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ABSTRACT

The paper uses case studies to define the reasons for pavements Gading and identilics four principal causes
of fatlure. These are firstly the falore of the joimts to operate correatly, secondly, instability of bedding
sands, thirdly, incorreet, or missing structural base and fourthly, inappropriate mamtenance regime. &
Total Quality Chart is presented wluch allows its user 1o identify the factors winch need special atlention
andd 10 ensure that the pavement is specificd 10 avord falure. Case studies are presented for seven areas
which have underperformed and for two areas which huve performed well. These case studies are used 1o
defing the fctors which commonly lead to Talure. As well as the usual techmical inputs to the
speeiication procedure, the Total Quality Chan also includes an appraisal of any unusual enviranmentil
conditions wlich might prevail 1 also takes mto account the public profile of the project and how yvisible
the project 1s o the general public. By integrating these "soft” factors with the inditionally applicd
techmical issues, the paper shows how a pavement can be guamnteed to perform to the client's réquiréments

FTINTRODUCTION

Duoring he Tost 25 vears, the Authors have been ivolved in the design, specification, construction,
development and usage of pavers both i the UK and elsewhere. They have observed the development of a
body of knowledpe which is sufficion 1o ¢nsure that pavers can be used successfully to surface all
categonies of pavements. Natonal and international standards have evolved for materials, instatlanon
procedurcs and design methods Special attention has been paid to developing the technologies associaled
with heavily trafficked highway pavements', heavily loaded industnal areas’, mrcraft pavements’ and
pavements subjected 1o adverse environmental conditions such as vacuum sweeping, flooding and
extremes of climate” Becauose of this, there 15 now sufficient information avinlable to satisfy the needs of
all potential paver specifiers. Yet, the incidence of pavements performing less well than the clent
expected has not diminished  This 1s often because the designer, specifier or mstaller has been unable to
find a reference framewerk which will ensure that he focuses upon the germune 13sues. Rather, he has
frequently been bombarded with a plethom of unconnected data some of which s mr conflict and mugch of
which has been diiven by commercial imlerest rather than by a distillation of sound rescarch and practice.
As an example of this, there reman many regions where commerciml interest dictates that pavers of
proprietary shape are promoted as contributing structural enhancement 1o a pavement, when in fact
research has shown the opposite (o be true.

This Paper addresses the problem and presents a simple Total Quality Chart which wall direct designers,
specificrs and installers towards pood pracuce and will lead them away from fontless avenues which might
otherwise distract them from giving their full attention to that good practice. The Chart does not seek to
provide detmiled solutions bul refers to the sources of those details which have been proven through long
term experience. This Paper explains how the Chant was derived by reference o case studies and

industrs funiversity based research. 1t gives examples of how several failures could have been aveided if
the Chart had been available previousty and shows how its use might change the way some pavements will
be constructed o the futwre.




2 RECENT DEVELOPMENTS IN PAVER PAVEMENT TECHNOLOGY AND USAGE

Although there is some evidence that streels were surfaced with brick sized concrete blocks bedded on
sand in Belgium in the 1930's | it is usually accepted that the modem paving stone era commenced in
Rotterdam mmmediately after the second world war’. Traditionally, Dutch city streets were surfaced with
brick but the shortage of coal throughout Northern Europe following the war led to a shortfall in the
number of bricks needed for the more pressing need of house reconstruction. The Rotterdam city engineer
used concrete pavers as a temporary substitute and this led to all Dutch authoritics adopting concrete units
such that by 1970, 15,000,000 m* of concrete pavers were being instailed annually”  More recently, there
has been a shifl back 1o brick. The Duich have adopted similar dimensions for both matenials, which
explaims the term "Holland Stone” used i the US to describe rectangular concrete paving umts,

The Dutch expenience was paralleled in West Germany through the 1950% and 1960's with the 19463
recesston leading to many German bnlding block manufacturers switching to paving umits in order 1o keop
fherr machmes i production. A fundamental difference between the developments m the two COURLIES 15
{hat West German manufacturers preferred proprictary shapes which led to the establishment of shape-
pricntited prometional groups which have had a sgmificant international impact’ Essentially, all other
conntnies and regrons adopt & mis of Dutch or German tadition. some favouning one strand and sonie
mlegating clements of both  Commonly, pavers are miroduced to new regions by Crerman industral
interests - shape licensors, paver plant manufacturers and installation equipment designers - bul as markets
mature, the more strightforward Duteh tradition frequently predominates. For example, pavers were
mitroduced 1o the UK in the late 1960's and by 1973, all of the UK production compnised pavers of either
West German origin, or near copies, whereas by 1990, over 90% of UK pavers were rectangular and
[ollowed Datch tradition

O conrse, many European city streets have been surfaced with small element systems for 200 years or
miore and indeed. Roman Empire city streets were usually surfaced with stone units over 2000 years ago"
The cssentinl ingredients in the modern resurgence of pavers are mass produced low cost umis
manufactured 1o aceurate dimensions to facilitate cost effective installation Also, modern pavers are
engineered o allow their safe use by fast and heavy traffic, whilst at the same ime bemng compatible with
the needs of pedestrians in terms of shp, skid, abrasion and durbiliy.

An interesting issue is whether mechanical installation will become commenplace dunng the next few
years. So far, manual installation has proven cost effective and machines have been introduced when
special fictors militate against manual laving For example, health & safely legistation has led to the
introduction of installation systems in Rotterdam. Repetitive Stran Injury (RS1) 1s becoming recognised as
an unacceptable consequence of long term employment in the manual mstallation of pavers. Mechamcal
laving has been introduced 1o Cyprus where voung men prefer 1o find employment in tounism. Some
proprictary German shapes are near impessible to place by hand and their promoters consider them to
represent the forerunners of the next generation of pavers

The Authors estimate that paver usage has nisen from virtually nil fifty years ago to 0.7 billion square
metres per annnm by 2000, Germany remais the single largest market with upwards of 100 million square
metres per annum. Ciher significant markets include 30 million square metres per annum in North
America, 20 million square metres in the UK with many countnes worldwide achieving figures of the order
of 10 million. Figures are difficult to establish for developing countries but it 1s clear that on a per capita
hasis, African usage is close to European and parts of Asia. have significant industries. There has been a
constant prowth in Central and South America and China uses pavers commonly - the 400,000m* Hong
Kong airpont pavers were imported from China  In summary. for each personon Earth, (.13 m* of pavers
are installed annually and the Authors expect this figure to rise to 0.2m" by 2020, The increase will occur
as a result of market penetration increasing year on year in western countries where population growth 15
often zero or somelimes negative and as a surge in developing countries which will outstrip population
prowtly as the appropriateness of pavers becomes evidenl

The size of the world-wide market has led to a massive body of information entering the public domain
Whereas the designer/specifier of the 1970 struggled to find any authontitive guidance, the difficulty can
new be in coping with sometimes conflicting advice, which may relate 1o speaific climates, malerials,
products or methods A massive body of information 1s available through the series of intermational
conferences and workshops, through trade groups, through national and international standards and througl



experience which has evolved in companies and authonities involved with pavers. The next Section
describes a series of landmark projects which have informed the body of knowledge and which together
define the state of the art. By studying them, the Authors have developed the Total Quality Chart which is
the focus of thas Paper

3 LANDMARK PROJECTS IN DEVELOPING AN UNDERSTANDING OF PAVER
PAVEMENTS

The case studies described here represent the wavponts which have guided the Aunthors towards their
understanding of paver pavements  In cach case. the project has failed in one or more respects or it
mcludes an innovative element which has pointed the way towards a clearer understanding of the
behaviour of a pavement surfaced with pavers. The Authors have learned that the following four issues
need 10 be considered if the pavement 15 to satisfy the conflicting needs of all of the parties imvolved in the
development of a project

Issue 1:- Environmental: special external factors which aftect performance

Issue 2:- Visibility: how many people will see the project and from what distance

Issue 3:-Traffic: nature, weight and frequency of loads

Issue 4 -Public profile: the contribution of the project 1o the enhancement of the physical world

The case studies are described by reference to the four lssues and the way in which quantifying cach Issue
waould have influenced the development of the project 15 explained. The critical Factors in the nine case
studies are summaned m Table | according to the Tour lssues which have been found to be relevand to
pavement perfornance,

Case | - Bellevoe Metro Interchange, Washington State, US

Figure 1 shows the way in which arcas of rigidly set brck pavers gradually deteriorated in this bus station,
The cement mortar bedding material failed to take mto account the Environmental and Trafhic Issues
There are many instances where simlar fatlures have occurred and the Anthors hivve Tound that rgidly
bedded pavers cannot sustain heavy channelised traflic, particularly at bus slops

Case 2 = Trench Lock Works, Telford, UK

Figure 2 shows the condition of the road after 5,000,000 csa's. 1t is the access road to a brick
manuficturer and 15 trafficked by heavy vehicles delivenng the firnm's products. 1t is important in that it
is an early example of a paver road having regular heavy vehicles in an industnial context. The road
remains servicenble as 2 result of 1s reinforced concrete base and the use of bedding and jointing sanids
which wonld fall mto Category 2

Case 3 - Bahrein Aarport

The arca comprises an mrpon vehicle service and parking area. Figure 3 shows how many of the pavers
spalled as a result of the rectangular units having no spacers and baing installed in a tightly packed
matner. The problem was exacerbated by the absence of an adequate base. The problem would have
bieen largely resolved by ensuring that jointing material was present and would ive been fully resolved
by so doing and providing a more rigid base. The design methed for industnal pavements surfaced with
pavers was developed at Newcastle Umiversity’, initially as a Science Research Council project, then as
a Bnitish Ports Authority contract and fimally as a design method sponsored by British Precast Concrete
Federation.

Case 4 - Leeds

Figure 4 shows the condition of pavers mstalled in a city centre street after very little use. The pavers
had been deliberaiely spaced 1o fit into previously constructed swrrounds. This led to loss of interlock.
Effectively, this is the opposite problem to the one described in Case Study 3. Together, they point Lo
the importance of installing the pavers "hand tight™ so that the joint remains filled and generles
imterlock!!
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Case 5 - Luton Airport, UK

Figure 5 shows pavers removed from the the Eastern Turning Circle at Luton Aurport which occurred ona
number of pecasions, culminating 1na sigmficant fmlure which damaged an aircraft. A court hearing failed
to establish the cause with any degree of certainty but adequate mamntenance, dramage of the bedding
wiaterial and loss of jointing matenal in an area subject o regular jet blast were all points of discussion
{one of the Authors represented one of the parties 1o the ensuing litigation). Other factors which may have
contrbuted 1o the difficultics include the use of machines to mstall clusters and the need to undertake the
work through the night with a moming deadline when the minway was back m senace. Much of the
development of the technology of pavers for arcrafl pavements took place collaboratvely by Luton
Arrport and Neweastle University. The work has been pubhished by the Cwil Aviation Authonty in the
UK and by the Bnerlocking Concrete Pavement Institute. wath the approval of the Federal Aviation
Admmustation, e US"

Case 6« Pine Street, Septlle

The project compnsed prumte pavers installed over a bedding material which contiuned an abnormal
praportion (= 10%) finer than 75 microns (No. 200 sieve size). 1 developed mits durmg the first day's
trafficking and was eventually reconstructed with a beddog: somd soath only O P passing the 73 nucron
cicve That was i 1989 and it has wathsiood heavy imdfic for over 10 years with oo sigifican
wantenance bemng required  Tlas project and several which showed similar truts m the UK led 1o the
development of enhanced specifications for bedding matenals™  Research at Newcastle University has
confirmed the need to restic beddimg matenials m heavily trflicked projects to naturally ocourtng sinds
with lined amounts of maenal passing a 75 nucron sieve

Case 7 - Victona Road. Hantlepool

Figure 6 shows tus heavily trafficked wown centre street was constructed n 1993 and has withstood
7,000,000 ¢sa's with no problems. Tlis 15 as o result of the use of an enhanced specification sand and with
the paver jomnts mcluding a polvmer stabilizer. The base compnsed steel fibre reinforced concrele
mstalled by a laser puded screeding maching to ensure accurate levels and therefore a consistently thick
bedding layer  Research underiaken al Newcastle University has shown the sustability of steel fibre
reinforced concrete for hiphway pavements’

Case & - Parking Deck, Dublin

Figure 7 shows details of the project in which proprctary shaped pavers were land by machine over a
coarse gt The fine jointing sand wis subsequently washed and'or vibrated mnto the bedding sand, so
leavanig the pavers in a non-interfockmg state. The laving system whereby 0 sm’ clusters were installed
without cross linking exacerbated the fallure. Also, cluster Laid systems develop a wider joint around the
perimeter of each cluster, so dimuushing interlock. This project highlights the need to ensure compatibility
between jointing and beddmg matenials 1t also iflustrates that some proprictary shapes can prove more
difficalt 1o repiair than would simple rectangular pavers

Case Y - Paphos Promenade

Figure 8 show the condition of the promenade following a severe storm which flooded the pavement. Most
of the pavers were washed into Paphos Harbour. The area should have been treated with a polymer joint
stabilizer bul the contractor has not followed the specification. Whether the area would have surnvived with
the joints so treated 15 not cerain. but 1t would have endurad the storm for a prolonged period.  Research
underaken at Newcastle Unversity inte polymer stabilizers las demonstrated their ability to greatly reduce
the permenhility of paver joints’

The above case studies represent a small proportion of the projects with which the Authors have been
imvolved. They have been chosen because they each led te & greater understanding of the way in which
pavers behave and because they represent a class of problem which has occurred elsewhere with greater of
lesser regulanty,



Table 1. Faciors and Issues relevant to the landmark projects

Luton Adrpor

Pine Street,
Seattle
Victoria Road,
Hartlepool

Tarkin _r_:ul'ludf, |

Matntenance access

difficult Tight

twming > 1500kg |

Cald wet climane

Seen from
dhstance

City centre public
pedesinan arca

Bus slop

Town centre
pubhic pedestnian
arca

Taght tring

Oxccasional

| Adrcraft
i

7,000,000 csa

10,000,000 csa

Project Title Issue
Environmental Visibility Traffic Public Profile
Bellevue Bus slops Public pedestrian | 10,000,000 csa Feature paved arca
Transit Channelised arca
Treneh Lock Tight turming Light pedestrian 5.000,000¢sa Associated with
Works = 1500k cammercial landmark building
. project - '
Bahrein Haot/dry climate Oceasional Heavy duty Mo pubilic impacl
Adrpord Tzl pedestrian nse industral
- turming= 1500Ke |
Leeds Vacuimm sweeping Citv centre public | Less than 10,000 | High profile civic
pedestrin area €5 project = ponciple

miaterinl

o public impact

project = principle
| material _

Ciyic project -
principle maleral

Lightly loaded

Associated with

| High pmfilcﬁwc

Liblin <1 500ke pedestianuse | <1500kg Lk inldang
Faphos Flooding Public pedestrian | Pedestnian Feature paved area
romenade _ared

4 MSCUSSION OF COMMON THEMES IN PAVEMENT FAILURES

When the above projects are analysed collectively, several unexpected conclustons can be drawn, The first
15 thal whereas previons research has frequently focussed upon ensunng that the pavemenl components
remam unsiressed, in fact, folure mrely pccurs as a result of strughtforward overloading A surprisingly
common theme which correlates particularly well with performance and quality 1s the behaviour of the
paver joinis. Some of the most spectacular fatlures hove occurred as o result of the paver joints ceasing o
operate. The joints can be 100 wide, too narrow, unfilled or filled with mappropnate material In any of
these cases, the failure can be dramatic and sudden. The joints need to be considered in conjunction with
ihe bedding matenial and care needs 1o taken to ensure that the jomting matenal does not drop into the
bedding matenal

Bedding sands have mitimed failure when the material has been too fine to permit the unimpeded fow of
water. This has allowed hydrostatic pressure to develop i the bedding sand which has in tun reduced the
shear strength of the sand. In the cxtreme case of Pine Street, Seattle, a total collapse of the bedding sand
occurred, resulting in quicksand conditions. in which the sand adopts the rheology of a zero-shear fluid'"

Although base failures are rare, this does nol indicate that the level of attention given to the base can b
relaxed. Rather, it suggests that designers have alwayvs been aware of the potential for failure in this area.
This is not surprising bearing in mind thal mos! projects are overseen by engincers with a background m
structural mechanics. However, when other factors bring a pavement to o near failure condition, the
provision of a strong base can be the lifchne.

Maintenance has been observed to be a sigmficant factor in pavement detertoration. Strangely, the
underaking of excessive levels of mamtenance has been as dangerous as underestiniating maintenance
For example. the removal of jointing matenial by vacuum cleaning equipment lias caused some difficulties’
However, a major conclusion 1o be drawn is that the chient and the team responsible for providing the
pavement need to define mmnlenance 1n an explicit way. Two extremes have been identified, Cn the one
handl, 1t 15 common for completed pavements to be lefi to deteriorate. On the other hand, some authoritics
have developed a Statement of Engineening Parameters, a legal document wihich sets out the anticipated




defects quantitatively vear on year' Intermediate levels of mainienance include repair on an as needed
basis and repairing only those defects which render a pavement dangerous to its traffic

From the above discussion, it can be concluded that the oulput from a total quality approach o pavement
engincering should be information which defines:

I/ Paver joints

2/ Bedding material specifications
3 Charactenstics of base matenal
4/ Level of mamicnance

Effectively, i means is required of allowing the four Issues of Environment, Visibility, Traffic and Public
rofite 10 define the appropriate levels for the above four outputs. The Total Quahty Chant described in the
next Section does so

S FORMULATION OF TOTAL QUALITY CHART FROM CONSIDERATION OF FAILURE
THEMES

The Total Cheality Chart 15 shown as Fig 9 Each of the four lssue categaries includes a senes ol Lictors
which fall within that dssue. The user can select these factors whach apply 1o the praject in land, There
may be more than one in each Issue box Each factor has a four element code such as Bedii. In this code,
the upper case letter, B, refers 16 one of three jointing materials  The lower case letler, ¢ refers to the
category of bedding sind  The Arabic number, 4, refers (o the base matenal and the Roman numeral, ii,
refers 1o the meaintenance regime. For cach of the four Issues, the user finds the code which 15 most
anerous and transfers it (o the appropriate box at the bottom left of the Chart. Once each of the four boxes
i f1lled, the most adverse value of each element is transferred to the Result box. Hence the user can select
e appropriate jointng material, bedding matenial, base material and mauntenance regime. These four
fictors love been shown (o be the crucial oncs in long term pavement performance. Providing the data
upon which the user bases his judgements 15 accurmte, the Chart will ensure that the correct solution 15
produced  The nser will then be able to focus upon developing the requisite specifications in detal.

6 EXAMPLES OF THE USE OF THE TOTAL QUALITY CHART

The Chart is now applied 1o the case studics already described by way of example. Table 2 summarnises the
codes developed from the Chart.

Table 2. Total Quality Chart applied to Case Studies

Project Title Total Quality Design Code
Environmenial Visthility Traffic Public Profile Result

Bellevue Transit | Ba3ii Bedii BEbli Cc5iii Bali
Trench Lock Bb3iii Bc3ii Bbli Bclii Bbli
Works
Bahrein Airpon Bb3iii Cd5in Badil Cd3siv Bajii
Leeds Abdu Bcdii Cediv Bcii Ab3i
Luton Alrport AbJui Cd5ii Aadl Cdav Aadi
Pine Street, Bb3iii Bedn Bbhi Bc3i Ebli
Seattle
Victoria Road, Badn Bedii Bbli Becdn Bali
Hartlepool
Parking Deck, Bcim Cd5ui Cd3iv Be2n Bc2ii
Dublin
Faphos Aalil Bedu Cd5iv Cesiid Aadi
Promenade H
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By comparing the resulls from Table 2 with the codes which would apply to the case study projects, it
becomes clear why some of the projects failed and others succeeded. For example, Bellevue Transit was
constructed with inappropriate jointing and bedding matenal and should have been maintained according to
a prescribed Statement of Engincering Parameters. The two projects which have performed well were
constricted according to their code. The Bahrein Airport project included mappropriate jointing miaterial
and an incorrect base. Pine Street, Scattle had the wrong jomnung and bedding material. The Dublin
parking deck had the wrong bedding material. Luton Airport and the Paphos Promenade had the wrong
Jointing and bedding material.

The Total Quality Chart will inevitably fail to deal with all of the issues which will develop in the future
and those interested are invited to siggest additions or amendments by e-mailing the Authors al
johnknaptonginclac.uk  The Chart wall grow i valie as those with experience contribute thal experence
tothe Chart The Chart is available ot seb site

waww nebac uki-yk3s

T CONCLUSIONS

| To date, puidance relatmg 1o pavements surfaced wath pavers has been fragmented with a bias towards
ensuring tial the paving wmits and the structural base are designed and speaified accurilely, whereis
problems have usually been associated with the jointing and bedding sand

2 The procedure described n tlus Paper can be used to produce an outhine specification which will ensure
that the resulting pavement will be approprate for its unction

3 A pavement specification can be developed only when both techiucal and "soft" issues such as
environment, visibility and public profile are taken mto account. Thus applies 1o both initial construction
and the maintenance regime.

4 A pavement cannet be considered 1o be fully specified until ns mamntenance regime hias been developed
Al one extreme, a Statement of Engineering Parameters can be developed which stales explicitly how the
pavement will be managed through its prescnbed life At the other extreme, the pavement can be allowed
to detenorale progressively so it has zero value at the end of its design life

5 There 15 now so much information available 1o the specifier that the main difficulty is in managing the
dats Some of the data is in conflict and the specifier needs 1o understand the purpose of those
orgamsations providing guidance. Some special iterest gronps have promoted solutions wluch are not
sereniifically proven

& The Total Quality Chart can be used 1o asstst i the development of a new pavement. to upgrade an
extsting pavement (the uperade might be m terms of enhancing the imainisnance regime) or Lo undersiand
why an existing pavement 15 underperforming,

7 The value of the Total Quality Chant will be enhanced 1f specifiers attempt 1o incorporale it into their
work and report their expenience (o the Authors. Itis hoped that the Chart will evolve as future paver
projects feed into it,

% Whilst the Chart is geared towards pavements surfaced with clay paviors, conerete blocks and stone
products, it could be modified and applied to all pavement bypes
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