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AbstractThe purpose of this paper is to determine the elasto-plastic behavior of various phases of a Hardened
Cement Paste. A coupled experimental-numerical investigation is presented. A large campaign of
microindentation tests has been first performed. These experiments are led on concrete samples. The statistical
analysis of the experimental results based on the deconvolution method as well as micro-analyses with Scanning
Electron Microscopy has allowed to distinguish five different groups of phases, namely LowDensity C-S-H,
High Density C-S-H, Portlandite CH, unhydrated particles and sand grains, as well as their relative proportions.
Mean force-indentation depth curves characteristics of each phase are identified.

The simulation of these indentation tests is then performed by the Finite Element Method. A nonassociated
plasticity model based on a Drucker-Prager plastic potential and the Yield function proposed by Lubliner and
modified by Lee and Fenves is chosen to represent the behaviour of the various phases of the cementitious
material. An inverse determination of the parameters of these two function governing the plastic behaviour,
based on the demonstration of their influence on the load-indentation depth, is developed.

The results may be used by researchers involved in hierarchical multi-scale modelling of cement-based
materials.

Keywords Indentation experiment, deconvolution, statistical analysis, cement-based materials, FE simulation,
nonassociated plasticity, inverse analysis

1. Introduction

Most of the properties and durability aspects of concrete are linked to hardened cement paste characteristics. It
is therefore of the most importance to understand the hydrated cement paste basic structure to better understand
the concrete physico-chemical properties. Clinker consists of four main components: Cs3S, C,S, CsS, and C,AF.
Cement paste has a very complex microstructure which varies in function of the cement composition, time and
hydration conditions. To make things simpler, the main components of the microstructure are the hydrated
calcium Silicates (C-S-H), the portlandite (CH), the calcium trisulfoaluminate also called ettringite (noted AFt),
the monosulfoaluminate (AFm). Moreover, anhydrous cement grains and micro-porosity are found.

The C-S-H are the main hydration products. These are porous components with amorphous and colloidal
structures and a variable chemical composition. The portlandite CH often occurs in the shape of massive
crystals, but is also mixed with C-S-H at the micromillimeter scale. The portandite CH and the cement clinker
can be considered as non-porous solid components.
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Different works have been carried out in the last few decades to study the solid components of the Hardened
Cement Paste and their elastic properties. Indeed, these last years, the tremendous increase of computational
capabilities has largely favoured the development of numerical modellings based on a realistic and multi-scale
description of cementitious materials. The intent is to assist the material developer by providing a rational
approach to material development and concurrently assist the structural designer by providing an integrated
analysis tool that incorporates fundamental material behaviour (among the most recent publications: [1-15],
including some of the co-authors of this work [16-26]).

It is now clear that any realistic attempt to accomplish such an objective should be based on a precise
determination of the properties of each individual components of the cementitious materials.

Nano-indentation is undoubtedly a meaningful experimental technique that enables researchers to characterize
local mechanical properties, especially with the development of new techniques and instruments at the micro-
and nano-scales. Thus a considerable effort, in the past recent years, has been devoted to such studies on
various heterogeneous materials. In early years, micro-indentation tests have allowed to estimate first the
properties of the bulk cement paste [27,28], and then the elastic modulus and strength of the Interfacial
Transition zone [29-31]. Nano-indentation techniques have then been developed to obtain submicro-scale
mechanical properties and more particularly those of the individual components of the Hardened Cement Paste.
This technique has enabled materials scientists to go deeper in the knowledge of cementitious materials
microstructure. The existence of two kinds of C-S-H, with their relative proportions, has been put into evidence
[32,33]. Thus, at a microscopic scale, observing

C-S-H in a hydrated cement paste reveals two different textures. The first one called HD (high density) C-S-H
or inner C-S-H, has a dense aspect and is found inside the initial cement grain and the other one, called LD (low
density) C-S-H or outer C-S-H has an aspect that is less dense, more fibrous and more dispersed, as illustrated
in Figure 1.

Figure 1: Backscattered electron image of a cement paste: A grain of anhydrous cement; B HD C-S-H ; C LD
C-S-H ; D monosulfoaluminate ou AFm [Diam 2006]

The terms “inner C-S-H” and “outer C-S-H” come from Scrivener’s research work [34], whereas Jennings [35],
when performing nitrogen absorption tests, identified two types of C.S.H porosity accessibility and termed them
as HD C-S-H and LD C-S-H.

Based on these first referenced experimental works, statistical analyses of nano-indentation tests were proposed
and carried out to determine the nano-mechanical behaviour of the components of Hardened Cement Pastes.
The original studies were devoted to CEM | type cement in normal or elevated temperature conditions [36], and
then extended to supplementary cementitious materials [37,38], ultrahigh performance concrete [39], and also
recycled aggregates concrete [40].
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Despite some questionings about the relevance of the methodology [41] which was in debate [42,43], numerous
results have been obtained and have enabled researchers to determine firstly the elastic properties of the
components of Hardened Cement Paste, see for example the recent publication of Lin et al. [44].

Simulations of the nano-indentation tests allowed to extent the determination of the mechanical properties of
the indented materials. Thus various inverse analyses strategies have been established in recent years to study
viscoelastic [45] and even plastic or cracking behaviour [46-51]. In these recent studies, plasticity models with
few parameters to determine have been considered. The use of a more complex nonassociated plasticity based
model for the various components of a Hardened Cement Paste, as the one used in the present paper, has not
been discussed yet.

Furthermore, up to now, experimental campaigns have been carried out on pure phases or on cement paste and
rarely on composites with the aggregates and therefore with the Interfacial Transition Zone, at the noticeable
exception of the works presented before [29-31,40]. However, the mixture with aggregates and the appearance
of this transition zone modify the bulk paste [22,23,52].

Thus, the aim of this paper is to develop an approach making it possible to study the matrix inside the
cementitious composite. This determination is obviously highly important for the cement matrix
characterization. The methodology can be applied for sustainable questions. The present paper first introduces
the material and methods and then examines the material results. Finally, it exploits the results by using
statistical methods. Then, a FE simulation of the test is presented, as well a sensitivity analysis on each of the
model parameters to identify. The procedure has enabled us to find how these parameters influence the force-
depth curve and finally allowed their determination. The results may be used as input data for the multi-scale
modeling of the mechanical behaviour of cementitious materials. The objective for such modelling strategies is
to assist structural engineers by providing accurate constitutive laws and also simulation tools able to use these
laws, as well as to propose a rational approach for the materials development.

2. Material and methods

The work presented in this paper is part of a project devoted to the characterization and the modeling of
cementitious composites at both micro and meso-scales. Thus the material used in this study is a concrete
prepared with a CEM | type cement and a water-to-cement ratio of 0.5, 0/4 sand, 6/10 and 10/20 aggregates.
The mass composition was as follows: 0/4 sand = 710kg / m®; 6/10 aggregates = 365 kg / m®; 10/20 aggregates
=725 kg /m% CEM | cement = 400 kg/m®.

A7 x 7 x 28 cm parallelepipedic sample was made up and vibrated to eliminate air bubbles (figure 2). After 24
hours, the sample was withdrawn from its mold and was immediately put in a damp room for maturation. After
ten days, a diamond saw was used to cut out the sample in order to obtain small 1.5 x 1.5 x 2 cm
parallelepipedic samples. These ones were put in a dessicator. The samples surfaces were then polished by
using several abrasive cloths. The sizes of the diamond particles varied from 6 pm to 0.25 mm. Thus, in this
study, the focus was on low hydration degrees. It should, however, be noted that the experimental methodology
set up does not depend on maturation time.

Figure 2: Parallelepipedal specimen (a) and storage condition in desiccator
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As previously explained, nano- or micro-indentation techniques have been used for some years to assess the
elastic properties of cement materials or pure components (see also [53]).

In this new research work, an effort was made to be located at a scale higher than in [36] in order to identify
homogenized properties of a concrete matrix. If the choice was made upon this mesoscale, it was because the
aim was to consider the matrix modification by adding a granular skeleton. The tests were performed at room
temperature, the measuring device used was a Micro scratch tester, manufactured by CSM (Figure 3). The used
indenter had a spherical shape with a diameter equal to 10 um. On the sample, 99 indentations were made on an
area of 250 x 240 um in the cement matrix located near aggregates, the area having been chosen randomly
(Figure 3). Spacing among the centers of gravity of indents was fixed at 25 um into a direction and at 30 pum
into the perpendicular direction. The load used for all the indents was fixed at 25 mN.

Figure 3: Nano/micro-indenter used in the study: micro-scratch tester manufactured by CSM
At the indentation place, the surface was about to be distorted in a way which reflected the mechanical
properties of the indented material. The elastic modulus and the hardness could be calculated in function of the
maximum load and the maximum penetration. The method to be used was that of Olivier and Pharr [54]. This
method describes the upper part of the unloading curve by the following law:

P ( h—h, )“‘
max hmax _ hp (1)

Where F is the force, Fra is the maximum force applied, h is the indentation depth; h, is the indentation depth
after unloading, hmay is the maximum indentation depth at F.; m is a constant determined by using a least
squares method and is function of indenter geometry.

An example of load-indentation depth curve achieved in the present work is presented in Figure 4.
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Figure 4: Analysis of the micro-indentation test. Achievement of contact stiffness and depth
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The different parameters of equation 1 are defined as follows.
Contact stiffness S is given by the curve tangent at the maximum force contact:

> = (g)max @)

-1 = m
Frmax(Nmax— Np) Prolonging this tangent
allows to define h;:
Fmax
S 3)
Contact depth h, is then determined by
he = Nmax = &(hmax = hy) 4
Where ¢ depends on exponent m and thus on the indenter shape. For a spherical indenter, ¢ = 1.
Hardness Hyr is identified from the maximum load, F ., of the projected contact surface A, at the contact depth
he, Ay is function of the contact depth h. and is determined by calibration of the indenter.

hy = hyax —

F
H — max

T Ap(ho) (5)
The reduced modulus E, is given by
E — Fmax

T Ap(h) (6)

This reduced modulus is function of the Young’s modulus and the Poisson’s coefficient of the indented material
(unknown) and the indenter material (known). Also, without a hypothesis on one of the unknown parameters
(Young’s modulus and Poisson coefficient of indented material), it is not possible to decorrelate them by using
this technique:

1 1-vZ 1- viz

E. Epr E; (7
Where E; and v; were respectively the elastic modulus and Poisson’s coefficient of the indenter and v,

Poisson’s coefficient of the sample. In the present research study: v; =0.07 and E;=1141 GPa. Most of the
experimental results were presented hereafter in terms of reduced modulus of the indented material. If it is not
the case, it was assumed in a first approach that v = 0.24, a value commonly allowed for the mortar.
Conventionally, indentation methods were applied to homogenous materials. As already said, Constantinides
and Ulm [36] extended this technique to materials made up of several components but also at different scales.
To apply this technique called indentation grid technique, a very large series of indentation tests had to be
carried out on a surface grid. Then each indentation test was considered as a statistical event, and the
mechanical properties extracted from the indentation test, namely the elastic modulus (E) and the hardness (H)
were considered as random variables. The data were then analyzed by deconvolution of frequencies densities. It
was assumed that the distribution of the mechanical properties x= E or H of each component j was very well
approximated by the normal (or Gaussian) distribution:

1 (x—uj)z) (8)

Pj(x)=
J( ) '—2715]-2 251.2

Where p is the arithmetic average of all the Nj-values for each component, while the standard deviation s is
the dispersion of these values:

explfi-

1 «N 1 N 2
W = Ezkil Xk and 512 = mzk; (Xk - M]) ©)
n=1 corresponds to the homogenous material case, in the case of several components which all had a normal
distribution and which did not interact one with the others, the total frequency distribution complied with the
probability density function:
p(x) = Zf’::{ fyp;(x) (10)
Where fi= Nj/N is the surface fraction occupied by component j
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Y=afy=1 (11)
The problem thus defined includes 3n-1 unknown values, that is to say 3 unknown values per component (y;,S;,
f;), reduced by the compatibility condition (previous equation). The responses distribution was obtained in the
form of discrete values P;. Consequently the unknown values could be determined by minimizing the error
defined as follows:

(pi-p(xi)*
D (12)

Xi) = YL, f pr(x
Where, p; is the experimental value of the frequency density, p(xi) E] =17 py(xi) is the theoretical
value of the probability density function at point x; and m the number of intervals chosen to build the histogram.

3. Analyzing the micro-indentation results

Figure 5 shows the distribution of the 99 indents performed on the matrix. The indented area was visualized by
using an optical Microscope. Figure 5 shows the cement matrix surrounded by aggregates on its contour and
highlights the indented area limited by a black line. A number is provided for each indent during the micro-
indentation test.

Figure 5: Test area and numbering of the indents
To show the different components of the indented area, images by Scanning Electron Microscopy were made.
Figure 6 shows the indented area too. The sand grains are grey, the anhydrous grains are small white particles,
the hydration products (C-S-H mainly) are coloured in light grey and the gaps and other pores are in black.
Figures 7 to 10 present micro-analyses performed on each of the matrix components.
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Figure 7: Micro-analyses performed on some matrix components
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Figure 8: Micro-analyses performed on some matrix components
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Figure 9: Micro-analyses performed on some matrix components
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Figure 10: Micro-analyses performed on some matrix components
Figure 11 presents the evolution of the reduced elastic modulus E, (in GPa) and of the maximum depth hpa (in
nm) in function of the indented position of the sample used. The large variations of the values thus highlighted
are a consequence of the heterogeneity of the material and of the position of the indented point according to the
aggregate, around which is a transition aureole of higher porosity than the rest of the matrix. This figure,
expectedly, also shows that a high Young modulus is translated into a low indentation depth and reciprocally.
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Figure 11: Micro-indentation results. Modulus of elasticity E (a) and maximum depth (b) in function of the
number of indent

4. Exploiting the results by the statistical method.
By applying the statistical method, 5 groups of experimental values are obtained (Figure 12).
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Figure 12: Experimental micro-indentation results. Distribution of reduced elastic modulus

The histogram first peak area called Group 1 belongs to interval [16-27 GPa] and the mean value of the reduced
Young ‘s modulus is equal to 21.1 + 2.17 GPa. The values within this interval are associated with areas where
the indentation response is very likely dominated by the LD C-S-H. Using nanoindentation on a w/c=0.5
hardened white cement paste, Constantinides and Ulm [36] found that the LD C-S-H reduced elastic modulus is
equal to 18.2 + 4.2 GPa. Acker [55] gives a value of 20 + 2 GPa.

The estimated volume fraction of this component is here equal to 19.19%.

The histogram second peak area called Group 2 belongs to interval [27-39] GPa and the mean value of the
reduced elastic modulus is equal to 31.4 + 3.6 GPa. The values within this interval are associated with areas
where the indentation response is very likely dominated by the HD C-S-H. Constantinides and Ulm [36] found
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that the reduced elastic modulus of this component is equal to 29.4 + 2.4 GPa. Acker [55] gives a value of 31 +
4 GPa.

The estimated volume fraction of the HD C-S-H is here equal to 55.55%.

The histogram third peak area called Group 3 belongs to interval [39-60] GPa and the mean value of the
reduced elastic modulus is equal to 47.99 + 5 GPa. The values within this interval are associated with areas
where the indentation response is likely dominated by Porthandite CH. Contantinides and Ulm [36] found that
the reduced elastic modulus of this component is equal to 40.3 + 4 GPa. Acker [55] gives a value of 36 + 4 GPa.
The estimated volume fraction of the CH is here equal to 12.12%.

The histogram fourth and fifth peak area called Group 4 and Group 5 belongs to interval [60-141] GPa and the
average values of the reduced elastic modulus are respectively equal to 81 + 5.2 and 107 + 3.4. The values
within this interval are associated with areas where the indentation response is respectively dominated by sand
and clinker. The two components are not always discernible by simple observation. The combined volume
fraction of the two components is equal to 13.13%.

Some modulation, however, needs to be considered when showing these groups accurately. Indeed, given the
load level, the indenter may possibly have touched two groups simultaneously.

It is also worth noting that HD C-S-H are here the dominant component in the cement matrix. They represent
74% of the C-S-H volume. This established fact is in contradiction with the results previously achieved on the
aggregateless paste. Constantinides and Ulm [36] when studying a pure paste, found that the dominant
component is the LD C-S-H and that the latter represented 65% of the volume of the C-S-H.

A possible explanation could be linked to the presence of the sand grains and aggregates which cause the
appearance of the high porosity transition aureole and, as a result, the decrease of the cement matrix porosity.
So the w/c ratio for a matrix without aggregate is greater than that of the hardened cement paste with
aggregates. And the LD C-S-H or outer C-S-H are known to be formed in the pores full of water during
hydration. Besides, the paste studied by [36] was completely hydrated without the presence of clinker while, in
the present study, the observation of the cement matrix studied using SEM shows the significant presence of
anhydrous grains, which means that the hydration is not complete.

To indirectly validate the results coming from the deconvolution technique, it would be interesting to simulate
the micro-indentation test. This simulation could be carried on until the determination of inelastic properties of
each component, which could not be assessed by an experimental test. Each group would be represented by an
experimental diagram characterized by an elastic modulus close to the mean value of the group. The
experimental diagrams representative of each group are represented in the Figure 13.
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Figure 13: Mean force-indentation depth curve for the whole groups
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The analysis of the experimental diagrams representative of the different groups makes it possible to note that
for the same maximum load of 25 mN, the maximum indentation depth for LD C-S-H (first group) is twice as
big as the second group (HD C-S-H) and three times as for the third group. The residual distortion of the first
group follows the same trend. Besides, the plastic area, delimited by the horizontal axis, the loading diagram
and the unload diagram, is greater for groups 1 and 2 and is almost equal to zero for groups 4 and 5.
Consequently interesting information can be drawn on the different components of the cement matrix:

e LD C-S-H are the component that can most be distorted and have a large plastic distortion. This
behaviour is due to a high porosity as this phase is formed in pores full of water and has a fibrous
texture [55]. According to Ghabezloo [56] their porosity is equal to 0.37. As a result, it can be said to
have an elastoplastic behaviour.

*  HD C-S-H are a component that can be distorted, with plastic distortion inferior to that of LD C-S-H.
According to Ghabezloo [56] their porosity is equal to 0.24. Their behaviour can also be qualified as
elastoplastic.

e The CH is also an elastoplastic component that can little be distorted compared with the first two
groups. The area, limited by the horizontal axis, the load diagram and the unloading diagram is seen to
be lower than those of the LD C-S-H and HD C-S-H.

*  Asfar as the sand grains and clinker are concerned, they exhibit an almost purely elastic behaviour for
this range of effort applied as their residual distortion is low and the area limited by the horizontal axis,
the load diagram and the unloading curve is almost equal to zero. Nevertheless, their behaviour is
considered as remaining elastoplastic.

These considerations can be used as guiding principles in the choice of the behaviour law to be used for each
component.

5. Finite Element simulation of the micro-indentation test to identify the parameters of the constitutive
law for the various phases of the Hardened Cement Paste in mortar

5.1 Constitutive law for the mechanical behaviour of the various phases of HCP and main parameters to
identify

The experimental force-depth curves put into evidence nonlinearities in the response of the indented phases.
Concrete behaviour is the result of local distortions at a microscopic level. As aggregates, in ordinary concrete,
can be considered as being, in no way, out the elastic field of their behaviour, the concrete composite
elastoplastic behaviour is governed by that of the cement matrix, and so, by its different components and their
association, namely the C-S-H, portlandite (CH) and, possibly, the unhydrated clinker. As previously said,
analyzing the representative experimental curves of the different cement matrix phases showed that the latter
have an elastoplastic behaviour. To describe this behaviour, it is necessary to, in addition to the elastic field,
determine the main characteristics of the nonlinear behaviour of the different cement matrix phases.

An elastoplastic law can also be justified by the nanogranular nature of hydrates [36,57]

In this work, the plastic behaviour of the various phases is first characterized by the Yield function of Lubliner
et al. [58] modified by Lee and Fenves [59]. This function is defined as follows:

1
AP = 1
F= m(q —3ap + B(Ep )Gmax + YUmax) - Gc(gp )
In which:
_ 3(1-K)
-7 7 3K-1 with K the ratio of the second stress invariant on the tensile meridian to that of the compressive
meridian,

(13)

a= [ +p):+p)

— % trace(o)

- ( the deviatoric equivalent stress,

- p the hydrostatic pressure stress p=
- ‘omax the maximum principal stress,
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O'C(Elcjl)
B(apl) = —p](l —o)+(1+
- oe(e’) with o, (") and o, (¢”}) respectively the compressive and
_ (fp/feo)—1
tensile stress cohesions and =~ 2(fn/fco)—1 where f, is the equibiaxial compressive yield stress and fy the

uniaxial compressive yield stress.

This Yield function is often used in damaged plasticity models for cementitious materials. It is written here in
the stress plane and not in the effective stress plane as damage and microcracking are not supposed to be
generated in the phases indented by a spherical indenter, as in this study, as contrary to Berkovich indenter for
example.

Then, the plastic model considered in this work introduces a non-associated plastic flow potential, different thus
from the yield function. The Drucker-Prager model is used here, with its elliptical shape,

G = V(R,— eR tan ¥)’+ g’ — p tan ¥ (14) for the definition of this potential, given by:
Where:

- Ryand R, are the uniaxial tensile and compressive strengths of the considered phase respectively,

- Wis the dilation angle measured in the p-q plane at high confining pressure, - e is an eccentricity of
the plastic potential surface.

As explained in previous sections, the micro-indentation test makes it possible to extract directly

(without any particular inverse method) two parameters of the material namely Young’s modulus (by means of
a hypothesis on Poisson’s coefficient) and hardness. Moreover, given the difficulty linked to calculating a slope
on an experimental curve, it was decided not to use the values previously determined and to consider Young’s
modulus and Poisson’s coefficient as parameters to be identified. The purpose of the following of the paper is
thus to determine the parameters of each phase starting from the microindentation test by using a numerical
approach coupled to an inverse method. The inverse method principle consists in iteratively minimizing the gap
between the simulation result and the experimental measurement. The parametric identification problem is the
most used inverse problem in indentation.

In summary, the whole parameters to identify are:

- For the elastic part of the behaviour: E the Young’s modulus of the considered phase, v the Poisson
coefficient of the considered phase;

- Rcand Ry, respectively the compressive and tensile strengths of the considered phase;

- For the plastic part of the behaviour: the parameters of the Drucker-Prager plastic flow potential,
namely the dilation angle ¥ and the eccentricity e, and those of the Yield function, that is to say: the
ratio between the equibiaxial and the uniaxial compressive yield stresses, and K the ratio of the second
stress invariant on the tensile meridian to that of the compressive meridian.

As a whole, 8 variable parameters defining the mechanical behaviour of the various phases have to be
identified. It is worth noting that the research works carried out so far to characterize the properties of cement
paste phases have been achieved in the elastic field.

5.2 Simulation of the micro-indentation test

5.2.1 Main hypotheses of the simulation

The simulation of the micro-indentation test has been performed using the FE software package ABAQUS [60].
Axisymmetric conditions are assumed. The spherical indenter has been described by a rigid surface; its
diameter is 10 um. Each phase is simulated alone imposing thus that the material is homogenous. Figure 14
shows a cross-section of the mesh with the half-sphere and a homogenous considered phase. Figure 15 presents
a 3D view of the mesh used for this simulation obtained with an axisymmetric revolution. A finer mesh has
been assigned to the area located directly under the indentation point and an unrefined mesh has been attributed
far away from the indenter (figure 14). That made it possible to achieve more accuracy and, at the same time,
reduce the calculation time duration.

For surfaces in contact, a contact pair approach is considered.
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Figure 14: Cross section of the mesh used to simulate the micro-indentation test

Figure 15. 3D view of the mesh used to simulate the micro-indentation test

More particularly, the small-sliding, surface-to-surface formulation has been chosen. This formulation requires
the definition of slave and master surfaces. In the case of the use of rigid surface, this one is the master surface.
Furthermore, a Coulomb friction to define the tangential behaviour of the contact is considered.

The test simulation has been performed in imposed displacement conditions whereas an imposed force has been
used during the experimental test. The imposed displacement is set equal to the maximum displacement
deduced from the representative experimental force-depth curve. An increasing displacement is thus applied on
the node of the rigid sphere in contact with the indentation point of the mesh until this maximum displacement
value is reached. Then the displacement is continuously decreased until a zero value. The reaction force and the
depth of the indentation point are recorded, which enables one to plot the force-depth curve.
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5.2.2 Sensitivity analysis on the friction coefficient

As previously explained, a Coulomb model to describe the contact between indenter and indented surface is
used. The tangential contact behaviour is governed by the value of the friction coefficient. In this part of the
work, the evolution of the indentation force-depth curve is studied for various values of the friction coefficient.
The set of materials parameters used is arbitrarily fixed at E=48 GPa, v=0.32, R;=50 MPa and R=3.6 MPa.
They correspond to that of the Portlandite phase. Moreover, to define yield function and plastic flow potential,
the parameters considered by default for cementitious materials in Abaqus user’s manual [60] or in literature
are used: ¥=35° [61], K=0.66, 0=1.16 and e=0.

Figure 16 presents the results obtained for this first sensitivity analysis. It can be seen that the friction
coefficient between the material and the indenter has an influence only on the maximum force and affects
neither the residual strain nor the unloading curve slope. Yet, the results seem less influenced by the friction
coefficient beyond a value equal to 0.6. Sarris and Constantinides [62] have also investigated this point and
have found that beyond 0.25 there was not much influence. Later, the friction coefficient will be considered
equal 0.6.
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Figure 16: Evolution of the force-displacement curve for various values of the friction coefficient

5.3 Influence of parameters associated with mechanical behaviour

As seen above, the parameters linked to the mechanical behaviour model are 8 in number. Elastic
characteristics and strengths are known to influence the force-depth simulation curve. This paragraph aims at
identifying the parameters of the plastic behaviour with the most significant influence on the indentation
behaviour. This can later allow the number of unknown variables to be reduced. Thus, a sensitivity analysis
sequentially performed for each parameter is presented in this section. As for the sensitivity analysis on the
friction coefficient, the starting set of the materials parameters is E=48 GPa, v=0.32, R;=50 MPa, R=3.6 MPa,
Y=35°, K=0.66, 0=1.16 and e=0.

5.3.1 Sensitivity study on the dilation angle

The dilation angle is a major parameter which governs the Drucker- Prager plastic flow potential. This law
makes it possible to quantify the plastic strain rate and therefore allows plastic strain to occur during loading.
Figure 17 presents the results for different values of y. A significant influence of the dilation angle may be
observed: it has an influence on mainly the maximum force, but also on the residual indentation depth after
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unloading. On the other hand, it does not affect the unloading curve slope. The smaller the dilation angle, the
greater the residual indentation depth.
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Figure 17: Evolution of the force-displacement curve for various values of the dilation angle v
5.3.2 Sensitivity study on the eccentricity

Three values of the eccentricity, appearing in the hyperbolic shape of Drucker—Prager flow potential, are tested.
Figure 18 shows a weak influence of this parameter. Later, the zero value will be kept by default.
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Figure 18: Evolution of the force displacement curve for various values of the eccentricity ¢

5.3.3 Sensitivity study on the fu/f, ratio

Four values of the f,/f., ratio are tested. Figure 19 shows the significant influence of this parameter on the
results. It affects obviously the maximal force, and has also an influence on the residual indentation depth of the
unloading curve. It is worth noting that this ratio modifies significantly the slope of the curve before the peak
and a ratio lower than 1 does not enable one to obtain the experimentally observed stiffening. On the following,
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this ratio will be considered to be higher than 1.1. On the other hand, the f,/f,, ratio does not affect the initial
unloading curve slope.
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Figure 19: Evolution of the force-displacement curve for various values of the f,/f., ratio.

5.3.4 Sensitivity study on the K-parameter

Parameter K is one of the important parameters of the model. It represents the ratio of the second stress
invariant on the tensile meridian to that of the compressive meridian. K is directly related to the internal friction
angle [63]. It controls the material deformation capacity in Lubliner’s model. From the results of the sensitivity
analysis presented in Figure 20, it appears that the greater K and the more it tends to the more deformable the
material can become. On the other hand, if K tends to 0.5, the material becomes less deformable. The residual
displacement and the hysteresis of the force-depth curve decreases.
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Figure 20: Evolution of the force-displacement curve for various values of K-parameter
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5.3.5 Summary of the main results of the sensitivity analysis

To summarize the sensitivity analyses, the most influent parameters are the dilation angle [J, the Kparameter
and the fy/f,, ratio. The eccentricity does not affect the force—indentation depth simulation curve. Consequently,
only those parameters are retained as variables for the various studied phases. The zero-value of the eccentricity
is retained in the following, that enables one to reduce the number of parameters to identify.

5.4 Inverse analysis for the identification of the parameters associated with the mechanical behaviour
model

5.4.1 Strategy

Even if the previous sensitivity analysis has put into evidence a non-influent parameter and thus has enabled
one to reduce to 7 the number of unknown parameters to identify, this number is still important. However, the
range of variation of each parameter is not totally unknown and some initial values may be suggested to
simplify the inverse analysis procedure.

Once these initial values are introduced in the first step of the computation, the FE simulation may provide a
first numerical response and an indentation force-depth curve. Starting from the discrepancy between simulated
and experimental curves evaluated by the least-squares method for example, a new set of parameters is chosen
and introduced in function of the conclusions of the sensitivity analysis. Then new simulation answers and
discrepancy are obtained until, by iteration, the numerical curve is close enough to the experimental one. The 7
parameters associated with each phase behaviour law are then identified.

More precisely, the initial values choice and the identification process are carried as follows:

- choosing Young’s modulus E and Poisson’s coefficient v values. The choice is made so as to well
reproduce the unloading part of the curve (see section 2);

- the fy/f, ratio value is set at 1.16 (value by default for concrete, assuming the ratio is shared by all the
material components);

- the tensile strength is first supposed to be equal to E/10* [16]. The resistance to compression is then
fixed at Rc = 10*E/10%, that is Rc = E/10° (ten times the tensile strength);

- the dilation angle value is initially fixed at y = 35°;

- K has an influence on the part of the curve before the peak, the maximum force value, and it is the
only parameter of the plastic behaviour that has an influence on the unloading curve slope. Besides, it
is known that K close to 0.5 is equivalent to a rigid material and K close to 1 is equivalent to a very
deformable material. The value of K is identified on the unloading slope (and so without considering
the part of the curve before the peak). K = 0.7 may be chosen as a first value and the sensitivity study
starts from this value.

- Once K is identified, the dilation angle value needed to correctly simulate the part of the curve before
the peak is adjusted.

- If the two parameters, K and , are no longer correlated, there is no need then to come back to the
adjustment of K (and the post peak will not at all be influenced by the change in value of ) ;
otherwise it would be necessary to some come back to K and slightly readjust its value, then to v, etc;

- If the modeling — experiment discrepancy is not small enough, then it becomes necessary to go back to
the beginning of the procedure and readjust the initial values.

5.4.2 Results: identification of parameters and comparison between experimental and simulation curves
The inverse method described above is applied on each phase of the matrix namely what was previously called:
LD C-S-H, HD C-S-H, portlandite CH, sand and unhydrated clinker particles. After several loops in the
iterative procedure, the mechanical behaviour parameters presented in Table 1 are obtained. This iterative
procedure has finally found that the f,/f., ratio does not need to be readjusted from its initial value (f,/f.,=1.16).
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Table 1: Parameters identified after applying the inverse iterative method. The f,/f,,ratio is remained equal to

1.16
LD C-S-H HD C-S-H CH Sand Unhydrated
Clinker particles
Enum 18 25 40 63 90
\ 0.24 0.25 0.345 0.35 0.27
Rc 27 40 46 79.51 111.66
Rt 1.49 3.24 3.509 5.168 6.628
v 35 40 40 43 43
K 0.66 0.66 0.62 0.5 0.5

Furthermore, Figures 21 to 25 present the comparisons between

agreement is put into evidence, for both loading and unloading stage.

representative experimental curves and
simulated ones obtained with the best fitted parameters of the mechanical behaviour model. A very good

From Groupl to Group5, it can be noted that Young’s modulus E, compressive and tensile strengths R and R;
and dilation angle y increase while coefficient K decreases. The slight discrepancy in the results can be linked
to various parameters such as the friction coefficient, which is difficult to determine, the plastic behaviour

model choice, the identification procedure for the different phases.

Figure 21: Results for LD C-S-H phase. Experimental and simulated curves after parametric identification
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Figure 22: Results for HD C-S-H phase. Experimental and simulated curves after parametricidentification
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Figure 23: Results for Portlandite CH phase. Experimental and simulated curves after parametric
identification
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Figure 24: Results for Sand particles. Experimental and simulated curves after parametric identification
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Figure 25: Results for unhydrated phases. Experimental and simulated curves after parametric identification

6. Conclusion
This paper presents first a micro-indentation experimental campaign conducted on a cementitious material. The
particularity of this new study is that micro-indentation tests are performed on cementcomposite materials
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(concrete) with sand particles and aggregates. The proportion of the various phases are thus those of the core of
a real cementitious matrix and a possible modification due to the presence of aggregates is taken into account.
Applying the indentation technique combined with SEM observations and micro-analysis has made it possible
to identify the various phases of the cement matrix and their relative proportions as well as parameters linked to
the mechanical behaviour such as the reduced elastic modulus and the hardness. A Finite Element simulation
has been then developed and used in an inverse analysis procedure to assess the parameters of the elastic
behaviour as well as, for the first time, those of a non-associated plasticity model. These results may be of
interest all researchers working on the multi-scale modeling of cementitious material.
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