser vice abil ity stan dards. Fol low ing data col lec - 
tion, work shop tran scrip tions were analysed main tain ing anonymity. 

Struc tured ques tions were used to prompt dis cus sion; ques tions fo - 
cused on the fol low ing top ics: 

• Confirmation whether wind - driven rain through openings is an 
issue that causes minor or moderate damage and consequent 
repairs (i. e., internal linings); 

• Identification of the causes of water penetration in building 
envelope, windows and doors; and 

• Perceptions of the functions and effectiveness across the entire 
supply chain for openings, including industry knowledge and 
skills, installation process, waterproofing, related documents, 
inspection, products and level of design specification. 

In the fi nal part of phone in ter views and work shops, open - ended 
ques tions were asked on the re spon dents’ opin ions, best - practice ex - 
pe ri ences and sug ges tions to pre vent, min i mize and in spect open ings. 
When nec es sary, fol low - up con tacts were made with in ter vie wees to 
clar ify re sponses. Re sponses were recorded and later tran scribed. 

In or der to com pre hen sively in ter pret the so licited data, the matic 
analy sis [ 38 , 39 ] of the tran scribed data was un der taken to ex tract 
find ings in a sys tem atic and thor ough man ner. The the matic analy sis 
con sisted of the fol low ing steps: (1) dataset fa mil iari sa tion (i.e. writ - 
ing tran scripts and in ter pret ing data); (2) key words were high lighted 
through all the data sets, cap tur ing main ideas and how they were re - 
lated; (3) key words were grouped into codes; (4) the codes were ag - 
gre gated to de velop four themes, which rep re sented the core opin ions 
of the in ter vie wees; (5) the list of themes was re vised to en sure con - 
sis tency and a sum mary re sults table was pop u lated. The qual i ta tive 
analy sis re sulted in a broad com pre hen sion of the com mu ni ca tion be - 
tween the build ing ‘open ings’ sup ply chain, role of each in volved pro - 
fes sional, bar ri ers, best - practices, as well in some rec om men da tions. 

2. 2 . Stage 2: Bayesian Network model 

2. 2. 1 . Bayesian Networks: introduction 
Bayesian Net works (BN) are prob a bilis tic, graph i cal mod els rep re - 

sent ing a num ber of vari ables (nodes) and their con di tional in ter de - 
pen den cies that con cep tu alise a di rected acyclic graphic (DAG). BN 
use prob a bilis tic con cepts to en able learn ing and rea son ing process 
[ 40 ]. The nodes in a DAG are linked by ar rows that rep re sent the de - 
pen dent re la tion ship be tween them. The val ues of the nodes are de - 
fined in terms of dif fer ent states. Par ent nodes are the nodes that di - 
rectly af fect an other node, and the ones af fected are named child 
nodes. The strength of the re la tion ships be tween linked nodes is de - 
fined in a Con di tional Prob a bil ity Ta bles (CPTs) that are at tached to 
each node [ 36 ]. For nodes with out par ent nodes, in stead of a CPT a 
mar ginal prob a bil ity dis tri b u tion (MPD) is linked to the node and also 
rep re sented in a dis cre tised tab u lar for mat. Pa ra me ter learn ing is the 
process of us ing data (from em pir i cal datasets or ex pert judg ment) to 
learn the dis tri b u tions of the CPTs and MDPs [ 41 ]. The be hav iour of 
the model can then be tested by ap ply ing dif fer ent sce nar ios. The ef - 
fect of the sce nario can be ex am ined by its ef fect on other nodes 
through the prop a ga tion of prob a bil i ties as BN rely on Bayes' the o rem 
to prop a gate in for ma tion be tween nodes [ 42 ]. Chen and Pollino [ 36 ] 
have stated that the rapid prop a ga tion of in for ma tion through the BN 
is one of its ma jor ad van tages; as a con se quence, they can be used to 
quickly as sess how de ci sions and ob served con di tions at one node will 
af fect the en tire sys tem. BN en able rea son ing un der un cer tainty, 
which can be crit i cal for de ci sion - making [ 40 ]. 

Bayesian Net works can pro vide ad e quate ac cu racy also with miss - 
ing or few data as long as the model struc ture is well de fined [ 43 ]. 
Also, dif fer ent sources of data can be in te grated, or where nu mer i cal 
data are not avail able, prob a bil i ties based on ex pert knowl edge can be 
pro vided to the model [ 43 ]. Bayesian Net works also rep re sent a suit - 
able de ci sion sup port tool for de ci sion - makers, as the costs and risks 
as so ci ated with dif fer ent man age ment strate gies can eas ily be as sessed 
[ 43 ]. The causal graphic struc ture rep re sen ta tion al lows for un der - 
stand ing by stake hold ers and non - technical users [ 36 ]. BNs how ever 
also have a few lim i ta tions. Mor gan et al. [ 44 ] have stated that it may 
be chal leng ing to con vert ex perts' opin ions into prob a bil ity dis tri b u - 
tions, es pe cially when deal ing with large CPTs. As a con se quence, it is 
im per a tive to keep the BN sim ple in or der to re strict the num ber of 
con di tion ing fac tors, when re ly ing mainly on ex pert in put. How ever, 
Char niak [ 45 ] con sid ers ex perts' opin ions as of ten re li able. Fi nally, 
feed back loops are not eas ily sup ported in BNs [ 46 ]. 

Real - life prob lems can be ad dressed by BNs, and for this rea son, 
they have be come widely ac cepted as in tu itively ap peal ing prob a bilis - 
tic mod els [ 47 ]. They have es tab lished them selves in a wide va ri ety of 
do mains, in clud ing ecol ogy, en gi neer ing and med i cine [ 48 – 50 ]. In en - 
gi neer ing, do mains where BNs have been used vary from hur ri cane 
dam age [ 51 ] to coastal haz ards [ 52 ], ex treme events im pacts on wa - 
ter sys tems [ 53 ], road ac ci dents [ 49 ], safety risk analy sis in con struc - 
tion pro jects [ 54 ], eval u a tion of build ing de sign [ 48 ] and of best poli - 
cies for in creased retro fitting up take of pub lic build ings [ 55 ]. 

2. 2. 2 . Bayesian Network: model development 
The con struc tion of a BN in volves the fol low ing three steps: 

1. Conceptual model development: identification of the variables 
(nodes) and its states related to the research study; 

2. Conversion of the conceptual model into a BN DAG structure; and 
3. Parameter learning, based on the BN structure, completed 

through either, or a combination of, historical data, expert data, 
or outputs of other models. 

Once de vel oped and val i dated based on ex pert judg ment, a BN can 
be used for the fol low ing pur poses: sen si tiv ity analy sis to iden tify the 
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Fig. 4 . Cal cu lated prob a bil ity of “Ac cept able” Per for mance for sce nar ios 1 to 7 (only in di vid ual BN nodes be ing changed) com pared to ini tial prior prob a bil ity for 
Ac cept able Per for mance. 

most im pact ful in puts for the tar get node; and sce nar ios test ing and 
analy sis based on sen si tiv ity analy sis [ 41 , 49 ]. 

The first ac tiv ity for this re search study un der the BN stage was to 
syn the sise the ex ist ing knowl edge into a con cep tual model of the sys - 
tem. The main pur pose was to iden tify the most im por tant sys tem 
com po nents and their con nec tions, pro vid ing the ba sis of the BN 
struc ture. As a first step, all the main fac tors af fect ing the per for - 
mance of open ings were listed, fol lowed by the iden ti fi ca tion and de f - 
i n i tion of each in put vari able and the de f i n i tion of the states for each 
vari able (node). Two states were de fined per node, which are con sid - 
ered rel a tively small and there fore eas ier to pop u late. The con cep tual 
model was com pleted by the re search team fol low ing an ex ten sive re - 
view of the ex ist ing lit er a ture and con sul ta tion with ex perts. 

The con cep tual model was sub se quently con verted into a BN net - 
work struc ture cre ated in Net ica (by Norsys Soft ware Corp. – Bayes 
Net Soft ware). Once the BN net work was formed, pa ra me ter learn ing 
was con ducted. The pa ra me ter learn ing was con ducted through a 
work shop, phone in ter views and a face - to - face meet ing. A to tal of ten 
ex perts from in dus try and gov ern ments in dif fer ent fields at tended the 
work shop in Bris bane, Aus tralia. Five ex perts from gov ern ment and 
in dus try par tic i pated through fol low - up phone in ter views, and a face - 
to - face meet ing with one in dus try ex pert was con ducted, thus reach - 
ing a to tal of 16 par tic i pants in this stage of the re search. The di ver - 
sity of the roles of par tic i pants as well as in dus try ex pe ri ence (be - 
tween 15 and 45 years), en sured re li able re sults. 

The elic i ta tion process took ap prox i mately two months to be com - 
pleted. Dur ing the elic i ta tion process, ques tions such as, “ What is the 
prob a bil ity that vari able A (e.g., li a bil ity ev i dence) takes the state X (e.g., 
sat is fac tory) given in for ma tion Y (e.g., the mon i tor ing and in spec tion prac - 
tice is ef fec tive, the con tract doc u men ta tion is ad e quate, and the con struc - 
tion doc u men ta tion is ad e quate) ? “, based on the BN struc ture model 
were asked. A sen si tiv ity analy sis was then con ducted to iden tify 
which fac tors have more im por tant pol icy or man age ment val ues in 
analysing the open ings' per for mance. Then, var i ous sce nar ios were 
tested; BNs pro vide a sim ple way of test ing sce nario, by up dat ing 
‘new ev i dence’ into one of the two states for one or more in put nodes, 
hence up dat ing the en tire net work and con se quently, the tar get node 
with a new out come pre dic tion prob a bil ity. 

3 . Results 

3. 1 . Qualitative thematic analysis 

Wind and rain wa ter ingress through open ings were fre quently 
men tioned dur ing the in ves ti ga tion stage, con firm ing the ex is tence of 
fail ure, which oc curs dur ing trop i cal cy clones and se vere storms, ac - 
knowl edged as a sig nif i cant cause of claims and re pairs in north ern 
Queens land. Four salient themes emerged from the the matic analy sis, 
which was based on the re spon dents' tran scripts, namely: (1) ad e - 
quacy of Aus tralian stan dards and its ad e quate knowl edge and train - 
ing; (2) in stal la tion qual ity as sur ance and con trol regime; (3) in spec - 
tion regime; and (4) li a bil ity and re course. Table 2 pre sents the is sues 
and fac tors raised by in dus try and gov ern ment that have been used to 
un der stand what cur rently af fects the per for mance of open ings from a 
holis tic view. The find ings re vealed some key rec om men da tions to im - 
prove the cur rent prac tices based on the par tic i pants' col lab o ra tion as 
well as the au thors’ ini tia tive. These nine rec om men da tions re lated to 
the fol low ing crit i cal as pects: (1) con struc tion doc u men ta tion – draw - 
ings and spec i fi ca tions; (2) con tract doc u men ta tion; (3) prepa ra tion 
and in stal la tion pro ce dure; (4) au dit ing check list; (5) in stal la tion 
qual ity form; (6) open ings cer tifi cate; (7) au dit ing check grad ing; (8) 
de sign stan dards; and (9) knowl edge trans fer and ed u ca tion. These 
prac ti cal rec om men da tions are de tailed in a pub licly avail able in dus - 
try re port com pleted by the au thors [ 57 ]. 

3. 1. 1 . Adequacy of Australian Standards and its adequate knowledge and 
training 

The matic analy sis re vealed that wind - driven rain in every cy clone 
or storm event can cause win dows and ex ter nal glazed doors to leak. 
This fact raised two is sues re lated to the Aus tralian Stan dards: (1) 
Some in ter vie wees sug gested that im prove ments to the Aus tralian 
Stan dards re lated to win dows and ex ter nal glazed doors is re quired as 
they are cur rently not ad e quate; and (2) some in ter vie wees were also 
con cerned about the lack of knowl edge and skills from many de sign - 
ers, builders, in stallers and cer ti fiers in wa ter proof ing prac tices and 
open ings in stal la tion. These two is sues are fur ther analysed be low. 

(1) Adequacy of Australian Standards - All windows and external 
glazed doors must satisfy performance criteria according to AS 
2047 – 2014 Windows and external glazed doors in buildings [ 58 ] 
and satisfy the water penetration test AS/ NZS 4420. 1: 2016 
Windows and external glazed, timber and composite doors - Method 
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Fig. 5 . Prob a bil ity of “Ac cept able” Per for mance for sce nar ios 8 to 11 (i.e. con cur rent change to 2 or more BN nodes). 

of test, Part 1: Test sequence, sampling and test methods and AS/ 
NZS 4284: 2008 Testing of building facades [ 59 , 60 ]. This standard 
aim to provide designers and manufacturers with a specified 
minimum requirement for windows, establishing performance 
requirements and specifications for the design and manufacture 
of openings [ 61 ]. Even though the interviewees were aware of 
the existence of the standards, it was clear that there seem to be 
shortfalls. The water penetration resistance test does not provide 
adequate pressure (under static wind load) to prevent water 
ingress during cyclonic events [ 28 , 62 ]. This standard should be 
strengthened against wind - driven rain damage. Ginger [ 3 ] 
mentioned that a higher test pressure, using a dynamic pressure, 
similar to a tropical cyclone could improve the performance of 
openings. 

(2) Adequate knowledge and training - Interviewees voiced a 
concern of poor knowledge and level of skills of many designers, 
builders, installers and certifiers in waterproofing practices and 
openings installation practices as water penetration was 
repeatedly mentioned as a constant and consistent problem, 
“requiring further training in the related standards”. 
Waterproofing around windows and doors is referenced in AS 
4654. 1 - 2012 Waterproofing membranes for external above - ground 
use Part 1: Materials [ 56 ]. Water ingress through openings is a 
common issue that causes the deterioration of building elements 
such as carpets and gyprock, loss of amenity, undue dampness or 
deterioration. A recent paper supports this finding, indicating 
that relevant trade training should include waterproofing as a 
mandatory module [ 33 ]. Tyrell [ 63 ] has argued that there are 
adequate sources of information about waterproofing in the 
Standards and other publications, but this information is not 
being widely read and implemented by the industry. He has also 
advocated that little is taught about waterproofing principles in 
university or trade courses. A challenge to be overcome is 
finding the best method of learning and communication. For 
example, the Australian Window Association (AWA) provides 
free online training through videos and guidelines ( https:// www. 
awa. org. au/ resources ). However, as mentioned by some of the 
interviewees, this resource is often not accessed by those that 
need it the most. The National Construction Code (NCC) is 
available online for free ( https:// ncc. abcb. gov. au/ ), and it 
references the Australian Standards, which are not available for 
free, the primary users are professionals involved in the 
construction of buildings, including architects, builders, 
engineers, and certifiers [ 33 ]. 

3. 1. 2 . Installation quality assurance and control regime 
The in stal la tion qual ity as sur ance and con trol regime cat e gory is 

fo cused on the qual ity as sur ance process dur ing the de tailed de sign, 
pro ject scope and con tract phases, to en sure that work has been com - 
pleted ac cord ing to ex pec ta tions. From the in ter vie wee's per spec tives, 
de sign spec i fi ca tions are lack ing. Re sponses in cluded: “de sign de tails 
for wa ter proof ing are ab sent; builders and trades man should know 
what is re quired” or “gen eral knowl edge of the con struc tion in dus try 
leads to knowl edge of cor rect wa ter proof ing” or “the de sign should 
clearly spec ify roof/ win dow/ door/ flash ing/ wa ter proof ing/ gut ter/ fix - 
ings in stead of just re fer ring to clauses in Aus tralian Stan dards”. De - 
sign spec i fi ca tion is an es sen tial com po nent of a smooth build ing con - 
struc tion process and re duces or elim i nates re work, thus re duc ing the 
whole life - cycle cost and time [ 64 ]. Smith [ 61 ] de clared that in 75% 
of cases, a win dow leak prob lem is re lated to in stal la tion and has sug - 
gested a good at ten tion to de sign de tails dur ing the in stal la tion, to en - 
sure no is sues with wa ter ingress. Like wise, is sues re lated to con tracts 
with lim ited pro ject scope and lack ing clear rules in re la tion to the 
con trac tors' re spon si bil i ties of the qual ity con trol process dur ing the 
con struc tion process emerged dur ing data col lec tion. The Gov ern ment 
rep re sen ta tives at the work shop in di cated that the terms in the con - 
tracts re lated to de sign li a bil ity and the qual ity re quired are an is sue 
that con tributes to less spec i fied de signs and cre ates less con trol from 
gov ern ment over con trac tors. Con trac tors on the other hand said that 
there were no clear rules for de sign spec i fi ca tions and qual ity con trol 
in con struc tion con tracts. Qual ity con trol, there fore, should be clearly 
ad dressed in the scope of the con tract as it will en force a higher set of 
ex pec ta tions from con trac tors. De ter min ing re spon si bil i ties through 
clear le gal con tract terms and con di tions could en sure that all stake - 
hold ers un der take their du ties care fully. 

3. 1. 3 . Inspection regime 
The in spec tion regime cat e gory fo cused on the chal lenges with 

win dows in spec tions. As the data col lec tion only in volved par tic i pants 
from Queens land, Form 16 was men tioned as the doc u ment used to 
cer tify win dow and door in stal la tion. Form 16 is an in spec tion cer tifi - 
cate which cer ti fies that an as pect of build ing work com plies with the 
ap proved plans and rel e vant stan dards and codes [ 65 ]. The Build ing 
Act 1975 de ter mines that the cer tifi cate of in spec tion must state in 
de tail the ex tent to which the in spec tor has, in car ry ing out the in - 
spec tion, re lied on tests, spec i fi ca tions, rules, stan dards, and codes of 
prac tice [ 66 ]. This in for ma tion is sup posed to be fol lowed by in spec - 
tors who how ever have of ten failed to do so; in ter vie wees men tioned 
for in stance that: ‘ no in spec tion is pro vided, re ly ing on Form 16, ’ or 
‘ forms are is sued say ing that things are okay when they have not in spected 

https://www.awa.org.au/resources
https://www.awa.org.au/resources
https://ncc.abcb.gov.au/
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Table 7 
Sce nar ios rank ing. 

Ranking Scenarios Final 
acceptable 
performance 

Improvement 
from default 
performance 

1 8 Opening standards  +  Standards 
knowledge and 
training  +  Construction 
documentation 

66.6% +106.83% 

2 9 Opening standards  +  Standards 
knowledge and training 

61.7% +91.61% 

3 10 Opening standards  +  Construction 
documentation 

56.3% +74.84% 

4 1 Opening standards 52.0% +61.49% 
5 11 Standards knowledge and 

training  +  Construction 
documentation 

44.7% +38.82% 

6 2 Standards knowledge and training 41.1% +27.64% 
7 3 Construction documentation 35.2% +9.32% 
8 4 Inspection effectiveness 35.0% +8.70% 
9 5 Inspection certificate document 34.5% +7.14% 
10 6 Contract documentation 34.2% +6.21% 
11 7 Contractor's performance review 33.9% +5.28% 

them selves ba si cally be cause it is not their role to check win dows and 
doors ’. On the other hand, from the build ing cer ti fiers' per spec tive, ‘ it 
is not fea si ble to in spect all open ings since there are oth ers in volved in the 
con struc tion process as well ’. 

To fur ther sup port the is sues men tioned, com ple men tary in for ma - 
tion was found from the Queens land Gov ern ment and au thor i ties re - 
fer ring to the in spec tion regime as an is sue to be ex am ined. A dis cus - 
sion pa per pro duced by the Queens land Gov ern ment en gaged stake - 
hold ers' feed back which re ported that the gov ern ment needs to im - 
prove build ing cer ti fiers’ pro fes sional de vel op ment, work prac tices 
and avail able re sources [ 67 ]. The Queens land Build ing and Con struc - 
tion Com mis sion (QBCC) pro vided a com pli ance and en force ment 
strat egy for 2018/ 19 with 10 pri or i ties, one of which was pri ori tis ing 
the im prove ment of the qual ity of build ing work per formed by QBCC 
li censees, which in clude build ing cer ti fiers, al though open ings were 
not ob jec tively men tioned in any of them [ 68 ]. 

3. 1. 4 . Liability and recourse 
The fi nal li a bil ity and re course cat e gory fo cused on the re spon si - 

bil ity as sign ment for wa ter pen e tra tion - related is sues through win - 
dows and doors. Many of the in ter vie wees sug gested hu man er ror 
plays a main role in build ing de fects. Mis use of build ing prod ucts (due 
to lack of knowl edge), poor work man ship, time pres sure (cut ting cor - 
ners), poor su per vi sion from builder and build ing cer ti fiers, lack of 
train ing, lack of li cens ing and trade ac count abil ity were all iden ti fied 
as fac tors con tribut ing to de fec tive build ing work. 

This cat e gory aims to pro mote the im por tance of re spon si bil ity as - 
sign ment. The cur rent fo cus on pro duc tiv ity, not on qual ity dur ing the 
wa ter proof ing and fur ther open ing in stal la tion process was iden ti fied 
as a core is sue, as well as on the in spec tion stage be ing largely fo - 
cused on the pro vi sion of the cer tifi cate. The lower level of de sign de - 
tails and spec i fi ca tion in clud ing wa ter proof ing com bined with a cul - 
ture in which in stallers, builders and build ing cer ti fiers with less con - 
cern for win dows and ex ter nal glazed doors in stal la tion, mean that 
there is a lower level of con cern on these non - structural el e ments. Fi - 
nally, given that wa ter ingress typ i cally leads to only mi nor to mod er - 
ate dam age, the ef fects of poor in stal la tion of open ings are of ten not 
fully quan ti fied. Fol low ing con struc tion, it be comes dif fi cult to de ter - 
mine the causal fac tors lead ing to a cer tain mi nor prob lem, and in 
turn the re spon si ble par ties; as a re sult, own ers typ i cally com plete mi - 
nor re pairs af ter each se vere storm on an on go ing ba sis. 

3. 2 . Bayesian Network outputs 

The qual i ta tive re sults pro vided the ba sis for the con cep tual model 
( Fig. 1 ), that in turn formed the ba sis for the BN struc ture. The vari - 
ables in cluded in the con cep tual model were as so ci ated with dif fer ent 
cat e gories, such as stan dards, train ing, poli cies and man age ment and 
li a bil ity. More specif i cally, the per for mance of open ings re lies on 
three pil lars ac cord ing to the model: 

(1) ‘Product performance’, composed by the variables labelled 
Openings standards and Standards knowledge & training; 

(2) ‘Quality Assurance and Control’ which refers to the level of 
information required on the openings inspection certificate 
document, Form 16 (variable: Inspection certificate document); 
to the level of design specification (variable: Construction 
documentation); to the level of detail on the project scope in 
relation to the quality control during the construction (variable: 
Contract documentation) and to Monitoring & inspection 
practice which refers to the inspection provided by certifiers, 
recorded as inefficient or non - existent, (variable: Inspection 
effectiveness) and the quality of construction provided by 
contractors (variable: Contractor's performance review) 

(3) ‘Liability evidence’, which refers to the responsibility assignment 
to the openings supply chain for issues related to water ingress 
from the openings (composed by the variables Construction 
documentation, Contract documentation and Monitoring and 
inspection practice. 

Table 3 lists the vari ables af fect ing the open ings per for mance, 
which were de ter mined dur ing the con cep tual model de vel op ment 
stage of the re search. As sign ing two states to each vari able was the 
first step to wards con vert ing the con cep tual model into a BN model. 
The con ver sion was fa cil i tated by the fact that the con cep tual model 
was al ready a DAG, i.e. no feed back loops (not sup ported by BN) were 
iden ti fied and con cep tu alised. 

3. 2. 1 . Parameter learning - current condition 
The pa ra me ter learn ing pro vided the fol low ing prior prob a bil i ties 

for each state of each par ent node which re flect the ex pert in put pro - 
vided by the stake hold ers dur ing the work shop, phone in ter views, and 
a face - to - face meet ing ( Table 4 ) . 

The prior prob a bil i ties were in cluded in the BN model ( Fig. 2 ) and 
the Bayes' the o rem of prob a bil ity the ory, us ing the soft ware Net ica, 
prop a gate the in for ma tion be tween nodes pro vid ing the prior prob a - 
bil ity of the tar get node, Per for mance (state ‘Ac cept able’ 32.2% and 
state ‘Needs Im prove ment’ 67.8%), adopted as the cur rent con di tion 
ac cord ing to cur rent prac tices (see Sec tion 3. 1 for the re sults of the 
qual i ta tive the matic analy sis). 

3. 2. 2 . Sensitivity analysis 
To eval u ate the quan ti ta tive per for mance of the model, a sen si tiv - 

ity analy sis was per formed, as de scribed in Sec tion 2. 2 , to iden tify the 
vari ables that are most in flu en tial on open ings' Per for mance. As dis - 
played in Table 5 , it can be seen that ‘Prod uct per for mance’ (Mu tual 
In for ma tion  =  0.16), based on the in flu ence of Open ings stan dards 
and Stan dards knowl edge and train ing, ex erts the great est in flu ence 
on the model when con sid er ing Per for mance, fol lowed by ‘Qual ity As - 
sur ance and Con trol’ (Mu tual In for ma tion  =  0.03) in flu enced by In - 
spec tion cer tifi cate doc u ment, Con struc tion doc u men ta tion, Con tract 
doc u men ta tion and Mon i tor ing and in spec tion prac tice, and ‘Open ing 
stan dards’ (Mu tual In for ma tion  =  0.02), mean ing how ap plic a ble the 
ser vice abil ity test re quire ment for win dows and ex ter nal glazed doors 
is for char ac ter is ing storms and cy clonic events. 
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3. 2. 3 . Scenario analysis 
The con structed BN model in ves ti gated all pos si ble man age ment 

in ter ven tions that can lead to in creas ing the per for mance of open ings 
by us ing sce nario analy sis. BNs al low an as sess ment of the changes in 
out come prob a bil i ties, as so ci ated with changes in in ter ven tion ac tions 
(in the states pa ra me ters). By in putting a 100% for a given state for a 
vari able (in ter ven tion ac tion), the im pacts on the tar get node (and 
other nodes) can be pre dicted ( Fig. 3 ). For the sce nario analy sis, ini - 
tially, the seven par ent nodes were tested in di vid u ally, cre at ing seven 
sce nar ios (1 – 7; Table 6 ) to pre dict the im pact on the tar get node Per - 
for mance. Based on the top three re sults from sce nar ios 1 to 7, four 
other sce nar ios (8 – 11) were tested ( Table 6 ) . 

In Net ica, the BN model was set to 100% for one of the two states 
(see Table 3 for the vari ables states), ac cord ing to each sce nario pro - 
posed in Table 6 . Fig. 3 il lus trates the vari able “Open ings Stan dards” 
in putting the prob a bil ity 100% to the state “Ad e quate”, hy po thet i - 
cally im ple ment ing a re sis tance wa ter pen e tra tion test for win dows 
and ex ter nal glazed doors with a height ened per for mance to bet ter 
char ac terise the dy namic pres sure fluc tu a tions that re al is ti cally oc cur 
with storms and cy clonic events. A change in this node/ state in creases 
the Per for mance from an ‘Ac cept able’ 32.2% (i.e. cur rent con di tion to 
busi ness as usual) to 52% (i.e. an in crease of 19.8%). 

As an other ex am ple, for the node Stan dards knowl edge and train - 
ing, if hy po thet i cally the skills and qual i fi ca tions is sues could be sig - 
nif i cantly im proved (i.e. in putting the prob a bil ity to 100% to the state 
Ad e quate) the tar get node Per for mance changes to ‘Ac cept able’ 
41.10%. For sce nar ios 2 to 11, the same ex er cise de scribed above was 
con ducted in or der to ver ify the new prob a bil ity on the tar get node 
Per for mance. Fig. 4 out lines the re sults for the first 7 sce nar ios ( Table 
6 ). 

The BN node that de rived the sec ond high est change in the rate of 
Per for mance was ‘ Stan dards knowl edge and train ing ’, with an im prove - 
ment in Per for mance of 8.9% (i.e. the ini tial Ac cept able Per for mance 
changed from 32.2% to 41.1% if the skills and qual i fi ca tions is sues 
could be sig nif i cantly im proved). The third high est change re sulted 
from the BN node ‘ Con struc tion doc u men ta tion ’ be ing sig nif i cantly en - 
hanced. The study iden ti fied that low - quality de sign spec i fi ca tions 
were con tribut ing to higher rates of wa ter ingress through open ings. 

The top three per for mance im prove ment strate gies shown in Fig. 4 
were then used to cre ate four new com bined sce nar ios (i.e. Sce nar ios 
8 to 11, Table 6 ). The re sults of those sce nar ios are shown in Fig. 5 . 
Sce nario 8 con cur rently, en hanced the ‘ Open ing stan dards ’, ‘ Stan dards 
knowl edge and train ing ’ and ‘ Con struc tion doc u men ta tion ’ BN nodes and 
led to an in crease in the Per for mance level from the ini tial Ac cept able 
32.2% – 66.6%. Sce nario 9 was the sec ond best with con cur rent 
changes to the BN nodes ‘ Open ing stan dards ’ and ‘ Stan dards knowl edge 
and train ing ’ im proved the Per for mance to 61.7% ac cept able. The over - 
all rank ing of the 11 ex am ined in di vid ual and com bined sce nar ios is 
pre sented in Table 7 . 

4 . Discussion 

Struc tural dam age re sult ing from se vere storms, cy clones and hur - 
ri canes, has been sig nif i cantly re duced in ad vanced economies in the 
last fifty years due to much higher build ing stan dards and cer ti fi ca - 
tion. How ever, re peated mi nor to mod er ate dam age re sult ing from 
ser vice abil ity fail ures are still high and have not been suf fi ciently ac - 
tioned since they do not lead to struc tural fail ure and loss of life. Pro - 
vid ing a higher per for mance for build ing en ve lope open ings to wind - 
driven rain wa ter ingress is im por tant for re duc ing the re peated oc cur - 
rence of wa ter - related dam age in re gions sub ject to trop i cal storms. 
How ever, de riv ing an ef fec tive strat egy to im prove the per for mance 
of open ings is chal leng ing, as there are a num ber of in ter con nected 
causal fac tors lead ing to de fects. The hy brid com bi na tion of re search 
meth ods in clud ing ex pert in ter views, the matic analy sis and prob a bil - 

ity the ory with graph the ory used in BNs, en abled the re searchers to 
iden tify work able strate gic path ways to im prove the per for mance of 
open ings to wa ter ingress dur ing trop i cal cy clones and se vere storms. 
Specif i cally, the de rived BN that was for mu lated from this novel 
method aided the re searchers to ex plore the in ter re la tion ship be tween 
causal fac tors in the net work, in or der to re veal what com bi na tion of 
fac tors (i.e. sce nar ios) would be the most ef fec tive to de rive the de - 
sired im prove ments in the open ings per for mance dur ing trop i cal cy - 
clones and se vere storms. 

5 . Conclusions, recommendations and future research directions 

5. 1 . Study conclusions 

Un der the cur rent con di tions, it is most likely that win dows and 
ex ter nal glazed doors will con tinue fail ing in terms of ser vice abil ity 
stan dards dur ing pe ri ods of trop i cal cy clones and se vere storms. Due 
to the lack of em pir i cal data on fail ure rates, qual i ta tive re search was 
con ducted with the ob jec tive of in ves ti gate the fac tors and un der - 
stand ing the rea sons for win dows and ex ter nal glazed doors fails dur - 
ing trop i cal cy clones and se vere storms. A Bayesian Net work model 
was de vel oped re ly ing on the fac tors raised in the qual i ta tive phase 
and was pop u lated by in dus try ex perts. The main con clu sion of this 
re search is that open ings per for mance would be best en hanced when 
a com bi na tion of man age ment strate gies was im ple mented. Due to the 
high rates of ser vice abil ity fail ure in re gions prone to ex treme storm 
events and cy clones, a fail ure to ad dress the herein rec om mended 
man age ment strate gies will likely re sult in a high re pair cost over a 
build ing's life cy cle due to re peated wa ter ingress. While struc tural 
fail ures dur ing storms and cy clones are now less preva lent in re cent 
years due to more strin gent build ing codes, non - structural el e ments 
con tinue to suf fer ser vice abil ity fail ures, ul ti mately in creas ing in sur - 
ance pre mi ums. In cer tain trop i cal re gions, se vere storms and cy - 
clones are com mon and might be come stronger and more fre quent 
due to chang ing cli mate; en hanced per for mance of non - structural el e - 
ments in such re gions should be made a pri or ity. 

5. 2 . Study recommendations for industry 

Win dows and ex ter nal glazed doors must be prop erly built and in - 
spected for qual ity prior to han dover. The most ef fec tive man age ment 
in ter ven tion, that can in crease the per for mance of open ings sub ject to 
wind - driven rain from trop i cal cy clones and se vere storms were iden - 
ti fied as: open ings stan dards , stan dards knowl edge and train ing and con - 
struc tion doc u men ta tion ; those prac tices oc cur long be fore the con struc - 
tion of the build ing (open ings stan dards and stan dards knowl edge and 
train ing) and at the early stages of the con struc tion process (con struc - 
tion doc u men ta tion). Im prov ing the three prac tices to gether, will sub - 
stan tially re duce the like li hood that win dows and door open ings will 
ex pe ri ence ser vice abil ity fail ure dur ing their lifes pans. The Aus tralian 
Gov ern ment should take the lead at a na tional level in es tab lish ing an 
ac tion plan and per for mance goals along with in cen tives for the con - 
struc tion in dus try to adopt and im ple ment them. The Aus tralian Gov - 
ern ment has an emer gency re sponse in place, co or di nat ing and pay ing 
for post - disaster re build ing. The gov ern ment should now con sider 
pro vid ing in cen tives to the con struc tion in dus try in the pre ven tion 
(e.g. bet ter qual i fi ca tion and ed u ca tion with a strong fo cus on the spe - 
cific stan dards) and con trol mea sures in stead of re ac tively pro vid ing 
dis as ter fi nan cial aid af ter cat a strophic events. The im proved process 
es tab lished in the 1980s af ter Trop i cal Cy clone Tracy that dev as tated 
Dar win pro vided a sig nif i cant con tri bu tion to the Aus tralian Build ing 
Code with a fo cus on struc tural el e ments, as pre vi ously dis cussed. A 
fo cus on the non - structural el e ments such as win dows and ex ter nal 
glazed doors should now be con sid ered based on the herein re search 
re sults. The herein sug gested changes should be in cor po rated into the 
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con struc tion in dus try and ser vice abil ity stan dards, and when en - 
forced, will likely change for the bet ter the way houses and build ings 
are con structed. 

5. 3 . Future research directions 

This study has un cov ered that build ing ser vice abil ity is sues are un - 
der - researched. Fu ture re search should fo cus on the build ing en - 
velope's non - structural el e ments that are ex posed to a range of nat ural 
haz ards (i.e. storms, fires, floods, etc.) in or der to en hance the per for - 
mance of the build ing as a whole. As demon strated herein, sce nario 
analy sis tech nique such as BN can pro vide ev i dence - based re sults that 
can help de ci sion - makers to im prove prac tices, poli cies, stan dards, en - 
force ment, and li a bil ity regimes even lim ited nu mer i cal data is avail - 
able. Fu ture work could ex tend the BN model to con sider, for in stance 
cli mate change im pacts. A cost ben e fit analy sis would be highly ben e - 
fi cial to jus tify the study con clu sions as it was not pos si ble due to the 
lim ited eco nomic data ac cess. 
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