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Abstract. Historically, little effort had been made to matghtchrepairsto culturally significantreinforced
concretestructuresso that theyare effective andsustain the aesthetic values thie structure The
collaborative research proje®erformance Evaluation of Patch Repairs on Historic Concrete Structures
(PEPS)being undertaken b@etty Conservation Institute (GCI), Historic England (HE) and the Laboratoire
de Recherche des Monuments Historiques (LRMidgks to address ishproblem Through its advice on
grantaided projectsHistoric England haitried to achige effective likefor-like repairs over the last 20
years. ThaenEnglishsites selected for the PEPs Phiseon-destructive testing (NDT) includes some of
the buildings and structures where this repair work was carriedatdon site locationspecification of
repair,environmental conditiongest resultaindtentativeconclusiongrom this phase of the research
presented in this papdftive of the sites will be subject to further NDT and destructive testing and sampling

as part of Phadd .

1 Introduction and background to PEPS
Phase Il

There have been many studies on the performance criteria
for concrete patch repairs, but few that focus on the long-
term performance of patch repairs carried out using like-
for-like materials that are designed to sustain the aesthetic
value of culturally significant concrete structures. This is
an increasing worldwide problem as more concrete
buildings are recognised for their architectural and
historical value and are being protected. To address this
issue, the Getty Conservation Institute (GCI), Historic
England (HE) and the Laboratoire de Recherche des
Monuments Historiques (LRMH) started a collaborative
research project, ‘Performance Evaluation of Patch
Repairs on Historic Concrete Structures’ (PEPS), in 2018.
The PEPS project aims to determine whether patch repairs
using like-for-like materials are more successful in
matching the host concrete and perform as effectively as
alternative proprietary materials.

The research is being carried out in four phases:
* Phase I Project development
* Phase II Preliminary assessment
* Phase III Detailed diagnostic assessment
* Phase IV Synthesis & conclusions

The assessment methodology includes a variety of
traditional and  non-traditional = non-destructive,
mechanical, chemical, and electro-chemical
characterization and diagnostic techniques. An overview
of the methodology is provided in the 2019 Concrete
Solutions paper Performance of patch repairs on historic
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concrete structures: (PEPS) a preliminary assessment
[1].

This paper describes the Phase II preliminary
assessment carried out by Historic England at ten sites in
England. These sites are all designated structures that are
either listed (as buildings of architectural or historical
importance) [2] or scheduled (as scheduled monuments)
[3]. Within this legislation, the building’s fabric (the
materials used to build it) and the contribution that this
makes to aesthetic values forms a very important part of
the structures’ cultural significance [4].

The aim ofPhasell was to examire the technical
performance opastconservatiorbased repairs [5] where
matching and compatibility of material, minimum
intervention, the role of craftsmanship and practical
knowledge are important considerations in repair
decisions [6]

The Phasell assessmentnly usednondestructive
testing (NDT) techniques It looked for indications of
ongoingcorrosion of theeinforcement The testing was
designed tounderstand howthe repair patches Iih
performed both physicallye(g. adherencdo the parent
concrete) and aesthetically (blendedwith the parent
concrete and allowing normaleathering andbiological
growth to become established).

Most of thePhasdl patctestested were prepared on
a like-for-like basis using the same concrete constituents
that were used for the original mixand had been
undertaken withinput from Historic England . Some
proprietarypolymermodified trial patch repairs were also
tested in Phase ll. The availability of firsthand



MATEC Web of Conferences 361, 04003 (2022)
Concrete Solutions 2022

https://doi.org/10.1051/matecconf/202236104003

knowledg and documentation of the repairs to be testede A large residential development in the north built in the

wasakey consideration irselecting the sites for study

early 1960glisted Grade 11}

The assessment methodology adopted in each phase dthe environment in urban sites is today relatively clean as

research was developedllaboratively withall project
partners Ten patch repairgiere testeen up to ten sites

the burning of coalor heatingand industrial powefand
the emission of acidic gases)generally a thig of the

in each of the partner countries. The ten English researclpast. However, the environmentssll subject tosome

sitesare quite varied: thelyave concrete of differeages

pollution from car exhausts principally nitrous oxide

are subject to a range of environmental and weather(N,O).

conditions andare found in both urban and rural
situations. Three were alsoclose to the sea where

corrosion of embedded steel reinforcements, due to

chloride ingress, is far more severe

Phaselll, with fabric removalwill provide a more
thorough assessment of the performanceaofepair
including information on whether embedded steel
reinforcements have beenadequately passivated
(prevented from corroding) by the repair prod@$sOne
objective is tcseeif the so alled ‘incipient anode’ effect
(accelerated corrosion oginforcement at or around the
edge of a patch repairis affecting the longerm

performance of repair patches on any of the sites. Phasggrosion of the embedded steel

Il is currently in progressn five of the ten Historic

1.2 Rural Sites

Churchof St John and St Mary Magdalene, Goldthorpe
South Yorkshirebuilt 191416 (listed Gradell)

This wasthe onlyrural site However, this does not
tell the full story as Goldthorpe wasiginally a mining
town withthree deep pits, a coking plant and coal burning
from the surrounding housesThe highly acidic
sulphurous and hydrogen chloride gases enhittom the
coking plantand coal burningeacted with the alkaline
concrete of the church and eventually resulted in
reinforcements.
Goldthorpe todayhasa very clean and pollution free

Endand sites and this is scheduled for completion by the gnvironment.

end of 2022.
PhaselV will completethe work with a detailed

assessment and comparison of results between different-3 Marine Sites

sites in England andvith those of the other project
partnerssites in France and the USA

Historic Englands consultanton concretefor over
twenty yearsDr David Farrell,led the Phasell on-site
assessmestHehad been directly involved with many of
the sites when thewereoriginally repaied sothis was
extremely helpful in understandintipeir detailing and
performance Images taken before during and after
repairs weraeadily accessibleFor other sites, detailed
notes, specifications andperation and maintenance
(O&M) manuals weresourcedfrom the architects or
building managersto assist with the test warlOlder
repairs, which had been exposed for longer, Vigteo
give a clearerassessment oé repairs effectiveness
However,some of the olderepair materialspfincipally
commercial repair mortarshad been supersededby
newer versions or the manufacturer was no longer in
businessso the performance data was therefo as
relevant.

1.1 Urban Sites

There were sixirbansitessituatedn the suburbs of major

cities inEngland

e Church of St PauBow Common London,built 1958
1960(listed Gradel)

e Churchof St Thomas Moresheldon Birmingham puilt
19681970(listed Gradell)

e Alexandra Road &ate London, built in the 1970s
(listed Grade 11*)

e The National TheatreLondon,built 19761977 (isted
Grade II*)

e Dudley Zoq near Birminghambuilt between 1935
1937(6 structures listed at Grade Itr Grade 1)

All the PEPSPhasell research sites/hich are situated
close to the coastre scheduled monuments

e The right battery at Landguard ForFelixstowe
(Suffolk), built around 19380nly 50m awayfrom the
sea

e The Listening Mirrors Dungeness (Kenthuilt in the
late 1920s30s Distance from the sda around2000m

e Tynemouth Prioryand Castlecoastal battery, South
Tynemouth(Tyne and Wear)puilt between 1880945.
Situated on a cliff 100m from the sea.

Thesehave beersubject to various levels of chloride
contamination from seborne rainfall and marine
aerosas. Generally, the closer the concrete is to the sea,
thehigher thelevel of corrosiorthatmay be expected on
embedded steel reinforcement when the chlordgsate

into the concreteRepair of damagedareas is also a
problem if chlorides ar@resentin the concreteanatrix
around thembeddedteel.

2 On-site testing

ThePhasdl testing was carried oirt 2019at tenEnglish
sitesonten patchegper site These were selected to cover
a range othree different conditions“good’, “bad’ and
“fair’. The on-site testswere carried out using NDT
methods and highuality photographidmages to assess
the repairs.

TheNDTsincluded

¢ Visualassessmesfor shrinkage, cracking, crazing and
other surfacelefectsas well as rust staining

e Hammer tapping to check for hollownessieibonding
of the back of the repafrom the parentoncrete
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e Schmdt hammer testing of parent and patadncrete
for their comparativestrengths

e Cover meterassessent of the thicknessof concrete
cover over embedded steel reinforcementghin and
around the outside of the patches

e Spraying he surfacesof both the patch and parent
materialwith water tosee if it wasabsorbear ran off

e Scratching he surfaces of both the patch and parent

concretesto give an approximateassessent of their
hardness

¢ Photographyo capture surface texture and colour match
between the parent and patch concrete

High quality and large capacitypNNG and TIFF file}

images were taken using a professional digital camera ani

a colour passport tenablethe coloursf the images to be
comparedwvith otherresearctimages Theseimageswill
also be used in future years to ass the long-term
performance of the repairs.

3 Polymer-modified and mixed repairs in
urban areas

Dr Farrell had not been directly involved in the
specificationof commercial patch repairs to any of the
concrete buildings investigat@dPhasdl soinformation
abouttheserepairs has mainly come from O&M manuals
issued after thevork was completear notes from the
building managers. Theneexception is some of the poor
‘mixed build-up’ repairs reported in 3.3, where the
contractor ignored theutline repairspecification

3.1 1990s polymer-modified repairs

At the Alexandra Road dfate (an extensive housing
developmentating from the 197Qsrepairswere needed
after only 25 yearbecause of theow cover to the steel
reinforcementwhen the estate was budhd subsequent
corrosion Many areas of corroding steel stained the white
concrete surfaces Approximately 11,000 patches had
been placediuring a repair contradietween1997 and
2001 When Historic England was first involved in this
site in 2001, nformation on the specificationof the
commercial products used for the repaies soughtbut
unfortunately dta sheetsvere nolongeravailable The
repairs were specified as hgi 3mmthick, but this was
later increased to 6mnstill thin but dictated by the
workmanship of the original construction

Figure 1shows how th@atch repairappearediuring
the Phase Il assessmaémt2019 They had not coloured
down to blend witlthe parent concrete, nor did they allow
biological growth to establish. hBinkage crackswvere
evidentaround the edgess well asracking and crazing
within the patches The patches contained no large

repelledwater suggestinghat they weresarly polymer
modifiedmortars

/

Figure 1. Typical 1997 polymer modified mortar repairs or
Alexandra Road Housing Estate in London. The estin
11,000 thin patches had shrunk amdcked, and the polyn
type surfaces had failed to allow normal algae and mould g
to become established.

3.2 2010 polymer-modified repairs

The secondPhasell assessment site where polymer
modified mortar repairs were testeavas ona large
residentialdevelopmentin the north of Englandvhich
had been subjédo repairbetween200911. Again, the
exact repair material could not be positively identified
becausgalthoughthe specification stipulated a specific
product it also stated thah smilar product could be
substituted. The owners had no informatiorwdrich had
actually been used but it was certainly a polymer
modified repair mortar which had be@aintedwith a
grey coating tary andunify the appearance of the patdhe
concrete.

Many of the patches showed defects including
cracking, crazing, poor texture and match to the parent
concrete as well as ongoing corrosion of steel
reinforcementwith shallow coveran example ishown
in Figure 2. Cover meter readmdicated that the steel
within the patchhad only a few mm covdsut hammer
tappingshowedhat most patches were still bonded to the
parentmaterial The repairs did notontain any large
aggregate to matctvith the original concreteand the
texture waspoor. Both the parent and patch surfaces
absorbed watesuggesting that this polymer modified
mortar was differentto the one used in 1997 on the
Alexandra Road estate

aggregate to match with the parent concrete and the

texture was also differentin some patchessteel was

found to be corroding and hollowness was also detected.

The Phasdl testsshowed that the cover to the steel was
often only a few rilli metresdeepand sonetimes it was
breaking throughthe top surfaceThe patchsurfaces
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Figure 2. Typical modern (2010) polymenodified shallov
repair patch from the Phabkgepairs at a block of residential fl
— this showed a poor surface finish which had been unifiec
the parent by coatings. Ongoing corrosion of embeddec
was notedn many of the patches.

3.3 Mixed build-up repairs
At the National Theatre in LondpB®r Farrellhad been

Figure 4. This repair patch at thdational Theatre had be
made using a polymer modified repair mortar with a thin-
for-like mortar layer (12mm) on top in 2013. Some 6 years
it was showing cracking and crazing to the outer layer

4 Like-for-like repairs in urban areas

The firstHistoric Englandtrials intothe specification and
application of likefor-like patch andarge scalerepairs to

called in by the building ownets assess damage to the oncrete structuresvere carried outat the Alexandra
boardmarked white concrete and to provide an outline Rosq Estatén 2001[8].

specification for repairs using liker-like materials. This

work was carried out in 2013 amstiarted with test panels

The manages of the estate were disappointed by the
poor aesthetics and performance of the ‘light coloured’

and trialling repair mixes to match the parent concrete. 997 commercial patch repairs which were mainly square

The first few small likefor-like repairs were carried out

or rectangular in section. The contractors had been paid

successfully and an example is shown in Figure 3. Thegor the size or ‘area of each repair’ and so repairs were

contractor then deviatal from the outline specification
and filled someof the breakoutsvith an initial layer of
polymermaodified repair nortar followed by a likefor-
like mortar mixfor the outer layerThe results were poor
and showed crackingndcrazing as well ahollowness
when tapped with a hammaénrdicating that the outer like
for-like mortar had nobonded with the inner polymer
modified repair mortar, Figure 4.

Figure 3. Smalllike-for-like mortar patch repair at the Natio
Theatre (most probably over some form of redundant
fixing) which showed reasonably good colour and texture 1
parent concrete after 6 years exposure.

made using straight lines so thaéey could be easily
measured plus a square cut repair is standargaie
practice and “feather edged” repairs are discouraged.
However, breaking open some of the 1997 polymer
modified repairs showed that only about 1% of the patch
repair area had been et to corrosion. The size of the
repairs couldhereforehave been much smaller.

The very firstirialsinvolvedbreaking out some of the
failing 1997 polymemodified patch repairs and
replacing them with simpleement mortarepairsin an
attempt to mich the colour ofthe existing The earliest
repairsusedsoft sand andater ones used sharp sand, but
neither included any large aggregates, so this was not a
true likefor-like (concreteyepair.

Initial results were not particularly good, mainly
because the 1997 breakouts were only 6mm deep. The
other problem wagproducing asuccessfuboardmarked
finish to the patch repairs. A hand roller with a bark finish
was usedout thisresulted inpoor surface markingand
alsotended tqoull thethin repais out from the breakout.
Achieving a sirface finishand textureto match the
adjacent parent concrei@s also a problem.

At this time, 1l scale repairs were also carried out in
2001 tothe early reinfacedconcrete prishchurchof St
John and St Mary Magdalenén Goldthorge, South
Yorkshire by a commercial repair company (Concrete
Repairs Ltd)9].

Trials, patch repairs and largecale repairsusing
mainly like-for-like concrete mixes have been carried out
ata number obtherEnglishsites since 2001. Monitoring
of the performance of the repairs from each of these has
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improved the conservation industry’s understanding of avoided by usingre-prepared slipsvhich can bemass
like-for-like repairs whichhas benefittedother projects  produced to a high standard in the workshop site, tle
[10]. Examples are given in this paper of the application damaged aresimply needs to be cut out to an adequate
and performance of patch repairs from two of the Tecton deph which preferably means behind the steel
designedbuildings at Dudley Zooand St Thomas More  reinforcement and finished with a dovetail arrangement so
church in Sheldonl1]. that the precast slips are locked in. A very mobile cement
grout is then pumped it fill behind the reinforcements
andany voids and joints.

Secondly, pecast slips can obviate vandalism
problems which are common on the estate and mean that
it can be difficultto protectwet concrete patches while
they cure.

A third benefit of using preast slips is that thegould
result in financial savings especialify a great many
patches were required.

Concrete generally shrinks oy t00.1% when it sets
depending upon theomposition water content and
drying conditions Two sets of preast slips were
preparedone used three individual repair panels and the
otherslip comprised a larger pangmulating three strips
of boardmarked concrejeand handed to a contractor to
insert intothe prepared recesthe face of the joint was
temporarilyfilled before applyng the groutin this case
lime mortar was specifieds grout tofix the panels in
place and this waistroduced via &lay ‘bird’s nest’ and
allowed to flow down the side®f the slipsard fill the
supported mould and algal growth after 5 years. The k back of the repair tfix jt to the substrate concret&he
marked surface finish was poorly made using a bark gr pgnelswere assessed in 20_19 'after y8ars exposure,
roller which tended to pull shallow repairs out. Figure 6.Hammer tapping indicated hollowness at the

back of both repasgrand also slight shrinkage around the
An example of one of the early 2001 lker-like patch ~ edges ofall the panels. The bright white limeortar
repairsat Alexandra Roaevastestedin 2019as partof which had been used for the grout made the repairs stand
the PEPS Phasl assessment arisl shown inFigure 5. out against the parent concrdtewas clear that the main
This 2001 patch repair replaced an earlig997 problem was associated with the workmanship required
commercial repairWhen the 1997 repair wahopped for this type of patch repair. The standard of workmanship
out, it showedhat there werenly two small areas of steel from qualified stonemasonis generally better for all
within the largearea covered by thpatch repair. The aspects of the workhhan thatof lessskilled concrete
repair nortarused was 1:3 mix of white Portland cement ~ repairworkers
(WPQ): silver sand The patctrepairwas a maximum of  pm
10mmdeep,and a surface rolldrad beemsed to provide
the board markso the surface. The cartsurface of the
patch had slowly weatheed (neutralisng the alkaline
cementitious component amehshingsand particlesut)
and thisincreasedthe porosity and allowed biological
growth to become established within around 8 ye@re
repair was fully intact and showed no cracking or =
shrinkage after 18 years exquue although the surface |
texture and finish to the repair was considered to be poor
However, it did illustrate thainmodified cement mortar
repairs were possibendtheycould provide aeasonable
life. Some of the other thig001 trial repairs showed
cracking, crazing and sometimes shrinkagainly due to
theirinadequatehickness Figure 6. These preast likefor-like concrete panel repa

The Alexandra Road satehas beerused for other yere installed at the Alexandra Road Estate in November
concrete repair trials over the past 20 yearsiarzD06 When they were assessetid019, they exhibited hollowne
one of these was to test the possibility of usinggast behind the panels and the white grout surround stood out
(slip) repairs.There were two main reasons for trialling
these. Firstly, the preparation, placinignishing and
protectionof like-for-like concrete within a patch can be
a relatively lengthy micess if carried out properlysing  Fyjl scale repairs were carried outSbJohn and St Mary
methods employed by masoriduch of this work is  Magdalee, Goldthorpeby Concrete Repairs Lid 2001

4.1 Early trial repairs and assessment

Figure 5. Like-for-like concrete trial repair from 2001 at
Alexandra Road Estate showing reasonable weathering

4.2 2001 large-scale repairs and assessment



MATEC Web of Conferences 361, 04003 (2022) https://doi.org/10.1051/mateccont/202236104003
Concrete Solutions 2022

The early19141916 concrete had suffered attack from almost fully blended in. fieshuttering had been removed
acidic gases resulting from coal minjngperation of a  before the concrete had fully setd the surfaces brushed
coking plant and also coal combustion in the towre Th to remove some of the cementitious layer (while it was
gaseshad attackd the alkaline components of the still soft) to reveal the aggregate so called pre
concrete andmigrated into the concrete a initiate weathering. However, one or two of the repairs were poor
corrosion of the steel reinforcemeBy 2001, he surface  ard an example is shown in Figure 8. This very large
of the parentconcretehad a gllow colouation. A major patch (almost 2& showed significant hollowness and
repair project was carried out to the church, which delamination when tapped with a hammer and significant
includedsignificant repairs and replacement of concrete cracking and shrinkage were evident around the edges.
to the outerwalls. Test slabs of different mixes were Strangely, the surface of the patch hadbesn brushed
produced and left outside for a period of one month to (unlikeall the other repair patches) and thigjgestethat
assess their texture and final colour. The only additives tothe normal project manager may not have been in charge
the repair mixwereadye (to bring the colour of the repair when this patch had been appli®dssiblyworkmanship

mix similar to the yellowed parent gorete) and also a may have been an issue when some of this repair work
waterproofing agent believed to bestyrene butadene wascarried out.

rubber (SBR). This addition enables thater:cement
ratio to be loweredloserto 0.4 and also provided a more

workable repair concretavith better adhesion 43 2015 large-scale and patch repairs and

assessment

Further largescale and patch repair projects have been
carried out since 2001 and some of thebave been
included in the PEPs assessment projectaeth subject

to thePhasdl work.

Between 204 and 2016, amajor repair and
conservation projectvas carried outon some ofthe
structuredesigned byrhe Tecton Groupat Dudley Zoo
[12]. Dr Farrellwas involved with the initial assessment
of theconcrete in 2012 and prepared outline specifications
for repairs.Thesewas then used to preparedatailed
specification anapply forfunding for the workDudley
Z00’s management establishedheir own concrete repair
department and with their architets and engineers
carried out the repairs to five of the structuiiéee repairs

Figure 7. Like-for-like patch repair above a door at St Johr were mainly carried out using lier-like repair concrete
St Mary Magdalene church in Goldthorpe. The repair had to match the original althougtommercial ‘lightweight’
made using an identical mix to the original concrete w repair mortars were used wome of the underside
yellow dye to match to the parent; the surfaces had been b surfacesandsoffits.

after setting to bled in with the parent concrete Most of the repairs were still ingbodconditonwhen

assessed in 2019 although a few showed some defects.
The biggestrepair project was carried out atthe bear
ravinewhich had been in a very poor state and required
significantrepairs in 2014Five years later,rackswere
evidentas well ashrinkageandmoss growthl{Figure 9,
although most of these coincided with relatively thin
repairs at parapets and balustradesother explanation
may bethat the repair concretbdad too high awater:
cementratio or thatthe repairs werallowed to dry out
too fast.lt is hoped thathe Phasdll assessmentill be
able to confirm why this had occurreshd will inform
future repas.

The final Tecton structure to be repaired was the
meerkat enclosure in 2015. Thetinuse workforce had
become more experienced since the work started and

Figure 8. A largescale patch repair at St John and St ! more time was given to the repair of this structure. No
Magdalene church which exhibited cracking, and which defects were found in 2019 and the repairs were adrin

also failed to be surface brushed after setting. Hammer tre good condition. Figure 10 shows arxample where a
indicated hollownesbehind. large section of capping to the wall had been replaced. The

Most of the repairs were still irery goodcondition when like-for-like concrete repair providetigoodmatch to the
assessed in 2019 and an example is shown in Figure 7pa.rent_concretenclud|ng in terms otplour and surface

h | d text tch of th ich (ab h finish (it had been brushed after setting). The sgrfaces had
The colour and texture maich of the paich (above Cstated to weather aftefour years exposure which had
door) to the parent wagery closeand the patches had
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enabled biological growth to establishd begin matching
the existing
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Figure 9. Dudley Zoo- cracks noted to a repaired parapet
of the prow to thédearravine, Dudley Zoo. Note also the ra

growth established in fine shrinkage cracks to the 1
balustrade rail.

Figure 10. Replacement section of concrete capping t
meerkat enclosure at Dudley Zoo made using-fdeelike
concrete and with surface finishing to matchpheent concre
in 2015. This had weathered and had established alg
mould growth within four years.

Further likefor-like patch repairs were carried outtla¢
church ofSt Thomas Morén Sheldon ir015.Dr Farrell

for-like concrete repair mix anothers using @olymer
modified repair mortar.Both had performed well when
assesseth 2019.

Figure 11. St Thomas More church, Sheldenshowing i
typical patch repair made using liker-like materials an
brushed after setting to match the parent in 2015. This
concrete was still weathering in 2019 prior to establishing
and mould growth.

5 Like-for-like repairs in marine areas

Three of thePhasell test sites were located in marine
areas considered to be the most severe ffeinforced
concrete due tthe effect ofchlorides. The most severe
zone is the splash zone where concrete is reguiadped

by tidal sea wateand oxygen iplentiful. The neximost
severe zone is within 100m of the sea and where marine
aerosas (from the seagreregularly deposited on contee
surfaces

5.1 Reinforced concrete

Trial like-for-like patch repairs were carried out at the
listening mirrors, Dungenessin 2005. Located around
2km from the seahigh levels of chlorides had been
identified in the concrete from the mariaerosas. Dr
Farrell wasdirectly involved with these i@l repairs and
also with ongoing monitoring whichhe established
afterwards and which contind¢o 2017 The installation

and performance of these particular patch repairs has

was involved with the initial assessment of the concreteinfluenced the methododjy of alllike-for-like repairsthat

and provided outline specifications for the lifae-like

Historic Englanchas been involvedvith since2005 This

repairs.The appointedcontractor started by preparing a work at thelisteningmirrors wasvery widerangingand
slab library using different mixes of sands, cements andas well as the patch repairs includedls oftwo different

aggregates together withfferent surface finishesThe
slabs were held against each elevatamd different

concrete surfacesn the buildingand the best match
agreed Many different patch repairs were carried out to

the church and when they were inspecte@0a9, they

were allfound to bein goodcondition. An example of a

cathodic protectiosystemscoatingsappliedto corroding
steel reinforcements, migratorycorrosion inhibitors
(MCiIs), surfacdinishesand cleaning

Patch repairs were made to thencreteto the reaif
the reinforcedconcretestructureknown as the200-foot
parabolic wall The work was carried out to a very high

small patch repair is shown in Figure 11. The surfacestandard The damaged concreteas broken out, rough

finish of the repairs to match the parent concreteguasl
although the new concrete had yet to weasiiiiciently
to allow biologicalgrowth to establish.

Patch repairs ware also carried ouby Concrete

Repairs Ltd in 2015t the church of St Pauat Bow
Commonin London Some repairs were done usantike-

sawn boardsverefixed across the breakowtad sealed at
the edges to form shutteriny contain the repair. A
‘letterbox’ was formed at the top of the shutteringin this

arrangementthe top board of the shuttering hinged at
along its lower edgso it can balropped down to allow
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filling of the void behindand compactionf the repair mix

by vibration Oncefilled level with the bottom of the
‘letterboX, the final ‘lift’ is completed by ramming in a
slightly stiffer concrete mix, and the hinged boasd
folded back up to contain it while it sefscloselike-for-

like repair mix was prepared using white Portland cement,
local sand and flint agegates whichwere readily
available locally The moulds werélled, and the repairs
vibrated to remove any trapped air. Tiwards that held

in the repairs wereemovedafter 24 hours(before the
concrete was fully sptand theconcretesurfacespre-
weathered byrubking with hessian cloth to remove
surface cemenand expose the aggregate. The results
from the patch repairs wereery successfulwith all
repairs closely matching the parent concrete in texture anc
colour. These patch repas®wly started to weather over
the years and a view of one of them in 2019 is shown in
Figure 12.

Figure 13. A section of damaged concrete buttress a
Listening Mirrorswhich had been broken open, all steel cle
and suitably repaired using a l#er-like mix with board
marked shutters image taken in 2005.

Crack in  the

adjacent concret\A

Figure 12. Typical patch repair using a liKer-like mix to the
boardmarked concrete on the Listening Mirrors after 14 y
exposure. This showed goegathering with mould, algal a
even red lichen growth on the new surfaces.

Figure 14. Image of the same repair taken in 2019 showin
weathered repair with lichen and moss growth now
established. However, this patch was now exhibiting cra

Of the ten patch repairs at thigteningmirrors, nine were ~ suggesting ongoing corrosion of the underlying steel bars
found to be ingood condition after 14 years exposure.

However, one of the revealedfine cracks during an The next marine site to be investigated was Landguard
inspection in 20180n reviewingrecord photographﬂ Fort. Full scale repairwere carried out to the reinforte
was noted that the cracks lined up with a large verticalconcrete to the right battery dtandguard Fort in
steel reinforcing bar which had been fully cleaned of 2011The right battery is approximately 50m from the sea
corrosion product (rust) using very highessure water and the concrete is therefore subject to severe
jetting (4,200psi), Figures 13 and 14. It was alkzarthat environmental conditiongdm the marine aerossl The

all the other nine patch repairs had been fitted with newpatch repas were made by a largavil engineering
steel reinforcemerand the old corroding steel cut out and company using likdor-like materialsto match the parent
removed. It ipossilte thatthe crack might either be due ~ concrete incorporating flint from the shoreline. The

to the ircipient anode effect (where steel just outside the boardmarked finish waseplicatedby simply pressing
patch repair starts to corrode as a direct result of thethe repair concreteénto the breakouts using rough sawn
repai) or that there wre still some chloridesor just ~ boards (with exposed grain) with a suitatdemwork oil
corrosion produgtremainingon the steeligfaces which ~ acting as the release agefhis procedure for rereating

had allowed the processf corrosionto continue. It is ~ the boaremarked finish appeared to have been quite
hoped that the Phasik assessmemtill confirm what is effective.

affectingthis particular patch repair. Many of the repairs (approximately 35%gre failing
and an example is shown in Figure 15. The O&M manual

for the repairs stated that the repair mix did not contain
any sand; being only cement and large aggregaae(y
flint). The repair mix therefore contained an excess of
cement. Many of therepair patches showed calcite
leakage from the bottom of the patchiedicating that
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unreacted calcium hydroxide had leached Gameof TRt LU TTEEHHHLUL
the patches showed cracking and delamination and the *“ ‘ I ht f“
covermeter survey indicated that this was associated with 7 M ‘ RWT'JT” Il
the pesence of steel reinforcement behind. The 7 T e
suggestion is that some of the embedded steel =
reinforcementwas continuing to suffer from ogoing
corrosion even after the repairs had been made. Howeveig
not all were subject to corrosion. Some of the repairs
whichdonot directly faethe sea were still in a reasonable
condition and not subject to defects when assessed.

TH

Figure 16. Patch repair of the concrete corner at Tynen
Priory and Castleoastal btery using a likefor-like concret
mix with plain shutters and using external supports. The si
was abraded after setting to match to the parent and this
had almost fully blended in after 10 years.

wooden supports were used to fix the shatiarplace.

The specified likefor-like concrete repair mix was poured

in at the top and a poker used to vibrate it. Sngttering

was struck early, and the surfaa#sthe repairbrushed
using mechanical abrasion to reveal some of the aggregate
Figure 15. Patch repair using a liker-like mix at Landguar to matchthe parent. The patch surfacevdaeathered

Fort which was failing after 8 years. This appeared to be r over the past 10 years and now suppatogicalgrowth

to ongoing corrosion of the embedded steel. Note also

leaching from the base of the repair due to excessive c . .
used in the repair mix. 6 Discussion

6.1 Polymer-modified and mixed repairs
5.2 Bulk (non-reinforced) concrete
The PEPSPhasell testing of the performance of the

The finalmarinesite which was assessed for thiea3ell commercial polymer modified repair mortars was
work was at TynemoutRrioryand Castleoastal battery.  importantasthese materials hawéten been used to repair
The concrete datefsom the 1880s to the 1940s and the large concrete heritage structurdore recently these
vast majorityof it had been formed using noeinforced types of mortarsare sometimesapplied with large
(bulk) concreteThe battery is located on a cliff top and aggregée addedn an attempt tdettermatch the parent
only 100m from the sea sohlorideswould be expected  concretewithout having to coait afterwards Thistesting
to bea factor inthe deterioration of reinforced concrete was also important as some of thepairs onsites in
Instead, dmagehereto the bulk concreteaseither due  France and the USA have used commercial polymer
to subsidence, deterioration of the various layers of modified repair mortarsThe Englishresultsshould be
concrete (it had been applied in layers), rainwater ingressdirectly comparabléo those ofour researctpartnes.
and meement or mechanical damage. Scrap merchants  The results from some of tiegerrepair patches at the
(who were invited in to remove scrap metal after the endNational Theatre were disappointingheresults showed
of the 2¢World War) had physically ripped out the guns that the early small likéor-like repairs hadoth agood
and fittings. colour and texturenatch to theparentand were still in a
A large number of large scale and patch repairs weregood condition aftesix years However, some of the later
carried out in 2009 aftddr Farrellhad carried out a full  ones, wherghe contractor started to mixcmmmercial
assessment of the site and prepared outline repaipolymermadified repairbaselayer with a like-for-like
specificatiors. He alsooversawthe repairs. mortar top layer were poofThis is not particularly
surprising as polymemodified repair mortars have
excellentadhesion to ordinargementitiousoncreteand
can be applied in very thin layemshereas likefor-like
cementitiousoncrete repairs have a much lower adhesion
and needd be applied as thicler layers Like-for-like
concrete repairs haveery poor adhesion to polymer
modified mortar surfaceand the mixing of these two
differentmaterials is not recommended.

Nine of the terpatches assessed had performed well
over the pastenyears The tenth was damaged because
the defective areathat it has been used to repair had
continued to suffer structuralmovement rather than
because of an inherent failure in the repair material or
workmanship. An example of one of the patch repairs
which had been made over a damaged corneormdrete
is shown in Figure 16. T damage was probably caused
by careless removal of metalwork after ¥&r. Plain
plywood shutters were prepared, and external
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6.2 Like-for-like repairs in urban areas to the parent concretddye was added to the repair
. ) . concretemix to match the yellow parent concrete. The
The Phasell testing of the performance of liker-like assessment of the repairs in 2019 showed thawaof

mortar and concrete repairs is wiost interest to the  tnem exhibited cracking, shrinkage and delamination
heritage industry ifEngland It has been aevolutionary  from the substratandwere starting to fail. Thehasell
process which today means that these types of regairs  testsshowed that there were marked differences in the
be usedwith confidence Patch repairs sing ordinary  finjshing of the ‘failing’ repairs and that of the good
cementitious concrete had a poor reputation pri@otil repairs suggesting that theroblem may be due to

and there were manyreports of it delaminating as  \yorkmanship issues. The PhaBetesting will hopefully
corrosion of embedded steel continuBdor to 2001the confirm if this is the reason for the failures.

importance of preparation and attention to ddtad not The trials using the preast slips were initially

been understoodt was subsequently realised thite  considered to be eheapemway forward as they could
embedded steel reinforcement needed to be SU'tab%otentially have been rda on a producticfine basis in
treated (passwqted to prevent ongoing corrospn) prior 03 workshopand brought to site to be groutieto suitable

the concrete being repairethis meanfully cleaningthe  cytouts. However, the trial showed thain-site
corroded steel surfaces (to remove as much rust agyorkmanship was an issue and this type of repair would
possible) and then applyiregike-for-like concrete repair - perhaps have only been economic if there were a

mix (similar to that used when new reinfed concrete is significant numbeof similar repairgo carry out.

cast) which re-creates a higlalkalinity environmento Further patch and fuicale repairs have been carried
re-passiva the steeBreakoutsf the area to be repaired oyt at several other historic concrete buildings and
also need to be relatively deefand go behind the  stryctures sincthe work was done at Alexandra Reati
reinforcemenjtandhave undercut edgéshelp retain the  the vast majority are still in goodcondition. The many
repair materiand reduce risk of cracking smaller patch repairs carried out at the church in Sheldon
The early2001 trials at the Alexandra Road Estate \ere found to be ivery goodcondition afterfour years
showed that it was possible to use a repair mortar (withoutyith no defects identified. The repaits four of the
large aggregate) to fill shallow breakouts (around 6mm Tecton structures at Dudley Zoo wegeod although a
deep) although some of these were found to suffer fromeyy of theearlier repairs were starting to show shrinkage
shrinkage and cracking. It was soon realised that the repaigracks where they had been applied thinly. The Phiase
needed to be deeper (typlly greater than 25m) andthe  testingshould confirm why this is happening and allow

mix neededarge aggregagewhich weresimilarto the  fyrther improvementor like-for-like concrete repairs in
parent concrete. Typical large aggregatessimay be  fytyre years

between 10 to 15mm. Using shutters (rosglwn boards
for boardmarked concrete or plywood for fefmced . . o .
concrete) tacontainthe repair angokers tovibrate the 6.3 Like-for-like repairs in marine areas
mix was found to be the best methodbaposed tdand
placing it. Preweatheringof the repairs ify removng
some of thesurfacecement and reveal the large aggregate)
was best carried out lgmoving shutterindgbefore the
repairs had fully cured(typically 24 hours depending
upon environmental conditions) and hand finishing the
outer surface using muslin cloths, hand brushes or
mechanical wire brushing. Retarding agents may also b
acceptableéo slow down the setting of thexposedepair
concrete t@ive more time tomprove postsetfinishing.
Matching the colour of the repairs to the parent
concrete was initially thought to be criticaldohieving a
satisfactory matchDyes were ruled outnless the parent
concrete had been heavily stained. Colours of repair
concrete were usually altered by changing the mix (white
or ordinary Portland cement and different colours of

(Stan?csgl'l l;?tvgre\ée;b Egtcgag%?:fmgvgﬂ?é?";k;ﬁ?hermay still have high levels of chlorides remaining which
ypically y could then initiatgurther corrosion. The Phadl results

surfaces become neutralised and grains of sand are . o
washed outvhich increaseshe porosity and stimulates Were unable to prove what was responsible and it is hoped

biological growth - algal, mould, lichen and sometimes that the PhasHl testresults will be able to provide the

moss- onthe surfaces. If the repairs are initially lighin answer.

: : : The likefor-like repair patches carried out at the
colour to the parent, th.'s often dulls downhasiogical listeningmirrors were still in an excellent condition after
growth becomes established.

The full-scale repairs by a commercial company at the 14 years exposure, apart from one which showed fine
parish church in Goldthorpe showed that good cracks aligning with the main steel reinforcemeNline

performance wagossible for likefor-like repairs and that out of the ten patch repairs had been fitted with new
the aesthetics could be improved by matching the repairsrem"chement steel prior to the repairs being plaeel

The three marine sites that were assessed for the Phase
tests showed interesting result@s they represent
acceleratedveatheringfor reinforced concreterepairs

The site with the repair patches in the worst condition was
Landguard Fort Approximately 35% of the repairs
showed defects after ondjghtyears. There are a number
of possibilitiesas towhy this has happened. The coastal
eoattery is located only 50m from the sea and is therefore
in a very corrosivenvironmentor the reinforcing steel.
The repair mixes reportedly did not contain sand and
showed calcite leakage from many of the patches. The
patch may not nowesufficienty alkalineto passivate the
steel. The embedded steel may not have been suitabl
cleaned ofcorrosion product prior to the repair (poor
workmanship) which could have allowédto continue
corroding The remaining concrete surrounding the steel

10
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only one which retained the originalufbcleaned) steel
was the patch which now showed fine cracking. Again,
is hopel that the PhasHl work will provide the answer
as to why this patch is now starting to fail.

The final marine site that was subjected to the Phase?.
Il testswas at Tynemouth coastal battefhis site is only
100m from the seand is highly exposed. Athe repair 3.
patches examined had been made tenearforced (bulk)
concrete and all patches westill in an excellent 4
condition aftertenyears exposure. Thisndicatesthat it
is the presence of the embedded steel reinforcement which
is the major factor in the deterioration of patch repairs in

marine structures and possibly other areas. 5

7 Tentative conclusions 6.

The followingtentativeconclusions may be drawn from
this work. However, these conclusions can only be
confirmedby the Phasdéll work. 7

e Repairs to damaged concretan be successfully
achievedusing likefor-like concrete but the breakouts
need to be relatively deep anddercutor dovetailedo
improve the retention of the patch in the breakout. 8.

e The aesthetics of repaired concrete surfaces can be
improved by trifling the repair mixes and carrying out
work on the surfaces of thmatches to better match the
parentmaterial

e The research has confirmed our understanding tigat t
presence of corroding steel in reinforced concrete is the
major factor to overcome in achieving a suitable fong
life patch repair. This problem is more ses/@r marine
environments due to theghly corrosiveenvironment.

e Workmanship appears to be an issue, possibly because

9.

non-conservation awareoncrete repair workers are not 11.

as highly trained orare possibly less motivated
compared t@xperiencegtone masns.
e Repairs using commercial polymerodified repairs

mortars shoulde awided for heritage buildigs and 12.

structures if possible.
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