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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 presented in this paper. 

The model is based on the method of finite displacements elements.  A three-dimensional Cosserat 

theory is applied to capture the displacements and the rotations of the single blocks within the finite 

elements.  Constitutive relationships are introduced to account for the elastic and plastic behavior of 

the joint filling material.  The model can be adjusted to a wide range of laying patterns and block 

shapes.  The paper contains all relevant algorithms in matrix notation.  The matrices are formulated 

in a way that a direct implementation into a displacement based three-dimensional finite element 

code is possible.  The application of the model is presented by means of numerical simulations.  

The model is verified using large scale testing results. 

1. INTRODUCTION  

Segmented block pavements are often used as surface sealing for container yards, industry areas, 

aprons of airports, city roads etc.  The extensive use of these pavements (especially in heavily 

loaded areas) requires efficient and accurate analysis and design methods.  While substantial ad-

vances in the design of segmented block pavements have been made during recent years [Shackel, 

2008], the analysis techniques used for these pavements still leave space for further improvement.  

The methods that are currently applied for this purpose are generally founded upon approximate 

techniques using the multilayer theory as analytical basis.  The multi-layer theory is based on diffe-

rential formulations of layered homogeneous continua.  However, the prerequisites associated with 

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

block pavements.  Consequently, the results that are determined with the multi-layer theory may be 

different from the actual structural 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 each block.  This 

approach allows for a very detailed 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 etc.  In the model proposed by [Oeser et al, 2007] the blocks 

are treated as rigid bodies and only the joints can undergo deformations.  Therefore it was possible 

to describe the displacements of the block surfaces by only 6 structural parameters per block (3 de-

formations and 3 rotations).  The model 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 practice due to too 

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, each finite element comprises a certain number of blocks.  The 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 rotation. Interactions of 

the single blocks as well as inter-locking effects are accounted for using special interface-elements 

between the surfaces of adjacent blocks. Interactions between segmented block layers and underly-

ing base and/or sub-base layers are taken into consideration by means of coupling elements.  The 

deformation behavior of the joint filling material as well as the behavior of the base and sub-base 

materials is captured using elasto-plastic constitutive models. 

2. SEGMENTED BLOCK LAYE R 

Figure 1 shows a layered pavement structure that consists of a surface layer formed by segmented 

concrete blocks, a bedding layer, an unbound granular layer and the subgrade.  If required a frost 

protection layer may also be added between the unbound granular layer and the subgrade. The sur-

face layer is modeled by two-dimensional discontinuous finite elements that are represented by the 

bold dotted lines in Figure 1.  Each of these elements comprises a certain number of blocks.  The 

elements are located in the middle plane of the surface layer. This plane is generally referred to as 

the reference plane. 

 

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

 

The left and the right side of Figure 2 present the discontinuous finite element used in the lower left 

corner of the pavement, see element 1 in Figure 1.  This 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 that (if the position of a block in an element is 

known) the displacements of the block can be calculated from the displacements and rotations of 

the element nodes.  The displacements and rotations of the element nodes are denoted by uk(m) and 

űǎ (m) with k=1,2,3, ǎ=1,3 and m=1,2,3,4, see Figure 2, left side. The calculation of the block dis-

placements may be performed with equation (1). 

n n

(p) (p) (p) (p) (p) (p)
k m k m k1 2 1 2k

m 1 m 1

u u x ,x N x ,x u (m) N u (m) (1) 

In equation (1) the variable uk
(p) 

represents the displacements of the centroid of block (p) in xk-

direction. x1
(p)

 and x2
(p)

 are the coordinates of the centroid of block (p) in the reference plane of the 

element. Nm( x1
(p)

, x2
(p)

) = Nm
(p)

 are the shape functions of the element, see [Bathe, 2002].  The 

shape functions for the 4-node element displayed in Figure 2 are given in Equations (2a-d).  The va-

riable n in Equation (1) represents the number of nodes. Hence, n equals 4 if 4-node-elements are 

used for the analysis. Higher order elements, such as 8-node elements with 4 corner nodes and 4 

edge nodes as well as 12-node 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 elements yields higher computational effort and causes an in-

crease in computational time need. 

1 2
1 1 2

x x 1
N (x , x ) 1 2 1 2

C A 4
  (2a) 

1 2
2 1 2

x x 1
N (x , x ) 1 2 1 2

C A 4
  (2b) 
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1 2
3 1 2

x x 1
N (x , x ) 1 2 1 2

C A 4
  (2c) 

1 2
4 1 2

x x 1
N (x , x ) 1 2 1 2

C A 4
  (2d) 

2.2 Centroidal rotations of the blocks  

The rotations űǎ
(p)

 of the centroids about the xǎ-axis (with ǎ=1,3) may be determined with Equation 

(3) wherein űǎ(m) represents the rotations of the element nodes.  

n n

(p) (p) (p) (p) (p) (p)
m m1 2 1 2

m 1 m 1

, N , (m) N (m) (3) 

The rotations ű2
(p)

 of the blocks about the x2-axis must be determined from the first derivatives of 

the ñin-planeò displacements Öu1
(p)
/Öx3 and Öu3

(p)
/Öx1.  This is required to avoid relative displace-

ments between adjacent blocks due to rigid body rotations of the element, see [Cerrolaza et al 

1999]. 

(p)(p)
(p) 31
2

3 1

uu

x x
  (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 experiments, see [Cerrolaza et al 1999].  This problem may be over-

come by introducing an additional structural parameter that is a rotation about the x2-axis, see Fig-

ure 3.  This additional parameter is called Cosserat-rotation.  The ñin-planeò rotation of the blocks is 

now determined with Equation (5). 

n(p)(p)
(p) (p) (p) (p)31

2 m 22 1 2

3 1 m 1

uu
, N (m)

x x
 (5) 
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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 enhances the deforma-

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 displacements of 

the block surfaces can be determined. Therefore it is assumed that the blocks themselves do not 

change their geometry, i.e., the blocks behave like rigid bodies.  This assumption implies that de-

formations in concrete block layers are only caused by changes in the geometry of the joints be-

tween the blocks and by block movements.  The assumption seems reasonable as the stiffness of the 

concrete blocks exceeds the stiffness of the joint filling material by factor 100.  Using this assump-

tion the following relationship between the displacements of the block surfaces u1
(p)

(q) and the dis-

placements and rotations of the block centroids may be developed.   

p p p p(p) (p)
1 1 2 3 3 2u (q) u x (q) x (q)  (6a) 

p p p p(p) (p)
2 2 1 3 3 1u (q) u x (q) x (q)  (6b) 

p p p p(p) (p)
3 3 2 1 1 2u (q) u x (q) x (q)  (6c) 

In Equations (6a-c) uk
(p)

(q) represents the displacements in xk-direction of surface-point q, (with 

k=1,2,3 and q=1,2,é, 12), see Figure 4.  The index p refers to the block number.  
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Figure 4:    Rectangular block (p). 

 

The spatial distances xk
(p)

(q) measured from the bock centroid to the surface points (q) depend on 

the geometry of the block.  For the simple rectangular block geometry chosen in Figure 4 the values 

of xk
(p)

(q) are given by Equations 7a-c.  For more complicated block geometries the values in Equa-

tion 7a-c must be adjusted.  This 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 system.  The axes of the Cartesian system must be aligned in accordance to 

the coordinate system used for the determination of the displacements and rotations uk(m) and űǎ 

(m) of the element nodes m.  

p

1x (q) a 2  (7a) 

p

2x (q) b 2  (7b) 

p

3x (q) c 2  (7c) 

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 grain size and grain size dis-

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 layers.  The use of cement mortar as joint material creates a very 

rigid surface and leads to ductile behavior of the block layer.  This may yield to joint braking and 

loss of joint filling material.  Concrete segmented block pavements with sand as joint filling materi-

al do not exhibit these problems.  However, because of the lower stiffness and strength of the joint 

material higher elastic and plastic deformations of the joints may occur in these pavements.  Elastic 

deformations of the joints can be accounted for in the computational model by very simple constitu-

tive relationships such as Hookeôs-law.  To model plastic deformations of the joint filling material 

the plasticity concept according to Schofield and Worth may be used. 
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Figure 5:   Blocks (p) and (o) 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 relative dis-

placements of the block surfaces.  As an example, Figure 5 shows two neighboring blocks (p) and 

(o) as well as the joint between them.  The distance between the two blocks is drawn in an exagge-

rated manner in order to provide a better impression of the surface displacements and the block inte-

raction.  The determination of the normal strain Ů1
(o-p)

 between these two blocks may be performed 

with Equation (8).   

 (8) 

The variable ȹu1
(o-p)

 in Equation (8) represents the relative displacements perpendicular to the con-

tact surfaces (o-p) and (p-o) between opposite points of the contact surfaces. The joint width is de-

noted by parameter d in Equation (8). The strain ɔ2
(o-p)

  and ɔ3
(o-p)

  representing the distortion of the 

joint may be determined with Equations (9a-b). 

 (9a) 

 (9b) 

The variable ȹu2
(o-p)

 and ȹu3
(o-p) 

in Equations (9a-b) represents the relative displacements parallel to 

the contact surfaces (o-p) and (p-o). 


