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Note: The following is the notation used in this paper: (. ) for decimals and ( ) for thousands.
Summary

A computational model for the analysis of segmented block pavements is prasethiedoaper.

The model is based on the method of finite displacements elemEnitseedimensional Cosserat
theory is applied to capture the displacements and the rotations of the single blocks within the finite
elements.Constitutive relationshipsr@introduced to account for the elastic and plastic behavior of
the jointfilling material. The model can be adjusted to a wide range of laying patterns and block
shapes.The paper contains all relevant algorithms in matrix notatiime matrices areofmulated

in a way that a direct implementation into a displacement baseddimeasional finite element

code is possible.The application of the model is presented by means of numerical simulations.
The model is verified using large scale testingltesu

1. INTRODUCTION

Segmented block pavements are often used as surface sealing for container yards, industry areas,
aprons of airports, city roads etcThe extensive use of these pavements (especially in heavily
loaded areas) requires efficient and acaueatalysis and design methodé/hile substantial @

vances in the design of segmented block pavements have been made during recEshyelaek

2009, the analysis techniques used for these pavements still leave space for further improvement.
The methds that are currently applied for this purpose are generally founded upon approximate
techniques using the multilayer theory as analytical badie multilayer theory is based on dff

rential formulations of layered homogeneous contindawever, the perequisites associated with

the use of the multi layer theory are often in conflict with the discontinuous structurgnodreed

block pavementsConsequently, the results that are determined with the-fayéir theory may be
differentfrom the actuaktructural behavior of these pavements.

First attempts to overcome these deficiencies have been undertaken by [Oeser et al, 2007] where
segmented block pavements are modeled using one or more finite elements for eaci hieck.
approach allows for a werdetailed description of the interaction of the single blocks and can be
used as a numerical tool to optimize block shapes and laying patterns in terms of their resistance
against elastic and plastic deformations étcthe model proposed by [Oeser Et2007] the blocks

are treated as rigid bodies and only the joints can undergo deformaifibesefore it was possible

to describe the displacements of the block surfaces by only 6 structural parameters per dock (3 d
formations and 3 rotations)The malel was implemented into a software package and ready for
application. Despite the relatively efficient way of modeling the displacements of the single blocks,
the analysis of entire pavements remained unfeasible for the daily engineering practicéodue to
high computational time demand
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In contrast to the model proposed in [Oeser et al, 2007], the model presented in this paper captures
the deformation behavior of entire domains of segmented block layers with finite displacement
elements. Thereby, eacliinite element comprises a certain number of blockke displacements

of the blocks (within the elements) are modeled by means of deformation shape functions as well as
by an additionally introduced structural parameter, the so called Cosserat rdtagoactions of

the single blocks as well as inexcking effects are accounted for using special interé&dements
between the surfaces of adjacent blocks. Interactions between segmented block layers and underl
ing base and/or stase layers are takamto consideration by means of coupling elementbe
deformation behavior of the joint filling material as well as the behavior of the base abdsaib
materials is captured using elagt@astic constitutive models

2. SEGMENTED BLOCK LAYE R

Figure 1 shows layered pavement structure that consists of a surface layer formed by segmented
concrete blocks, a bedding layer, an unbound granular layer and the sublfnadgiired a frost
protection layer may also be added between the unbound granular laybe autbgrade. The su

face layer is modeled by twdimensional discontinuous finite elements that are represented by the
bold dotted lines in Figure 1Each of these elements comprises a certain number of bldcles.
elements are located in the middle @aof the surface layer. This plane is generallyrreteto as

the reference plane.

Segmented block layer Reference plane

Bedding layer Location of finite element 1
Cement stabilized granular layer

Frost protection layer (if applicable)
Subgrade

Figure 1: Segmented block pavemerit FE mesh of the surface layer.

The left and the right side of Figure 2 present the discontinuous finite element used in tHeftower
corner of the pavement, see element 1 in Figuréhls element comprises 12 blocks.
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Figure 2: Two-dimensional discontinuous finite element.

2.1 Centroidal displacements of the blocks

Using the concept of finite elements it is assumed thahéifposition of a block in an element is
known) the displacements of the block can be calculated from the displacements and rotations of
the element nodesThe displacements and rotations of the element nodes are denot¢chpand

ds (m) with k=1,2,3,8=1,3 and m=1,2,3,4, see Figure 2, left side. The calculation of the bleck di
placements may heerformed with equation (1).

n n
uP = ue P =D Ny PPy )= NPy (@)

m=1 m=1

In equation (1) the variable® represents the displacements of teatmid of block (p) in ¥
direction. x® and %® are the coordinates of the centroid of block (p) in the reference plane of the
element. N( X2, x.®) = N, are the shape functions of the element, see [B2B@2]. The

shape functions for thenode element displayed in Figure 2 are given in Equationd)(Zahe \a-

riable n in Equation (1) represents the number of nodes. Hence, n equaln@déelements are

used for the analysis. Higher order elements, suchraxl® elements with 4 cornandes and 4

edge nodes as well as-hade elements with 4 corner and 8 edge nodes may also be used for the
analysis. The advantage in using elements of higher order lies in a higher accuracy of the analysis
results. However, using higher order elememislds higher computational effort and causesrman i
crease in cmputational time need.

Nl(xl,x2)=(1+ 2~%J~(1+ 2-%)% (2a)

Nz(xl,xz)z(l— 2%)(& z%j-% (2b)



9th. International Conference on Concrete Block Paving Buenos Aires, Argentina, 2009/10/1-21
Argentinean Concrete Block Association (AABH) Argentinean Portland Cement Institute (ICPA)
Small Element Paving Technologists (SEPT)

N3(x1,x2):(1— 2-%)(1— z%)% 2¢)
N4(x1,x2)=(1+ 2%)(1— 2-%)% (2d)

Centroidal rotations of the blocks

2.2
The r o t{Phof theccanwoidsi about the-&xis (with&=1,3) may be determined with Equation
( 3) whyenyrepresentdithe rotations of the element nodes.

n n
o =0, EPEP =D Ny ePeP o, m)=D NP-g,(m) (@)
m=1 m=1

The r otPdf theobipsks about theyaxis mustoe determined from the first derivatives of
thepfhaned di s &rer O sThis required to avoid kative displae-
ments between adjacent blocks due to rigid body rotations of the elemef€esedaza et al
1999.

@ _ o ouf
(p =
OX3  OXq

(4)

However, research has shown, that Equation (4) restricts the movement of the blocks within an

element to an extent where the results obtained with the computational model significantly deviate

from the observations made in expenms sedCerrolaza et al 1999 This problem may be ove

come by introducing an additional structural parameter that is a rotation abogtatkis,see k-

ure 3. This additional parameter is called Cosseotation. T h e -piliame 0 r ot aksison o
now determined with Equation (5).

ouP au) &
P, P =TT D NP (6)
1 m=1

? OX3 -
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Figure 3: Two-dimensional discontinuous finite element with Cosserat rotations

Equation (5) still fulfills the rigid body rotation criteria mentioned above and enhancesftmeadt
tion approximation used in the finite element to better model the actual deformation behavior of
segmented block layers.

2.3 Displacements of the block surfaces

Knowing the displacements and rotations of the centroids of the single blocks the disptaagme
the block surfaces can be determin&berefore it is assumed that the blocks themselves do not
change their geometry, i.e., the blocks behave like rigid bodiegs assumption implies thatd
formations in concrete block layers are only causedhanges in the geometry of the joints-b
tween the blocks and by block movemerisie assumption seems reasonable as the stiffness of the
concrete blocks exceeds the stiffness of the joint filling material by factor &g this assupr

tion the followirg relationship between the displacements of the block surfa®¥g)iand the di-
placements and rotations of the block centroids may be developed.

U @=u" - % @oP + xy @oeP  (6a)
uz (a)= Uz +X1 () (P(p) X3 (Q)(P(p) (6b)

ug @=us +x @ o -x" @eP  (6¢)

In Equations (6ac) ulP(q) represents the displacements jrdiection of surfaceoint g, (with
k=1,2,3 and qgq=1, 2Theéindex) 2elers to thedockmunter.r e 4.
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Figure 4: Rectangular block (p).

The spatial distances®(q) measued from the bock centroid to the surface points (q) depend on
the geometry of the block-or the simple rectangular block geometry chosen in Figure 4 the values

of xPX(q) are given by Equations -Za For more complicated block geometries the valueSgjum-

tion 7ac must be adjustedThis may be done by defining a Cartesian coordinate system with its
origin at the centroid of the block and measuring the distances from centroid to the surface points
(q) along the axes of the systeifihe axes of the Casian system must be aligned in accordance to

the coordinate system used for the determination of the displacements and rotétions u and
(m) of the element nodes m.

X" (@)=+g 2 (7a)
X, (A)=+h/2 (7b)
X3 (@)=%¢/2 (7¢)

For the simple rectangular block geometry shown in Figure 4 the parameters a, b and c represent the
length, width and height of the blocks.

2.4 Joint strains

The joints between the blocks are usually filled with sand of a certain graianglzgrain size gk
tribution. Occasionally, cement mortar is used as joint filling material (mostly in combination with
cobblestones).Using cement mortar yields to an almost sealed surface through which hardly any
water can infiltrate into the deeper layeThe use of cement mortar as joint material creates a very
rigid surface and leads to ductile behavior of the block lajidris may yield to joint braking and
loss of joint filling material. Concrete segmented block pavements with sand as joingfitiater

al do not exhibit these problemsiowever, because of the lower stiffness and strength of the joint
material higher elastic and plastic deformations of the joints may occur in these pavdatestis.
deformations of the joints can be accourftadn the computational model by very simple comstit
tive rel ati on saw.pTe madel pldstic deormidtmrs lofeh@ goint filling material
the plasticity concept according to Schofield and Wordly be used.
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Figure 5: Blocks (p) and 6) including contact surfaces and joint

To apply constitutive relationships the strains within the joints between the blocks must be known.
The strain normal to the contact surface of adjacent blocks can be determined from the rsfative di
placements othe block surfacesAs an example, Figure 5 shows two neighboring blocks (p) and
(o) as well as the joint between thefhe distance between the two blocks is drawn in an exagg
rated manner in order to provide a better impression of the surface disptaseand the block iet
raction. The determination of the normal strai”™ between these two blocks may be performed
with Equation (8).

(8)
The v arPPhrbBqeationp@) represents the relative displacements perpendicular tmthe co
tact surfaces (p) and (po) between opposite point$ the contact surfaces. The joint width - d

noted by parameter d ) %na nE§lompresemting thelistortioTdi the s t r
joint may be determined with Equations {®a

(9a)

(9b)

The v ar®Pamlde®tipEquations (9) represents the relative displacements parallel to
the contact surfaces-(@ and (po).



