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Abstract This research study aims to better understand the mechanical behavior of
a Na-geopolymer used to immobilize the nuclear waste (MgZr alloys). Based on a
large experimental campaign that has been carried out at LGCGM, the mechanical
properties of Na-geopolymer are investigated as well as its cracking sensitivity at
early age. This last depends on several parameters studied in the present project:
tensile strength, Young’s modulus, and delayed deformations such as autogenous
shrinkage and basic creep. All of these parameters are characterized experimen-
tally under autogenous condition. These results obtained for a Na-Geopolymer are
compared to those of a Portland cement-based mortar. From restrained ring tests, it
appears that the cracking sensitivity is lower for Na-Geopolymer. This behavior is
mainly due to a low Young’s modulus, a fast stabilization of autogenous shrinkage
and a high creep capacity.

Keywords Autogenous shrinkage · Basic creep · Cracking ·Mechanical
performances · Na-geopolymer

1 Introduction

Geopolymer namedby JosephDavidovits in the late 1970s [1] is an inorganicmaterial
made by mixing aluminosilicates sources with an alkaline solution. Geopolymers
structure consists of tetrahedral frameworks ofAlO4− and SiO4− by linking together
with oxygen bridges and with alkali metal ions balancing the charge associated with
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tetrahedral Al [2, 3]. The general empirical formula of geopolymer is Mn{-(SiO2)z-
AlO2}n, wH2O [2], where M is alkali metal cation (normally is Na+ or K+), and
n is a degree of polycondensation with z = 1, 2, 3. Since several years, more and
more research works focus on the design and the behavior of this inorganic material.
Indeed, it presents several advantages: a lowCO2 release during its production [4–6],
a high compressive strength, and a good chemical and fire resistance [7, 8].

The present study focuses on a Na-geopolymer designed to immobilize nuclear
wastes such as Mg-Zr alloys fuel cladding used in the UNGG reactors (Uranium
Natural Graphite Gas) in the framework of the DECIMAL project (Phenomeno-
logical Description Corrosion And Its Impact On The Durability Of Encapsulated
Magnesium Wastes In Hydraulic Binders). In an aqueous media, Mg can corrode
rapidly and lead simultaneously to hydrogen (H2) release. But Rooses et al. [9] have
shown that the corrosion of Mg-Zr immobilized in a Na-geopolymer matrix is low in
comparison to an immobilization into a Portland cement matrix and further studies
are being performed in the DECIMAL project to better describe the corrosion mech-
anisms of Mg alloys in this Na-matrix [10]. However, the chemical reactions driving
geopolymerization are very complex and depend on many factors such as alumi-
nosilicate source, curing time and temperature [11–13], nature and concentration
of alkaline activator solution [14–16], as well as Si/Al/cation ratios [17, 18]. These
parameters also affect the mechanical behavior of geopolymers at the macroscale.
In the present study, the behavior of a Na-geopolymer is analyzed in autogenous
condition to assess its cracking risk when its delayed deformations are restrained by
an external element.

2 Materials and Curing Condition

To design the Na-geopolymer, a metakaolin is used as an aluminosilicates source.
Its chemical composition is given in Table 1. Its area surface and specific density are
equal to 17 m2/g and 2.4 g/cm3 respectively.

The metakaolin-based geopolymer mortar -named MGEO hereafter- presents the
following formulation: 1Na2O–3.96SiO2−1Al2O3–12.5H2O. The alkaline activator
solution is prepared by mixing sodium silicate solution (SiO2 = 27.5 wt.%, Na2O=
8.3 wt.%, H2O= 64.2 wt.%, SiO2/Na2O= 3.42) with sodium hydroxide pellets (>98
wt.% purity) and distilled water (conductivity = 25.43 μs/cm at 20 °C, pH = 7.66).
Moreover, sodium fluoride (1.25M) used as corrosion inhibitor is also added, as well
as quartz sand (0.315/1.6 mm). Furthermore, ordinary Portland cement mortar (CEM
I 52.2 N) is used as a reference material and named hereafter MCEMI. It is mixed

Table 1 Chemical composition of metakaolin

Chemical SiO2 Al2O K2O + Na2O Fe2O3 TiO3 CaO +MgO

Metakaolin 55% 40% 0.8% 1.4% 1.5% 0.3%
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with tap water (conductivity = 558.9 μs/cm at 20 °C, pH = 8.06) and normalized
sand (0/2 mm). The two studied mortars show the same paste volume and liquid to
binder ratio (L/B = 0.508).

All the specimens are demolded after 24 h and stored at 20± 1 °C. The autogenous
condition is obtained thanks to a double layer of aluminum foil. For mechanical tests,
a plastic foil is also added between the adhesive aluminum foils and specimen. To
control the autogenous condition, specimens’ mass is regularly measured during all
the tests.

3 Experimental Method

3.1 Mechanical Properties

To determine the tensile strength, a three-point flexural test is performed on three
prismatic specimens (4 × 4 × 16 cm) with a loading rate of 0.01 mm/s. The tests
are performed on 1, 3, 7, 28, and 90 days old specimens. After this test, specimens
are loaded again to determine the compressive strength with a loading rate equal to
2.4 kN/s according to EN 196-1.

Youngmodulus test is carried out on three cylindrical specimens (φ11× 22 cm) at
3, 7, 28, and 90 days. Specimens are loaded with a rate of 0.5 MPa/s (NF EN 12390-
4) until a value equal to 30% of their compressive strength determined previously on
specimens having the same dimensions.

3.2 Autogenous Shrinkage

The autogenous shrinkage is measured on three prismatic specimens (4 × 4 × 16
cm) at their central axis by means of two inserts placed on each sample’s extremities
(top and bottom) with a displacement comparator from 1 to 40 days, as well as their
mass loss.

In parallel, internal relative humidity evolution and water porosity are also
measured to understand the autogenous shrinkage (amplitude and kinetics) as capil-
lary depression is one of the main driving mechanisms responsible of this deforma-
tion. The internal relative humidity is monitored with a thermo-hygrometer sensor
-having a precision of±2%—placedweekly into themiddle of cylindrical specimens
(φ50× 70 mm) thanks to a drilled hole (φ5× 35 mm). To determine water porosity,
three cylindrical 28 days old specimens (φ40 × 60 mm) are water-saturated under
vacuum for 44 h. Their mass is measured in air (Mair) as well as in water (Mw) thanks
to the hydrostatic weighing. After, specimens are dried in an oven at 40 °C until to
reach a constant mass value (Mdry)—a mass variation inferior to 0.05% between to
two measurements (24 h) is acceptable. Based on these measurements, bulk density
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(ρapp) and water porosity (φ) are calculated using the Eqs. (1) and (2) respectively:

ρapp = Mdry

Mair − Mw

ρw (1)

φ = Mair − Mdry

Mair − Mw

ρw (2)

With ρW the water density (1 g/cm3).

3.3 Basic Creep

Compressive basic creep test is carried out on two prismatic specimens (7× 7× 28
cm) using hydraulic jacks. The total deformation is measured on each specimen side
via two glued balls with a distance of 20 cm. A load equal to 20% of compressive
strength previously determined on cylindrical specimens (φ11 × 22 cm) is applied
on 90 days old specimens. In parallel, autogenous shrinkage is also determined on
unloaded samples (7 × 7 × 28 cm).

3.4 Restrained Ring Test

A ring test (Fig. 1) is performed to evaluate the cracking time of the studied mortars.
Its steel ring is characterized by an inner (R2) and outer (R1) radius equal to 100 mm
and 125 mm respectively. The outer radius (R0) of the mortar ring cast around the
steel ring is equal to 160 mm. The specimens are demolded after 24 h, and sealed

Mortar

(MCEMI/MGEO)

Strain gauge

Steel ring

Top view

Fig. 1 Ring test setup
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with a double layer of aluminum foils to obtain autogenous condition. The defor-
mations of the steel ring are monitored thanks to three strain gauges glued at the
mid-height of the inner surface of the steel ring (Fig. 1) and connected to the acqui-
sition system. Moreover, the ambient temperature is also monitored to quantify the
thermal deformation.

4 Experimental Results

4.1 Mechanical Properties

Figure 2 presents the flexural and compressive strength evolution for MCEMI and
MGEO. According to Fig. 2a, the flexural strength of MGEO is lower than that of
MCEMI for all the tested ages. It indicated that MGEO has lower tensile strength.
It is probably related to the fact the geopolymer-based materials present an intrinsic
brittleness due to their highly cross-linked framework [19]. The compressive strength
of MGEO increases rapidly during the three first days (Fig. 2b). After 3 days, it
evolves slowly and its value is close to the compressive strength of MCEMI. A
similar evolution was found by Rocha et al. [20]. Figure 3 shows that the Young’s
modulus is lower forMGEO than forMCEMI at all the tested ages. This last behavior
presents an advantage to limit the cracking risk of the geopolymer when its delayed
deformations are restrained.

4.2 Autogenous Shrinkage

Figure 4 presents the autogenous shrinkage evolution of MGEO and MCEMI
measured from 1 day. During the first 10 days, the autogenous shrinkage of MGEO
evolves more rapidly. After, it slightly increases until 22 days. Beyond it tends to
a constant value close to that obtained for MCEMI. For example, this deformation
is equal to about 255 μm/m for both mixtures at 22 days. Notice that the mass
loss (because the tightness is not perfect after several weeks—unwanted drying) is
slightly higher for MGEO at this age: 0.018% for MGEO and 0.007% for MCEMI.
Moreover, the final deformation amplitude for MCEMI is quite similar than that
found by Olivier [21] (230 μm/m at 28 days for a mortar with W/C ratio equal to
0.5).

Water porosity

As one of themainmechanisms driving autogenous shrinkage for cementitiousmate-
rials is the capillary depression, the water porosity was measured for the both studied
mortars and the results at 28 days are presented in Table 2. It appears that MGEO is
characterized by a more important porosity. In a next step, the pore size distribution
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Fig. 2 Flexural (a) and
compressive (b) strength for
MCEMI and MGEO at 1, 3,
7, 28, and 90 days
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will be characterized to better understand the effect of porosity on the autogenous
deformation.

Internal relative humidity

On Fig. 4, the internal relative humidity evolution is also presented for both studied
mortars. This parameter varies around a constant value (±95%) during the 40th
days for MGEO, while it decreases progressively for MCEMI (89.6% at 43 days).
Ma et al. [22] found a similar result for a fly-ash based geopolymer. They explain
that by the decreasing of salt content (Na+ and silicate species) in pore solution.
Moreover, they assume that autogenous shrinkage of fly-ash based geopolymer is
due to the continuous reorganization and polymerization of the gel structure instead
of the self-desiccation process available for a classic cementitious material.
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Fig. 3 Young’s modulus for MCEMI and MGEO at 3, 7, 28, and 90 days

Fig. 4 Evolution of internal
relativity humidity (RH) and
autogenous shrinkage (S) for
MCEMI and MGEO
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Table 2 Bulk density (ρapp)
and water porosity (φ) for
MCEMI and MGEO at
28 days

Test MCEMI MGEO

ρapp (g/cm3) 1.989 ± 0.003 1.813 ± 0.002

φ (%) 20.9 ± 0.2 26.2 ± 0.5

4.3 Basic Creep

The specific basic creep is illustrated in Fig. 5 for both studied mortars loaded at
90 days. It is higher forMGEO.Thus, thismortar is characterized by a higher capacity
to relax internal stresses—a positive behavior to reduce the cracking risk when the
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Fig. 5 Specific basic creep
of MCEMI and MGEO,
loading at age 90 days
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delayed deformations are restrained. The specimens were unloaded at 70 days. The
residual deformation is also more important for MGEO. Notice that the mass loss at
the test end is equal to 0.23% and 0.074% for MGEO and MCEMI respectively.

4.4 Restrained Ring Test

To determine the cracking sensitivity, a restrained ring test was performed. The defor-
mation evolutions of the steel ring surrounded byMCEMI andMGEOduring the first
30 days are showed in Fig. 6. During these tests, the average ambient temperature
is equal to 18.6 ± 1 °C and 19.7 ± 1 °C respectively. The deformation increases
more rapidly for MGEO at early age, but their amplitude from 5 days is quite similar.
At about 25 days, MCEMI cracks whereas no crack is observed for MGEO beyond
30 days. Based on these results, it appears that MGEO presents a lower cracking
sensitivity when its delayed deformations are restrained.

5 Conclusion

The main objective of this experimental campaign is to study the delayed behavior
of a Na-geopolymer and its cracking risk under autogenous condition. This mate-
rial presents a low Young’s Modulus and a low tensile strength. Even though the
lower stiffness can reduce the internal stresses amplitude, a lower tensile strength
may cause a higher cracking risk. However, the delayed deformation results show
that Na-geopolymer is characterized by a rapid stabilization of autogenous shrinkage
reaching a constant after 22 days and a high specific basic creep. These both results
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Fig. 6 Steel ring deformations due to the delayed deformations of MGEO and MCEMI under
autogenous condition

are interesting to limit cracking sensitivity when the delayed deformations of the
geopolymer are restrained. Thanks to a ring test coupling all these material parame-
ters, the cracking sensitivity of the geopolymer was studied. This test has confirmed
that the studied geopolymer presents a lower cracking sensitivity in comparison to a
classic Portland cement mortar.

.
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