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ABSTRACT

This study addresses the development of a modelling approach predicting the behavior of waste packages made with an
alkali activated slag mortar. Durability of such structures is studied regarding the restriction of hydraulic binder’s strains
by the rigid inclusions and the wasteforms’ container. The current work focuses on early-age behavior. First, the
evolution of material’s mechanical properties and delayed strains (autogenous shrinkage and basic creep) are determined
experimentally. Results show that equivalent time approach should be used for simulations to address correctly the time-
dependent evolution of mechanical parameters, rather than an approach based on hydration degree (determined by
calorimetry). For basic creep, the use of an aging dashpot seems to be sufficient. Then, finite element calculations at
meso-scale are performed to determine homogenized properties of binder/waste assembly. Results are used for macro-
scale simulations.
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1. INTRODUCTION

Ground Granulated Blast Furnace Slag (GGBFS) is a by-product of steel industry that has long been used as cement

blending material. The high amount of CO; emissions resulting from the fabrication of ordinary Portland cement has
encouraged the adoption of this material as a hydraulic binder 12, Additionally, alkali-activated slag binders have shown
advantages as an alternative for Portland cement in some specific applications 1345,
This work addresses the thermo-chemo-mechanical behavior of a sodium hydroxide activated slag mortar presently under
study as an immobilization matrix for the conditioning of nuclear waste in France. The durability of waste packages is
guaranteed for several decades, thus evaluating the damage risk is of great importance. The present work is concerned by
the restriction of binder’s delayed strains. Hence, a modelling approach based on an experimental campaign is being
developed. In this paper, the experimental and numerical work undertaken in order to describe the evolution of the
autogenous shrinkage and the basic creep of the hydraulic binder is discussed. Additionally, the homogenization method
used to take into account the presence of inclusions is developed. At the end, the model is tested at macro-scale level with
simulations undertaken on a massive structure with arbitrary parameters.

2. EXPERIMENTAL WORK AND MODELING

The analysed binder composition is activated by a sodium hydroxide solution. An initial water to binder ratio (w/b) of 0.5
is used as well as a sand to binder ratio (s/b) equal to 2. All the experiments were conducted on specimens kept in
autogenous conditions (protected by plastic film and aluminium sheets after demoulding at the age of 24 hours in order to
inhibit moisture transfer) and placed in a controlled room (25 + 1°C and 35 + 5% RH).

2.1 Autogenous shrinkage strains

The autogenous shrinkage strains of alkali-activated slag mortar were continuously measured on three different 4x4x16
cm specimens using linear variable differential transformer (LVDT) sensors. Results are illustrated in figures 1 and 2.
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Two different modelling approaches are tested. The first one is the classical approach used for hydraulic binders. The
degree of advancement of hydration reactions is calculated based on the affinity model calculated from semi-adiabatic
calorimetric measurements as shown in a previous work 578, A linear dependency of autogenous shrinkage strains £2%(t)
is usually valid & according to equations 1, 2 and 3.
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Where & is the degree of advancement of hydration reaction [-], E, is the activation energy [J.mol"}], R the universal gas
constant [8.3144621 J.molt.K], A() is the chemical affinity [s?], &, the ultimate degree (taken equal to 1), &, the
percolation threshold based on Vicat needle test [0.02 -] and K a constant. The chemical affinity is modelled using a
polynomial function of degree six.

Second, the mathematical function used in EC22 for the description of mechanical properties development, function of
the equivalent time is tested. The setting time is introduced to account for the percolation threshold as shown in the
following equations:
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Where t, is the equivalent time [days], T;..r the reference temperature taken equal to 25°C and ¢, the setting time [days].
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Figure 1: Comparison between experimental and Figure 2 :Comparison between experimental and
predicted (hydration reactions' advancement predicted (equivalent time approach) autogenous
degree approach) autogenous shrinkage strains shrinkage strains

The experimental results of Figure 1 show that the model widely used for classical cementitious materials’ shrinkage is
not valid for the studied binder. In fact, at the long term, shrinkage strains continue to increase whereas the advancement
degree based on calorimetric test reaches one. The time equivalent model plotted in Figure 2 seems to describe correctly
the behaviour of the alkali-activated mortar. These strains are very important with a significant evolution even after 200
days of measurements. Note that duplicate specimens were used for mass loss measurement to check that the autogenous
cure conditions remain valid for the whole test duration.

In order to check if this problem originates from the affinity function definition determined based on semi-adiabatic
calorimetric tests, a validation test is conducted. An isothermal micro-calorimetric test is performed using a “Tam Air
Isothermal Calorimeter” with a precision of 20 W at 22°C. Numerical simulation results and experimental data are
compared in terms of degree of advancement of hydration reactions based on 720 hours of heat measurements.
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Figure 3: Hydration reactions' advancement degree determined according to isothermal micro-calorimetry heat
measurements and affinity model’s thermo-chemical simulations

2 EC2. (1992). Eurocode 2 - partl. Design of concrete structures.
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The comparison between both evolutions illustrated in Figure 3 shows that the affinity model is capable of predicting the
advancement of hydration reactions. Therefore, the divergence of shrinkage experimental results from the linear model
could be related to the difference in hydration mechanisms between alkali-activated slag mortar and classical
cementitious materials.

2.2 Basic creep

Taking into account the visco-elastic behavior of hydraulic binders in numerical simulation is of great importance. In
fact, when material’s basic creep is not included, the generated stress is overestimated in calculations. Very little interest
was shown in the literature regarding this type of delayed strains for alkali-activated binders °. In the current study, the
basic creep of the alkali-activated mortar is determined under compressive stress. 7x7x28 cm specimens kept in
autogenous conditions are used and tests are conducted in the same controlled room. Two samples are loaded, at the age
of 7 and 28 days, at 30% of their compressive strength at the respective ages. A dashpot rheological model ** with ageing
viscosity is used according to the following equations:

-bc _ Op

&0 =10 ™ M(te,t) = 1125 X (Be(t)) ™ X1, ®)
Where £°¢ is the basic creep strains’ tensor [pum/m], o, the applied compressive stress [Pa] and n the aging viscosity
parameter [Pa.s].

Experimental and modeling results are compared in the following figure:
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Figure 4: Time evolution of basic creep strains of alkali-activated slag mortar under compressive loading starting at the
ages of 7 and 28 days at 30% of compressive strength

The alkali-activated mortar has high creep capacity (comparing to ordinary cementitious mortar with same w/b and s/b
ratios). This could be explained, at long term, by the higher amount of C-S-H present in the alkali-activated slag systems
2 1n fact, the long term part of basic creep is usually explained by the mechanical sliding of C-S-H 3. The proposed
numerical model is adequate for the description of this behavior and thus for conducting numerical simulations able to
reproduce the significant stress relaxation in structures made of alkali-activated mortar.

3. FINITE ELEMENT HOMOGENISATION

The encapsulated rigid wastes restrain the shrinkage of the alkali-activated matrix. This results in tensile stress generation
in the binder. Multi-scale modelling approach is thus relevant in this case of study. Simulations at meso-scale provide
upscaled material properties (thermal conductivity, Young modulus etc...) but also generated stresses by self-restraints
(inclusion/binder). The first type of elastic calculations, undertaken by means of finite element simulations in order to
determine the global autogenous shrinkage and the Young modulus evolution of the representative elementary cell
(binder + inclusions), is discussed here-after.

3.1 Equivalent autogenous shrinkage evolution

The mesh illustrated in Figure 5 is used for calculations conducted in 2D. Dimensions of matrix (binder) and inclusions
elements are determined with respect to wastes’ volume fraction (50% in the example shown here). Mechanical
properties of the binder are also expressed in function of equivalent age .
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Figure 5 : Schematic of the representative elementary volume Figure 6: Finite element calculations of homogenized
and symmetry conditions used for FE homogenization autogenous shrinkage expressed in function of equivalent time

calculations of autogenous shrinkage strains

The mechanical properties of the inclusions are fixed (Young modulus of 30 GPa — Poisson ratio of 0.35 here). Global
(homogenized) autogenous strains can be thus calculated and expressed in terms of equivalent time. Results are
illustrated in Figure 6. The restriction of binder’s strains is reproduced. A decreasing reduction from 67% (at day 3) to
55% (at day 180) of autogenous strains is obtained for 50 % (in volume) of inclusion.

3.2 Equivalent mechanical properties

In order to calculate the homogenized mechanical properties, the same mesh described in the previous section is used.
For instance, the simulated mechanical behavior of the cell to an imposed known displacement gives the global Young
modulus as shown in Figure 7. Once again, mechanical properties of binder’s elements are expressed in function of
equivalent time while the inclusions has fixed Young modulus and Poisson ratio.

Results are illustrated in Figure 8. The time-evolution of calculated Young modulus is compared to the one that could be
evaluated with the Mori-Tanaka homogenization scheme 4.
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Figure 7: Schematic of the representative elementary volume Figure 8: Finite element calculations of homogenized Young
and symmetry conditions used for FE homogenization modulus expressed in function of Equivalent time

calculations of Young modulus evolution

The calculated Young modulus shows good accordance with the classical Mori-Tanaka scheme. An increase in rigidity of
40% at day 3 to 10% at day 180 is obtained for 50 % of inclusion. The effect of rigid inclusions decreases with the
evolution of the binder’s Young modulus approaching the inclusions’ one.

4. MACRO-SCALE CALCULATIONS AT EARLY-AGE

In this section, the thermo-chemo-mechanical model developed is tested on a massive structure having the same
dimensions of the waste packages. Basic creep strains are not yet taken into account. Fraction volume of inclusions is
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taken equal to 0.5. These parameters are not identical to the real waste package. They are arbitrarily chosen to test the
model.

4.1 Mechanical analysis

A damage approach is used to describe cracking that occurs mainly in tension at early-age (due to the restrain of strains)
based on Mazars model ** with some modifications developed in a previous work €. The relationship between apparent
stresses a, effective stresses @, damage D, elastic stiffness tensor E, elastic strains ¢,; reads equation 9:

Elastic strains tensor &, is expressed in terms of total strains e, autogenous strains £*%,, and thermal strains ", tensors
as shown in equation 10. The latter tensor is calculated as indicated mentioned in a previous work [, taking into account
the effect of inclusion on the thermal properties of the assembly (binder + inclusion). It will not be detailed here.

o=(1-D)5 ©) G=FEe,=FE (:— & — ¢h (10)
The damage criterion given f takes into account the calculated homogenized mechanical properties:
ftrom (te)
=£—«k 11 Ko = —2—— 12
f 0 (11) 0= (12)

Where k, is the tensile strain threshold computed from the evolution of the homogenized mechanical properties
fthom(te) and Eshom(te)-

4.2 Results

Computation results, obtained by adopting the mesh and the boundary conditions illustrated in Figure 9, are presented in
the stress map at 28 days of Figure 10. An axisymmetric model with regular 4-node element mesh is used. The evolution
of stress in the specific points indicated on the mesh (P1 at the center where max of heat occurs and P2 intermediate
point) are represented in Figure 11.

By . 0,4
M —_— S0
flort MRR (MF o sigmar - P1
4 J._ Vv \%\“l 2
l»“ ] = = = sigmar - P2
(> IBLP2 TS 08 g
L L =
& 0 5 15 20 25 30
0.2 Time [days]
Figure 9 : Calculation mesh and  Figure 10: Radial stress map in Figure 11: Internal radial stress evolution in
boundary conditions simulated structure at 28 days simulated structure at points P1 and P2

The results show the effect of the thermal gradient at early-ages: center expansion due to the hydration reactions’ heat
release is restricted by the surface subjected to a lower temperature. This effect leads to compressive stress generation at
the center of the massive structure. These stresses are higher at the center of the structure than at the intermediate point
that is closer to the outer surface. After-on, the tensile stresses generated from the restriction of delayed strains appear.
Analysis of the stress distribution in the simulated package show that no damage occur during the first 28 days and
therefore no cracking risks are predicted.

5. CONCLUSIONS

The study presented here discussed first the experimental investigation of alkali-activated slag mortar delayed behavior.
A finite element based method is then used for the simulation. Homogenized properties are calculated at meso-scale to
describe the behavior of the matrix/inclusion assembly. Meso-scale properties are afterwards implemented in macro-scale
calculations. Damage analysis with evolutionary mechanical properties expressed in terms of equivalent time model is
applied. The following conclusions can be drawn:
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Autogenous shrinkage strains of alkali activated slag binders are significantly high and do not show a
stabilization even after 250 days. The classical thermo-chemo mechanical modelling used for OPC binders
(based on quasi-adiabatic or isothermal calorimetry tests for parameters identification) is unsuitable for this type
of binders. However, equivalent time modelling seemed to be adequate. Additional data will be collected on the
long term to check the capability of this model to predict long term delayed behavior,

Basic creep strains of the material are shown to be important at 7 and 28 days. The increase in creep capacity
with the advancement of hydration (with time) is observed for the alkali-activated slag as for OPC. Furthermore,
the dashpot rheological model expressed in terms of equivalent time is valid for numerical simulation,

Finite element meso-scale calculations can be used to determine the effect of rigid inclusions on the macro-scale
behavior of binder/waste assembly. Meso-scale results show the contribution of rigid waste in the reduction of
the binder’s delayed strains and the increase of its rigidity,

Modified damage model based on Mazars’ model is used to take into account the evolution of mechanical
properties in function of equivalent time.
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