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Limeere & A Fasrovic howse by the
Thames, mowy wsed @5 offices. Cine
Ohctober fresh lead was laid over newy
getextile felt on the originagl sofriood
boarding, This photograph raken three
wweeks hater shows how the autwnne dems
peitated ULC above the gaps betresn
the boards, Mate the characreriseic Jfish-
rasling" of sohire Tiape I covrosion prodect
o the undernde of the lead io the innde
af the rolls, This &5 where moist arr_from
wtian the aldiog roses e the rolls aond
soreiimnes comdenses, Abowe the deckang,
the fead = mot corroded becarere morsfure
cannol reack o o canly and soe fas
been absorbed by the Boarding,

hoards or pass through the gaps
berween them. As conditions
become damper, moisture s also
absorbed by the boards, potennally
delaying the onser of condensation
and possible corrosion. Suitable
decking boards (eg pine, not the
more permeable and less absorbent
oak}, which have been dried over a
hot summer are sometimees even able
to profect the lead from condensation
throughour the following winoer
(paradoxically, solar shading by
temporary roofing can reduce this
effect, thowgh rain protecrion is
namrally more important). Conversely,
decking which has become wer may
reain moisture for long periods
hefore it eventually disperses.

Moisture and corrosion risk

The research indicares that the
amount of ULEC s not solely or
directly relared to the amownt of
roisture under the lead.

# The initial srate of the lead greatly
affects its susceptibiliny to corrosion
when condensarion ooCurs,

Figrre 9 After forpy vears, UL has
CORFHREd, OF aTeRage, abonn are-
quarter of the Mckyess af the lead
Fere and die rool iz begtaming o fail,
Here, ana froguerly when ULL &
EeTETE, R Prime canse 13 rapped
HIMEENNE PENS GYEaREC aoids from vhe
EnbsTROe; 1M s case Rardboard over
aak, sohich are both aggressioe to lead,
The rather less corvoded sirepes
runming wp the sheets shooy sohere the
rafters come,

a Chemicals can have major effects
on the pmount of corrosion.

& Condensation corcoston tends 1o
be fasrest not when the lead s
cold and wet, but when it is
warmer and in the process of
drying our,

Condensation is not abways
COFTOsTVE

Moist but not quire condensing
condilions can COeane Compact,
passive layers which afford some
protecron from ULC. Although this
mechanism cannot be relied upon,
the research suggests that it has
helped o provect lead on many
historic roofs. The outcome will vary
with the stave of the building, the
lead, and the weather at the time of
laying, which helps o account for
some of the observed variability in
performance. Protective coarings
have therefore been investigared, as
discussed in Section 6.

Distillation effects
Often greater in i cormosive effect
than fresh condensation is the

distillation of rapped moisture feom
any source {condensation,

=]

construction, rainwater or thermual
pumping). This may occur, for
example, in rapidly alternating
sunshine and cloud. The mechanism
helps o explain why corrosion is
often worse on south and west slopes
tham on the - often damper - north-
facing ones. ULLC can be much worse
(and not s orientation dependent)
when organic acids are present, as
they frequently can be - sce below,

The effects of acids

Lead resists many strong acids
because their sales are inscluble.
Unfortunately, weak organic acids
such as formic and acetic form lead
=alts which are very soluble, and so
can cause severe LILC, The effect is
also catalytic: once formed, the salts
then react slowly with carbon
dioxide in the atmosphere to form
basic lead carbonate, releasing free
acid which 15 then ready to attack
the lead vet again,

Where do the acids come from?

While fresh oak is notorious, all
timber and timber products contain
acetic acid, a sponanecus breakdown
product of ‘dead’ eellulose which can
be broken down by water o form
mere acid. Timber products such as
plywood, chipboard, hardboard and
oriented strand board (OSB) often
contain formic and other acids in
adhesives and binders, which can
make them very aggressive when



AR T

FEE | METEL
MEfiE HoLE MEME TOINS
IHBHLDIMNG TN BB NG
PPt
LM DEELAY

Fé&PERE
LM D{l:ltm‘f

ik i
BT IC

LA p STt LAY

Figaere 10 Tl lrcarimes of acid-relared corrosion. IF acids are fresent, corrsion
o5 ften foend armoed the edpes of the lead sheer: inside ralls, abeve laps, and above
areas twerd the lead kas heconre Mizterad or folded, or the subsrrage dips gy, This
appears i be g cossegience of disnillarien of werer across the @ir Bafy, easidr Qooess
of carbon diexide Io regenerate acid from the lead salts, and elecrrochemical effecrs.

damp. If acid vapours cannot
disperse readily, this action contimees
until harmiful quantities accumulate,
Even old timbers are not necessarily
safe, and they can generate more
acid if they become damper or are in
a state of decay. Heat accelerates the
reaction, making trapped moisture

particularly aggressive in moist and
distilling situations. Acid can also
accumulate in new timber during
kiln drying. Acid cormosion 15 often
worst where the lead does not quite
touch the subsrrace: here distillation
can occur and more carbon dioxide
is awailable to regenerate the acid.

How to reduce the risk and extent of ULC

& Do not roof in damp conditions or using damp materials, Timber
maisture content should not be more than 16% at the tme of
laying, unless some form of lead pretreatment 15 wsed,

# Take care when considering additional ventilation, (See Section 3.}

o Do not use substrate species and matenials known to be aggressive.
Check that initial acidity 5 also low, (See Section 4,)

& Choose appropriate underlays. (See Section 5.)

» Consider pretreating the lead. (See Section 6,)

o Avoid trapped situations, particulacly if pcids are likely.

# Ty to lay between April and July. Avoid the autumn, Where
temporary roofs are used, sensonal effects are less important but
spring or summer completions are still preferable.

@ Opecate the building™s heating and ventilation to help minimise
accumulation of moistuse 0 the substeate.,
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Fiperg 11 The time ovcle. Galciiem
carborare — Cal0); — the start and
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Alkaline environments

It 15 also well known thar embedded
lend 15 atacked by alkalis, in
particular fresh limve in mortar and
concreie. Henoe buili-in lead
(beyond the first 15-20mm whers
mortar carbonation occurs rapidly)
is routinely protected with a coating
of bitumastic paint. Where lead
roofing and guttering is placed over
concrete or mortar, barrier lavers
have often been used (but see
Section 5). As a general rule, the
emvaronment under a lead sheet
should be close o neurral (pH 71,
Lead oxide and hydroxide are also
less soluble near the mewreal point,
furnishing a cerrain amount of
additional protection.

Do some types of lead
resist ULC better?

Laborarory and sive peses vo date
hawve revealed linle difference in the
narure and amount of UL for
similarly-prepared milled and sand-
casl lead, and berween hisroric lead
and modern lead. Continuowsly
machine-cast (DA) lead has only
recently been included in the
research and test results are not yer
available. Most differences found so
far in the performance of different



lead specimens are related not o
composition or production method
but to its indtial surfpce stave. While
alloyvs with a tn content of over 1%
arg more resistant to corrosion from
acid vapours, they are too hard to
be used for roofing,

3 Roof construction
and ventilation

Introduction

ULC problemns are often blamed on
“an absence of ventlation”,
However, in historic buildings., extra
rocfzpace ventilation does naot
always reduce ULC unless the true
prncples of a ‘cald” roof are
achieved., These inclode

& an ar and vapour control layer
CANVCL) o stop any significant
amounts af modst air or water
vapour entering the ventilated
airspace under the lead

o ventilation of this space by 100%
outside air

Roofspaces in historic
buildings

Roofs in histore |'|1.1i.|d||‘|.ﬂ:-=. seldom
camply with the above principles
and the guidelines outlined in
Section 1. People are often rempted
ter make do as bese they can, for
example by adding a certain
amount of venrilation and an
incomplere vapour contral layer.
However, the research suggests that
such half measwres can sometimes
be worse than useless.

It &5 imporant o assess the
performance of the roof as it stands.
Many hisvoric roofs have worked
well, or reasonably well, even
though the substrare decking
sometimes forms the ceiling of the
space, with no roofspace, no outside
air venrilarion ar all, and frequent
condensarion near gaps berween the
boards, and sometimes more
genierally.

The peacarch has been seeking o
find our why so0 many lead roofs
perform berter than an analysis of
condensarion risks would lead one
to expect. The results have been
mixed: whilst many roofs show littde
ULLC, there are some which are

problematic today and also seem
te have required more frequent
attention in the past, though
maintenance lifetimes of less than
30-30 years are rare, Uwing to the
influence of starting conditions (see
Secdon 2) even in risky situations
COFTOSHON TATES GAM VArY
significantly, and even roofs at high
risk may enpoy some long intervals
of trouble-free service

Three typical situations

When n roof in o historic building =
tor be repuired or replaced, ideally its
construction and detailing should
be changed as hittle a2 possible
Thres sitwrtions jre COMImon, &%
outlimed below,

l 2
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Figare 12 Three typreal roofipace
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Simuation 1 Very well ventilated

This accurs, for example, in belfries,
barns, porches, and sometimes over

Figure {3 Thiz ourdoor test rig near
Masrchezter has 100% ourside air
wernilanion. Linle ULG has been fouend
hare, aparr froon an area of the Tae
cettral secrion above el o shallow
predale of reirarer colleces,
Euvaperarion from thiz cooly the lpad in
godndy condivions (Tncraasing the vizk
of conderzarion) and lenghens the
dryrg-oir period when i1 & warm, Tn
an enclosed voaf or a VIWE, a small
aFoiirl of WOIED @i OF Erer Taponr
erilering e venlarsd airpace can
haroe @ sinidlar gffece.

vaults, eic. The roofspace
environment can sometimes be
virtually independent of the
occupied space below, and often
approach ‘cold” roof principles.

It they are not subject to water
ingress, such roots may exhibit livile
or no LILC, provided that the
substrate materials are not
chemically aggressive. However,
ULC performance is borderline,
even for an ideal ‘cold” roof, as
tlustrated n the photograph
shown in Pigure 13, Inspections,
tests and precautionary measures
are therefore advisable before re-
roofing (see Appendix A). In other
crcumstances, air and water vapour
from inside the building may enter
the roof woid = for example through
stairs and access doors = creating
Situation 2 or 3,

Situation 2 Separate roofspaces
above sound and reasonably
imperforate ceilings or vaults

Such roofs are often thought o
need more venlation, but the
research indicares thar this is not
universal |'_|.' |:'|.-E!E'!-I'u]- ‘Ruffzring:' h}'
frgiature stored in the ambers and
other materials i the rool can
sometimes help o protect the lead,
When strong sunlight falls on the
lead, it causes mosiure [0 svaporate
fram the decking and structure. The
resultant warm, maist (hat o
condensing] conditions can
sometimes promote self-passivation
as outlined in Secrion 2. Conversely,
when the roof cools, moksiure re-
absorbed into the fabric helps 1o
stabilise the environment and can
even have a dehumidifyving effect.
With added venmilation, molsture
and hear disperse more rapidly and
these passivating and stabilising
mechanisms may be lost. In
addition, where the ceilings are

not reasonably airtight, extra
ventilation may sometimes
encourage maore - usually moister -
air to rise invo the roof from the
roomes underneath.

Where the lead exhibits lictle or
no ULE, and the timbers are in
good condition and not excessively
damp, subxject o tesis {see
Appendix A) one may find that
additional ventilation /s not
always necessary or desirable,



Fagure I4 Crratutous ventdlation miay
soRiReE prerease corrosion, Wiken this
rof of @ Restoric fAonse i ohe
Midiends was repaived, imslanoR
Jaced pmth a wapour comrrn mambrans
s fieted Berpveen the codling jorsrs and
mELERaE I PeRiTaion was meraaiced
Srnee tee misnbrane soas w
COREHAMaNE aider te forsrs, i did moi
stiop goader IEbowT and WIIsE @i FIsRg
STroom she brldimg et the roaf (ol
seTs alse motn clder IR ImiREr ORRILE o
the addrtionad oeedatton and
verttlateoar). Theere w5 actroe UL over
thee board jooss wwhere tramsient
conderisatton ocoiers, and coer the
boards thenselves tohich are R
daniper than before, A laver phrase of
wark did mor add venilanon and 15
uncorroded, S botk phazes an il
undersiade coatimg wowld rave been

a useful precausion,

#‘-Iu :

Figure 15 Village chiorches wth oak
ceilirgs mhick have lead laud divectly
above them are pardicilardy swsceprible
o DILG, The reddish-browse coloratums
af lead oxide here &5 guilte conrron, ai
are phe passitared aréas rear the paps
seflare the aold vapours can disperie,
In siriarions fike olis, tfeere @ i
INTPOFEANT fo refain an ol celling,

a benislared Wirrm Roof abowe may
be the only arspr.

Situation 3 Mo roofapaces, or
roofspaces above relatively
permeable ceilings

These tend to be at the greatest
risk of condensation, corrosion
and sometimes timber decay.
The buildings, churches in many
cases, are frequenty damp., This
can be exacerbated by insutficient
mainienance to guiters, pointing
and raimwater systems, which
should be attended to, Heating and
ventilation may also be inadequate:
gentle continuous background
heating and ventilation will help
tor keep the building slightly warm
and to remove eXcess moisture,
However, heating withowt
ventilatoen can create a humid
envirenment which can maks the
roof very wet; and ventilaton
without heating 1= effective only In
relatively warm, dry weather,
Crecastonal heating - often used in
churches = can be unhelptul because
meisture starts to evaporate from
fubric and furnishings when the
bunlding begins to warm up, 15 added
[0 'I'l'_n.' occupants and their activities,
and s then redistributed = aften mio
the ool - 4z the bullding cools
afterwards. Flueless heavers make
matters worse by injecting water
vapour a5 a product of combuston.
In marginal situations, especially
where it 13 iImportant to preserve the
original structure and design of the
roof, caleulated risks may be possible
using suitabkle coatings and
underlavs, but detailed investigations
may well be reuired, Lo not use
copper nails for Axing in these

siteations as cold-bridging owing 1o
their high thermal conductivity can
cause pattern s@ining and even drips
of condensaticn from the ceiling:
stainless stecl nails are preferable. In
maore severe conditions, in order oo
retain historic ceiling/decking
boards {particularly of cak) while
minimising the corrosion risk vo the
lead, upgrading to a carcfully-
desipned and construcved Y'WHE may
b necessary. Even vapours from oak
rafters and purlins can somerimes
be troublesome.

Ventilated warm roofs

The research has also examined
roofs which have been upgraded o
WV Hs in line with current
recommended design principles for
new buildings. The outcomes have
been reasonably effecodve, bur areas
of misunderstanding and poor
execution have been revealed. ULC
has semetimes been present, and
ways of reducing it have been tested.

The purpose of a VWE is to have
a clear ventlated zone typically
S0mm desp (and more if possible in
low=pitched roofs) under the lead
and its supporting decking. 1t should
be venrlated by owtside air to help
equalise pressures and oo avoid
thermal pumping. Under it should
be an cffective air and vapour control
layer (AVCL) 1o stop any ingress of
water vapour and moist air from
inside the building. These principles
are not understood by all: designs
have sometimes shown this airspace
ventilabed by inside air, or 8 mixoure
of inside and outside air,

Figaere 16 Thiv eanly example of @ VWR was venidated from sde fo sude, rather

el framr bottoun do toe UL has eccurred o the less soell=veniilated area mear

the eaves bertoeen the oo bollonr tents,

Lo



Figuve 17 Most of the FIWR above was commplerely free from ULG, as in the
foremrmerdl, The stvipes af heary ULE furdher back occurred in a bay in mhich ohe
AVUL war poerly rermnnated arowmd a ool sindem (ror wisible ro ohe vighe), This
let mast @i and eater vaponr fram the dnzerior trie ohe venidared laver, The ligheer
carrpan et visible ar the fop rgtr ocourred mear @ valley mwhere there tas o frongh
TERiHERmL Some eaves vemtiators had also become blocked wliere the free edpe of
the AFCL ar a joier iv this posinion ad becowre wnbonded and fad curled wp

Ventilation paths

It = 1mportane for the ventilabion to
run through all puLTES of the roal
r'r|1|.1.'|. bt farm o Tape. i_?'.l'h' Tead sieg
mamaly vol 3, pages 62-63, shows
some ventilator details) In roofs
which do ot have through-
ventilation, corrosion is often found
in the dead spots. Occasionally the
ventilation has become restricted
OWINE to

e the expansion of glass and mineral
fibre msulation mto the gap. A
durable breather layer above non-
rigid msulabion 15 often desirable
Both t0 retion the msulabon and
designed to draan any water thiat
may happen to enter the mrspace
wway to the gutters,

o the edge of the AVCL springing
up at the eaves, blocking aie inlets
{the AVCL should be firmly
sepled heee in ANy event W SI0p
lesikage around the edge)

& excessively line birdinsect mesh
becormmng blocked

Ventilation guality

The adrspace must be ventilated by
1005 outside air. However, thit air
cannot be relied upon (o sweep
away harmlessly any modst aic oF
water vapour which has found its

way there trom inside the building,
Any holes, or unsealed gaps or joints
in the AVCL can lead to corrosion,

[k 1% therefors essential that the
AVCL iz well specified, well detailed
and ¢orrectly mstalled, Joints must be
wir= and vapour-tight and junctions,
penetrations, abutments and free
edges must be well detatled and
properly sealed. High-performance
ANVC L=, adhesive bonded or bedded
in hot bitumen, are preferable to
lnose-laid membranss which can be
ditficult to terminate effectively and
are easily dislodged or torn.

Additional protective measures

Since even with the best-detailed
and constructed roofs, startng
conditions may sull inapare UILC,
further prorective measures are
desivable, In initial vests, a laver of
plain reinforced building paper has
been successful in controlling the
corrasion that can otheranse occur
on & dewy night, Coatings may also
be a helpliul precautionary mensune
isee Sections 5 and &),

Joints between sheets

UL is aften particularly severe al
the edges of a bay, just beside and
rising it the rolls and just above
laps or steps, These environments
terdd 1o be the most variable, and
mnst susceplible o opclic werting

Figere 18 i ohis T'IVR, the AVCL
Termitnates some diznance shorr of the
abuitmienr. The lead nearln faz
corraded wnderneath, tolich & o be
cxcted 0 e circienistances. Somie
conderzare fas also entered the lap
and cased ocal corrasion.

Ventilated warm roofs:
other cautionary points

Specifiers may wish to consider
the points below, which although
not directly related to ULC,
were encountersd in the course
of the research.

& I severe gused, the ventilaved
layer may not e able wo
equalise pressure quickly
enough, and wind uplift is
theoretically possible,
particulacly where ventilators
ape exposed in a positive
pressure z2one, for example
under projecting caves.

# Care in detailing may be
required at the perimeter.
An AVCL could trap
moisture in this potential
‘cold bridge” position,
possibly increasing the risk
of decay to joist ends etc.
Thermal tnswlanion: aumding
richs (HRE 1994) gives more
information on avoiding risks
assnciated with insulation,
ventlation and vapour control,

& The ventilated air gap might
encourage the spread of fire,

particularhy whers the openmpgs
are in projecting eaves,
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Ligure IR Carrosion in splashiaps,
Thiz diggram liusivares moe pepes af
LILC wohiech rend to be exacerbared by
spiashilap derafimg, The loft hand seae
showws where raimaater can cavse saall
ammnts of ULC, particularly where
the undercloak and overcloak come
suffeciently clese fogether fo trap ther
pron capaliary “puddles " of disaillare, On
the right, irapped moisiere from swthin
the comseructron finds i more diffecnds
to emerge and can be destructioe if
acras are present, Oecasonaly the
acras fird therr way ower the top and
both sidey becowne badly cornmded,

and drying, distillation of trapped
maoisture (particularly in oblique
sunlight), differential aeration and
carbonation, and accumulation
and regeneration of organic acids,
particularly where the lead 15 Loid
on sheet deckings or impervious
membranes.

As a general rule - and provided
they can keep the weather out -
lopsely-made joints are preferable
to tight joinms because they let
mpisiure and other vapours escape
trvpee easily. Wheee there is risk of
ULC, roofs with splashlaps rend o
show meore because

& the overlap area increases the
cgress distance for moisturne
and acid vapours

# the overlap can also become
complerely sealed ar imes by
rainwarer drawn and held in
by capillary action - particularly
an low-pitched roofs.

Sometimes distillation of rapped
rainwater may also cause some UTLC

in laps and splashlaps, as sketched
left: this oocurs independently of
conditions inside the building, and 15
seldom serious except where organic
acidds also accumulate. Preliminary
tests suggest that coptings can also
help to reduce ik,

In roll positions, splashlaps can
sometimes be avoided by using
hellow rolls or retention clips,

At steps, an imcrease m heighe

will sometimes suffice, However,
it iz appreciated that in some
crcumstances splashlaps will be
needed for weather protection,

or to mask rows of nails. Flollow
ralls also tend to be less subject to
ULL than batten rolls,

4 Decking materials
and their performance

Lead roofs are often Inid on
softwocd boarding, with ‘penny’
gaps (some 2-4dmm wide) between
them o permit mosture movemeant
and to provide “ventilation” to the
underside of the lead, One also Ands

& ‘gap’ boarding, often with
narrower timbers, 50-100mm
wide separated by gaps of
10-20mm. This i= most commaon
on alder, more steeply-pitched
roofs and with thicker codes of
lead (Codes 7, B or more), With
shallower pitches or thinner codes
the lead may sag or be trodden
into the gups.

# ‘close’ boarding, where the timbers
are butted more tghtly, and
sometimes tongued and grooyved

# hardwood, particularly whers the
decking serves also as the ceiling
for the space underneath

& tmber sheet panel products such
w5 plhvacod, chipboard and O5E

The boards wsually run horzontally,
sometimes vertically or dingonally
(this can make fatigue cracking less
likely above joints). Insulating
materiil was sometimes used, but
these “warm deck’ roofs proved
vulnerable to waterlogging and
corrosion and cepsed o ba
recommended (see Section 1),

Continuous or gapped
deckings?

Both types have strengths and
wiep kressis,

o Capped deckings proviade a direct
path from the air in the roofEpace
1o the lead: a disadvanzage in
allowing water vapour and moist
ai 1o ger there rapidly under
condensing conditions; but
providing an exit rowute for
moisture and acid vapours which
might otherwise be trapped and
CHUSES SEVErE Corrasion, Site
studies suggest that the
passivation tends to be better
the wider the gap: though to date

Fipere 20 A gap-boarded rogf, Soffeeood gap boardivg 1 commmas i the stesply-
pitchied roafipaces of medieval cachedrals, It is normally wesedtable mechamically
Sor far or shalleee-pirched raf. For a vartery of reasons, these roafs rend ro be
refarively resiztant o ULC and the consrrierion can often be madmiained woithonr
ary miodificaris. A precrearmeent o Lhe undérside can help o gvedd indal
carrosin. See Section 6.



