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ABSTRACT

4 design (and evaluation) method for conerete block pavements, consisting of 80 mm thick rectangular
concrete blocks in herringbone bond and a sand subbase, is described. The method is based on the pre-
sults of falling wetght deflection measuvements that were carried out in 1982 on 17 in service concrete

toads as applied on the surveyed sections.

The deflection measurements were analyzed by means of the linear—elastic multilayer program CIRCLY and
by means of the finite element program ICES STRUDL in which the comcrete blocks were represented as
indeformable rigid bodies. With the ICES STRUDL program an excellent correspondence between measured
and caleulated deflection curves was obtained. The deflection curves caleulated by means of the CIRCLY

Jected to a limited number of load repetitions. :

From the analysis of the measurements 7t appeared that the stiffness of the substructure (sand subbase

plus subgrade), the bedding layer and the joints between the concrete blocks all increased with increq—
sing number of load repetitions. Functions have been developed to describe this progressive stiffening

in time.

and the acceptable rut depth.

Furthermore it was determined that the stiffness of the bedding layer and the joints increased with de—
ereasing surface curvature index SCI; the relations alse cover comerete block pavements that have a
bound or unbound base. It also appeared that both the bedding layer and the joint stiffness are depen—
dent on the magnitude of the equivalent elastic modulus of the substructure (base plus sand subbase
plus subgrade); a maximum value for both parameters is rveached at an equivalent substructure modulus
of 550 N/mm?.

1. INTRODUCTION In chapter 4 for the Delft pavements a comparison
is made between the results of the analyses as

This paper describes the development of a design performed by means of the linear-elastic multi=-

methed for concrete block pavements with a sand layer theory and the finite element model.

subbase only, a pavement structure that is wide- In chapter 5 a method for the calculation of the

ly used in The Netherlands for normal road traf- permanent deformation in granular and cohesive

fic. Until now there has been done hardly any materials is presented. This method is used to

research on this pavement structure (1), so calculate the rutting development of the Delft

there is rather a lack of knowledge thcerning pavements,

the actual in service behaviour. This knowledge Finally design charts for concrete block pave-

is necessary in order to be able to develop more ments, cousisting of 80 mm thick rectangular con-

rational design and maintenance strategies. crete blocks in herringbone bond and a sand sub-

In order to improve the readableness of the pa- base, are presented in chapter 6. These design

Per, a summary of the various chapters will be charts are basdd*on a number of rut depth calcu-

given here, lations.

Chapter 2 describes the analysis of a number of It should be noted thgt the presented design me-

concrete block pavements in the city of Delft by thod for concrete blogk pavements is only appli-

means of the linear-elastic nultilayer theory. cable if shear failurqg in the sand subbase is not

The pavements consist of 80 mm thick rectangular likely to occur. From' the observations it was

concrete blocks in herringbone bond and a sand concluded that this is the case if the surface

subbase with varying thickness. The input for curvature index SCI as measured by means of a

the analysis was obtained from falling weight falling weight (¥ =50 kN) is less than 1300 um

deflection measurements. (2,3).

In chapter 3 some characteristic Delft pavements - .

as well as some concrete block pavements with a 2. ANALYSIS OF CONCRETE BLOCK PAVEMENTS IN DELFT

bound or unbound base are analyzed by means of a BY MEANS OF THE LINEAR-ELASTIC MULTILAYER

finite element model. In this model the concrete THEORY

blocks are represented ag indeformable rigid

bodies.

In 1982 falling weight deflection measurements
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n-carried out on 17 1n service concrete
ements in the city of Delft (4). In
deflection measurement a 50 kN dynamic
pplled on the pavement by means of a
rcula plate diameter 300 mm, so the contact
sure equals 0,707 N/mm?; the loading time is
. The deflections (d) have been measured
he inner wheeltrack (T) and in the middle
stween the wheeltracks (M) at distances of 0,
00 500, 1000, 1500 and 2000 mm from the centre
£ the loading plate.

: Pavement characteristics

ome haracterlstlcs of the concrete block pave-
ments in Delft are:

.yectangular concrete blocks, dimensions

I xwxhs= 210 x 105 x 80 mm, in herringbone

dand subbase, thickness 0,85 to 1,4 m and more
(table 1)

clay subgrade (Dutch cone penetrometer value

5 to | N/mm? 2 CBR-value 2 to 47).

}?or the. linear-elastic multilayer caleulations
“this pavement structure was schematized into a
’Vtwolayer system, where the toplayer (elastic mo-—
dulus Eys Poisson's ratio v ) represents the
j.concrete block layer and the second layer

SR

(elastic modulus Eg, Poisson's ratio v ) repre-
sents the substructure, consisting of fhe sand
subbase and the subgrade (figure ).

300!11’1
0707 Bam?
' N N \ -

Slock layer |_2000 %1500 G000 Osoodaoody  Er . h=075 Ih1=aomm
substruchure B ge03s ir\,:-
fssand subr 4 _ goflection {ym) on.a distance '
base plus of x mm from the lpcading centre
subgrade) due to a 50 kN load

Figure 1. Schematization of the Delft cemncrete
block pavements for the linear—elastic
multilayer calculations.

2.2 Traffic loading

For the analyzed pavements best possible estima-
tes of the cumulative historical traffic loading
n (the number of equivalent 80 kN standard axle
loads) were made on basis of mechanical and vi-
sual traffic countings, public bus time schedules
and bus axle loads (table !) The applled load
equivalency factor 1, is: = (L/80)", where

L = axle load (kN).

i péveggnt szﬁ3c22§§:se 1 traffic loading digizziizn deflections (um) FC%
. %DO- k a (m) n ].Og n { measurement do dgog d500 leDO 1 dl 500 dzogo M
> 1,40 942.100 | 5,97 T 661 | 337 193 103 68 51 468
M 701 | 382 213 99 63 45 488

1,20 113.145§ 5,05 T 653 | 365 178 101 71 52 475

M 709 1 361 | 191 115 81 59 518

1,03 1.130.020| 6,05 T 722 | 403 229 110 71 49 493

M 623 § 339 181 81 58 43 442

0,85 68.770 | 4,84 T 646 | 363 202 110 73 54 444
M 642 | 327 194 89 68 52 448

1,00 25.790 } 4,41 T 1387 | 602 342 177 127 96 1045

M 1243 | 599 340 203 123 98 903

> 1,40 25,790} 4,41 T 942 | 363 228 139 112 77 714
M- 1080 | 485 251 150 123 90 829

1,15 17.190 | 4,24 T 1404 | 712 403 185 140 103 1001

M 1433 | 666 395 207 146 114 1038

1,03 858.660 | 5,93 T 913 | 442 238 137 92 69 675

M 826 | 420 237 122 85 67 589

1,03 792.760} 5,90 T 910 | 391 221 123 81 63 689

M 927 | 407 240 119 86 67 687

0,90 66.830 ] 4,82 T 1413 ] 788 580 312 214 152 833
M 1542 | 854 553 322 229 151 989

> 1,40 66.830 | 4,82 T 946 | 464 231 131 95 73 715
M 758 1 390 213 118 | 89 66 545

1,10 386.8201 5,59 T 613 ] 346 213 122 88 65 400

. M 842 | 386 239 136 91 65 603
1,13 297,170 | 5,47 T 673 | 326 178 101 71 51 495

M 767 | 368 199 1G5 69 50 568

1,24 146.120 1 5,16 T 701 | 335 198 124 90 66 503

_ M 802 | 323 196 123 91 65 606

1,00 66.830 ] 4,82 T 893 | 448 280 180 130 100 613

M 1071 | 516 310 207 146 107 761

> 1,40 66.830 | 4,82 T 913 § 399 234 152 112 79 679
M 900 | 391 227 146 108 81 673

1,33 1.000] 3,00 T 876 | 479 282 175 118 82 594

M 853 | 461 270 156 117 87 583

curves of the Delft pavements.
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2.3 Test results

For each of the 17 pavements the mean deflection
curve as well as the surface curvature index SCI
(= d5 - dsgg) are given in table 1, both for the

inner wheeltrack (T) and for the middle between

the wheeltracks (M).

2.4 Processing and interpretation of the deflec-
tion data

For the statistical processing of the deflection
data the analyzed pavements are divided into 4
classes of sand subbase thickness (table 2).
Considering the number of pavements per class,
statistical relations will only be determined
for classes C and E.

By means of
between the
the surface
the traffic
termined.
The relation between the maximum deflection dp
(um) and the traffic loading n is (figure 2):

linear regression analysis relations
various deflections d_ respectively
curvature index SCI on one hand and
loading n on the other hand were de-

class C, T: dg=2726-3371logn r=-0,79 (la)
M: dg=2790-3441logn r=-0,92 (1b)
class E, T: dg=1851-1971ogn r=-0,96 (lc)
M: dg=1869-2021ogn r=-0,80 (1d)

For the relation between the surface curvature
jindex SCI (um) and the traffic loading n was
found (figure 3):

class C, T: SCI=1985- 247 logn r=-0,75 (2a)
M: SCI=2017-2491logn r=-0,91 (2b)
class E, T: SCI=1498-1711logn r=-0,97 (2c)
M: SCI=1549-183logn r=-0,81 (2d)

Both in class C and class E all deflections as
well as the surface curvature index decrease
with increasing traffic loading n.

At a limited number of load repetitions (e.g.
n=1000 2 logn=3) 2 larger sand subbase thick-
ness gives smaller deflections, but after many
load repetitions (n= 1000000 £ logn=56) the de-
flections are nearly independent of the sand
subbase thickness;. for the pavement structure
considered the load spreading reaches an optimum
value after n= 1000000,

In general the deflections in the inner wheel-
track (T) are something less than the deflecti-
ons in the indirectly loaded area between the
wheeltracks (M).

d N
{asen} 17007
] 16004 —— inner wheeltrack [T}
1500t ———=between wheeltracks (M)

T

60Q ' \

3 & 5 3
—log n

Figure 2. Relationship between the maximum de-
flection dg and the traffic lcading n
for the Delft pavements.
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Figure 3. Relationship between the surface curva
ture index SCI and the traffic loading

n for the Delft pavements.

The elastic modulus of the substructure Eg
(N/mm?) was calculated from the deflection (um)
measured at a distance of 2000 mm from the centr
of the loading plate (dpgpp) by means of the for
mula (5):

logEg = 3,869 - 1,009 logdagpo (3
For the determination of the elastic modulus of
the concrete block layer (E;) linear-elastic mul
tilayer calculations with the computer program
CIRCLY (6) were carried out for various combina-
tions of E; and Eg in the twolayer system, shown
in figure } (4). From the results of these calcu
lations a graph was developed, giving (for a con
crete block thickness of 80 mm) the elastic modu
lus E; as a functioh of the maximum deflection d

traffic loading 10.000 50,000 | 100.000 | 250.000 500,000
class | thickness n < 10.000 - - - - - > 1.000.000
sand subbase 50.000 | 100.000 | 250.000 § 500.000 | 1.000.000
h__ (m)
sa pavement no.
B 0,80 - 1,00 6, 11
c 1,00 - 1,20 7, 9 i6 13, 14 | 104, 108 5
D 1,20 = 1,40 19 2, 15
E > 1,40 8 12, 17 N\ i

Table 2. Divisien

of the Delft pavements into 4 classes of sand subbase thickness.
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“'and the surface curvature index SCI (figure 4).
y means of figure 4 also the elastic modulus of
he substructure Eg can be determined. However,
n this way a Ep-value is found that differs

rom equation 3. This illustrates that concrete
lock pavements, especially in their early life,
‘do not behave like linear-elastic multilayer
Frgystems. We will come back on this subject in

“ chapter 4.

2000
do E4:100
fam) 2500

2000

1500

1000
900
800
700

600

412025

V=035 4 [
hy =80 mm

500

s00) 2
20 300100500 600 700600 7 2007500

e SCTH{UM)

Figure 4. Graph for the determination of the
elastic moduli in a twolayer system
with hy = 80 mm.

From the deflections measured on the various
Delft pavements (table 1) the elastic moduli Ey
and Ep of the substructure respectively the con-
crete block layer were calculated by means of
equation 3 respectively figure 4.

By means of linear regression amalysis relations
between the elastic moduli Ey respectively E;
and the traffic loading n were determined.

‘For the relation between the elastic modulus of
the substructure Eg (N/mm?) and the traffic load-
ing n was found (figure 5):

- elass C, T: Eg=- 94,6+ 38,81l0gn r=0,87 (4a)
M: Eg=-131,2+46,01l0gn r=0,82 (4b)

. class E, T: Ep=- 37,3+ 30,1 logn r=0,89 (4c)
- M: Eg=-150,3+52,410gn r=0,98 (44d)

% The relation between the elastic modulus of the
“ concrete block layer E; (N/mm?) and the traffic
3 loading n is (figure 6):

s-elass €, T: Ep=-3529+ 1243 logn r=0,47 (5a)
O M: By =-2427+ 988 1logn r=0,68 (5b)
elass E, T: E)=-1719+ 9181logn r=0,72 (5¢)
; M: E; =-3235+ 1221 logn r=0,80 (5d4)

Tom the equations 4 and 5 and the figures 5 and
:6 it can be seen that the elastic moduli increase
with increasing number of load repetitioms. So
he structural behaviour of concrete block pave-
ents improves in time, in contrast to flexible
nd rigid pavements.

t a limited number of load repetitions (e.g.
1000 2 logn=3) a larger sand subbase thick-
8s yields a better structural behaviour, but
ter many load repetitions (n= 1000000 £ logn

) the structural behaviour is nearly indepen-
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Figure 5. Relationship between the elastic modu-
lus of the substructure Eg and the
traffic loading n for the Delft pave-

ments.
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Figure 6. Relationship between the elastic modu-
lus of the concrete block layer E; and
the traffic loading n for the Delft
pavements.

dent of the sand subbase thickness: the load
spreading has reached an optimum value.

In general the structural behaviour in the wheel-
track (T) is a little bit better than in the in-
directly loaded area between the wheeltracks (M).

With regard to the interaction between the con-
crete block layer and the substructure the fol-
lowing relations between E; and E; (N/mm?) were

' found (figure 7):

class C, T: E;1 =25Eg+ 296 - r=0,43 (6a)
M: E)=21Eg+ 490 r=0,80 (6b)
class E, T: E}=36Eg-1173 r=0,95 (6¢)
M: Ey =26Eg- 10 r=0,90 (6d)

From equation & and figure 7 it can be seen that
for the Delft pavements the load spreading in
the concrete block layer increases with increa-
sing stiffness (support) of the substructure.
This subject is further dealt with in chapter 3.

3. ANALYSIS OF CONCRETE BLOCK PAVEMENTS BY MEANS
OF THE FINITE ELEMENT METHOD

Some of the Delft pavements and a number of other
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Figure 7. Relationship between the elastic modu-
' 1i of the concrete block layer E; and
the substructure Eg for the Delft pa-

vements.

concrete block pavements have been analyzed by
means of a finite element program. In this case
the ICES STRUDL program was selected since re-
cently a special element type, called RIGID BODY,
has come available that could be used for a pro-
per schematisation of the concrete blocks (7).

3.1 Characteristics of the analyzed pavements

. By means of ICES STRUDL calculations the follo-
wing concrete biock pavements were analyzed (8):
- ECT container terminal in Rotterdam (9); the

pavement consists of 120 mm thick rectangular
concrete biocks, 50 mm gravel 0/8 mm, 330 mm
sandcement base and 1 to 2 m sand subbase on a
clay subgrade

- Truck Centre (TC) in Rotterdam; the pavement
consists of 90 mm thick rectangular concrete
blocks, 50 mm bedding sand, 300 mm unbound base
and 1 to 2 m sand subbase on a clay subgrade

- some characteristic Delft pavements (4): mo.
2, 7, 10 and 19 (table 1) -

- two prototype pavements (PP), consisting of 80
respectively 120 mm thick rectangular concrete
blocks on a sand subgrade (2,3); the pavements
were subjected to repeated plate loadings.

3.2 Modelling of the concrete block pavements

In principle the design problem is threedimensi-
onal (figure 8a). However, because of axisymme=-
try the threedimensional problem reduces to a
twodimensional case, similar to a plame strain
problem {figure 8b); tangential displacements
(i.e. in the circumferential direction) do not
exist, and stresses and strains do not vary in
the circumferential direction. For reasons of
symmetry the model of figure 8b is reduced fur-
ther to the model of figure 8c (8).

The thickness of the model is set at 1 mm. The
indeformable basis is taken at a depth of 5,56
m; initial CIRCLY calculations made clear that
at this depth the stresses due to a falling
weight loading are neglectable. Because the ver-—
tical forces and horizomtal displacements are
neglectable at the edge of the model, that is 3,2
m from the loading centre, the right hand side

edge is laid on rollers incapable of transmitting
vertical forces. The deflection measurements on
the various concrete block pavements indicated
that the shape of the deflection bowl was very
much alike the deflection curve of a pure shear
layer pavement; assuming the concrete block layer
behaves like a pure shear layer implicates that
a0 horizontal forces are transmitted in the joints
and that no rotation of the blocks occurs.

/

32m /
I A
J concrete block layer
bedding - sand layer
1 base
! b [€3,¥3.h3)
! - 556
: m sand substructure
i subbuse
H plus
!I subgrade
| o pl (B!
| ¥4
1

Figure 8. Modelling of concrete block pavements
for calculations with the finite ele-
ment program LCES STRUDL.

The concrete block layer is schematized by a num-
ber of rigid bodies, that represent the concrete
blocks, joined together by means of vertical 1i-
near springs, that represent the shear resistance
of the joints. The spring stiffness k (N/mm) of
the joints is:

G.hl.l G.h1

k=—3""5% ' 7

shear modulus of the joints (N/mm?)
concrete block thickness (mm)
joint width (mm)

where: G
by
v

]

I

The bedding sand layer is represented by vertical
linear springs. The spring stiffness k' (N/mm) is:

c.b.1 _ E;E
2 2

k' = (8)
where: ¢ = bedding constant (N/mn?)
b = concrete block length or width (mm) ,
considering herringbone bond

Figure 9 shows the modelling of the concrete
block layer and the bedding sand layer.

= 100, .1 201 1 1 200
b= 50 00 0 00 100 0 -

112 Fx 105N
crefe block’ |
"II o | Ly rr::?inrg Stifngss hodahilzy
bt 1 it [ bedding sand layer
i H spring sliffness a=cbAg
. jsubstructure

Figure 9. Modelling of concrete block layer and
bedding sand layer for ICES STRUDL cal-
culations.

The layers beneath the bedding sand layer are
supposed to be homogeneous, isotropic and linear-
elastic. They are characterized by their elastic
modulus E and Poisson’s ratic v.

The elaétic modulus of the sand subbase plus the
subgrade Ey is calculated by means of equation 3.
Poisson's ratio vg is set at 0,35.




n order to be able to analyse from the deflec—
-ion curve the structural properties of the con-
crete block layer of a multilayered pavement with
a'bound base, like the ome applied at the ECT
container terminal, the elastic modulus of the
pase need to be known. Therefore a method to as-—
gsess the base modulus was derived from extensive
CIRCLY calculations and by using Odemark's equi-
valency theory (9). The elastic¢ modulus of the
sandcement base Ej (N/mmz) is calculated from:

. he'— h: 3
By = 100. (553 (%)
dsgp ~d1500
yhere: he = 1,919 - 2,458.10g (-—-—"56-““_) (10)
- dg - dz200
ht = 0,4876 — 0,3747.10g ¢ y (1)

e 50

he = equivalent layer thickness (m) of
concrete block layer plus bedding
sand layer plus bound base
E, LE E
. 371 372 373
(h =hyV=+hp?V ==+ h V=)
e Eq EG 3 EO
hz = equivalent layer thickness (m) of
concrete block layer plus bedding
sand layer
E E
* o Yl ¥ 2
(h,=h, E0+h2/E0)
d . = deflection (um) on a distance of X

mm from the loading centre

Poisson's ratio v, of the sandcement base is set
at 0,2.

The eltastic modulus E (N/mm?) of the unbound
base of the Truck Centre (TC) pavement is calcu-
lated by means of the following empirical equa-
tion (10):

0,45

with l==0,206.h3 (21 &) (12)

By = L

ﬁwhere: hy = thickness unbound base (mm)

of the unbound base is set at

‘“Poisson's ratio vy
20,35,

‘5.3 Results of the calculations

Byimeans of the finite element representation an
‘excellent correspondence between the calculated

.and measured deflection curves was obtained (8).
In figure 10 this is illustrated for ome of the

Delft pavements and for one deflection measure—

ment on the ECT container terminal.

The measured deflections as well as the calcula-
ed elastic moduli of the sand subbase plus the
ubgrade (E;) and the base (Ej) of the various
.analyzed pavements are summarized in table 3.
urthermore the values of the bedding constant ¢
nd the joint stiffness k, calculated with ICES
TRUDL by means of trial and error, are given.

e pavements of ECT (sandcement base) and Truck
lentre (unbound base) as well as the Delft pave-
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i
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l 1200+ 4
dx 4
tum 1500

Figure 10. Two examples of measured and ICES
STRUDL calculated deflection curves.

ments (without a base) had been subjected to ve-
hicular traffic, however the prototype pavements
(without a base) were subjected to repeated plate
loadings. Comparison of the various c— and k-
values leads to the conclusion that ¢ and k are
dependent of both the substructure of the pave—
ment and the traffic loading (see further secti-
ons 3.4 and 3.5). ‘

On basis of the calculated c- and k-values gene-—
ral relations between the bedding constant ¢
(N/mm3) respectively the joint stiffmess k (N fmm )
and the surface curvature index SCI (um) have
been derived (8) (the various k~values are compa-—
rable because,—és is known from construction
practice, the quotient h;/v in equation 7 is
nearly constant). These relations are (figures 11
and 12):

‘ SCI

c = > (13
(38,084881~0,147263.(SCI-200))

K = SCI . (14)
(1,932189-*0,005022.(801-—200))

The relation between k and c is:

_ 3 d(c)
k = (45)" -greery (15)
3.4 Relationship between the bedding constant c

respectively the joint stiffness k and the
equivalent elastic modulus of the substruc-
ture Eeq

For the pavements mentioned in table 3 the equi-
valent elastic modulus of the substructure Ee
was calculated from the elastie modulus (ES) q
and the thickness (h3) of the base and the elas—
tic modulus of the sand subbase plus subgrade

" (Eg) using Tvanov's equivalency theory (11). For
the pavements without a base holds: E,, = E,-
The general relations between the bedding con-—
stant ¢ (N/mm3) respectively the joint stiffness
k (N/mm) and the equivalent elastic modulus of
the substructure Egq (¥/mm2) are (figures 13 and
14):



elastic |bedding joint
avement deflections (um) SCI moduli constant | stiffness k
P (um) | (N/mm?) c k c
dg | d200 | d300 | 4500 | 41000 | d1500 |d2000 Eo | Es. | (N/mm®) (N/mm)
ECT -
section I, M 521 | 419 - 229 131 90 69 292 1103 265 0,12 24 200
section I, T 500 | 388 - 203 121 83 68 297 § 105 690 0,12 24 200
section VI 371 | 216 - 141 72 44 33 2301217 | 2085 0,12 24 200
section VII 330 | 234 - 155 103 70 55 1751 130 | 2550 0,17 34 200
measurement 63 482 § 315 - 145 73 46 33 337 § 217 | 2020 0,09 18 200
¢
site 759 | 546 396 255 123 - 62 504 1115 310 0,06 ]2\\\ 200
exit, M 452 | 342 208 140 83 - 31 312 § 231 620 0,095 19 200
exit, T 609 | 413 297 209 118 - 59 400 | 121 325 0,09 17 190
Delft ..
no. 2, T/M 681 - 363 185 108 76 55 496 1 130 - 0,085 1i 130
no. 7, T/M 1315 - 601 341 190 125 97 974 73 - 0,04 6 150
no. 10A+B, T/M 894 - 415 234 125 86 67 660 | 106 - 0,06 8 135
no. 19, T 876 - 479 282 175 118 82 594 87 - 0,06 12 200
PP
80 mm c.b. 1755 - 423 221 95 67 52 1534 § 137 - 0,028 3 107
J120 mm c.b. 1676 - 432 251 95 63 49 1425 F 146 - 0,028 2,5 90
Table 3. Review of the pavements analyzed with TCES STRUDL: measured deflections and calculated elastic
moduli of the sand subbase plus the subgrade (Eg) and the base (E3), bedding constant (c¢) and
joint stiffness (k). ’
0,18 ¢ 018
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Figure 11. Mastercurve for the relationship be- ¢ 0 200 300 .00 5005L7.600 700 800  §00
tween the bedding constant c and the = Eeq (¥/on?)
surface curvature index SCI. Figure 13. Mastercurve for the relatiomship be-

k. 35 3
(Nlmm) 30 . » £CT
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 Delft
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Figure 12. Mastercurve for the relationship be-

tween the joint stiffness k and the
surface curvature index SCI.

2,9 ~0,0053.Eeq
¢ = 0,0444 + 0,000000019.E_ e (16)
r=0,76
2.8 ~—0,0051.E
k=5,8523+0,000007668.E_’ " .e ’ B an
r=0,81
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tween the bedding constant ¢ and the
equivalent elastic modulus of the sub-
structure E_ .

eq

k 35 E:
(NImm)30
2 e o
I 25 :
20 i
1 x
15} ! x ECT
1 °TC
10 ! o Delft
s ; 1
" : : s PP
) ! - . ,
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Figure 14. Mastercurve Por the relationship be-

tween the joint stiffness k and the
equivalent elastic modulus of the sub-
structure Ee .

The shape of these relations can be explained as
follows:

In case of a low E_ -value the directly loaded
blocks are punched * to a certain amount into the
weak substructure, so the load transfer to



adjacent blocks is limited. In case of a very
large E, -value under loading the total displace-
ments, and by that also the relative displace-
ments of the blocks, are limited, so between the
blocks hardly any shear forces can develop; for
the main part the load is carried by the very
stiff substructure.
The bedding constant ¢ and the joint stiffness k
have their maximum value at an equivalent elastic
modulus of the substructure Ee = 550 N/mmz. This
means: 4
- strengthening of the substructure in case of
Egq < 550 N/mm? (e.g. an unbound base on a sand
subbase) yields an extra strengthening of the
pavement due to an increasing load spreading
in the concrete block layer and in the bedding
sand layer
-~ strengthening of the substructure in case of
E,, > 550 N/mm? is partly reduced due to a de-
crgasing load spreading in the conecrete block
layer and in the bedding sand layer.

3.5 Relationship between the bedding constant c
respectively the joint stiffness k, the equi-
valent elastic modulus of the substructure
Eaq and the traffic loading n for the Delft
paﬂements

By means of the equations 2, 13 and 14 relations
between the bedding comstant c (N/mm?) respecti-
vely the joint stiffmess k (N/mm) and the traffic
loading n can be determined for the Delft pave-
ments. These relations are (figures 15 and 16):

x-vylogn

¢ = (18)
(38,08488 + 0,147263. (x - 200 - y log n))?
Kk = x=-ylogn (19)
(1,932189 + 0,005022. (x - 200 - y Tog n))3
where: class C, T: x= 1985 v= 247
M: x=2017 y=249
class E, T: x=1498 y=17]
M: x=1549 y=183

Figure 15 shows, like figure 6, that the load
spreading in the concrete block layer increases
with increasing traffic loading.

Fipally the fipures 17 and 18, that were composed
from the equatioms 4, 18 and 19, show that for
the inner wheeltrack of the Delft pavements both
the equivalent elastic modulus of the substruc-—
ture E,, (= Eg) and the bedding constant ¢ and
the joint stiffness k increase with increasing
traffic loading n.

4. COMPARISON OF LINEAR-ELASTIC MULTILAYER THEO-
RY AND FINITE ELEMENT METHOD FOR THE DELFT
PAVEMENTS

In this chapter for the Delft
rigson is made between the two
considered in this paper. The
done for the inner wheeltrack
falling weight load.

pavements a compa—
evaluation methods
comparison 1s only
(T) and for a 50 kN

In behalf of the comparison complementary calcu-
lations were carried out both with the linear-

elastic multilayer program CIRCLY and with the
finite element program ICES STRUDL. Considering

93

¢ 003
¥/mm3)
0.0&-‘ inner wheettrack (T} -
i 007} == — between wheeitracks (M}

0,06
0,05
004
003

—— iog n
Figure 15. Relationship between the bedding
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The effect of the traffic loading n
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structure Fo, (= Ep) for the Delft
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the Delft subgrade (clay, CBR~value 2 to 4%) the
minimum elastic modulus of the substructure Eg
was set at Eg pjn = 40 N/mm?; the calculations
were made for Eg-values ranging from 40 through
140 N/mm? (figure 5). In the CIRCLY calculationms
the elastic modulus of the concrete block layer
Ey, that goes with Epj, is determined by means of
equation 5a or 5¢ (figure 6). In the STRUDL cal-
culations the bedding constant c and the joint
stiffness k, that go with Eg, are determined by
means of equation 18 respectively 19 (figure 15
respectively 16).

Table 4 shows the calculated combinatioms of Eg
and E; (CIRCLY) respectively Egp, ¢ and k {STRUDL)
at the associated traffic leading n.

To illustrate the comparison some calculated de-
flection curves are shown in figure 19. From fi-
gure 19 one can observe that the very characte-—
ristic peaked deflection curve of concrete block
pavements cannot be simulated well by means of
the linear-elastic multilayer theory.

— distante from loading tentre (mm)

0 300 500 1000 1500 2000

400

n%370
CIRCLY : €= 40 N/mm?

Eq =639 N/mm?
STRUDL: Eg =40 Nfmm?Z

¢ =0,039 N/mm?
k =4,35 N/mm

800

12007 —— CIRCLY

—— STRUDL n = 78287

CIRCLY : Ey =110 N/mm?
/ Eq =2773 Nimn?
/ STRUDL: Eg =110 N/ mm?

) ¢ =0,059 N/mm3

2400 I k =862 N/mm

dy /'
we) g0l

1600

20004

Figure 19. Some calculated deflection curves for
the Delft pavements (class E).

On basis of the CIRCLY and STRUDL calculations a
number of relations between the deflection d (um)
on a certain horizontal distance (mm) from the

load centre or on a certain depth z (mm) below
the load centre and the traffic loading n were
determined. These relations are:

class C, T

CIRCLY

sCI =373+ 49085.¢” "°8™ 121,00 (20a)
dg =548+ 66403.e” °BT 11,00 (20b)
dpego-dye1180 = 435+ 53800.¢” T°8 Ty =1 00 (20¢)
d,-1180 =109+ 11477.e" 1PB™ o1 00 (20d)
STRUDL

sc1 =442+ 23212, YOBT L0 .97 (21a)
dg =620+ 35937.¢7 1980 1 _0. 98 (21b)
dyego-d, 1180 =527+ 26372.¢ 18T r=0,97 (21c)
dy=1180 = 93+ 9565.¢7 98T 1=y 00 (214)
class E, T

CIRCLY

scI =492+ 20761.e OB 11,00 (22a)
do =707+ 27477.e" 198 o100 (22b)
dpego-dym1580 = 609 + 23571.e” 1°8 T  r =1 00 (22¢)
d,o1580 =103+ 3420.e"’1°§;}/ r=1,00 (22d)
STRUDL

SCI =491+ 7988.¢  1°8T 1.0 95 (23a)
dp =697+ 12909.¢" OB ™ 120,97 (23b)
d,_50-dp=1580 = 602+ 9819.e” "°8™ r=0,96 (23c)
d,21580 = 95+ 3090.e °B® ;o100 (23d)

The quotients f of the STRUDL calculated deflec-
tions and the CIRCLY calculated deflections are:

class C class E

n Eg E; c k n Eg E c k
(W/mm?) | (W/mm?) | (N/mmd) | (N/mm) (Nmm?) | (Wmw?) | (Wme®) § (/)
< 2945 40 783 0,037 3,94 < 370 40 | 639 0,039 4,35
5331 50 1103 0,039 4,31 795 50 944 0,041 4,73
9650 60 1424 0,041 4,74 1708 60 1248 0,043 5,17
17469 70 1744 0,044 5,24 3671 70 1553 0,046 5,68
31623 80 2065 0,046 5,82 7889 80 1858 0,048 6,25
57244 90 2385 0,050 6,50 16953 90 2163 0,051 6,92
103625 100 2705 0,053 7,30 36430 100 2468 0,055 7,71
187584 110 3026 0,057 8,26 78287 110 2773 0,059 8,62
339569 120 3346 0,062 9,42 168234 120 3078 0,063 9,71
614695 130 3666 0,068 10,82 361526 130 3383 0,069 11,01
1112735 140 3987 0,075 12,55 776901 140 3688 0,075 12,57

Table 4, Combinations of elastic moduli Ep and Ej, bedding constant ¢ and joint stiffness k for the
Delft pavements in behalf of CIRCLY and STRUDL calculatioms.
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- eglass C, T
SCI: £=0,892-0,111.(logn-5,2)2
r=-1,00 (24a)

dg: £=0,902~0;09.(logn~5,2)2
r=-1,00 (24b)

dy-80-dz=1180% £=0,929-0,114.(logn ~5,2)?
r=-1,00 (24c)

ds=1180° £=0,849-0,011.(logn-4,65)2
r=-0,96 (24d)

class E, T
SCI: f=0,839~-0,058.(logn~5,0)2
r=-1,00 (25a)

dp: f=0,864-0,050.(logn-5,0)2
r=-1,00 (25b)

dy—gp-dy=1580: £=0,855-0,056.(logn-5,0)2
r=-1,00 (25c)

dy=1580° £=0,926-0,008.(logn-4,15)2
r=-0,99  (25d)

From the equations 20 through 25 one can observe
that in case of n < 10% the CIRCLY calculated de-
flections are always larger than the STRUDL cal-
‘culated deflections. The biggest differences oc-
cur at points on a horizontal and/or vertical
distance of less than ! m from the load centre at
a limited number of load repetitions n (see also
figure 19).

In chapter 3 it is sheown that there 1s an excel-
lent correspondence between measured and STRUDL
calculated deflection curves. However, the cor-
rection factors f (equations 24 and 25) enable

to use linear-elastic multilayer calculations in
a justified manner. These linear-elastic multi-
layer models are, in contrast with finite element
programs like ICES STRUDL, rather cheap in use
and general available by tables and graphs (Bur-
mister, Jones etc.) and computer programs like
CIRCLY (6) and BISAR (12).

5. CALCULATION OF RUTTING ON THE DELFT PAVEMENTS

Rutting is the most important defect that can be
observed on concrete block pavements. On basis of
rut depth measurements on the Delft pavements no
rutting models could be developed, because on
most pavements the concrete blocks were relaid in
the past (4). Therefore the progress of rutting
on the Delft pavements will be calculated by
means of permanent deformation models.

5.1 Permanent deformation models for concrete
block pavements

The rut depth calculations will be based on the
Permanent deformation models developed by the
Belgian Road Research Laboratory for use im the
design of flexible pavements (13,14). However,
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concrete block pavements show an increasing load
spreading with increasing number of load repeti-
tions n, and for this reason the permanent de-
formation models have to be modified in the fol-
lowing sense (figure 20):

d(Ahp) dfs
_—dn = fl .—-——dn (26)

where: Ahp = permanent deformation in a layer of
unbound material

f1 = elastic compression of the layer
due to a standard axle load
f» = permanent deformation relation

0 ng —_—

Figure 20. Schematical representation of perma-
nent deformation functiomns.

The relation f, is (13,14):

granular material: £, = a.n® (27a)

" cohesive material: fo = a+b.logn (27b)

For concrete block pavements was found (figure
20) a minimum Eg~value, so maximum deflections
dpaxs in case of n € n; and an increasing Ep—
value, so decreasing deflections (equations 21
and 23), in case of n > nj. Therefore the func-
tion fj is:

n<$mny: £ =dp, = constant (28a)

—-logn

n > ny: f3 = p+q.e (28b)

The permanent deformation in a layer of unbound
material in a concrete block pavement is obtain-

ed by combining the equations 26, 27 and 28:

granular material

- b-1 b
n<gmny: Ahp= édmax.a.b.n .dn = dmax.a.n (29a)
o1 b-1
n>ny: Ah_=fd .a.b.n .dn+
P p max

n
+ﬂ2(p4-q.e 1Ogn).a.b.nb 1.dn=

b b b
=dmax.a.n1-+a.p.(n -nyj)+

a.b.q

b-0,4343 _ b-0,4343
b-0,4343 " 1

)

(n

(29b)



cohesive material

n
b 1 _
n<mnp: Ahp—'gdmax'ln TR dn~dmax.(a+blogn)
(30a)
n>n Ah ==?% b L dn +
1 p max” 1n 10" n
n
- logn b 1 .
L pra.e R e R
n
—dmax.(a+b logny) +b.p.loga -
_b.q.(nf0,4343__n;0,43&3) (30b)

5.2 Rut depth calculations for the Delft pave-
ments

In the calculation of the progress of rutting on

the Delft pavements by means of the equations 29

and 30 three assumptions were made:

1. permanent deformation coefficients (13,14):
sand subbase: a=2 b=0,3 -
clay subgrade: a=1 b=10,7

2. chanellized traffic

3. the 80 kN standard axle loads have single
wheels, load 40 kN (= 0,8 times the falling
weight load) and diameter contact area 300 mm
(= diameter falling weight loading plate), so
the contact pressure is 0,8x 0,707 = 0,566
N/mm?; this assumption means that the deflec~
tions according to the equations 21 and 23
have to be multiplied by 0,8.

With these assumptions for the Delft pavements
the permanent deformation in the sand subbase

(&h ) and in the clay subgrade (Ah ) were
calfafiteq by means of equation 29 respectlvely
30 (tables 5 and 6). The permanent deformation in
the subgrade is very small compared with the per-—
manent deformation in the sand subbase.

The rut depth RD is:

RD = Ah (31)

+ Ah
p,sa P,su

The progress of the rut depth as a function of
the traffic loading n is shown in figure 21.
By means of linear regression analysis for the
rut depth RD (mm) equations alike

(32)

90
™) ¢
70

40
301
20
10

ot 2 3 4 5 6 7 8 9 _10
——s n {x10%
Figure 21. Calculated rut depth on ézé Delft pa-
vements as a function of the number of
equivalent 80 kN standard axle loads
{single wheels).

sand subbase (h ca = 1,1 m) clay subgrade
a= 2 a =1
= 0,3 b=20,7

dma = 0,8. (dz_gg—dz=1180)max = 1015 um dpax = 0,8. (dz=1180)max = 316 um

p = 0,8.527 = 422 um p = 0,8.93 = 74 um

qg = 0,8.26372 = 21098 um qg = 0,8.9565 = 7652 um

n) = 2945 n; = 2945

%Eg) o 100 200 500 1000 2000 5000 | 10000 | 20000 | 50000 | 1060000 200000 500000 [1000000
B 8,08 | 9,95 13,10 | 16,12 [19,85 | 26,10 | 31,28 36,81 |44,90|51,87 | 59,83 | 72,34 | 83,78
Ahg’su 0,76 | 0,82 0,91 | 0,98 | 1,05 13 J18 | 1,22 | 1,27 1,29 | 1,32 1,35 1,37
RD (mm) 8,84 | 10,77 | 14,01 | 17,10 |20,90 |27,23 | 32,46 | 38,03 [46,17]53,16 [ 61,15 {73,69 | 85,15
Table 5. Rut depth calculation for the Delft pavements, class G (sand spbbase thickness 1,1 m).

sand subbase (h = 1,5 m clay subgrade

a=2 a = |

b =0,3 b= 0,7 :

dpax = 0,8.(d2=30 —d2=1580)max = 1012 ym dmax = 0,8. (d2"1580}max = 262 um

p = 0,8.602 = 482 um p=0,8.95=76 um

q = 0,8.9819 = 7855 um g = 0,8.3090 = 2472 um

ny = 370 n, = 370

%;%) n 100 200 500 1000 2000 5000 | 10000 {20000 | 50000 100000 {200000 500000 | 1000000
Ah sa 8,06 9,92 113,10 15,89 18,89 |23,34 | 27,20 |31,64 |38,66 45,12 {52,833 165,49 77,44
Ahg’su 0,63 0,68 0,76 0,80 0,84 0,88 0,91 0,93 0,961 0,98 1,00 1,03 1,04
RD (um) 8,60 |10,60 113,86 | 16,69 |19,73 | 24,22 | 28,11 | 32,57 | 39,62 |46,10 | 53,83 [66,52 | 78,48

Table 6. Rut depth calculation for the Delft pavements, class E (sand subbase thickness 1,5 m).
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were determined. The result of this analysis was:

3,10.n0:246

it

class C: RD (32a)

class E: RD = 3,21.n0,233 (32b)
6. DESIGN CHARTS FOR CONCRETE BLOCK PAVEMENTS

WITH A SAND SUBBASE

In a similar way as described in section 5.2 a
number of rut depth calculations was carried out
for an initial Ep-value ranging from 40 through
140 N/mm?. At Eg=40 N/mm? the subgrade was sup-
posed to be a cohesive material (tables 5 and 6),
at Eg= 140 N/mm? the subgrade was supposed to be
a granular material (sand); at intermediate Ej-
values a gradual interpolation between a cohesive
and a granular material was applied.

On basis of these rut depth calculations design
charts for concrete block pavements, consisting
of 80 mm thick rectangular concrete blocks in
herringbone bond and a sand subbase, were deve-
loped (figure 22); these design charts cover most
Dutch subgrade conditions. With the design charts
the pavement life, in case of an acceptable rut
depth of 15, 25 or 35 mm, can be determined as a
function of the initial elastic modulus of the
substructure Ej, the thickness of the sand sub-
base and the number of equivalent 80 kN standard
axle loads per lane per day.

From the analysis of the Delft pavements only
degign curves for sand subbase thicknesses of

1,5 and 1,1 m could be derived. Based on a limi-
ted number of STRUDL calculations tentative de-
sign curves for a sand subbase thickness of 0,7
‘m are presented too.

7. CONCLUSIONS

Based on the results of the analysis of a number
of concrete block pavements as presented here,
the following main conclusions can be drawn:

1. Falling weight deflection measurements carried
out in the city of Delft on 17 in service con-
crete block pavements, consisting of 80 mm
thick rectangular concrete blocks in herring-
bone bond and a sand subbase, showed a de-
crease of all deflections as well as the sur-
face curvature index with increasing number
of load repetitions.

2, By means of the finite element method, in
which the concrete blocks are represented as
indeformable rigid bodies, an excellent cor-—
respondence between calculated and measured
deflection curves is obtained. The deflec-
tion curves calculated by means of the linear-
elastic multilayer theory are different from
the measured deflection curves, especially in
case of a limited number of load repetitions.

3. The elastic modulus of the substructure (sand
subbase plus subgrade), the bedding constant
and the joint stiffness all increase with in-
creasing traffic loading, resulting in a sub-
stantial progressive stiffening of the total
concrete block pavement.

4. It has been possible to incorporate this pro-
gressive stiffening in rut depth calculations,
therefore it is believed that for Dutch con-
ditions realistic design charts were developed
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for concrete block pavements, consisting of
80 mm thick rectangular concrete blocks in
herringbone bond and a sand subbase.

5. Good relations exist between the bedding con-
stant respectively the joint stiffness on one
hand and the surface curvature index on the
other hand; these relations also cover con-
crete block pavements having a bound or un-
bound base.

6. Both the bedding constant and the joint stiff-
ness reach their maximum value at an equiva-
lent elastic modulus of the substructure (base
plus sand subbase plus subgrade) of 550 N/mm?.
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