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Associations between house characteristics and inspector-assessed subjective indoor dampness (yes/no) and
measured floor and ceiling joist timber moisture were measured, using the 2005, 2010 and 2015 New Zealand
House Condition Surveys, involving 1572 timber-framed houses. We conducted logistic (dampness) and linear
regression (moisture) for each survey separately and mutually adjusted for other house characteristics (venti-
lation, insulation, subfloor defects, building envelope condition (BEC) defects, tenure, number of occupants),
climate zone (latitude), rainfall and outdoor temperature. The odds of subjective damp increased with: more BEC
defects (p for trend <0.001), with adjusted odds ratios (aORs) of 3.9-9.6 (p < 0.001) across surveys for houses
with 4 or 5 (of 5) defects, compared with houses with <1 defect; more subfloor defects (p for trend <0.01 for
2010 and 2015 surveys); less ventilation (p for trend <0.05 for 2010 and 2015 surveys); less insulation (p for
trend <0.05 for 2010); and increased occupancy (aORs 1.2-2.3, for >5 occupants compared to 1-2, not sig-
nificant). Dampness was more common in rental houses (aORs 1.6 to 2.2, p < 0.05 in 2015). Floor joist moisture
content was higher in houses with more subfloor (1.2%-1.9% increase per defect, p for trend <0.01) and BEC
defects (1.5%-1.8% for houses with 4-5 defects, p < 0.001 for 2005 and 2015 surveys). In conclusion, subfloor
and building envelope defects were associated with both inspector-assessed dampness and objectively measured
moisture in floor joists. Less insulation, ventilation and higher occupancy were associated with increased sub-
jective dampness but not with measured moisture.

1. Introduction insulation [18,19], lack of (mechanical) ventilation [15,16,20], older

houses [11,16,20-22], and poor repairs and maintenance [16,23,24].

Consistent associations between indoor dampness and respiratory ill
health have been reported [1,2], with mould exposure hypothesised to
play an important role, although the evidence for this has been equiv-
ocal [3-6]. While much attention has gone into improving quantitative
measures of indoor mould [7,8], the strongest associations with ill
health are generally observed with qualitative observations of dampness
and mouldy odour, and semi-quantitative observations of mould (as
measured by extent or size of mould contaminating on wall and other
surfaces) [1,9,10].

House and household characteristics have been associated with
subjective dampness indicators in several studies, including higher oc-
cupancy [11-14], tenancy vs home ownership [15-17], no or poor

Some of these characteristics have also been associated with higher in-
door relative humidity or other objective measures of dampness,
including higher occupancy [25,27,28], lack of insulation [19,27], lack
of efficient and effective heating [25,26,27,29] and less ventilation [30].
However, results have not always been consistent, potentially because
currently there are no standardised and widely accepted indicators of, or
validated methods for, measuring indoor dampness. Similarly, reported
associations between home characteristics and indoor mould have been
equivocal [31,32], likely due to different approaches used to measure
mould. Also, most studies have focused on only a small number of house
characteristics, resulting in significant knowledge gaps. In particular,
although improved house maintenance is frequently referred to in
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advice for occupants to reduce indoor dampness [33], and epidemio-
logical studies have identified “poor repair” and “infrequent mainte-
nance” as risk factors for indoor dampness and mould [16,23], it
remains unclear which specific aspects of maintenance are most critical.
Improved understanding of the specific house and household charac-
teristics that contribute to indoor dampness will facilitate the develop-
ment of more effective interventions.

We have previously reported associations between house charac-
teristics and visible mould and musty odour using data from three it-
erations of the New Zealand House Condition Survey, conducted in 2005
(n =565), 2010 (n = 491) and 2015 (n = 560) [24]. These three surveys
collected detailed data on the physical characteristics of these houses as
well as some household characteristics, and showed that poorer venti-
lation, insulation and condition of the building envelope were inde-
pendently associated with increased visible mould and musty odour
(both inspector assessed), after adjustment for climate and other
household characteristics including tenure and number of occupants
[24]. The aims of the current study were to assess associations with
outcomes of inspector-rated subjective (feeling of) indoor dampness and
moisture measurements (moisture content) taken from ceiling and floor
joist timbers using data from the same three surveys, with the overall
goal of improving understanding of the determinants of indoor damp-
ness, thus contributing to improved interventions to reduce indoor
dampness.

2. Methods

The New Zealand House Condition Survey (HCS) is conducted by the
Building Research Association of New Zealand (BRANZ) and has been
undertaken approximately every five years since 1994 [34]. The study
reported here, used data collected from the three most recent surveys i.e.
2005, 2010 and 2015. The sampling methodology and assessor training
are described in detail elsewhere [35-37] respectively. Briefly, the three
surveys were predominantly restricted to single family, timber-framed
dwellings. Apartments were not included, as they were an uncommon
housing typology in New Zealand during the period of the three HCS.
While using almost identical assessment protocols, there were some
differences between the three HCSs: in 2005, the sample was limited to
only owner-occupied houses in the three largest New Zealand cities and
outlying regions (Auckland and Wellington in the North Island, and
Christchurch in the South Island); and for the 2010 and 2015 HCSs,
rental houses and houses located in other cities and rural towns were
included, and a sampling structure was developed to capture a more
representative sample of dwellings. The sampling structure for the 2010
and 2015 surveys involved dividing the country into 13 strata, 11 of
which corresponded to urban areas, with the remaining two strata
involving the rest of the North Island, and the rest of the South Island.
Cluster-sampling was used within strata based on census mesh-blocks
(smallest statistical area unit). Also, from 2010 onwards, additional
training for the home inspectors was provided to increase the consis-
tency of damp and condition assessments. This involved a day of theo-
retical training, including how to conduct moisture assessments,
followed by supervised inspections. Weathertightness, a term used in
New Zealand to describe a building’s ability to prevent water from
penetrating the building envelope [38] was not a specific category
assessed by the surveys.

2.1. Climatic conditions and housing stock in New Zealand

New Zealand has a temperate maritime climate, characterised by
relatively high year-round humidity and a relatively small annual range
(10 °C) of mean daily temperature. Its housing stock consists predomi-
nantly of timber construction. The sample of houses included in the
three housing condition surveys described in this paper is generally
reflective of the range of residential construction styles found in New
Zealand, although since 2015 a consistently higher proportion of multi-
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unit, multi-level residential buildings have been constructed, and these
are not well represented in the samples used here, which are predomi-
nantly stand-alone, single-family dwellings.

2.2. House characteristics

The surveys included >1500 individual components, including the
presence of insulation, heaters and ventilation systems, site details such
as location, slope of site, and exposure to noise, air pollution and sun.
Other information collected included number of occupants, year of
construction and date of survey. For the current study, 77 variables were
selected as plausibly associated with indoor or framing moisture
(Table 2). Inspection of wall cavities to assess the presence of insulation
were conducted in the 2005 survey, but this was discontinued in later
surveys due to practicality and health and safety concerns. In these
cases, wall insulation was identified based on the house age (in relation
to changes in building code insulation requirements) and conversations
with the occupants.

Information on ceiling insulation was available in two dimensions i.
e. proportion of the ceiling (of the whole house) covered, and thickness
of the insulation. These variables were analysed separately in univariate
analysis, which showed that an index combing the two dimensions
improved the explained variance (in univariate analysis) compared to
either variable separately. Therefore, in multivariate analysis ceiling
insulation was analysed using an index describing both thickness and
coverage (least/mid/most). For the ceiling insulation index we allocated
one point to insulation that was <50 mm thick, 2 points for insulation
thickness of 50-100 mm and 3 points if thickness was >100 mm. For the
proportion of the ceiling covered we allocated 1 point for 0-25%
coverage, 2 points for 30-75% coverage, and 3 points for 80-100%
coverage. The values for these variables were subsequently summed and
then reduced to a 3-point scale using the following cut-points: 1-3 =
“Least”; 4-5 = “Mid”; and 6 = “Most”. The cut-points were chosen to
balance the need to reflect real differences in insulation between sub-
groups, whilst ensuring sufficient observations in each sub-group to
conduct multivariate regression analyses with adequate power.

Along with detailed recording of material types for most of the
building components, condition ratings on a 5-point scale (Excellent,
Good, Moderate, Poor, Serious) were used for major components i.e.,
windows, doors, roof, gutters, subfloor ventilation, exterior paint con-
dition, etc. These rating values were based on inspectors’ assessments of
the urgency and level of any potential repair required to bring the
component to “as new” condition, with “as new” defined as “no signs of
damage/wear and tear, and no maintenance requirements at present.
For this study, rating variables were used as a binary measure: excellent/
good versus moderate/poor/serious. The primary reason for grouping
the results this way was to ensure sufficient frequencies in each (sub-)
group.

2.3. Subjective indoor dampness

Dampness was assessed (subjectively) by inspectors after completing
the indoor inspection using the following categories: dry, some damp,
damp throughout [34]. These categories were based on a subjective
“feeling” of dampness. For the analyses described in this paper, “some
damp” and “damp throughout” were combined and used in a binary
dry/damp variable. The 2010 survey included a high number of missing
values for the dampness variable (29%), particularly for the earliest
period of data collection. Comparing houses with and without missing
data for dampness showed that key home characteristics (i.e. house age,
presence of insulation, presence of mechanical ventilation, number or
type of heaters and visible mould) did not appreciably differ between
both groups (data not shown), suggesting that missing data is unlikely to
have resulted in a systematic bias of our sample. Results reported in the
tables are based on houses with no missing data for the main outcome
variables (i.e. subjective dampness and measured moisture in ceiling



P. Taptiklis et al. Building and Environment xxx (xxxx) xxx

Table 1 Table 2
Sample characteristics. Tested variables.
2005 (565 2010 (491 2015 (560 Variables tested 2005 2010 2015  Categorisation for Aggregation
houses) houses) houses) univariate and for domains
multivariate
Mean + SD Mean + SD Mean + SD
analyses
Roof joist moisture (MC) 10.8 £ 1.7 11.9 £ 3.3 10.6 £ 5.1 . . .
Total fall
Floor joist moisture (MC) 192+ 4.4 165427 16.6 + 3.4 otal rainfa ’ ’ 7 Continuous continuous
over previous
. 30 days
0, 0, 0,
As;::f)d for moisture/ N (%) N6 N (%) Average daily v v v Continuous Continuous
high
Floor joist moisture 326 (58) 286 (58) 323 (58) te‘fﬂ erature
Roof joist moisture 482 (85) 376 (77) 422 (75) ovef revious
Subjective dampness 565 (100) 348 (71) 539 (96) 30 dalz/s
Subjective damp Range hood v v v Included in count Ventilation
Of assessed: Dry 502 (88) 257 (74) 459 (85) . .
. (extract over of kitchen extract domain (1 of
A little damp 54 (10) 50 (14) 53 (10) P
D th hout 9(2) 402 27 (5) cooker) ventilation (max 3)
amp throughou Other v v - of one) No =0
Survey season mechanical Yes Yes=1
Summer 540 (96) 50 (10) 172 (31) Kitchen No
(December—February) ventilation
Al{tumn (March-May) 10 - 149 27) Indoor clothes v v v No dryer present Ventilation
Winter (June-August) - 56 (12) 1(0) .
Sori 15 (3) 383 (78) 238 (43) dryer Dryer not domain (1 of
p(rslngt ber_N ber) ventilation ventilated 3)
eptempber-Tovember ducting Ventilated to If dryer
30-day rain resent outside Ventilated resent and
0-50 mm 302 (53) 206 (42) 308 (56) g to roof space gucted to the
51-100 mm 212 (38) 104 (21) 199 (36) P outside — 1
101-150 mm 44 (8) 70 (14) 41(7) All othe;
151 mm or more 7 (1) 107 (22) 6 (1) options = 0
30-day temp (average) Bathroom v v v No Ventilation
<15°C 0 177.(36) 48 () extract Yes domain (1 of
15.1-20 °C 183 (32) 260 (53) 233 (42) ventilation 3)
20.1-25°C 315 (56) 49 (10) 229 (41) fan No =0
>25°C 67 (12) 1(0.2) 47 (8) Yes: 1
Climate zone - . .
North VEH 161G 1869 Comntons 7 tonindex  domain 1 of
Mid 111 (20) 227 (46) 159 (28)
South 150 (26) 101 (21) 218 (39) coverage Least 3 reverse
Age category 0-25% Mid coded)
30-75% Most Most = 0
Pre 1930 87 (15) 58 (13) 62 (11) ° o8 8
Over 75% Mid/Least = 1
1930-1979 307 (55) 242 (52) 294 (53) Ceiling space v v v
1980 and older 167 (30) 163 (35) 204 (36) s
Overall Condition Rating .
(OCR) thickness
. Less than 50
Well maintained 280 (50) 125 (25) 243 (44) mm
Reasonably maintained 195 (35) 127 (26) 220 (39) 50-100 mm
Ilz/;)f)r-ly maintained §5 1(15) 1;3 (22) 96 (17) Over 100 mm
155108 W 6 Wall Insulation v v v No Insulation
Tenure Yes domain (1 of
Rented - 108 (22) 149 (27) 3 reverse
Owner occupied 565 (100) 383 (78) 411 (73) coded)
Occupants No — 1
1to2 273 (48) 277 (56) 336 (60) Yes: o
3to4 213 (38) 167 (34) 175 B31) Underfloor v v v Yes Insulation
5 or more 63 (11) 47 (10) 49 (9) . . .
Missi 16 (3) insulation No domain (1 of
181ng (>50% 3 reverse
Bedrooms
coverage) coded)
l1to2 35 (6) 74 (15) 104 (19) No —1
3to4 489 (87) 392 (80) 422 (75) Yesi o
I?/I?r .more A 23 22((555)5) Ground cover v v v No Subfloor
Follsls::ii tion Type ) under house Yes defect
50% d in (1 of
Piles 321 (57) 314 (64) 339 (60) gvera" o 3;’ main (1.0
Concrete slab 148 (26) 137 (28) 207 (37) & T house has
Mixed foundations 96 (17) 40 (8) 14 (3)
. suspended
Cladding Type floor
Timber weatherboard 186 (33) 97 (20) 128 (23) Yes — 0
Fibre cement 55 (10) 43 (9) 66 (12) No :1
Brick 86 (15) 61 (12) 110 (20) . . . .
Plumb b h bfl
Mixed/other 238 (42) 290 (59) 256 (46) um g 4 4 v (Combined wit Subfloor
leaking under Ponding under domain (1 of
Roof Type house house; max = 1) 3)
Metal roof 372 (66) 287 (58) 409 (73) No — ’O N If house has a
Concrete/clay tiles 183 (32) 201 (41) 121 (22) Yesi 1 suspended
Other 0 s 06 Water ponding v v v (Combined with floor
under house Plumbing leaks Plumbing
under house; max leaks or

(continued on next page)
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Table 2 (continued)

Table 2 (continued)
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Variables tested 2005 2010 2015  Categorisation for Aggregation Variables tested 2005 2010 2015  Categorisation for Aggregation
univariate and for domains univariate and for domains
multivariate multivariate
analyses analyses
=1 ponding under Noise v v v =1
No=0 house =1 Always/mostly
Yes=1 All other quiet =0

options = 0 Moderate/loud

Subfloor v v v Yes Subfloor noise = 1

ventilation No domain (1 of House in shade v v v No/some shade -
above/below 3) Shady most/all
requirements If house has a day

suspended House - v v - -

floor sheltered/

No=1 exposed

All other House built on v v v - -

options = 0 slope

Wall cladding v v v Excellent/Good = BEC domain Type and v v v Number of gas -

condition 0 (1 of 5) number of appliances
Moderate/poor/ No=0 heaters (heaters, fixed
serious = 1 Yes=1 portable and
Spouting and v v v Excellent/Good = BEC domain oven/stove)
guttering 0 (1 of5) Number of electric
condition Moderate/poor/ Excellent/ appliances
rating serious = 1 Good =0 (heaters, fixed
Moderate/ portable and
poor/serious oven/stove)
=1 Number of
Wall cladding v v v No BEC domain enclosed fire
paint Yes (1 of5) places/pellet
deterioration No =0 burners
Yes =1 Number of open
Windows v v 4 Excellent/Good = BEC domain fire places
condition 0 (1 of5) Heating - - v - -
rating Moderate/poor/ Excellent/ behaviour
serious = 1 Good =0 Air conditioner v v v Included in count -
Moderate/ of electric heaters
poor/serious =1)
=1 Dehumidifier v v 4 - -
Roof condition v/ v v Excellent/Good = BEC domain Heat recovery v v v - -
rating 0 (1 of5) air treatment
Moderate/poor/ Excellent/ Cooker electric/ v/ v v Included in count -
serious = 1 Good =0 gas of gas/electric
Moderate/ heaters (=1)
poor/serious Floor coverings v v v - -
=1 living room/

Climate zone v v v North North bedrooms
Mid Mid Signs of leaking v/ v v Combined with -
South South indoors roof leaks and

Owner - v v Owner Owner signs of leaking

occupied/ Tenant Tenant internal gutters
rental No
Number of v 4 v 1-2 1-2 Yes
occupants 3-4 3-4 Foundation v v v - -
5 or more 5 or more type
General v v v Excellent/Good = Excellent/ (concrete
maintenance 0 Good =0 slab, piles,
assessment Moderate = 2 Moderate = 2 perimeter
Poor/serious = 3 Poor/serious wall)
=3 Basement v v v - -

Surveyor 4 v v ID no. ID no. present

Age of house v v v Pre 1930 - Basement signs v v v - -
1930-1979 of leaks
Post 1980 Cladding - v v - -
Missing/mixed deterioration

Date of v 4 4 Dec-Feb - near ground

assessment Mar-May Subfloor vents v v v - -
(aggregated June-Aug covered by
by month and Sep—Nov vegetation
season) Subfloor v v v Excellent/Good = -

No. of storeys v v v - - ventilation 0

No. bedrooms v v v - - condition Moderate/poor/

Floor area 4 v - - - rating serious = 1

Close to busy v v v (max of 1) - Wall cladding v v v - -

road Not close to busy minor cracks
(combined road = 0 v v v - -

with Noise)

Close to busy road

(continued on next page)
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Table 2 (continued)

Variables tested 2005 2010 2015  Categorisation for Aggregation
univariate and for domains
multivariate
analyses

Wall cladding

holes/major
cracks

Ext. doors v v v - -

condition
rating

Roof material v v v Metal -
Concrete/clay tile
Missing/mixed/
other

Roof slope - v v - -

Roof leaks v v v Combined with -
Signs of leaking
indoors (max = 1)

No
Yes

No. of spouting v v v - -

defects

Internal gutters v v v Combined with -

leaking Signs of leaking
indoors (max = 1)
No
Yes
Window v v v Timber -
material Metal
Missing/mixed/
other

Windows v v v 50% or less = 0 -

double glazed >50% =1

Window v v v Combined with -

flashing window flashings
deterioration missing (max = 1)

No =0

Yes =1

Window v v v Combined with -

flashings window flashing
missing deterioration

(max = 1)

No =0

Yes =1

Windows joint v v v - -

cracks

Windows v v v - -

missing/
cracked putty

Windows v v v - -

missing/
shrunk rubber
seals

Windows v v v - -

leaking

Windows paint v v v - -

deterioration

Internal gutters v v v Combined with -

leaking Signs of leaking
indoors (max = 1)
No =0
Yes =1
Spouting and v 4 4 Number of -
guttering spouting/
holes guttering defects

Guttering — 4 v v 0-5

reverse flow
Spouting and v v v
guttering
joint leaks

Spouting and v v v
guttering
corrosion

Missing v v v
guttering/
downpipes

Building and Environment xxx (xxxx) xxx

and floor joists).
2.4. Moisture measurements

Percentage moisture content (%MC) was measured using a two-
pronged electrical resistance meter (Protimeter CEM DT-125) in the
timber structural framing of houses where access to roof space or sub-
floor allowed. Protimeters were chosen because they are a standard
instrument used in the construction industry in New Zealand and were
found to be “potentially useful” in a 2018 review of the literature [39].
The instruments were calibrated once at the start of each study.

In the ceiling joists, a single measurement was taken. In the floor
joists, two measurements were taken from different joists at least 1.5 m
apart, the results of which were averaged for subsequent analyses. The
instruments were calibrated at the start of each study. They were not re-
calibrated and repeatability testing was not conducted.

2.5. Climate data

For each house, we obtained 24-h rainfall and daily maximum
temperatures for a 30-day period prior to the date of the survey. Data
was sourced from the National Climate database [40] from the weather
station closest to the house (generally within <10 km). Data were
expressed as 30-day total rainfall (mm) and mean 30 daily maximum
temperature (°C).

2.6. Data analyses

Analyses were conducted for each HCS separately using STATA 15
(StataCorp LP, TX, USA). Associations between home characteristics and
subjective damp were assessed using logistic regression adjusting for
other co-variates. House characteristic variables tested are listed in
Table 2. As there were a large number of home characteristics that could
potentially be associated with indicators of home dampness, we initially
conducted univariate (or unadjusted analyses) for each of these vari-
ables. We subsequently conducted multivariable regression analyses
(mutually adjusting for other potential confounders). For these analyses
we only included variables that met one of two requirements: 1) in
unadjusted analyses, associations were consistent and borderline sta-
tistically significant (p < 0.1) for that variable in two or more of the
surveys; or 2) consistent associations with damp were observed across
all three surveys, and statistically significant (p < 0.05) in at least one.
This approach was used to reduce the number of variables in these
models, thus increasing statistical power and reducing risk of multi-
collinearity. In the results section we describe only the fully adjusted
analyses based on these multivariable models. For measured moisture,
linear regression was used following the same approach. All models
were further adjusted for surveyor, by including surveyor ID as an in-
dependent categorical variable (except 2005, as the surveyor who un-
dertook the house assessment was highly correlated with the variable for
climate zone, thus resulting in multi-collinearity), average 30-day rain
(mm) and 30-day average maximum temperature (0C). A flow chart
visualising the analysis process has been included in the supplementary
materials (Fig. S1).

In addition to considering individual house characteristics, we also
conducted analyses involving aggregated variables by combining vari-
ables within the same domains. Prior to doing so, we checked for con-
sistency of associations (negative or positive) for each individual
variable. The aggregated variable for mechanical ventilation involved
combining information on independently operated kitchen, bathroom
and clothes dryer external ducting into one variable (with each fan/duct
controlling a particular moisture point source). For this purpose, we
used a score of “1” for the presence, and “0” for the absence of each of
these ventilation types, and this was summed for each house and sub-
sequently used in the analysis (the total sum variable ranged from zero
to three). For the insulation domain, the presence of roof, underfloor and
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wall cavity insulation (using the assumptions described above under
“House characteristics” for wall insulation) were summed, resulting in a
score ranging from zero (no insulation) to three (all three areas insu-
lated). The subfloor domain summed the presence of ponding or leaks,
insufficient subfloor ventilation, and lack of ground moisture barrier,
again resulting in a combined score ranging from zero to three. The
building envelope condition (BEC) domain summed moderate to serious
condition of; roof cladding, wall cladding, exterior paint, windows and
spouting/guttering, with a combined score ranging from zero to five.
These aggregate domains allowed dose-response associations within
each domain to be assessed. In the analysis, houses with a score of three
were used as the reference category for the insulation domain, due to
low numbers in the category with zero insulation. For all other aggregate
variables, the houses with a combined score of zero were used as the
reference category. Details about how variables were categorised and
aggregated for inclusion in both multivariate and analysis within do-
mains are presented in Table 2.

In addition to measuring associations using the BEC domain as
described above, we also conducted analyses using the overall condition
rating (OCR) provided by the assessors at the end of the survey as a
single summary condition rating for the house rated on a 3-point scale:
well maintained, moderately maintained or poorly maintained. This was
based on the assessors’ judgement of all maintenance needed anywhere
in the house, to bring it to “as new” standard. Materials and fittings, both
inside and out, were included in the assessment, and the presence of
mould was considered a condition in need of maintenance.

Tests for trend were conducted by converting each summed cate-
gorical domain to a continuous variable in regression analyses and using
the resultant p-value. Collinearity was tested for all models using vari-
ance inflation factors, and all scores were under three.

3. Results

The three HCSs differed with regards to the season in which they
were conducted i.e. in 2010 the majority of houses were assessed in the
colder and wetter months of winter and spring, whereas the 2005 survey
was conducted almost entirely in summer (Table 1). The age distribution
of the houses across the three surveys was similar, with around half built
between 1930 and 1979, a third built after 1979, and 11%-15% built
before 1930. Houses in the 2010 and 2015 surveys, which included
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rental properties (22% and 27%, respectively), were more likely to have
fewer bedrooms and occupants (Table 1). The 2010 survey included a
lower proportion of well-maintained houses (25%) compared to the
2005 (50%) and 2015 (44%) surveys.

Subjective dampness was reported most frequently in 2010 (26%),
compared to 12% in 2005, and 15% in 2015. Roof moisture and 30-day
rainfall was also highest in 2010 (Table 1). In contrast, floor joist
moisture was highest in the 2005 survey (19.2% moisture content (MC))
compared to approximately 16.5% MC for the two later surveys. His-
tograms demonstrating the range of moisture measurements are pre-
sented in Fig. 1.

3.1. Subjective dampness

The presence of a rangehood, or extract ventilation over the cooker,
was associated with less dampness in the 2010 and 2015 surveys (aORs
0.5and 0.3, p < 0.05; Table 3), but no association was found in the 2005
survey. Houses with the least ceiling space insulation (an index
combining thickness and proportion of the ceiling covered) had a
greater risk of dampness, statistically significant for the 2005 (aOR 3.1,
p < 0.05) and 2015 surveys (aOR 4.7, p < 0.05). Additional analyses
adjusting for the cumulative presence of ceiling insulation defects (gaps,
settling, poor fit and general damage) did not appreciably change these
results (data not shown). Ponding or leaks in the subfloor space were
associated with increased indoor dampness, but this reached statistical
significance only in the 2010 survey (aOR 2.1 to 2.6, p < 0.05 in 2010
only). Poor window condition was also associated with more dampness
(aORs 2.0 to 4.8), statistically significant (p < 0.001) in the 2015 survey,
and borderline statistically significant (p < 0.1) in the other two surveys.
Fibre-cement cladding was associated with significantly increased odds
of indoor dampness (aORs 2.3 to 6.3; Table 3) and this was statistically
significant (p < 0.05) in both the 2005 and 2010 surveys (Table 3).

Analyses using aggregated variables showed that the presence of
multiple mechanical ventilation types (rangehood, bathroom and
clothes dryer vented to outdoors) was consistently associated, in a dose-
dependent fashion, with less indoor dampness (aORs 0.3 to 0.5, for two
or three types of ventilation present; p for trend <0.05 in 2010 and
2015; Table 4). Dose-response trends were also demonstrated for BEC
defects in all three surveys, with houses with four or five defects being
6.4 to 9.6 times more likely to be characterised as damp (p for trend
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Fig. 1. Histograms showing moisture content in floor and ceiling joists.
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Building and Environment xxx (xxxx) xxx

Table 3
Multiple regression analysis of subjective dampness in 3 House Condition Surveys.
N n 2005 2010 2015

N =565/n = 63 P = 0.0003 R? N = 346/n = 91 P < 0.0000 R? N = 520/n = 78 P < 0.0000 R?

=0.14 =0.31 =0.41

aOR (95% CI) N n aOR (95% CI) N n aOR (95% CI)
Occupants
lto2 273 21 Ref 202 45 Ref 315 50 Ref
3to4 213 31 2.2 (1.2, 4.2)** 117 38 1.3 (0.7, 2.5) 159 16 0.4 (0.2, 0.9)*
5 or more 63 10 1.7 (0.7, 4.2) 27 8 1.2 (0.4, 4.0) 46 12 23(0.8,7.0)"
missing 16 1 0.9(0.1,7.8)
Tenure
Owner occupied 272 67  Ref 386 46  Ref
Rented NA 74 24 1.6 (0.7, 3.6) 134 32 2.2 (1.0, 4.8)*
Range hood
No 342 42 Ref 136 50 Ref 191 52 Ref
Vented to outside 223 21 1.1 (0.6, 2.1) 210 41 0.5 (0.2, 1.0)* 329 26 0.3 (0.1, 0.6)***
Bathroom ventilation
None 312 38 Ref 178 57  Ref 202 41  Ref
Vented to outside 164 14 0.9 (0.4,1.9) 145 30 1.2 (0.6, 2.4) 258 27 07(03,1.4)
Vented to roof space 89 11 1.1 (0.5, 2.6) 23 4 1.2 (0.3, 4.7) 34 6 0.9 (0.3, 3.4)
missing 26 4 0.8 (0.2, 4.5)
Wall insulation
No 326 46  Ref 228 73 Ref 125 29  Ref
Yes 239 17 0.9 (0.5, 2.0) 118 18 0.5 (0.2, 1.3) 135 12 1.0 (0.3, 2.9)
missing 260 37 0.6(0.3,1.6)
Ceiling insulation
Most 421 35 Ref 203 52 Ref 213 30 Ref
Mid 101 18 2.4 (1.2, 4.8)** 75 18 0.7 (0.3, 1.6) 214 28 1.4 (0.6, 3.0)
Least 43 10 3.1 (1.3, 7.8)** 11 4 1.4 (0.3, 6.9) 25 10 4.2(1.3,13.9)*
Missing 57 17 1.5 (0.6, 3.8) 68 10 0.8 (0.3, 2.4)
Subfloor ventilation

sufficient
Yes 162 25 Ref 46 12 Ref 94 19  Ref
No 267 32 0.7 (0.4, 1.3) 182 62 1.6 (0.6, 4.5) 212 45 1.3 (0.5, 3.1)
Slab foundation 136 6 0.4 (0.2, 1.2) 120 17 1.3(0.4, 4.14) 214 14 0.4 (0.1, 1.2)
Missing
Ponding/leaks under house
No 528 56  Ref 285 62  Ref 462 57  Ref
Yes 37 7 2.6 (0.7, 9.8) 61 29  2.6(1.1,6.2)* 58 21 2.1 (0.7, 6.6)
Roof condition rating
Excellent/Good 414 39  Ref 200 33  Ref 286 28 Ref
Moderate/poor/serious 151 24 1.2 (0.6, 2.2) 126 51 1.8 (0.9, 3.5)" 216 49 1.4 (0.6, 3.4)
Missing 20 7 2.3(0.5,10.2) 18 1 0.3(0.3,4.1)
Window condition
Excellent/Good 385 26  Ref 172 25 Ref 297 22 Ref
Moderate/poor/serious 180 37 2.0(1.0,4.0) 164 67 2.1(0.9,49)" 223 56 3.9 (1.5, 10.1)**
Missing 10 5 2.1 (0.4, 12.6)
Wall cladding paint
deterioration

No 280 24 Ref 254 60  Ref 365 32 Ref
Yes 285 39 1.3 (0.7, 2.3) 92 31 1.9 (0.8, 4.2) 155 46 3.4 (1.5, 7.6)**
Wall cladding condition
Excellent/Good 414 31 Ref 81 17 Ref 307 28 Ref
Moderate/poor/serious 151 32 1.8 (0.9, 3.6)" 251 70 0.6 (0.2,1.5) 214 50 1.8 (0.8, 4.4)
Missing 14 4 1.1 (0.2, 6.5)
Cladding type
Timber weatherboards 186 23  Ref 74 30  Ref 117 22  Ref
Fibre-cement 55 9 3.0(1.1, 8.7)* 28 11 6.2 (1.6, 23.9)** 69 11 2.0 (0.6, 6.7)
Brick 86 7 2.3(0.8,6.4) 40 10 0.9(0.3,3.1) 104 7 2.2 (0.6, 8.3)
Mixed/other 238 24 1.4 (0.7, 2.9) 204 40 1.1 (0.5, 2.3) 231 38 2.4 (0.9, 5.9)"
Spouting condition
Excellent/good 452 44  Ref 210 37 Ref 332 36 Ref
Moderate/poor/serious 113 19 1.0 (0.5, 2.0) 108 46 2.2 (1.1, 4.6)* 188 42 1.2 (0.5, 2.9)
Missing 28 8 1.3 (0.4, 4.7)

N number in subgroup; n number in subgroup with dampness; "p < 0.10; *P < 0.05; **p < 0.01; ***p < 0.001; NA data not available. All models adjusted for surveyor
(except 2005 because of collinearity with zone), 30 day rain (mm), 30 day mean high temperature (°C), indoor plumbing leaks & window material.

<0.001). We also found a strong association between overall condition
rating (OCR) and indoor dampness with aORs ranging from 20.6 to 47.8
comparing poor versus excellent condition (p for trend <0.001 for all
three surveys, Table 4). A consistent dose-response pattern was also
found with aggregated subfloor defects, although the trend was statis-
tically significant only in 2010 and 2015 (p for trend <0.01).

3.2. Floor and roof joist moisture measurements

Presence of a ground vapour barrier over more than 50% of the
ground under the house was associated with a 0.1-1.9% reduction in
floor joist moisture content, statistically significant in the 2015 survey
(p < 0.001) and borderline significant in the 2010 survey (p < 0.1;
Table 5). Presence of ponding or leaks was associated with a 0.7-2.3%
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Table 4

Building and Environment xxx (xxxx) xxx

Analysis of aggregated variables of subjective indoor dampness in three house condition surveys.

N n 2005 N = 565/n = 63 2010 N = 345/n =91 2015N =507/n =77 P
P = 0.0008 R? = 0.11 P < 0.0000 R* = 0.28 < 0.0000 R* = 0.37
aOR N n aOR N n aOR
Ventilation/3 (bath/
cooker/dryer) 0 239 31 Ref 97 40  Ref 124 33 Ref
1 188 24 1.4 (0.7, 2.6) 123 28 0.4 (0.2, 0.8)** 167 31 0.7 (0.4, 1.5)
2 113 7 0.7 (0.3, 1.6) 99 19 0.4 (0.2, 1.0)* 183 11 0.3 (0.1, 0.6)***
3 25 1 0.3 (0.4, 2.8) 26 4 0.3 (0.1, 1.2)" 33 2 0.3 (0.0, 2.0)
Trend NS P <0.05 P <0.01
Insulation/3 (roof/
Wall/underfloor or slab) 3 211 12 Ref 97 12 Ref 115 9 Ref
2 153 21 1.8 (0.8, 4.1) 135 34 1.6 (0.6, 3.9) 297 41 1.5 (0.5, 4.3)
1 173 23 1.6 (0.7, 3.8) 108 44 2.3(0.9, 6.3)" 87 22 2.5(0.7, 8.2)
No insulation 28 7 2.9 (0.9, 9.9" 5 1 1.0 (0.1, 12.9) 8 5 7.5 (1.1, 49.9)*
Trend NS P =0.05 P =0.09
Subfloor/3 (ventilation/
ponding&leaks/groundcover) 0 188 12 Ref 20 3 Ref 204 14  Ref
1 193 25 1.3 (0.6, 2.9) 268 60 3.4 (0.8,14.8) 136 28 3.2 (1.3, 7.7)**
2 162 22 1.4 (0.6, 3.5) 57 28 7.3 (1.5, 36.7)* 144 21 1.8 (0.7, 4.5)
3 22 4 1.7 (0.4,7.2) 23 14 15.4 (3.8, 62.8)***
Trend NS P <0.01 P <0.01
BEC/5 (Poorer condition of; roof cladding/wall
cladding/windows/exterior paint/spouting and
guttering)
0-1 329 19  Ref 103 12 Ref 229 14 Ref
2-3 175 29 2.8 (1.5, 5.2)** 117 31 2.0 (0.8,4.6) 137 26 3.4 (1.5, 8.0)
4-5 61 15 3.9 (1.8, 8.8)*** 64 31 6.4 (2.4, 16.9)*** 141 37 9.6 (3.8, 23.9)***
Missing 61 17 2.4(0.9 6.4
Trend P < 0.001 P < 0.001 P < 0.001
OCR
Excellent 280 6  Ref 117 3  Ref 231 5  Ref
Moderate 195 26 6.5 (2.6, 16.7)*** 122 29 10.5 (2.8, 38.8)*** 210 37 8.9 (3.1,26.0)***
Poor 90 31 20.6 (7.7, 55.3)*** 104 59  47.8 (12.1, 188.4)*** 88 36 37.2 (10.8,127.7)***
missing
Trend P < 0.001 P < 0.001 P < 0.001

N number in subgroup; n number in subgroup with dampness; "p < 0.10; *P < 0.05; **p < 0.01; *

“p < 0.001; NS not significant. All models adjusted for surveyor

(except 2005 because of collinearity with zone), 30 day rain (mm), 30 day mean high temperature (°C), occupancy & tenure.

increase in floor joist moisture content, significant (p < 0.05) in both the
2005 and 2010 surveys. Poorer condition of the roof cladding was also
associated with a small increase (0.4-0.6%) in floor joist moisture
content, significant (p < 0.05) only in the 2010 survey (Table 5).

There were few consistent associations between moisture content of
the roof framing and other variables, although roofs that were clad with
concrete or brick tiles were associated with an increase in moisture
levels (0.9%-1.2%) compared to roofs clad with a metal cladding ma-
terial; this association was statistically significant (p < 0.001) in both
the 2005 and 2010 surveys (Table 6). Also, compared to the oldest
houses (built before 1930), moisture content of roof framing in newer
houses was progressively lower (1930s-1970s, —0.6% to —0.7%; and
1980 and newer —0.9%) in the 2005 and 2010 surveys, although this
relationship was significant (p < 0.05) only in the 2005 survey.

Combined subfloor defects were consistently associated with
increased floor joist moisture (1.2%-3.7%, p < 0.01 for houses with two
or three (of three) defects; Table 7). BEC defects were also associated
with increased moisture content in the floor joists (1.8% and 1.5%) for
houses with two or three (of five) building envelope defects present, in
2005 and 2015 respectively, with a significant trend shown in 2015 (p <
0.01; Table 7). Using the assessors’ overall condition rating (OCR), a
significant trend with moisture content in the floor joist was shown in
the 2015 survey (p < 0.05), but the relationship was weaker than for
BEC variables. We also found that the presence of less insulation types
was associated, in a dose-dependent fashion, with increased moisture
content in roof joists in the 2005 survey (Table 7); this trend was sig-
nificant also in 2010, but no association was observed in the 2015
survey.

4. Discussion

This study showed that specific subfloor and BEC defects were
associated with increases in both subjectively assessed indoor dampness
and objectively measured moisture in floor joists, whereas other house
characteristics, such as fewer ventilation and insulation factors, more
occupants, tenure type (rented), and poorer inspector-assessed overall
condition rating (OCR), were associated only with increased indoor
subjective dampness but not with either floor joist or ceiling joist
moisture content. Older houses, and houses with concrete or brick tile
roofs (compared to metal cladding materials) were associated with
higher moisture content readings in the ceiling joist, but not with either
subjective indoor damp or floor joist moisture.

4.1. Subjective indoor dampness

Building envelope condition defects were generally associated with
increased indoor dampness, with a significant dose-response pattern
observed for the aggregated variable in all three surveys. Consistent with
this, and using data from the same three surveys, we have previously
shown a similar association between BEC and both indoor visible mould
and musty odour (both inspector-assessed) [24]. A study from Quebec
that assessed self-reported dampness in 2097 student dormitory rooms
also found a dose-response association between poor repairs and
increased dampness [16], whilst two other studies found increased
mould in houses with poor repairs [23,41]. Unlike our study that
assessed associations with individual aspects of poor repairs/building
defects (Table 2), these studies did not further characterise “poor
repair”’, thus hampering the development of specific interventions
beyond “more regular maintenance”.
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Table 5

Building and Environment xxx (xxxx) xxx

Multiple regression analysis of floor joist moisture measurements in 3 House Condition Surveys.

n 2005

N = 326 P < 0.0000 R? = 0.56

2010 2015

N = 285 P < 0.0000 R? = 0.60 N = 321 P < 0.0000 R? = 0.44

Coefficient (95% CI) n Coefficient (95% CI) n Coefficient (95% CI)
Range hood
No 187 Ref 155 Ref 166 Ref
Vented to outside 139 —0.0 (-0.8, 0.8) 130 —0.3(-0.8,0.3) 155 0.7 (-0.0, 1.4)*
Vented to roof space
Bathroom ventilation
None 178 Ref 150 Ref 134 Ref
Vented to outside 89 0.4 (-0.5,1.3) 104 0.1 (-0.4, 0.6) 142 0.3(-0.4,1.0)
Vented to roof space 59 0.3(-0.7,1.3) 31 0.1 (-0.7, 0.8) 26 -0.2(-1.4,1.1)
missing 19 0.7 (—0.8, 2.3)
Ceiling insulation
Most 244 Ref 154 Ref 143 Ref
Mid 52 -0.3(-1.3,0.8) 78 0.3 (-0.2, 0.9) 126 -0.5(-1.2,0.3)
Least 30 —-0.2(-1.4,1.1) 11 1.9 (0.7, 3.2)*** 16 —-0.2(-1.8,1.4)
Missing 42 0.2 (-0.5,0.9) 36 —-0.9 (-2.0, 0.21)
Subfloor ventilation sufficient
Yes 123 Ref 68 Ref 89 Ref
No 203 1.1 (0.3, 1.8)** 192 0.6 (0.0, 1.3)* 195 0.6 (-0.2,1.4)
Slab foundation 25 —-0.5(-1.5, 0.5) 37 0.4 (-0.8,1.7)
Missing
Ground cover under house
Piles & 0-50% ground covered 237 Ref 229 Ref 230 Ref
Piles & >50% ground covered 6 —0.1 (2.6, 2.9) 31 —-0.6 (-1.3,0.1)" 60 —1.9 (-2.8, -1.0)***
Slab foundation 83 —0.0 (-0.9,0.8) 25 -1.1(-2.3,0.00" 5 —5.3 (-8.7, -1.9)***
missing 26 -1.2(-3.2,0.8)
Ponding/leaks under house
No 292 Ref 222 Ref 262 Ref
Yes 34 2.3 (0.4, 4.2)* 63 0.8 (0.14, 1.4)* 59 0.7 (-0.4,1.7)
Roof condition rating
Excellent/Good 216 Ref Ref 165 Ref
Moderate/poor/serious 110 0.5(-0.3,1.2) 0.6 (0.1, 1.1)* 150 0.4 (-0.5,1.3)
Missing 0.6 (0.6, 1.7) 6 -1.2(-3.7,1.3)
Window condition
Excellent/Good 206 Ref 118 Ref 151 Ref
Moderate/poor/serious 120 0.7 (-0.2, 1.5)" 157 —0.1 (0.6, 0.4) 168 —0.1 (1.0, 0.8)
Missing 10 —0.6 (—1.9, 0.6) 2 -2.4(-6.7,1.9)
Wall cladding condition
Excellent/Good 222 Ref 55 Ref 165 Ref
Moderate/poor/serious 104 0.1 (-0.8,1.0) 218 0.0 (-0.6, 0.7) 153 0.4 (-0.5,1.3)
Missing
Cladding type
Timber weatherboards 137 Ref 71 Ref 102 Ref
Fibre-cement 34 0.6 (-0.7, 2.0) 28 0.3 (-0.6,1.1) 46 0.5 (-0.6, 1.6)
Brick 30 -0.9(-2.3,0.5) 25 0.6 (—0.4, 1.5) 43 0.0 (-1.2,1.3)
Mixed/other 125 —0.1 (-1.0, 0.8) 161 0.2 (-0.4, 0.8) 130 0.5(-0.4,1.3)
Spouting condition
Excellent/good 253 Ref 176 Ref 185 Ref
Moderate/poor/serious 73 0.5(-0.4, 1.5) 94 —0.1 (-0.6, 0.5) 134 0.9 (0.0, 1.8)*
Missing 15 1.2 (0.1, 2.3)* 2 —4.0 (-8.2, 0.9

p <0.10; *P < 0.05; **p < 0.01; ***p < 0.001; All models adjusted for surveyor (except 2005 because of collinearity with zone), 30 day rain (mm), 30 day mean high
temperature (°C), climate zone, number of occupants, heating (gas/electric/enclosed fire), dryer ventilation, plumbing leaks indoors, double glazing & missing

flashings.

In our study, the presence of insulation in fewer parts of the building
envelope (ceiling, underfloor and wall cavity) was associated with
increased indoor dampness. This is consistent with a large survey from
Canada, which found that “improved insulation” was associated with
reduced self-reported indoor dampness [18]. This is likely due to higher
indoor temperatures, with warm air requiring fewer air changes to
reduce indoor moisture [42]. Similar to our findings, two intervention
studies reported reduced dampness following installation of insulation
in ceiling cavities [19,27]. On the other hand, another study, involving a
sample of homes with no wall or ceiling insulation and using a
three-point scale for inspector reported dampness (dry/a little
damp/very damp), showed that although underfloor insulation was
inversely associated with the exposure category “a little damp”, it did
not reduce the odds of houses being categorised as “very damp” [43]. In
addition to considering associations with indoor dampness indica-
tors/measurements and ventilation and insulation separately, we also

assessed the same associations using a combined insulation/ventilation
variable  (High/high, high/low, low/high, low/low insu-
lation/ventilation). This showed that none of these pairings were
consistently or significantly associated across surveys to subjective
dampness or measured moisture (data not shown), suggesting that there
was no clear interaction between insulation and ventilation.

A dose-response pattern of increased dampness with more (aggre-
gated) subfloor defects in all three surveys was observed, with the
presence of ponding and leaks under the house being significantly and
independently associated also in the initial multivariate analysis (2010)
using individual (non-aggregated) variables. This may be the due to
warm indoor air creating a “stack effect”, resulting in damp air from the
subfloor space to be drawn upwards, thus infiltrating into the interior
[51]. In contrast to our current findings, a previous study conducted by
this research team, using data from the same three surveys, showed no
association between subfloor defects and visible mould [24]. The reason
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Table 6

Building and Environment xxx (xxxx) xxx

Multiple regression analysis of ceiling joist moisture measurements in 3 House Condition Surveys.

n 2004 N = 482 P < 0.0000 R? = 0.24 2010 N = 373 P < 0.0000 R? = 0.28 2015 N = 416 P < 0.0000 R? = 0.21
Coefficient (95% CI) n Coefficient (95% CI) n Coefficient (95% CI)

Age of house
Pre 1930 81 Ref 47 Ref 52 Ref
1930-1979 267  —0.6 (-1.1, - 0.1)** 183 -0.7(-1.7,0.4) 233 -0.1(-1.8,1.6)
Post 1980 132 —0.9 (-1.6, -0.2)* 123 -0.9 (-2.2,0.4) 131 0.5(-1.8,2.7)
Open fireplace
No 390  Ref 339  Ref 393  Ref
Yes 92 0.1 (-0.3,0.5) 34 0.1 (-1.0,1.3) 23 2.5 (0.3, 4.7)*
Subfloor ventilation sufficient
Yes 125  Ref 58 Ref 71 Ref
No 241 0.2 (-0.1, 0.6) 193 0.7 (-0.3,1.7) 192 -0.1(-1.5,1.4)
Slab foundation 116 0.2 (-0.3,0.6) 122 0.4 (-0.7,1.6) 153 —0.4 (-2.0, 1.2)
Missing
Roof material
Metal 317  Ref 274 Ref 298  Ref
Concrete/clay tile 160 0.9 (0.5,1.2)*** 91 1.2 (0.4, 2.0)*** 96 0.3 (-1.0,1.6)
Missing/mixed/other 5 -0.1(-1.4,1.3) 8 0.9 (-1.3,3.1) 22 -0.1(-2.5,2.4)
Roof condition rating
Excellent/Good 353  Ref 216  Ref 246  Ref
Moderate/poor/serious 129  -0.1(-0.4,0.2) 138 0.3(-0.4,1.1) 160 1.0(-0.2,2.2)
Missing 19 1.1 (-0.4, 2.5) 10 -0.4 (-3.7,2.9)
Window condition
Excellent/Good 326  Ref 189  Ref 151 Ref
Moderate/poor/serious 156 -0.2 (-0.5,0.1) 173 0.6 (—0.2,1.4) 168 -0.6 (—1.9,0.7)
Missing 11 0.4 (-1.5,2.2) 2 —1.3 (-6.5, 4.0)
Cladding type
Timber weatherboards 166  Ref 77 Ref 101 Ref
Fibre-cement 45 —0.4 (-1.0,0.2) 29 —0.5(-1.9,0.9) 51 0.6 (—1.3, 2.6)
Brick 80 —0.6 (-1.1, -0.1)* 46 0.4 (0.8, 1.6) 87 -1.5(-3.2,0.3)"
Mixed/other 191 —0.4 (-0.8, -0.0)* 221 -0.7 (1.6, 0.2) 177 —0.0(-1.4,1.4)

“p <0.10; *P < 0.05; **p < 0.01; ***p < 0.001. Models adjusted for surveyor (except 2005 because of collinearity with zone), 30 day rain (mm), 30 day mean high
temperature (°C), house age category, number of occupants, heating (gas/electric/open fire) & wall insulation.

for this difference may be that subjective dampness and damp subfloor
conditions are more closely associated with climatic conditions at the
time of the survey than the presence of visible mould, which is more
likely to be related to conditions over a longer time period.

To our knowledge, no other studies reported on the relationship
between specific subfloor defects and indoor dampness. However,
several studies have assessed associations with the presence of a subfloor
(pile foundations), the results of which have been inconsistent. In
particular, two studies, one from the USA and one from Finland, re-
ported more indoor dampness for houses with a subfloor [20,44] while a
study from Sweden found the opposite [15]. A large study assessing
associations with wet/dry basements reported that wet basements
increased the risk of self-reported visible mould [45], however, this
finding is not directly comparable to our study as basements with in-
ternal access and subterranean walls, are very different from houses
constructed with pile foundations and subfloor spaces that do not have
direct access to the house, as was the case for most of the houses in our
sample.

Mechanical ventilation (extractor fans) was associated, in a dose-
dependent fashion, with less dampness. The presence of a rangehood
over the cooker was particularly effective, reducing the odds of damp-
ness to <50%, as observed in two of the three surveys. Our earlier study
showed a similar dose-response for aggregated ventilation and reduced
indoor mould, although no significant association was found when
considering the presence of a rangehood by itself [24]. Other large
surveys also found that the presence of a rangehood or kitchen fan was
associated with a reduction in visible mould [45] or self-reported indoor
dampness [22]. Similarly, a survey found that the presence of
whole-house mechanical exhaust ventilation was associated with an
approximately 50% reduced risk of floor moisture (visible damp
patches) and condensation [15]. Similar effects of rangehoods and/or
bathroom extractor fans on indoor damp and mould have also been
reported in studies from Canada and China [16,46]. Mechanical venti-
lation reduces moisture by increasing the number of air changes per

10

hour, thus replacing moist indoor air with air from outside that is
generally drier [42]. Due to only a small number of houses in our sample
having whole house ventilation systems, we were unable to assess the
effectiveness of this compared to having extractor fans only in those
rooms where most moisture is generated (kitchen and bathroom).

In the current study we found a strong dose-response association
between the overall condition rating (OCR) of the house and indoor
dampness, with more indoor dampness in poorly-compared to well-
maintained houses. This is similar to what we found previously for in-
door mould and musty odour [24] and is consistent with other studies
showing that an overall need of construction repairs or maintenance is
associated with increased dampness or mould [16,41,47]. Since damp-
ness and mould were considered by assessors as one of the indicators of a
poor overall housing condition, this is perhaps not surprising. However,
we also found strong associations with BEC, which was based on specific
envelope components and did not include indoor dampness and mould.

The positive association between increased indoor dampness and
fibre-cement cladding is of interest, particularly since questions sur-
rounding weathertightness have been raised, and are currently being
considered in the courts, in New Zealand. However, weathertightness
was not assessed in this study, so we cannot ascertain with certainty
whether the observed associations are related to this.

4.2. Moisture measurements

Ceiling joists of older houses and those with roofs clad with concrete
or clay tiles were shown to have greater moisture content. The associ-
ation with older houses may be due to the construction methods used to
connect walls and ceilings in older New Zealand homes being less
airtight compared to current methods [48], potentially resulting in in-
door moisture infiltrating into the roof from activities inside [49].
Alternatively, or in addition, it may be due to residual confounding. In
particular, although analyses were controlled for roof cladding condi-
tion, correctly identifying the condition of the roofs is difficult from a
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Table 7

Analysis of aggregated variables of ceiling and floor joist moisture in three house condition surveys.

Building and Environment xxx (xxxx) xxx

Ceiling Joist Moisture

Floor Joist Moisture

n 2004 N = 2010N = 2015N = 2005 N = 2010 N = 2015N =
482 P < 373P < 400 P < 326 P < 285P < 310P <
0.0000 R? = 0.0000 R* = 0.0000 R* = 0.0000 R? = 0.0000 R* = 0.0000 R* =
0.21 0.21 0.21 0.52 0.59 0.38
Coefficient n Coefficient n Coefficient n Coefficient n Coefficient n Coefficient
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Ventilation/3 (bath/
cooker/dryer)
No mechanical ventilation =~ 202  Ref 104  Ref 10 Ref 149  Ref 91 Ref 90 Ref
1/3 ventilation 161  —-0.1(-0.4, 125 —-0.5(-1.4, 126  —-0.2(-1.4, 105 0.4 (-0.4, 107 —0.3(-0.8, 106 0.0 (—0.8,
0.2) 0.3) 1.0) 1.3) 0.3) 0.9)
2/3 ventilation 96 0.0 (—0.4, 115 0.1 (-0.8, 150 0.3 (-0.9, 53 0.3 (-0.7, 73 0.1 (-0.5, 95 0.2 (-0.7,
0.4) 1.0) 1.4) 1.4) 0.7) 1.1)
3/3 ventilation 23 0.4 (0.2, 29 —0.4 (-1.8, 23 0.5 (-1.7, 19 1.2 (-0.4, 14 0.1 (-1.1, 19 0.4 (-1.1,
1.1) 1.0) 2.6) 2.8) 1.2) 2.0)
Trend NS NS NS NS NS NS
Insulation/3 (roof/
wall/underfloor or slab)
3/3 insulation 174  Ref 21 Ref 94 Ref 74 Ref 48 Ref 38 Ref
2/3 insulation 133  0.8(0.5,1.2) 293 0.0 221 —1.1(-2.4, 91 —0.6 (—1.6, 123 -0.7 (-1.3, 202 —-1.2(-2.4,
el (-1.4,1.4) 0.2)" 0.4) -0.0)* -0.1)*
1/3 insulation 150 0.9 (0.5,1.3) 59 0.3 77 —0.8 (—2.4, 137 —0.6 (—1.5, 109 —-0.5(-1.2, 65 —-0.8 (-2.2,
el (-1.3,1.9) 0.8) 0.4) 0.2) 0.5)
No insulation 25 0.6 (0.2, 8 -1.4 (—4.8, 24 -0.5 (-2.0, 5 1.0 (-0.8, 5 0.8 (—2.1,
1.3) 2.0) 1.1) 2.8) 3.6)
Trend P <0.01 P < 0.05 NS NS NS NS
Subfloor/3 (ventilation/
ponding&leaks/
groundcover)
No subfloor defects 155  Ref 128  Ref 145  Ref 21 Ref 25 Ref 32 Ref
1/3 subfloor defects 159 0.0 (-0.3, 120 0.0 (0.9, 109 -1.2(-0.0, 164 0.4 203 0.7 (-0.1,1.5) 107 0.9
0.3) 0.9) 2.4)° (-0.9,1.7) - (-0.3,2.1)
2/3 subfloor defects 146 0.3 (-0.2, 103 0.2 (-0.8, 127  -0.3(-1.5, 125 1.9 (0.5,3.2) 57 1.2 (0.3,2.2) 148 1.6 (0.5, 2.8)
0.7) 1.1) 0.9) o e o
3/3 subfloor defects 22 —0.0 (0.8, 22 0.1 (1.5, 19 1.1(-1.2, 16 1.1 23 3.7 (2.0,5.4)
0.7) 1.7) 3.3) (-0.9,3.0) ok
Trend NS NS NS P <0.01 P =0.01 P < 0.001
BEC/5 (Poorer condition
of; roof cladding/wall
cladding/windows/
exterior paint/
spouting and
guttering)
0-1 condition deficit 284  Ref 118 Ref 192 Ref 169  Ref 72 Ref 169  Ref
2-3 factor deficit 147 —0.0 (—0.4, 123 0.1 (-0.8, 109 1.6 (0.4, 2.8) 115 —0.0 (0.8, 110 0.5(-0.1,1.1) 115 0.9 (-0.0,
0.3) 0.9) i 0.8) - 1.8)*
4-5 factor deficit 51 —0.5 (-1.0, 70 0.6 (—0.4, 99 0.5 (0.9, 42 1.8(0.7,2.9) 58 0.3 (-0.4, 42 1.5 (0.5, 2.5)
0.02)" 1.7) 2.0) el 1.0) ok
missing 62 0.1 (-0.9, 45 0.5 (-0.2,
1.1) 1.2)
Trend NS NS NS P=01 NS P <0.01
OCR
Excellent 240  Ref 98 Ref 188  Ref 134 Ref 69 Ref 114  Ref
Moderate 165 —0.2(-0.5, 94 0.6 160 0.5 (-0.7, 128 0.1 71 0.1 139 0.8 (-0.1,1.6)
0.2) (-0.3,1.5) 1.7) (-0.8,0.9) (—0.6,0.8) -
Poor 77 0.2 (-0.2, 87 1.3(0.2,2.3) 68 1.0 (-1.6, 64 -0.2 76 0.5 67 1.3 (0.3,2.4)
0.7) * 1.8) (-1.30.8) (-0.3,1.2) *
missing 94 0.1 69 —0.8 (-1.6,-
(-0.9,1.1) 0.1)*
trend NS NS NS NS NS P <0.05

“p <£0.10; *P < 0.05; **p < 0.01; ***p < 0.001; NS not significant. All models adjusted for surveyor (except 2005 because of collinearity with zone), 30 day rain (mm),

30 day mean high temperature (°C), occupancy & tenure.

simple visual inspection, and hidden defects, such as cracked grouting
and tiles, or loosening around nails and rust underneath joins, which are
more likely in older houses, may contribute to this increased moisture in
the roof space. We speculate that the association with different roofing
materials may be related to differential solar heat adsorption and
airtightness properties of tiled/concrete and sheet metal roofs. However,
we were not able to assess this in the current study.

The strong association between subfloor defects (insufficient
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ventilation, ponding or leaks and lack of ground moisture barrier) and
increased floor joist moisture content was expected, due to the proximity
of the moisture sources (and modulating parameters) to where the
measurements were taken. These three subfloor factors have previously
been identified as related to high indoor dampness [50,51]; however, to
our knowledge, no other studies have assessed associations between
house characteristics and objectively measured moisture in the subfloor
framing, while also adjusting for other known contributors to indoor
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dampness. Our results show the apparent additive nature of these three
factors, as reflected in the significant trend of increasing frequency of
subfloor defects with increasing floor joist moisture. This is particularly
apparent in the 2015 survey, the first of our three surveys to include
more than a handful of houses with a ground moisture barrier present.

An increase in the number of building envelope defects in the
aggregated BEC was associated with increasing moisture content in the
floor joist. Two mechanisms may explain this. Firstly, water infiltrating
the envelope via defects in the cladding may collect at the base of the
wall framing and sub floor framing due to gravity, where it can be
transported through flooring materials to floor joists via capillary action.
Secondly, water accumulating around the base of the house due to de-
fects in the storm water system may create a damp microclimate around
the subfloor space and structure. Unlike the BEC, the inspectors’ OCR
did not show consistent associations with floor or roof joist moisture
content, which suggests that a general indicator such as OCR may not be
sufficiently specific as a proxy of moisture. To our knowledge, no other
studies have assessed associations between house condition or repair
and measured moisture, either in framing or indoors, although one study
demonstrated a link between older houses (a proxy for poor repair) and
increased relative humidity indoors [27].

Increased mechanical ventilation, which was strongly associated
with reduced indoor dampness here, as well as with both mould and
musty odour in our earlier study [24], was not clearly associated with
measured moisture content in the floor or roof joists. As wall cavity and
framing moisture is generally considered to be strongly affected by the
infiltration of moisture produced indoors by occupants [42,52], we had
expected an inverse association between insulation and ventilation and
floor and ceiling joist moisture content. However, this was not the case.
This suggests that floor and ceiling joist moisture content may be less
affected by moisture from the indoor environment; instead it may be
more affected by the impact of moisture originating from outdoors (see
section 4.1), although this could not be confirmed in this study.

The significant trend with fewer aggregated insulation factors and
higher ceiling joist moisture content in 2005 and 2010 (Table 7) is
similar to what we found for subjectively measured indoor dampness
(Table 4), and visible mould and mouldy odour, as reported earlier [24].
The reasons for this may be the same as described for subjectively
measured moisture (see above); however, the fact that ceiling insulation
was not independently associated with ceiling joist moisture in the
non-aggregated analysis, suggests that this result may reflect con-
founding with some other related construction factor. No clear associ-
ation between insulation and floor joist moisture was found.

This study also found that that poorer roof condition was associated
with increased floor joist moisture. The reasons for this are unclear.

A further analysis was conducted looking specifically at recorded
insulation defects, including gaps, settling, poor fit and other unspeci-
fied damage. Presence of these defects was summed (with no insulation
present coded as the highest category) and the index tested against
dampness and moisture measurements. The relationship of this index
with dampness and moisture measurements was inconsistent across
surveys (data not shown).

4.3. Limitations

An important weakness of the study was the lack of data on behav-
iour of the occupants, which may confound associations between house
characteristics and indoor dampness. However, occupant behaviour
may not have been a strong confounder as results were reasonably
consistent between surveys despite taking place in different seasons (the
2005 survey was conducted almost entirely in summer and the 2010
almost entirely in winter and spring) when occupant behaviours were
likely very different. Furthermore, as associations were relatively strong
and showed dose-response patterns, it is unlikely to be explained
entirely by confounding. Nonetheless, confounding by occupant
behaviour cannot be excluded.
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Inspector-rated indoor dampness (based on the subjective feeling or
sensation of indoor humidity or dampness) in our study was not entirely
comparable to similar reported outcomes in the international literature,
where it is often based on a visual inspection, including damp stains,
patches and sometimes condensation [16,21,22,44,53]. Similarly, our
study focussed on a specific style of housing, namely timber-framed
houses, and was conducted in a temperate maritime climate, charac-
terised by a narrow range of temperatures and high humidity
year-round. This is different from many other studies, somewhat
limiting the comparability of our results. Nonetheless, despite these
differences, many of the associations between household characteristics
and dampness observed in our study were similar to those reported in
the literature. Additionally, although moisture measurement in-
struments were calibrated at the start of the study, they were not reca-
librated, so we cannot ascertain that instrument drift did not occur, nor
to what extent such drift may have affected our results.

Our results, particularly in unaggregated analyses, were sometimes
inconsistent across the three samples. This may be due to the relatively
small number of houses with particular characteristics in some surveys
(e.g. presence of a ground cover vapour barrier in the first two surveys)
resulting in reduced study power for some analyses. Also, a lack of rental
and poorly maintained houses in the first (2005) survey may have
resulted in some associations not being observed in this survey —
particularly those related to the condition of the house. Furthermore,
climate differences due to sampling at different times of the year has
likely impacted on the proportion of homes with dampness, again
limiting the statistical power for some surveys. Finally, not being able to
control the analyses for human behaviour (as discussed above), may
have differentially affected the results for each of the surveys.

5. Conclusions

Our study showed that subfloor and building envelope defects were
associated with both subjectively assessed indoor dampness and objec-
tively measured floor joist moisture content, whilst insulation, ventila-
tion, occupancy and tenure were associated only with subjectively
assessed indoor dampness. These results provide important new insights
that may facilitate the development of more effective interventions to
reduce indoor dampness. However, significant knowledge gaps remain
in understanding of how human behaviour mediates the relationship
between house characteristics and indoor dampness and building
moisture. Future work taking into account human behaviour (e.g. use of
heaters and ventilation practices) and across a wide range of climatic
zones is needed to ensure that interventions are optimally effective for
all homes and living conditions.
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