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Abstract

Rheometers with specific impellers, developed to characterize the behavior of cement-based suspensions in
the fresh state, are used to limit the heterogeneities induced during shearing but they make the identifica-
tion of the rheological parameters less straightforward compared to conventional rheometers. This paper
presents the inverse analysis method and discusses the quality of this identification procedure when applied
to such materials. The procedure includes a CFD simulation based on the finite element method using a
Herschel-Bulkley model. Two kinds of optimization algorithms are used: a deterministic simplex method
and a stochastic genetic method. As a first step of a larger study, the procedure reported in this paper used
2D synthetic data, i.e. 2D numerically generated experimental data. Two numerical viscoplastic materials,
characterized by shear-thinning and shear-thickening, were selected and studied. The results obtained with
the two algorithms are systematically compared to the known parameter solution. Three approaches corre-
sponding to three levels of user’s knowledge about the material under study are considered successively: (1)
the user has no a priori knowledge about the material, (2) the user knows whether the material is shear-
thinning or shear-thickening and (3) the user is able to estimate the behavior index. The time-consuming
genetic method appears to be suitable when the a priori knowledge of the material is slight, whereas the
simplex method gives a reliable solution in a few iterations when the level of knowledge is higher. Both al-
gorithms encounter more difficulties with the shear-thinning material than with the shear-thickening one. In
this paper, the advantage provided by the genetic method regarding the non-uniqueness of the identification
procedure for real experimental data is also highlighted: this method provides a collection of satisfactory
solutions among which the user can select the optimal one based on his scientific background and/or on
further experimental test results.

Keywords: Parameter identification, Herschel-Bulkley, CFD, inverse analysis, optimization algorithms

1. Introduction

Fluids show a multitude of rheological behaviors. Among the rheological families recognized, the vis-

coplastic fluids are widely used in industrial applications. They are very present in the food, cosmetics,
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plastics and paper industries and in civil engineering [I] and are characterized by their apparent viscosity
and their yield stress, the minimum value of shear stress required to initiate the flow of the material. Their
rheological behaviors need to be well identified to optimize industrial processes, such as mixing, pumping,
casting and injection. Because the flow in such processes cannot be easily described by simple analytical
expressions, computational fluid dynamics (CFD) methods are increasingly being developed [2H6]. However,
the CFD simulation requires a set of rheological parameters to be identified. A rheometric test is most often
used to capture the features of the flow of a viscoplastic material and, in its rotational form, it provides pairs

of rotational speed and resulting torque (w;, T;), respectively.

For conventional rheometers (plate/plate or coaxial rheometers), pairs of shear rate and shear stress
(¥4,7:) can be determined from (w;,T;) pairs assuming an incompressible homogeneous fluid, a steady state
and isothermal flow, specific boundary conditions [I], narrow gap, and, under particular conditions, a con-
stitutive model [7]. Once the (¥;,7;) pairs are calculated, the constitutive parameters can be identified by
data fitting using a trial and error approach [8, O] or the least squares method [I0HIZ]. In this paper, at-
tention is focused on cement-based suspensions. These viscoplastic fluids offer complex behaviors due to
their multiphasic nature [13]. More specifically, it has been shown that the use of conventional rheometers
increases the risk of segregation and therefore could affect the measurements and, a fortiori, the charac-
terization of the material [I4]. With a view to limiting heterogeneities in cement-based suspensions during
shearing, specific impellers are used [I5]. For example, helical ribbons induce high values of axial and radial
velocity components [I6] [I7] while anchor impellers generate axial and radial flows to a lesser extent [4] [18].
The non-conventional geometry of these rheometers does not allow (9;,7;) pairs to be directly calculated
from (w;,T;) pairs [I9]. To circumvent this shortcoming, the methods of Metzner-Otto [3, [ [6, 20, 21] or
equivalent coaxial cylinders [22H25] have been developed to transform (w;, T;) pairs into (;,7;) pairs. These
calibration methods are satisfactory for specific materials and flows: both methods assume low Bingham and
Reynolds numbers [3|, 25], which reduces the applications to very fluid cement-based materials containing

superplasticizers and to low velocity [26].

Provided that it is possible to run an analytical or numerical simulation of the material response, inverse
analysis allows the parameters to be identified from any testing procedure and for any constitutive model
introducing parameters with or without physical meaning. Its aim is to determine the unknown values of the
constitutive parameters by minimizing the difference between experimental data and predictions of analytical
or numerical calculations using an optimization algorithm. The least squares method mentioned above can
be considered as a particular case of inverse analysis to the extent that (i) the difference between experi-
mental data and predictions is calculated in the (¥,7)-plane as the sum of the squares of the gaps and (ii) it
is minimized by a gradient-based optimization algorithm. By applying the inverse analysis methodology to

cement-based materials, the authors propose an extension of the least squares method as currently used. This
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methodology has been successfully applied in capillary and squeeze viscoplastic flow viscometers to polymer

suspensions of glass spheres by Tang and Kalyon [27].

Inverse analysis is based on the formulation and resolution of an optimization problem, which makes this
method relatively objective. However, although the resolution is user-independent, the formulation of the
problem and the interpretation of the results require the mathematical and rheological expertise of the user.
Even if special attention is paid to reducing the number of parameters to be identified and restricting the
parameter search space, i.e. the ranges of possible parameter values, the formulation of the inverse analysis
generally leads to an ill-posed mathematical problem, for which neither the existence nor the uniqueness
of the solution can be guaranteed [8, 27]. Inherent experimental and numerical uncertainties have to be
considered as well as the imperfect reproduction of the material behavior by constitutive models and a usual
response is to accept a certain error, which has to be defined for each inverse analysis process, and to define

satisfactory sets of parameters.

The aim of this paper is to validate a parameter identification methodology for cement-based materials
under controlled conditions. As a first step of a larger study, the authors propose to restrict the inverse
analysis problem to a well-posed problem for which a unique solution exists. To do this, synthetic data
are numerically generated from a 2D numerical simulation and used as experimental data. The set of
parameters that minimizes the difference between experimental data and predictions is unique and known.
First, the inverse analysis process is described as an iterative method driven by an algorithm. Then several
parameter identification procedures from a non-conventional rheometric test are detailed and carried out
using a deterministic algorithm (simplex method) and a stochastic algorithm (genetic algorithms). The
validity of the method is discussed by confronting the numerical results with the a priori known solution.

Finally conclusions are drawn as to which optimization method it is best to select under specific conditions.

2. Inverse analysis: an objective identification process

2.1. General process and application to cement-based materials

Inverse analysis is an iterative process driven by an optimization algorithm. Figure [I] shows the different

steps of this process.

1. Before starting the iterative process, the user needs to select the parameters to be identified and to define
the ranges of their possible values, delimiting the parameter search space. This step requires a good
knowledge of the different constitutive models developed for the material studied as the identification
process assumes that the material response can be captured satisfactorily by the selected model and
that the parameter space agrees with the meaning of the parameters as they are defined in the model.

For example, the plastic viscosity p,; as defined in the Bingham model (7 = 7o+ up7y), and the viscosity
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at infinite shear rate fio, as defined in the Casson model (7 = 7o + fioo”y + 2(Toftoo )/ ?41/2) do not vary
in the same ranges of value [I0]. Therefore the parameter space needs to be set according to a priori

knowledge about the behavior of the material to be studied.

. The main input data of this process are the experimental data. In this study, they correspond to a

set of (w;,T;) pairs resulting from a CFD simulation (see Section [3.1). Note that, because there is
no analytical expression linking the rotational speed, the resulting torque and the local flow variables
(44,7:) for the non-conventional rheometer used, the study requires the use of CFD simulation. In the
following, the (w;,T;) pairs are referred to as reference data. Due to the complex flow induced during the
shearing by the anchor impeller, it is important to mention here that there is no bijective relationship
between (¥;,7;) and (w;,T;) pairs. The (4;,7;) pair represents actually a local state of flow occurring at
a specific location or at different ones in the gap for one or more rotational speeds w; imposed on the

impeller.

. Assuming an initial parameter set, the test is simulated and the numerical data are determined. The

initial parameter set is selected in the parameter space. Note that, for some optimization algorithms,

the final results may depend on the initialization (see Section [2.2)).

. Then, a function, called the objective function Fy;, is defined to estimate the gap between numerical

and reference data. Objective functions are usually given by:

N
FObj(X) :Z‘dlewp_d?num (X)|a’ (1)
=1

4
num

4

where X is the vector of parameters, dg,,,

the experimental value at the measurement point 7 and d
the corresponding computed value, a is a non-null positive real and N is the number of values.

According to Al-Chalabi [28], the least squares criterion (¢ = 2) is highly sensitive to a small number
of large errors in a data set. In fact the higher the parameter a, the higher the sensitivity to errors in

the data set. In this study, the reference data were produced by simulation, which leads the authors to

believe that a should be considered equal to 2. Therefore the objective function used here is:

N
Fobj(X) - Z [Tref (wz) - Tnum (Xa Wi)]Q 5 (2)

i=1
where w; is the it" rotational speed imposed on the impeller, T}, #(w;) and Tpym (X, w;) are the reference

torque and the simulation torque values at w;, respectively.

. The iterative process is driven by an optimization algorithm and is stopped as soon as the stopping

criterion is verified. The latter mainly depends on the optimization algorithm. Examples are given in

Section

. Depending on whether inverse analysis is considered as a mathematical or a physical problem, the

definition of the solution can be different. From a mathematical point of view, the set of parameters
with the lowest value of the objective function is considered as the solution. From a physical point of

view, all the sets of parameters with a value of the objective function lower than a certain error € can
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be considered as the solutions of the inverse analysis process. This error, defined for each identification
process, depends mainly on experimental and numerical accuracy and on the ability of the constitutive
model to reproduce the material behavior. In this study, experimental data are replaced by synthetic
data, so there is no need to accept an error (¢ = 0). However, in anticipation of future studies, this
remark should not be neglected and will be taken into account in the following sections.

7. As long as the convergence is not reached, the optimization algorithm generates new sets of parameters.
Many optimization algorithms have been developed (see Section [2.2]). The selected algorithm has to
take the aforementioned specific features of the inverse analysis method into account by determining

reliable solutions.

‘ Optimization algorithm }4

i ‘ 7‘

Parameter set

selected in the ‘ Numerical data ‘ ‘
S T =flwX
parameter space ‘ X) ‘——b‘ =1 (00:X) 5
X) )

|
' "

5.
Objective function: ‘ ‘ Stopping criterion of optimization ‘ N
F LX) ‘ ! algorithm verified? © 6
4. 5. ‘ :
| Yes ‘—_p FL,X<e
| s | 6.N\¢

Yes
’ ‘ X is solution

Experimental or ‘
Reference data ‘

Figure 1: Typical structure of the identification process.

2.2. Optimization algorithms

2.2.1. Deterministic algorithms

Rheological parameters are commonly identified by using the least squares method, which refers to a
combination of an objective function based on the L? norm, similar to Eq. , and a gradient based opti-
mization method [10, 29] 30]. However, the robustness of the simplex method [31], also known as the Nelder
and Mead downhill method, is preferred in this study because, unlike the algorithms derived from local gra-
dients, it does not require the derivative of the objective function. Based on a geometric interpretation of
the minimum of an objective function defined in a space of n, dimensions (n,: number of parameters to be
optimized), this method consists in moving an initially defined simplex, i.e. a polygon of (n, + 1) vertices,

in n, dimensions by modifying the position of vertices. Different operations are defined to direct vertices
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toward the minimum value of the objective function. According to the values of the objective function at the
vertices, the operations may be reflection, contraction, or expansion. The optimization is stopped when the
standard error of the objective function values at the (n, + 1) vertices become smaller than a fixed tolerance
value. If the objective function is flat compared to this tolerance value, the algorithm may get stuck in the

plateau and may not reach the minimum [31].

Both gradient and simplex methods determine a unique set of parameters. However, the uniqueness of the
solution of an inverse analysis problem is not guaranteed. In fact, an increase in the number of parameters
optimized exacerbates the non-uniqueness of the solution [§], [27] and therefore the shortcoming of these opti-
mization algorithms. A large number of optimized parameters (n, > 3) and the use of a gradient or simplex
method can lead to a unique solution without any physical meaning, e.g. to a negative yield stress [32]. In
this case, the identification methodology needs to be modified to limit the non-uniqueness of the solution
(e.g. restriction of parameter search space, restriction of parameters [I1] or combination of two identification

procedures [32]).

When gradient and simplex algorithms are used for an objective function with several secondary minima,
the result obtained depends strongly on the initial set of parameters. To overcome this drawback, optimiza-
tions starting from different initial sets of parameters can be carried out. Tang and Kalyon [27] proceeded in
a systematic way by dividing the parameter search space into a large number of subdomains and carrying out
an optimization on each. Hence, the set of parameters corresponding to the smallest value of the objective
function is considered as the solution set. Another way of working is to use empirical correlations between
rheological parameters as proposed by Ferraris and de Larrard [33] to determine the initial set and so avoid

secondary minima.

2.2.2. Genetic Algorithms

Genetic algorithms are based on a stochastic method using the analogy between Darwin’s theory of evo-
lution [34] [35] and the search for the optima. These algorithms reproduce the biological process of natural
selection: a parameter represents a gene, a parameter set represents an individual, a set of individuals rep-
resents a population, and the competitive individuals correspond to parameter sets with low values of the

objective function.

The strategy of genetic algorithms (1) guarantees the emergence of competitive individuals and (2) pre-
serves the genetic diversity of the population, using a smaller number of iterations than an exhaustive search.
To do this, an initial population is first randomly generated in the parameter space. Then, at each iteration
(usually called generation), this population is modified according to a pseudo-random process based on the
value of the objective function through the following operations: selection, cross-over and mutation. The

point is to equilibrate (i) the exploitation of data (ensured by selection and cross-over in order to improve the
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performance of individuals) and (ii) the exploration of the search space (mainly ensured by mutation and,
to some extent, by cross-over in order to avoid a premature convergence toward a secondary minimum). To
reach this equilibrium, the user needs to tune different parameters, such as the probabilities of cross-over and
mutation. Several stopping criteria can be defined for genetic algorithms (maximum number of generations,
distribution of competitive individuals ete. [36]). Once the calculation is stopped, the parameter sets having
objective function values lower than a predetermined value ¢ are considered as solutions. In this study, the
selected genetic algorithm is MOGA-II, which is an improved version of the Multi-Objective Genetic Algo-
rithm (MOGA), introduced by Poloni and Pediroda [37]. It introduces an elite-preserving operator and a
directional cross-over operator to improve the convergence. In MOGA-II, each parameter is represented as a

binary string [38 [39].

Genetic algorithms operate with a collection of individuals, so that they can simultaneously detect different
regions of parameter search space where the values of the objective function are low (secondary minima). They
have been used successfully in various areas (like control systems, robotics, pattern recognition, engineering
designs, speech recognition, planning and scheduling, and a classifier system [40]) to identify a large number
of parameters (n, > 3), i.e. when the uniqueness of the solution is not guaranteed. However the effective use
of genetic algorithms requires various parameters to be taken into account, such as the number of individuals,
the probabilities of mutation and cross-over, and the number of generations. No golden rules for setting these
values are given in the literature, since the right values depend on the problem under study. Preliminary
adjustments by trial and error seem unavoidable in each new study. The computational cost with a genetic
algorithm is generally higher than with gradient or simplex methods, even though the results of the latter
depend strongly on the initialization, which implies a multiplication of trials and so an increase in the

computational cost.

3. Identification process applied on the rheometry of fresh cement-based suspensions

In this study, synthetic data were generated to test the parameter identification methodology described
in Section [2| In order to consider realistic conditions, the synthetic data came from the simulation of a non-
conventional shearing geometry (Figure [41]) that minimized the heterogeneity of cement-based suspensions

during the rheometric test (see Section [I).

3.1. CFD Simulation

The CFD simulation was performed with the COMSOL Multiphysics finite element software [42]. To
save computational time, a 2D model (Figure [2)) was preferred over a 3D model. This simplification did not
affect the identification procedure, as the input was synthetic data. Preliminary results showed that such a

simplification would not be worth considering for real experimental data.
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Figure 2: 3D diagrammatic representation of the anchor impeller (left), horizontal cross section of the shearing geometry
(cylindrical tank and anchor impeller) with dimensions in millimeters (middle), and optimized finite element mesh with 11742

triangular elements and with second order elements for velocity and first order elements for pressure (right).

Studies show that a three-parameter behavior law is necessary for a good description of cement-based

materials. In particular, the Herschel-Bulkley model described in Eq. is suitable for fitting the cement-
based material data [10] 29] B0}, 43, [44].

T =1+ KA", (3)

where 7 is the shear stress, 4 the shear rate, 79 the yield stress, n the behavior index and K the consistency
index.

7o is the offset of the curve (due to cohesion strength) and n gives the material the shear-thickening property
if n > 1 or shear-thinning if n < 1. For n = 1 Eq. matches the Bingham model. The fundamental
meaning of Herschel-Bulkley fluid implies an infinite viscosity when the shear rate approaches zero. To avoid
this calculation issue, regularization methods have been developed [45H47]. The method adopted in this study
is presented in Eq. @ Ye was set to 107 1s~! following a preliminary sensitivity study. Figure [3|shows the

apparent viscosity as a function of the shear rate, as given by the original and regularized versions.

) =T 4+ KA for 4>,
n(y) =% Vm—n ¥ =9 )
n(3) =2+ KA for 5 <A

In this study, the flow was considered as steady, laminar, incompressible, isothermal and homogeneous.
The differential equations for mass conservation and momentum balance were directly implemented in the

finite-element software (Eq. and ().

Vv — - - P
Par + pV - gradV = —gradp + divT + pg (5)

divV =0 (6)
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Figure 3: Herschel-Bulkley and chosen regularized viscosities.

where V is the speed vector, p the density, p the pressure, 7 the Cauchy stress tensor and § the gravity
vector.
To simplify the boundary conditions of the finite-element model, computations were conducted in a rotating
frame bound to the impeller. The motion of this frame required the introduction of centrifugal and Coriolis
forces to the momentum balance (Eq. ) [48]. Based on a preliminary study showing that the results did
not depend on the mesh, the FE model contained 11742 triangular elements: second order elements were

used for velocity and first order elements for pressure (Figure .

3.2. Identification for Herschel-Bulkley model

3.2.1. Parameter search space
The parameter search space, defined in Table [I| corresponded to classical values for cement-based sus-
pensions [49]. Selected optimization algorithms required parameter grid inputs. The step for each parameter

was set according to a previous sensitivity study.

Minimal value | Maximal value | Step Triplet 1 | Triplet 2

0 [Pa 0 50 5 20 45
K [Pa.s"] 5 50 5 30 45
n 0.5 1.2 0.05 1.1 0.6

Table 1: Parameter search space and solution triplets tested

Since the reference data were generated numerically, the solution parameters were known a priori and
selected in the parameter search space. In order to represent the diversity of shapes of the objective function
and thus to test the identification methodology in different conditions, two solution parameter triplets were
selected in two different areas of the parameter search space. The first triplet presented a shear-thickening
behavior (n = 1.1) and the second a shear-thinning behavior (n = 0.6). With the intention of considering
suspensions currently used in the concrete industry, two representative yield stresses of Self Compacting

Concrete (SCC) were selected in agreement with Wallevik [50] and Roussel et al. [51]. The consistency



index was determined by analogy with Bingham plastic viscosity values ranging from 25 [Pa.s] to 35 [Pa.s]
and typical shear rate values corresponding to concrete pouring (see, e.g., [52]), so that the (m9,K,n) triplets
reflected an acceptable SCC according to the validity diagram defined by Wallevik [50]. The final triplets are
zs  summarized in Table[]] Although both combinations of Herschel-Bulkley parameters defined in Table [I] lead
to the self-compacting ability of concrete, it is important to specify that the literature highlights behavior
index values always greater than one for SCC, both at the experimental [41] and the local [53] levels. However
this fact does not invalidate the shear-thinning triplet, as the aim of this paper was to determine the efficiency
of the optimization algorithms, which depends directly on the shape of the objective function, from synthetic
20 data. Considering real data would modify the shape of the function without the user knowing, a priori, the

shape of the function.

3.2.2. Identification procedures
According to the user’s knowledge of the rheological behavior of the material under study, different, more
or less complex, identification procedures can be performed. In this study, three different levels of knowledge

25 of the material, defined as approaches, were considered. For each approach, two or three procedures were

studied (Figure []).

Approach 1: No a priori knowledge is supposed

Macroscopic curve Genetic algorithm
Tvs w

> (t,Kn) 1 GA

Simplex

»(t,Kn) 1.5

Approach 2: A conservation of behavior in both the experimental and the local planes is supposed

Macroscopic curve | Macroscopic curvature | Shear-thinning / Genetic algorithm
Tvs w Shear-thickening

» (t,Kn) 2_GA

Simplex

» (TO,K,n) 2.8

Approach 3: Empirical relationship between the parameters of experimental curve and those of local curve

i Logarithmic transposition _ [ i i
Macroscopic curve g Y » Genetic algorithm » (1K) 30A
Tvsw Bl | Yo ]
Random [nitialization Simplex
> (T,
(T,K) (t,K) |35
Empirical relationships _ [Initialization Simplex

> — » (T K ini
Least-squares method (TD.K) M 3.init S

Figure 4: Identification procedures according to the user’s knowledge about the material.

In the first approach, the user is supposed to know nothing about the behavior of the studied material
a priori. For Procedure 1_.GA (resp. Procedure 1_S) optimization was carried out by means of a genetic

algorithm (resp. the simplex algorithm). The 3D parameter search space needed to be wide enough to

10
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include the material parameters.

In a second approach, the user is supposed to know whether the studied material is shear-thickening or
shear-thinning. For materials whose nature is clearly established, this approach is particularly appropriate.
It allows the user to reduce the parameter search space (n > 1 or n < 1), which speeds up the optimization
process. As previously mentioned for Approach 1, optimization was carried out by means of a genetic
algorithm and the simplex algorithm.

Finally, in the third approach, the user is supposed to know a priori correlations between the parameters
in the (4,7)-plane and the (w,T’)-plane, as proposed in [I9]. In order to estimate the influence of such
information, the following relation was assumed because it was already used for cement-based suspensions

5.

T = TO + kwm (7)

where Ty, k and m are constants.

Under this assumption, preliminary studies have highlighted the following correlations:

n[o] ~m (8)

70 [Pa] ~ 1200 x Ty[N.m] 9)
KPas"] . 1o00eap(1.8m 10
- [Tgﬁ} p(1.8m) (10)

Note that the use of these correlations is limited to this specific study, i.e. this parameter search space,
Herschel-Bulkley model, geometry and boundary conditions. The first correlation has already been suggested
in the literature [7]. It allows for a two-parameter identification and therefore a restriction of the parameter
search space to two dimensions. The value of m can be determined by a logarithmic transposition of Eq. .
Procedure 3_.GA was based on a genetic optimization whereas Procedure 3_S and Procedure 3_init_S were
based on the simplex method. The differences between the two latter methods lie in the initialization of the

simplex, as explained in Section [4.3

3.2.8. Algorithm parameters

For both algorithms, the optimization procedure was performed by modeFRONTIER [55]. In this study,
the number of individuals in the initial population varied only with the dimensions of the search space, so
that the influence of the objective function could be discussed. The selected values are presented in Table
and are in agreement with the range given in [40]. Note that the modeFRONTIER user manual [55]
recommends defining an initial population with more than 16 individuals. These populations were randomly
generated with a uniform distribution, which increases the robustness and avoids premature convergence [56].
The size of the population was kept constant during the optimization process. The probability of directional

cross-over was set to 0.5, the probability of selection to 0.05 and the probability of mutation to 0.1. These

11
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values follow the recommendations of the user manual [55] and are similar to those given in the literature

[57]. Optimization was considered as completed after five generations.

Nb of sets in the search space | Nb of individuals in the population
Approach 1 1650 100
Approach 2 shear-thickening 550 35
Approach 2 shear-thinning 1210 75
Approach 3 110 16

Table 2: Number of individuals in the population for the MOGA-II method

As previously mentioned, the results given by the simplex method may depend on the initialization.
That is why, in this study, each identification procedure based on the simplex method was performed three
times. The tolerance value for the stopping criterion was set to 1073. For two-parameter identification, the
simplex consisted of three vertices and for three-parameter identification, it consisted of four vertices. For
Procedure 1_S, Procedure 2_S and Procedure 3_S, the initial simplex was randomly generated with a uniform

distribution. For Procedure 3_init_S, the correlations , @ and were used to initialize the simplex.

4. Identification results and discussion

In this section, the identification results obtained considering successively the three approaches described
in Section [3] are presented, discussed and compared. The shear-thinning and shear-thickening materials are

examined for each procedure.

4.1. Approach 1: no a priori knowledge about the material behavior

Procedure 1_S was carried out first. Table [3] summarizes the initial simplexes and the optimal sets of
parameters obtained with this procedure for the shear-thickening material. None of these calculations led to
the mathematical solution. From a physical point of view, satisfactory sets of parameters could be defined as
the sets of parameters for which the value of the objective function was lower than a value corresponding to
the scattering error associated with the experimental device. In this study, this value was set to 5.44 x 1074
[(N.m)?] (resp. to 2.50x 10~% [(N.m)?]) for the shear-thickening (resp. shear-thinning) material. Considering
this criterion, two optimal sets of parameters were satisfactory. Figure [5| highlights the difference between
the solution set and a satisfactory set of parameters in terms of (w,T") and (4,7) curves.

The three optimal sets of parameters presented the same values of the behavior index (n = 1.1) and the
consistency index (K = 30 [Pa.s™]) as the solution set and different values for the yield stress. This may
point out great sensitivity to the behavior and consistency indexes and slight sensitivity of the rheometric
curve to the yield stress. From a mathematical point of view, this is expressed as a sloping objective function

regarding the variables n and K in the vicinity of the solution and a flat objective function regarding the

12



0.7 ‘ ; ‘ 200 ‘ ‘ ‘ ;
(20,30,1.1)  + (20,30,1.1) ——~
06 | 040,1) x| (0,40,1) —=
X 150 |
0.5 % |
x
04 f . |
1 L
T (N.m] y T [Pa] 100
03 | « 1
02+ * i 50
*
0.1 f *
% 0 ‘
0 : : : : : 0 1 2 3 4 5
0 20 40 60 80 100 .
Vs
@ [rpm]

Figure 5: (w,T) and (,7) curves corresponding to the reference triplet (20,30,1.1) and to the satisfactory triplet (0,40,1) with
Fop; = 4.4641 x 1074 [(N.m)2].

variable 7. Moreover, despite the initial sets of parameters being distributed over the whole search space,
s the optimal sets of parameters were located in the vicinity of the solution. This may indicate a pronounced

global minimum of the objective function.

Initial sets Optimal set
To[Pal,K[Pa.s"|,n[@]  Fop; [(N.m)?] | 0[Pal,K[Pa.s"],n[@] Fuj [(N.m)?] nb of evaluations
(30,40,0.5) 5.2501 x 10~¢
(0,15,1.05) 4.0462 x 1071
(5,30,1.1) 2.3048 x 1073 29
(35,25,0.75) 4.1886 x 1071
(45,10,0.85) 6.2948 x 107!
(15,40,1.15) 2.2684 x 1071
(10,35,0.75) 3.2026 x 107!
(15,30,1.1) 2.5552 x 1074 21
(5,40,0.45) 6.6665 x 10~*
(25,45,0.45) 5.4948 x 107!
(30,35,1.15) 1.3210 x 107+
(0,30,0.8) 2.1620 x 107!
(25,30,1.1) 2.5532 x 10~* 35
(30,50,1) 1.1572 x 101
(10,15,0.9) 5.6543 x 107!

Table 3: Results obtained with Procedure 1_S for the triplet (20,30,1.1)

The same procedure was applied to the shear-thinning material (45,45,0.6). The results are presented in
Table [d] The exact solution was obtained once out of the three calculations. The other optimal sets could
not be considered as satisfactory. In particular, the first optimization run led to an optimal set for which

20 the objective function value was ten times higher than for the other optimal sets with a reduced number of

13



evaluations. This premature convergence might result from the existence of a valley in the objective function

(Table [4)), as mentioned by [31].

Initial sets Optimal set
70 [Pal,K [Pa.s"|,n (@]  Fuj [(N.m)?] | 70[Pal,K [Pa.s"|,;n [9]  Fup; [(N.m)?] nb of evaluations
(30,35,1.15) 8.3290 x 107!
(0,30,0.9) 1.1612 x 1072
(0,40,0.65) 1.5701 x 1072 11
(30,50,1) 7.7722 x 1071
(10,15,0.9) 5.5481 x 107!
(30,40,0.6) 8.0579 x 1072
(0,15,1.1) 2.1082 x 107!
(45,45,0.6) 0 33
(35,25,0.8) 5.3136 x 1073
(45,10,0.8) 5.4274 x 1072
(45,40,0.9) 1.6672 x 1071
(45,15,0.45) 1.1315 x 10~1
(40,30,0.75) 1.4210 x 1073 21
(25,15,0.75) 8.0465 x 1072
(50,5,0.5) 1.7831 x 101

Table 4: Results obtained with Procedure 1_S for the triplet (45,45,0.6)

Procedure 1_GA was carried out successively for the shear-thickening and shear-thinning materials. It
involved a population of 100 individuals, initially randomly distributed over the 1650 triplets of the search

25 space. For both materials, the solution triplet emerged and some other satisfactory triplets were detected
(Table . For both materials, the individuals whose parameter n is equal to the solution value represent

more than a quater of the last population. This shows the large sensitivity to this parameter.

Triplet 1 Triplet 2
Satisfactory sets Fop; Satisfactory sets Fop;j
70 [Pal,K [Pa.s"],n [2] [(N.m)?] 70 [Pal,K [Pa.s"],n (2] [(N.m)?]

(20,30,1.1) 0 (45,45,0.6) 0
(10,35,1.05) 4.9625 x 107° (45,40,0.65) 1.0729 x 10~4
(25,30,1.1) 2.5532 x 10~* (40,45,0.6) 1.8137 x 1074
(15,30,1.1) 2.5552 x 104 (40,40,0.65) 2.4384 x 104
(40,25,1.15) 3.5090 x 10~4

Table 5: Satisfactory sets for Procedure 1.GA

In order to make the computational cost independent of the performance of the computer, the elementary

simulation of a rheometric test was considered as the unit of measurement. The simplex method led to 85

14



s0 simulations for the shear-thickening material and to 65 simulations for the shear-thinning one. The genetic
algorithm was stopped after 500 simulations. It is clear that the computational cost with the genetic method
was higher. However, this method led not only to the exact solution but also to a set of satisfactory parameters
and to reliable information about the sensitivity to the parameters. The simplex method rapidly provided
an optimal set, which could be unsatisfactory.

305 To go further into the comparison between the simplex and genetic methods, the objective functions
corresponding to the shear-thickening and shear-thinning materials were computed on the entire parameter
search space. Figure |§| (resp. @ represents the normalized objective function values, i.e. objective function
values divided by 5.44 x 10~% [(N.m)?] (resp. 2.50 x 10~% [(N.m)?]), as a function of the three constitutive
parameters for the shear-thickening (resp. shear-thinning) material. The high sensitivity of the objective

s function regarding the parameters n and K was noticeable on both figures.

Satisfactory triplets

1.2

n[a] og
0.6

Figure 6: Normalized objective function values smaller than 14 for the triplet (20,30,1.1).

Objnorm Satisfactory triplets

0
K [(Pas"9]

Figure 7: Normalized objective function values smaller than 14 for the triplet (45,45,0.6).
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4.2. Approach 2: the material is shear-thinning or shear-thickening

In this section, the shear-thickening or shear-thinning property of the material is considered to be known
and this behavior is assumed to be observed in the macroscopic state ((w,T')-plane) as well as in the local
state ((%,7)-plane). These assumptions allow the user to restrict the parameter search space.

For the shear-thickening material, n was sought in the range [1,1.2]. To test Procedure 2_S, four initial
triplets were randomly chosen in the reduced search space. As shown in Table [6] the exact solution was
detected once and the other two optimal sets were satisfactory. The efficiency of the simplex method was

enhanced with the use of this procedure.

Initial sets Optimal set
70 [Pal,K [Pa.s™|,;n (@]  Fupj [(N.m)?] | 10 [Pal,K [Pa.s"|,n [@] Fupj [((N.m)?] nb of evaluations
(30,40,1) 6.6996 x 103
(0,15,1.2) 1.8472 x 1071
(20,30,1.1) 0 25
(35,25,1.1) 1.7730 x 102
(45,10,1.1) 3.8894 x 107!
(15,35,1.2) 2.5763 x 107!
(20,35,1.15) 1.1275 x 1071
(40,25,1.15) 3.0509 x 10~* 29
(45,5,1.1) 6.3582 x 107!
(45,40,1.1) 1.7446 x 1071
(30,35,1) 2.2831 x 107!
(35,30,1.15) 5.3406 x 10~ *
(25,30,1.1) 2.5532 x 1074 17
(40,25,1.2) 4.6559 x 1071
(25,10,1.1) 2.9193 x 1072

Table 6: Results obtained with Procedure 2_S for the triplet (20,30,1.1)

For the shear-thinning material, the range of the possible values of n was restricted to [0.5,1]. The exact
solution was never reached and only one optimal set could be considered as a satisfactory set (Table [7).
For this material, the restriction of the search space did not enhance the efficiency of the method as the
restriction concerned only the n-axis and did not prevent the algorithm from getting stuck in the plateau of
the objective function along the 7o- and K-axes (see Figure [7| and Section .

Table [§] summarizes the satisfactory sets obtained with the genetic method. For the shear-thinning
material, more satisfactory sets were detected with Procedure 2.GA than with Procedure 1_GA, which
indicates that the efficiency of the genetic method was enhanced. For the shear-thickening material, only
three satisfactory sets were detected. This can be explained by the small number of individuals in the

population, which could have led to premature convergence.
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Initial sets Optimal set
10[Pal,K [Pa.s"|,n (@]  Fuj [(N.m)?] | 70 [Pal,K [Pa.s"|,;n [@]  Fu; [(N.m)?] nb of evaluations
(30,40,0.45) 4.8693 x 102
(0,15,0.9) 7.7076 x 1072 s
(35,25,0.65) 3.7154 x 102 (204007 11929 %10
(45,10,0.75) 9.2100 x 1072
(45,40,0.7) 4.4849 x 1073
(10,35,0.45) 9.1938 x 102 »
(50,15,0.55) 9.8708 x 102 (45.35,0.7) 32080 10
(20,50,0.9) 3.0496 x 10~1
(15,35,0.95) 1.0915 x 10!
(20,35,0.8) 8.1587 x 1073
(45.,5.0.65) L6308 x 10-1 (45,40,0.65) 1.0729 x 1074
(45,40,0.7) 4.8490 x 1073
Table 7: Results obtained with Procedure 2_S for the triplet (45,45,0.6)
Triplet 1 Triplet 2
Satisfactory sets Fop; Satisfactory sets Fop;
70 [Pal,K [Pa.s"],n [2] [(N.m)?] 70 [Pal,K [Pa.s"],n [2] [(N.m)?]
(15,30,1.1) 2.5552 x 104 (45,45,0.6) 0
(40,25,1.15) 3.5090 x 10~* (45,40,0.65) 1.0729 x 10~*
(35,25,1.15) 3.5984 x 10~* (50,50,0.55) 1.7330 x 10~*
(50,45,0.6) 1.8052 x 1074
(40,45,0.6) 1.8137 x 10~4
(40,40,0.65) 2.4384 x 1074
Table 8: Satisfactory sets for Procedure 2_.GA
4.8. Approach 3: the behavior index is known
330 In this part, the relation n = m is assumed and the parameter search space is confined to two parameters:

7o and K. The results obtained with Procedure 3_S for the thickening triplet are summarized in Table [0
The simplex method provided the exact solution two times out of three. The third time, the optimal set was
unsatisfactory. This resulted from a premature convergence, probably due to a misshaped initial simplex.
For the shear-thinning material, the exact solution was not reached but, two times out of three, the solutions

15 were satisfactory (Table . As long as the initial simplex was well-shaped, the reduction of parameters to

be identified enhanced the efficiency of the simplex method.
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Initial sets

Optimal set

70 [Pa),K [Pa.s"|,n @]  Fuj [(N.m)?] | 70 [Pa],K [Pa.s"],;n [@]  Fu; [(N.m)?] nb of evaluations
(20,35,1.1) 2.9939 x 1072
(15,10,1.1) 4.9775 x 1071 (20,25,1.1) 2.9928 x 1072 8
(10,10,1.1) 5.1775 x 1071
(5,40,1.1) 9.3009 x 102
(5,20,1.1) 1.5095 x 1071 (20,30,1.1) 0 17
(20,20,1.1) 1.1968 x 101
(40,40,1.1) 1.6251 x 1071
(15,5,1.1) 7.7708 x 1071 (20,30,1.1) 0 29
(45,10,1.1) 3.8894 x 107!

Table 9: Results obtained with Procedure 3_S for the triplet (20,30,1.1)

Initial sets

Optimal set

70 [Pal,K [Pa.s"|;n (@]  Fuj [(N.m)?] | 70 [Pal,K [Pa.s"],n[@]  Fuj [(N.m)?] nb of evaluations
(30,40,0.6) 8.0579 x 1073
(10,10,0.6) 1.9959 x 1071 (50,45,0.6) 1.8052 x 10~* 11
(45,5,0.6) 1.1715 x 1071
(25,35,0.6) 2.3403 x 1072
(35,50,0.6) 6.7544 x 10~* (35,45,0.6) 7.2991 x 104 9
(15,25,0.6) 7.8102 x 1072
(0,40,0.6) 2.9614 x 1072
(25,5,0.6) 2.0941 x 107* (50,45,0.6) 1.8052 x 10~* 14
(45,35,0.6) 1.1019 x 1072

18

Table 10: Result obtained with Procedure 3_S for the triplet (45,45,0.6)

The genetic algorithm was used with a population of 16 individuals as described in Procedure 3_GA.
For both behaviors, the reduction in the number of parameters to be identified led to a diminution of the
number of satisfactory individuals in the search space and therefore to a limitation of the non-uniqueness
of the problem solution. For the shear-thickening material, all satisfactory parameter sets were detected,
whereas, for the shear-thinning triplet, two satisfactory sets out of three were determined (Table .

The difference observed between the results with the simplex and the genetic methods was confirmed by
Figure |8 representing the isovalues of the normalized objective function for n = 1.1 and for n = 0.6. In the
vicinity of the solution, the gradient with respect to 79 was smaller than the gradients with respect to K for

both cases. Whereas, for the shear-thickening case, the isovalues were situated like Russian nesting dolls, the




Triplet 1 Triplet 2
Satisfactory sets Fop; Satisfactory sets Fop;

70 [Pa),K [Pa.s"],n (2] [(N.m)?] 70 [Pa),K [Pa.s"],n (2] [(N.m)?]
(20,30,1.1) 0 (45,45,0.6) 0
(25,30,1.1) 2.5532 x 1074 (40,45,0.6) 1.8137 x 10~4
(15,30,1.1) 2.5552 x 10~4

Table 11: Satisfactory sets for Procedure 3.GA

objective function of the shear-thinning case presented a plateau - which did not coincide with the smallest

isovalue (given the input grid). This explains the difficulties encountered by the algorithms for shear-thinning

behavior.
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Figure 8: Contours of the objective function for the triplet (20,30,1.1) (left) and for the triplet (45,45,0.6) (right).

Assuming that empirical relations exist between the parameters in the (%,7)-plane and the (w,T’)-plane,
30 they could be used to determine the initial simplex (Procedure 3_init_S). Relations |§| and [10| correspond to
an average tendency and were used to define the initial triplets (Table . For both materials, the exact

triplet was detected after 16 (resp. 8) iterations for the shear-thickening (resp. shear-thinning) material.

Triplet 1 Triplet 2

70 [Pa),K [Pa.s"|n [@]  Foy [(N.m)?] | 70 [Pal,K [Pa.s",n [@]  Fa; [(N.m)?]
(25,30,1.1) 2.5532 x 1072 (35,35,0.6) 1.6045 x 102
(20,20,1.1) 1.1968 x 10~ (30,40,0.6) 8.0579 x 103
(35,30,1.1) 4.0626 x 1072 (45,45,0.6) 0

Table 12: Initial sets with Procedure 3_init_S
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4.4. Comparison among the three approaches

The results given by the three approaches are summarized in Table [I3] According to the identification
results presented in Section [4.1] and the shape of the objective functions, it seems that, for a three-parameter
identification, the simplex method would be good enough for the shear-thickening material (two out of
three optimal sets were satisfactory), whereas the genetic method would be necessary for the shear-thinning
material. As shown in Section the restriction of the parameter range particularly benefited the simplex
method based on a local search for the solution. However, this restriction did not modify the objective
function in the vicinity of the solution. That is why the identification of the shear-thinning material with
the simplex method was not improved and the genetic method appeared to be more reliable. Finally, for a
two-parameter identification, the shape of the objective function was modified and both the simplex method
and the genetic method were reliable. However, given the computational cost, the simplex method seemed
to be the more efficient. As previously mentioned, the user does not have a priori knowledge of the shape
of the objective function. Therefore the authors recommend using the genetic method for a three-parameter

identification and the simplex method for a two-parameter identification.

Simplex method Genetic method Genetic method
Niatistactory sets/ | Ndetected satisfactory sets/ | Ndetected satisfactory sets/
Noptimizations Niatisfactory sets Npopulation individuals
Approach 1 n=1.1 2/3 5/10 5/100
n=06 1/3 4/7 4/100
Approach 2 n=1.1 3/3 3/10 3/35
n=0.6 1/3 6/7 6/75
Approach 3 n=11 2/3 3/3 3/16
n=06 2/3 2/3 2/16
Approach 3 n=1.1 1/1
(empirical relations) n = 0.6 1/1

Table 13: Synopsis of the results obtained with the three approaches

5. Conclusions and prospects

In this study, inverse analysis was applied to two specific cement-based suspensions (one shear-thinning
and the other shear-thickening) using rheometric data obtained with a specific impeller. As it was a first step
of a larger study, the application was limited to synthetic data. The efficiency of two kinds of algorithms
(stochastic and deterministic) was compared by taking account of the user’s a priori knowledge about the
value of the parameters to be identified. In this study, an algorithm was considered as effective when one

or more satisfactory sets were systematically detected in a short computational time. For both materials,
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the genetic method appeared to be suitable for the identification of three parameters over a large search
space, whereas the simplex method allowed effective parameter identification when two parameters had to
be identified and when the initial simplex was well-shaped. Both algorithms encountered more difficulties
with the shear-thinning material than with the shear-thickening one. This was confirmed by the shape of the

objective function.

This study corresponds to a first step in the procedure for identifying rheological parameters of cement-
based suspensions. A second step will consist in using real experimental data. This will (surely) lead to
noisy objective functions. Under these conditions, the genetic method might be more suitable, even for a
two-parameter identification. Moreover, inverse analysis assumes that the constitutive relation can reproduce
the material behavior perfectly, which is not realistic. Therefore the objective function is expected to be more
complex. Finally it has been mentioned several times in this paper that, in the context of the study, the
sensitivity to the yield stress 7y was lower than that to the consistency and the behavior indexes. That
is why the satisfactory sets included sets with different 7g9-values. One may wonder which satisfactory set
it is best to select, considering the possible consequences on the prediction of the material flow in different
contexts. Actually, additional experimental data, obtained with a different experimental device with enhanced
sensitivity to the yield stress, are necessary and would serve for disambiguation purposes. In that way,
obtaining several satisfactory sets as provided by the genetic method would give more reliable identification
insofar as the user can contribute his scientific expertise and/or has additional experimental data at his

disposal, obtained by other means than the use of a rheometer.
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