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Abstract 4n the framework of Spent Fuel Pools (SFP) lifetistedies, an investigation of the concrete degriadatn
aqueous boric acid has been requested by the Eldetwer Research Institute. The main goal of sigly is to identify the
physico-chemical degradation mechanisms involveda imoric acid medium. A well-tested methodology testing
cementitious materials degradation in other solutigwater, sulfate solution...) was applied. Thishodology involved an
experimental study and computational modeling. ther particular case of boric acid attack, a multiage approach was
used, concrete as well as its main components (cement paste and aggregates) were studied. The degradation experiments
were carried out for three to eight months in 24f@pboric acid solution. Aggressive solution comfi§ were maintained by
pH regulation and periodical renewal. Characterizat concerned the composition of the degradatidntmm during the
experiments, as well as the mineralogical evolutidrihe degraded cementitious materials at the enthe experiments.
Solution analysis was performed by ionic-chromaapdyy and solid characterizations were carried outle means of XRD
and SEM observations. The study of the Portlandec¢ipaste degradation shows that the leaching nméshmis driven by
diffusion. The degradation kinetics in boric acsdhigher than the one in pure water. The procesootrete degradation is
more complex; a nonlinear behavior of the calcium leaching ovequare root of degradation duration can be noticed.
Besides, an additive contribution of cement pasid aggregates on the leached elements from congseseiggested.
Nevertheless, the degraded thickness ranges fr@@ g to 2800 um, which is significantly lower ttiha one obtained in
cement paste at the same duration (3400 um). Tdssruation is quite unexpected and could indicagossible surface
dissolution. Finally, reactive transport numericealculations are carried out with HYTEC platform be confronted to
experimental results. The first results on cemeste degradation arencouraging, the four zones composing the degraded
Portland cement paste profile pattern that werenidfied experimentally are obtained from numerisitnulation. This
modeling work must be continued to improve therigsun of the degradation kinetisc on cement pasid to include the
modeling of concrete degradation.

I. INTRODUCTION evolution of the system. Reactive transport nunagric
calculations are associated to confirm degradation
Spent Fuel Pools (SFP) at pressurized water reactor processes involved. In this study, these calculatiare

are reinforced concrete structures lined by withindess performed on Portland cement paste degradatioroiit b
steel plates and containing borated water. The-teng acid and compared to experimental results.
leakage of SPF is a concern as it could induce retac
degradation as well as reinforcement corrosion. The IIl. EXPERIMENTAL PARAMETERS
initially acidic borated water (pH ~ 5) could reasith
concrete and could induce chemical and potentially Three types of sample were tested: aggregate, ¢emen
structural degradation. The aim of this work isidentify paste and concrete.
the physico-chemical mechanisms involved in boxi a
degradation of concrete. IILA. Aggregate Samples
The methodology used was carried out on different
aggressive media [1]. It implies experimental aratialing Dolomitic limestone aggregates were entirely
approaches. The degradation experiments are perfoom embedded in a bi-composed epoxy resin (Resoltech

concrete samples as well as its main componentsefte 303(°). After drying for 48h at ambient pressure and
paste and aggregates). Solution analyses and solidtemperature, a slice was cut using a diamond \aine s
characterizations are carried out to determinectiemical



I1.B. Cementitious material Samples
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Table 1l presents, for each studied material, the

Samples were prepared according to the proportions experimental parameters: the solution volume over t

quoted in Table I. The cement used is a Portlamdec¢

type I/1l certified according to ASTM 150-04 [2].

Composition of the cementitious material mixturegared for
the laboratory experiments

TABLE |

Components (kg.i) Cement paste Concret
Cement 1394 370
Water 533 200
Aggregate - 1070
Sand - 660
w/c ratio 0.4 0.53

The water-to-cement ratio for concrete sample58.0.
This ratio is recalculated for cement paste samfuelse
representative of the one of the cement paste mtrete
(water adsorption on the surface of aggregateskitinto
account).

Cement paste and concrete were poured in cylirldrica
molds (respectively @=70 mm / h=110 mm and @=110 mm
/ h=220 mm). Cylindrical sides of the samples hbeen
entirely covered with bi-composed epoxy resin Resbl
3030® to ensure unidirectional degradation from the
bottom to the top of the cylinder. Samples weresdun a
saturated limewater solution for at least one month

Prior to degradation experiments, 2cm-thicknessesli
were prepared.

I1.C. Experimental procedure degradation

Each type of samples is degraded in a boric acid
solution (HBOs;) at a concentration of 2400 ppm,
corresponding to a pH of 5.3. The concentrationthaf
degradation solution was chosen to be represeatativ

SFP solution. Temperature was regulated by external

heating, and pH by acid nitric addition, assessgdhe
titrator Titroline, connected to the reactor byt probe.
The procedure is detailed in [1].

TABLE Il

Degradation parameters (Solution volume-to-sampiase
exposed ratios -V/S- and duration) for each mdtstialied.

reactive surface and the duration.
I1.C. Analytical methods

Throughout the experiment, the degradation solution
was analyzed by lonic-Chromatography with a Metrohm
940 Professionnal IC-Vario lon Chromatograph to
determine its ionic composition and ion flux rekedsrom
cementitious materials.

At the end of each experiment, degraded depths were
estimated. For cementitious material, the degrazmie
was revealed using the standard phenolphthaleinfaes
carbonation. For the cement paste samples, XRDbees
performed to obtain the mineralogical compositidrthe
sound material and that of the degraded cemente past
samples. Data were collected using a PAnalyticdtext
diffractometer using X'Celerator detector (CwKA =
1.5405 A). Cement paste samples were scanned be6fee
and 65° with a step size of 0.017°, for a totalation of 26
minutes.

IIl. EXPERIMENTAL RESULTS
[lI.A. Solution analysis

Fig. 1 shows the total cumulative amount of calcium
leached compared with the total cumulative amount o
nitrate added to regulate the degradation solutibinall
along experiment. Solution analysis obtained foe¢hand
eight-month degradation experiments are similaowsing
a good reproducibility of experiments. Both cumiviat
amounts of calcium and nitrate increase linearlyerov
square root of time and their leaching rates can be
correlated with a well defined coefficient, as répd on
Table Ill. This is typically attributed to a degedibn
process driven by diffusion.

700
+ 8-month experiment - Leached calcium
° 600 | © 3-month experiment - Leached calcium o+
% 5 - = Pure water experiment - Leached calcium A :
g £ 500 -+ -8-month experiment - Added acid ¥ '
c A
c 5 -
T35 +
o
S £ 400 L x2
T £ +
< S -
e +-
S € 300 4
€3 o+ + T
3= + + -
s - L+ -
£ © 200 + P -
c g P oD e
2 £ -
S @ 100 L+ . ‘t,——‘
S o + . B-=-
5= i_b _eP-=
£ o &2 : ‘
o 1 3 5 7 9 11 13 15 17

Studied material VIS (dm) ngraqa“on
uration

Concrete

(Dolomitic Limestone) 26 8 months

Portland cement paste 6.3 3 and 8 month

Aggregate 3.8 146 days

Degradation duration [days 2]
Fig. 1. Cumulative amount of leached calcium andealdnitric

acid reported to the surface of Portland cemertepasposed to
the degradation solution [mmol.cfh over square root of



degradation duration [da}fd. Experimental results have been
compared to Portland cement degradation in purerwasults in
dashed line [3]. The relative error of each analysas been
estimated as 1.8%.

Results obtained on calcium and nitrate have been
compared with those obtained with Portland cemestep
degraded in pure water [3]. Both calcium and retrat
cumulative amount released and their leaching rates
higher in boric acid solution, as reported in Tableand
Fig. 1.

The higher nitrate cumulative amount released is
coherent with the acid pH of the degradation sotuti
Also, the higher calcium leaching rate suggestshdrig
kinetics of Portland cement paste degradation gde
boric acid than in pure water.

TABLE Il

Calcium and nitrate leaching rate of three andteigbnth
degradation of Portland cement paste in boric mclttated with
correlation coefficient, and comparison with puratev
degradation [3].

Leaching rate| Leaching rate Leaching
Aggressive | Duration [Ca] [NOs] rates ratio of
solution (months) | [mmol.dni? [mmol.dm? [NOs1/
.days'?} .days'?| [C&']
19.6 37.9
Boric acid 3 R2=0.9981 R2=0.9989 1.93
solution 19.3 37.7
8 R?=0.9991 | R?=0.9992 1.96
[F;‘]”e water 3 15.1 317 21

Finally, calcium-over-nitrate leaching rate ratioave
been compared between the pure water and the &cidc
degradation of Portland cement paste. In pure veetevell
as in boric acid solution, nitrate-over-calciumdeiag rate
ratio is nearly 2 which mean that the amount ofanté
added is almost completely involved in compensatiray
ion charges due to calcium leaching. That suggests
decalcification is the major process involved
degradation process.

Contrary to the Portland cement paste, the total
degradation of aggregates and of concrete (B-DEpsduwt
seem to be a diffusion driven process. Indeed dimear
behavior of the calcium leaching over square robt o
degradation duration can be noticed (Fig. 2). Tames
observations can be drawn concerning the addedtaitr
evolution. The results obtained on concrete sarhphe
been compared to the experimental results of timain
components (Portland cement paste and dolomitic
limestone aggregate) degradation in boric acid atiz@d
in the exposed surface. The leaching rate of calcisi
higher than that in the normalized-surface Portlegichent
paste. The addition of the contribution of Portlar@nent
paste and Dolomitic Limestone leaching rates can
successfully describe the concrete leaching ragarding
calcium and added nitrate (dashed lines in Fig. 2).

in
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HNO3 : B-DL - Recorded by the Titrator

HNO3 : B-DL - Analyzed by IC .

350 | -
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|| === Ca:49.1% DL+31.8% CEM | e
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Fig. 2. Cumulative amount of leached calcium andealdnitric
acid reported to the surface of concrete samplBl(Bexposed to
the degradation solution [mmol.dh over square root of
degradation duration [da}fd. Experimental results have been
compared to the sum of the relative contributiorthef leaching
of Portland cement paste (CEM 1) and the one obmidic
limestone aggregates (DL).

The same type of observation can be done for the
magnesium leaching rate obtained from concrete
degradation, except that the aggregate contribut®n
higher than the one of cement paste degradatiois Th
observation is concistent with the composition of
aggregates.

I11.B. Solid characterization

Degraded zone depths

At the end of each experiment, the degraded zone
depths of tested samples were characterized (Téple

Table IV: Resume of degraded zone depths for sant@graded
in boric acid solution. Results obtained on cenparste sample
are compared to Portland cement paste degradatipmré water

3.

Material Aggressive| Duration Degraded Leaching
solution (months) depths rate
(mm) (mm.day'?)
Boric acid 3 23-2Et 0.24 +0.0:
Cement solution 8 3.3-35 0.21 £0.01
paste Pure water 3 1.82 0.19
[3]
Boric acid
Aggregates solution 5 05-0.6 -
Concrete Boric ?‘C'd 8 24-28 -
solutior

First, we notice a notable increase of the degraded
zone depths between the three and the eight-month
degraded Portland cement paste sample. As cemstd pa
degradation is a diffusion driven process, a laeaghite
could be deduced from these measurements. Theilgach
rates deduced are comparable, but both are higharthe
one obtained in pure water experiment. This sugdester



kinetics of Portland cement paste degradation in boric acid
than in pure water. This observation is consistent with the
higher calcium leaching rate obtained from solution
degradation analysis.

The degraded zone depth determined for concrete
(2400 - 2800 pm) is lower than the one obtained for
Portland cement paste degradation at the same duration
(3400 um). This observation is in disagreement with the
solution analysis. The discrepancy could be associated to
surface dissolution of the material. This phenomenon is
observed in the case of dolomitic limestone aggregates
degradation in boric acid solution. The degraded zone
depth is about some hundreds of micrometers in thickness
and includes a notable part of total superficial dissolution
of the aggregates (Fig. 3).
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Fig. 3: SE-SEM observation of dolomitic limestone aggregates
degraded in boric acid solution.

100 m ULTRA 55 SCCME

Mineralogical evolution in cement paste

The mineralogical evolution was studied by XRD
analysis. Fig. 4 reports profile patterns of the three-month
degraded Portland cement paste.

d-spacing (A)
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P P P : Portlandite C : Calcite
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Fig. 4: XRD pattern of the different zones, homogenous in
composition, identified in Portland cement paste degraded in
boric acid solution.
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The XRD diagrams have been recorded at different
depths of the degraded material by successive abrading.

Four zones, homogenous in composition, have been
identified (Fig. 4):

- the first zone (Zone 1) corresponding to the external
edge of the sample contains any crystalline hydrates,
except hydrotalcite, and decalcified C-S-H,

- the second zone (Zone 2) is characterized by the
appearance of the specific spread peak corresponding
to C-S-H,

- the third zone (Zone 3) contains all the phases of the
cement except portlandite,

- the fourth zone (Zone 4) is the unaltered zone of the
cement paste.

More detailed XRD analysis of the two degradation
experiments carried out on cement paste can be found in
[4]. A reprecipitation of Ettringite in Zone 3 is suggested
by XRD analysis. This phenomenon could be due to
decreasing gradients in calcium and hydroxyls between the
unalterated zone and the surface [5]. It could also be linked
to the presence of Ettringite-like phases including boron,
such as Boro-AFt or Boro-AFm [6,7,8,9]. Neither such
phases nor other crystalline phases incorporating boron
have been clearly identified from XRD.

IV. FIRST MODELING WORKS

1I.A. Reactive transport modelling

Reactive transport code of HYTEC version 3.7 is used
to simulate the 1-D degradation experimentation of
Portland cement paste in a boric acid solution. In our study,
simulations are performed considering chemical reactions
at thermodynamic equilibrium (without kinetics). Diffusion
is the only transport mechanism taken into account. The
correction of the effective diffusion coefficient induced by
porosity changes, due to precipitation or dissolution, can be
performed by HYTEC according to a modified version of
Archie’s law [10].

The database used is Thermoddem database (version
2011) [11-13]. The crystallized C-S-H type phases are
excluded from the calculation. C-S-H is defined by a
discrete description. The database has been extended to
include boron species in solution [8, 9] and mineral phases
[9, 14-17]. An extended Debye-Hiickel model, B-Dot, as
ionic strength model is used.

11L.A. Description of the modelled system

The simulated 1D-system is described in Fig. 5. The
cement paste is modelled as a rectangle 1 cm by 1 cm with
100 um size mesh. The cementitious matrix is in contact
with the degradation solution on its left, modelled as one
mesh.



Cementitious matrix

External solution

«—>
100 pum, 1 node

Fig. 5: Scheme of the 1-D system dedicated to &mtttement
paste simulation.

1 cm, 100 nodes

The initial composition of the cement paste is
calculated and reported in Table V.

Table V: Portland cement paste mineralogical coritipos
calculated with the extended Thermoddem databaseBeDot as
ionic strength model.

Mineralogical components (g/100g of cement)
Portlandite (Ca(OH) 280.4
CSH (1.6) (1.6Ca0.Si®.4H,0) 658.9
Monocarboaluminate3CaO. AbO;, CaCQ 11H,0) 199.6
Ettringite (3Ca0.Al0;.3CaSQ.32H,0) 137.8
Hydrotalcite MysAl(CO3)(OH)s: 4(HO)) 80.9
Calcite (CaCg@) 10.8

This composition is obtained considering a partial
dissolution of the anhydrous phase containing ifOhAF.
Moreover, F&" has been assimilated to®Alas they both
have same intercalation properties, to avoid redaxtions
issues.

The effective diffusion coefficient considered imet
matrix is 5.2 13° m?/s [18, 19] and the porosity is 0.203,
corresponding to the calculated one.

The external solution is a 2400 ppm boric acid
solution with fixed temperature of 25°C. The diffus
coefficient in the solution was established at 2.f@/s,
which corresponds to the diffusion coefficient ohs in
solution, and the porosity is 1. To ensure the adafion
solution homogeneity, a fixed concentration of 24{0n
of boric acid is imposed on its left boundary.

IV.A. Preliminary modelling results

Fig. 6 presents the profile pattern of the degraded
Portland cement paste obtained for 250 simulatgd.da

Due to convergence issue, calculations were
performed without considering the feedback of pityos
variation on diffusion coefficient. Thus, only thature of
the minerals present, and the different zones can b
discussed.

The results indicate that a surface dissolution occurs;
the interface moves in the depth of the cementepdstis
process has not been observed in cement pastedddgra
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Fig. 6: Numerical simulation of a Portland cemeaste profile
pattern after 250 days of degradation in a 2400 ppnc acid
solution.

Concerning mineral phases that are present in the
material, four zones with different mineralogical
composition were identified. Those four zones andlar
to the ones identified by experimental charactéiomaof
the degraded Portland cement paste. The decatimfica
process involves portlandite dissolution and C-S-H
decalcification. We noticed a reprecipitation ofriagite
the border of the zone 2 and 3. This reprecipitatias also
been experimentally suggested. In the discussiorthen
experimental profile pattern, was mentioned theotlypsis
of the Boro-AFt formation during degradation.
numerical simulation results, the precipitationBafro-AFt
mineral phase is also observed in, and should fibverde
considered as a strong hypothesis.

Finally, the precipitation of the calcium boratenevial
phase Frovolite Caf®3(OH)s can be found in zone 1 and 2
(Fig. 6). This mineral phase has not been observed
experimentally and its precipitation is unlikely.
Consequently, work on the boron-bearing mineraishe
considered in the calculations, is the next stegmatical
simulation considering porosity variation is alseded.

In

V. CONCLUSIONS

A study of the concrete degradation in a boric acid
solution was carried out to identify the physiceawtical
mechanisms of boric acid degradation. Both expertaie
and modeling approaches were considered. Conceete a
well as its main components (cement paste and gatge
have been considered.

A complete analysis of the degradation solutiorirdur
1-D degradation experiments allowed us to estalihisi
decalcification is probably the major process imed in
Portland cement paste degradation in boric acichti@oy
to cement paste degradation, concrete degradaties bt
seem to be a diffusion driven process. The evaiutid



leached elements and added nitric acid seems to be

equivalent to the sum of the relative contributodrcement
paste and aggregates. The difference of degradedéss

from cement paste and concrete (of about 1000 |sm) i
quite unexpected and could indicate possible serfac

dissolution.
The results obtained with the reactive transpodeco

HYTEC, are encouraging. The four zones composirg th

degraded Portland cement paste profile pattern tteae
identified experimentally are also obtained frommmauical
simulation. The next step involves work on the Iero

bearing phase to be considered and on the feedbfack

porosity evolution (clogging or opening) on diffusi
transport properties.
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