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Finite Element Modeling of the Transition Zone between Aggregate and
Mortar in Concrete

Han Ay Lie

Department of Civil Engineering, Diponegoro, Semarang, Indonesia

Parang Sabdono, Joko Purnomo
Construction and Material Laboratory, Department of Civil Engineering, Diponegoro, Semarang, Indonesia

Abstract: Visual observations to the Interfacial Transition Zone (ITZ) between aggregate and mortar in concrete showed that
this area differs significantly to the bulk mortar, further away from the ITZ. This ITZ has a higher porosity with a dissimilar
crystal formation, therefore becoming the weak link in the material. In the past, concrete was seen as a two-phase material
consisting of mortar and aggregates only. However, analyzing the material as a three-phase composite including the ITZ, will
give a more realistic representation to its behavior. A Finite Element Model (FEM) was developed. The ITZ is modeled as a
linkage element having a double spring, perpendicular and parallel to the ITZ surface. The individual load-deformation
responses of these springs were obtained from laboratory tested specimens. Non-linearity is generated by evaluating the
principal stresses at Gauss points, using the Kupfer-Hilsdorf-Rusch (1969) failure envelope and the CEB-FIB 2010 code.
Iteration is conducted by the arc-length method developed by Riks-Wempners. The load-displacement curves resulted by the
FEM were validated to laboratory tested specimens curves, to compare its effectiveness and asses the sensitivity of the model.

Keywords: ITZ, Linkage-element, non-linearity, failure criteria.

1 INTRODUCTION assumed homogeneous; variation along the aggregate
surface is usually not incorporated into the model.

1.1 The Interfacial Transition Zone (ITZ)

The presence of the aggregate-to-mortar ITZ is to
date, widely acknowledged and recognized as the
“weak link” in concrete. This weakness is due to the
low adhesive strength, highly depending on the
volume and size of voids in the ITZ. Also, the
characteristics of large crystals tend to posses less
adhesion capacity. These calcium hydroxide crystals
have an orientation that allows cracks to occur along
their weak bond plane. Further, micro cracks tend to
propagate along the weak plane of the crystals
following the plane of Van der Waals forces.

1.2 Modeling the ITZ

In this research work, the ITZ is modeled as a linkage
element consisting of two springs, one perpendicular
and one parallel to the ITZ surface, characterizing its
normal and shear behaviors (Figure 1). The linkage
element is connected by two nodes, one on the
aggregate surface, denoted as "a” and one at the
mortar element denoted by "m". The nodes have two

degrees of freedom each.

Due to its very small size, only 30 to 50 pm in
thickness, direct tests methods to obtain the ITZ
properties are up till now, at not available. The most
recent technique is the micro-indentation method,
measuring the modulus of elasticity and creep from
the indentation at a distance from the ITZ.

Figure 1: Linkage element model for the ITZ
When constructing a model, the majority of Finite
Element Models (FEM) represents the bond in the ITZ
by the smeared-crack method, allowing crack
propagation along its surface. The constitutive model
for the bond relationship is highly simplified. The
most widely chosen approach is the inverse modeling
technique. For this technique, a simplified laboratory
specimen is constructed to function as calibrating tool
to numerical or FE models, assuming the mortar
matrix as a continuum element. The ITZ itself is

The stiffness modulus' of the springs &, and k&, are
expressed in their load-displacement responses and
obtained by specific developed, individual laboratory
tests (Han and Nuroji, 2010; Han and Sabdono,
2011). When stresses increase, the relative
displacements in the global coordinate system are
converted to the coordinate system of the linkage
element, to update the corresponding stiffness
modulus. Due to the highly non-linear nature of the
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cementitious material and the ITZ, the arc-length
iteration technique is accessed, to accommodate this
behavior in the structure.

1.3 ITZ Load - Displacement Responses

The ITZ load-displacement responses are defined by a
series of factors such as the roughness of the
aggregate surface, the mechanical properties of the
mortar, the water cement ratio and the presence of
bleeding. The normal response is obtained by
recording the behavior of a cylindrical aggregate,
attached to a mortar surface. A tensile load is
generated by the Dyna Proceq halftprufer Z16, and
the displacement recorded by three crack clips
connected to a data logger (Figure 2).

crack clip

Figure 2: Testing the normal response of the ITZ

The shear response is measured by applying a uniform
compression load to a square aggregate, embedded in
a mortar block. The bond of two opposite sides of this
aggregate to the mortar is prevented by inserting a
150um Teflon sheet. Mortar confinement is monitored
by two strain gauges attached perpendicular to the ITZ
surface (Figure 3).

Teflon sheet
strain gauge

aggregate

Figure 3: Testing the shear response of the ITZ

The resulting load-displacement response in the
normal direction is characterized by a polynomial to
the second degree. The curve shows a distinctively
non-linear behavior, even at very low loading levels.
The ultimate capacity occurs due to bond failure in the
ITZ. The load-displacement relationship for the ITZ in
shear has a bi-linear function, the first part
representing the stiffness modulus as a contribution of
adhesion and friction, and the second being purely the
result of friction and fine aggregate interlocking.

The resulting load-displacement responses in the
normal and shear directions, and their comparisons are
shown in Figure 4. It can be seen that the ultimate
normal displacement is relatively low, when
compared to shear. It is therefore most likely that
failure in the ITZ will be initiated in the tension area.

8.00
‘g D
£ 600 P
& j )
5 !
g j
< 200 0 T ITZ Shear Response
3 ITZ Normal Response

#—kn
0.00

0.00 0.05

0.10 0.15
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Figure 4: ITZ stiffness behavior

2 ITZ MODELING

2.1 The linkage element's stiffness matrix.

The two springs are characterized by their relative
movements; one in the direction perpendicular to the
ITZ surface and in this research work denoted as the
normal response, and one parallel to the ITZ surface,
defined as to be the shear response. Since the relative
displacement of the two adjacent nodes represents the
behavior of the spring, these displacements should be
transformed from the global coordinate system (X, Y)
to the local coordinate system (n, v). The local
coordinate system is demarcated at the bisection line
of the angle between the two ITZ surfaces of the
aggregate (Figure 5).

aggregate
node

aggregate node

Figure 5: Linkage degrees of freedom

The matrix formulation in the global system is written
as:

Yogyakarta, September 11 - 13, 2012
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[Aan 1 Ad,,

AP, Ad,,

|y | = [RITTAIIR] [Ady l (M
laB,, ] Ad,, |

Introducing the transformation matrix [R]

cosa sina 0 0
__|—sina cosa 0 0
[R] = 0 0 cosa sina )
0 0 —sina cosa

The linkage stiffness matrix [k] is written as:

ki 0 —k, 0
0 k0 -k
K=, o k o 3)

0 -k, 0 |k

[AP] and [Ad] are respectively the increment force and
the increment node displacement matrix of the link in
the global coordinate system, and o is the angel
between the local and global coordinate system
following the right-hand rule.

The matrix can now be assambaged into the structural
stiffness matrix, and used to perform the finite
elenement analysis. At primary stage, the coordinates
of the linkage element nodes at the aggregate and
mortar, are identical. When an increment load is
applied to the system, the relative displacement
between the two nodes is calculted. Ad,, is the relative
movement of the normal spring (Figure 6). The

direction of the Mn vector is used as criterion in the
analysis of the ITZ.

Figure 6: Linkage element algorithms

When this vector moves in the positive direction, the
normal spring is in tension and the stiffness of this
spring will decrease as a function of the load increase.
But when the vector moves in the negative direction,
the spring is in compression, resulting in a fully
bonded condition. The corresponding stiffness will
therefore be infinitely large approaching o, and it is
assumed that the two nodes a and m will coincide,
thus further having identical displacements throughout
the loading process. While a monotonic loading
behavior in general results in an identical
displacement pattern, the behavior of the normal
spring needs to be evaluated for every convergent
state.

The behavior in shear is denoted by the vector Ad,,
and analyzed only when the normal vector is in
tension. Basically, the direction of this shear vector
does not influence the behavior analysis, since shear is
not direction sensitive. The algorithm for the linkage
read as: Ad, >0 for the spring in the normal
direction in tension and Ad, <0 when in
compression

When in tension, two failure options are considered.
First is the case where the total normal-displacement
d, exceeds the ultimate normal displacement (d,),;.
The bond in the normal direction then drops to zero.
However, since the shear capacity is much higher than
the normal capacity, the &, will still remain in the
equation and ITZ failure is due to tension. Secondly is
the case were the total shear-displacement d,
surpasses the ultimate shear displacement (d,),;,. In
this case the ITZ will fail in shear. When the stiffness
matrix of the linkage element reaches zero, the bond
within the ITZ has vanished and this will result in a
physical gap in the ITZ. During testing procedure of
the laboratory specimens, the propagation of this gap
can clearly be observed (Figure 7).

aggregate

crack in the ITZ
mortar

i L L

Figure 7: ITZ failure in tension

For the condition of a linkage element in compression,
a significantly large number in the order of the 15"
exponent is assigned to the stiffness &, and k,, while
for failure a very small number in the order of the
negative 6™ exponent is used. The main justification is
that for an element 0.1 mm in size, which is
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eventually very small, the stiffness's of the springs are
around 60 MPa.

2.2 Spring movement algorithms.

The direction of the positive normal coordinate in the
local system is determined by the vector approach.
The vectors between the two adjacent notes are
converted to a unity vector [R][i,j], and their resultant
calculated. The coefficient of this resultant vector is
converted to the opposite direction by applying a
negative sign to the [i,j] matrix (Figure 8).

~
P —
<

n, =—[X Y] [;]

Vi

()(i\[, Yi»I)

(X1, Yit)

Figure 8: Algorithms for the ITZ in tension

Rl=[, 7 )] (4)

= VIRIT[R] 5)
= 2R [] ©)
[e] = 21 ™
[n] = —lel = ~[.J"[ ] ®

[R;] is the vector coefficient between the ITZ nodes,
and d is the length between two adjacent nodes. [;] is

the unity vector

3 FINITE ELEMENT ANALYSIS

3.1 Failure criteria.

The overall model consists of the ITZ, the bulk matrix
and the aggregate, modeled as a four point
isoparametric quadrilateral. The matrix is evaluated
based on the principal stresses at the Gauss points.
Failure criterion is distinguished either as crushing or
fracture of the mortar matrix. Based on the Kupfer-
Hilsdorf-Rusch’s (1969) failure envelope (Figure 9)
crushing will occur in the third quadrant, when all
principal stresses are in compression. The first
quadrant is fracture due to tension, while the
remaining quadrants characterize the tension-

compression failure. In this area the principal tensile
stresses will initiate cracking of the material, and
further the material in compression will undergo a
strain increase. This approach is adopted by the CEB-
FIB 2010 code.

o1

fcl

- e W —E 6T —-F-| -
i, X | o
Z? 4 —F - 40T | fe
| }

L' K17 .
1 s
RS- | SN Y-
! -
; ..'F;','f"'”'./é
. v _— . i

Figure 9. Kupfer-Hilsdorf-Rusch Failure Envelope

Fracture of a Gauss point under a certain loading
increment, will influence the stiffness of its element,
and a reduction in the element stiffness matrix will be
resulted. Progressive loading will lead to failure of
one or more Gauss points up till collapse of the
element as a whole (Han and Purnomo, 2011).

3.2 Material nonlinearity, isotropic and orthotropic
behavior.

3.2.1 Compression behavior

Various numerical expressions are available, covering
both the ascending and descending branches of the
uni-axial stress-strain relationship of concrete in
compression. In this work the CEB-FIB (2010) model
was chosen, giving the expression:

= - [ )

1+ (k—2)7

me

Where 1 is €/¢.,, k is the plasticity number equal
Ey/E., and E, is the initial tangent modulus taken as
21500(f.,,,/10)'/3 . Further, E., is the secant
modulus at peak stress, and ¢, is the strain at peak
load (mm/mm).

The failure criterion is expressed either in terms of the
three stress invariants f (01, 0,,03) = 0 in the Haigh -
Westergaard system, or in the hydrostatic system as
f(& p,0) = 0. Tensile stresses are signed positive and
compression negative. Expressed in terms of their
invariants, the function becomes f (I, /,,cos36) = 0

Further, Ottosen (1979) developed an algorithm to
incorporate non-linearity by introducing the non-
linearity index f, relating the actual most compressive
principal stress o, to the stress at failure state in
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