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Abstract

Micromechanical interface properties in a concrete repair system determine the performance and reliability of a repaired
structure. In order to characterize these properties, nanoindentation technique was applied. Three different repair mate-
rial mixtures, based on Portland cement or partial replacement of Portland cement with blast furnace slag, were tested.
Hardness and elastic modulus values obtained from the nanoindentation were used directly as input for simulated direct
tension test. This way, the fracture behaviour of original microstructure, “mimicked” by Delft lattice model, is analysed.
Backscattered electron (BSE) image analysis is utilized to estimate the average size of the interface zone which is dis-
tinguished as locally more porous area. This, together with simulation results, is further used for calculation of the inter-
face stiffness. Simulation results enable prediction and better insight into fracture propagation and micromechanical
response of the tested zone. They also indicate the ratio between interface and bulk material fracture properties when
different types of repair materials are used. Load displacement diagrams of interface, old and new material can serve as
an input for numerical modelling and understanding of fracture behaviour of the repair systems at the higher scale. Po-
tentially, this approach may develop as a tool for verifying and engineering interface properties such that desired per-

doi:10.3151/jact.12.320

formance of the repaired structure is achieved.

1. Introduction

In order to make durable patch repair, it is important to
understand the behaviour of a system made of two ma-
terials, and an interface layer between them. This inter-
face is usually an inherently weak zone with a high
probability of cracking when exposed to complex stress
and strain state caused by incompatibility in properties
between the old (concrete substrate) and new (repair)
material. If the interface is very strong, however, high
constraint levels might lead to cracking within the repair
material or substrate. Consequently, interface properties
at the contact between two materials will significantly
affect the performance of the repaired structure and de-
termine its potential failure pattern.

Still, knowledge regarding micromechanical proper-
ties of interfaces is lacking (Zhou 2010). This can be
attributed to limitations of available test methods and
difficulties in determining constitutive parameters at its
size scale (microscale). The most commonly used crite-
ria are various bond strength tests. A wide range of pos-
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sible test set-ups have been developed and used for
laboratory testing of the bond strength. Before dealing
with the measurement of the bond strength, it is neces-
sary to describe briefly the mechanism of failure. How-
ever, the location of failure is usually not well investi-
gated, and these tests lack in providing information
about what is actually happening in the failure zone
(Beushausen and Alexander 2008). In addition, since
failure propagation usually kinks into repair or substrate
material, these tests generally provide information about
the weakest link in the system, which is not always the
interface itself. Therefore, a more fundamental approach
is necessary, and it is important to investigate the prop-
erties of the interface at the microscale, similar to the
way the interface between aggregate and cement paste
(ITZ) is studied (Beushausen and Alexander 2008).

With the development of the nanoindentation tech-
nique, local micromechanical properties of the tested
zones can be examined. From the indentation load and
displacement measurements, hardness and E modulus of
the indented volume are calculated. Indentation tests
have been used by a number of researchers: Sakulich
and Li (2011) measured mechanical properties of ma-
trix-fibre interface, Zhu and Bartos (1997) used the mi-
croindentation method to measure the properties of the
interfacial area in aged glass fibre reinforced cement,
Wang et al. (2009) for interfacial area in steel fibre rein-
forced mortar and Xiao et al. (2013) were studying the
interfacial transition zones in recycled aggregate con-
crete. Although the technique is very useful, this method
has certain limitations, especially for heterogeneous
materials such as cementitious ones. These tests are very
sensitive to the surface preparation (Trtik et al. 2009;
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Sakulich and Li 2011), as it directly influences the re-
sults and reliability of the obtained data. As a conse-
quence, mechanical values obtained by various investi-
gators have a wide variation range. In addition, due to
the very heterogeneous structure of the interface on the
microscale, with properties varying by wide margins, so
far it has not been possible to convert microhardeness
measurements into meaningful strength values (Maso
1996).

Still, this test is one of the few that involves only the
interface zone itself, giving an indication of the distribu-
tion of local micromechanical properties inside the
tested zone. In turn, this information may be used in
micromechanical models that treat the interface as a
highly heterogeneous zone which can be controlled,
improved and modified in accordance with the designed
performance of the system. In this study, therefore, the
nanoindentation technique was applied in order to ex-
amine the interface properties in repair systems.

Portland cement paste, as a main constituent of ce-
ment-based repair materials and the main binding com-
ponent at the contact zone between the two materials,
was used as a repair material. By replacing Portland
cement with various supplementary cementations mate-
rials, the chemical and physical properties of the mate-
rial are altered and can be potentially improved. For
example, the improvement of the interfacial microstruc-
ture in fibre reinforced cementitious materials was
achieved by blending Portland cement with blast fur-
nace slag (BFS) (Maso 1996). The content of calcium
hydroxide (CH), one of the main products of Portland
cement hydration, decreases with increasing BFS con-
tent (Zhou 2006). This suggests that CH is consumed by
slag to form calcium silicate hydrates C-S-H-like reac-
tion products, which densifies the cement paste. Also,
large cementitious particles have loose packing at the
contact zone between two materials and this results in
higher porosity and lower cementitious content at the
interface (wall effect). When BFS with finer particle
size is used, improved particle packing at the interface
can be achieved. Consequently, it is expected that when
BES is applied in a repair material, it may result in finer
pore microstructure and lead to a more dense and uni-
form repaired interface zone.

However, the finer pore microstructure in BFS ce-
ment leads to larger autogenous shrinkage compared to
Portland cement and, therefore, higher probability of
cracking in the repair system (Van Cappellen 2009).
Therefore, the beneficial influence of finer microstruc-
ture can be ecasily overweighed by higher stresses in-
duced by autogenous shrinkage. The influence of BFS
addition is expected to be very complex, and knowledge,
especially in regard to the quantitative characterization
of the influence of BFS on the interface properties, is
limited. In this work, the influence of adding different
amounts of BFS to the repair material on the microme-
chanical properties of the interface is therefore ad-
dressed and compared to properties of the Portland ce-

ment interface. Local elastic moduli and microhardness
of different types of interfaces were quantified by
nanoindentation tests. After this, the indented areas were
imaged in ESEM (environmental scanning electron mi-
croscope) to capture the location of the indents, distance
from the substrate and characterization of the phases
that were indented.

Quantitative comparison of the local micromechani-
cal properties is not sufficient for determination of the
performance of the system. Value (what), fraction (how
much) and distribution (where) of these properties, to-
gether with the state of the predominant stresses that the
microstructure is exposed to, will determine the micro-
mechanical response of the system. In order to predict
this response, a numerical model was applied. The
measured properties from the nanoindentation tests were
directly used as input for numerical modelling. The
stress-strain ratio for each indented microstructure, in a
simulated direct tension test, is obtained. These nanoin-
dentation tests combined with modelling, however, do
not give the strength of the real interface at the contact
area between two layers (i.e. the adhesion force between
the two layers). It gives rather the strength of the inter-
face layer which is, due to the wall effect, usually dis-
tinguished as a locally more porous area.

In order to calculate the interface stiffness, the size of
the interface zone had to be estimated. Image analysis
was used for this. For the very heterogeneous structure
of the interface at the microscale, it is very difficult to
provide a level of statistical confidence in the results. As
illustrated by previous research (Diamond 2001), in
which the interface between the cement paste and ag-
gregates was studied, concrete microstructure in and
around the interfaces is very complex and non-uniform.
Instead, there are many local variations and groups of
sites with similar properties (“clustering in properties™)
(Diamond 2001). Nevertheless, a tendency in porosity
of the interface can be observed by applying image
processing. Measured average thickness is used for the
calculation of the interface stiffness.

As output from the simulated direct tension test, frac-
ture properties of the interface can be compared to the
fracture properties of the bulk matrix and mortar sub-
strate. Using numerical testing, in this case, has two
main advantages over experiments: first, the informa-
tion obtained by nanoindentation can be directly used as
input for “retesting” of the same specimen, now in a
direct tension test; and second, boundary conditions,
stability of the test set-up and uniform load distribution
over the cross section are easily controlled in the model.
In experiments, however, performing uniaxial test, even
at mesoscale is difficult, while at microscale, is still im-
possible to achieve (Van Mier 2012). Fracture simula-
tion results of tested microstructures and interface may
further serve as input for higher-scale numerical model-
ling and understanding of global fracture behaviour of
multi-layered systems.
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2. Materials and methods

2.1 Materials

The substrate used in the study was a 5 year old mortar.
The reason for using mortar (instead of concrete) was to
minimize surface heterogeneity and specimen-to-
specimen variation (Copuroglu and Schlangen 2008).
The mortar was cast with Ordinary Portland Cement
(OPC) CEM 1 42.5 N, with a water-to-cement (w/c)
ratio = 1:2, and somewhat higher cement-to-sand ratio =
1:1.65. Smaller mortar specimens were slowly cut with
a diamond saw from bigger samples (Fig. 1). Specimens
were cut in order to eliminate the interlocking effect and
minimize the influence of surface roughness at this scale
of testing, similar to how it is done with aggregate-
cement paste interfaces (Struble and Mindess 1983).
Old mortar cores were fixed in the centre of the moulds
where the new material was later cast (Fig. 1). Before
casting, the old mortar was placed for 24h in a chamber
with 80% RH. This was done to enable hygral equilib-
rium and uniform moisture profile in all substrate speci-
mens prior to casting of the new material.

OPC CEM 1 42.5 N, and Blast Furnace Slag (BFS)
were used as components for the repair material. Three
mixtures for the repair material were designed. The wa-
ter-to-binder (w/b) ratio of 0.4 was used in all cases. The
composition details of all the mixtures are listed in Ta-
ble 1.

Particle size distributions of the cementitious materi-
als (OPC and BFS) are presented in Fig. 2. Finer BFS
particles are expected to enable better packing at the
interface compared to OPC.

After casting, specimens were cured for 28 days in
sealed conditions at room temperature (20 °C).

2.2 Sample preparation for nanoindentation

After 28 days, the samples were demoulded and cut
with a diamond saw into small samples with a thickness
of 8 mm. In order to stop the hydration, two methods
were considered. Solvent exchange by isopropanol and
freeze-drying showed to be the most effective for arrest-
ing hydration in young cement paste (Zhang and
Scherer 2011). Due to the difference in the thermal ex-
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Table 1 Mix proportion of the three specimens (weight
percentage).

Mixture Portland Blast Furnace w/b ratio
cement Slag

CP 100 - 0.4
BFS1 80 20 0.4
BFS2 45.5 54.5 0.4
§100
£ s0
i 60
E —CEMI425N
2 40 —BFS
2
% 20
=
=
U oo T — i

1 10 100 1000

Particle size [um]
Fig. 2 Particle size distributions of cementitious materi-
als.

pansion coefficients of young and old materials, instant
cracking at the interface occurred immediately after
placing the sample in the liquid nitrogen. Therefore, to
stop hydration, isopropanol was used in this study. All
samples were submerged five times and taken out for a
period of one minute in order to enable faster water-
solvent exchange. Afterwards, they were placed for 72
hours in isopropanol and subsequently taken out, at
which point the solvent was removed by evaporation at
ambient conditions.

In order to make the thickness of the specimens even
and uniform, a thin sectioning machine was used for
cutting and grinding the specimen. An object glass was
glued on the sample and a block was cut with a diamond
saw (Fig. 3). Afterwards, all samples were ground in the
thin section machine in several passes. After grinding,
each of the samples was polished with 6pum (5 min),
3um (5 min), lpm (5 min) and 0.25um (25 min) dia-
mond paste on a lapping table. After every step, an opti-
cal microscope was used to check the effectiveness of

F Mortar substrate

Interface

/— Repair material

Fig. 1 Sample setup after casting repair material.
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-

Fig. 3 Samples before grihding and polishing.

grinding and polishing. Finally, the samples were
soaked into an ultrasonic bath to remove any residue
from the surface. Samples were kept in a desiccator un-
der vacuum until testing.

2.3 Nanoindentation and ESEM tests

Local mechanical properties of the tested points can be
determined from the indentation load and displacement
measurement (Oliver and Pharr 2004). Reduced elastic
modulus, E, (MPa) is the modulus that is computed di-
rectly from the measured load-displacement slope and
calibrated contact area. However, as indenter deforma-
tion also contributes to the measured displacement,
Young’s modulus of the sample, £, (MPa) is calculated
from the reduced modulus, £, (MPa) according to for-
mula:

1 (1—vf)+(1—v[2)
E E E

r s i

(1)

where, v is the Poisson’s ratio of the sample, v; is the
Poisson’s ratio of the diamond tip (0.07) and E; is the
Young’s modulus of the diamond tip used for indenting
(1141 GPa).

If P is the peak indentation load (mN), the hard-
ness (H, GPa) has the definition as follows:

P
H — max 2
E 2

Agilent Nano Indenter G200 with a diamond
Berkovich tip was used for nanoindentation tests. A
quartz standard was indented before and after each test
series to ensure accuracy. A series of indents were per-
formed on a tightly spaced grid, with spacing of 7 um in
the direction perpendicular to the interface, and 14 um
in the direction parallel to the interface. The indentation
depth was 700 nm. The Continuous Stiffness Method
(CSM) developed by Oliver and Pharr (Oliver and Pharr
2004) was used. This method consists of superimposing
a small oscillation on the primary loading signal and
analysing the response of the system by means of a fre-
quency-specific amplifier. As a consequence, it enables
a continuous measure of contact stiffness (S, S=dP/dh)
as a function of indentation depth (%) and not just at the
point of initial unloading. Therefore, hardness and elas-
tic, £ modulus are obtained as a continuous function of

surface penetration.

The average E modulus and hardness were deter-
mined in the displacement range between 500 and 650
nm depths. The indentation areas were taken randomly
within the interface between the old mortar and new
cement paste. Eight randomly chosen locations were
tested in the case of the Portland cement interface (de-
noted as CP_I), seven in the case when 20% of cement
replaced by BFS (denoted as BFS1 I) and 13 locations
when more Portland cement was substituted by BFS
(denoted as BFS2 I). Each location was tested with 200
indents. More locations in the BFS2 sample were tested
because of the heterogeneity and somewhat lower
workability of the mixture when a larger amount of ce-
ment was replaced by BFS. The number of sampling is
the most important from the statistic point of view and
representativeness of the results. Due to the high het-
erogeneity of cement paste and interface itself at the
microscale, in this preliminary research, the minimum
number of sampling for statistical confidence of results
was not considered.

In order to eliminate the influence of additional pa-
rameters on the achieved properties, no superplastisizer
was used in the repair material. All locations were cho-
sen so that they include contact between the new and
old cement paste (not the aggregate in the old mortar).
Also, six randomly chosen locations (100 indents per
location), far from the interface and in cement paste,
were tested in the old material (Fig. 4). The same was
done for the repair materials, i.e. Portland cement paste
(denoted as CP_matrix) and BFS paste (denoted as
BFS1 matrix and BFS2 matrix, respectively), where
four and five locations, respectively, were tested with
100 indents per location.

After nanointentation testing, samples were examined
using environmental scanning microscope (ESEM), in
backscattered electron (BSE) mode. The instrument was
operated at 20 kV accelerating voltage and at 10 mm
working distance between the final condenser lens and
the specimen. The spot size was 5.0 um and the magni-

i

CP sample

Fig. 4 Reflected light microphotograph of indentation
spots. New material= Cement paste (CP), Old material =
Substrate, 5 year old mortar.
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fication was 500x. The vapour pressure inside the cham-
ber was set to 1 Torr. All imaging was performed at low
vacuum with vapour mode in order to reduce the prob-
ability of cracking in the specimens. The BSE images
(25 per specimen) were used for image analysis as de-
scribed later.

3. Experimental results and discussion

In the sample made with Portland cement paste (CP),
eight locations were tested. The indented areas were
imaged by BSE detector in ESEM (Fig. 5 left) and the
location of the indents was correlated with the micro-
mechanical properties to show their magnitude and dis-
tribution in the interface region. For the micromechani-
cal properties, only the hardness values are presented
(Fig. 5 right). Due to a high variety in obtained results
and in order to put an emphasis on weak zones, the fol-
lowing procedure for visual representation is adopted:
the data range was chosen so that it presents values up
to 1.2 GPa in steps, while higher values are shown in
one colour (light blue). This enables more insight into
gradients and variations of lower properties which gov-
ern the fracture propagation at the interface. In the re-
search carried by Hughes and Trtik (2004), mean hard-
ness values for CSH inner and outer products were
found to be around 0.88 GPa. This value can serve as a
reference since lower properties than this are encoun-
tered when porosity and microcracking are present (dark
blue, red and green colour). It has to be emphasized that
it is not possible to clearly attribute values of physical
properties to individual phases through this work, since
the indentation depth (700nm) is large and, therefore,
volume of different phases are present while indenting a
certain location. However, the location of the indents
and measured mechanical properties, around pores, un-
hydrated clinker particles and hydration products can be
clearly linked to a corresponding microstructure in BSE
image.

Samples with the addition of BFS (BFS1 and BFS2)
were tested at seven and thirteen randomly chosen inter-
face locations, respectively. The same procedure applied
at the Portland cement interface was repeated for BFS 1
samples. Some of the tested locations (7 per type of
repair material) with the corresponding hardness values
and legend are shown in Fig. 6 (BFS1 I) and Fig. 7
(BFS2 I). Due to space limitation, not all tested loca-
tions are presented.

The microcracking which is sometimes present in the
testing zone (see image 5b) is due to exposure condi-
tions in the ESEM, even though a low vacuum mode
was used. The fast drying, incompatibility in the dimen-
sional stability between new and old material, and
probably locally lower interface properties are responsi-
ble for the cracking. Yet all tested locations were chosen
such that prior to nanoindentation cracking was not pre-
sent.

As can be seen from the presented results, properties
of the old mortar seem to be uniform (hardness values

higher than 0.9 GPa and indicated with blue and purple
in Figs. 5-7). However, properties of the new material,
around the interface (both for BFS I and CP_I) differ in
each of the tested locations. It seems that the weak area
(red) can be regarded as the interface zone with lower
properties at certain discrete locations, rather than an
interface layer which propagates all the way parallel to
the contact zone. Large amounts of CH present at the
interface (Figs. Sa, 5d, Se) locally increase mechanical
properties at this zone. CH is observed in both CP_I and
BFS I specimens.

For the BFS2 sample, the interface shows much more
microcracking compared to BFS1 and CP sample. In
this case, cracking could be minimized through sample
impregnation. However, as impregnation would influ-
ence the results of the mechanical testing (Hughes and
Trtik 2004), the samples were not impregnated before
testing.

In a previous study (Lukovi¢ et al. 2013), it was
shown that pure averaging and comparing of microme-
chanical properties at a certain location and distance
from the contact zone does not provide any meaningful
information. The very heterogeneous structure of the
interface on the microscale contributes to high varia-
tions and a not so clear tendency around the interface.
Also, these local micromechanical interface properties
do not provide any information about the interface per-
formance and its strength. They need to be linked in a
structure where all the single local tests are assembled.
By overlapping measured properties (E modulus and
hardness) on a lattice mesh, tested microstructure is
directly used as input for numerical modelling. Further
on, in a simulated direct tension test, micromechanical
response of the ‘mimicked’ microstructure can be esti-
mated. This will enable assessment of the overall frac-
ture performance of the interface zone at the microscale,
with taking into consideration its intrinsic heterogeneity
and real microstructure.

4. Modeling and discussion

4.1 Modelling details

Fracture processes of cement-based materials can be
simulated with lattice models (Schlangen 1993). This
approach was used both for mesoscale and microscale
modelling of multi-phase materials (Schlangen et al.
2007; Landis and Bolander 2009). In this model, the
material is schematized as a network of truss or beam
elements connected at the ends. All individual elements
have linear elastic behaviour. In each loading step, an
element that exceeds limit stress or strain capacity is
removed. The analysis procedure is then repeated until a
pre-determined failure criterion is achieved. As this
method addresses the physical processes that govern
fracture behaviour, realistic crack patterns can be ob-
tained. Furthermore, although each element has brittle
behaviour, structural softening and ductile global behav-
iour can be simulated.
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Fig. 5 Photomicrographs with corresponding hardness (H) values at location 1, 2, 3,4, 5,6,7 (a, b, c, d, e, f, g) in CP_1I.
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Fig. 6 Graphs with corresponding H values at the Location 1, 2, 3,4, 5,6, 7 (a, b, c, d, e, f, g) in BFS_1.
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Fig. 7 Graphs with corresponding H values at the Location 1, 2, 3,4, 5,6, 7 (a, b, ¢, d, e, f, g) in BFS2_I.
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In the 2D model used in this research, all beams have

the same cross section. The procedure to generate the
network is as follows:

Measured e =
E1, HI .

Measured b X
E2, H? §

EiI2=(EI+E2)r2
HI2=(H1+H2)/2

A square grid is chosen. In each square, a random
location for a lattice node is generated. First the
nodes are randomly positioned inside the sub cell of
size s in a regular grid with size A (Fig. 8). The ra-
tio s/A is defined as randomness of a lattice. As-
signing certain randomness to the lattice mesh im-
plements the heterogeneity of the material also
through irregularities in the mesh geometry. When
randomness is 0, node is located in the centre of
cell and regular lattice mesh is generated. If the
randomness is equal to 1, mesh is with the maxi-
mum degree of disorder. The choice of randomness
affects the simulated fracture of materials, as differ-
ent orientation of meshes can affect the crack shape
(Schlangen and Garboczi 1997). A disadvantage of
a regular mesh over irregular is that elements are
preferentially orientated. Implementing randomness
can reduce mesh dependency. However, if the ran-
domness is very high, some of the beams can have
very small lengths and then it might be difficult to
distinguish the influence of geometry disorder from
the influence of material texture. Therefore, in this
work, in order to use the benefits of random mesh,
but to avoid big variations in beam lengths, ran-
domness of 0.5 was set. More information about the
influence of randomness can be find elsewhere
(Schlangen and Garboczi 1997; Lilliu and van Mier
2003; Qian 2012)

The three nodes which are closest to each other are
connected by beam elements. Each of the nodes has
3 degrees of freedom.

Disorder in the material is additionally imple-
mented by ascribing mechanical properties directly
from the nanoindentation results. The Young
moduli of elements are implemented from the
measured elastic modulus values. The tensile
strength ratio of each element is considered equal to
the measured microhardness ratio (Qian 2012). In
previous results (Lukovi¢ ef al. 2013), the hardness
value was taken as an approximation for the com-
pressive strength. However, the simulated tensile
strength values appeared to be too high. One of the
reasons for this is that, while indenting, the material
is heavily confined under the indentation tip. When

~square grid

IR

element with properties
- E1, HI
“element with properties
EI12,HI2
) element with properties
E2,H2?

Fig. 8 Overlay procedure for lattice mesh.

it fails, due to the limitations of the surrounding
material under the indenting tip, the apparent
strength is much higher than the actual strength,
which leads to an overestimation of the simulated
cement paste tensile strength. This is similar to re-
sults observed in (Zhang et al. 2011). They sug-
gested that ratio of hardness and tensile strength is
affected by the piled-up behaviours and ability of
the tested material for shear deformation. Therefore,
in materials with high ductility, the ratio between
hardness and ultimate tensile strength is below 3,
while the three-time relationship, widely used in
literature, can be maintained in materials with me-
dium shear deformability and plastic materials (dif-
ferent types of metals, alloys and metallic glasses).
However, for ceramics and other brittle materials
such as cement paste, the fracture strength and
hardness showed a higher ratio. This is attributed to
the limitations in shear deformability. In brittle ma-
terials, the shear deformation tends to be extremely
difficult due to the material brittleness. As a conse-
quence, the material is confined during indenting
and this results in high measured hardness values.
Therefore, the ratio between hardness and tensile
strength of the material become much higher (it can
vary from 28 to 183 for different types of ceramics
(Zhang et al. 2011)). Since no published data was
found defining this ratio in concrete or cement
paste and in line with proposed values for ceramics,
in the present simulations, a value 30 times lower
than the hardness is taken as an approximation of
the tensile strength, while compressive strength is
considered to be 10 times higher than tensile
strength.

o The beams which belong to each indented location
are casily identified by overlapping tested proper-
ties on top of the lattice (Fig. 8). The elements that
connect two cells which belong to neighbouring in-
dented locations are ascribed with mean values
from these two indents. As already mentioned, the
indents located in big cracks or pores, were re-
corded as failed measurements. As cracks and pores
do not contribute to global mechanical response,
the elements that correspond to these indents were
omitted from the mesh.

« Elements can fail either in tension or in compres-
sion, when stress exceeds strength. For the fracture
criterion, only normal forces are considered to de-
termine the stress in the beams.

4.2 Mesh sensitivity

The locations tested by nanoindentation were subjected
to a simulated direct tension test. The interface speci-
mens (BFS I and CP_I) were loaded by applying uni-
form displacement at one edge, in a direction perpen-
dicular to the interface (Fig. 12b). The movement and
rotation of the opposite edge are restrained. Due to the
node randomness and adopted mesh size, different ele-
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ment alignments may cause some variations in the re-
sults for the simulated direct tension test. In order to
estimate the influence of mesh size, 4 randomly gener-
ated meshes with the cell size of 3.5 um and 1.75 um (A
in Fig. 8) and with the randomness value of 0.5 were
generated for CP_I (Location 2). To make an overview
of the lowest mechanical properties, the colour repre-
sentation of the elements in the lattice mesh is the same
as in Figs 5, 6 and 7. Damage patterns for the coarse
and finer mesh are presented at the Fig. 9.

From Fig. 9, it is observed that for both coarse and
fine mesh, the location of the crack remains consistent
for all simulations. However, in the case of a coarse
mesh, element orientation has more influence on the
crack propagation. For the same cell size and adopted
randomness value of 0.5, the fracture pattern still fol-

Tensile strength of lattice elements [MPa]

I‘IHII

higher
than 50

10 20 30 40 50

| B o .t . g ¥R
Fig. 9: Damage pattern in different meshes at the same
number of damaged elements for the specimen CP_],
Location 2: Top=coarse mesh, Bottom=refined mesh
(black - damaged elements).
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lows the same route, but can slightly deviate as a conse-
quence of differences in alignment of the elements. In
the case of a fine mesh, however, it seems that the influ-
ence of applied numerical modelling on the result devia-
tion is lower. Furthermore, for the sample with cell size
of 1.75 um and randomness of 0.5 (i.e. fine mesh), the
load displacement diagrams are compared and shown in
Fig. 10. As can be seen from the presented diagrams,
adopted randomness and mesh size do not have a sig-
nificant influence on the load-displacement diagram in
the simulated direct tension test. Therefore, cell size of
1.75 um and randomness of 0.5 are used in all subse-
quent simulations.

4.3 Fracture parameters

One of the simulation results with crack development
history is presented in Fig. 11 (CP_I location 5). Snap-
shots from Fig. 11 (a-f) correspond to the points in the
load-displacement curve (a-f) presented in Fig. 12a. The
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Fig. 10 Load-displacement diagrams for 4 different simu-
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Fig. 11 Cracking history of the specimen in the simulated direct tension test for the specimen CP_| location 5 (deforma-

tion was scaled 10 times).
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Fig. 12 a) Load-displacement diagram and b) the initial microstructure of the specimen CP_| location 5 (ESEM image

with micromechanical properties).

first microcracking initiated approximately 50 um from
the contact zone between the two materials. This micro-
cracking occurred before reaching the peak load (Fig.
11a). The crack stopped propagating in the vicinity of
an unhydrated cement particle. Here, as the local mate-
rial properties are higher, the crack was trapped and a
new microcrack initiated at a different location. This
new crack initiated close to the contact zone between
two materials. Once the microcracking localized, stiff-
ness of the tested “specimen” decreased, which resulted
in softening post-peak region of the load-displacement
curve (Fig. 12a and 11b). Cracks nucleated and propa-
gated further, finding their way through the neighbour-
ing weak spots, located around unhydrated cement par-
ticles and the mortar substrate (Figs. 11-c-e). Two
cracks deviated around an unhydrated cement particle
(marked at Fig. 12b, top). This enabled some bridging
between crack faces and disabled crack tips from con-
necting with each other and resulting in single crack
localization (Fig. 11f).

The same procedure is repeated for all test locations,
and stress displacement diagrams with crack history for
all the test interfaces are obtained. If fracture occurred
in the new material, up to 30 um from the contact zone
(interface thickness which was quantified in chapter
4.3.1 by image analysis), it was regarded as interface
failure. In specimen CP_I location 5, although the first
microcracking developed more than 30 um from the
contact zone, dominant cracking developed at the inter-
face, and therefore it was also considered as interface
failure. On the other hand, in the specimen CP_I loca-
tion 4, although some microcracking was present at the
interface, dominant failure occurred inside the repair
material (more than 30um from the interface) and was
considered as a repair material failure (Fig. 13b). In
specimen CP_I location 1 (see Fig. 13a), fracture oc-
curred inside the substrate and therefore, was also not
considered as interface failure. The peak load that was
obtained, was used for the calculation of the mortar sub-
strate strength. In the case of BFS1 specimens, all the

failures occurred at the interface (i.e. Fig. 13¢), while in
case of BFS2, one failure occurred inside the mortar
substrate (see Fig. 13e) and 2 in the repair material zone
which is further than 30 um from the interface (Fig. 13f
and 13g). Therefore, these failures were considered as
bulk matrix failure, or failure of the repair material. It
may also happen that the crack propagates exactly at the
contact between the new and old material (see Fig. 13d).
In the model, the intrinsic adhesion force directly at the
contact between two materials is not explicitly consid-
ered, and therefore, this case of failure is not included in
the simulation. This type of failure is also considered as
interface failure.

For the CP_matrix and BFS_matrix (140 x 140 pm’
tested area) and substrate mortar, the same procedure as
for interface simulations is followed. In this case how-
ever, samples were loaded first in one direction and then
in the perpendicular direction. This was done since nei-
ther the cement paste is an ideally isotropic homogenous
material (Qian 2012), nor is the lattice perfectly iso-
tropic (Lilliu et al. 1999), which means that loading
direction somewhat influences the simulated stress-
strain response. Further on, both results were taken
when determining the average values of the response of
the system.

From the simulation results, tensile strength, fracture
energy and stiffness of the interface can be calculated.
Fracture energy is calculated from the post peak part of
a stress-crack opening diagram. It represents the area
under the curve (Gf = | odw, where o is tensile stress
and w is the crack width). Crack opening in lattice
model is defined to be related to non-elastic deformation
(i.e. crack opening is obtained by subtracting displace-
ment due to elastic deformation from total displace-
ment). In the present study, the fracture energy is calcu-
lated up to the total crack opening reaching 0.5 pum.
Since in some samples instead of one crack, more
cracks opened, fracture energy is calculated considering
the whole tested “specimen”. Therefore, higher fracture
energy is calculated for the specimens where instead of
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Fig. 13 Representative damage patterns in the specimens where interface, old or new material failed a) CP_location 1, b)
CP_location 4, c) BFS1_location 1, d) BFS2_location 1, e) BFS2_location 2, f) BFS2_location 3, g) BFS2_location 7.

one crack, crack bridging is present (see CP_location 5,
Fig. 11), and propagation of more cracks enabled more
energy to be consumed until reaching the same total
crack opening.

Elastic properties of the composite can be correctly
“predicted” from lattice models, both for 2D and 3D
analysis (Lilliu et al. 1999; Van Vliet 2000). As the cal-
culated stiffness is influenced by the stiffness of the old
material, interface stiffness and stiffness of the bulk new
material, results obtained from the simulation were cor-
rected to account for the areas of the old material, inter-
face and bulk new material that were included in testing.
The simplest way of calculating the stiffness of the com-
posites is to revert to analytical models. Herein, a series
model was used. The stiffness obtained in the simulation
is therefore considered to be comprise of three springs
combined in a series, representing mortar substrate, in-
terface and bulk repair matrix. Therefore, the equation
used to calculate interface stiffness is:

Aitz ﬁ_ Aold B Anew
FEitz E FEold FEnew

€)

where 4 is the total area of a tested location (140 x 140

umz), Aold is the area of old material, Anew is the area
of the new material, 4ifz is the area of the interface, E is
Young’s modulus obtained from simulation, Fold and
Enew are the mean Young’s moduli obtained from test-
ing random spots in bulk old and new material, respec-
tively, and Eitz is interface Young’s modulus. In order to
obtain an average E modulus for the interface, the size
of the interface zone needs to be estimated. As already
mentioned, from the presented nanoindentation tests, the
interface cannot be regarded as a layer with lower prop-
erties which propagates all the way parallel to the con-
tact zone. However, an estimate about the width of this
zone where locally lower properties are dominant is
necessary for the calculation of the interface stiffness.
This can be determined by averaging the nanoindenta-
tion results at a certain distance from the contact zone
and comparing them to the bulk material properties
(Lukovic et al. 2013). The very heterogeneous structure
of the interface on this scale, however, contributes to
high variations and a not so clear tendency around the
contact zone. Also, there is a relatively small number of
the tested locations and a limited area that these loca-
tions cover (140 x 140 pm?). Another solution is apply-
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ing an image analysis procedure, where the analysis
might cover a larger area and therefore, enable more
reliability in estimating the width of the interface zone.
This method implies that the area fractions of unreacted
cement, hydration products and capillary pores are seg-
mented and compared. Although segmentation of the a
digital image can never be error free, due to various
reasons such as the finite-pixel size and overlapping of
signal sampling volumes (Wong and Buenfeld 2009),
these errors can be reduced if consistent thresholding
rules are applied.

4.3.1 Image analysis

An image analysis procedure was used to quantify the
average interface thickness which is needed to deter-
mine the interface stiffness. On the specimens prepared
for the nanoindentation, the backscattered electron
(BSE) imaging technique is applied according to the
procedure explained in chapter 2. This enables estima-
tion of the interface thickness which can be used later
for the calculation of the interface stiffness. Images
were taken randomly, around the contact zone between
the new and old material. 25 images with 500x magnifi-
cation were collected for CP_I and BFS1 I. In the
BFS2 I sample, there was a limited number of images
without cracks inside the specimens and therefore these
specimens were not included in the image processing.
The physical resolution of the image is 0.18 um and the
dimension is 1424x968 in pixel units.

First, in order to specify the contact zone between
two materials, it was necessary to delineate the bound-
ary of the substrate. Since computer automatic specifi-
cation encounters difficulties (Diamond 2001), the
boundary of the old material was specified manually
(Fig. 14d). Further on, the image analysis is processed
based on two algorithms: the concentric expansion
method for the strip delineation (Figs. 14e and 14f) and
the overflow criterion for the pore segmentation (Fig.
14b) proposed by Wong et al. (2006). More details
about these two methods can be found in (Gao ef al.
2013a), where image analysis was used to examine the
interface around aggregates in mortar specimens. The
unreacted cement particles are segmented by selecting
the minimum grey scale value between peaks for hydra-
tion products and the unreacted cement (Fig. 14¢). Seg-
mentation of BFS particles was not done, as the reflec-
tion intensities of hydration products under the BSE
detector were quite similar to BFS particles. Area frac-
tions of anhydrous cement particles and pores are ana-
lysed within the strips at a certain distance from the con-
tact zone. For all the acquired images, stripes with vary-
ing widths of 5 and 10 um were investigated (see Figs.
14e and 14f).

Results obtained from the image analysis are pre-
sented in Fig. 15. As can be seen from the graph, there
is a clear tendency that higher porosity and fewer unhy-
drated Portland cement particles are located close to the
contact zone between two materials. The amount of un-

Q) e)

Fig. 14: lllustration of the image analysis procedure based on concentric expansion and overflow criterion: a) initial im-
age, b) porosity around substrate, ¢) anhydrous Portland cement particles around substrate, d) initial image for strip de-
lineation, e) strips with 5 um thickness and f) strips with 10 um thickness (the BSE image example is chosen from CP_I).
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hydrated Portland cement particles in the case where
20% of the cement was replaced by BFS is lower due to
their substitution with BFS particles. Also, since these
particles are finer, the porosity profile for BFS shows a
smoother decrease. However, the thickness of this inter-
face zone, for both mixtures, seems to be similar. The
same was observed in (Gao et al. 2013b) where, with
the addition of BFS, porosity in the vicinity of the ag-
gregate surface decreased, but the thickness of the inter-
face zone did not. Therefore, for the different amounts
BFS addition, the interface thickness (range in which
these properties change) was the same. However, al-
though showing the same tendency for both types of
repair material used in this study, the thresholding value
which should be adopted is not quite clear. Values be-
tween 30 and 40 um seem reasonable for the interface
thickness quantification and are, therefore, subjected to
some bias.

In order to enable more precise estimation of the in-
terface thickness, the degree of hydration for the CP_I is
determined (Fig. 16). As the calculation of this parame-
ter includes fractions of all the phases from the cement
paste (unhydrated cement particles, hydration products
and porosity), it might enable a more unbiased estima-
tion of the width which can be further included for ana-
lysing the interface stiffness. Degree of hydration is
determined only for CP_I, since in the case of BFS I,
greyscale values between unhydrated BFS and CH are
too similar and therefore difficult to separate. However,
based on previous discussions, the same thickness is
expected in all types of interfaces, i.e. also when differ-
ent amount of BFS are added to the repair material, and
as such will be adopted in further studies.

The degree of hydration is calculated by dividing the
fraction of the hydrated cement particles by the total
sample fraction before hydration. As according to Pow-
ers’ model (Powers and Brownyard 1947), the hydration
products for Portland cement have a volume 2.1 times
larger than that of the unhydrated cement particles, de-
gree of hydration can be calculated as:

Fhp/2.1

- )
Fhp/2.1+ Fuc

where Fhp is the fraction of hydration products and Fuc
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Fig. 16 Degree of hydration on 10um thick strips for
CP_LI.

is the fraction of unhydrated cement particles. The final
degree of hydration which is obtained at the distance
higher than 30 pm can be considered as bulk material
degree of hydration and is around 0.71 with the standard
deviation of 0.14. This is somewhat lower than 0.75
which was obtained by BSE image analysis done by Ye
(2003) for the 28 days cement paste with w/c ratio of
0.4.

With the calculation of the degree of hydration in par-
allel stripes at a certain distance from the contact be-
tween the two materials, interface thickness seems to be
easier to distinguish. Therefore, for all types of repair
material investigated, interface thickness of 30 um was
adopted for the calculation of the interface stiffness.

4.4 Simulation results and discussion

Simulation results provide general insight about fracture
properties of the interface, how the local micromechani-
cal properties govern fracture propagation through the
weak locations and how this determines the response of
the system (Figs 11 and 12). Furthermore, simulation
results obtained from the interface locations were com-
pared to results obtained from the new material matrix
and substrate matrix (See Fig. 17). Representative
curves for different types of interfaces are presented in
Fig. 18.

Results in Fig. 17 indicate the ratio between interface
and bulk repair material fracture properties. The simu-
lated tensile strength that was obtained for 28-day ce-
ment paste with a w/c ratio of 0.4 corresponds well with
values obtained by Qian (2012). Tensile strength of the
interface is lower than the bulk matrix tensile strength.
Also, the tensile strength of interfaces (BFS I and
CP_I) seem to follow the tendency of their matrixes,
where the BFS matrix (both for BFS1, bulk matrix and
BFS2, bulk matrix) at the age of 28 days, due to slower
hydration, shows lower properties than pure Portland
cement paste. The same was observed in compressive
tests done on mortar cubes where the different amount
of PC was replaced by BFS (Menéndez et al. 2003). At
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Fig. 18 Representative load-displacement curves for
different interfaces.
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the age of 28 days, addition levels of BFS (for 10%,
20% and 35%) reduced the compressive strength values
by the ratio around 0.9 compared to the specimens with
PC, while at the later age (90 days) addition of BFS
resulted in higher compressive strength values. There-
fore, it might be considered that the Pozzolanic reaction
of BFS, by the age of 28 days, did not fully complete
and therefore, through the diluting effect (increased w/c
ratio) resulted in lower mechanical properties in blended
mixtures compared to the pure Portland cement mixture.

Specimens with the addition of BFS (BFS 1 and
BFS 2) showed similar tensile strengths, both in the
interface zone and bulk matrix (Fig. 17a). However, if
compared, the tensile strength of the BFS2 exhibits a
higher standard deviation compared to the CP and
BFS 1. The same holds for their interfaces (i.e. CP_I
and BFS2 I). This can be attributed to the higher het-
erogeneity of the specimen which is a consequence of
lower workability of the mixture when more Portland
cement is replaced by BFS. The another reason might be
that Portland cement triggers a faster hydration reaction
and, if sufficiently present at the interface, enables more
uniform properties. In the case where more Portland
cement is replaced by BFS there is lower probability
that Portland cement will be located in the interface, and
therefore, more heterogeneity will be present depending
on the packing. Therefore, although finer BFS particles
enabled better packing at the interface, they did not en-
hance bonding properties at the age of 28 days. Slower
hydration reaction of BFS particles compared to the
Portland cement particles, reduced the amount of hydra-
tion products which would enhance the bonding by the
age of 28 days. Therefore, the addition of BFS resulted
in the reduction of tensile strength at the interface at the
age of 28 days. In the case of CP and BFS 1 samples,
results for the interface strength are based on the aver-
age value of 7 test locations while in the case of BFS 2,
on 9 test locations which failed at the interface in the
simulated direct tension tests. Although expecting that
the tensile strength of cement paste inside the mortar
would be more uniform due to its maturity, presence of
aggregates and their distribution around the tested zones
in the mortar probably increased the heterogeneity of

microstructure and resulted in higher deviation in results.

The tensile strength is lower compared to the 28 day
CP_matrix (CP, bulk matrix), as a consequence of a
higher w/c ratio of the mortar substrate.

Both for BFS and CP (matrix and interface), Young’s
(E) modulus shows a similar tendency as tensile
strength (Fig. 17b). In the case where more Portland
cement was substituted by BFS particles, the calculated
stiffness of the specimens is reduced. The same was
observed in the research done by Kurumisawa et al.
(2010). They suggested that these reduced values are
due to the different elastic behaviour of C-S-H in
blended cement compared to that in Portland cement.
Another reason may lay in the slower Pozzolanic reac-
tion of BFS particles (Neville 1997; Zhou 2006). Due to
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Fig. 17 Comparison of the interface and bulk material
properties obtained from simulations: a) Tensile strength,
b) Stiffness and c) Fracture energy.

the slower reaction, there is a dilution effect of the BFS
particles, where the resultant w/c ratio is higher. Then,
although contributing to the finer pore structure and
lower effective porosity, total porosity in the blended
mixture with the increasing BFS content is higher (Zhou
2006), and therefore the stiffness of the mixture is re-
duced.

For the matrix in the mortar substrate, although the
degree of hydration is high, lower stiffness values are
attributed to the higher w/c ratio. The value obtained for
the mortar substrate matrix (around 25 GPa) is some-
what higher than the values obtained both numerically
and experimentally by Constantinides and Ulm (2004).
There, for the cement paste at the age of 5 months with
a w/c ratio of 0.5, experimental (ultrasonic pulse veloc-
ity-UVP measurements) and numerical values of 22.8
GPa and 23.2 GPa were obtained.
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For the repair matrix, with a w/c ratio of 0.4, at the
age of 28 days, large amounts of unhydrated cement
particles locally contribute to higher stiffness values.
This stiffening role of the residual, unhydrated clinker
on the properties of the hardened cement paste was
noted in previous studies (Sorelli et al. 2008). Stiffness
values obtained in the numerical simulation are some-
what higher than the stiffness values obtained by the
UVP measurements at the age of 28 days. One of the
reasons for this is the size effect. The measured stiffness
is strongly dependent on the porosity. In nanoindenta-
tion tests, only porosity at smaller scales (<5 pum) is
included. However, areas with bigger pores and air
voids, which govern the behaviour in macroscopic tests
are excluded as locations for testing were chosen such
that they do not include big pores or air voids. The big-
ger the specimens, the more dominant the influence of
big pores is and the lower the measured properties are.
Larger volumes will have a larger probability of con-
taining weak spots and consequently will fail at lower
loads (Van Mier 2012). Similar observations were made
by Velez et al. (2001), where nanoindentation measure-
ments of the E modulus on pure Portland cement phases
were compared to macroscopic scale measurement by
the resonance frequencies technique. They observed
consistency in results in microscopic and macroscopic
scale measurements, where the porosity is the main in-
fluencing factor. When the elastic moduli obtained in
the macroscopic scale tests were extrapolated to zero
porosity, they were in a good agreement with the results
obtained at the microscopic scale. The another impor-
tant issue is that, although nanoindentation is measuring
the micromechanical response of the indented volume, it
considers information from only one slice of the tested
area. Still, in macroscopic measurements of the E
modulus, three-dimensional information is included.
Pore connectivity and distribution of the air voids pores
will play a dominant role in the response of the tested
specimen and this is not taken into consideration in
these microscopic tests.

Fracture energy of the interface is considered as a
main parameter representing the interface fracture be-
haviour by many researchers (Kunieda er al. 2000;
Martinola et al. 2001; Lau and Biiyiikoztiirk 2010). Ce-
ment based materials exhibit a non-linear stress-strain
relationship and microcracking before the peak stress.
Afterwards, the crack localizes, which is followed by
strain softening. The way this localization happens, fol-
lowed by more microcracking, crack blunting, crack
bridging, friction and crack arrest, will determine how
much energy is absorbed during the fracture process.
These mechanisms contribute to the tendency of the
main crack to follow a tortuous route, consume more
energy, enabling stable crack growth and avoiding brit-
tle failure. The higher the fracture surface roughness
(more tortuous and rugged), the higher the fracture
toughness (Lange et al. 1993). Here, the fracture energy
was calculated as the area under the softening part of the

stress-displacement diagram up to a crack width reach-
ing the size of 0.5 um. From the presented results (Fig.
17c¢), it can be seen that the interface fracture energy is
lower than that of the bulk material. This is due to lower
peak strength but also lower amount of unhydrated ce-
ment and BFS particles due to the wall effect in the in-
terface zone. The presence of unhydrated particles as
locally stiff inclusions, will enhance crack bridging in
the failure zone (see Fig. 11). With their presence, the
crack does not propagate straight, but branches around
these particles which consequently increase the amount
of energy dissipation. Also, instead of a single crack tip,
more microcracks develop, which consequently con-
sumes more energy. The higher this energy consumption
is, the more ductile the response of the system is, and
higher fracture energy is spent on crack opening. When
comparing CP_matrix to BFS1 matrix, it seems that the
more homogenous the microstructure, the lower the
fracture energy. Better packing of the particles in the
BFS matrix (both BFS 1, bulk matrix and BFS 2, bulk
matrix in Fig. 17¢) and finer particle size, results in a
more uniform structure, more evenly distributed poros-
ity, and therefore lower fracture energy. Instead of devi-
ating and kinking in weak porous zones surrounding the
bigger cement particles, cracks propagate fast, following
more or less a straight route. Similar observations were
made in (Nishikawa et al. 1995), where the fracture
behaviour was investigated by compact tension from
which the fracture energy of specimens was obtained.
Samples with the addition of fine BFS resulted in de-
crease of fracture toughness compared to samples pre-
pared only with Ordinary Portland cement. It was stated
that large, unreacted cement particles brought a refrac-
tion in the crack or crack bridging which promoted re-
sistance to crack propagation and enabled plastic behav-
iour after reaching maximum peak strength. On the
other hand, finer BFS particles react with cement paste
and water, becoming even smaller, leading to less tortu-
osity in crack bridging and less energy spent for crack
development. Also, due to the dilution effect, the hydra-
tion of the remaining Portland cement particles is faster,
which further reduces the size of unhydrated particles.
The smaller the particle size, the fewer branching and
grain bridging is achieved, and therefore less energy is
consumed. The same is observed for the matrix in the
mortar substrate. With the high w/c ratio and long cur-
ing age, the matrix reached a very high degree of hydra-
tion and relatively uniform microstructure, with a mini-
mal amount of unhydrated particles which would cause
crack branching.

If mean values for fracture energy are compared (Fig.
17¢), different results can be observed for the BFS2
sample. High deviations found in these specimens are
probably a consequence of the higher heterogeneity of
the mixture, with lower workability during the casting
procedure. Another reason is that these samples exhib-
ited denser packing due to more BFS and its finer parti-
cle size. Further on, due to the slower Pozzolanic reac-
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Fig. 19 Ratio between interface (ITZ properties) and bulk
matrix properties for different type of repair material
used.

tion and their dense packing, these particles do not re-
duce in size as fast as OPC. They still act as strong in-
clusions and enable crack tortuosity and branching,
leading to a higher energy consumption during crack
opening.

In Fig. 19, the ratios between the fracture properties
of the interface and the corresponding bulk matrix
(CP_I/CP_MATRIX, BFS1 _I/BFS1 MATRIX and
BFS2 I/BFS2_MATRIX) with calculated standard de-
viations are indicated. For the matrix properties, the
mean value is taken. The highest ratio between interface
and bulk matrix properties is obtained when only OPC
is used. As the replacement level of OPC with BFS in-
creases, the ratio decreases. This is reasonable as BFS
particles, due to their finer particle size, tend to concen-
trate more in the interface. Therefore their local concen-
tration in the interface will be higher than in the bulk
matrix. With more BFS particles included, hydration of
the paste is slowed down. Therefore, although finer
packing is achieved, the ratio between the interface and
bulk matrix strength when blended paste is used as a
repair material is also lower compared to pure cement
paste. The stiffness of the interface is around 50% lower
than the stiffness of the bulk matrix and the ratio of the
stiffness also reduces when the amount BFS added in-
creases.

As can be seen, a large scatter of the results is present,
especially when more BFS is used. This can be attrib-
uted to the intrinsic heterogeneity of tested samples and
the test method itself. As the original microstructure was
used, results encompassed inherent heterogeneity of
material behaviour on multiple scales: nanoscale (hy-
drates distribution and gel porosity), microscale (capil-
lary porosity, particle distribution, internal stress and
strain state), mesoscale (influence of roughness, dis-
tance from the aggregate particles in the mortar sub-
strate). On macroscale experimental testing, even more
parameters have to be taken into account, which further
complicates the quantification of the interface properties
and leads to, unreliable predictions about the perform-

ance of the system.

Beside inherent heterogeneity, high variation of the
results are also ascribed to the two dimensional repre-
sentation of the microstructure. On top of the informa-
tion that is included by indented volume (which is lim-
ited and determined by indentation depth), no informa-
tion about pore connectivity, micro cracks, and distribu-
tion of the hydration products beneath this tested surface
layer is obtained. More crack bridging and higher frac-
ture energy, as well as a more uniform response of the
system, would be expected if a three dimensional repre-
sentation of the system would be possible.

Due to its heterogeneous nature, a significant number
of interface locations should be tested before their statis-
tical parameters can be determined. As previously stated,
this was outside the scope of the current study.

Based on the presented results, one question that
arises is whether the mean values for the interface are
representative. Concrete and mortar microstructure in
and around the interfaces are complicated and variable.
The response of the system will be governed, not only
by mean values, but more by the weakest properties,
and therefore deviations of these properties should be
also taken into account. Once localized, a crack will
propagate and it will be difficult to stop it, especially in
case of brittle cement based materials. For example, if
BFS 1 and BFS 2 samples are compared, they have
similar tensile properties but standard deviation in case
of BFS_2 is much higher. Also prior to testing, finding
an undamaged interface in case of BFS 2 was more
difficult compared to BFS_1 sample. Furthermore, it is
important to investigate how these variations influence
the higher scale tests. As the interface is governing for
the fracture response of the system (in mesoscale testing,
i.e. aggregate matrix interface, or in macroscale testing,
i.e. composite systems), mechanical models should en-
compass more information, such as probability and ran-
domness of measured interface properties. This is espe-
cially important when the interface is the weakest link
in the system.

5. Conclusions

The interface between old and new material in concrete
repair systems is usually considered to be the weakest
link of the system. So far, no significant attempts have
been made to quantify the mechanical properties at its
size scale. In the approach proposed herein, microme-
chanical tests are combined with numerical modelling to
study mechanical properties and fracture behaviour of
interfaces at the micro scale. Micromechanical proper-
ties of the interface and bulk material are measured by
nanoindentation test and directly used as input in nu-
merical modelling. Simulation testing, which mimics a
bond strength setup and physical structure of the inter-
face, might give insight into fracture processes at the
interface. Based on results of this research, some con-
clusions can be drawn:
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o The interface cannot be considered as a layer with
uniformly lower properties close to the contact zone
between two materials. Rather, it consists of local,
discrete zones with low properties. However, these
zones are usually initiation points for crack localiza-
tion and together with local boundary conditions and
phase distribution around this initial crack, they de-
termine global fracture behaviour of multilayer mate-
rials.

« The ratio of tensile strength between the interface and
bulk matrix at the age of 28 days for the cement
based repair material is lower than 0.9. The ratio de-
creases as the addition of BFS increases. Although
finer packing is achieved, BFS particles did not im-
prove interface fracture properties at this age. This is
attributed to the slower Pozzolanic reaction of the
BFS particles compared to hydration of the Portland
cement. Although finer packing is achieved, at the
age of 28 days, the addition of BFS particles resulted
in reduced strength.

o The ratio of stiffness between the interface and ma-
trix is lower than 0.7 for all types of repair materials
used. This is the consequence of the higher porosity
of the interface, but also the lower amount of unhy-
drated particles which increase the local E modulus.
With the addition of BFS, this ratio further decreases.

« Due to the size effect, stiffness values obtained in the
simulated direct tension test are lower compared to
(macroscopic) E modulus values obtained by ultra-
sonic pulse velocity measurement from the literature.

o Larger particles enable more crack bridging and
therefore higher fracture energy. They act as obstacles,
enabling locking of the cracks. When finer particles
are used, a crack follows a straighter route, and less
crack bridging is achieved. Therefore, fracture energy
of pure cement paste is higher than with the addition
of finely packed BFS.

« When ascribing mechanical properties to the interface
in higher scale calculations, average properties proba-
bly should not be used. Instead, variations in E
modulus and tensile strength should also be taken
into account, as these lower tensile strength values
and their randomness will govern the response of the
whole system.

Numerical modelling combined with experimental
testing can potentially bridge the gap between local ma-
terial properties inside the system and its structural be-
haviour at the microscale. Furthermore, it is a promising
attempt to quantify, at least in the comparative sense, the
relationship between fracture properties of the interface
and bulk mechanical properties of the material.

The important question that arises here is, once the
interface properties are quantified, whether it is repre-
sentative to use their mean values. The locations that
were tested were chosen to be without cracks and de-
fects. The interface is not homogenous and measure-
ments specifically reflecting the local variations are
important for a proper representation and realistic model.

Local variations are a result of complicated physical and
chemical processes which are taking place due to the
interaction between two materials. These processes are
still not fully understood. Therefore, at this scale it is
still not possible to explain it by using simplified mod-
els, nor is a wide range of experiments available for
their testing. One approach for studying the interface
properties is inverse modelling, but in order to deter-
mine both interface properties and properties between
different phases in cement based materials, fracture tests
at the microscale need to be conducted. So far, this was
not possible. Another approach is experimental testing
in available tests (nanoindentation) in order to quantify
the local properties and assemble these measured prop-
erties by applying modelling procedure that was previ-
ously described. In this way, realistic material represen-
tation is included and used as the input. Then simulated
properties, both for the bulk material and interface zone
can be compared. It has to be highlighted that this ap-
proach, however, does not cover the adhesion force be-
tween the two layers. It gives rather the strength of the
interface layer which is, due to the wall effect, usually
distinguished as a locally more porous area. Results
obtained from simulated experiments based on realistic
material representation could be used as input for higher
scale simulation and testing which is possible to per-
form and verify by experimental results. Determining
and understanding the interface properties at its size
scale is essential and will help to explain observations
from meso/macroscale fracture tests. Furthermore, the
used approach might enable better understanding of the
complex fracture processes of multilayer systems,
which is almost always dictated by fracture properties of
the their interface.
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