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PREFACE

This investigation was conducted by the Geotechnical Laboratory
(GL), U. S. Army Engineer Waterways Experiment Station (WES), during the
period November 1978-September 1980. The study was sponsored by the
Office, Chief of Engineers, U. S. Army, under Project No. 4A161102AT22,

Task Area AO, Work Unit 005, "Analysis of Precast Articulated Pavement
System Units." '

This study was conducted under the general supervision of
Mr. J. P, Sale, former Chief, GL, Dr. W. F. Marcuson III, Chief, GL,
Mr. A. H. Joseph, former Chief, Pavement Systems Division (PSD), GL,
and Dr. T. D. White, Chief, PSD. The study was conducted by Mr. R. S.
Rollings, PSD,

Commandexs and Directors of WES during this investigation and
preparation and publication of this report were COL John L. Cannon, CE,
COL Nelson P. Conover, CE, and COL Tilford C. Creel, CE. Techaical
Director was Hr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement can be converted to metric

(SI) units as follows:

Multiply By To Obtain
cubic yards 0.7645549 cubic metres
Fahrenheit degrees 3/9 Celsius degrees or Kelvins®
feet 0.3048 metres
inches 2.54 centimetres
kips (force) 4.448222 kilonewtons

miles per hour 1.609347 kilometres per hour
(U. S. statute)

pounds (force) 4. 448222 newtons

pounds (force) per 157.0874585 newtous per cubic metre
cubic foot

pounds (force) per 0.271447 newtons per cubic metre
cubic inch

pounds (force) per 5.8180544 newtons per cubic metre
cubic yarxd

pounds (force) per 47.88026 pascals
sguave foot

pounds (force) pee - 6.894757 - kilopascals
square inch

square feet 0.09250304 square metres
square inches - 6.4516" square centimetres

squave yards ' 0.8361274 square metyes
tons (force) ‘ - B086.444 newtons

o A w e iAo e

* To obtain Celsius (C) temperature readings from Fahrenheit (F) vead-
ings, use the following forsula: € = {5/9)(F - 32) . To obtaia
Kelvin (K) veadings, use: K = (SIQ)(va.SZ) + 273.35 . :

A




v e ————.ae

i TN

SRR e e

“MPR g T B ’ -
- = B T T - wa
e e e e e o
- L I e T TR RPN

CONCRETE BLOCK PAVEMENTS

PART I: INTRODUCTION

Background

1. Concrete block pavements are an established pavement surfacing
that competes successfully with conventional portland cement concrete
and asphaltic concrete in Europe for many uses. In the United States
the concrete paving block industry is relatively new but is growing.

The U. S. Army Corps of Engineers (CE) has used paving block in Europe
and on at least oue project in Florida in the United States. Use of
block paving in the United States and in Corps projects may ipcrease in
the future, but there is little infermation available te the CE on the
design, comnstruction, and performance of block pavemeats.

Scope

2. This report swamarizes available information on solid, con-
crete block pavement, describes several installations of paviung block,
and reports the results of an accelerated traffic test of block pavewent
conducted by the Geotechnical Laboratory of the . S, Army Eangineey
'waterways Experiment Station (WES). This information is used Lo recem-
wend design procedures, specifications, aud arveas for further work with
block pavements. ’ o ' :

Description

3. A block pavement consists of dense, accurately discusioned con=
crete blocks which Fit c¢losely together to foxw a pavement surface. The

blocks are manufactured in o wide varicty of shapes, soae of which ave
shown in Figure 1. Generally the blocks are about the size of a comamon
brick with a thickness of 2-3/8 to 4 in.% and weigh about.9 to 12 1b

* A table of favtors tor couverting U. S. custonary uaits of weasures
- mentl to metvic (SI) umits is prescnted oa page &.
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Figure 1. Examples of paving block shapes

each. A thin, 1- to 2~iu.~thick leveling course of sand is used under
the blocks. The blocks are generally laid by hand on this sand layer.
The blocks ave then compacted with a manually operated vibratory plate
compactor which seats the blocks ia the sand layev, compacts the sand

‘layer, and forces some sond into the joints between blocks. Additional

sand is then swept into the joints between the blocks, and more passes
are made with the vibratory plate compactor to compact and vedge this
saud into the joints. A base and subbase course under the leveling

course provide sivuctural support similar to that of a conventional

flexible pavement. Figure 2 shows a genevalized cross section of a

blovk paveeat. Hany diffevent pattesns of laying. blozks age. posszble,

and several pattesns are illustrated in Figure 3.

© 4. The solid concrete paving blocks ave also conmouly called

"pavers,” "interlovking paving stone," “road stones,” or "intnrlocking
paving -block." The different shapes of paving block ave ofter ideati-
tied by manufacturers' trade wames such as “UCnistoue," “Fi nenta L
Paver," ete. , , '

5. Several wmanufzcturers also produce coucrete grid paving blocks.
These grid paving blocks are generaily 16 by 24 in. or 24 by 24 in, and

4 in. deep with various sizes, patterns, aud shapes of epeniugs ia the

surface. The open spaces in the stoue ave filled with Lop soil, seeded,
aud grass partially covers the block. Grid paving blocks ave intended
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for light traffic. Both solid and grid concrete paving block have also
beer used for erosion control. This study considers only solid concrete
paving block used for pavements. Low strength concrete blocks (patio
blocks, etc.) intended only for pedestrian traffic will not be covered
in this report, In 1979, nine city blocks of Chicago's State Street
were repaved for pedestrian traffic with hexagonal asphalt blocks
(Aspnalt Institute 1979), and similar asphalt blocks were used for pav-
ing an open area at the University of Maryland. Asphalt paving blocks
will not be covered in this report.

Historical Development

6. Stone blocks, bricks, cobbles, and composite wood and tar
units were used for road surfacings up to World War I. After this time,
these paving units largely disappeared due to incrveased construction
costs, surface swoothness requirements, and the availability of more eco-
noaical. less laber iatensive alternatives. Manufacturing technology in
the 1950's allowed mass production of accurately dimensioned, high-
streagth concrete blocks and several paving block designs were iatve-
duced in Europe during this time. Europe bas a long history i paving
with individual stone blecks, and the coucrete block paveaments were

- readily accepted in contiwental Burepe. 7 '

7. Swall modular pavivg elements have beca used in Amsterdam
since the Hiddle Ages with vatural stoue in the carriageways to resist
abrasion from steel wheels and sleds and bricks in pedestiion aveas

- {Kellepsmaun 1980). As rubber tives boecswe comson at the end of the
ainetecath ceatury, bricks replaced the more expensive stone in the
cacriagevays. The Waalformat beick, 7.7 by 3.3 by 1.9 ia. {195 by 85 by
48 om) became the wmost common paving unit, but as the chavacter of ve-
hicular traffic chauged, thie thickaess grew progrésschly,frou 1.9 in.
{GB wm) to 2.5 in. (64 u).éud thea 3.6 in. (92 mw}. After World War 11
the supply of traditional biicks failed to keep up with demand and by
-3955 oaly half of the diemand for paving bricks could be met {Kellersmann
1960). la 1951 the coucrete products coapany Hollaad begin production

8
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c¢f a rectangular concrete paving block and was followed in 1952 by the
Schokbeton Company with an I-shaped concrete paving block (Van der Vlist
1980).

for the scarce paving brick and today has essentially replaced it due to

The concrete paving block was readily accepted as a substitute
much lower costs. Since 1960 the Netherlands paving block industry has
been highly mechanized and automated, and as can be seen in Figure &,
its growth has been steady (Van der Vlist 1980).
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Concrete paving block production in the

Figure 4.
Netherlands (Van der Vlist 1980)

8. The use of concrete paviug block in the Netherlands developed
naturally from existing pavement practices and construction procedures.
Consequently, it has never been perceived as a nevel or new product and
has always been readily accepted. To a somewhat lesser extent this was
true throughout continental Europe, and the concrete paving block 1naus-.',‘
try has developed strongly in this area, particulacly in the Nethplands,_ '
the Federsl Republic of Germany, and Denmark, o BN

9. The first British concrete paving blocks were produced in '

1968 under a German license hut were generally limited to architectural
roles. The United Kingdom (UK) Cement and Concrete Association (CCA)

conducted a test and evaluation-program of paving block and. studied the

~ continental European paving block -industry to try to widen paving plock =
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use in the U.K. (Knapton and Barber 1980, Knapton and Lilley 1975).

A large promotion and education program in 1976 successfully increased
the use of paving block in road and industrial comstruction in the
United Kingdom. South Africa, Australia, and Canada also have growing
concrete block paving industries.

10. The United States has used brick, stone, and wood for road
surfacings since colonial times, and many of these old road surfacings
still exist in historic districts of many cities. Bricks were used as
a pavement surfacing as early as 1832 and remained competitive until
after World War I (Wiley 1919). They were gradually displaced by port-
land cement and asphaltic concrete pavements. Concrete paving blocks
were first produced in the United States in the 1960's using German
equipment and designs. Today there are a number of manufacturers pro-

ducing paving block, and trade associations, such as the National Con- } E
crete Masonry Association (NCMA) and Interlocking Paving Manufacturers Z
Association (IPMA), are involved in promotional and educational programs
for concrete paving block. The American Society for Testing and Mate-
rials (ASTM) is also preparing a standard specification for concrete
paving blocks, but concrete paving blocks are still widely considered S

as a new paving waterial in the U. S.

Applications

[

11. The aesthetic value of concrete paving blocks is generally
recognized, but they also provide a high-strength surface which is re- !
sistant to environmental damage and is capable of supporting large con-
centrated loads and heavy traffic under abrasive conditions aud which is 3
. resistant to environmental damage. Because of the modular structure,
L E blocks can be vemoved from the surface to allow access to subsurface
' utilities, or to correct settiement of underlying material. Ninety to
ninety-five percent of the original blocks can then be used to resurface '
the pavement., ' -

12. Block pavemeuts have higher initial costs than convenmtional . ff.f}
pavements. The same cost relatiou may uot hold for life-cycle costs 5
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that include the reduced maintenance costs of concrete paving blocks.
Not enough data are currently available to adequately evaluate life-
cycle costs of block pavements in the United States. The surface of a

it B o R st e e LD s b 1 S

block pavement is rougher than conventional pavements, and this effec-
tively limits maximum vehicular speeds to less than 40 mph.

13. In Lurope paving blocks find their major use in low-speed
road pavements and industrial applications. In 1972, over two-thirds
of West Germany's production of 30 million yd2 of paving block produc-
tion was used in road pavements and industrial applications. In the 3
same year Denmark used 40 percent of its paving block production for !
industrial construction (Cement and Concrete Association 1976). Table 1 '
shows a detailed breakdown on the use of the Federal Republic of
Germany's block production. : !

14, 1in the United States, the paving block market is still devel- t
oping. Individual manufacturers emphasize differeat marketing targets. %

v Some are concentrating on the aesthetic market, such as driveways, pool
decks, and parking areas in expensive developments. At least one manu-
facturer is trying to develop a home owner "do-it-yourself" market.
Other wmanufacturers are emphasizing industrial and municipal road appli~ i
cations, such as steel mills and resurfacing municipal roads.
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| PART I1: MANUFACTURE OF PAVING BLOCKS

Eguipment

15. Concrete block production is highly automated to mass produce
the product economically. Two basic types of equipment are used to pro-

duce concrete paving blocks today: the conventional block machine and
the multilayer machine.

16. The block machine is used to produce conventional concrete

masonry block, but with minor modifications it can also produce concrete
; paving block. In this process, a dry stiff concrete is forced into

d molds under pressure and vibrated intensely at high frequency. The com-

pleted block then leaves the machine for initial curing. Steam curing
e is sometimes used. This reduces the ultimate strength of the paving ? !
. block, but increases the early streagth of the paving block to allow ?
handling. After initial curing to gain strength for handling, the

. .- blocks are placed on pallets and stored while curing continues. Produc-

. ing paving blocks on a conventional block machine allows a block manu-

”

facturer to supplement his conveational concrete masonry block produce
tion with paving blocks during periods of low masonry block demand. In
the U. S. some block manufacturers have expanded into pav 3 block pro- %
duction to keep their equipment in use. ‘

e e et b i o i

17. The multilayer machines are specifically designed for mass

production of concrete paving block. As before, a dry, stiff concrete :
wix is forced into molds under pressure and subjected to intense vibra- z
é‘ tion. An entire arvay of blocks sufficient for one layer on a shipping %
pallet is cast at one time. After the wold is removed, a thin layer of A
‘ (N sand is spread over the uewly cast paving blocks, and then another layer

of paving block is cast divectly on the sand-covered lower layer. This
continues until an entive pallet of approximately 8 to 10 layerz of pav-
f;. Lo ' ing block is cast. If a stationary multilayer machine is being used,
'.é ~ the pallet of paving block leaves the machine, and auother pallet of
; blocks is cast. If a traveling multilayer machine is used, the pallet - S
vemains in place, and the machiue woves on rails aud casts the next '

«w
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pallet of paving block adjacent to the first pallet. These paving
blocks are generally air-cured and may be covered with polyethylene to
prevent drying during curing. Figure 5 shows a completed polyethylene
covered pallet of Z-shaped paving block produced by a multilayer machine.

Figure 5. Finished pallet of paving block

18. Product defects can occur due to mold wear, improper mix pro-
portioning, inadequate vibration, etc. Soume examples of defective prod=-
ucts are shown in Figure 6.

Concrete Mixture Proportioning -

19. The concrete mixture used for paving block generally is dyy
with a water-to-cement ratio of less than 0.4 and norwally contains
about 14 percent Type I cement. Nominsl waximum aggregate size used in
paving block is generally 1/4 in. with a ratio of about 70 percent sand
aud 30 percent gravel. The specific proportions of any mixture will de--
peud on available waterials, machine requiremsats, and texture and qual-
ity of the final paving block. Oune U. S. manufacturer suggests an




Figure 6. Defective paving blocks
initial trial mix with an aggregate fineness modulus of 3.60 to 3.65 as
a starting point for proportioning the mix (Besser Company (no date)).
Dawson (1980) provides a more detailed discussion on proportioning con-
crete mixes for paving blocks.

20. Pigments can be added to the concrete paving block mix to
provide a colored product.. These pigments are inert fillers gemerally
passing the No. 350 sieve (Von Szadkowski 1980). Although organic pig-
ments provide excellent, bright color shades, they are unstable in the
alkaline concrete environment and axe affected by weathering (Von Szad-
kowski 1980). Pigmeuts used in paving blocks are synthetic or natural
irvon oxides that provide weathering stable colors such as red, yellow,
buff, brown, and greyish black.

21. The color iantensity of paving block can be iucreased up to a
point by increasing the amount of pigment. Once this saturation or op-
timun level is reached, further additiocns of piguent bave little effect.
This conditioa is illustrated in Figure 7. The optimum pigment conteant
for bright, synthetic pigments is usually about § percent of the cement

weight with minor variations for specific colors and aggregate grada~ o
tions (Voen Szadkowski 1980). :

22. color p;gment is imert and plays no part in the chcnncal

14

ot Y AR et




INCREASING COLOR INTENSITY ———

© OPTIMUM AODITION

PIGMENT, PERCENT

Figure 7. Effect of pigment content onr color
intensity (Dawson 1980)

reactions of the concrete. If the water-cement ratio of the concrete
wix is kept constant, the addition of pigment will not affect the final

product strength. However, as shown by the spread test in Figure 8, the

workability of the mix may decreane when the pigment is added at a

NO PIGMENT 10% BLACK

10% BUFF

Figure 8. Effect of pigment content on spread at a
constaut ‘water content (Dawson 1980)

15
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constant water content, and this may lead to manufacturing problems such
as adhesion to the manufacturing machine's rams. To restore workability,
additional water may have to be added to the mix and this additiomal

water may lead to a reduction in the block's strength.

Block Quality

23. Concrete paving blocks must have sufficient strength and
durability to withstand traffic loads, abrasion, and weather conditions.
They also must be manufactured to close dimensional tolerances to allow
rapid construction with tight joint patterns. Various organizations
have specified different test standards to ensure that paving blocks
will have the required properties to perform their function, but these
standards show some variation.

" Strength

24. The most common requirement for blocks is a minimum strength.
Table 2 compares several different paving block strength requirements
from different countries. These strength requirements are high, but
blocks with these strengths have an established history of good perform=-
ance under severe loads. The consistent high quality of paving bhlocks
is believed to be one reason for its rppid'acceptance and growth (Kuthe
1980). o ' |

25. Theie is considerable disagreement over the appropriate
strength test that should be used to evaluate paving blocks. Various
proponents have suggested compressivé; flexural, and spiitting tensiie
tests., Péving block strength requircments will be discussed in wmore
detail in Part VIII of this report, ) ’
Abrasion . . S
26. A block pavement is subject te abrasive wear from traffic and
a variety of abrasion tests ave possible. The Netherland's standard
NEN 7000'requifaé‘5 sandblast abrasion test to evaluate abrasion resis-
tance. Dreijer (1980) describes the abrasion-velated problems which
developed in ‘the Netherlauds in 1968 and the resultiog investigation and
changes in the NEN 70§G-standard that weve made to avoid these probleay

16
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in the future. This investigation found a direct relationship between
the weight loss in the sandblast test and the block flexural strength,
but blocks with a thin abrasion vulnerable surface layer could not be
identified by strength alone. This thin layer generally developed from
curing techniques, improper plasticity of the concrete mix, or decora-
tive finishing. The sandblast test was effective in identifying these
thin abrasion-susceptible layers.

27. The German standard DIN 18501 on paving blocks issued in 1964
included a requirement for a mechanical grinding test to evaluate abra-
sion resistance. A proposed revision to DIN 18501 will drop this re~-
quirement because experience has shown that blocks with the required com-
pressive strength of 8700 psi are sufficiently abrasion resistant (Meyer
1980).

28. There are a variety of abrasion tests available for concrete
such as sandblast tests, rattler-type tests, or mechanical abrasion
tests with disks, wheels, or steel balls. However, these tests only al-
low an evaluation of relative quality without any defined acceptable
criteria for wear of concrete surfaces (Lane 1978). Concrete abrasion
resistance is affected by a variety of factors, but concrete compressive
strength has been widely used as an abrasion criterion and is used to
set abrasion resistance standards for industrial floors (American Con-
crete Institute 1969, Spears 1978). The high compressive strength of
concrete paving block indicates high abrasion resistance, but evaluatioa
only on the basis of strength will not identify the thin abrasion-
susceptible block surfaces reported by Dreijer (1980).

29, An abrasion test appeass to be needed in paviog block speci-
fications to identify blocks with abrasion-susceptible suvfaces. The
selected abrasion test may have to be wodified. For exawple, Dreijer
(1980) reports that the amount of sand used in the sandblast test was
reduced froam 3500 g to 1000 g so that ouly a thim surface layer was
actually tested and not the underlying concrete, The abrasion resis-
tance of the lower concrete could be evaluated adequately on the basis
of the block strength. '
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Freezing and thawing

30. Deterioration can occur to nonfrost-resistant concrete when
it is subject to critical saturation with water followed by freezing and
thawing. If water freezes in concrete pores that are large enough to
contain freezable water and that are critically filled, the expansion of
the ice will try to expel water from the pore. Depending on the speed
of freezing and the permeability of the cement paste, dilation pressures
can develop (Neville 1973, Mather 1975, Powers 1975). Pores large enough
to contain freezable water can exist in both the concrete aggregates and
the cement paste. Another source of dilating pressure which can cause
freezing-related concrete deterioration is the osmotic or osmoticlike
pressure developed from local increases in solute concentration due to

b i eemm s erre ot AR e T T e e

the separation of frozen water from the solution (Neville 1973, Powers

1975). This mechanism may be particularly important in coacrete pave-
ments. A concrete pavement slab which freezes from the top can be seri-
ously damaged if water has access to the bottom of the slab and travels
through the slab due to osmotic pressure (Neville 1973). The coacrete
moisture content can increase above its original valuc and segregation
of ice crystals into layers has reportedly been observed in sume cases
(Neville 1973). The use of deicing salts is belicved to further in-
crease the solute concentration near the slab surface with a resulting
increase in the osmotic pressure (Powers 1975). Paving block surfaces
way be exposed to envircumental and salting conditions similar to that

of conventional concrete pavements.

31. The major factors that determine the resistance of concrete
to freezing and thawing arve the degree of saturation aud the pore struce
ture of the concrete (Neville 1973). Concrete can be protected against
freezing by providing a properly airv-entrained paste and using sound
frost-vesistant aggregate (Neville 1973, Mather 1975, Powers 1975). "All

- paving blocks should contain sound frost-resistant aggregate; however,
air entrainment is not now used in concrete paving block. “The intense
vibration used in paving block manufacture is claimed to cause an unde-
sirable loss of entrained air, and Clark (1980) states that the stiff
consisteacy of the low water-cement ratio mixtures used in paving blocks

Ao, T N U
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inhibits the action of air-entraining agents and makes measurement of
the air content very difficult. Therefore, the practice in Europe has
been to specify a paving block strength that is hoped will provide pro-
tection against frost and deicing salts and not to use entrained air.

32. Meyer (1980) states that paving blocks that meet the 8700-psi
compressive strength requirement of the German DIN 18501 and are manu-
factured from standard cements and frost-resistant aggregates are suffi-
ciently durable when exposed to freezing and thawing and deicing salts.
Dreijer (1980) reports that the blocks meeting the strength and sand-
blast test requirements of Netherlands NEN 7000 can be expected to be
resistant to frost and deicing salts. If paving block will not be ex-
posed to freezing and thawing, the United States National Concrete Ma=
sonry Association (1979) reduces the required strength from 8000 psi to
6000 psi and increases the maximum allowable absorption from 5 to 8 pexr-
cent. However, they require that the durability of the paving blocks
that will be exposed to freezing and thawing be established by proven
field performance under similar field conditions for 3 years or by coa~
ducting a laboratory freeze-thaw test.

33. Clark (1980) describes a sexies of tests of concrete paving
blocks that examine the effects of density, water-cement ratio, cement
content, compressive strength, 24-hr absoxption values, and initial sur-
face absorption on resistonce of paving blocks to freezing and thawing
with deicing salts. The test specimen paviug blocks were prepared uithi
various types of aggregate, with cement contents varying from 318 lb/ydj
to 989 lb/yds, and with water«cement rvatios of 0.22 to 0.62. Test spec~
imens were also wade from paving quality concrete with 3 to 6 percent
air and a cement content of approximately 607 1b/yd3. All test speci-
mens were 7.9 by 3.9 by 2.6 in. Five specimeuns were preparcd for every
mixture tested. ' '

34. The freeze-thaw tests followed the procedures of RILEH CBU 2.
The test specimens were exposed to cycles of 16 to 17 hr of freeziung at
«4° F and then 7 to 8 hr of thawing. Deicing solutions of 3 pexceat
salt were maintained 0.08 to 0.18 in. deep ou the block surfaces.

Blocks weve withdrawn from testing when the block surface had '
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Figure 9. Relationship between water-cement ratio and
weight loss (Clark 1980)

deteriorated to the peint that the deicing solution could no louger be
kept on the sample.

35. As shown in Figure 9, paving blocks with low water-ceuwent
ratios suffered less damage in the freeze-thaw tests than those with
higher water-cement ratios. Tiis figure also suggests that blocks with
high cement contents may have outperformed those with lower cement’ con=
tents, but the results:are not conclugive. For a givea water-cement
ratio the weight loss from freezing and thaw;ns did not chanse duc to
aggregate type uveed in these tests. .

36. No relation between absorption and weight loss can be identi-
fied in Figuve 10. Similarly, Clavk (1980) found wo relation between

_weight loss and either initial surface absorption ox density. In Fig-

ure 11 the effect of compressive strength on weight luss is less cleax, .

o Samples that differed only in strength dee to curing for 35 days and

9 months showed no change iu weight loss, uor did the sasples marked .

“311 other paving blocks® in Figure 11. However, two poiats in Fig-

ure 11 marked as low-strength paviag blocks suggest a stremgth relation-

~ ship. These two low-stvength xesults also bad relatively high ~
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water-cement ratios of 0.36 and 0.62. As shown in Figure 9, this has an
effect on weight loss. Since the increase in strength due only to curing
had no effect on weight loss and these two low-strength points had high
water-cement ratios, compressive strength does not appear to be a reli-
. able indicator of weight loss for this test.

37. Current manufacturing practice produces paving block that are
subject to potemtial freezing and thawing damage because of imadequate
pore structure. However, freezing and thawing damage has not been re-

ported as a major problem with paving blocks. The high cement content,
low water-cement ratios, and manufacturing process used to produce pav-
ing blocks provide - final product that has high density and low perme-
ability. Even though the pore structure makes paving block potentially

vt e kb e e S s

vulnerable to freezing and thawing damage, this low permeabilily seems

to keep the paving block pore structure from becoming critically satu-
rated under the conditions that most paving blocks encounter in the
field. Resistauce to freezing and thawing damage for paving blocks can-
not be set by streagth or absorption liwmits. The block should be speci-
fied by requiring proveu field performance or a laboratory freeze=thaw
test. ' | ' S
38. An improved product could be produced by manufacturing paving '

block with an adequate pore structure. In comventional concrete pave-

wepts, this is provided by sovund aggregates aud eatrained aic in the »

cemant paste. A move frost-vesistant concrete paviugvbiock-ﬁould-ba de=-

veloped by prov:d;ug a proper void etructuve through air entrainment or

possibly usiug hellow plastie microspheres (Ozyildivim and bpr;nkel 1989)
- ov addiug crushed porous ﬁaterial (L;tvau and Sereda 1978). ' -

Skid vesistance -
39. In general, skxd vesistance has ot hcen a problem v;tb con=

SR

crete block pavements. The thhérlands,speczxiaatxun NEN 7000 iicludes
a skid registance test with the Leroux pendulus laboratory appsratus
{Dreijer 1980).. In the United Kingdow the paving block fiue‘éggregatc
cannot contain wore than 25 percent acid-soluble material (Dawson 1980).
This requirement avoids matevials that polish easily under traffic with

B I
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a resultiug decrease in pavicg block skid_resistach, This has bgcu.
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found to be a particular problem with sea dredged material containing
shells. '
Dimensional tolerances

C 40, Paving blocks must be manufactured to close dimensional toler-

ances to simplify comstruction, provide tight joints, and ensure load-
‘.cafrying and distributing properties of the completed pavements.
‘Allowable deviations in length and width measurements vary from 0.118 in.
{3 mm) in the German specification DIN 18501 to 0.059 in. (1.5 mm) in
the Netherlands specifications NEN 7000, The U. S. National Concrete
- Masonry Association (1979) allows a deviation of 0.062 in. (2 mm). Al-
lowable height variations are less stringent and vary from the National
_Concrete Masonry Association (1979) height variation of 0.125 in. (3 mm)
“to the DIN 18501 height of 0.197 in. (5 mm). '
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PART III: BLOCK PAVEMENT CONSTRUCTION
41. Concrete block pavements require a subbase or base or both
just as conventionzl flexible pavements do. These layers are con-
structed and function the same for both flexible and block pavements.
42, A thin layer of sand is spread over the surface of the base
course. This sand acts as a laying or bedding course for the blocks,
In the United States, United Kingdom, and Australia the common practice
is to leave this sand uncompacted (National Concrete Masonry Association
1979, Lilley and Collins 1976, Morrish 1980), but in other areas the
sand layer may be compacted prior to placing the blocks (Kellersmann
1980, Working Committee on Concrete Block Paving 1965). Compacting the
sand before placing the blocks increases the effort of block laying
since the compacted sand layer will have to be screeded level again
after compaction and no sand will work into the joints from the sand
layer when the blocks are vibrated (Lilley 1980). The sand used in the
laying course should be a clean, well graded, sharp sand with a maximum
size of about 3/8 in. and a maximum of 3 percent silt or clay (National
Concrete Masonry Association 1979). Two recommended gradations for this
sand layer are shown in Figure 12. A cement mortar or a sand and dry
cement sand laying course can be used, but generally this is not recom=
mended unless the blocks are less than 2.4 in. thick (Meyer 1980) be-
cause the mortar would make it difficult to remove and reuse blocks and

because of potential frost damage to the mortar and the extra expense of
the mortar (Lilley 1980). '

43, Paving blocks are set by hand as shown iu Figuve 13. -A multi- ;

tude of laying patterns are possible; several were illustrnteQ earlier
in Figure 3. Blocks are split to fit any cavities at edge of the pave-
went, around manholes, etc., where a whole block will not_fit, A hydrau-

lic block splitter is showa in Figure 14. Some work has been done to au- .

tomate placing paving block, but such systems ave not in general uéa_aow.
44. The blocks are seated in the sand-laying course by vibrating

them with a vibratory plate compactor. Saad is swept from the surface, f;
and as shown in Figures 15 and 16, vib:gted into the joiuts between the

24
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Vibrating sand into paving block joints,
WES test section
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Figure 16. Vibrating sand into paving block joiots,
: Berg Steel Pipe Plant - :
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blocks. After the joints are tightly filled, the excess sand is swept
from the surface.
45, Lilley and Collins (1976) suggest using a vibratory plate

with an area of 2.15 to 3.33 ft2 and a centrifugal force of 2,200 lb.
They state that a heavy compactor will not provide any additional bene-
fit. Kellersmann (1980) reports that a 3,300-1b vibratory roller or a

13,230~1b static roller are most commonly used in the Netherlands.

46,
pavement..

amount of

Lateral restraint must be provided on all sides of a block

There are no test data that provide actual limits on the

restraint needed to keep blocks from separating under traffic.

47.

Figure 17 shows the layout of a paving block work site. The

Figure 17. Construction at Berg Steel Pipe Plant

sand leveling course has been screeded out ahead of the working face.
Blocks have been delivered from the pallet to the working face wheve
Pallets of blocks are distributed down the
length of the working area where they will be available as the working

they are placed by hand.

face of the pavement advances. Lateral edge restraint is provided by

the concrete strips which will later be used for equipwent foundations.
48. Block pavemsat can be constructed by relatively unskilled

28

e seanen conse fk et v g h e

1
N

———.

ke et e s i e




C—

£ AL o S A

© e e b e e e —f

labor. Production varies, depending on the complexity of the project

and skill of the block layers. Different estimates of output on block

pavement construction are shown in Table 3.
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PART IV: PERFORMANCE

Roads and Streets

49. Concrete block pavements provide an aesthetically pleasing
road surface that, if properly designed and constructed, is capable of
supporting heavy traffic. As pointed out in Part I, European nations
have had considerable satisfactory experience with this application of
paving blocks. At the U. S. Army Fulda Downs Barracks, Federal Republic
of Germany, 70 percent of the pavements have been replaced with paving
block over the last 10 years. These pavements performed satisfactorily
under truck and M-60 tank traffic. Flexible pavement at one intersec-
tion required major patching every 3 to 4 months due to damage from M-60
tanks making 90-deg turns and was therefore replaced with paving block.
Inspection of this installation 9 months later found no evidence of
damage.* o

50, Areas which lack contimental Eurbpe{s hisfory and experience
with small element modular paving have been more hesitant to use con-
crete block paving in roads and streets. Much of this hesitancy is due
to the lack of acceptable design procedures. The U. K. Cement and Con-
crete Association, the Australian Cementiaqd_Concrete Association, U. S.
National Concrete Masonry Associatiom, and the U. S. Army Corps. of Eugi-
neers have igsued preliminary or intq;im design criteria which should
encourage further use of coacrete pavihg block in roads and streets (Lil-
ley and Clark 1978, Lilley and walket'1978, Hodgkinson and. Morrish 1980,
National Concrete Masonry Associatica 1980, bepartmant ofnthe Army 1979).
Rising prices for bituminous ptoducts,.iow main;enénce cost_of block”
pavements, and an increasing emphasis oh,éesthgtic and enviroumental o
values may also help to increase use of biock pavements in ufbaq and "
residential rosds and streets. : ' -

51, Muuicipalities in the United States have used;ppving'block )

% Personal communication, 1978, Mr. D. G. Fraﬁdsen,tDepérﬁmgp&;gflthe 
Army, Ruropean Division, Coxps of Engiueers.. . o :
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for redevelopment work and also at intersections, bus loading areas, and
pedestrian crosswalks. The change in surface texture between conven-
tional and block pavements has been successful in discouraging drivers
from encroaching on pedestrian crosswalks. The block pavement roughness
limits vehicle speeds to a maximum of 35 to 40 wph and acts as an effec~
tive speed control. Some exampies of these installations in the United
States can be found in Boston, Mass.; Brockton, Mass.; Providence, R. I.;
Baltimore, Md.; and El Cerrito, Calif., among others.

52. Approximately 300,000 ft2 of block pavement in Massachusetts
and Rhode Island were examined as part of this project. These pavements
were up to 3 years old and were subject to the action of snow plows ard
deicing salts in the winter and at two locations they were also exposed
to salt mist from harbor areas. No eavircnmental or traffic damage was
observed. There is one report of freezing and thawing damage to con-
crete block pavement in Colorado, but no informaticn is available on the
quality of block. There is ample evidence in Europe and New England
that concrete paving block can be manufactured to withstand abrasion and
loads of traffic, deicing salts, and freezing and thawing damage.

53. Block pavements have also been used at railroad crossings.
The blocks within the tracks cannot lie immediately adjacent to the rail
without striking the railroad car wheel flanges. To solve this problem
at a railroad storage yard in England, angle-shaped burs were fixed on
the inside web of the rail (Miller-Cook 1980). - The vertical leg pro-
vided edge restraint for the blocks, and the horizontal leg fixed to the

~ rail provided sufficient offset to allow passage of the railroad car

- wheel flanges.

]

Industrial Applications

54. Paving blocks provide an excellent surfacing for a variety of
industrial applications and have been used by the Federal Republic of
Germany's iudustry for at least 30 years (Pesch 1980). They are used in
a variety of ground level interior or exterior production and storage ”
facilities in heavy industry, power plaats, agriculturalfopera;ions as

31
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well as industrial roads, access roads, courtyards, open areas, ramps,
etc. Block pavement will not be suitable for applications which require
a clean dust-free floor such as assembly lines for electronic components.
Similarly, block pavements are unsuitable in applications such as dairy
facilities or meat storage where sanitation and hygiene requirements must
be met.

55. Industrial pavements can be subjected to very severe loads
from special material handling equipment such as forklifts and straddle
carriers, from highly concentrated loads in storage areas, or from im-
pact loading. The magnitude and intensity of this loading often exceed
any loadings which occur on nonindustrial roads or streets. Miller-Cook
(1980) describes several examples of the severity of these loadings on
industrial block pavements. These included a forklift carrying coiled
steel plate rolls weighing up to 23.1 tons and a measured load of
9.5 tons exerted on a 3-in.2 contact area steel wheel of a trailer. In
both of these cases 3.1-in.=- (80-mm-) thick block pavements have per-
formed satisfactorily.

56. The Exposaic welded wire manufacturing plant in Mount Airy,
N. C., paved an approximate 20-ft width with Z~shaped concrete paving
block at the exit of a manufacturing line. Solid tirve forklifts pick up
completed rolls of wire, exit from the plant onto the paving block, make
a 90~deg turn, and proceed to the storage yard or load the wire directly
onto tractor trailers. When inspected in 1979, the installation had
baen in place for approximately 3 years and the manufacturer estimated
that a million tons of wire had been carried across the block pavement.
The blocks are 80-ma-~thick Z-shaped blocks, lying on a 1-1/2~in. level~
ing course of stone dust with a 5-in. crushed stomne base. The blocks
show no sign ot settlement or chipping. There is some minor surface
wear similar to ti .t observed on the portland cement concrete floor in-
aide the plaut. ' 4 ‘ '

57. Induptrial pavements can be subjected to very severe abrasion
from solid rubber or steel wheel traffic, short radius turning or scrub-

bing by heavy vehicles, sliding of loads across the surface, etc, Spe-

cial paviag blocks for very severe»cpnditions«hgve.been;nade with
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selected abrasion-resistant aggregate or metal additives. These special
blocks have sandblast abrasion resistance as low as 3 cm3 per 50 cm2 of

3 2

surface area compared to the standard paving block's 15 cm™ per 50 cm

(Pesch 1980).

58. Concrete block paving is highly resistant to fuel, hydraulic
fluid, oil, or similar materials that may be spilled in an industrial
environment. In the United Kingdom a cement-stabilized base is normally
used under block pavements in filling stations to reduce the possibility
that spilled fuel will seep into the subgrade. To further seal the sur-
face dry sand and cement are also occasionally swept into the block
joints. Debris will eventually lower che permeability of the joints,
but these precautions provide protection against subgrade and ground-
water contamination at the beginning of the pavement life.

59. Concrete paving blocks have also been used in pavements sub-
jected to thermal stresses, and one German plant has stored red hot
steel coils directly on a block pavement (Pesch 1980). The blocks are a
special composition using blast furnace slag and slag cement.

60, Traffic on block pavements does not have to be delayed for

- curing, and this offers some advantages when time for pavement repairs . - :

is limited. Miller-Cook (1980) describes an application at a London
factory where an existing pavement could not be repaired without closing

the production line, The old pavement of granite, concrete, and asphalt

was removed, and a new block pavement was constructed in 3 days while
the plant was closed during a Christwas holiday. Blocks can also serve
as a sacrificial layer where severe conditions will cause periodic re-
placement of the pavements. The modular nature of block pavements will
allow damaged portions of the pavemeut to be: easily removed and replaced

without grade changes.

61. Future plant expansion, need for future access to control and

utility lines, and anticipsted settlement are additiomal situations

where industrial block pavemeats wmay prove useful. The Berg Steel Pipe
Plant in Panama City, Fla., used between 35,000 and 45,000 ftz of block
pavement for a floor surface inside the planﬁ. Cranesikud manufacturiog
machinery all have reinforced coucrete foundations aud the remainder of

3
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the interior surfaces are 80-mm-thick Z blocks. The blocks are set on
a leveling course of sand over a thick layer of silty sand fill over a
soft organic subgrade. Future plant expansion is planned, and portions
of the block pavement will have to be taken up and relaid to allow for

this expansion and to allow access to buried control systenms.

Port Facilities

62. Approximately 17 percent of the total cost of port'container
terminals goes for pavements (Van Leeuwen 1980). - Pavements in both gen-
eral cargo and container port areas are often subject to heavy'concen-
trated loads; abrasive traffic; and spillage of Qarious lubricants,
fuels, and hydranlic fluids. In addition port facilities are often
built on fill areas subject to large settlements, and block pavements
are economical under these conditions. o

63. The largest single application of block pavement has been at
Port Rashid in the United Arab Emirates where over 4 million ftz of 100~
mm-thick block were placed in Leséc;han a year (Precast Concrete 1979).
The United Kingdom first used cohcrete block pavément for a port facile
ity in 1975 at Caxdiff for a ﬁﬁso-ftz loading bay, and as shown in Fig-
ure 18 (comstructed from data reported by Gerrard (198Q)}'use of block
paving in U. K. ports grew rabﬁdi&hin the next 5_9¢arsl’ All of the
United Kingdom pavement reported by Gerrard (1980) usqﬁ»ﬁgjgmggbick '
blocks. ' ‘ L

64. The Europe Container Terminus in Rotterdam has ins&alled
11.8 million £t2 of block pavement since 1967, »The*pgyemédt”éqnsists_oi
120-mm~thick blocks, 2 in. of crushed vock ox gravel, and74‘7vig. of
cement-stabilized sand over sand £ill (Van Leeuwsn 1980).  The anticie

pated settlement was'3.3 to 4.9 ft during the first 10 yeafs. Examples
of some of the loadings.incluﬂalil~ton axle lunds>which:até~expet£ed to
soon rise to 13.2 tons.'étraddlé carriers with wheel loads of 16.5 tous,
and 33~ to 44-ton stacked. container loads transfevred to the pavement
through four cornexr supports each with a 2.3-iu.:cogtactvarea. Under
these conditions block pavemeuts ﬁava-providcd:ajbigbly satisfaotory |
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surface for 13 years in a port facility handling 850,000 containers a
year (Van Leeuwen 1980).

65. Pavements in port facilities face severe loading conditionms,
and block pavements have proven satisfactory for this application. Pat-
terson (1976) reviewed pavement requirements for container terminals and
recommended surfacings shown in Table 4 for varying load and settlement
conditions. The surfacings considered were asphalt, tar, cast in situ
concrete, precast concrete slabs, concrete blocks, and staged construc~
tion. Local economic conditions may cause some variations in the order

in each category, and block pavements were generally most suitable when
settlement was anticipated.

Drainage

66. The numerous sand-filled joints between individual blocks in
the pavement can allow water to soak into the underlying base, subbase,
and subgrade. This can result in g reduction inr streagth of the sup-
porting layers and unsatisfactory pavement performance. Weakening of a
clay subgrade by infiltration of surface water is one suggested veason
for the premature failure of 3 test item iu an experimental iustallation
of a block pavement in the U. K. (Barber snd Knapton 1980), und a sub-
‘base weakened by infiltraviog meisture from a heavy rainstorm is blamad

" for the 1976 failure of a block pavemeut in a port area (Gevrard 1960).

67. It is widely accepted but unproven that the bleck surface
becomes imperweable under traffic as rubber, vil, aud other debris accu-
sulate jo the joints: Often a uew block pavement is assumed te have

10 perceat initial permeability to surface water which is claised to de-

Crease to gear zevo with time (Nationol Couckete Masonry Association
1979, Cruickshank 1976).
the rains occurred while the block paverent was new and the joints rela-
tively free draining. Nevertheless, it appears to be vurealistically
optimistic to expect a block pavemeut to become impermeable. For ia-
stance, Barber and Xuapton (1980) report from field observations in

In both of the previously wentioned failuves,

~Europe that vater poudiug on the surface of a blouck pavement will '
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percolate through the joint and into the pavement structure. ﬁ
: : 68. Surface infiltration is a recognized source of water im con-

‘ ventional pavement structures. The Federal Highway Administration

(1980) recommends multiplying the design precipitation rate by coeffi-
cients of 0.50 to 0.67 for portland cement concrete pavements and coeffi-
cients of 0.33 to 0.50 for asphaltic concrete pavements to determine the ﬁ i
design water infiltration rate through these pavement surfaces. Gerrard | V

(1980), based on his experience with the previously mentioned port fail-

ure, recommends that suggested infiltration rates of 10 percent for E i
block pavements be increased; and Lilley (1980), based on work by Clark
{1979}, recommends not using moisture-sensitive material in the base of
the block pavement. Erosion and pumping of sand from the laying course :
into shrinkage cracks of a cement-stabilized base are blamed for settle- g

ments in an experimental block road in Denmark (Lesko 1980). Surface 3 g

infiltration is obviously a problem in block pavements and the assumption
that they become impermeable with traffic is not justified. There have

b | ) been suggestions to use bituminous seal coats or waterproof membranes on
i ' base or subgrade layers and to seal the surface by sweeping dry cement
or dry clay into the joints, but no field applications of these tech-

niques are known. i

69. Block pavements initially allow a high rate of water infil- i
tration. This decreases with time under traffic and perhaps becomes
similar to a conventional pavement surface., Periodic measurements of

LA et T

surface permeability of a test pavement in Australia are planned and

g may provide more insight into this important problem (Sharp 1980). To
g reduce the effect of moisture, the Corps of Engineers limits the plas-
% ticity index of base and subbase material in flexible pavements to 5 or
less (Department of I' ense 1978). Also all design strengths of the
subgrade, subbase, and base are selected from soaked California Bearing

o L TR T B i e ot i

,Rétia_(CBR) tests to allow for strength loss due to moisture. Although

free dvaining, current information suggests that these materials actu-

ally have low permeability and are saturated for long periods of time

'fﬂ.t“'\ ' é% "A A :,\ base and subbase material in pavements have generally been considered
T b )
! o (Nettles and Calhoun 1967, Cedergren 1974, Federal Highuay

' , o 1/
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Administration 1980). Block pavements have essentially the same prob-

lems with moisture as conventional pavements and will require the same
surface and subsurface drainage considerations. Selection of material
properties to limit moisture effects and evaluation of so0il sttengths on

the basis of soaked test samples appear necessary.

Cost and Maintenance

70. Cost of paving blocks varies considerably due to local dif-
ferences in labor, material, block quality and size, and transportation
costs. According to interviews with several U. 8. manufacturers in
1979, 80-mm- (3.1-in.~) thick block cost about $0.90 to $1.00 per ft2 at
the manufacturing plant and could be laid for $0.50 to 50.65 per ftz.
These rates are similar to 1978 rates of $0.86 per ft2 and $0.38 per ftz
quoted by Harris (1978) for 76~mm~ (3.0-in.~) thick blocks in Perth,
Australia. Transportation costs have to be added to these figures.
Table 5 compares the price for paving block in place from several dif-
ferent sources. The currency exchange rates in Table 6 were used for
Dirvect comparison of these prices is also hindered by
inflation during this perioé aad by other factors such as project size,
transportation costs, and the extent of acceptaace of block paving in
the local comstruction wmarket.

all conversions.

71, When paving blocks are first introduced into a new market
area, imitial construction ceosts are likely to be high due to coamtrac-
tors' uafamiliarity with paving blocks. In extrems cases contractors
way decline to bid en paving block, and in a few cases manufacturers
have had to lay their product themselves in a new market srea. As the
product becomes fsmiliar to construction éontractors,‘bids becoie more
competitive. Table 7 is developed from data reported by Gervard (1980)
ané compares bid:prices from - six contractors for a large block paviug
job at Dover, U. K. The cnafficient of variation of the bids for the
bleck laying is hali:that of the bids for construction of the conven-
ticnal lean concrete base, indicating acceptance and ceapet:tiveness of
the block pavements in that local coustruction mavket.
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72. Table 8 compares the reported initial construction costs for
several types of pavements. The block pavements are competitive in the
U. K. and Netherlands application, but are three to five times more ex-
pensive in the Australian application. This may be due to a variety of
factors such as different design loads, the changing relative price of
petroleum-based products from 1978 to 1980, the possible requirement to
design for settlement in port areas, or competitiveness of a well-
established paving block industry ip Europe. In the U. S., block pave-
ments are generally more expensive than conventional paving material,
but are often less expensive than decorative paving such as brick.

73. One advantage claimed for block pavements is reduced mainte-
nance. In 1969 the German firm Bauberaturg Zement Hannover conducted a
study of 87 block roads constructed between 1957 and 1969 to determine
maintenance costs and traffic damage to block pavements.® The traffic
damage results are shown in Table 9. Initial costs of block pavements
exceeded asphalt pavement by 4 to 14 percent, but after 10 years when
the asphalt was overlaid, the block pavement had lower total costs.

74. Other reports suppor:i these suggestions of low maintenance
costs. The block pavements at the heavily loaded and settlement-prone
container terminal at Reotterdam required maintenance one time in 10
years at a cost of $0.74 per ftz, which was twice the reported mainte-
nance interval and two-thirds the cost of maintenance for asphalt and
concrete (Van Leeuwen 1980).  Experience in the Netherlands with block
paving in urban areas suggests that the blocks have a lifetime of
40 years and that once during this lifetime a full-scale repair will be
needed which will reuse 90 to 95 percent of the origilual paving blocks
(Kellersmann 1980). Estimates of maintenance requivements should be
based on local experience, but there is often iasufficient information
available in areas such as the U. 5. where paving blocks are te;atively '
nev. ' A

‘ 75. Sharp (1980) estimated costs in Austrolia For a 40-year life

% Honufacturer's sales literature describing this study translated and
provided by European Division, U. 8. Aray Coxps of Engineers. Now on-
file at Office, Chief of Engineexs (DAEN-MPE~D), Haqhing;on,;ﬁ. C.-
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of asphalt, sprayed seal, and interlocking block pavements. A total of
36 pavements were analyzed with subgrade CBR's of 3, 8, and 20, and
traffic levels ranging from 103 to 107 passes of an equivalent 18-kip
single-axle load. These traffic levels are relatively low and are rep-

resentative of residential or minor urban streets.

76. The data from Sharp (1980) was used to prepare Figure 19,

2.00

B

1.00

ASPHALT

o.mL- SEAL

INITIAL CONSTRUCTION COST, $/FT2

SUBGRADE CBR = 8

obetotatinl o on el ol st g b iun
104 103 194 103 109 1w

PAGSES OF 18-KIP AXLE LOADS

Figuve 19. Comparison of initial pavement costs

which compares the initial construction costs of the three types of
pavement for varying traffic levels. Only at the higher levels of traf-
fic considered by Sharp does the block pavement become competitive with
asphalt, and the sprayed seal always retains a cost advautage. In Fig-
ure 20, the initial construction and maintenance costs have been con-
verted to a single 40-year future worth, assuming an 8 percent interest
rate (Shaxp 1980). No maintenance costs were included by Sharp (1980)
for the block pavements, so a 20-year reconstruction of the block pave-
ment was assumed, as suggested by Kelleramann:{IQBO).4'The‘cost of this
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Figure 20. Comparison of 40-year future worth pavement costs

reconstruction was ectimated assuming a 5 percent block replacement and
using the laying and block costs developed by Harris (1978) and de-
scribed earlier in this Part, This was added to the 40-year future worth
using Sharp's assumption of an 8 percent interest rate over the remain-
ing 20 years. When maintenance costs are included in the analysis, the
relative costs of the pavements change with different traffic levels

with each one beconing the most cost-effective at some point. Although
this analysis cannot be translated uirectly to other areas, it illus-
trates the effect of several parameters in evaluating the cost of block

pavements. Haintenance costs must be included in all evaluations that
attempt to judge relative cost-effectiveness of differeat types of

pavements,

Surface Properties

77. Block pavements are not as smooth as conventional pavements,
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and maximum vehicle speeds are limited to approximately 30 to 40 mph
(Lilley and Walker 1978). Table 10 compares minimum Army pavement
smoothness requirements with the maximum allowable surface deviation for
block pavements from two European sources. Block pavements meeting the
suggested European smoothness requirements will not meet Army pavement
requirements. For this reason the Corps of Engineers limits precast
concrete paving blocks to low-speed pavements, storage areas, and walk-
ways (Department of the Army 1979).

78. Skid resistance has not been a problem with block pavements.

The only known exception to this statement are two car parks in England

described by Lilley (1980). These car parks were constructed with
blocks that contained a large proportion of calcium carbonate in the
fine aggregate, and these blocks polished under traffic within a few
weeks, providing a pavement surface with unsatisfactory skid resistance.
U. K. Cement and Concrete Association and Interpave Specifications for
concrete block adopted a 25 percent limit of acid-soluble material in
the fine aggregate for paving block to avoid further problems of this
type. Kellersman (1980) reports that although many brick pavements have
become polished and slippery under traffic, no concrete bhlock pavement
has been replaced for skid resistance in Amsterdam during the 20 years
that concrete blocks have been in use.

79. Tests of skid resistance of concrete block have generally
found that they provide acceptable levels of skid resistance. Marris
(1978) reports that tests with the Transport Road Research Laboratory
portable skid resistance tester on paving block indicated very good low=
speed skid resistance. Tests with the California portable skid tester
on untrafficked paving blocks measured friction factors of 0.46 to 0.47
compared to a minimum requirement of 0.30.% Figure 21, developed from
data reported by Meyer (1980) and Lesko (1980), shows that skid resis-
tance of paving block descreases sharply under initial traffic, but this
effect lessens after the first year. Figure 22 is developed from data

* Persoual communication, Me. Dau Wallxams, Huller Supply Company,
Lodi, Calif.
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Figure 21. Loss of skid resistance with pavement age

reported by Lesko (1980) that shows that the paving block skid resis-
tance decreases with age and increases in speed. Although the block
skid resistance is lower than for asphaltic concrete, it is above the
established Danish minimum requirement,

80. The skid resistance of a paviag block surface is affected by
a large number of factors, such as tire characteristics, vehicle speed,
surface moisture conditions, block surface texture, and quality of the
fine aggregate used in wanufacturing the paving block. Experience to
date indicates that paving block pavements will provide an adequate
skid-resistant surface for low-speed traffic provided that the blocks

- are manufactured with polish-resistant fine aggregate aud have a tex-
tured surface. ' o '
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. PART V: BLOCK PAVEMENT TESTS
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L. ; 81. Continental Europe's long history of using brick, cobble~
.- ?t stone, etc., in modular paving construction allowed an easy adoption of
concrete paving block. The traditional design and construction proce-
dures were easily modified for use with their new products, and there
was no need for testing to evaluate the performance of block pavements.

When the paving block industry spread to other areas without continental k ,

! E Europe's background, questions arose concerning the design and perfor-
mance of block pavements. This led to a series of tests by different S i
organizations to evaluate the performance of block pavement and to col- :' _ I

lect data on design for these pavements. . ; e

United Kingdom Tests SR ‘{ N !

: Laboratory plate load tests
| % 82, The U. K. Cement and Concrete Association conducted plate
load tests of six different block shapes ranging from 2.4-in.- (60-mm-})
to 3.9-in.~ (100-mm-) thick to determine the load-carrying characteris-
: tics of block pavements. These tests are described in detail by Knapton o
i 3 (1976) and Clark (1978). A 6~ by 6-ft area was paved with paving blocks. - _ o ?;
: The blocks were on a 2-in.-thick sand leveling course, and lateral re- : ;
R ; straint for the blocks was provided by timber curbs, Normal comstxuction
. : methods were used to.place and vibrate the blocks. The bases used under
the sand course were concreﬁe; crushed stone, and dense polystyrene.
83. Loads were applied to. the block surface by a hydraulic jack
_and a 9.8-in.-diam ¢ircular steel plate. An array of pressure cells lo-
cated flush with the base surface and directly under the sand layer
" measured the distribution of the load through the paving block and sand e
layers. Figure 23,shows?ﬁhat the paving block does distribute loads, S
. and pressures measured on the base are significantly rveduced. Figure 24
'T; shows that the shape of the block' had no influence on the load distribu-
t;on of the block surface._ Also, the thickness of the block had 3 rela-
tively modest effect on the load~dxstrihut1ng characteristxcs of the

._.__;, __
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84, These tests demonstrated that the blocks develop side fric- ; ;

: ’ Af tion, rotatiomal resistance, interlock, or some combination of these
E : factors to distribute vertical loads. Knapton (1976) used these results : §
i to develop an approximate design method by replacing the paving block '
‘ » and sand layer with an equivaleut 6.3-in. (160-mm) layer of flexible

pavement structure. 3
Field plate load tests 3
i
i

85. Knapton and Barber (1979) described a series of field plate
load tests on a paving block surface. The subgrade was an inorganic
clay of medium plasticity with a CBR of 2 pevcent. A granular limestone
base varied from 2 to 15.7 in. thick. Rectangular concrete blocks, 7.9 7

4

by 3.9 by 3.1 in., were laid in a herringbone pattern on 2 in. of loose

bedding sand. The blocks were vibrated into the bedding layer with 2 to
3 passes of a small vibratory plate compactor. Dry sand was then swept ; i
over the block surface, and the blocks were revibrated. Precast con- '
: crete edge channels set in lean concrete provided edge restraint for the : |

A f pavement test section. The final size of the block surfaced test secc-
s tion was 10.0 by 19.7 ft. ;
i ; 86. The test section was repetitively loaded with 14,100 1b on a ;

7.9-in. square plate, and permanent surface deformations for varying

numbers of load repetitions were recorded. Each loading was considered

to be equivalent to 30 applications of a standard 18-kip axle load. The
N load was applied at seven locations where the granular base was 2.0, 5.9,
/ 7.9, 9.8, 11.8, 13.8, and 15.7 in. thick. '

i ;
» i % 87. When the load was applied to the section with a 2-in. base,
‘ 1 : failure occurved jmmediately. Three blocks split in half, and the load-
z & : ing plate punched the suxface outlined by the faces of the broken blocks )

and block joints into the subgrade, Figure 25 shows the cumulative ver- 5;‘
tical deformation measured on the uther_base thicknés§esAat’various uum-

o

bers of load repetitiouns. o
88. This test demonstrated that if an adequate base is used, a

block pavement could support heavyvloads'on a soft clay subgrade. Ob-
. servations during this test revealed that initial settlements occur un-
til the blocks achicve iuterlock aud thereafter fuxther deformation, y ),'

47
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Figure 25. Effect of base thickness and -lcad repetition
on vertical deformation (Knapton and Barber 1979)

depends on the number of load repetitions, N , described by the form,
y & N" . For Lhese tests n averaged 0.37. t
Watef penetration tests '
89, Clark (1979) investigated the amount of water that penetrated
a newly placed block surface. A block surfaced test section was con~

structed in a 6.6~ by 6.6-ft concfete tank, as shown in Figure 26, Water
vas applied to the block surface at differeut rates, and the amounts of
water that collected in the drainage channel and that penetrated the
block surface and exited from the drainage outlet were weasured. The

DRAINAGE CHANNEL

_PAVING BLOCKS

-\-_,\ommnse-ounsr o

Figure 26. Water penetration test bed .(Clark 1979) -
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water was applied to the surface until the outflow from the drainage
outlet reached a constant rate for a period of 20 min. Each test gener-
ally took 45 to 60 min.

90. Table 11 summarizes the results of these tests. The mean
penetration of water through the block pavements with a slope of 1 per-
cent and clean sand in the joint was 19.6 percent with a coefficient of
variation of 14.7 percent. The limited range of block surface slopes
used in this test did not show any definite effect due to slope. Clark
(1979) postulates that the difference in water penetration between tests
1 and 2 was due to accumulation of dust and fine particles in the joints
during the 28-day interval between tests. However, because of the inher-
ent variability of the test results, more data are needed to verify this
suggestion. An addition of clay dust to the joint filler sand in tests 8
and 9 reduced the water penetration to a mean of 11.5 percent. Clark
(1979) suggests that the sharp drop in water penetration in test 10 was
due to the clay particles swelling duving the 24-hr delay between tests 9
and 10. DBefore Test 11 fine top soil was brushed onto the surface of
the joints rather than mixing with the sand joint filler to try to simu-
late the sealing of the joionts with debris uander traffic. This reduced
the quantity of inflow measured at the drainage outlet for about 50 win,
but then flow increased until the penetration rate in Table 11 was -
reached at a steady-flow rate. o

91. This series of tests clearly shows that large water penetya-

. tion is possible in newly coustructed block pavements. The tests do not

provide any information on pexmeability of in-place pavements which have

~ been subjected to traffic. This leaves the belief that block pavements

becone iwpermeable due to accumulation of oil, tubber, and debris uuder
traffic without experiaental ver;t:catxen. '
Industr;al road test

92. Baxber aud Koapton ' (1980) described an expcrxuental xustalla-
tion of a paviang block pavement at the exit of sn iudustrial yard. The
test section was approximately 6.6 by 65.6 ft in area and situated $o
that the wheels on one side of each entexing or exiting vehicle had to

travel the leagth of the block b;vgncntjtest section. This test :¢¢tion(i
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was traversed by 57.3-kip four-axle articulated trucks, 4!.9-kip three-
axle rigid trucks, and 33.1-kip two-axle trucks. The equivalent 18-kip
axle loads for each pass of these vehicles is 3, 1.4, and 1.6, respec~
tively (Barber and Knapton 1980).

93. The test section was constructed by breaking out a portionm of
an existing concrete pavement. This existing concrete pavement provided
edge restraint on all sides for the block pavement test section. Ten
test items, each approximately 6.6 by 6.6 ft in area, were constructed
with varying base thicknesses and block shapes as shown in Table 12. A
natural sandy clay was the subgrade for 6 items, a different sandy clay
was placed as backfill for the subgrade in 3 items, and heavy clay was
encountered in one item.
Table 13.

surface.

Properties of these soils are shown in
The water table was less than 11.8 in. from the subgrade

94. An unwashed and unprocessed local sand was used for the base
for all test items. The gradation of this material (Figuve 27) shows it
is a poorly graded fine sand. Also shown in the figure is the gradation '
usually required for a base waterial in the United Kingdowm.

95. Two types of blocks were used to surface the test iteas,

Itews 1-5 used a 3.9~ by 7.9~in. rvectangular block, and itews 6+10 used
a 4.4~ by 8.8-iu. shaped proprietary bloek, ALl blocks were 3;I¥in._
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thick and laid in a herringbone pattern. Construction of the block pave-

ment test section followed normal procedures. A 2- to 2.4-in.-thick un-
compacted sand leveling course was placed; the blocks were laid on this,
and then vibrated with additional sand-vibrated into the joints from the
surface. , |

96. Deformations of the surface under traffic were measured peri-
odically to an accuracy of +0.02 in. with an accurately leveled straight-
edge and a vgrnier caliper. ‘Table 14 shows the maximum measured deforma-
tion at varioué traffic levels. High initial settlements were recorded
in the first 300 axles of traffic with smaller deformations recorded
thereafter. Barber and Knapton suggest that the large deformation in
items 9 and 10 was due to inadequate compaction of the sandy clay back-
fill and heavy rains which fell shortly after the test section was
opened to traffic. ' -

97. Three different types of surface profiles, as shown in
Figure 28, developed under traffic. Item 1 had a general overall
settlement, indicating densification of the base under traffic, but prob-
ably ifittle or no shearing in the base or subgrade. Item 10 showed a
sharp unheaval of 1 in. above the untrafficked profile, indicating that
the base or subgrade was shearing. Item 8 had a similar profile with an
upheaval of almost 0.5 in. above the original surxface. The remaining
items had profiles similar to item 5 in Figure 28 with two distinct ruts
but no upheaval above the original surface, It is uncertain whether
this shape is due to densification in two narrowly trafficked lanes,
shear movement, or a combination of these effects.

98, Some of the conclusions reached by Barber and Knagton (1980)
from this test are:

a. Inferior quality granular bases can be used with block
pavements on low-strength clay subgrades for light resi-
dential traffic.

b. The deformation of a block pavement is characterized by
high initial settlements, followed by much smaller
progressive deformations which are approximately liﬂcar
on a logarithmic time scale.

c. Improved compaction could lower the high initzal settle-
ments in the substandard granular base. :
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Figure 28. Surface profile from industrial road

d. A significant propertion of the initial settlemenb is due
to compaction of the sand laying course,

€. The block pavement is net watertight. The base should

retain its strengtih when wet, and the subgrade should be
protected by o waterproof membrane if it will lose
bttength at high woisture couteats. '

New Zealand Yests,,Canterﬁuxy Circuiar'Test Traek B

,;99, Seddon (1930) describes t‘.h\, trai‘fie tests of two block t.est

, sections at -the Canterbury civeular test track. - The uanterbury circulax  ‘2%
' test track moves an 8990-1b 1q@q_on win truck tires ‘around a circuiar

test track that has & wean diameter of 30.2 ft. ‘Tevaffic is applied at
a velocity of 25.7 uph aﬂd is distributed over a u.1-£t~wide traffic
lane. ‘The natural subgrade at the test track is @ grevwacke gravel de-

-posited by the Waiwakevivi River. An arxtificially veak test subgrade is
‘formed by placing 0.47 iu. of tire rubber between two filter fabrics omn

top of the natural subgrade. This tive rubber consists of dusty flakes

-»luith:a‘cgnsistency sﬂniiar”to pipe iobac:o., Thie artificialVSQBg:qdc
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gives high deflections with artificially steep deflection basins.

100. During a test of nine different base course materials at the
test track, one base course failed after 150,000 wheel passes and had to
be replaced. The base course test sections were each 9.8 by 21 ft and
consisted of 5.9 in. of a granular subbase over the rubber subgrade,
followed by a filter fabric, 5.9 in. of base material, and a chip seal
surface. The failed base material was removed, and 2.4 in. of sand for
a laying course was placed on the subbase. Blocks 3.1 in. thick were

laid in a herringbone pattern. Two different interlocking shaped blocks
‘nﬁéte~u§¢§ and were identified as "Pavelock" and "Unipave."

IOi;‘"One.hggdred thousand passes were applied on the test track.
Figures 29 to 31 show the surface deformations recorded during these
tests. Resilient deflections decreased with increasing traffic. Rut
depth had high initial values and then increased more slowly with traf-
fic, and the transverse profile showed significant shear uphesaval out-
side the traffic lane. The increase of density of the sand layer under
traffic is tabulated below: ‘

Density, 1b/ft3

o Center line ~ Outer Area of Untrafficked
Block - of Traffic Traffic Lane . Area

Pavelock T116.6 15,6 106.9
Unipave 114.6 - N4 104.7

UNIPAVE

g

_.MEAN OF 8 BASECOURSES.

PAVELOCK

g

] 1 -
25 50 B 100
8000 L8 WHEEL PASSES x 1000 o

MEAN RESILIENT DEFLECTION, IN.

Figure 29. Benkelwan beam deflections ia concrete block and
unbound granular base course pavemsats (Sgddun_!QBO) L
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DISTANCE FROM CENTER LINE, IN.

Transverse profiles of rut depth at 100, 000

Figure 31,
wheel passes (Seddon 1980)

Laboratory compaction tests (New Zealand Standatd DZ 4402, 1979) found
that the sand had a dry density of 118.0 lb/ft when compacted at zero
percent moisture. This dropped off to a mxnimum of 108.0 lb/ft st 4 to
5 percent woisture and then rose to 113.6 lb/ft when compacted at a

13 percent woisture content. The untrafficked densities in the tabula-
tion above suggest that the sand was at about 90 percent of the labora-
tory density after the block pavement surface was seated with the vibra-

tory plate compactor. Under traffic this density.igcreased to over
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" ment length of 14.8 ft is available for testing. Siwulated traffic

98 percent of the laboratory density.

102. The Pavelock blocks had a compressive strength of 5,420 psi,
while the Unipave had a compressive strength of 8,210 psi. No blocks
showed any distress after 100,000 wheel passes.

103. An analysis with an elastic layer computer program was able
to match measured and computed deflection basins of the block pavement
by representing the blocks as an elastic layer of material with a modu-
lus of elasticity of 60,200 psi and a Poisson's ratio of 0.25. However,
the elastic layer analysis is not considered adequate by Seddon (1980),
and further analytical work is planned using a finite element progranm.

104. Some of Seddon's (1980) conclusions drawn from this study
are:

a. Concrete block pavements behave in a manner similar to
flexible pavements with a thick surfacing.

Y

b. On the basis of deflection basins concrete block pave-
ments showed no greater stiffness than the chip seal
surfaced base course test items.

c. Excessive permanent rutting and possibly large initial
transient deflections were due to the sand layer.

d. The rounded beach sand used in the laying course was not
suitable for the loads used.

e, Improved methods of seating the block surface and com-
pacting the loose sand laying course need to be studied.

Australian Tests

Road simulator tests

105. Shackel (1978) and Shackel and Arora (1978a) described a -
sexies of tests on block pavements with the University of New South
Wales Road Simulator. The read simulator is a concrete trough which
allows construction of pavements 13.8 ft wide and 4.9 ft deep. A pave-

loads ave applied by hydraulic jacks to a series of seven 7.9+ by 7.9-iu.

steel plates to represent a load woving at 0.5 mph. ' ' A
106. Block and base thickuesses aud loads examined in this test

are tabulated on the uexnvpage.'-Fisure 32 shows avtypical cross section




t

i

| V Block Base Course Thickness ; E
' !

Thickness 2.4 in. 3.9 im. 6.3 in. _
) : 3.9 in. X X X Lol
0 0 0 ; ‘

3.1 in. X X X ;

0 0 0 5

2.4 in. X X X f

; - NOTE: X - 87 psi, O - 131 psi.

i of the test section. A sandy loam subgrade was left in the concrete
; trough from previous pavement tests, and additional sandy loam subgrade
material was obtained from the original source in Emu Plains, New South
Wales to backfill the existing test section to the new test levels. How-
ever, as shown in Figure 33, the new sandy loam backfill gradation dif-
fered from the original sandy loam subgrade slightly. Shackel and Arora
(1978b) reported that the original sandy loam was nonplastic, had a spe-
cific gravity of 2.64, had a modified American Association of State High-
| way and Transportation Officials (AASHTO) optimum meoisture content of
8.5 percent, and had a modified AASHTO optimum density of 125.9 lb/fta. .
The new sandy loam backfill was reported to have similar characteristics |
; : but somewhat lower compaction test results (Shackel and Arova 1978a).
‘ Shackel (1979) reports the subgrade CBR as 65 percent. Shackel and Arora
(1978a) reported that the dolerite base material did not‘differ signifi- §
cantly from the dolerite base used previously by Shackel and Arora i
(1978b). This material was described as nonplastic, with a specific
gravity of 2.87, modified AASHTO optimum woisture content of 6.5 percent,
and a medified AASHTO optimum density of 149.2 lb/fta. The gradation of _ :
the dolevite base is showa in Figure 33. All blocks were identical S
interlocking shapes laid in a herringbone pattern. e
107. Data on permanent vertical deformation, horizontal wovenpents,
resilient deflections, sud pressure cell readings were collected after

PERRRISFIEpEytE FENPRPLt ol S

s e Mg

[h

'.f_ 1,000 and 13,000 passes of the test loads. A typical transverse rut pro- -
S g file is shown in Figure 34. Regression equatious were developed for each ' F‘f:f*
! e ‘“i loading pressure to individually relate permaneat vertical deforsations,
| B :_%g ‘resilieat deflections, and stress distribution to block aad base -
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? ZERO {
L DATUM ,
| 0.8 IN. ; '
: 38 IN. BLOCKS : .
{ 2.4 IN. BLOCKS 3.1 IN. BLOCKS ; ;
: 31N 31N ; ;
i 43 IN. — 1.2 IN. THICK COMPACTED SAND oo 43 IN. ! ;
; — — . :
6.7 IN. | 24 IN. DOLERITE BASE X
‘ 83 IN. 3.9 IN. DOLERITE BASE 2 f
H —————— —w—_
EARTH ,
10.8 IN. PRESSURE GELL 6.3 IN. DOLERITE BASE |40 IN. !
- — !
. BACKFILLED SANDY LOAM SUBGRADE
J
| 17.7 IN.
EARTH :
PRESSURE i
CELLS {
i
i ORIGINAL SANDY
| LOAM SUBGRADE
A B BIS IN. §39 IN. :
Figure 32. Typical cross section of voad simulator block test section
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a. 1,000 repetitions
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‘ 30
1

N

| wa———MEAN RUT DEPTH, IN.
‘ o
o

_ THICKNESS, m. ‘
BLOCK - BASE .\
039 S %
434 . 39 -
024 . 211

87 PSi CON‘I‘ACT PRSSSURE
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Figure 3&. I‘ypiml transverse rut prafilcs from voad
smuhnqr tests ‘Shackel 19?8\
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thickness; typical examples®* of these for the 87-psi load are:

log (rut depth) = 3.867 - 0.988 log (block thickness)

- 0.875 log (base thickness)

correlation coefficient (r) = 0.82

or

log (stress at subgrade surface)

3.866 - 0.495 log (block thickness)
- 0.517 (base thickness)

r =0.93

108. After the tests to investigate relationships among block

thickness, base thickness, and loading pressure, another series of tests

evaluated the effect of block shapes. These tests found ne significant

difference in performance between different interlocking shaped blocks,

but, as shown in Figure 35, rectangular blocks had somewhat greater rut
depths than shaped blocks,

NOYE: BLOCK THICKNESS, 2.4 IN,
006 5 BASE THICKNESS. 2.0 IN.

CONTAGT PRESSURE, 97 #8) ~
12,000 WHEEL PASSES
2 0 Do a
& Il S 2
5 008 \ /
& A U4
E af LEGEND A
b 0  RECTANGULAR RLOCK \ /7
. 0 SHABED BLOCK V)
LA v
L \ i [ A ) .
) ‘W 0 ® © w

TYRANSVERSE GISYANCE, N,

Eigure 35. Effect of block shape on deformations
in the road simulator (Shackel 1978)

% These equations ave showa in their original form developcd_uéing SI
units of measure. The tests used loading pressuves of 600 and 900 kPa,
block thickuness of 60, 80, and 100 mm, and base thickoness of 60, 100,

and 160 ma. Units for these equations are millzuetres tor depth aud
,th;ckness aad t;lopascals for atres&., ’

'>60~

et bt st . .

e e m e et

T




- S g (5. 14 ARVRpL

vt - v —— -kl ————rige S 7

.“

R M WA e 7 e g s

109.

Another test examined the effect of reducing the loose lay-

ing course sand thickness from 2.0 to 1.2 in. As shown in Figure 36,

this led to a large reduction in permanent vertical deformations. There

was little effect oa resilient deformation, but the measured pressure in

the subgrade increased from about 7 psi to 11 psi when the sand layer

thickness was reduced.

o0
[ DIRECTION OF LOADING -l
re =
DISTANCE, ¥T
o 0 1 2 3 4 5 8 ? 8 ¢ 10 "
¥ L ' 1 I ¥ 1
006§~
LDOSE SAND
ool THICKNESS
012N,
A 20W.
BLOGK THICKNESS
AN,
BASE TRICKNESS
{11 AN
CGNYACY PRESSURE « @2 #S)
11000 LOAD REPEYITIONS
L g

Figure 36. The effect of the sand layer thickness on
permanent vertical deformations (Shackel 1978)

110.
study are:

Some of the cqnclusions_(Shackel 1978) drawa from this -

Coucrete block pavemeuts tend to perform as flex:ble

paveneats.

Block pavements btxtfen with increasing traffic and
achieve a "shakedown condition" after which further ac-
cutulation of deformation is uegl;g:ble.

An jacrease in block or bage thickness improves
perforance. o

Incrveases in block thickaess are moxe signxtxcanb than
increases in base thickuess. '

An increase in block thickoess from 2.4 3o0. to 3.1 in

improves performante more than au increase from 3. l in. .

to 3.9 in.
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111. These extensive tests and conclusions reported by Shackel

and Arora (1978a) and Shackel (1978) are strongly influenced by the

strong subgrade used. The dominant vertical deformation measured in the

tests must have come from densification rather than from shear mevement.

This belief is supported by several factors. Shackel (1978) states that

"except after the initial test (i.e., using those pavements in Fig-
ure 32) it was not possible to detect any significant rutting in the

dolerite base which could account for the development of the surface

rutting along the simulated wheel paths." An examination of the traps-

verse surface profiles in Figures 34 and 35 shows a general surface set-

tlement without any characteristic shear upheaval outside the loaded

areas. The reported mean dry density of the dolerite bases was 151.1 1b/

ft3 (Shackel 1978) or 101 percent of the modified AASHTO opiimum re-

ported by Shackel and Arora (1978b). The original sandy loam subgrade

mean dry density was reported as 120.5 lblft.3 (Shackel 1978) or 95.7 per-
cent of the modified AASHTO optimum reported in Shackel and Arora
(1978b). The backfill sandy leam subgrade had a reported mean dry den~
sity of 104.9 1b/ft3 (Shackel 1978). No compaction test data are re-
ported for this material except for the statement that the wodified
AASHTO dersity for the backfilled sandy loam was lower than the original
material but relative compaction levels were similar (Shackel 1978). To
prevent densification uwnder traffic, cuvvent U. S. Arey Corps of Engi--
veers criteria (Department of the Army 1971) would require a miniwmum '
4~in.-thick base compacted to a minimum 100 percent of CE-55 density

(equivalent to wodified AASHTO) and a 100 percent CE=55 density in the

backfill sandy loam. These Coxps compaction criteria suggest that deu-

~sification under'trafiic would occur in the sandy loam.

112." The small messured surface deformations considered with the

high CBR subgrade, Shackel's reported observatious ou ruttiug, the shape o

of the transverse profiles, sandy loam compaction levels, and the rela~ .
tively large deformations discovered in the 2-in,-thick loose sand lay~
ing courses all strongly suggest that dunsification-hud not ‘shear was

the peimary cause of surface deformations. Thcrefére.Shackel‘s (1978)
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where shear deformations are occurring or compaction levels ave differ-
ent from those used in these tests.
Australian Road
Reseaxrch Board Test Road

113. Sharp (1980) described a concrete block test road being
built at the Melbourne headquarters of the Australian Road Research
Board (ARRB). Ten test sections 13.1 ft wide and 32.8 ft long are being
constructed between two parking lots used by the ARRB staff. The road

will function as a minor residential road and is instrumented with pres-
sure cells and moisture gages. Extensive surveys axe planned for road
user reactions (tire noise and roughness), surface deformatioms, skid
resistance, and surface permeability. The test sections are designed to
evaluate effects of block thickness, base thickamess, compaction levels,
and moisture content in the subgrade and base. The moritoring of the
test road began in 1981 (Australian Road Research Board 1981).

South Afrvican Teste, Heavy Vehicle Simulaaor

S 114, In 1979, the South African National Iustitute for Transport
and Road Research conducted a pilot atudy of the performance af inter-
:locking. concrete block pavements under the traffic of the Heavy Vehicle
~ Simulator. Shackel (1979, ‘1980a) veported the resuits-of this investiga=

- tion which studied the effects ot ﬁaatk 5hape, block streugtﬂ, lagxug
 :paxte~n, aud block thickness. = - . A

135, T4 gnre 37 shows the shapes of the blcuk» tﬁmttd An th;s pro* "
grag.. The blocks vere: ‘faid on a 0. 8~\n.*£hxtk layar of sand ua?gr which

;jslag 8 3.9-in. base vovrse of poor quality uatutal gravel and ‘a subgrade-
| with an average CBE of 3@ se*ceut (bhackel lQbﬂb) Prayart:es of the

subgrade, base, aud gand layer ave susgarized in Figore 18 and Table 15.

o Blorks vere boid by hound, vibrated with a vibra &arv plate eowpnuhor, pad
then rav;braa@a as sand vas’ wraph into the jo:nas. The qualxty of block
;:xaylng in C¢sns of Joxnt width and uniformity vas considered 1n£“rlor

= t Australian or hurayeau stavdards but represehtattve of South. afﬁxcsn o

iaqugvs;;qd;;ds.ﬁbhaukel 1979) Ldgc rests“ nt for the h3$§ paveﬂautslfil
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Figure 37. Block shapes tested (Shackel 1979)
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Figure 35, uradat;on curves for the pavement matcrzals (Shackel 1979)

was provided by reinforced coacrete curbs, Sach tcst,s&ctian'yas'£9.2vf&"A

 loug and 9.8 ft wide.

116, The Heavy Vehicle Simulator used in LhEse tests can apply
loads from 4,508 1b to 17,980-1b on a single wheel along a 19.7-ft
length, For these tdsts, traffic vas un;foruly dxstributtd over a

_ 2.95-fefw;d¢,pa;h. The load. tire was iuflated to 87 ps;, uh;ch gave a
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contact area of 112.5 in.2

at a load of 8,990 1b. The vheel traversed
the test sections at a speed of 2.2 mph. During the trafficking of the
test sections vertical deformations of the surface and pressure cell
loadings were measured.

117. YFigure 39 shows that block types C, D, and E of Figure 37

2.256

BLOCK LAYING
SHAPE PATTERN
2.001-
A{‘ STRETCHER B
A HERRINGBONE
B V

-

STRETCHER A

BLOCK - 2.4 IN. THICK
SAND - 0.8 IN. THICK
BASE - 3.9 IN. THiCK

MEAN RUT DEPTH, IN.

WHEEL LOAD, KiPS
/N
11.24 513.49 16,74

| | 1
30 40

NO. OF WHEEL PASSES, x 10%

Figure 39. Comparison of performance by block shape (Shackel 1980)

failed rapidly under the 8,990-1b wheel load, while type B was adequate
through the 11,240-1b load and type A was adequate through the 15,740-1b
load, Stretcher bond A in Figure 39 is the cenventional stretcher bond
laying pattern in Figure 3a with the long side of the block perpendicu-
lar to traffic. Stretcher bond B is the same pattern but with long side
of the block parall:l to traffic to simulate conditions at an intersec-

tion where traffic would cross the pavement at right angles to stretcher
bond A. ' o
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118.

(1979).

119,

After the rapid failure of blocks C, D, and E new identical
test sections were constructed and trafficked with a load of 5,400 1b.
Block E again failed very rapidly, and the results of the 5,400 1b and
then progressively heavier traffic are shown in Figure 40. Table 16
summarizes the complete road simulator tests as reported by Shackel

MEAN BUT DEPTH, IN.

1.00
WHEEL LOAD, KIP§

v 54 TIRE PRESSURE - 87 PSi

A BLOCK - 2.4 IN. THICK
075 f= 8.9 SAND - 08 IN. THICK

O 11.24 ~ BASE - 39 IN THICK

® 1349 ’)
050 16.74 A

BLOCK C
026
BLOCK D
o 1 1 i |

0 10,000 20,000 30,000 40,000 -
NO. OF WHEEL PASSES

Figure 40, Effects of accelerated trafficking on

block types C and D (Shackel 1980)

Shackel (1979) concluded from the results of these tests:

a.

Block pavements tend to perform similarly to conven-
tional flexible pavements.

Most of the block pavements exhibited a progressive

stiffening with traffic; i.e., the rate of deformation
decreased.

Pavements of block types A and B tended to achieve an
interlocked condition beyoud which deiormatxon accumula-
tion was very slow.

Once interlock had been achieved, increases in wheel
load had little effect on deformatiom. '

The shape of a paving block affects its ability to
achieve interlock and support a given wheel load as
well as affecting pavement performance.

Shaped block perfora better than rectangulsr blocks."
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Pressure cell measurements indicate that the bedding
sand layer contributes to the structural capacity of the
pavement.

The herringbone laying pattern tended to perform better
than stretcher bond A or B.

Block strength within the range of 3700 to 7980 psi com-
pressive strength and 610 to 1150 psi flexural strength
did not affect the pavement performance.

120. The variation in subgrade CBR between values of 6 and
68 percent in Table 16 requires that conclusions ¢, d, e, f, and h be
considered with some caution until further experimental verification is
available. For instance, on the low CBR subgrades of 6 to 9 percent
all blocks (type E rectangular, type C interlocking on two sides, and
type B interlocking on four sides) failed under the 5,400~1b bond when
they were laid in the stretcher bond A. At the higher CBR values of 21
and 25 percent the block types C and D that interlock on two sides out-
performed the block type A that interlocks on four sides and that was
also on a higher CBR of 40 percent. All were laid in stretcher bond A.
Interlocking block types A and B were tested with either different lay-
ing patterns or significantly higher subgrade CBR values then blocks C,
D, and E under the 8,990-1b load. At similar CBR values (21-28 percent)
and with identical stretcher bond A laying patterns, the rectangular
block E outperformed block D (interlocking on two sides) and equalled
block € (interlocking on two sides). The importance of the subgrade
CBR is further borne out by Shackel's (1979) description of failure of
blocks C, D, and E undex the 8,990-1b load: ‘'Pavements quickly devel-
oped unacceptable degrees of rutting. As the xutting progressed, sub-
grade tailures eventually occurred and were wanifested as heaving aloag
either side of the wheel path."

Danish Test Road

121, Lesko (1980) described a test voad coutaining four gsections
of concrete block pavement neax Viborg, Denmark. Figure 41 shows the
four types of blocks iucluded in the test road. In addition to the

- 67
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Figure 41. Blocks and laying pattern used in Danish
' test road (Lesko 1980)

block sections the test road iacludes two conventional asphaltic com-
crete sections and one section with an experimental asphaltic product.
122. Each block test item is 11.5 £t wide and 656 ft long. All

blocks are 3.1 in. thick. The pavement structure above the subgrade

consisted of a 15.7-in.~thick sand subbase, 3.%-in. granular subbase,
7.9-in, cement-stabilized granular base, 1.2-in. sand laying course,
and the block surface, The cewent-stabilized granular base contained
8 percent cement and had a 7-day-compressivevstreugth of 2,900 psi.i
Average block compressive strengths varied from 11,020 to 11,750 psi,
The sand layer was compacted by a roller; next blocks were placed by

hand. $and was swept into the joints>beﬁween blocks, and then the blocks

were compacted with a vibratory plate and a small tandem wiheel rolier.
123. The test road was opened to traffic in October 1977. Lesko

(1980) reports that the block pavements have shown satisfactory durabil-

jity, but there vere some settlements over transverse shrinkage cracks

in the cement-stabilized material. This is believed to be due to ero-

sion of the sand inte the shriakage cracks of the stabilized material.

there have also been some sporadic settlesents close to the edge of the

pavemeut that are believed to-be due to laying techniques or lack of
edge support. ' ' '

124. The thickuess of the sand layer decreased to 0.8 in. after

68 -
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2 years of traffic., There is also a slight tendency of joints in the ) ;

: i

wheel pattern to widen slightly. The depth from the surface of the ; |

block to sand in the joint is 0.4 in. in the wheel path compared to
0.2 in. outside the wheel path. Lesko (1980) concluded from the per-
formance of this road that:

a. Bitumen or cement-stabilized sand should be used for
the laying course.

b. In general the block pavements have performed remarkedly : :
well.

c. It is doubtful whether block pavements can be con- | ;
structed to a smoothness acceptable for main roads and 3 i
motorways, but block pavements can find extensive use ; [
in low-speed pavements. ] ;
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PART VI: WES TEST SECTION

Objective

125. In August 1979, the Waterways Experiment Station built and
tested a concrete block pavement test section. The objectives of the
test were to demonstrate the ability of block pavements to support
heavy truck traffic on a weak subgrade and to collect performance data

to help evaluate potential design methods for block pavements.

Test Section Description

126, The test section consisted of three test items each 15 ft
~wide and 20 ft long.
Unified Soil Classification System, was excavated to a depth of approx-

The native lean clay, classified as CL in the
imately 24 in. A plastic clay, konown lccally as buckshot clay and clas-
sified as CH, was placed and compacted to provide a low-strength test
subgrade with a CBR of 3 percent. The excavation was lined with a poly-
ethylene sheet prior to placing the buckshot clay to help prevent the
clay from drying cut and increasing in strength during the test,
Items 2 and 3 had a 4-in.-thick subbase of gravelly sand and a 4-iam.-
thick base course of crushed limestone above the buckshot clay. Item i
had a 4-in.«thick base couvse of crushed limestone placed directly on
the buckshot clay. ALl three items had a laying course of saad approxi-
mately 1 in. thick, ond the test items were surfaced with different
types of block. Lateral restraint for the blocks was provided by
10-ft~long, &4-in.-wide, 6-in.-deep oak tinbers. These tiwbers were oun
all four sides of each test itewm and eachrtimber was aachored to the
V ground with three 24-in.-long steel pins (Figuve 42). Figure 43 shows
a cross section of the tost seetion-sh&wing the three different test
iteas. - . . |
127, The three types of blocks used in thesw tests ave siown in

Figure 44. Ytem 1 used a Z-shaped block ("No. 1" ia Figurs 44) that QQS'

3.1 in. (80 wm) thick; item 2 used a rectangular block ("No. 2" ia -
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Figure 42, Timbers and pins used for edge restraint

Figure 44) that was also 3.1 in. (80 m@) thick; and item 3 used a shaped
block ("No. 3" in Figure 44) called Unistone that was 2.4 in. (60 mm)
thick. Table 17 shows the results of laboratory tests on the blocks.
The blocks used in this test section were all of high quality aand
strength. | :

128. Figure 45 shows the gradation, soil classification, and
Atterberg limits for the buckshot clay, gravelly sand, and crushed lime-
stone. The buckshot clay is a dack brown backawamp deposit of the Mis-
sissippi River and has been used extensively in pavemeat investigations
at the Watervays Experiument Station. Figure 46 shows the compaction
curves for this material. Also plotted on these laboratory curves axe
field data from the test section. These data points are identified as
“construction field data," "field data outside traffic lane,” oxr "field
data ingide traffic lane." The construction data are quality control
tests run during construction of the test section. The other data were
collected from pits dug after traffic on the test section vas completed.
The ianside traffic lane data were collected beucath the traffic-loaded
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Figure 44. Block shapes used in WES test

portion of the pavement; the outside traffic lane data were collected
under untrafficked portiouns of the test section. The field data densi-
ties show sowe scatter, but there is no trend suggesting that compaction
of the clay occurred during traffic. Twe field CBR tests in Figure 48
show some drying with an accompapying increase in CBR and are from the
buckshot clay surface in item 1. All other field CBR data points, in-
cluding tests run 6 in. below the buckshot clay surface in item 1, main~
tained a CBR of 3 to &4 perxcent. The buckshot clay successfully provided
2 consistently weak subgrade with a CBR of 3 to 4 percent throughout the

_ test. The effect of surface drying in item 1 will be discussed in wore
detail later. '

129. The gravelly sand used in the subbase is a lowal alluvial
material with smooth rounded particles.  MHoximum density for this wate-

rial iu Figure 47 is at saturation, which is typical of cohesionless
soils. This gravelly saud weets the Coxps of Engineer requirvements
(Department of Defense 1978) for a tlexable paveﬁeut subbase thh a de~
sigu CBR of 50 percent. : -

130. The base déourse for all tost items was crushed, well-graded
ligestone. The ;onpactiou cuxve for thie materxal iy shown in Fagure 48
‘and. shows an qptinun Ch~55 dcastty of 167 6 lbift at an opt;nunv

e e
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O 12 BLOW LABORATORY CE-~12

A 26 BLOW LABORATORY CE-20

0O 65 BLOW LABORATORY CE-65

@ CONSTRUCTION FIELD DATA

A FIELD DATA QUTSIDE TRAFFIC LANE
@ FIELD DATA IN TRAFFIC LANE
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MOISTURE CONTENT, %

L PCF

"ORY. DES

2
|
|
3
|
i
}
.
!

4

1 . {
Ty F3]
' "MOISTURE CONTENT, %

- Figuze 4'6., "Bucksﬁaa,clay gqngac;i_on». and CBR_,cuwesv_j




- Fa o ne : A e e e m— . ) . ; u \ L
; o A 82 S i £ T g 2 . . . I! % _
b . . ) |
| B . i |
1 i .
i |
{ !
b |
i i
) !
H
m N | |
w H l.r — n“\mmv = 3 I ] - .
| Ve 2 - N T . !
, cur ‘
1
|
i

K
0

ZERY

/)

9
[] L
HMOISTURE CONTENYT, PERCENY

4

GB-55 compaction curve for gravelly sand

'@75.5"“!9“?“& curve: foif ‘crushed limestomy |

134
32

8 3

- - -

126
124
w
1w

g . - .

0
Figure 47,
2

g ? 3 3
; d3d ‘ALISN3A AHO: : 04 "ALIEN3G A¥Q ,

Figure 48.




1

e o
T e

@
; o o - ’
5
cr aewr an o .
——— —— e . L
. , 7 S s ey

" Since the block pavement test section was inside of WES Hangar No. & amd

. portant for this test.

moisture content of 4.3 percent. Laboratory CBR values fer this material
consistently exceeded 100 percent. This material did not meet the Corps
of Engineers requircments (Department of Defense 1978) for a crushed
stone base course material with a design of 100 percent because the
plasticity index of 7 exceeded the maximum permissible value of 5 and

the 12 percent passing the No. 200 sieve (Figure 48) exceeded the maxi-
mum permissible value of 10 percent. However, these requirements are

primarily to limit the susceptibility of the base material to water.

was not. subjected to rain, these deviations in base qualxty are.uot im-

Construction Procedures

~ 131. The buckshot clay was'spteéd and leveled in 6-in. lifts with
a Catetpillaf'b-&thtacked dozer., Each lift was compacted with 8 cover-
ages of a selfsproéelled Ingran pneumatic rollexr (Figure 48). The

Rail:ng of heavy elay subgrada. 8 aavcragas,<:"
05~psi txte pxessurc. 36 knps ' : :
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roller had seven smooth tires inflated at 65 psi and a gross load of
34,000 1b. The quality control data collected during comstruction found
dry densities to be slightly over 80 perceat of CE-55 density and CBR
values consistently at 3 percent.

132. The gravelly sand and crushed limestone were spread and
leveled with a motor grader. Each layer was compacted with a self-
propelled Rex 700 vibratory roller (Figure 50). This machine has a

!igure 50 Rolliag of limestoue base with steel»whecl v;bratury
xoller at- approx;mately l&-kzy dyuanic futce

gross static weight of approximately 14,000 1b aud was operated av the
wanufactucer's dymawic force yating of 14 kivs.j'ﬂuality‘cou:rol data
collected during coastyuction found thatfgravellﬁ said densities weye
slightly above 95 perceut of CE<55 density, aud the crushed limestone

‘was only abont 90 pexcent. Repeated passes of the roller failed to im-
© prove these values. These low densities are due to the difficulty oi

compucting thin layets of mancrxal over zesal;ent aubgtadea lgkc the
buckahot clay. ’
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: 133. The sand laying course was a masonry sand that was screeded
to a depth of approximately 1 ir. (Figure 51). Block laying followed

the procedures recommended by the National Concrete Masonry Association
(1979} and was described in Part III of this report. The construction

crew that built the test section had never worked with concrete paving

R sl R A TP RN

SER e g

e g

block before but encountered no problems during construction. Figure 52

sisnhat

shows the completed test section with item 1 in the foreground.

e

Traffic

134. Traffic loads were applied by the taﬁdem-axle truck shown in
Figure 53. All traffic was low speed and estimated not to exceed 5 mph.
The truck was loaded with lead ingots until the load on the tandem axle
| was 25,000 1b. Wheel spacing for the tandem axle is shown in Figure 54.

Using the Corps of Engineers equivalency factors in Figure 55 (Brown and

Ahlvin 1961), one pass of the 25,000-1b dual-wheel, tandem-axle load is ¥

equivalent to one pass of a standard 18,000-1b, dual-wheel, single-axle i

load. 5

A 135. The rope visible in Figures 52 and 53 marks the outside left

v lane of traffic for the driver. No prescribed width or distribution of
traffic was used in applying traffic. The traffic distribution came

o R i i e R AT R LS T,

from the natural driving variation of the driver as he tried to drive
with the wheels adjacent to the marking rope. This led to a narrow
; trafficked width of approximately 34 in. for each set of dual tires.
3 136. Traffic on a pavement tends to follow a normal distribution
? shaped pattern within the trafficked area (Brown and Ahlvin 1961). Con- .
"¥ ; sequently, not all portions of the pavement receive the same number of
passes or stress repetitions. Brown and Ahlvin (1961) developed a
method for calculating the relationship between the number of passes of

23 D xSt b S nt L st e R

D e SR TSRS -

-

a vehicle and the coverages or maximum number of stress repetitions in
the traffic lane. This relationship assumes a normal distribution of
traffic and the other factors in the analysis are the wander of the ve-
hicle in the traffic lane and the spacing and configuration of wheels
and axles, For the truck used in this test the passes per coverage

.
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Screeded sand
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Figure 54. Tire spacing for 25-kip tandem axle
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ratio is 1.05, or in the other words, the critical portion of the traf-
fic lane which receives the maximum number of stress repetitions is
All three

test items received 7500 passes of the test vehicle so the maximum num-

loaded one time for every 1.05 passes of the test vehicle.

ber of coverages or stress repetitions at one point in the traffic lane
was 7143 (7500 + 1.05).

Performance

137.
the item after 7500 passes (7143 coverages) of the test vehicle. The

Figure 56 shows item 1 before traffic, and Figure 57 shows

item showed no sign of distress during traffic other than a few isolated

minor spalls (Figure 58) on the corners of a few blocks.

Figure 56. Item 1 at 0 passes'
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Figure 57. Item 1 at 7500 passes

Figure 58. Item 1, cormer break, 500 passes
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138. Figure 59 shows item 2 before traffic. Some minor rutting
is visible in Figu ° 60 after 1000 passes (952 coverages) and is more
pronounced in Figure 61 at the end of traffic after 7500 passes (7143
coverages). Minor corner spalls such as showa in Figure 62 were more
common in item 2 than item 1 but were still infrequent. Item 2 was
still serviceable at the conclusion of traffic.

139. Figure 63 shows item 3 prior to traffic. Rutting is visible
in Figure 64 after 500 passes (476 coverages) and is very pronounced in
Figure 65 after 4000 passes (3810 coverages). Tilting of the iadividual
blocks is visible in much of the traffic lane. The transition from the
landing mat surfaced vehicle maneuver area and the block surface at. the
north end of the west wheel path (rear left side.éf Figuré 65) has
clearly failed and is undergoing major shear deformations.. By 7500
passes (7143 coverages) in Figure 66 item 3 has deteriorated seriously.
A close-up view of the ncrth end of the west wheel péth in Figure 67
shows the amount of surface deformatiom, block spalling, and block tilt-

ing that has occurred.
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140. After traffic with the truck, the M-48 tank in Figure 68 was

turned repeatedly on the rectangular blocks in item 2. This tank was

loaded with lead ingots for a total gross weight of 105,000 1b which is

representative of a current U. S. Army M-60 tank. To make the turns,

one track of the tank was locked while the other track drove the vehicle
ia circles. After repeated turns, blocks showed no signs of damage or
shifting, and the test was halted.

ke ok S i D Lot b s

ad

Figure 68.. N-48 tauk on itew 2

141, -Profiles'of'the block surface were recorded across the traus-
verse ceater line of each item aud 5lang the longitudinal venter line of
the east aud west wheel paths. These profilés were recorded before
traffie, at intervals during traffiv, aund at the cenclusignfof traffic.
Similar profiles were vollected before and after traffic on the surface

" of the base, subbase, aud subgrade. These data ave summarized i Fig-
ures 69 to 77. ' B » | - R

142. During the construction of the test section, dry density,

woisture content, aud CBR values were recorded. At the conclusion of
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traffic, test pits were dug near the transverse center line, and similar
data were recorded inside and outside the trafficked area. A nuclear
density gage was used to record wet densities for the crushed stone and
gravelly sand, and dry densities were calculated using the moisture con-
tent from oven-dried moisture samples. Density measurements for the
Tables 18 and 19
summarize the results of the demsity, moisture conteat, and CBR |

measurements.

clay were made using a water balloon testing device.

143. At the conclusion of traffic testing, plate load tests were
run on the block surface and then on the surface of the base course to-
determine a modulus of soil reaction (k). The results of these

tests are tabulated below.

k , pei
On Block On Base Block Value
Item Surface Surface + Base Value
1 294 200 1.47
2 182 167 1.09
3 164 123 1.33

Analysis of Resulis

Fig~
ures 69 to 71 show a small general surface subsidence of about 0.2 in..
in the trafficked avea.

144, Item 1 gave the best performance of all the items.

Therve is vo sigo of any upheaval outside the
These profiles, along with the increase in crushed limestone
density in Table 18 frvom 89,4 percent of CE-55 outside the traffic laue
to 100.3 percent of CE~55 iaside the traffic lane, strongly indicate that
the surface change was due to demsification in the base. ‘

vheelpath.

165, Item 1 with only a 4=in. base was desigued as the weakast
test item, but the surface of the subgrade dyied out to form crust which’
increased the CBR from the oviginal 3 percent to 6 or 7 percent. CBR
measurements taken 6 in. Lelow the clay surface inside and outside the
‘Hoisture contcuts in Table 18
also suggest that drying of the buc&shot clay subgrade formed a nhxn
crugt less than 6 in. thick in :teu I. ‘ '

teaffic path gave results of & percent.

-~ 100
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146. The item 2 profiles in Figures 72 to 74 show a general sur- :
: D

face subsidence inside the trafficked area of 0.2 to 0.4 in. with ex-

treme values approaching 0.9 in. The cross sections in Figure 72 show

a small but distinct upheaval of 0.1 in. outside the traffic lane. :
These cross sections also suggest that the gravelly sand was the source ;

of the surface rutting.
147. The crushed limestone in item 2 (Table 18) shows no increase :

in density between trafficked and untrafficked areas, although there is
a large increase in density between the comstruction and after traffic
data. This crushed limestone base never reached densities or CBR values
comparable to the base in item 1. The gravelly sand in item 2 showed no
1 B change in density between trafficked and untrafficked areas but showed a
distinct reduction in density from the construction data. CBR values in
Table 18 are very low compared to the design value of 50 from laboratory
tests. This is partially due te the difficulty of running a field CBR
on a completely cohesionless soil where conditions of confinement and
) . surcharge are much different from the laboratory. Anothex problem is ;
Lo ‘\%zi: the low density cbtained im the field, which has a direct bearing on the ' E ;

CBR.
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R o - 148, Ttem 3 had the poorest perfoxrmance of all the test items.

A:}: Co : -_Rutting in Figure 66 is very pronounced when compared to the other items.
The cross sections in Figure 75 show 3 maximum surface vut 1.4 in. degp - o
and @aximua upheaval of 1.3 in.  Both the base aud subbase ghow large i
deformations, but the subgrade shows velatively little deformation. The R

. item 2 couments ou the demsity ond CBR values in Table 18 appear valid S SR

B ' for item 3 except the crused limestoue base traffic lane deusity and N

e : _CBR values showed a sharp fucrease 6yer those taken outside the traffic
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[
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 lape.
- 149, The Corps of Engineers designs flexible paveﬁents by reguir- .

deg that ecach layev be protected agaiust shear deformation by a speci e
4ified thickness of material with a higher shear resistance as evaluated ' N

‘ 59 the CBR test. The design curve shown in Figure 78 for 18,000-1b axle
s foads is the one now used by the Corps of Eugincers to select & thickues$~:
' of ‘required superior material above a givea CBR material for road aud :
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street design. CBR design curves protect against a 1-in. shear uplieaval
!, _ above the original surface outside the traffic lane. CﬁR desigu pro-
5:, ' vides no protection against ‘densification in the pavement layers. This v ; l
is handled separately by a compaction requirement that specifies tha:
the field density must reach ninimun percent of the optimum CE~55 Vzinra-

f _ 7 tory density. The required percent of CE~35 demsity varies with layer : §
A ?-‘ i ~ depth, loads, and soil type and is available in the Army flexible pave- _ "
N ment design manual for xoads and streets (Department ¢f the Army 1980). é

; ! 150. Previous investigators have_generally*agteed that block

i : pavements behave in manﬁex°simi1ar to conventional flexiblelgavements,
and the profile rutting in items 1 to 3 shows that surface rutting is

similar to rutting of conventional flexib!e'paﬁemeuts. ‘The Coxps of

Engineers current design m&thod for block pavemenis'(nepq§tmea;'ei the

j Aroy 1979) follows the reccmmendations of Knaptoa (1976) and replaces - d
: g ‘the sand and block layer with an equivaleut 6.5-in. thiakﬂaés. Then:f : - P ;
;@ '; .2 the block pavement is designed with tha"éeéultib ~equivalent pavemﬁn',‘.f” »1‘. § %ﬁ
é;" ;:.};ﬁ 'thackness us;ug exis sting flexxhle puvement CBR ;urvsu. S ‘ 3ﬁ"s,vf“_§ ‘ i
~%. _; : ' 151, Yable 20 compares the sctual traffxs on the test section T T
:f S o with. predicted uayaeitv using the CBR daaiga with agtua; th};ﬁnesa aud
§ f ' - the eguivalent thickness. The predicted oparat;pns,:n.?able 0 were

developed from Figure 78 which is based on vehinié‘apcxations oX passes.
being distributed in au 11-ftewide lave. . To allow compartsah on the.
sase basis the actual operations at failure in Table 20 ave calcu‘atad
by multiplying the actusi covevage level by a pass to fﬁ?é?ag&~l§vel of
1.13 for an il~ft-wide lune as recomsiended by Brows and Ablvin (1961) aad _:_ I i‘

i? as used in Figure 75. The crushed lisestone basex were analysed with 2 1 P
.i. 57 CUR value of 100 peveent, consistent with its labovatory test results 4 _ ,5
) é " Jiscussed eavlicr, The Field test results in Table 18 show density aud I T
O CBR remaining the same or increasiag from construction data outside of - o
! traffic to the inside of traffic lane. lo itew 1, the base did veach a- ;fi,”;g'
_’E_ 100 percent CTBR value. These data all coafimm that the ctushedw}i-cv. R
i stone field performance agreed with the laboratory prediction. Although

“the gravelly sand subbase weets the laboratory requiremeats for a 50 pez-
ceut CBR subbase, its field perfowmsnce proved unsstisfactory.. all

103
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% ‘cohesionless materials depend on confining stresses to develop shear E
E strength, and this particular gravelly sand has givern umsatisfactory sub- l
é’ bise performance before when covered by relatively thin base and surfac-
% ing (e.g.?.Ahlvin et al. 1971). The thin base, sand, and block layers i
s ‘ % B "~ appareatly did not provide sufficieat confinement for the gravelly sand '
ks o ~ subbase., The shear failure in the subbase is clearly visible in the i
thinging of the'subbase along the longitudisal profile in Figures 73, |
f 74, 76, and 77, and the upheaval is visible in the cross section in
§ Figures 72 and 75. The decrease in density from the values of the con- %
: struction data ia Tabie 18 to the values foxr the outside of traffic and o
<. E, - : in traffic tests also suggests shearing occurred in the subbase mate- 2
- . 5 T cial. The subbase was given a desigun CBR of 20 percent for Table 20,
o i_', B} ) which is the lowest design CBR value normally allowed for subbase mate-
N ) rials, Design CBR values for the clay were selected from the in traffic
Coo values in Table 18. . : %
% : | 152, Items 1 and 2 never approached the failure condition of ;
% :5' nl-in;.upheaval outside h&ﬁ-tfﬂffigflane, but item 3 reached this condi~ ;
: ‘tion after 5000 passes (540 coverages or 5808 operations in Table 20). ;
;i; &~-=i§A S . An exawination of Iubié'zﬁ_éhcus that predictions using the CBR desiga, -
. } ' ~ C wither with acteal ‘thickness or with equivalent thickaess, did not antice :
. é:ia_:- R . ipate actual g@rfaxmanue'aﬁcueatcly.> Without the use of the equivalent -
. - '_éf i . thivkaess apprexisation the CBR design wethod is very couservative. For -
- -% Cail ﬂases.ai”pgedicted ?erformanee thie clay layer is critical, but undes E
z ;, V_g actual traffic the clay never showed any sign of sigaificaut shearing. :
- SN _ Bailure of ites 3 was due to the failure in shear of the subbase, which
¢ 1 is wot adequately represented by the veduction of the CBR to 20 pexcent. S
3 ig _ ‘Al appreciably lower number is aec&ssaryv but the effective CBR caunot . . ’ g‘
g - gﬁfg be determined from the traffic tesga‘hccause the actual effect of the
o ‘block surface is unkaown. - C
g el | 153. Under similar traffic conditions the 3,1-in.-thick dlock o
i;','§‘5 itew 2 did such better than the 2.4-iu.~thick block ia item 3. The :
oo . shaped blocks in items 1 aad 3 gave much bighar ratiocs of the k on i
. !‘. : -tk block sutface to the k on the bage course (tabulated in para- ;gf
: i‘_ ":“ : [ graph 143) than on the rectangular bluck in ites 2. This suggests some léA
'; A ; _ - .
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advantage in load distribution characteristics for shaped blocks when
compared to rectangular block. However, under traffic the advantage of

the thicker block in item 2 outweighed any advantage of the block shape

in item 3.
Conclusions
154. The following conclusions can be made:

a. Block pavements behave in a manner similar to flexible
pavements.

b. Block pavements can be designed and constructed to carry
heavy truck traffic over a soft clay subgrade.

¢. The 6.5-in. equivalency adopted by the Corps of Engi-
neers (Department of the Army 1979) for block pavement
design will allow a conservative design but will not
predict actual performance.

d. Limited data suggest that increased block thickness can
outweigh improved load distributing characteristics of
~ shaped blocks.
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PART VII: ANALYSIS AND DESIGN

Behavior

155. A concrete block pavement functions as a flexible pavement.

; Loads applied to the high-quality block surface are distributed through
| ' progressively lower quality materials to the subgrade.

Both interlock-
ing and rectangular blocks effectively distribute load to lower layers,

as shown in Figure 23. The plate load tests tabulated in paragraph 143 ; i

‘ also indicate that the block surface has load-distributing capability

and extensive pressure cell measurements under shaped blocks reported by

1 Shackel (1978) provide further confirmation. The block test section

rutting described in Parts V and VI of this report are comsistent with
flexible pavement behavior.

156.

e o

Although the block pavement behaves as a flexible pavement
in general terms, there are significant differences between an asphaltic
g : concrete surfaced flexible pavement and a cancrete block surfaced flgx-
: ible pavement, In a multilayered elastic system the load-distributing

% characteristics of any layer increases as the elastic modulus of the
;

i

‘.

layer increases. However, in the case of a thin surface layer with a
much higher modulus than the next lower layer (thin concrete over a

thick granular base, for instance) the maximum horizontal shear stresses
at the middle of the stiff layer and tensile stresses at the bottow of
: the layer increase significantly (Yoder and Witczak 1975). This distri-
|- bution of stresses is quite different from a conventional asphaltic coun-
crete flexible pavement.

B , 157. The block layer is not an elastic layer, but cousists of wmod-
\ ular units separated by sand-filled joints. Consequently, the load-
; . distributing characteristics and stress levels in the blocks thewselves

R . cannot be calculated with elastic theory. Pressure cell weasurcments by
\ : Shackel (1978) showed some indications that pressure measurements undex
1 o f the block surface decreased with load applications. This way iundicate
| IR ; that an increase iun the stiffness or load-distributiug ability of the
o : - block layer occurs as the blocks wedge wore tightly together or iater-

lock under traffic.

106
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158. Block pavements distribute loads in a manner similar to con-
ventional flexible pavements, but their modular nature makes it exceed-
ingly difficult to evaluate them snalytically. Several investigators
have attempted to reduce the block surface to an equivalent thickness of
conventional flexible pavement material for design. Although block pave-
ments are a flexible pavement, their modular nature, individually high
block elastic modulus values, and possible increasing stiffness under
traffic make them significantly differeat from conventiomal asphaltic

concrete flexible pavements.

Block Shape and Laying Pattern

139. The plate load tests conducted by Knapton (1976) and Clark
(1978) found no difference in the load-distributing ability of rectangu-
lar and shaped blocks. These test results are shown in Figure 24, and
Lilley (1980) states that block pavement performance in the United King-
dom since their tests confirm these results. Shackel (1979, 1980) con-
cluded from his trafficking tests in Australia and South Africa that
shaped blocks that interlock perform better than fectangular blocks.
However, the large range of subgrade GBR values in Table 16 requires ad-
ditional experimental data to confixw this comclusion,

160. In the WES trafficking test (Part VI) rectangular blocks
performed well, and in the Netherlands rectangular blocks have a long
bistory of acceptable use (Kellexsmaon 1980;'V3n der Viist 1980). In
Table 14, itewms 4 and 7 and items 5 and 6 diffexed only in block shape,
but there was little difference in their deformatiorn under traffic. The
information that is available now indicates: that éither'reétnngular or
interlocking shaped blocks can be uaed in psvementa, and 0o diffevence.
in performance has been proven, : L

161. The most common -laying patteras for block pavements subject
to vehicular traffic are either hervingbone or stretcher boud (see Fig-
ure 3). Shackel (1980) found in trafficking tests that therve was some
indication that herringboue layiog patterns outperformed stretcher bond,
but he felt more experimental data weve needed to coafirm thiu.~-Li11ey
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and Collins (1976), Lilley and Clark (1978), and Lilley and Walker (1978)
only recommended using the stretcher bond and herringbone laying pat- A j
terns under vehicular traffic. Also, based on observations of block
pavements in the Netherlands and in a car park in the United'Kingdom,
Lilley (1980) recommended that rectangular blocks subject to vehicular
traffic should always be laid in a herringbone pattern to aveid creep.
This creep displaces the rectangular blocks laid in stretcher bond in
the direction of traffic, With the information now available it appears ,
that rectangular blocks subject to traffic should be laid in a herring- i
bone pattern, while interlocking shaped blocks may be placed in either
herringbone or stretcher bond patterns. SR V

oo

Block Thickness

it s 2 et e LR AT

162. The plate load test results in Figure 24 from C1aik,(1978)'
show that as the paving bleck thickness increases therload spreadihg _ !
ability of the paving block surface increases. However, the effect in__ '1 o i
. this figure is modest and there is a significant amount of scatter in
the data. Knapton (1976) did not feel that the effect of block thick-~
ness could be quaatified and recommended use of the 3.1-in.~ (80-mm-)
| thick block for all but the most lightly trafficked pavement. This rec~

ommendation was based on the experience and recommendation of continea-
tal Europe.

163. On the basis of traffic tests on the-high-stzensth*Aubtxq-
lian test subgrade, Shackel (1980b) conclhdeﬁ_ghﬁt block tﬁickness vas
a major design factor. Block thickness affected rutting, surface de- _ _
flections, and subgrade stressesi"The'ﬂﬁﬁntfaffic'tent also showed il
warkedly iwproved performsnce of théJB.i?iu.ﬁﬁhick block in item 2 over

the 2.4~in.~thick block in item 3 with similar support conditions. -

164. Block thickaess hﬁé’béeﬁﬁghown to have a decided effuct on
block paveuent perforwance.iqfthe United Kingdon‘piutevloéd tests, the

o dustralisn road sinulétof?@ests. and the WES traificking tests. Hou-
' ever, the only nethod'de&elo@qd to anai§tical;y evaluate the effect of
block- thickness is Shncke}'s'CQQZB):rqgreasi6n equations, which as -
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discussed earlier cannot be safely extrapolated to conditions differemt

from the Australian road simulator test pavement.

Laying Course

165. The sand laying course of 1 to 2 in. used underneath the
paving blocks is a construction necessity to allow the final leveling of
the block surface, but it is an element of structural weakness in the
pavement. Although Shackel (1979) found that 'a sand laying course con-
tributed to the reduction of stress in the underlying layers, Figure 36
(Shackel 1978) and the tabulation in paragraph 101 (Seddon 1980) clearly
show that the sand layer as presently constructed demsifies under traf-
fic. This has to result in a deterioration of the smoothness of the
pavement surface. _ '

166. To avoid or at least minimize this, the sand layer thickness
should be kept to a minimum. The recommendations of Shackel (1978) and
their successful application in the WES traffic tests imdicate that the
thickness of the sand laying course should be limited to 1 in. If this
sand layer is properly compacted, an iwproved surface must result. -
Either the sand layer can be compacted hetter prior to placement of the
blocks with acceptance of the problems noted by Lilley (1980), sumpa=

rized in paragraph 42, or else the paving blocks can be ccmpacted’with'*nn
heavier and more effective vibratoxy coupaction equipment to limit deasi-
fication of the sand under traffic. Tests must be conducted to deters SRR

mine the effectiveness of these suggestions.

Dasign

167. 1Initial desigu methods for block pavements were developed
from contincatal European experience. These desigus were essentially
qualitative and specified base and block thicknesses that had previously
proved adeguate fox similar subgrades, traffic, and climates, When
block pavements began to spresd to areas without continental Europe's
-experience with block pavements, usexrs began to demadd. design methods

109
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that could be used with confidence in these new areas. Also, as blocks
began to be used for road and storage areas subject to heavy traffic
loads over poor subgrades, the need for improved paving block design
methods became apparent. A design method for block pavements should
provide a safe, economical pavement and must account for variations in
subgrade strength and traffic loadings.

168. Block pavements generally fail by rutting, and individual
block breakage has been a minor, isolated distress. The high-quality
blocks now in use have proven adequate to withstand the stresses gener=-
ated by a variety of heavy loads. The block surface distributes the
applied load over a larger area which reduces the stresses on the lower
pavement layers. Rutting in block pavement is caused by densification
or shear deformation in the underlying base, subbase, and subgrade. The
allowable rutting in a pavement can vary, depending on the use of the
surface and desires of the user.

169. Densification can be controlled by requiring adequate com-
paction in the pavement layers and existing flexible pavement criteria
found in curvent design manuals (Department of Defense 1978, Department
of the Army 1980) should be adequate. Protection against shear is a
wmoxe complex problem since block surfaces distribute load over a laxger
area than asphaltic concrete surface. Consequently, existing flexible
pavement design based on experieuce with asphaltic concrete will be cons-
ervative. Figure 79 compares failurve data extracted frowm Figure 25 and

“Table 16. From Figure 25, failure was takea as l-in, vertical deforma-

tion, and in Table 16 only data from the first trafficking of a section
was consideyed. Figure 79 also contains data from the WES tests in Fig-
ure 23 and the Australian tests sumsarized in the tabulation in pava-
graph 106, aud these data were all plotted as not failing siuce rutting
was either wuch less than 1 in, or occurred due to s weakuness in a pave-
went layer above the subgrade. The data from Seddon (1980) were not
used because the strength of the subgrade was unknowa. The data from
Baxber and Knapton (1980) weve not used since deformation contributions
from the subgrade and poor quality base could not be separated.

170. From Figure 79, it appears that a separatiog liune between

110
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failure and nonfailure for 500 passes could be estimated, but there is a
significant gap in the data. The data also show that rectamgular block
test results are clustered to the left of the diagram, indicating severe
test conditions of low CBR or high wheel loads, while shaped block test
results are clustered to the right of the diagram, indicating less severe
test conditions. This further illustrates why claims that shaped blocks
outperform rectangular blocks cannot be accepted from the test data pres-
ently available. The minimum thickness for a block pavement will be
about 7.4 in.: 4-in. base, 1-in. sand leveling course, and 2.4-in.
block. More test results are needed to fill in the gaps in the existing
test section data before more extensive analysis can be expected to pro-
vide a separate empirical design for block pavements or an empirical
adjustment to existing flexible pavement design.

171. Selection of a design method for block pavements is mainly
limited to methods based on previous experience, Shackal's (1980b) pro-
posed method based on regression equations (Shackel 1978) developed from
field tests, the National Concrete Masonry Association (1980) method
that uses conventional CBR flexible pavement relationships, or the modi-
fied CBR flexible pavement design method that allows increased effective
or equivalent thickness for the paving block and sand laying course
(Knapton 1976, Department of the Army 1979). The design methods that
rely on previous experience with similar subgrades, pavement materials,

- traffic, and climate cannot be used unless all of these conditions are
duplicated at the new site. The experience-based methods also tend to .
be conserxvative and are probably wmost appropriate for lightly loaded
pavements in areas with previous experience with block pavements. As
discussed in Part V, Shackel's regression equations cannot be applied

to protect against shear deformation or for conditious different from
the Australian test track conditions. Consequently, their use caunot be
Jjustified for design. The direct adoption of conventional CBR flexible
pavement desigo curves fails to give any weight to the increased load-
‘distributing ability of the paving blocks., The use of an equivalent in-
cressed thickness with CBR design curves as originally proposed by Knap-
ton (1976) and later adopted by the Coxps of Engineers (Department of
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the Army 1979) offers a useful design expedient that recognizes the
increased load-distributing ability of the paving blocks. However,

the existing equivalent thickness that is used is based on simplifying
assumptions and limited testing that could be improved. With the infor-
mation currently available, the existing modified CBR flexible pavement
design methods using an equivalent thickness appear to be the most prac-
tical. The recommended design method consists of first developing a con-
ventional flexible pavement design using the Coxps of Engineers CBR
method and then treating the sand and concrete paving block as equiva-
lent to 6-1/2 in. of asphalt concrete surfacing and base material. This
will provide a conservative design but cannot be expected to predict
actual performance.

172. Shackel (1980b) has proposed a design method for paving
block on stabilized material by using elastic layer amalysis. There are
no data presently available that will allow evaluation of these condi-
tions. Until more data are developed, the established Corps of Engi-
neers equivalency factor for stabilized materials (Department of De-
fense 1973, Department of the Axrmy 1980) cau be used to conservatively
design paving block pavements with stabilized layers. Design for frost
conditions should use the current Coxps of Eagineers flexible pavement
methods (Departiuent of the Army 1965), but actual thicknesses instead of
equivalent thicknesses should be used for calculating frost protection.

Block Stremgth

173. Block breakage has not been a major cause of block pavement
distress even though Seddon (1980) has trafficked blocks with compres-
sive strengths as low as 5420 psi, and Shackel (1979) has used blocks as
low as 3700 psi. This suggests that the block streugth veguirements in
Table 2 are conservative for traffic loads, but these high strengths may
be needed for handling and abrasioun resistauce. If lower strengths are
achieved through reduced cement couteats, the consequent increase in
the vater-cement ratio will tend to produce a concrete of greater pexs
meability which will allow critical saturation to develop faster whea
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the product is exposed to water. This concrete will be more susceptible
to freezing and thawing damage unless it is protected by an adequate
pore structure such as provided by proper air entrainment. These fac-

tors must be studied in more detail before lower strengths for these
products can be accepted.
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PART VIII: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

174. The following conclusions are made:

a. Concrete paving blocks are a proven pavement material
capable of providing an aesthetic surface that can sup-
port heavy loads over soft subgrades, requires compara-
tively little maintenance, and allows easy access to
utilities or similar items below the pavement surface.
Concrete paving block can only be used for low-speed
traffic, They have a high initial cost and low mainte-
nance cost.

T . Current Corps of Engineers method of design (Department
[ o . -of the Army 1979) using an equivalent thickness appears
: T ‘to be the most practical method of achieving a conserva-
~ tive design but will not accurately predict actual block
pavement performance.

c. " Either rectangular or shaped interlocking blocks can be
- R used for pavements, but rectangular blocks subject to
S N o vehicular traffic should only be laid in a hexringhone
: pattern while shaped interlocking blocks can be placed
in either a herringbone or stretcher bond pattern.

d. Specifications for paving blocks should include the
following.
(1) Strength. Blocks with a compressive strength of
+7..+: -approXimately 800G psi have a proven history of
+ - - performance.
. e ;Oufjﬁg.(g) Besistance to freezing and thawing. Bither a
STl T proven histoxy of performance under similar site
: : ” 7 conditions or @ laboratory freeze-thaw test should
LS be required,

For T Tl VT o (3) [Disiensional tolerance, Standavd of the local in-
TN dustzy such as National Concrete Hasoury Associa«
< ‘tion (1979) in the V. S, or DIN 18501 iu Cermany

o ... -__ . should be used. _
' ff?;“L"i;‘:ff}"; .(§§f'A0rasion resianance. A modificd sandblast test or
‘ o i+ other gbragion test method should be developed to
zacosc for thiu, d&tective surfages ‘on Lha block.

ic

ﬁ;”yfji“" Recoamendatxons

_ 175. The followiug reconmendations - are"uade‘
NECRCORREARY | Add;txonal tratf:cking tests and aualys:e oi esxatxna
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pavements are needed to develop a more accurate and
less conservative design procedure. Development of an
improved procedure by the Corps of Engineers does not
appear warranted unless use of block pavements by the
Corps increases considerably.

The effects of using lower strength blocks is worth
further study and field trials,

- Construction procedures to automate block placement and
to improve compaction of the sand bedding layer should
be investigated.

Methods of reducing initial block bavement permeability
should be @eyeloped. ' '
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Table 1
West German Use of Paving Block in 1972%

Roads

Industrial Areas
Private Drives
Pedeatrian Ways
Parks, Schools, etc,
Other

36.4 percent
29.1 percent
12.5 percent
12,0 percent
6.8 percent
3.2 percent

Table 2
Comparison of Paving Block Strength Requirements

. % From Cement and Concrete Assoclation (1976).

U. §. National Concrete
Magonry Association

Area subject to

Required

Type of Test Streng;h, psi

freeze~thaw cycles Compressive 8000
Area not subject to

freeze~thaw cycles Compressive 6000

Uaited Kingdom Cement and
Concrete Association Conpressive 7250
Netherlande NEN 7000 Flexural 855
German DIN 18501 Compressive 8700

Table 3

Eatimated Concrate Block Pavement Constrqction Output

Souyee

Lilley and Clark (1978)
D, G. Frandsen {1973)*
Norriah (1980)
Kelleremnnn (1980)

Estinnted Output

dzlman day

30 to 60

© 20 to 30
29,9
59,8 to 167

* Parsonal communicntion, 1978, Mr. D, G. Frandsen,

U, 5. Army Engineer Diviaion, Europe. Ftankfutt.
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Table 5
Cost for Paving Block in Place

Project 2
Year Location Size, ft Cost, $/ft Source
1976 Fulda Barracks, 29,900 1.14 Personal communication,
Germany Mr. Frandsen, Corps
of Engineers
1977 El Cerrito, 9,280 3.00-3.50 Personal communication,
Calif. LTC Delano, Coxps of
Engineers
1978 Perth, Australia -~ 1.24 Harris (1978)
Dover, United 290,000 1.17-1.54 Gerrard (1980)
Kingdom
1979 Eastern U. S. - 1.85-3.00 Persomal communication
California - 3.00-5.50 Personal communication
1980 Netherlands - 1.39 Van Leeuwen (1980)
Table 6
Nominal Currency Exchange Rates
Exchange Rate, U, S. Dollars
Nation Currency 1976 1977 1978 1979
Austyalia Dollax e 1.10 - 1.1565 1.1295
Netherlands Guilder we 0.408  0.4502  0.4982
United Kingdom  Pound - 1.72 1.9325 ~ 2.261

West Gexmany Harxk 0.4265 0.424  0.4984 0.5468

.
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Table 7
Variation in 1978 Bids, Dover, U. K. (After Gerrard (1980))

Cost for 9.8-in. Cost for
Lean Concrete 80 mm Block Total Eost

Bidder No. §/£t2x /£t §/ft

0.78 1.17 1.95
1.44 1.54 2.98
1.10 1.48 2.58
1.00 1.22 2.22
0.85 1.54 2.39
0.91 1.44 2.35

Mean 1.01 1.40 2.41

Coefficient of :
Variation** 0.24 0.12 0.14

* Dollars are U. S. dollars.
¥ Coefficient of variation = Standard deviation + mean.

Tabie 8
Initial Construction Costs for Comparable
Pavements, U. §. Dollars/ft?

Appli- Spray
Country Year cation Block Asphalt Seal Concrete Reference

Australia 1978 Road 1.24 0.28-0.41 0.23 - Harris
(i978)
United 1980 Port 4.28 4.36 A 4,85  Gerraxd
Kingdom (1980)

Netherlands 1980 Port 2.55 - 2.55 3.7 Van Leeuwen
(1980)

Table 9
Traffic Damage to Block Roads

“Annual Damage On Harshy Soil  On Sandy Soil

Depressions in £e2 per wile of road - 107.6 . . 64.6
Broken blocks in ft® per mile of road 10.8 ' 10.8

NOTE; Oae mile of road averaged 32,300 £t2 of pavement. N
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Table 11
Results of Water Penetration Tests (Clark 1979)

Surface Water'
Stope Paved Ares y 1iCC in  of Applied % of Applied of Test

Test % ft Rate, in./hr  Water Water® min
1 2.5 32.3 1.81 76 20 60
2% 2.5 32.3 1.77 80 16 60
3 1.0 32.3 2.09 78 18 60
4 1.0 32.3 0.87 70 24 70
5 1.0 32.3 2.05 81 17 45
6 1.0 349 1.02 79 21 90
7 1.0 34.9 1.81 80 18 40
8 1.0 34.9 1.06 77 13 65
) 1.0 3.9 1,54 83 10 60
107f 1.0 3.9 1.57 89 1 48
11 1.0 32.3 1.81 81 15 71

* Ay detexmined from measurement at the drainage outlet.
%% Repeat of test 1 conducted 28 days later. o
T 20 percent clay dust mized with sand in joints.

¥ Same pavement used for tests 8, 9, and 10. Test 10 run 24 hr after ‘

tests 8 and 9. '
v. Top soil brushed into surface of joiuts after construction.
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Table 12 f §
Industrial Road Test Section Design (Barber and Knapton 1980) . % g
i /
Thickness i
of Base |
Item Subgrade Course, in. Type of Block {
1 Sandy clay 11.8 Rectangular i ;
. i
2 Heavy clay 15.7 Rectangular { :
3 Sandy clay 19.7 Rectangular } i
4 Sandy clay 23.6 Rectangular ‘ ;
5 Sandy clay 27.6 Rectangular i i
6 Sandy clay 27.6 Shaped ;
7 Sandy clay 23.6 ‘Shaped 3
8 Sandy clay backfill 19.7 Shaped i
9 Sandy clay backfill 15.7 Shaped !
10 Sandy clay backfill 11.8 Shaped
4
}
%',
Table 13
Industrial Road Subgrade Properties (Barber amd Knapfbn 1980)
Natural Backfill Heavy Clay
Subgrade Subgrade Subgrade ..
Applicable test items 1, 3-7 B0 . 2 | ol
Soil type Sandy clay Sandy clay Heavy clay fﬂ" 3
Casagrande classification - CL - CL CL , , !f- o
Plasticity index, percent 15,5 13,5 ~ 36.46 g
Moisture content, percent - 12,9 12.3 14.3 .
CBR, percent - 5 ' 3% 2
General quality - Fair to Poor- . Poor 7 Poor.
% Remolding upon compaction reduced this to 2 percest.
e } ,,,uu,, - |
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Table 14
Industrial Road Traffic Deformations (Barber and Knapton 1980)

Th?:izess Traffic Deformation, in.

Item in. 300%  750%  1200% 1500% 1750% 2320%  4070%
1 11.8 0.65 0.63 0.77 06.81 0.83 0.87  0.89
2 15.7 1.08 1.12 1.18 1.18 1.22 1.26 1.32
3 19.7 ©0.61 0.59 0.71 ©0.71 0.73 0.83 0.87
4 23.6 0.71 0.73 0.73 0.75 0.79 0.85  0.89
5 27.6 0.43  0.47 0.51 0.5 0.61 0.65 0.69
6 27.6 0.49 -0.49 0.55 0.5 0.57 0.59  0.61
Tick 23.6 0.61 0.65 0.67 0.67 0.73 0.73 0.79
g% 19,7 - 0.67 0.77 0.81 0.83 0.83 0.87 0.91
g¥ck 15,7 1.93 2.05 2.09 2.09 2.11  2.12  0.4%%

1.8 3.66 4,06 4,07 4,13 417 0.M%

10%% 3.98

% Treffic in equivalent 18-kip axles.
%% Sheped blocks; all others rectangular.
T Item zelaid after 2320 equivaleant 18-kip axles.

Table 15

Subgtade and Base Material Properties (Shackel 1979)

Peéc;ﬁnt of: gadifmd MSB'I‘O dry density

91,4

- Subgrade ~ Base
" Liquid limit, percetit 6.4 -
Plastic limit, peiceat 16.4 -
Plastic:ty xndex, percent: 18.0 7.9
Hodified AASHTO optiaum dry density, 1b/£t3 119.7 124.5
fﬂodified AASHTO optimum momst content, patcent 13,0 9.3
In place dsy~deuni£y. wreed L 109.4 M8.7
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Table 17
WES Block Properties

Retangular
Test Procedure Block Z Block Unistone

rn R i3 s i 5 e iy AN

Property

Absorption, percent © AS™M C 67-78
5 hr
24 hr
5 hr boiliung
Saturation coeficient

3.32 2.28 2.60 ;
3.93 3.25 3.94
6.97 6.11 7.64
56,09 53,18  51.62

Sandblast abrasion

3 ;
} coefficient EE%) CRR~C 58-78 1.57 2,22 1.72 :
. ,

M ¢

Freeze~thaw AS™ C 67-78 ~Negligible resultg=
Density, 1b/¢t? CRD-C 7-79 139.3 1638 1337 :
ASTH C 67-78 1,152 1090 1004 -

Flexural strength, psi
1,408 1170 1438 [

o ' Spitting tensile, psi  CREMG 77w72

, Coupreasive streugth, psl ASM C 67-78 -~ 10,078 8352 8622 , 3
il
; .
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, Table 20 coe
Comparison of Predicted and Actual f
. _ ' Test Section Performance :
._Il;ém , CBR Depth* Predicted®* Equivalentf Predictedff Operations ‘ %
No. - Layer %  _in. , Operations Depth, in. Operations  at Failure : :
o , e
1 Base 100 4.1  >10° 6.5 >10° >8017% P
' Clay 7 8.1 3,400 10.5 45,000 3 ;
crust ! :
Clay 4 141 22,000 16.5 110,000 ) ;
: . ’ i
: ! S 2 Base 100 41  >10° 6.5 >10° >8071%
g O l : Subbase 20 8.1 2% 105 10.5 >10°
Clay 3 12,1 1,150 14.5 5,000 : t
| | e
t € .
; 3 Base 100 3.4 >10° 6.5 >10?
. subbase 20 7.4 2.4x100  10.5 >10° 5808 ,
i _ Clay 3 16 3,000 14.5 5,000 - ]
A e
| vl
N "; )
: % Actual depth to suxface of layer. _ E o I i
§ W& Using actual depth and CBR curves {n Figure 78, o ' :i’ :
o t Replace sctual block sod sand thickness vith sn equivalest thickuess of C By
o 6.5 in. (Department of the Arwy 1979). ' , '
.‘;‘ Tt Using equivalent thickneas. ,
f '- 3 These test sections did uot fail.
.8
e
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In accordance with letter from DAEN-RDC, DAEN-ASI dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog

;a;d in Library of Congress MARC format is reproduced
elow,

Rollings, Raymond S.

Concrete block pavements / by Raymond S, Rellings
{Geotechnical Laboxatory, U.S. Army Engineer Waterways
Experiment Station)., -~ Vicksnurg, Miss. : The Station ;
Springfield, Va. ; available from NTIS, 1983. ’

121, [13] p. : ill. ; 27 cm. -- (Techmnical report ;
GL-83-3) : ;

Cover title. - )
’ "March 1983."

Final report.

"prepared for Office, Chief of Engineers, U.S. Army
under Project No. 4A161102AT22, Task Area AO, Work
Unit 005."

Bibliography: p. 117-121.

1. Concrete blocks. 2. Pavements, Concrete.
I. United States. Army. Coxps of Engineers. Office
of the Chiof of Engineers. II, U.S. Army Engineer
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v Rollings, Raymond S.
: Concreto block pavements / by Rayaond S. Rollings : Eé.réggi‘
a:

Watexways Dxporiment Station. Guotechnical Laboxatoxy,
z 111, Title IV. Sories: Technical report (U.S. Ammy

5 . ) Engincer Waterways Rxpoximont Station) ; GL-83-3.
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