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Abstract. This paper aims to develop a numerical multiscale homogenization method for prediction of elasto-
viscoplastic properties of a high performance concrete (HPC). The homogenization procedure is separated
into two-levels according to the microstructure of the HPC: the mortar or matrix level and the concrete level.
The elasto-viscoplastic behavior of individual microstructural phases of the matrix are identified from
nanoindentation data using an inverse identification method. The micromechanical results are then used as
input parameters for numerical elasto-viscoplastic homogenization at microscale. The mortar level is analyzed
with numerical homogenization by using the finite element simulation to predict the overall elasto-
viscoplastic properties of HPC. The results are compared with macroscopic experimental and analytical
results from the literature showing a good agreement.

Keywords: Homogenization, Nanoindentation, Finite element simulation, Elasto-viscoplastic model, Multiscale
modeling, High performance concrete.

1. Introduction

High performance concretes are heterogeneous cementitious composites representing one of the most used building
materials. In order to predict their behavior or optimize the characteristics of these composites materials, models taking
into account the microstructure specifications, such as morphology and the constituent’s properties should be developed.
Cementitious composites are multiscale materials, since they can be treated as homogeneous in the macroscopic level
and as heterogeneous in a finer level of observation. A significant interest is observed in the study of the various length
scales that govern the mechanics of materials. To identify the relationships that bridge the various scales, several methods
have been proposed in the literature [1]. Analytical or mean-field methods were extensively developed to provide
predictions of the macroscopic mechanical properties deriving from preliminary computations on a microscopic scale.
Among these methods, the most popular ones are: Eshelby’s inclusion theory [2], Voigt-Reuss-Hill’s bounds [3], Hashin-
Strikman bounds [4] and the self-consistent methods [5].

However, when considering the nonlinear behavior, these methods are difficult to apply and numerical methods
which allow simultaneous computations on different scales are an alternative [6-8]. The computational homogenization
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approach was successfully applied to nonlinear analysis of different composite materials [9-13]. The analytical and
numerical homogenization approaches have been applied to determine macroscale elastic properties [14-19] and to study
the nonlinear behavior such as damage and failure [20-22] of cementitious composites.

Elasto-viscoplastic models are capable of describing age, rate and stress and strain history dependence especially
under loading time dependence of concrete. During the last several decades many works have been devoted to the
development of plastic and viscoplastic models, in order to better predict the material behavior under combined variable
mechanical loading. Tedesco et al. [23] and Tedesco et al. [24] derived a rate-dependent constitutive model for concrete
and implemented their model into a general-purpose finite element code. Reinforced concrete structures subjected to
impulsive loading were analyzed by Beshara and Virdi [25] using an elasto-viscoplastic constitutive law for the
compressive behavior of concrete as and a linear-elastic/strain-softening for the tensile behavior. The behavior of
reinforced concrete structures subjected to dynamic loads was analyzed by Cela [26] using an elasto-viscoplastic concrete
model. Numerical simulations of missile impact on reinforced concrete were conducted by Shirai et al. [27] using a
material model that accounts for the effects of strain rate. Park et al. [28] analyzed the response of concrete and mortar
under high-strain-rate impact loading. A micromechanical model was formulated and used, accounting for the two-
phase composite microstructure of concrete. The behavior of the two constituent phases in the concrete were modeled
by an extended Drucker—Prager model that accounts for pressure-dependence, rate-sensitivity, and strain
hardening/softening. Buck et al. [29] studied the load-carrying and energy dissipation capacities of ultra-high
performance concrete (UHPC) under dynamic loading in relation to microstructure composition. Cementitious
materials are, so the constitutive relation used must be able to capture both aspects of the behavior. In their study, the
Drucker-Prager model was used for the cementitious matrix to take into account both pressure-sensitivity and rate-
sensitivity.

Our work aims to develop a numerical two-level homogenization method for prediction of elasto-viscoplastic
properties of a high performance concrete (HPC) where the microstructural heterogeneities are analyzed with the
nanoindentation. The idea is to propose a simple and unique model for all scales to account for the elasto-viscoplastic
behavior of HPC and its constituents without loss of generality. Indeed, more complex behavior models may be used
without difficulty by adopting the procedure to be described in the following sections.

2. Numerical Models

2.1 Preliminary Assumptions

The high performance concrete as a heterogeneous material is composed of cementitious matrix (based on blended
cement and fly-ash), fine and coarse aggregates and porosity. In the mesoscopic simulation of concrete, biphasic [30-32]
and triphasic [33-34] numerical models are frequently used.

Triphasic concrete mesoscopic models assume three homogeneous of mortar, interfacial transition zone (ITZ) and
coarse aggregates. Interphase between particles and matrix plays a key role in mechanical and thermal properties of
composites. Over the past few decades, considerable efforts have been devoted to theoretically predicting the effective
moduli of particle-reinforced composites consisting of reinforced particles, interfaces and matrix. It is worth mentioning
that Xu and al. recently utilized a general micromechanical framework [35-38] and DEM-FEM simulation [39] to
predict the effective elastic [35-37, 39], thermal and transport properties [36, 38] of particle-reinforced composites
containing nonspherical particles and interphases. There have been many other homogeneous models formulated to
predict the effective physico-mechanical properties of three-phase composites that have been recently summarized by Xu
et al. [40]. However, when dealing with the nonlinear behavior, these methods are difficult to apply and numerical
methods are an alternative. By considering ITZ phase, one can capture the local phenomena around aggregates but it
requires much more effort in the geometry definition and mesh generation especially for 3D simulations because the
length scale of ITZ is much smaller than those of mortar and aggregates.

Biphasic concrete mesoscopic models assume two homogeneous phases of mortar and coarse aggregates, each with its
own constitutive law. Hence, the mortar or matrix phase should account for all the concrete mesoscopic constituents, i.e.
cement paste, aggregates, interfacial transition zones and porosity. The mechanical behavior of the mortar phase is
generally determined by using an effective inverse method to determine the parameters of the constitutive model from
the tests on concrete samples [32]. It should be highlighted here that the issue is more critical in inelastic studies rather
than elastic ones. In the present study, a biphasic concrete mesoscopic model is adopted based on the experimental work
of Da Silva et al. [17]. In their experimental work, the indentation grid was squeezed between the large aggregate;
therefore, the properties of possible ITZ are naturally included in the nanoindentation data. Also, the very dense matrix
itself consists of possibly interconnecting ITZs surrounding the pure phases.

Considering that the main objective of the current study is the prediction of elasto-viscoplastic properties of a high
performance concrete, the following assumptions are made:

» The numerical scheme used in this study solves the problem of finding the effective elasto-viscoplastic properties
with a periodically repeating microscopically inhomogeneous RVE by using the finite element (FE) method.

* The microstructure of the high performance concrete is represented by means of 2D biphasic (matrix + aggregates)
and porosity using an arbitrary microstructural phase morphologies digitized and explicitly considered in the numerical
models as shown in Fig. 1.

» The elasto-viscoplastic deformation is modelled as a superposition of elastic, perfectly plastic and creep
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deformations at different scales (matrix constituents, homogenized matrix phase and HPC).

» The coarse aggregates are assumed to behave elastically as it is generally accepted ([21], [31-32]).

» The homogenized elasto-viscoplastic model for the matrix phase is determined through an inverse identification
procedure of its different constituents based on nanoindentation mechanical tests.

Large air pores
Capillary pores
Aggregate

Matrix (Mortar)

2 A

A

RVE=1x1cm? RVE = 100x100 pum?

Fig. 1. Representation of the multiscale modeling of high performance concrete.

2.2 Material Behavior

Nonlinear behavior of real material originates both from plastic and viscous internal dissipation of energy. In the
theory proposed for rate dependent behavior of plastic materials, Perzyna [41] assumed that the viscous properties of the
material become manifest only after the passage into the plastic state. In this approach, additive rate of deformation
decomposition is adopted when we use the symmetric part of the velocity gradient with respect to current position
&€ = sym[0v / 0x] and when the elastic strains are infinitesimal (negligible compared to unity):

S T )

where ¢ is the total strain rate, & is the elastic strain rate, &” is the inelastic (plastic) time-independent strain rate,
and &” is the inelastic (creep) time-dependent strain rate.

The elastic behavior can be modeled as linear elastic and the yield surface used with this model is written in terms of the
two stress invariants:

e The equivalent pressure stress,

p= f%tmce (o) )
e The Von Mises equivalent stress,
3
o, = ES :S 3)
where S is the stress deviator, defined as:
S=0+7pl 4)

and ¢ is the stress tensor.
The plasticity requires that the material satisfy a uniaxial-stress plastic-strain relationship. If the material is rate
independent, the yield condition is written as:

o, =0, ®)

where o, is the yield stress.

If we also consider that, the material is rate dependent, and the uniaxial flow rate defined by the power-law model used
in its “time hardening” form (Eq. (6)). This standard creep law is used for modeling secondary or steady-state creep. The
power-law creep model is attractive for its simplicity. However, it is limited in its range of application. The time-
hardening version of the power-law creep model is typically recommended only in cases when the stress state remains
essentially constant.

g7 =Aot" (©)

where £“ is the uniaxial equivalent creep strain rate defined as:
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ET =, |87 8" ™

and ¢ is the total time, and A4, #, and m are model parameters. 4 and # must be positive and —1<m <0.

For the sake of simplicity of the approach, we consider the same elasto-viscoplastic material behavior at different scales
(matrix constituents, homogenized matrix phase and HPC).

2.3 Microscale Modeling

At microscale level, it can be considered that the cementitious matrix is composed of four mechanically distinct

phases [17], whose mechanical properties are accessible by nanoindentation. The principle of nanoindentation involves
in applying a force with a very small diamond tip to the material surface and measuring simultaneously the
corresponding penetration depth. By using this technique, different material properties, such as elastic modulus,
hardness, plastic or viscous parameters, can be obtained from experimental results [42-44].
Considering that a 2-D axisymmetric simulation requires less computational time and is more convenient than a 3D
model [45], a 2-D axisymmetric model was used for finite element simulation of the elasto-viscoplastic behavior of the
four phases of the cementitious matrix in the nanoindentation process. A rigid conical indenter tip having a semi-
spherical cap (which intersect at the unique location of common tangent) with a cone semi-apical angle of 70.3° was
used in the axisymmetric model, which has the same projected area to depth function as the standard Berkovich indenter
(Shim et al. 2004). Figure 2 shows the rigid indenter and the meshed specimen with 5329 four-node bilinear
axisymmetric quadrilateral, reduced integration elements (CAX4R) of Abaqus Software [46]. A fine mesh was used
under the contact area and near the tip of the indenter to define accurately the stress distribution under the indenter.
Nonlinear geometry option was used in the finite element simulation. The sample height was considered about 50 times
larger than the maximum indentation depth. Indentation was applied in the finite element simulations by load control as
the experiment was with a linear loading in time followed by a holding period and an unloading phase. In the
simulations, a contact interaction was applied by the definition of the indenter as ‘master’ and the sample as ‘slave’
surfaces. The coefficient of friction between the indenter tip and the specimen surface was set to 0.1 giving a better
convergence of the contact algorithm, and it was verified that friction does not have a significant effect on the
nanoindentation load—penetration depth response.

2.4 First Level Homogenization

After identification of elasto-viscoplastic properties of the constituent phases of the matrix, a finite element
homogenization method was implemented to obtain the effective elasto-viscoplastic properties of the cementitious
matrix. A two-dimensional numerical model is considered as a cross-section of a three-dimensional model with the same
volume fraction.

To proceed with the analysis, we assume that the heterogeneous matrix is composed of four different phases (Fig. 3).
The three phases and porosity are represented by ellipses and are randomly distributed in the fourth major phase.
Fakhari Tehrani et al. [18] studied the influence of aggregate shape on the dynamic modulus values of asphalt mixes.
They showed that inclusion shapes did not have a significant influence on the average of the corresponding complex
modulus.

For the current study, a domain dimension of 100 um x 100 pm is considered. To simulate a compression creep test, the
domain is compressed between two rigid plates with frictionless conditions. The bottom plate is embedded and the top
plate is submitted to a vertical constant or cyclic force for a creep period. The simulation is run under the plane stress
conditions with time-dependent material response.

4
|
v _

Fig. 2. Finite element mesh for the simulation of the axisymmetric nanoindentation problem.
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Periodic boundary conditions (PBC) [47-48] are adopted on the limits of the RVE defined by the vertical walls of the
domain such as:

u(x+L)—u(x)=¢"x, VxeT, (8

where u is the displacement at x, £° is the strain applied to the RVE. T represents the boundary whose normal is
P

along x direction. The PBC are applied through linear constraint equation in Abaqus [46].

Homogenization

Phase A
Phase B
Phase C
Phase D
Parosity

(EEOE

Fig. 3. First level homogenization.

To improve the accuracy of the results obtained, an investigation was performed to identify the optimal element size.
Figure 4 shows the meshed heterogeneous and homogeneous domains with respectively 12139 and 625 four-node
bilinear plane stress quadrilateral, reduced integration, with hourglass control elements (CPS4R) of Abaqus software [46].

Fig. 4. Finite element meshes for heterogeneous and homogeneous matrix.

2.5 Second Level Homogenization

To access to the elasto-viscoplastic behavior of the whole mortar, a second level homogenization is needed. The
composite material is constructed as the matrix (homogenized phase of the first level I) and the rest of components of the
high performance such as aggregates, and capillary and large air pores. The interfacial zone (ITZ) between the matrix
and the aggregate is not considered in this study.

The effective elasto-viscoplastic properties of the mortar are obtained by comparing the responses of homogeneous and
heterogeneous mortar under the same creep conditions. As for the first level homogenization procedure, the error is
computed as the root mean square of the differences between heterogeneous and homogeneous simulations over the
entirety of the creep curve (Eq. (6)).

In this study, a domain dimension of 3.6 mm x 4.9 mm is considered. The finite element model of the meso-structure
can be automatically obtained based on image of the realistic meso-structure which clearly represent aggregates, matrix
material and voids respectively.

To simulate a compression creep test, the FE domain is compressed between two rigid plates with frictionless conditions.
The bottom plate is embedded and the top plate is submitted to a vertical constant or cyclic force for a creep period. The
simulation is run under the plane stress conditions with time-dependent material response. As for the first level
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homogenization, periodic boundary conditions (PBC) are adopted on the limits of the domain defined by its vertical
walls.

Before running the simulations, an investigation was performed to identify the optimal element size. Figure 5 shows the
meshed heterogeneous and homogeneous domains with respectively 9620 and 2160 four-node bilinear plane stress
quadrilateral, reduced integration, with hourglass control elements (CPS4R) of Abaqus software [46].

Fig. 5. Finite element meshes for heterogeneous and homogeneous concrete (Matrix: Gray, Aggregates: Green, Pores: Red).

3. Results and Discussion

To validate the method developed in the preceding paragraphs, we have used the experimental results from the work
of Da Silva et al. [17]. They performed experimental tests on a high-performance composite at different levels of
observation. They have also performed an analytical homogenization procedure to determine the elastic properties of the
matrix and the whole mortar.

3.1 Identification of Elasto-viscoplastic Model for the Matrix Constituents from Nanoindentation Data

Da Silva et al. [17] have performed nanoindentation measurements on a cementitious matrix and have identified four
mechanically distinct phases. For each phase, we have identified the parameters of the chosen elasto-viscoplastic
constitutive model by matching the response of the numerical model with the experimental nanoindentation curves.

For each phase, the elastic modulus (E) was already determined by Da Silva et al. [17] using the Oliver—Pharr method
[42] with the assumption of constant Poisson’s ratio (v=0.20).

However, the rate-dependent properties are not directly accessible by this technique. One way to determine such
properties is the inverse method performed by combining finite element modelling and numerical optimization. In such
method, the difference between experimental and numerical displacement-load curves is minimized with respect to the
model parameters using numerical optimization and the parameters of the constitutive law are identified as the
optimized solution [49-50].

In this work, the optimization process is driven by NSGA-II algorithm (Non-dominated Sorting Genetic Algorithm II)
[51] which minimizes the error computed as the root mean square of the differences between simulation and experiment
over the entirety of the indentation curve (loading and unloading):

k

S®)= %z(hsim (P’ L ) - heXP (ti >>2 ©)

i=1

where P = {00 ,A,m, m} is the vector of the unknown material parameters, k is the number of experimental data points,

and A, hexp are the penetration depths of the simulated and experimental results respectively.

An initial random set of parameter vectors is generated. After achieving FE simulations using all the parameter vectors
generated in the initial set, combinations of those providing the best results for the minimization of the objective function
are used to generate a new set. This technique is repeated until having the parameter vector that provides the minimum
difference between the numerical and experimental results.

Table 1 shows the identified model parameters obtained by the elasto-viscoplastic model for the four phases. The yield
stress o, has the lowest value for Phase A (66 MPa) composed of low stiffness porous phases and the greatest value for

Phase D (350 MPa) containing the non-hydrated clinker and fly-ash. The parameter m is found to be close to -1 for
Phase A, which demonstrates that this phase is more sensitive to creep due to the presence of porous phases. The
parameters 4 and 7 are related to the yield stress and their effects are difficult to analyze separately.

Figure 6 presents the comparisons between the experimental data and numerical prediction using the parameters that are
identified by the nanoindentation FE simulations for the four constitutive phases of the matrix. All comparisons indicate
that there is a good agreement between the experimental measurements and the numerical simulations. The numerical
simulations for nanoindentation experiments accurately predict the creep processes in the loading, holding and
unloading stages. Therefore, it can be argued that the chosen constitutive model together with the identified parameters
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from nanoindentation experiments can characterize the elasto-viscoplastic behavior of the different phases of the matrix.
The numerical simulation results are closer to the experimental data in the unloading part than those in the loading and
holding. This is because the unloading is purely elastic and the elastic moduli were directly identified from the
experimental curves.

Table 1. The identified elasto-viscoplastic model parameters from nanoindentation tests.
E®(GPa) v® oo(MPa) AMPars*) p m

Phase A 19.6 0.2 66.0 2.710* 39 -09
Phase B 39.8 0.2 107.0 5.0 10° 2.1 -0.70
Phase C 50.9 0.2 300.0 6.0 10°¢ 3.0 -0.75
Phase D 65.0 0.2 350.0 1.0 10° 2.0 -0.92

) From Da Silva et al. [17].

Phase A Phase B
700 2000
"‘*EXPET_imenVa' results (Da Silva et al. 2013) 1800 | = Experimental results (Da Silva et al. 2013)
600 - —Identified model (Present work) | —identified model {Present work)
500
5400 q
3
3300 -
200
100 /
0 < ‘ ‘ i 0 : ‘ . .
0 0.05 0.1 0.15 0.2 0.25 0 0.05 01 015 0.2 0.25
Penetration depth [um] Penetration depth [um]
Phase C Phase D
2200 5000
2000 | ~© Experimental results (Da Silva et al. 2013) 4500 ~+Experimental results (Da Silva et al. 2013)
| —Identified model (Present work) T —Identified model (Present work)
1800 : 4000
1600 - 3500
_ 1400 — 3000 4
=z Zz
Z 1200 E
= 1000 | 5 2500 +
S S 2000
800 +
1500 -+
600
] 4
200 1000
200 - 500 |
0 4= . . . . 0 T T T T
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Penetration depth [um] Penetration depth [um]

Fig. 6. Comparison between identified results using the elasto-viscoplastic model and the nanoindentation experimental results
from Da Silva et al. [17].

3.2 Identification of first level homogenized elasto-viscoplastic model

Based on the identified elasto-viscoplastic model from nanoindentation tests of the matrix constituents, a finite
element homogenization scheme was implemented. The heterogeneous matrix is composed of four different phases
whose elasto-viscoplastic properties were identified in the precedent section. Phases A (9.5%), C (22.1%), D (16.3%) and
the porosity (3.3%) are represented by ellipses and are randomly distributed in the fourth major phase B (48.9%).

The effective elasto-viscoplastic properties of the matrix are obtained by comparing the responses of homogeneous and
heterogeneous matrices under the same compression conditions.

For the simulation of the compression test, the domain is compressed between two rigid plates with friction-free
conditions. The bottom plate is fixed and the top plate is subjected to a vertical force. The simulation is carried out under
the assumption of plane constraints. The periodic boundary conditions are imposed on the vertical walls of RVE. Since
each of the phases of the cementitious matrix has its own elastic limit oy, we have introduced into the homogenized
model a hardening modulus E; to take into account the evolution of the elastic limit of the matrix.

We have used the same optimization process as for the matrix constituents. The error is computed as the root mean
square of the differences between heterogeneous and homogeneous simulations over the compression curve.

The obtained results for the homogenized elasto-viscoplastic parameters for the matrix are presented in Table 2. The
results show that the application of the numerical homogenization method resulted in effective elastic modulus very
consistent with the results obtained by Da Silva et al. [17] with Mori-Tanaka analytical and FFT numerical schemes.
Figure 7 presents the comparison between FE simulations of the heterogeneous matrix and numerical predictions of
homogeneous matrix using the identified elasto-viscoplastic model under compression conditions. The comparison
indicates that there is a very good agreement between heterogeneous and homogeneous numerical simulations. The
homogenized numerical model accurately predict the compression processes showing that the chosen constitutive model
together with the homogenization procedure can simulate the elasto-viscoplastic behavior of the matrix.
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Table 2. Identified elasto-viscoplastic model parameters from first level homogenization.
E(GPa) v oco(MPa) E.(MPa) AMPa"s"™) n m

Present work 39.44 0.2 77.0 600.0 3.210° 22 -0.87
Mori-Tanaka scheme®™ 40.7 0.2 - - - - -
FFT scheme® 39.1-399 0.2 - - - - -

® From Da Silva et al. [17].

120
100
80

60

40

Compression stress (MPa)

20

L I B e e e L L e e e R e s |
0 0.0025 0.005 0.0075 0.01 0.0125 0.015

Compression strain

Fig. 7. Comparison between heterogeneous (continuous lines) and homogeneous (dashed lines) matrices under compression
conditions.

3.3 Identification of second level homogenized elasto-viscoplastic model

To achieve level II homogenization corresponding to the HPC studied, we assume that it is composed of the already
homogenized cement matrix (V; = 46.3%), aggregates (V; = 42.0%) and pores (broad and capillary, (V;= 11.7%)). The
porous structural configurations and physico-mechanical properties are seriously impacted by the geometrical shape of
pores [52-55]. In the present work, the dimension of the RVE for the homogenization of the second level is 4.8 mm x 3.6
mm obtained from an image processing of a microscopic section of a HPC. The aggregates and pores are represented by
circles or ellipses distributed in the cement matrix. As shown in Fig. 5, the heterogeneous HPC is idealized and a color
code is adopted for each constituent as follows: the homogenized cement matrix is identified by gray, the aggregates by
green and pores by red.

A convergence study of the mesh was carried out to identify the optimal size of the elements. Figure 5 shows the meshes
of the heterogeneous RVE and the homogenized HPC using 9620 and 2160 four-node reduced integration quadrilateral
elements (CPS4R) of the Abaqus software, respectively.

In the same way as for level I, the domain is compressed between two rigid plates with friction-free conditions. Table 3
resents the result of elasto-viscoplastic parameters for the HPC are presented obtained by our numerical homogenization
model for level II compared to the results obtained by Da Silva et al. [17]. The elastic modulus we have obtained for the
HPC is in very good agreement with the experimental elastic static and dynamic moduli. However, the effective elastic
modulus calculated by Da Silva et al. [17] using the law of mixtures overestimates by an average of 14% the experimental
modulus. The Poisson ratio (v) and the compressive strength (o) we have obtained for the HPC are also in a very good
agreement with the values measured by Da Silva et al. [17].

Figures 8 and 9 present the comparison between FE simulations of the heterogeneous HPC and numerical predictions of
homogeneous HPC using the identified elasto-viscoplastic model under compression and creep conditions respectively.
The comparison indicates that there is a good agreement between heterogeneous and homogeneous numerical
simulations. The homogenized numerical model accurately capture the compression and creep behaviors showing that

the chosen constitutive model together with the homogenization procedure can simulate the elasto-viscoplastic behavior
of HPC.

Table 3. Identified elasto-viscoplastic model parameters from the homogenized level II.
E (GPa) v co(MPa) A(MPa”s!*) g m

Present work 35.0 0.18 44.8 1.2510% 1.86 -0.85
Mori-Tanaka scheme™ 40.9 - - - - -
Static experiments® 349+1.54 - 47.4+4.23 - - -

Dynamic experiments®  36.7+1.27 0.19 - - - -
® From Da Silva et al. [17].
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Fig. 8. Comparison between heterogeneous (continuous lines) and homogeneous (dashed lines) HPC under compression

conditions.
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Fig. 9. Comparison between heterogeneous (continuous lines) and homogeneous (dashed lines) HPC under different creep
conditions.

4. Conclusion

In this study, we developed an inverse identification methodology allowing the identification of the constitutive laws
of the phases constituting the cement matrix of a HPC. The inverse identification method consists of comparing the
finite element numerical simulations of the nanoindentation tests with the experimental results using a genetic algorithm
to optimize the model parameters. The obtained results showed a good correlation between the experimental and
numerical "load-depth of penetration" curves. After identifying the elasto-viscoplastic properties of the constituent
phases of the cement matrix, a numerical homogenization method using the finite element method was implemented.
This method firstly allowed to obtain the homogenized elasto-viscoplastic properties of the cement matrix and of the
studied high-performance concrete. To achieve the homogenization of the first level corresponding to the cement matrix,
we assumed that it consists of four mechanically distinct phases. The effective elastic modulus obtained by the numerical
homogenization method was very consistent with the results obtained by Da Silva et al. [17] with the Mori-Tanaka
analytical model and the FFT method. A very good agreement was found between the simulated compression stress vs
compression strain curves for the heterogeneous RVE and homogenized cementitious matrix using the identified elasto-
viscoplastic model. The proposed numerical homogenization model accurately predicted the equivalent elasto-
viscoplastic behavior of the cement matrix. To achieve level II homogenization corresponding to the studied HPC, we
assumed that it is composed of the already homogenized cement matrix, aggregates and pores (large and capillary).
Aggregates and porosity were represented by ellipses distributed in the cement matrix. The effective elastic modulus,
Poisson ration and compressive strength obtained by our Level II numerical homogenization procedure was in good
agreement with the experimental results from the literature. A good agreement was also found between the simulated
compression and creep curves for the heterogeneous RVE and homogenized HPC using the identified elasto-viscoplastic
model.
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Nomenclature

A Model parameter [MPa™.s(*™] u  Displacement [um]
E Elastic modulus [GPa] &  Strain applied to the RVE

f(P) Objective function ¢ Total strain rate

hey ~ Experimental penetration depth [um)] € Elastic strain rate

him  Computed penetration depth [um] £”  Inelastic (plastic) time-independent strain rate
m Model parameter £€”  Inelastic (creep) time-dependent strain rate
n Model parameter I, Boundary with normal along x direction
p Equivalent pressure stress [MPa] v Poisson coefficient
P Vector of the unknown material parameters 0, Yield stress [MPa]
S Stress deviator tensor %4  Von Mises equivalent stress [MPa]
t

Total time [s]
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