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Introduction and Background 
A 10-year research and development project has been carried out by Rowan 
Technologies Ltd and William Bordass Associates into the underside corrosion of 
lead roofs.  The project was initiated in 1993 and was funded by English Heritage the 
Historic Royal Palaces the Lead Sheet Association and also by other smaller 
contributors. 
 
The objectives of the project were to better understand the problems of underside 
corrosion and to find ways to prevent it.  The advice from the lead roofing industry at 
the time was to use ventilated warm roof (VWR) details for replacement roofs.  
Unfortunately, this design increases the height of the roof by around 150mm, requires 
ventilators at both the eaves and the apexes to provide a through-flow of air and 
imposes additional loading on the building due to a requirement for a second roof 
deck.  This proved difficult to achieve on many historic buildings and the ventilators 
were aesthetically undesirable.  Besides, the first principle of conservation is to ‘leave 
as found’. 
 
The project involved investigations of lead roofs on in excess of fifty buildings: 
mainly churches, cathedrals and country houses but also on modern buildings.  Many 
of these lead roofs were also used as test sites during the course of the project.  The 
work involved laboratory testing of lead samples in condensation rigs, further testing 
of larger samples and whole trial bays in an external test facility and the exposure of 
large test coupons directly in lead roofs subject to underside corrosion.  Work was 
also carried out at the John Moores University, Liverpool, the Interface Analysis 
Centre, Bristol University and at the Building Research Establishment, Scottish 
Laboratories. 
 
This transaction gives an overview of the results from the project.  Further details are 
given in the English Heritage Advisory Note [1]. 
 
Damage to Lead Roofs 
The natural durability of lead under normal conditions is due to the formation of 
protective insoluble salts which are formed on the surface.  Moisture and carbon 
dioxide in the atmosphere combine to form weak carbonic acid and this reacts with 



bright metallic lead during periods of rain or overnight dews to form the normal grey 
patina typical of lead roofs.  This thin continuous surface layer protects the metallic 
lead from further attack.  On the underside of lead sheets these protective layers are 
frequently absent. 
 
Most lead roofs are unaffected by underside corrosion or contain only a small amount 
of corrosion products, possibly as a result of damp conditions when the roof was laid.  
However, some roofs have been subject to severe underside corrosion and penetration 
as a result of on-going damp conditions, the presence of carboxylic (acetic and 
formic) acids given out by Oak or other acid-containing substrates and thermal 
cycling, especially on south facing roofs.  An example of severe corrosion 
encountered on the lead roof of a cathedral cloister where the lead had been laid over 
Oak boards and the building was continually heated is shown in Figure 1.  The major 
corrosion product is the white hydrocerussite (2PbCO3.Pb(OH)2).  However, in the 
presence of carboxylic acids, the red and yellow lead oxides (PbO) of Massicot and 
Litharge are frequently encountered. 
 
A more typical example of underside corrosion on an unheated church roof is shown 
in Figure 2.  The lead had been laid directly on Oak boards, and under damp 
conditions encountered in the Autumn period, corrosion prevailed.  Underside 
corrosion results in thinning of the lead and the normal expansion and contraction of 
the thin sheet under diurnal temperature cycling results in the formation of horizontal 
fatigue cracks, Figure 3.  These allow further moisture into the roof thus exacerbating 
the problem.  The cracks may be repaired temporarily but this ultimately reduces the 
lifetime of the roof.  A good quality Code 7 lead roof should last for between 100 to 
120 years with some roofs on areas protected from solar radiation experiencing lives 
in excess of 400 years old. 
 
Underside corrosion of lead is known to require the presence of moisture and an 
absence of carbon dioxide.  A typical example of a new lead bay installed on a 
country house when it was converted into offices is shown in Figure 4.  The increased 
heating to the offices allowed warm moist air to rise up into the roof space and pass 
out through the gaps in the boards.  The moist air condensed on the cold lead sheet 
directly above the gaps.  The pure condensate was depleted of carbon dioxide and 
corrosion has occurred. 
 
Problem Warm Roofs 
In the 1970s and 80s, warm roof principles started to be incorporated into replacement 
lead roof designs.  This involved the introduction of thermal insulation directly below 
the lead roof sheets to minimise heat loss from a building. 
 
Many failures due to underside corrosion of lead (and also other metal roof sheets 
such as zinc and aluminium) have been reported.  In the early 1980s, EASA became 
concerned about the apparently growing numbers of lead roof failures from underside 
corrosion and initiated a study which reported in 1986. 
 
An example of a warm lead roof subject to underside corrosion is shown in Figure 5.  
The roof had been laid on the south aisle of a church in 1982.  By the late 1980s 
severe underside corrosion had been identified.  The lead had been laid over a 
bitumen containing building paper, 13mm of insulation and over a bitumen felt 



vapour control layer (VCL).  A thorough inspection of the roof followed and testing 
of the warm roof, by pouring cold water over the hot lead sheets on a warm summer’s 
day, proved that thermal pumping was the problem.  The suction of the air into the 
roof during this test was audible. 
 
The volume of air, trapped within the 13mm of insulation, expanded and contracted 
depending upon the environmental temperature.  When a cold rain shower occurs the 
trapped air would contract and draw in damp air from outside which would then 
condense on the underside of the cold lead surface.  The liquid droplets then drip 
down and become absorbed in the insulation layer.  When the sun came out and the 
lead temperature increased, drier air is pumped out from the enclosed airspace.  The 
amount of retained moisture is small for a single cycle but over a period of weeks and 
months the insulation becomes saturated.  The retained water evaporates and re-
condenses due to diurnal temperature variation and this results in underside corrosion 
of the lead.  This type of roof design was outlawed in the 1980s. 
 
Problem Ventilated Roofs 
Following on from the problems with warm roof designs, ventilated warm roof 
(VWR) principles were introduced.  These also contained a sealed VCL and insulation 
but now also contained a ventilated air layer typically 50mm deep followed by a 
second roof deck containing the lead roof.  This design suppressed thermal pumping, 
separated the lead sheet from any possible damp insulation and also allowed the 
ventilated air to remove any liquid water from the roof. 
 
In principle, these have worked well and liquid moisture is normally unable to build 
up in this type of roof construction; however, problems may occur if the roof is poorly 
designed.  The ventilation through a VWR is highly variable, depending upon the 
prevailing wind (internal air is normally drawn out from the higher ventilator and 
external air is pulled in through the lower ventilator).  In addition, solar radiation 
falling on the lead sheet increases the temperature of the ventilation air and thereby 
increases the velocity up the roof.  Studies using smoke pellets have shown that the 
ventilation rate is dependant on the prevailing wind direction and speed and that north 
facing roofs have a smaller flow rate as compared to south facing roofs during sunny 
days.  For this reason, complete through-flow ventilation for the entire roof is required 
otherwise damp air may build up in ‘stagnant areas’ within the roof.  An example of a 
VWR with only mushroom ventilators fitted toward the top of the roof is shown in 
Figure 6.  Lifting of the lower sheets showed underside corrosion of the lead. 
 
A further problem is that the VCL needs to be effective with no internal air being 
drawn into the roof.  An example of a VWR with a defective VCL is shown in Figure 
7.  This chapter house roof was fitted over a previously failed roof and the VCL was 
consequently poorly fitted.  Moisture generation from washing facilities within the 
building was allowed to rise into the roof and the resultant moisture condensed on the 
cold lead sheets.  The lead was effectively acting as a condenser for the moist air and 
the water and corrosion product dripped out of the bottom of the vertical sheets. 
 
Laboratory Testing 
In order to simulate underside corrosion in the laboratory, condensation test rigs were 
designed, Figure 8.  These comprised tanks of water held at a constant elevated 
temperature.  Eight lead test samples were exposed on a flat plate on the top of each 



rig and their temperatures were cycled using a Peltier cooling device and a resistor/ 
heater so that the lead was repeatedly cycled above and below the dewpoint of the 
internal air, Figure 9.  The resultant condensation and re-evaporation cycles 
successfully simulated underside corrosion as experienced by problem lead roofs. 
 
Different leads (rolled, sandcast and DM) were evaluated as were old and modern 
lead samples to assess if impurities in the former had any effect.  Generally, all leads 
performed in a similar manner apart from the rough side of sandcast lead (which had 
an oxide layer from reaction with the sand) which took longer to initiate the corrosion.  
The samples were next mounted on wooden structures to assess the impact of using 
different woods, surface finishes (smooth or rough sawn) and gapped or close 
boarded.  The effect of using an Oak substrate was startling and man-made boards, 
such as chipboard, oriented strand board and plywood were just as bad at initiating 
corrosion, Figure 10.  Note – man-made boards contain adhesives which deteriorate 
when they become damp.  These emit carboxylic (mainly acetic) acids which 
exacerbate the corrosion.  Baltic softwood was found to be the best substrate for 
minimising underside corrosion. 
 
Different underlays were evaluated under the lead samples.  These gave mixed results.  
Permeable reinforced building papers minimised the corrosion as the moisture was 
able to ventilate away from the lead surface when the lead dried out.  When bitumen 
papers were tested they showed corrosion initiating at the edges of the lead samples 
and gradually inwards.  These impervious building papers are frequently used on lead 
roofs as a barrier layer and if they are not fully taped up then underside corrosion is 
frequently experienced. 
 
External Test Facility (ETF) 
To bridge the gap between laboratory and on-site testing in roofs, an external test 
facility was designed and built, Figure 11.  This contained three types of roofs: 
traditional with lead laid directly over boards, traditional (as before) with a vault and a 
VWR to the recommended specifications. 
 
Tests which had been successful in the laboratory condensation rig where further 
evaluated in the ETF over extended periods of time (years).  Different types of lead, 
wood substrates and underlayers where evaluated on both south and north facing 
slopes and also on the top (flat) roofs.  The ETF was fully monitored using RH, 
temperature and dewpoint sensors which allowed periods of condensation on the lead 
to be assessed.  Autumn was found to be the major time for condensation events.  The 
decreasing external air temperatures during the nights cooled the lead below the 
internal dewpoint temperature. 
 
On-Site Trials 
On-site trials were carried out on many roofs.  The major effort was concentrated on a 
gatehouse roof at an English Heritage administered castle.  This 1950s lead roof had 
been subject to severe underside corrosion.  The lead had been laid over Oak boards 
with a hardboard interlayer.  This was commonly used in the 1950s and was most 
probably designed to separate the lead from the Oak to overcome underside corrosion.  
However, the hardboard becomes a reservoir for carboxylic acids given out from the 
Oak and corrosion has been found to be even more severe than if the lead had been 
laid directly on the Oak boards.  The hardboard was removed for most of the testing 



although some bays were left intact to enable lead coupons to be exposed to a severe 
corrosion environment. 
 
Many long-term tests were conducted on this roof and they are still going on today.  
These include VWR tests with different ventilation gaps, different underlayers, 
gapped and close jointed boards, different wood preservatives and protective coatings 
– see later. 
 
Environmental monitoring was carried out on a number of roofs, Figure 13.  This 
involved continuous data logging of internal and external RH, air temperatures and 
also lead temperatures.  These data allowed the dewpoints to be calculated and this 
enables periods of condensation to be established on the lead.  Typical data from a 
lead roof subject to frequent periods of condensation over the Autumn period is 
shown in Figure 14.  Condensation on the underside of the lead is indicated when the 
lead temperature falls below the dewpoint temperature.  This happens during the night 
periods and especially when clear skies result in night sky radiation from the dark lead 
sheet.  The temperature of lead roofs can fall by up to 8ºC below the air temperature. 
 
Mechanism of Underside Corrosion 
The mechanism of underside corrosion of lead was developed by Dr Bordass 
following a detailed investigation carried out at the Interface Analysis Centre at 
Bristol University. 
 
Condensation of water vapour on cold surfaces initially leads to pure liquid water 
being deposited.  However, this liquid water slowly absorbs both oxygen and carbon 
dioxide from the surrounding air. 
 
When a thin film of moisture condenses on the underside surface, this becomes rich in 
oxygen and carbon dioxide.  This forms the protective grey hydrocerussite patina, 
similar to that formed on the topside of lead by normal weathering.  Type I corrosion 
therefore leads to the formation of a surface film of hydrocerussite which provides 
protection to the lead.  If however excessive condensation occurs, then Type II 
corrosion occurs.  When thick films or droplets of condensation form on the underside 
surface these are unable to absorb sufficient carbon dioxide to complete the Type I 
reaction.  Instead, the intermediate lead hydroxide forms on the metal surface and this 
migrates to the outside of the droplet where it eventually reacts with carbon dioxide to 
form the hydrocerussite, i.e. the same end-product as the Type I corrosion reaction, 
Figure 15.  However, because this has formed on the outside of the droplet (as 
compared to the metal surface) it is loose and non-protective and this allows further 
corrosion to occur during the next condensation period.  A micrograph of the Type II 
corrosion products is shown in Figure 16. 
 
Development of Chalk Treatments 
Many different types of coatings were evaluated in the laboratory test rig and also on-
site. The pre-formed coatings failed to provide a protective film on the lead and the 
barrier coatings (paint or other polymeric films) were found to be ineffective in the 
long term. 
 
It was well known that lead left out to weather formed the grey protective patina layer 
and samples of ‘weathered lead’ were evaluated in the condensation test rig and found 



to resist underside corrosion for many weeks.  However, they eventually succumbed 
to corrosion.  This had also been discovered during the re-roofing of a cathedral 
chapter house, where the lead sheets had been left out to weather for a few weeks 
prior to this side being placed on the underside when installed on the roof.  The new 
roof was subject to corrosion and the thin patina layer ultimately failed allowing 
corrosion to ensue. 
 
An early indication that a carbonate rich environment might be helpful came during 
the investigation at the English Heritage administered castle.  Samples of old lead 
which had been laid on concrete and were found to be continually wet underneath 
showed a thick grey protective patina and no underside corrosion.  It was known that 
concrete ‘carbonates’ over its life and it was considered that this might have affected 
the lead.  Reference was then made to the Pourbaix diagram for lead (pH vs corrosion 
for various environments) and this indicated that lead becomes passive when exposed 
to carbonate ions in the pH range 8 to 10, i.e. the same pH where one may expect 
ingressed rainwater to be in the presence of carbonated concrete (calcium carbonate).  
Note - fresh concrete contains calcium hydroxide which lies in a pH range 12 to 13; 
this causes severe corrosion of lead. 
 
The carbonate ions react with bright lead in the presence of water to form the thin 
grey patina.  This film thickens with time in the presence of moisture resulting in the 
thick grey patina found at the castle.  The thin patina layer resisted against underside 
corrosion by films of water during simple condensation/re-evaporation tests carried 
out in condensation rigs in the laboratory and also when acetic acid was impregnated 
into the substrate wood, Figure 17.  However, tests carried out in the presence of 
significant concentrations of carboxylic acids (as given off by damp acid-containing 
woods under cyclic conditions) at the BRE (Scottish Laboratories) showed that even 
this protective layer may eventually be degraded; allowing underside corrosion to 
initiate.  In practice, however, these severe environmental conditions in the presence 
of new English Oak, Douglas fir or birch plywood are rarely encountered on-site and 
protection has been afforded to all replacement roofs to date. 
 
Chalk Slurry Method 
The first method of protecting lead roofs using chalk was achieved using a simple 
chalk slurry technique.  A 1:4 v/v ratio of chalk to water was prepared and this was 
painted onto the back of the lead and also pasted onto a geotextile or building paper 
underlayer. 
 
Village Church 1 The first replacement roof to use the chalk passivation 
treatment was a small village church near Cambridge in 1995.  A fire in 1994 
destroyed part of the south aisle roof.  Approximately half of the roof was replaced in 
new English Oak and the complete roof, comprising new and old oak rafters, had 
sand-cast Code 7 lead installed.  To avoid contact of lead on Oak the architect had 
fitted softwood spacer battens over the Oak boards and a softwood decking above.  
Being aware that acid vapours could cause corrosion, even if the lead was not in direct 
contact, he used the chalk slurry method to protect the lead. 
 
Plain building paper was laid over the softwood decking in order to control air and 
vapour movement.  A geotextile layer was then laid over the building paper to even 
out the substrate, provide a slip layer and to provide retention of a reasonable quantity 



of chalk slurry on the slope.  A thick chalk slurry coating was applied over the 
geotextile to a thickness of some 3mm using a plaster’s float.  Finally, a thin painted 
chalk slurry coating was applied to the underside of the lead after it had been formed 
to shape and before final fixing. 
 
A number of inspections have been carried out since this time.  To date, the chalked 
areas of the roof have been found to be free from underside corrosion, Figure 18.  
Underside corrosion was noticed in some areas of the rolls and the laps where chalk 
slurry had been deliberately avoided (to inhibit capillary rise of rainwater into the 
roof).  However, some of the dried chalk powder had fallen down the underside slope 
and had become lodged in the laps; this had drawn in some rainwater by capillary 
suction in the lower corners.  Despite local moisture levels of up to 27% in the wood, 
the chalk protection system had succeeded in stopping corrosion on this roof.  Note - 
moisture levels above 21% are normally sufficient to initiate corrosion on unchalked 
lead roofs. 
 
The Great Hall The second application of chalk slurry was the lead roof on a 
Great Hall in 1998.  The previous roof had been subject to significant underside 
corrosion, which had resulted in thinning and finally thermal fatigue of the lead 
sheets.  This had allowed rainwater into the roof which had exacerbated the problem. 
 
The previous lead roof had been laid in the 1950s on hardboard over bitumen-cored 
building paper over Oak boarding (dating from the late nineteenth century).  New Oak 
boarding is well known for emitting carboxylic acids.  The problem is exacerbated 
when moisture is present (from condensation or rainwater ingress) and even old and 
established Oak boards are capable of emitting sufficient carboxylic acids to corrode 
through Code 7 lead sheet within 25 years in damp conditions.  The Great Hall was 
heated by hot water pipes laid under the floor; this had resulted in ground moisture 
being driven into the building and being carried by the warm air into the roof.  The 
hardboard itself (containing adhesives) was a source of organic acids and acted as a 
reservoir for acids emitted from the Oak, so exacerbating the corrosion problem.  In 
addition, the bituminous building paper traps moisture within the hardboard.  
 
A revised specification was developed for the replacement lead roof to help protect 
the lead against the environmental conditions:  Softwood boards of 26mm thick were 
laid over the Oak boards.  A plain reinforced building paper was used as a slip layer 
between the lead and the softwood.  This allowed the roof to breathe while controlling 
the diffusion of air.  The underside of the replacement lead was treated with two 
applications of chalk slurry which were allowed to dry.  Sand cast lead was used; the 
rough side assists adhesion of the chalk.  To restrict any capillary rise of rainwater 
into the roof the application of the chalk was restricted to: 1) just over the top of the 
laps   2) up to the 12 o’clock position of the batten roll. 
 
The underside of the replacement roof was inspected after 5 years.  Under one bay a 
100mm wide strip had been omitted from the chalk treatment.  This now showed 
active corrosion to be prevalent, Figure 19.  Some of the dry chalk powder was 
brushed off the lead sheet to reveal the normal grey protective patina, i.e. similar to 
that formed on the topside of lead, Figure 20.  The non-chalked areas in the laps and 
the rolls showed significant amounts of both white (hydrocerussite) and red (lithage) 



corrosion products indicating that this roof structure was still capable of inducing 
significant corrosion of lead. 
 
On lifting most of the lead sheets, the dry chalk powder pealed off the back of the lead 
and fell down into the gutter.  This was a major problem with the chalk slurry method, 
together with a high labour requirement and the inability to retain the thin chalk layer 
during final bossing. 
 
Chalk Emulsion Method 
Owing to the poor adhesion of dry chalk layers and its ability to draw-up rainwater 
into the roof, vastly improved adhesive and cohesive emulsion paint coatings were 
developed and tested in collaboration with ICI/Dulux.  The commercial emulsions 
already contain small amounts of chalk and these were increased to levels of between 
50 and 70%.  Other additions were made to the emulsion coating to improve the 
application process and the binding of the chalk particles to the lead surface.  A 
variety of different test coatings using many of Dulux’s premier external paints were 
evaluated in a series of accelerated laboratory and site corrosion trials over 
approximately two years.  The single chalk emulsion coatings performed at least as 
well and probably better than the chalk slurry coating, but were significantly easier 
and quicker to apply and remained in place during final bossing and periodic 
inspections.  During severe laboratory testing at the BRE Scottish Laboratories, the 
chalk layer reacted with, and became neutralised by the carboxylic acids resulting in 
the initiation of corrosion.  The great advantage of the chalk emulsions is that they can 
be built up to form thick layers to protect against highly corrosive environmental 
conditions. The best ICI/Dulux chalk emulsion combination from the extensive 
laboratory testing was selected for site trials.   
 
Village Church 2   This historic church, near Oxford, had a bitumen felt roof which 
had failed.  The roof contained large Oak beams and boarding.  The architect had 
initially intended to fit a new VWR roof to the nave, although this was ultimately 
ruled out because of the resulting increased roof height.  It was therefore decided to 
use a traditional non-ventilated roof with a chalk emulsion coating to protect it from 
underside corrosion. 
 
During installation, the sand cast lead was typically bossed into shape but then lifted 
and the chalk emulsion applied to the underside, to cover the top of the laps and the 
top position of the roll, Figure 21.  When dry, the lead bays were re-fitted to the roof.   
 
The roof was installed in January 2000.  The lead workers found the application of the 
chalk emulsion relatively simple and reported no major problems.  The chalk 
emulsion took between 2 and 6 hours to dry although they found that pre-heating the 
lead reduced the dry-out time. The work was carried out on a batch basis by making 
up and coating four bays at a time. 
 
Cathedral Cloister Roofs   This cathedral in Norfolk had suffered severe underside 
corrosion of its cloister roofs and had been the catalyst for the R&D effort in the 
1990s.  These lead roofs date from 1958 and they had exhibited underside corrosion 
and perforation of the Code 7 lead sheet within 20 years.  The lead had been laid over 
Oak boards with a bitumen underlay.  Moisture had entered into the roof releasing 
carboxylic acids, which had then become trapped between the lead and the underlay.  



Cyclic condensation/ re-evaporation of the acid laden moisture had resulted in severe 
corrosion.  These had been patched up using lead sheet and even these patches had 
shown perforation by the 1990s.  
 
The roofs were replaced between 2001 and 2002 and two coats of the chalk enriched 
emulsion (now called Patination Cream) were used to protect the new lead.  These 
roofs were inspected after three years and the coated surfaces were found to have 
protected the lead, Figure 22.  Note – the chalk enriched emulsion was now supplied 
with a green tint to differentiate it from the white lead corrosion product.  Again, the 
laps were found to have suffered some underside corrosion indicating that these roofs 
were still corrosive to unprotected lead. 
 
Performance of Chalk Treatments 
One possible problem that has been encountered is when chalk slurry has been used 
on the underside of the lead and patination oil is used on the topside to create an even 
grey patina.  On one particular project the leadworkers contaminated the patination oil 
with chalk particles.  Patination oil is effective because it forms a hard ‘varnish like’ 
layer on the lead surface which allows normal patination to proceed beneath the layer 
on the lead surface.  The varnish layer is dissolved away over the coming months.  
When chalk particles are inadvertently combined with the patination oil, then 
accelerated corrosion may occur on the surface.  An example of a finished roof where 
this has happened is shown in Figure 23.  The circular streaks (from application of the 
patination oil) took around four years to disappear. 
 
As an alternative to patination oil, a top-side chalk treatment has been developed to 
pre-form the grey patina on the topside of lead within a few days.  This assists in 
preventing lead run-off onto tiles and slates below. 
 
The long-term performance of the chalk treatments is still ongoing at the English 
Heritage administered castle and other sites.  The original roof, still containing the 
hardboard layer over damp Oak substrate, provided the most corrosive environment 
available outside the laboratory.  Samples of chalk treated lead have been exposed 
there since 1996. 
 
The performance of both the chalk slurry and chalk emulsion treated lead in this 
highly corrosive roof after 5 years exposure is shown in Figure 24.  The dried chalk 
powder from the chalk slurry treatment was breaking up and corrosion had initiated 
on the lead beneath.  The chalk emulsion coating, which was thicker than the slurry 
coating, was still intact and providing full protection to the lead. 
 
The chalk emulsion has even been found to be successful at stopping ongoing 
corrosion of lead.  Tests conducted on the flat roofs of the ETF, where rainwater in-
leakage allowed accelerated corrosion, showed that removing the loose corrosion 
product and applying a single chalk emulsion coating gave protection to further 
attack, Figure 25. 
 
Conclusions 
 

1. The 10-year research and development project on underside corrosion of lead 
has fully investigated all aspects of the problem.  Previous myths about old 



lead being better than new lead, linseed oil being previously used in the 
manufacture of lead and impervious barrier layers providing protection to 
replacement lead roofs have been dismissed. 

 
2. The laboratory work has included over 250 separate tests, many of which were 

performed in condensation rigs.  These successfully simulated underside 
corrosion as experienced on problem lead roofs. 

 
3. The on-site work included over 50 investigations of lead roofs and also in 

excess of 10 sites where trials were carried out. 
 
4. The major outcome of the work has resulted in chalk treatments being 

developed which can prevent underside corrosion occurring in most situations.  
An optimum 
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Figure 1 Extreme example of underside corrosion of lead, resulting in 

perforation of the sheets 
 
 

 
 
 
 
Figure 2 A more typical example of underside corrosion on a church roof 
 



 
 
Figure 3 Typical underside corrosion – leading to reduced lifetimes for roofs 
 
 

 
Figure 4 Underside corrosion prevalent over the gaps in the boards on a new 

lead roof 



 
Figure 5 Severe underside corrosion due to water build-up in a warm lead roof 
 
 
 

Figure 6 Ventilated warm roof – showing underside corrosion due to partial 
ventilation only 



 
 
Figure 7 Ventilated war roof – showing underside corrosion due to a faulty 

vapour control layer 
 

 
 
Figure 8 Laboratory test rig used to simulate underside corrosion conditions 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 Typical underside corrosion associated with different woods 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10 External Test Facility – showing different types of test roofs 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11 On-site trials involving test coupons carried out at an English Heritage 

administered castle 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12 On-site environmental monitoring on a corroding lead roof 



 
Figure 13 Typical environmental data – condensation occurs when the lead 

temperature (blue) falls below the dewpoint temperature (violet), 
particularly in the autumn and winter periods. 

 
 
Figure 14 Passivation (Type I) or corrosion (Type II) which can occur on the 

underside of lead roofs  (courtesy of B. Bordass) 
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Figure 15 Micrograph of loose Type II corrosion products formed around the 

outside of the water droplets leading to on-going corrosion (courtesy of 
Interface Analysis Centre, University of Bristol) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 16 Laboratory dewpoint testing – showing passivation (Type I corrosion) 

resulting from treatment with chalk, even in the presence of acetic acid 
 

    1, No pre-patination 

    2, No pre-patination 4,Pre-patination using chalk 

3,Pre-patination using chalk 



 
 
    Figure 17     First on-site application of the chalk slurry treatment of lead 
 
 

 
 
 
Figure 18 Second application of chalk slurry – inspected after 5 years 
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Figure 19 Chalk slurry treatment – showing the grey protective patina (Type I 

corrosion) after the dry chalk powder is brushed away 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 First on-site application of the chalk emulsion treatment for lead  
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Figure 21 View of the chalk emulsion coating after 3 years exposure. 
 
 

 
Figure 22 Excessive patination of the topside of lead – due to chalk 

contamination of a patination oil treatment on the topside  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 23 Deterioration and corrosion of the chalk slurry treated lead (right hand 

sample) – due to highly corrosive environmental conditions after 5 
years exposure.  Note – chalk emulsion treated lead (centre) is still 
protected. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 24 Chalk emulsion test patches shown to suppress on-going corrosion of 

lead 
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