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Lead roofs on historic buildings

An advisory note on underside corrosion
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Lead has been wsed for cempaeries o cover roofs and a5 a ressle of ies excellomy performanece record, it continues o be aidely

wsed — parficularly on kistoree Raldngr. These photographs shoe lead roaf ar (1) Koagiron Lacy, (2) Wirnsigres Hoass,
(3 and 4) Hampion Cowrt, (5) the White Towver, Toever of London, and &) St Cross, Wenchener
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Background

Lead is widely used in historic
buildings and has an excellent
performance record. Like several
other merals, it can be susceptible
o underside corrosion, and this
occasionally contributes to
premanurne failure.

Underside lead corrosion (LTLE)
has been known about for centuries,
However, this did not affect lead’s
reputation for durability. Instead
UL was regarded as something
which was sometimes found when
this durable material needed recasting,
when the corrosion product was
collected and used in paint,

In the 1970s, mncidences of severe
UL were thought to be increasing.
In 1986 a study by the Ecclesiasrical
Architects” and Surveyors®
Agsociation (BEASA) concluded thar
because fresh lead is atracked by
pure water, the moest likely cause
was increased condensation, the
result of changes to heatng,
ventilation, insulation and
ocoupancy. EASA recommendaed
reducing condensation risk by
ventilation or design,

Shortly after this, the Lead
Development Assocation and the
Building Research Establishmen:
found prohlems with Swarm’
sandwich roofs, which since the
19605 had been regarded as good
practice for new insulaced
construction and rereofing. Since
then the Ventilated Warm Roof
(VWR) has been recommended
for new construction.

English Heritage (EH) commits
large sums of money annually to
grant-aiding lead roof repairs, some
ULC-related. In such cases, EASA™S
recommiendations often proved
difficult te apply whilst the V%R
conflicted with the principle of
minimum intervention to the
grructure of an historic building.
Even where great care had been
taken, repairs were not abwvays

complerely free from TULC, which
wis somerimes alao found where
there had been little or none before.

In 1993, English Heritage
therefore starced a programume of
research to improve understanding
of ULC: its ocourrence, its causes,
and whether it could be controlled
whilst retaining historic details as
far as practicable. Some technical
and laboratory studies were jointly
supported by the Lead Shect
Association (LSA) and the Historic
Boyal Palaces Agency.

Qutline of the research

The laboratory rescarch has
included desk smudies, compurer
modelling, and indoor and outdoor
pest rigs. Thirty buildings have also
been subject o inspection,
maonitoring and testing. A web of
complex processes, both adverss
and beneficial, has been revealed.
As a result, and owing to each
building’s individual crreumstances,
it has not yet been possible to
develop universal guidano:.

The purpose of this
advisory note

In responss to many requests froin
those working on historic buildings,
English Heritage and the Lead Sheet
Association have produced this
summary of preliminary findings

in order te make available the
imformation from the research o date.
It is intended to help professionals

# to appreciate some of the issues

@ in their assessment of lead roofs
in historic buildings

& in developing proposals for
renewal or repair which can
reduce the likelthood of ULC
whilst minimising the amount of
alteration to the building fabric

Disclaimer

The infismmtion in this leafle iy necmsarnly preliminsry. 1 Eas noc yeo been subject o the rgorous
develogumient and resting which will be nesdad before i coubd be considered for inclusion i possihle
good praciics sandards. Ahlthough the information is given in good fasth, Englsh Herrage and the
Lend Sheet Associacion con take no respoosbility for any comsequensces. arsng from iis we, In the
consruction of kead roofs 0 new eensiore oo bistorks buiklmgs, any reeant Bediding Begulitiona,
British Standard: and guklance fraon the Lead Sheet Assocution should Be maken o scooant.




Summary of findings

Lead"s notural durabilicy arises
hecause most of s salts are
insaluble and form protective
surface coatings during weathering,
Unprotecred lead is vulnerable o
attack by pure condensed or
digrilled warer and irs underside
cannol weather in the same way,

ULC can be particularly bad
when organic acids accumulare, and
these also breeak down passive
lavers, The corrasive effect of fresh
vak 15 well known, Tt is less widely
realisecd that old pak can also be
corrosive, and that all timbers
contain organic ackds, Some iwmbers
Wre VETY COTrOsive, a5 are aome
manufactured boards such as
plywoods, pariculacly when damp.
Timber preservarives can alao cause
problems: apart from any chemical
effects, rreated imbers often come
po site damp. Some preservarives
alzo arrract mokkmaee.

LI is significantdy influenced
by the conditions 1o which the lead
5 exposed during laying and for
soane months afterwards, Clean lead
cian s1art oo corrode as soon as it
encouners molsure: a shower of
rain, a damp building, dewy
weather, or damp decking. In side-
byp-side 1ests, sand-cast and milled
lead, and hisvoric and modern lead
show linle difference in initial
UL rates, Once initiaved, TULC
can continue when conditions are
adverse. Inappropriate hearting and
ventilation may exacerbare the
siuarion.

In new buildings it is now
recomimended that the space under
the lead is venrilaved by outside air,
as in the Venrtilated Warm Roof
WVWER). For these to work well, the
study has found rhar it is essenmial
thar the whole of the underside is
ventilared and that the vapour
contral layver is specified, detailed
and insealled 1o be both air and
vapour tight.

In existing roofspaces,
improvermnents oo ventilation may
not always be helpful unless there is
a highly effective air and vapour
contral layer at ceiling level
(something almost impossible to
achieve in a historic building). It is
therefore important to understand
the sitwation before intervening.

Figure | The corvosion behatiour of
fead & markedly affecred by sorall
changes i entironsental conditions.
Theis pese specomen, near acnial size,
ees plareed on a theer of pofyrieene-
bureleed Beilelivig paper on safreocd and
suibjected e cvaparanion | condensation
cyeles v revo weeks. The paper had
mire pinfioles fn de above these, dots af
carrasion product vary in coloer from
efeire throwgh vellow o brown, fn dhe
square aronnd them, a dark “passtoe”
faver fups developed woluch has somre
resisrance o ULG. Ar the outer
perimerer, the lead o5 brighe and
wavrally wnaffecred. This mechamism
of EPORIAREONE PRIHTANeN T
contdizions Terging whon the corrosite
hus hefped lead roofs tn some Risteri
buiddings o perform well, sven in
i SiEMaTieL,

Many lead roofs in historic
buildings often become damp but
show lintle ULC owing to the
development of passive protective
films in vulnerable areas. Sometimes
these form spontaneously in warm,
maoist (but not wet) conditions - as
in the darkened area around the
ning correded dots in the
photopraph above, Paradoxically,
additional vennlation can sometimes
suppress this mechanism,

Since starting conditions greatly
affect what initially happens, o
replacement may not necessarily
develop similar protection,
Underside treatment may therefors
be desirable, particulardy if a dry
start cannot be ensured. The
research has tested protective
coatings of linseed and patination
oil and factory- and site-applied
paint coatings. All these helped to
reduce ULLC, though with some

drawbacks: pre-coatings are casily
damaged, and oils and pains
applied on site atter the lead has
been formed must have adequate
nme to cure. An alternatve, and
promising, process is the site
application of slurries of chalk in
water, which provides a chemical
environment which encourages
spontansous passivation and allows
the lead to be re-laid quickly after
coating, Further trials of coatings
are in progress.

Any applied pretreatment must
not cause adhesion berween the
subsorate and the lead sheet, or
thermeal fatigue failure may occur.

1 Introduction

Underside lead corrosion
(ULC)

Lend roofs sometimes develop a
certam amount of corrosion product
underneath, It can be compact,
powdery or flaky. It is usually whire,
sometimes piik or yellowish. Tis
chemical composition varies, bur
hasic lead earbonate usually
predominates, often with parches of
red or brown lead oxide. Underside
corrosion can also affect
continuously-supported foofs of
ather metals, particuladly aluminium
and #@nc,




Underside corrosion is not new WETER 1M LAPS AN
SPLASH LAFL GAM

ULC has been well known to BE BEAWM [NTGTHE

: : EOOF BSTHE AE
plumbers for centuries, but did not IM THE MSHLATION
harm lead's traditional reputation BAiMWATeg  LOOLS AND CONTRACTS
for longevity, being regarded as one OFTES SEALS H“‘-I
of the products of the eventual GAPS AT

LAFS AN |

decay of a long-lived matenal, In
the 19705, however, ULC was
thought to be increasing. In 1986
ronp studies reported {see EASA
1986, LD January 1988). They
identified oo principal causes,
outlined as follows.

Figure 2 Thes 18505 roof kas

eventually failed owing o fanigue & Condensation corrosion
cracks caused by thermal stveszes in problerns
large shests subfect to constans thermal Fresh lead is aracked by pure
mroverent, A small amouns of ULC water, &8 formed by distillation
wnzs alse pirrble wender the sheers: thic i and condensation. Over the past
perfectly wormal, and has nor decades, changes o heating,
contrebuted spmificanedy o the famre, ventilaton, occupancy and
insulation have rended o increase  Figewe 4 Warse roof consirnction
Failures by ULC alone are rare condensation in many roofa. To should wot be used becawse waner
meduce the risk, bemer consmruction ar miarel g cor be draesr e a2x phe
Miose lead roofs whickh fail and wventilation were advocared, roaf conls dotun,
prematurely have cracked or slipped on the principle ‘no moisture -
owing to thermal movement and the ne COTrosion’, problem occurred. Rainwarer or
related stresses when sheets are too modst air oould sometimes be
large, or fixed too rigidly, or not ¢ Warm deck roof failures drawn in by the partial vacuum
securely, The lead cheer marual Insulared *warm deck’ roofs - which developed as the trapped
(LSA 1990, 1992, 1993) gives which had the lead directly over air under the lead contracred
recommended sizes and fixing insulation above an air-and- when the temperature fill,
details. Occasionally ULC iself can vipour contral layer (AVCL) - particularly during a shower on
be severe and failure rapid, ie within had been increasingly used in a sunny day. The research has
15-30 years and sometimes faster new and repair work. If the found that this “thermal
sall. ULC, even if localised, can AVCL was poor, moismure from pumping® effect is most likely in
alzo accelerate thermal farigue within the building could low-pitched roofs with splash-
failure by crearing weakened, condense in the insulation, laps, where rainwater which is
thinned spots in which srresses However, in roofs with a good drawn into splashlaps by capillary
become concentrated. AVCL, an unexpected new action can form an airtight seal
COLD DECK ROOF VENTILATED WARM ROOF
WERMTILA
SPTS pE, gasso  srmmneih o
A oFtionAL | — ..
JONE OF FO0F ——— INPER LAY —— e

IMSULATION
—— [F REQUIEED—
G H @A T
o e Bl B A
ol T
I F RITE.D L.
LAYeR CELLING ¢ & imm ERYer

Figrre 3 The cold deck voof {Teft) and vennilated coarm roof (vight) are sineilar dn principle, Venslation should be by cuarsiale
atr only, and rum from bottow to rap with ne dead spaces. For good performance, the air and vapouwr control layer (AVCL)
st be both atr and vapowr tight, This @ puch more easily done in the VIFR, where the AVCL can be applied on top of the
srrncrure. I an existing budding i 05 very difficult ro inzral an effective AVCL ar celling level.



In 1986 warm deck roofs ceased
o be recommended. This has
removed ane of the principal causes
of rapid ULC-related failure. For
new roofs, Ventilared Warm Roof
(VR principles are now
recommended, as illustrated in
Figure 3. The alternative ‘cold” roof
is less desirable, being difficult wo
construct and maintain to the
standards required. Flat sandwich
cold deck roots have a particularly
poor performance record and also
do niot comply with Scottish
Building Regulations. Pitched
versions with accessible roof voids
arg more telerant, and they also
permit the structure to be mspected.,

Roofs in historic buildings

Fonfs in historic boildings seldom
comply with the current recommenc-
ations oartlimed above. Many buildings
(particularly village churches) have
no ventilated roof spaces at all,
Conversion to a VWER = often
historically or aesthetically
unacceptable; ther: are added
technical problems of geometry,
Space, appearince, wui.g]'ll: o Cosl,
P&n:Hminary xl:ur]i.t:x T FJ'IE_Ii:‘-.]!I
Heritage have also indicated that

&m0 modstune, no Corrasion’ was
difficult to apply in practice, In
addition, the relatonship between
the amount of UULC and the
amount of moisture did o seem
to be direct: some relatieely dry
roenlfs were more severely corroded
than other wery wer ones,

# changes o ventilation, heating
and vapour control were not
always as helpful as expecred, and
SOMElimEs even counler-
productive, Monivoring showed
thar the dynamics of evaporation
and condensarion werz
significant, with the most mapid
corrosion taking place nor when
the lead was ar irs wenest, bl
while ir was drving our.

# the condition of the lead, the
building, the decking and the
weather ar the me of laying and
for a few months afterwards could
grcatly affect initial cormosion
behaviour, and so infleence long-
term performance.

Results of the current
research

Preliminary findings of the research

have been published in Bordass, 1996;
also Bordass, in EH Res Thase 1907,

These confirm the importance of

# the initial condition of the
building, the weather, the decking
and the lead

& the physical and chemical
properties of the decking timbers

@ the nature of the underlays

# the dyvnamics of moisture
meovement

Simple all-purpose answers have
besn elusive, short of 8 meticulously-
detatled and well-built VWE, a
solution best suited to new
COTSTUCTIoN

Apart from some belfries, lead
roofs i historic buildings seldom
approach the modern ideal, but
most have given excellent service
over long pertods, To preserve as
minch as possible of the existing
construction, a careful assessment of
risks 15 needed. It may not always be
necessary or desirable to add
roofipace ventilation - at least ws far
as the lead s concerned.

In any renewal, it is important to
avord early cormosion by protecting

.Fl;q:un:' 54 gluz'r:lglucmn'r.r{ r'.rl'rpfctl:u;.lr:l _.I"r.'um:f & corfhact |!.;I:,.'|'.'T el_ir eulerfe correston

the lead foom modsture and organic
acids. Protective surface eeatmments
are discussed in Secrion 6.

2 Why does lead
corrode?

Pure water attacks fresh
lead

Lead’s natural durability in many
circumstances arises because many
of its salts are inscluble and form
protective surface layers. Fresh,
clean lead lacks this protection
and can begin to corrode as soon
as it pets wet, For example, white
deposits can often be seen on a new
lead roof after the first rain or dew,
Eventually, howsver, this leose
material 15 washed off in the ran
while carbon diceode and air
pallutants (particularly sulphur
compounds) react with the lead
and the residues to form protective
coatings. The white run-off can be
unsightly, and can also stain
surrounding building materials,
LSA-approved patination ol should
be used to minimise this effect.
The underside cannot benehit n
the same way, If fresh lead s laid in
damp conditions, UULC may start to
appear o places after a few hours,
This does not mean that the hife of
the roaf 15 threatened, but LTLC,
once initiated, 15 more likaly to
contmue to build up when

_f:lr'r.dm:t tder this nlr.y" or a kistoree hovese o Dorset. Over most ﬂl_f-fll:h! rr.lq,l", lead
ewhredy wrs eorre-brashed cleanr did ot corrode agam. It was comcluded that mest of
the corranion had aceurred during or shortly after re-roafing, when the lead was

widlricrable and the substrate tombers were danp, Coatings of varroies kendy can
help o profect freih lead frmm this smibad corresion: see Sectumr 6. Ar the bortom
righe, st alie the mald corroston ortginaiing from the darllaron of rafniearer
erapfed dn the splashiap by capillary acrioe. This & disciased forcher i Secron 3.
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Figure 6 Where reaction with @ thin film of warer, axveen and carbon diocide
occirs af phe surface of the lead (TefT), a compact fim of basic fead carbomare
Coften alio somaiming lead oxide) can bild wp This car help fo provect the lead
froww jurther corrosion, Ow the right, hoteever, carboration ocowrs at the sunface of
o euerrer dvopler, and this forms an wnprotectrve podery or flaky cruss.

conditions are adverse, Oocasionally

this maey cause the sheet 0o corrode
threugh in places, More often, local

thinning by ULC can increase lead's

vulnerahility 1o failure by fatigue
under thermal sresses, or even
under its own weight.

Carbon dioxide affects the

outcoIme

Lead can react with water, oxygen,
pnd carbon dioxide i the air o
form basgic lead carbonate, which is
relatively insoluble. Depending on
the conditions under which this
happens, and the physical form

of the product, it may either help
to peotect the bead or make it
susceptible to further coreosion,
Hoffmann {1970} defines two
distinecr types, as outlined below,

Type I: Protective
carbonate formation

The carben dioxide dissolves in
the water. This then reacts at the
surfece of the lead, forming a
compaet, protective laver of basic
carbonage.

Type II: Corrosion

The water contains dissolved
oxygen but livtde carbon dicxide - for
example in freshly-tormed

condensate droplets or in damp
places with poor access of air, The
lead now dissolves in the warer as
lead hydroxide and diffuses as ions
to the outer surface, where it reacts
with carbon dioxide at the outer
surface of the droplet, agan forming
basic carbonarte. This in turn
removes lead ions from solution,
allowing more lead to dissolve and
more basie carbonate to form
toweards the outer surface. This
corposion product, although
chemically identical, is loose,
non-protective and tends oo trap
MmoistuTe.

Condensation and trapped
maoisture

Modsture is a critical contributor
vo ULC, Water may

# attack the lead directly

# influence the reaction with carbon
dioxide, as outlined above

& mohilise chemicals, which may be
aggressive Or passivating

# transport soluble materials from
the lead surtace - this may
expose fresh surface for repction;
but copious wetting may also
wash organic acids and salts
avay

1
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Fipure 7 This scammmyg electron
mrcrograph (Seale: x 130) shoos
platelers of Tepe 1T corrosn prodices
Sformed armnd the base of a warer
droplet. (Photograph courtesy of
Tmterface Analyss Oeirre, University
af Brizrad)

@ partially cover the lead and
control caygen diffusion:
corrosion is often worst near the
wet'dry interface

Condensation and corrosion

The temperaruse of a lead poofl varies
constantly in relation o curdeor
and indoor conditions, modified by
the thermal performance of the rool.
Orwing vo radiarion, it varies by more
than the outside air temperaturs. In
strong sunshine, it can reach 70°C
or more depending on orientation,
shelter and surface finish,

In =till weather, radiation Josses
to a clear sky can make the surface
of a roof colder than the cuside air
itself {at might by 5°C or more).
This i3 when dew or feost tend o
form. Flat roofs become coldest
under these condivions because they
have the greatest sky "view'. Above
gaps in the decking boards, moist
wir in the roofspace can easily reach
the underzide of the lead. When the
lead's temperature drops below the
dew point, condensation will occur
and on fresh lead rapid corrosion
miay fn:_:-”l:_m'. Hnw&v&r, ||¢|:|.d which
has been able o develop a passive
coating may be unaffecred.

Muoisture absorption in decking
hoards

Above decking, moist air and water
vapour has to diffuse through the



