
Structural design of block pavements 
for ports 

Introduction 
The use of concrete block paving for 
ports is becoming accepted 
throughout the world. The relatively 
low cost of construction and 
maintenance of concrete block 
paving makes it an attractive 
proposition to the port engineer. 
However, there is as yet no method 
whereby the port engineer can 
specify the strength and thickness of 
the layers of the pavement to provide 
a specified design life. From a 
study of the performance of 
pavements constructed from various 
materials in many ports and by using 
established theoretical load -
deformation relationships, the 
authors have developed a method 
whereby port engineers can design 
concrete block pavements rationally. 
The method presented in this paper 
can be used to prod uce a series of 
pavement designs for specific 
operating and subgrade conditions. 
In recognition of the fact that each 
design situation is a special case, the 
authors have formulated the design 
method in a way which preserves the 
engineers' freedom to specify sub
base and base material types and 
thicknesses in the pavement. 

Definition of requirements 
There are four primary require
ments for a pavement: 
I. Low cost of construction. 
2. Low maintenance costs. 
3. High reliability. 
4. Known design life. 

Although no material meets all of 
these requirements perfectly, it is 
believed by the authors that a 
concrete block surfacing with a 
cement bound base is the best 
solution available today. 

A successful design must take 
the following parameters into 
account: 

port layout and operation 
future uses and development 
type of trafficking (vehicle 

speeds; wheel loadings; 
number of loadings) 

static loading (point loads; 
impact loading) 

surface pollution (hydraulic oil; 
de-icing salts) 

strength of subgrade 
anticipated settlement (short 

term; long term) 
climate 
availability of local materials 
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This list is by no means exhaustive. 
With so many design parameters it 

is virtually impossible to put forward 
a comprehensive design method 
which would cover all plausible 
conditions; the graphical and tabular 
presentation required would be 
formidable. 

This paper describes the 
development and use of a series of 
design charts which have been 
derived from a basic design 
philosophy; each chart covers a 
particular subgrade CBR value and 
sub-base thickness. It has not been 
possible to include a full set of charts 
in this paper due to the large number 
of variables and the limited space 
available. However, since all the data 
is generated and plotted by 
computer, different design situations 
can be accommodated readily by 
varying the input. The data presented 
should be regarded as typical rather 
than comprehensive. 

Pavement design and analysis 
methods 
Pavement design has been, indeed 
still is, empirical. The variability of 
the materials making up the 
pavement structure has, until 
recently, made it difficult to develop 
a suitable analytical design 
philosophy. However, the wide use 
of computers has brought a semi
analytical approach to highway 
design in the past few years, and this 
has also made it possible to extend 
the empirical design rules beyond 
their original bounds of develop
ment to include motorways and 
industrial pavements. 

The most successful of these 

o 
surfacing - concrete blocks 

base - cement bound 

sub-base granular 

subgrade 

analysis techniques has been the 
multi-layer elastic model. Several 
programs of varying degrees of 
complexity have been developed, 
and this work uses a simplified 
analytical technique developed by 
Ullidtz and Peattie l • This has been 
adopted because of its speed of 
execution, particularly when several 
hundred pavement structures are 
being analysed, as is the case for each 
design chart. 

The pavement model is shown in 
Figure I. The contact area between 
the tyre and the pavement is assumed 
to be circular with a contact stress 
equal to the tyre pressure. The 
analysis program gives the vertical 
stress and strain, and the radial strain 
at each interface. Two design criteria 
have been established and generally 
applied to pavements: 
I. Fatigue cracking of base 
material. 
2. Progressive vertical deform
ation of the subgrade. 

Thus the two design parameters in 
the structure are the tensile radial 
strain at the bottom of the bound 
layer and the compressive vertical 
strain at the top of the subgrade. 
Relationships have been developed 
between these two strains and the 
design life, ie number of load 
repetitions to failure of the 
pavement. 

Thus with computer analysis it is 
possible to establish these critical 
strains for a whole range of pavement 
structures and plot the results as a 
design chart. The design charts are 
positioned on a single sheet for ease 
of interpretation and three examples 

layer 1 

layer 2 

layer 3 

layer 4 

*'" 

circular contact area 
contact stress equal 
to lyre pressure 

h, 

h, 
ER, 

h, 

t EZ 4 

Figure J: The pavement model. ER, is the critical strain in the base. EZ4 is the critical compressive 
strain in the sub-base. 
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Ire given in this paper, Figures 2, 3 
md 4. 

lar; thickness; elastic 
modulus) 

been drawn showing how the graphs 
are related: 

For each chart the following 
variables are held constant: 

Subgrade (CBR California 
Bearing Ratio) 

(i) The strength of the basecourse, ie. 
its elastic modulus, is the starting 
point on the ordinate of the bottom 
graph. Project horizontally to the 
intercept of the curve representing 
base thickness and then vertically to 
the centre graph. 

Surfacing (material type 
The variables for each chart are: 

Base (thickness; elastic 
modulus) 

80 mm thick concrete blocks) 
Base (material type cement 

Loading (magnitude of loading) bound material) 
Subbase (material type, granu- On each chart an example line has (ii) This graph has two ordinate 

igure 2: 
ubgrade CBR 5%. 

'igure 3: 
.ubgrade CBR JI}%. 

igure 4: 
'ubgrade CBR 20%. 
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..,.,t •• ; the one on lhe Idl is thelen,ile 
radial ,,,"in at lh. bonom of Ike 
bound 11)'0' and the f i,M hud ""'k 
.. the cornp<es:iivoe •• nieal su" in al 
, b. su.bce of 1 h •• u."rade (both .no 
••• Ied ;n mic rou •• in) . Unlike 
highway desi,n. whe", th.", is a 
" >'''Iory maximum uk l.:.ad for 
pavcnw:nu in pon • • eas ,h. "",~i
mum )G;\d i. variable. Henee: the 
central graph has a , .. ;., of ell""" 
,.pr ... n'in~ Ih. m.~nilud.. of 
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life for each co nstraint . The actual 
duign lift is lite 10", •• of Ihe ''''0 
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The ....... m.nl of lite vehicle 
loading is an imporlam p"" of 'he 
desi~ proced l.lre, A survey of .he 
load,n, eharacteristics of container 
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Asphaltic Malnia/J 
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is claimed to be more tolerant to sub
grade settlement. However the per
formance in the structures analysed 
in this paper does not seem to justify 
the higher cost of use, although the 
performance under block paving has 
yet to be proved. 

Traditionally, asphaltic materials 
have been one of the most econo
mical forms of paving, but the recent 
increases in the cost of oil based 
products has, in the UK at least 
made it comparable to other mor~ 
expensive surfacing materials, e.g. 
concrete blocks. In some European 
countries, where the alternatives are 
better established and less expensive, 
asphalt no longer has an initial cost 
advantage. 

SPECIAL ASPHALT MIXES 
It is possible to improve the surface 
durability of asphalt with a cement 
based grout. This is available under a 
number of trade names, but all use 
essentially the same technique. A sur
face layer of approximately 40 mm 
thickness of open textured, bitumen 
coated aggregate (no fines) is laid. 
Into this is rolled/vibrated a resin 
cement grout which is left to harden 
it takes around 28 days to develop it'~ 
full strength. 

The final stiffness of the surfacing 
is high, about 12,000 N/mm2, and 
gives much greater resistance to sur
face loa.ds: !l0wever, high strength, 
or semI-rIgid, surfacings are very 
susceptible to cracking due to the 
high tensile stresses developed under 
loading. The strength of the support
ing base material is critical, and the 
manufacturers have carried out 
design research based on the multi
layer elastic model. 

Since the material is not as flexible 
as a true asphalt, experience has 
shown that, under conditions of 
modest differential settlement, sur
face cracking will occur whereas a 
traditional asphalt mix would roll 
out. However these cracks are fine 
and widely spaced and do not affect 
the overall integrity of the pavement. 

An alternative to cement resin is an 
epoxy asphalt mix. These special 
mixes are highly resistant to oil 
attack which makes them highly 
suited for maintenance areas etc. 
Construction has to be fast and 
efficient as the thermosetting mix 
hardens in about 90 minutes. Its use 
in port areas is not very widespread 
and where it is used it is restricted to 
heavily polluted areas such as 
loading bays. 

Both these methods give increased 
durability, but at a higher cost of 
construction. This makes the 
adoption of these materials for 
extensive parkmg and operating 
areas unlikely on the grounds of cost. 

Rigid pavement construction 
An ·in-situ concrete pavement 
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provides a very durable surface that 
can withstand high contact stresses, 
and gives an excellent riding quality. 
There are, however, two problems 
which make the use of rigid pave
ment construction impracticable: 
I. Subgrade settlement cannot be 
accommodated without excessive 
cracking. 
2. Some provision for thermal 
expansion / contraction must be 
made. 
In the older port developments con
crete paving was commonly used, 
either unreinf orced or with a single 
layer of mesh reinforcement and 
regular expansion joints. Reinforced 
concrete is adequate for all but the 
~eaviest of loading providing the site 
IS not prone to settlement. 
Unfortunately this is rarely the case 
in a modern development and if a 
concrete structure is laid cracking 
must be expected. 

Unreinforced concrete is com
pletely unsuitable, and even at sites 
where extensive top and bottom steel 
reinforcement have been used 
problems with cracking have not 
~e.en overcome. Regular expansion 
Jomts are necessary, but these are 
expensive to install and form inherent 
weaknesses within the structure; 
cracking usually manifests itself 
across the corners and along the 
joints, see Figure 12. 

The problem associated with 
expansion joints can be overcome 
with a continuously reinforced pave
ment. Here sufficient reinforcement 
is included to distribute the stresses 
evenly through the concrete. Thus 
instead of large .cracks developing at 
intervals of 5 to 7 metres, transverse 
cracking is fine and closely spaced, I 
to 2 metres. In view of the increased 
steel reinforcement needed the cost 
of construction is high and it is still 
prone to subgrade settlement. 

In general rigid construction is 
viable only in established areas where 
settlement is negligible and access to 
underground services is not required, 
or where an extremely hard and 
impact resistant surface is specified. 
Should rehabilitation be necessary 
costs will be high as it is virtually 
impossible to construct an overlay 
and the whole structure has to be 
broken out. 

A hard concrete surface is ideal 
and the necessary flexibility can be 
achieved by using a precast concrete 
surfacing material which can be 
relaid as settlement takes place. 

Precast concrete rafts 
Precast concrete surfacing offer 
several advantages 
I. Good quality control in 
manufacture. 
2. Full strength achieved in off-site 
curing. 

3. Little plant needed for laying. 
4. Immediate trafficking. 
5. Easy relaying as settlement takes 
place. 

Rafts, or slabs, are generally 2 
metres square, reinforced and 
usually have a protective steel angle 
surround. Some do not have the 
angle but provide a chamfer around 
the top edge instead, this is to 
prevent spalling of the concrete 
under local stress concentrations. 
Various thicknesses are available but 
the heavy duty 150 mm thick slabs 
are recommended. Few requirements 
on the suitability of the underlaying 
subgrade are made, providing it is 
well compacted and free draining. 
The slabs are bedded on a layer of 
compacted coarse sand, the only 
plant required is a front lift truck and 
laying is straightforward. 

Although the required preparation 
of the subgrade is minimal, and of 
low cost, the cost of the rafts them
selves is high. This is aggravated by 
the large size of the units, weighing 
around 1.25 tonnes, and haulage is 
expensive. This can be overcome in 
very large and remote areas by 
s~tting up a manufacturing plant on 
site. 

The high cost of construction has, 
unfortunately, not been reflected by 
a good performance record in the 
Port environment. The principle 
problem seems to be settlement of the 
subgrade. Uneven settlement leads to 
steps developing between adjacent 
units and pumping. This has to be 
rectified as quickly as possible as 
surface water and rocking washes out 
the supporting sand, aggravating the 
problem. 

The units are large and, being 
greater than the trackwidth of the 
handling vehicles, very large hogging 
bending moments are induced in the 
rafts. If the supporting subgrade has 
settled, this can cause cracking across 
the corners. The problems of hogging 
and high wheel loads make the 
precast rafts unsuitable for use in 
areas operated by rubber tyred 
terminal trailers. 

Not all ex perience with the rafts 
has been bad, some ports find it an 
ideal form of construction and use it 
extensively. However, overall costs 
are significantly greater than the 
alternative precast concrete 
surfacing, concrete' blocks. 

Concrete block surfacing 
Concrete blocks offer the same 
advantages as the raft system a 
highly durable and hard surface, but 
they also possess the flexibility assoc
iated with asphaltic construction. 
The individ ual units are small, 
100 mm by 200 mm, and providing 
they have sufficient thickness tensile 
cracking does not occur. Since the 
structure is already "cracked" the 
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Figure 14: Graphs of wheel loads (a); damaging factors (b); frequency distribution of weight (c); and proportional damaging power (d). 

material, but it has proved to ~e 
sufficiently flexible to follow site 
settlement to a remarkable degree. In 
areas of settlement, an angular aggre
gate will give better durability ~s 
frictional interlock across cracks IS 

very high. 

Design example 
The use of the design charts is best 
explained by a simple example. It is 
proposed to construct a roadway 
between the ship's loading ramp and 
the container stacking area. It is 
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anticipated that 600 x 20 ft units will 
be unloaded and driven along this 
roadway per ship, with two ships per 
week. These will be handled by 3 
similar front lift trucks, Barton 
RoRo/20CH, the vehicles returning 
on the opposite side of the roadway 
with a container for export. In two 
years' time there is expected to be a 
50% increase in throughput, when 
40 ft containers will be introduced. It 
is planned to operate two larger 
FLTs, Knapper RoRoj40CH, to 
handle these and they will spend 

about 80% of their time on the 40 ft 
units. 

The subgrade is a reasonably well 
graded sand / gravel, no substantial 
settlement is anticipated, CBR 20%. 
Design life 15 years. 

The basic dimensions of the two 
FL Ts are given in Table 3. The 
damaging powers are found from the 
series of four graphs shown in Figure 
14 (a) to (d). These give the axle 
loads (a) and relative damaging 
power (b) for both axles against the 
weight of the container. The distri-
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bution of the container weights for 
each truck is given in (c), thus multi
plying (b) by (c) gives the pro
portional distribution of the damag
ing powers, (d). From this it is clear 
that the most critical loading con
dition is a 22 tonne container carried 
by the Knapper, this is the design 
load which, from (b), is equal to a 
PAWL rating of 36.7. Also, the area 
under the histograms in (d) repre
sents the total number of PAWLs per 
100 movements, hence the average 
rating can be calculated. These load 
ratings are included in Table 3. 

It is assumed imports equal 
exports, thus the outward and return 
pavements are identical. 
In the first two years: 
Vehicle movements: 
Barton 20 = 2 x 600 x 52 x 2 

= 124,800 
Throughput after 1982 will be 900 
containers per ship divided into: 
60% Barton 20 
40% Knapper 40 
Vehicle movements: 
Barton 20 = 2 x 900 x 0.60x 52x 13 

=730,080 
Knapper 40 = 2 x 900 x 0.40 x 52 x 13 

= 486,720 
Thus, total loading: 
Barton 20 = 854,880 movements 
Knapper 40 = 486,720 movements 
To establish the total number of 
PA WLs the pavement has to carry, 
multiply by the respective average 
PAWL rating for the trucks. 
Total No. PAWLs 

= 854,880 x 10.77 + 486,720 x 24.56 
= 21.16 million 

For the design, a single wheel load is 
adopted. This is assumed to be the 
most damaging wheel load for the 
whole load spectrum, 36.7 PAWLs in 
this case. 
Design wheel load 

= 36.7 PAWLs 
Design life required 

= 21.16 / 36.7 million 
= 0.58 million repetitions 
Referring to the design chart for a 

subgrade CBR of20%, Figure 4, it is 
clear that for this design the vertical 
subgrade strain on the right hand side 
is not critical. On the left, a line is 
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TABLE 3: Load ratings 

Model Darton RoR020/CH Knapper flolbl0/C11 

LiIting capaci t.y (tonnes) 

Unladen Wt •• including 
taplift (tonnes) 

WbLoel base (m) 

Lifting centre (m) 

Unladen axle loads (tomes) 

Front 

Rear 

Tyrc pressures (N/rrm2 ) 

Proportion of 20 ft/40 it. 
boxes handled 

Unladen PAWL rating 

Most da.w.ging PAWL rating 

AverJ.ge PAWL rating 

drawn vertically from the required 
design life, 0.58 million, to intersect 
all curves. From each intersection, a 
line is drawn horizontally to the 
centre graph, the next intersection 
being taken at the design PAWL 
rating (36.7 PAWLs). From here drop 
vertically to the bottom graph. 

Here the starting point is the 
abscissa, the elastic modulus of 
the base. This is taken from the data 
in Table I. The design thickness is 
found from the intersection of the 
elastic modulus with the relevant 
line from above. Care must be taken 
to correlate the correct base modulus 
with the characteristic strength used 
in the first graph. 

The following designs for the base 
course are obtained: 

Compressive 
strength 
(N/mm2) 

24 

18 

12 

Elastic 
modulus 
(N/mm2) 

48000 

42000 

35000 

Thickness 
required 
(mm) 

350 

400 

500 

From another design chart it is 
found that if a 150 mm granular 
subbase, Type I material, is used, 
then the base thicknesses can be 

24.000 37.500 

40.000 55.000 

4.750 5.250 

2.250 2.500 

22.000 30.250 

18.000 24.750 

O.B O.B 

100/0 20/80 

1.06 3.50 

19.45 36.70 

10.77 24.56 

reduced to 300, 350 and 500 mm 
respectively. It can be seen that for' 
a given operational situation, the 
charts can be used to produce a series 
of designs permitting the engineer 
to choose the one he favours. It 
would be wrong to remove this 
choice from the engineer whose local 
experience must always be the final 
mediator in selecting a form of 
construction. 
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