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relatively low levels of radioactivity, glass wool used as 
insulation in NPPs is expected to be disposed of in near-
surface facilities for low-level radioactive waste, such as 
vault-type repositories. These disposal systems commonly 
consist of concrete-based engineered barriers and closures 
that are likely to generate highly alkaline pore water (pH 
> 12) over extended timescales following closure. Numer-
ous studies have documented that under such high-pH con-
ditions, the silicate glass network constituting glass wool 
undergoes more rapid and sustained dissolution than in 
typical groundwater environments [3–6]. Therefore, it is 
essential to evaluate the long-term stability of glass wool 
insulation under disposal conditions and to characterize its 
degradation mechanisms and long-term dissolution rates. In 
domestic vault-type radioactive waste repositories, the pres-
ence of concrete-based engineered barriers results in highly 
alkaline groundwater chemistry [7]. Consequently, infiltrat-
ing groundwater in contact with the glass wool is expected 
to become strongly alkaline (pH ≈  12–13) with elevated 
ionic strength, owing to the leaching of alkali (e.g., Na+, 
K+) and alkaline earth (Ca2+) metal ions from the concrete, 
accompanied by high OH− activity.

Introduction

Glass wool is lightweight, non-combustible, and exhibits 
excellent thermal insulation performance, making it one 
of the most widely used insulating and heat-preserving 
materials in construction and industrial facilities [1, 2]. In 
domestic nuclear power plants (NPP), glass wool has long 
been used to insulate pipes and equipment. As domes-
tic nuclear facilities move toward decommissioning, the 
need for the disposal and long-term stability assessment 
of these insulation materials is increasing. Because of its 
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Abstract
This study aimed to evaluate the long-term stability of glass wool used as insulation material in domestic nuclear power 
plants and to quantify its degradation mechanisms and dissolution kinetics under highly alkaline conditions (pH ≥ 12) 
expected in cementitious environments associated with vault-type disposal systems for low-level radioactive waste. Exper-
iments were conducted at 20  °C and 80  °C using cement-saturated groundwater (CGW) as the primary solution, while 
comparative tests were performed in NaOH and Ca(OH)₂ solutions at equivalent pH levels. ICP-OES, SEM-EDS, and 
XRD analyses revealed that dissolved Ca²⁺ significantly suppressed glass dissolution. The presence of abundant Ca²⁺ ions 
promoted densification of the surface alteration layer, retarding degradation, whereas depletion of Ca²⁺ resulted in a rapid 
increase in the dissolution rate. Although calcium silicate hydrate (CSH) precipitates are generally known to inhibit glass 
corrosion, the CSH phases formed in this study exhibited limited protective capability due to their low Ca/Si ratios and 
high porosity. Based on the dissolution rate constant at 20 °C, the complete dissolution of glass wool was estimated to 
require approximately 213 years; however, under conditions of limited Ca²⁺ availability, the dissolution rate could increase 
by up to 70-fold, approaching that observed in NaOH solution.
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The glass network generally consists of a network for-
mer (e.g., SiO2, B2O3, and, in some cases, Al2O3), together 
with weakly bonded network modifiers (e.g., Na2O, K2O, 
CaO, or MgO). Under such highly alkaline conditions, the 
dissolution and degradation behaviors of glass wool can be 
described by two principal mechanisms. The first is interdif-
fusion, an incongruent dissolution process in which modi-
fier species in the glass network (e.g., Na+, K+, and Ca2+) 
are exchanged with cations in solution and released without 
directly breaking the silica framework. Although interdif-
fusion does not directly attack the silica network, composi-
tional depletion and subsequent interactions with the solution 
can contribute to mass loss. The second mechanism is net-
work hydrolysis, in which hydroxide ions attack siloxane 
( ≡ Si − O − Si ≡ ) bonds, leading to depolymerization 
of the silicate framework and resulting in congruent dissolu-
tion behavior. When interdiffusion prevails, the dissolution 
rate is limited by mass transport, whereas when hydrolysis 
prevails, it is limited by surface reactions, with both mech-
anisms potentially acting in parallel. As glass alteration 
proceeds, systems commonly transition from a maximum 
forward-rate (initial-rate) regime, in which interdiffusion 
and network hydrolysis operate in parallel, to a residual-rate 
regime controlled by transport, as a result of the formation 
of an altered layer and the affinity effect. However, under 
strongly alkaline conditions, the rate remains elevated even 
in the residual stage, as network hydrolysis continues to be 
the rate-determining step [6]. Therefore, under conditions 
that minimize the affinity effect associated with silica satu-
ration, elevated temperature, and high liquid-to-solid ratio, 
the glass network typically dissolves at an approximately 
constant rate. This dissolution rate can then be determined 
using several approaches, including (i) gravimetric mass 
loss [8], (ii) solution-based normalized mass loss (NL) for a 
relatively conservative network-forming element (e.g., Si or 
B) [9–11], and (iii) diameter-reduction kinetics, especially 
for glass fibers [6, 12]. Under disposal conditions, advec-
tive groundwater flow renews the solution and limits silica 
accumulation, making the chemistry comparable to that of 
the L/S test that minimizes the affinity effect. As a conserva-
tive assumption, a constant rate was used as an upper-bound 
reference for the repository-relevant kinetics.

Glass network dissolution reflects a combined depen-
dence on pH and the compositions of both the glass and 
the solution; thus, dissolution rates may diverge even at 
identical pH values under otherwise comparable test con-
ditions. Under the same pH conditions, Bashir et al. [6] 
measured the dissolution rate of E-glass in NaOH and 
KOH and found that it was approximately twice as high in 

NaOH. This phenomenon indicates that hydroxide activity 
in solution depends on the cations present. In addition, at 
the same pH in an NaOH solution matrix, La Plante et al. 
[11] showed that the dissolution rate was highly sensitive 
to the added electrolyte, varying more than fivefold across 
electrolyte type and concentration. Notably, the addition of 
electrolytes bearing divalent cations (Ca2+ and Mg2+) led to 
a pronounced suppression of the dissolution rate. The addi-
tion of divalent cations, such as Ca2+ and Mg2+, significantly 
decreases the dissolution rate, implying that these cations 
increase the activation barrier for Si–O bond rupture and 
reduce surface reactivity through Ca–Si interactions. The 
influence of dissolved Ca ions on glass network dissolution 
mechanisms has been investigated in several studies [3, 10, 
13]. Mercado-Depierre et al. measured the initial dissolu-
tion rates of borosilicate glass across varying pH values with 
and without Ca ions. At pH < 10.5, adding Ca increased the 
rate relative to the Ca-free solution (about 4.4 ×  at pH 7 
and 1.8 ×  at pH 10), whereas at pH ≥ 11 the rate decreased 
below the Ca-free baseline (about 6.5 ×  lower at pH 11.7). 
These trends indicate pH-dependent Ca–Si interactions at 
the interface and within the altered layer: at lower pH, com-
plexation by Ca can enhance dissolution, while at higher 
pH, Ca–Si interactions promote the formation of a passivat-
ing layer that suppresses further dissolution.

For similar reasons, interfacial secondary precipitates and 
altered-layer passivation are strongly dependent on the glass 
composition. The species released from the glass network 
(primarily Si, Al, Na, Ca, and Mg) reprecipitate as second-
ary phases. In strongly alkaline environments, the represen-
tative products include amorphous silica, calcium silicate 
hydrate (CSH) [14, 15], zeolites [16], brucite [9], and port-
landite (Ca(OH)2) [17]. The influence of these precipitates 
on dissolution rates is complex and system dependent. In 
closed systems, the formation of secondary precipitates 
can consume dissolved silica, thereby mitigating the affin-
ity effect and promoting additional dissolution of the glass 
network. This phenomenon is commonly referred to as 
alteration resumption. Interfacial CSH on glass exhibits 
compositions ranging from amorphous to Ca-rich (higher 
Ca/Si) and Si-rich (lower Ca/Si), which differentially affect 
glass–solution interactions. Amorphous or Si-rich CSH has 
been reported to have little to no effect on the dissolution 
rate [9, 17, 18], whereas Ca-rich CSH forms a passivating 
interphase that substantially reduces dissolution [19, 20]. In 
addition, the secondary CSH phase is susceptible to carbon-
ation in the presence of carbonate ions (or dissolved car-
bon dioxide). Carbonation alters the mineralogical structure 
and continuity of the CSH interphase, thereby modifying 
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its protective capacity against further glass dissolution. The 
resistance of CSH to carbonation increases with higher Ca/
Si ratio, indicating that both Ca availability and carbonate 
concentration jointly control the stability and effectiveness 
of the passivating layer [21–24]. In vault-type repository 
environments, carbonate species (e.g., HCO3−/CO3

2−) are 
expected to be present in groundwater and the groundwater 
is anticipated to interact with cement-based engineered bar-
riers, leading to the formation of cement-saturated ground-
water (CGW) enriched in Ca and carbonate species. These 
conditions can further influence interfacial reactions at the 
glass surface. Consequently, variations in the glass and solu-
tion compositions, particularly with respect to dissolved Ca 
and Carbonate concentrations, can lead to differences in dis-
solution behavior and rates. Therefore, accurate assessment 
of silicate glass degradation requires experimental evalua-
tion using solution chemistries that realistically represent 
the intended disposal environment.

This study investigated the degradation mechanisms of 
insulation-grade glass wool previously used in NPPs under 
strongly alkaline conditions and quantified its dissolution 
rates under simulated vault-type repository-relevant solu-
tion chemistries. The glass wool used in domestic NPPs 
was tested. To simulate repository-proximal conditions, 
groundwater collected near the disposal site was saturated 
with cement (cement-saturated groundwater) and used as 
the primary solution. Unlike deep geological repositories or 
silo-type systems, vault-type near-surface repositories are 
expected to maintain partial interaction with the atmosphere 
and infiltrating groundwater over long timescales, resulting 
in non-negligible dissolved CO2 and carbonate concentra-
tions in groundwater. Accordingly, carbonate-bearing con-
ditions were intentionally preserved rather than excluded, 
in order to capture the potential influence of carbonation 
on secondary phase formation, passivation behavior, and 
long-term dissolution kinetics. For comparison across alka-
line solutions, NaOH and Ca(OH)2 solutions were prepared 
at the same pH and subjected to identical tests. To assess 
long-term behavior within practical timescales, acceler-
ated degradation experiments were conducted at elevated 
temperature (80 ℃), and separate measurements were 
performed to determine dissolution rates under repository-
representative conditions (20 ℃). Time-resolved character-
ization of the surface morphology, secondary precipitates, 
and solution chemistry was performed using standard ana-
lytical techniques.

Experimental Procedures

Materials

Characterization of Glass Wool

The glass wool (labeled as GW) used in this study has been 
utilized as an insulation material in domestic nuclear power 
plants. The composition of the glass wool was analyzed 
using X-ray Fluorescence (XRF; S8 Tiger, Bruker), and the 
results are shown in Table 1. Based on its oxide composi-
tion, the glass wool used in this study was classified as soda-
lime silicate glass.

To examine the presence of additional crystalline mate-
rials within the fibers, high-resolution powder X-ray dif-
fraction (HRPXRD; SmartLab, Rigaku) was performed 
on finely ground fiberglass. The analysis results indicated 
that the insulating glass wool is completely amorphous, 
with no detectable crystalline phases (Fig. 1). The specific 
surface area (SSA) of the glass wool was determined by 
nitrogen adsorption using the Brunauer–Emmett–Teller 
(BET) method (BELSORP-MAX, MicrotracBEL), yield-
ing a value of 0.63267 m²/g. Scanning electron microscopy 
(SEM) was performed at several positions on the glass wool, 
from which more than 100 fiber diameters were measured to 
compute the mean. The average initial diameter of the glass 
wool before the experiment was 7.66 ± 0.59 μm.

Glass Wool Dissolution Tests

Solution Preparation

To compare the dissolution behavior of glass wool under 
various alkaline conditions, three solutions at pH 12.5—
NaOH, Ca(OH)2, and cement-saturated groundwater (here-
after CGW)—were prepared and used in the experiments. 
NaOH and Ca(OH)2 solutions were prepared by dissolving 
analytical-grade NaOH and Ca(OH)2 pellets in deionized 
water. The CGW was produced using groundwater collected 
from the Gyeongju area, where the national disposal facility 
is located. The groundwater was brought into contact with 
ordinary Portland cement (OPC, Type I) powder while min-
imizing exposure to ambient air. To preserve the composi-
tion of the groundwater sampled under reducing conditions, 
CO2 ingress was minimized throughout the preparation pro-
cess by sealing the containers and purging them with N2. 

Table 1  Elemental composition and physical properties of glass wool used in this study
Sample Oxide composition Density

(g/cm3)
SSA
(m2/g)

Diameter
(µm)SiO2 Na2O CaO MgO Fe2O3 Al2O3 Others

Glass wool 64.4 17.2 9.9 2.2 2.15 3.22 0.93 2.38 0.63267 7.66 ± 0.59
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80 ℃ to examine accelerated degradation and persistence of 
dissolution, and 20 ℃ to establish baseline dissolution rates 
representative of domestic repository conditions. For the 
high-temperature accelerated tests, vessels containing only 
solution were preheated at the target temperature for 24 h 
in a temperature-controlled chamber before the addition of 
glass wool, given the low thermal conductivity of PFA. The 
experimental conditions are listed in Table 3.

Samples were labeled according to the format 
temperature
exposure timeGWsolution. Here, GW denotes the glass 
wool; Na = NaOH, Ca = Ca(OH)2, and CGW = cement-satu-
rated groundwater. For example, 80

7dGWNa refers to a glass 
wool sample exposed to NaOH at 80 ℃ for 7 days.

After reaching the target pH, the supernatant was filtered 
through a 0.45 μm PTFE membrane and used for testing. 
The major ionic constituents of the solution (Na, K, Ca, Mg, 
Cl, and SO4

2−) were quantified using inductively coupled 
plasma-optical emission spectrometry (ICP-OES) and ion 
chromatography (IC). The chemical composition and pH of 
the groundwater before and after cement saturation are sum-
marized in Table 2.

Dissolution Experiments

Dissolution experiments were conducted based on the 
Product Consistency Test (PCT, ASTM C1285-21) frame-
work [25], which is used to assess the durability of ceramic 
materials. Among PCT-A and PCT-B, the present study 
employed PCT-B, which allows flexible adjustment of 
experimental conditions such as temperature and duration. 
The experimental vessels were made of perfluoroalkoxy 
(PFA) Teflon, which maintains integrity under highly alka-
line and high-temperature conditions. To simulate carbon-
ate-bearing conditions, a closed system was configured with 
a headspace-to-solution volume ratio of 1:1. This setup pre-
vented external CO2 ingress while allowing initial equilib-
rium dissolution of CO2 into the solution. All experiments 
were conducted in static batch mode at a liquid-to-solid 
(L/S) mass ratio of 100. Three alkaline solutions adjusted to 
pH 12.5 were used. Two temperature sets were employed: 

Table 2  Chemical composition and pH of groundwater collected under reducing conditions in the Gyeongju area
Solution pH Cation concentration

(mg/L)
Anion concentration
(mg/L)

Na Ca Mg K Cl SO4 F
Groundwater 7.12 30.50 47.28 8.64 2.93 24.67 94.11 -
CGW 12.5 63.83 348.03 0.25 376.77 52.21 443.41 0.62

Table 3  Experimental parameters for the dissolution of glass wool in 
alkaline solutions
Experiment objective Solution (pH) Tem-

perature  
(℃)

Dissolu-
tion time

Accelerated dissolution 
experiment

NaOH (12.5) 80 1, 3, 6, 
12, 24, 
72 h
7, 14, 20, 
30 days

Ca(OH)2
(12.5)
CGW
(12.5)

Dissolution kinetics 
under repository-simu-
lated conditions

CGW
(12.5)

20 3, 5, 7, 
15, 20, 
30 daysNaOH (12.5)

Fig. 1  X-ray diffraction (XRD) pattern of the as-received glass wool prior to dissolution experiments
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NLi = Ci∗V ∗1000
SSA∗m∗Xi

� (1)
 

where Ci is the concentration (mg/L) of element i in solu-
tion, V is the solution volume (L), SSA is the initial specific 
surface area of the glass wool ( cm2/g), m is the glass wool 
mass (g) immersed in the solution, and Xi is the mass frac-
tion of element i in the GW. By multiplying Eq. (1) by the 
specific surface area, the mass-normalized specific release 
of element i, SRi, is obtained (Eq. 2):

SRi = Ci∗V

m∗Xi
� (2)

 

As Si (or SiO2) is the principal network former in silicate 
glass, the Si release rate is widely used as an indicator of 
overall glass network dissolution [26]. Following Thelohan 
and de Meringo [27], the dissolution rate of the silica net-
work, ν (nm/day), is given by:

ν = d

2t
(
1 −

√
1 − SRSi

) � (3)
 

where d is the glass fiber diameter (nm), and t is the total 
dissolution time (days).

If the solution analysis indicates congruent dissolution of 
the silicate network, ν  can be taken as the global dissolu-
tion rate. Under this assumption, the dissolution rate con-
stant kdissolution (typically reported in ng/cm2 · h) and 
time to complete dissolution tdissolution (days) are given 
by:

kdissolution =
( ρ

0.24

)
ν � (4) 

tdissolution = 2083.3 × ρ

kdissolution
× d� (5)

 

where ρ is the glass fiber density (g/cm3), 0.24 is total 
conversion factor (days → hours and geometric unit 
conversions).

As noted in prior studies, early-time transient arising 
from non-congruent release and/or secondary precipitation 
causes substantial variability in ν , which diminishes as the 
system approaches a quasi-steady state [26]. Accordingly, 
kdissolution was evaluated from ν  at 14, 20, and 30 days, 
and the mean of these three values was used to estimate 
tdissolution, following established methodologies.

Analytical Methods

SEM–EDS Analysis

After the dissolution experiments, the specimens were 
immediately immersed in deionized (DI) water and gently 
cleaned to prevent further dissolution by residual solution. 
The samples were then rapidly dried in a vacuum chamber 
prior to analysis. The washed specimens were examined 
using a scanning electron microscope (SEM; SU-8220, 
Hitachi) to observe surface morphology. Considering the 
working distance (WD), wool pieces were arranged to avoid 
overlap within the field of view and to place as many fibers 
as possible on the focal plane. To mitigate surface charg-
ing, the specimens were sputter-coated with Pt. Imaging and 
energy-dispersive X-ray spectroscopy (EDS; E-1045, Hita-
chi) were performed at 5 and 15 kV, respectively. Given the 
topography and coating-induced X-ray absorption on rough 
wool surfaces, the EDS data were interpreted semi-quanti-
tatively. Analyses were performed at five or more locations 
within regions exhibiting similar features (precipitate layer 
and spheroidal precipitates), and the average value was 
used.

ICP–OES Analysis

Post-experiment solution chemistry was analyzed using 
inductively coupled plasma-optical emission spectrometry 
(ICP–OES; iCAP Pro, Thermo Fisher). Silicon (to estimate 
dissolution rate), calcium, and sodium (to track solution 
composition changes) were quantified. Prior to analysis, 
solutions were filtered through 0.45 µ m PTFE membranes 
and acidified with nitric acid (HNO3).

XRD Analysis

Phase identification of corrosion products was conducted 
using powder X-ray diffraction (SmartLab; Rigaku) at 
40  kV and 200  mA. Patterns were collected over 10–70° 
with a step size of 0.02°. Phases were identified using 
PDXL2 software with the ICDD database (PDF-2, 2021).

Calculation of Normalized Mass Loss and 
Dissolution Rate

From the measured solution concentrations and specific sur-
face area of the GW, the amount of element i released by 
dissolution (e.g., Si, Ca, Na) was converted to the normal-
ized mass loss, NLi ( µ g/cm2), using Eq. 1:
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studies, no such behavior was observed here after 30 days at 
80 °C [31] (Fig. 4).

Surface Alterations in NaOH Solution

SEM analyses of specimens collected at the intervals listed 
in Table 3 revealed pronounced surface alterations in NaOH 
solution, unlike in Ca(OH)2 at the same pH, where such 
changes were negligible. The initial morphology of GW is 
shown in Fig. 5, and alterations up to 30 days are presented 
in Fig. 6.

After 6 h of exposure, 80
6hGWNa exhibited nanoporous 

surfaces with small pits, likely due to preferential dissolu-
tion of network-modifying elements (Na, Ca, Al, Mg, K) 
from the glass network [32]. The dissolution process is 
driven by reactions between OH− ion and network-modifiers 
that are relatively weakly bonded within the glass structure. 
As dissolution proceeds, the formation of pits results in an 
increase in surface porosity. Because the porous layer was 

Results and Discussion

Surface Morphology Analysis (SEM-EDS, XRD)

The microstructures of the glass wool were examined using 
SEM. Prior to the degradation tests, the glass wool sur-
faces were smooth, with no visible cracks or pores (Fig. 2). 
To examine surface alteration over time, specimens were 
retrieved at the dissolution intervals listed in Table 3 under 
accelerated degradation conditions. The surface morphol-
ogy was characterized by SEM and EDS, and the precipi-
tated phases were identified using X-ray diffraction (XRD).

Surface Alterations in Ca(OH)2 Solution

Microstructural observations and XRD analysis revealed no 
surface alterations or precipitate formation on the 80

30dGWCa 
sample. This finding is consistent with the solution analysis 
results, indicating negligible surface change in Ca(OH)2 
solution under accelerated degradation conditions (80 ℃) 
(Fig. 3).

Similar observations have been reported in previous stud-
ies: when the concentration of dissolved Ca2+ in the solution 
was sufficiently high, silicate glass degradation proceeds 
very slowly. Ca2+ can penetrate the amorphous hydrated 
surface layer, leading to calcium condensation within the 
layer [28, 29]. XPS analyses confirm the formation of a 
Ca-enriched layer a few nanometers thick, which limits ion 
transport and inhibits further glass degradation. Molecular-
level simulations by Liu et al. demonstrated that divalent 
cations promote Si–O–M²⁺ bond formation, increasing the 
hydrolysis energy barrier and slowing dissolution reac-
tion [30]. This results in a passivating reactive interphase 
(PRI) that suppresses diffusion and surface reactions [17]. 
Although localized pitting has been reported in previous 

Fig. 3  SEM micrographs of glass wool fiber surfaces after accelerated degradation in Ca(OH)2 solution: (a) 7 days and (b) 30 days

 

Fig. 2  SEM image of the as-received glass wool before dissolution 
experiments
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preexisting porous alteration layer, forming an intercon-
nected percolating network.

In the 80
7dGWNa, most of the GW surfaces were covered 

by a platelet-structured layer, and additional microscale 
globular- or dome-shaped amorphous particles were formed 
(Fig. 6a). These particles exhibited a highly porous, open-
framework surface and irregular spherical morphology 
composed of platy or foil-like units stacked in a disordered 
manner. This morphology is characteristic of tobermorite, 

located at the same interface as the original GW core sur-
face, this suggests that surface modification occurred within 
the original layer rather than through the formation of a new 
precipitated layer.

By 12 h, most surfaces were porous, with localized pre-
cipitates (Fig.  5b). These precipitates exhibited thin platy 
morphologies (~ 1–2 μm), consistent with crystalline CSH 
(tobermorite). In some 80

24hGWNa specimens, the amor-
phous nanoparticles precipitated and aggregated over the 

Fig. 6  SEM micrographs of glass wool fiber surfaces after accelerated degradation in NaOH solution: (a) 7 days, (b) 14 days, and (c) 30 days

 

Fig. 5  SEM micrographs of glass wool fiber surfaces after accelerated degradation in NaOH solution: (a) 6 h, (b) 12 h, and (c) 24 h

 

Fig. 4  Schematic representation 
of the atomic structure of a typi-
cal glass
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a distinct change in surface morphology became evident in 
the SEM images. Figure 7 presents the evolution of the GW 
surface morphology after immersion in CGW for 7–30 days.

After seven days, the surface morphology began to 
change in a manner similar to that observed in the NaOH 
solution. The initially smooth surface transformed into a 
porous texture containing nanoscale pits at the glass-solu-
tion interface. In the 80

14dGWCGW  sample, an additional 
precipitated layer was formed over the pre-existing porous 
layer (Fig. 7b). The onset of surface alteration after 7 days 
corresponds well with the dissolution behavior of Si ions.

Based on the EDS analysis of the surface and globular 
precipitates of the 80

14dGWCGW  sample (Table 4), the sur-
face composition did not differ significantly from that of the 
NaOH-immersed sample. However, the precipitates exhib-
ited noticeably higher Ca content. The Ca/Si molar ratio of 
the precipitates was calculated to be 0.67, suggesting that 
they consisted of a Ca-Si amorphous aggregate containing 
tobermorite.

Precipitates and alteration layers forming on silicate glass 
surfaces are often reported to impart a protective effect [33, 
34]. However, the deposits observed in this study exhibited 
a low Ca/Si ratio (~ 0.67), suggesting little to no passiv-
ation. Consistent with this observation, Marachechi et al. 
[17] reported that, in high-alkalinity solutions, soda-lime 
glass develops Ca–Si corrosion products with Ca/Si ratios 
of 0.54–0.78 on its surface; however, these phases do not 
provide protection against further glass dissolution.

Characterization of Precipitates (XRD)

The precipitates formed during GW dissolution vary 
depending on the composition of the glass and solution, 
pH, and the presence of carbon dioxide. Under accelerated 
degradation conditions, XRD analyses were conducted on 
samples retrieved at 7, 14, and 30 days from the three solu-
tions. Except under the Ca(OH)2 condition, in which no 

and the XRD analysis (Fig. 8a) confirmed the precipitation 
of tobermorite on the GW surface.

Changes in the surface morphology of the GW for up 
to 7 days showed a similar trend to the precipitation layer 
formation reported in previous dissolution studies [9, 17]. 
According to Cagnon et al. [13], heterogeneous nucleation 
on the glass surface produces an amorphous spheroidal 
film, followed by the crystallization and growth of tober-
morite-like aggregates. In the present study, the surface of 
the 80

14dGWNa sample and the globular-shaped precipitates 
exhibited EDS compositions summarized in Table 4, reveal-
ing that Ca/Si molar ratios significantly lower than the typi-
cal value of 0.8 for tobermorite. This suggests that, under 
NaOH solution conditions, the dissolved Ca from the glass 
surface served as the sole calcium ion source in the solution, 
resulting in incomplete crystallization and co-precipitation 
of substantial amounts of amorphous silica together with 
CSH during the early precipitation stage.

After 30 d, some 30d
80GWNa samples exhibited par-

tial peeling of the platelet-structured layer, and renewed 
surface alteration was observed beneath the delaminated 
layer on the pristine glass surface. With increasing expo-
sure time, the platelet-structured layer became progres-
sively thicker, eventually peeling off from the surface as the 
interfacial bonding between the thickened porous layer and 
the GW surface gradually weakened. In addition, increas-
ing mechanical stress acting on the layer may have contrib-
uted to the delamination behavior [4]. Similar delamination 
phenomena have been reported in previous studies on glass 
fiber degradation in alkaline NaOH environments, where 
such peeling behavior was shown to further promote con-
tinuous dissolution [3, 8].

Surface Alterations in CGW

No significant surface degradation of the GW was observed 
in the CGW solution until day 7. However, after seven days, 

Table 4  EDS results (wt%) of GW after 14 days—surface and precipitate compositions by solution, with corresponding Ca/Si ratios by weight 
and atomic percentage

Original
GW

Ca(OH)2 CGW NaOH

Surface Surface Surface Precipitation Surface Precipitation
O 52.61 49.60 50.12 57.92 51.49 54.40
Si 29.28 33.54 32.84 19.49 32.33 29.92
Na 10.14 8.30 5.39 1.62 6.68 2.76
Ca 4.63 6.06 6.13 18.68 5.21 8.91
Mg 2.23 1.87 4.46 1.17 3.42 1.28
Al 1.10 N/D 1.06 1.12 0.86 1.28
Ca/Si
(wt %)

0.158 0.181 0.187 0.958 0.161 0.298

Ca/Si
(at %)

0.111 0.127 0.131 0.672 0.113 0.209
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supplied between 14 and 30 days, this suggests that the 
residual CO2 was completely consumed, preventing fur-
ther carbonation and resulting in transformation into stable 
calcite.

Consistent with the SEM observations, almost no crys-
talline peaks were detected in the 80

7dGWCGW  specimen, 
whereas the 80

14dGWCGW  specimen exhibited diffraction 
peaks corresponding to calcium carbonate polymorphs 
(vaterite, aragonite, and calcite) and tobermorite-type CSH 
phases, similar to those observed under NaOH conditions. 
After 30 days, a general decrease and broadening of dif-
fraction peaks were observed for all precipitates, except 
calcite. This suggests that, under CGW solution conditions, 
the precipitation of CSH proceeded more slowly (after 7 
days), whereas decalcification and carbonation reactions 
occurred more actively within a shorter time span. This 
mechanism can be attributed to the higher concentration of 
carbonate ions in the original CGW solution compared to 
NaOH. Although a complete theoretical consensus has not 
yet been reached, it is generally recognized that CSH with a 
lower Ca/Si ratio exhibits greater resistance to carbonation 
[35, 36]. In the NaOH solution, calcium ions were supplied 

crystalline peaks were detected, the background-subtracted 
XRD patterns of GW for the NaOH and CGW solutions are 
presented in Fig. 8.

In the 80
7dGWNa specimen, diffraction peaks attributable 

to tobermorite (Ca5Si6O16·4H2O, ICDD 00-019-1364)—the 
crystalline form of CSH—vaterite (CaCO3, ICDD 00-024-
0030), aragonite (CaCO3, ICDD 00-005-0453), calcite 
(CaCO3, ICDD 01-080-2793), and CSH (Ca1.5SiO3.5·xH2O, 
ICDD 00-033-0306) were identified. Among these, vaterite, 
aragonite, and calcite are polymorphs of calcium carbonate 
known to form during the decalcification–polymerization of 
CSH. Generally, CSH is metastable under alkaline condi-
tions; as decalcification proceeds, vaterite and aragonite first 
precipitate and subsequently transform into the thermody-
namically more stable calcite. During this process, the ini-
tially formed CSH undergoes breakdown of Ca–O linkages 
and becomes Si-rich amorphous silica following the leach-
ing of Ca2+, which is consistent with our EDS results.

The XRD patterns of the 80
14dGWNa and 80

7dGWNa 
specimens exhibited no significant differences. However, in 
the 80

30dGWNa specimen, the vaterite and aragonite peaks 
were markedly reduced. Given that no additional CO2 was 

Fig. 7  SEM micrographs of glass wool fiber surfaces after accelerated degradation in CGW solution: (a) 7 d, (b) 14 d, (c) 20 d, and (d) 30 d
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Solution Chemistry and Dissolution Rate

Dissolution of Glass Wool in Various Alkaline Solutions

Figure 9 presents the ICP results for the concentrations of 
Si and Ca ions over 30 days in various alkaline solutions 
(NaOH, CGW, and Ca(OH)₂) under accelerated degradation 
conditions (80 °C).

Consistent with the SEM observations, Si rapidly 
leached from the GW surface in the NaOH solution from 
day 1, with a continuous increase in Si concentration up 
to day 30. During the initial stage (1–24 h), the slope of 

solely through the dissolution of glass wool; thus, the lim-
ited availability of Ca led to the formation of precipitates 
with low Ca/Si ratios.

The decalcification and carbonation of CSH identified 
from the XRD analysis indicated the possible transforma-
tion of CSH into a Ca–Si amorphous gel. Because silica gel 
is typically porous and loosely bound to the glass surface, 
it provides little passivation against glass degradation. In 
particular, under carbonate-rich CGW conditions, carbon-
ate species promote interfacial instability through the decal-
cification and carbonation of CSH, thereby facilitating the 
progression of glass wool degradation.

Fig. 8  XRD patterns of GW 
specimens obtained from the 
accelerated dissolution tests after 
7, 14, and 30 days: (a) NaOH 
solution and (b) CGW solution
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eventually declines to a stage where additional dissolution 
becomes negligible. However, under the present experimen-
tal conditions of high pH, elevated temperature, and a large 
liquid-to-solid ratio, the high solubility of Si maintained a 
steady dissolution rate. Furthermore, although a precipi-
tation layer was observed on the glass surface after seven 
days, the sustained linear increase in Si concentration indi-
cated that this layer had little or no passivating effect on 
further dissolution.

In contrast, under identical conditions in the Ca(OH)₂ 
solution, no significant increase in Si concentration was 

the Si concentration increase was steeper than in the later 
stage (7–30 d), which agrees with trends reported in previ-
ous glass dissolution studies [9]. In the early stage, glass 
dissolution proceeds at its maximum forward rate, resulting 
in a steep increase in Si concentration. As observed in the 
surface analyses, this rate gradually decreased as backward 
reactions—such as silica gel formation and secondary pre-
cipitation—began to occur. When a dense alteration layer 
forms on the glass surface or when Si ions in the solution 
approach saturation, thereby reducing the affinity for fur-
ther dissolution, a rate drop occurs, and the dissolution rate 

Fig. 9  Concentration variation of 
(a) Si and (b) Ca (mM) in various 
alkaline solution (pH 12.5) mea-
sured over 0–30 days

 

1 3



K. Kang et al.

2 ≡ Si − OH + Ca(OH)2 →
≡ Si − O − Ca − O − Si ≡ +2H2O

� (8)
 

≡ Si − O − Ca − O − Si ≡ +2H2O →
≡ Si − O − Si ≡ + Ca2+ + 2OH− � (9)

 

Through these reactions, Ca²⁺ penetrates the surface layer, 
densifies the silicate network, and forms a diffusion barrier 
that retards further dissolution. In addition, when the con-
centration of dissolved silicate becomes sufficiently high, 
it reacts with Ca²⁺ to form calcium silicate hydrate (CSH), 
further reducing the available Ca²⁺ and altering surface 
reactivity. In the Ca(OH)₂ solution, CSH formation was not 
detected in the XRD analysis; however, the initially high 
Ca²⁺ concentration appears to have promoted the rapid den-
sification of the glass network at the GW–solution inter-
face, resulting in the very low dissolved-Si concentrations 
observed during the early stage of the experiment.

Similarly, the CGW solution contained a high Ca concen-
tration (348 ppm), which likely delayed glass dissolution 
through a comparable surface-densification process. How-
ever, the subsequent renewed dissolution observed in CGW 
reflects a coupled sequence of geochemical processes asso-
ciated with Ca consumption and secondary phase evolution. 
After 7 days, the concentration of dissolved Ca²⁺ decreased 
rapidly, most likely due to its consumption in the formation 
of amorphous CSH and carbonate phases. As Ca became 
depleted, the barrier effect on the glass wool surface was 
progressively diminished, leading to a rapid acceleration of 
degradation.

In the CGW solution, the presence of CO₂ in the container 
and the higher carbonate (CO₃²⁻) concentration compared 
with the Ca(OH)₂ solution further favored calcium carbonate 
precipitation, leading to faster depletion of dissolved Ca²⁺ 
in bulk solution. Carbonate precipitation not only reduced 
the aqueous Ca concentration but may also have contributed 
to partial decalcification of interfacial CSH. As the Ca con-
centration decreased, the extent of siloxane re-condensation 
diminished, accelerating hydroxyl-ion-driven dissolution of 
the glass network. During this dissolution process, the dis-
solved silicate reacted with Ca²⁺, forming additional CSH 
and consuming more Ca²⁺. The newly formed CSH layer 
and associated precipitates likely served as heterogeneous 
nucleation sites for calcite, thereby contributing to the 
observed decrease in dissolved Ca²⁺ concentration.

This sequence of reactions likely occurred between 7 and 
14 days, and the sharp drop in Ca²⁺ concentration— from 6 
mM (at 7 days) to 0.8 mM (at 14 days)—is interpreted as a 
self-accelerating process. A similar trend was reported by H. 
Maraghechi et al., who investigated the corrosion of soda–
lime glass plates in three solutions: (1) 1 M NaOH with-
out Ca²⁺, (2) 1 M NaOH saturated with Ca(OH)₂, and (3) 

observed over 30 days. The Si concentration increased only 
slightly from 0.02 mM (0.576 ppm) at 12 h to 0.037 mM 
(1.03 ppm) at day 7, and remained nearly constant at 0.039 
mM (1.08 ppm) at day 30, within the ICP measurement 
error range. This result indicates that hydroxide ion-driven 
network dissolution was largely suppressed in the Ca(OH)₂ 
solution, consistent with the surface morphology analysis 
results.

For the CGW solution, am intermediate behavior between 
NaOH and Ca(OH)₂ was observed. The Si concentration 
increased continuously but remained low (~ 0.1 mM) until 
day 7. However, after day 7, the Si concentration increased 
sharply, rising about 60-fold from 0.1 mM (2.62 ppm) at day 
7 to 6.18 mM (173 ppm) at day 14. During the same period, 
the Ca concentration decreased markedly from 6 mM to 0.8 
mM.

Combining these ICP results with the SEM observations 
and XRD patterns suggests that between days 7 and 14, 
extensive consumption of dissolved Ca ions occurred due 
to the continued precipitation of amorphous (or crystalline) 
CSH and concurrent carbonation (polymerization) reactions 
at the glass–solution interface.

Effect of Ca2+ Ion and Secondary Phase Evolution on 
Dissolution of Glass Wool

Under accelerated degradation conditions, a clear differ-
ence in the Si leaching rate was observed among the three 
solutions, despite having identical initial pH values. These 
results indicate that the concentration of dissolved Ca²⁺ 
exerts a strong inhibitory effect on the dissolution of glass 
wool. This inhibitory effect has been well documented in 
previous studies. In alkaline environments, glass dissolu-
tion is initiated by nucleophilic attack of OH⁻ ions on Si–O–
Si bonds, resulting in bond cleavage and the formation of 
silanol groups (Reaction 6):

≡ Si − OH +−O − Si ≡ → ≡ Si − O − Si ≡ +OH−� (6) 

As dissolution proceeds, the concentration of dissolved 
Si increases, and the consumption of OH⁻ causes a slight 
decrease in pH. This change in solution chemistry promotes 
partial re-polymerization of the silicate network through 
condensation reactions, leading to reformation of Si–O–Si 
bonds (Reaction 7):

≡ Si − OH +−O − Si ≡ → ≡ Si − O − Si ≡ +OH−� (7) 

At pH > 10, Ca²⁺ ions promote additional recondensation of 
siloxane bonds by bridging adjacent silanol groups, forming 
Ca–Si linkages that eventually restore siloxane connectivity 
(Reactions 8–9):
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the normalized dissolution rates (µg/cm²/h) under different 
experimental conditions, linear regression was applied to 
determine the slopes for both stages (Table 5). In the accel-
erated degradation experiment with the NaOH solution, the 
normalized dissolution rate was calculated as 0.254  µg/
cm²/h (R² = 0.937) during the initial stage and 0.0331 µg/
cm²/h (R² = 0.993) during the later stage. In the CGW solu-
tion, the initial dissolution rate was significantly lower—
0.00174 µg/cm²/h (R² = 0.971)—more than two orders of 
magnitude lower than that in the NaOH solution. However, 
in the later stage (after 7 days), a similar rate of 0.0330 µg/
cm²/h (R² = 0.965) was obtained.

In general, the dissolution rate of glass exhibited an ini-
tial rapid increase, reaching a maximum forward dissolu-
tion rate during the early stage. Subsequently, a rate drop 
occurred as backward reactions such as silica gel reconden-
sation and secondary precipitation progressed, depending 
on the surrounding environment. This drop typically repre-
sents a transition from an initially elevated rate to a residual 
regime with a low but finite rate [37].

In this study, a reduction of approximately two orders of 
magnitude in the normalized dissolution rate was observed 
during the transition from the initial stage (1–10 h) to the 
later stage (7–30 days). However, in the later stage, no addi-
tional rate drop occurred, and linear dissolution behavior 
was maintained. This trend has also been widely reported 
in other studies investigating glass dissolution under high-
alkalinity conditions, where linearity was preserved regard-
less of variations in solution composition (except for high 
Ca concentration), glass type, or temperature [6, 11, 17]. 
This behavior provides strong evidence that the domi-
nant driving force of dissolution is the hydrolysis reaction 
between hydroxyl ions and the glass network. Furthermore, 
under these conditions, the elevated solubility of Si species 
prevents the solution from reaching Si saturation, maintain-
ing a high-affinity state and thereby enabling long-term lin-
ear dissolution.

In contrast, in the CGW solution, the dissolution rate in 
the later stage was higher than that in the initial stage. As 
mentioned above, the initially high Ca concentration in the 
CGW solution promoted densification of the altered layer, 
suppressing glass network dissolution and making interdif-
fusion the rate-determining process. Therefore, the increase 
in dissolution rate observed in the later stage indicates that 
after approximately seven days, the rapid decrease in Ca 
concentration due to CSH formation and carbonation caused 
the Ca–Si passivation layer to lose its protective function, 
allowing hydrolysis to again become the dominant dissolu-
tion mechanism.

The similar dissolution rates observed in both solutions 
suggest that the precipitation layer identified by SEM analy-
sis did not significantly hinder contact between the solution 

1 M NaOH containing excess solid Ca(OH)₂. Their results 
showed negligible Si leaching under Condition (3), delayed 
corrosion under Condition (2), and renewed dissolution as 
the concentration of dissolved Ca²⁺ decreased—findings 
consistent with those of this study [17].

Figure 10 presents the concentration profiles of Ca and 
Na ions in the CGW solution at 80 °C. Because Na⁺ is highly 
soluble and only minimally incorporated into secondary 
phases, its concentration serves as a reliable indicator of 
ion exchange and silicate network dissolution at the glass 
surface. The Na concentration remained approximately con-
stant at 2 mM (≈ 60 ppm) during the first 7 days, suggesting 
that surface densification suppressed ion diffusion and dis-
solution. After 7 days, the observed decline in Ca concentra-
tion corresponded to the onset of significant ion diffusion, 
further supporting this interpretation.

Dissolution Rate of Glass Wool in Various Alkaline 
Conditions

Because Si (or SiO2) is the primary network-forming ele-
ment in silicate glass, the overall dissolution rate of the 
glass network can be determined from the Si leaching rate 
(Eq.  3). The concentration of dissolved Si in the solution 
was first used to calculate the normalized mass loss (NL, 
µ g/cm2) according to Eq. 1. Considering the general cor-
rosion behavior of glass, the dissolution process was divided 
into two stages: the initial stage (1–12 h) and the later stage 
(7–30 d). In the case of the Ca(OH)2 solution, no measur-
able change in Si concentration was observed; therefore, it 
was excluded from further analysis. Under accelerated dis-
solution experiments, the stage-dependent normalized mass 
loss of Si ions in the NaOH and CGW solutions are pre-
sented in Fig. 11.

Under accelerated degradation conditions, the NLSi 
exhibited a linear trend over time in both the initial and 
later stages for the NaOH and CGW solutions. To compare 

Fig. 10  Changes in Ca and Na concentrations in CGW solution over 
time during the accelerated degradation experiment

 

1 3



K. Kang et al.

be greater than that in the bulk solution. Accordingly, when 
Ca is depleted from the solution and Na becomes highly 
enriched during soda–lime glass dissolution, alteration 
resumption may occur, reactivating dissolution rates com-
parable to those observed in NaOH solutions.

Estimated Degradation in Repository Conditions

The accelerated dissolution experiments described above 
confirmed that sustained dissolution can occur in highly 
alkaline solutions. Accordingly, from a conservative stand-
point, glass wool disposed of in domestic repositories is 
assumed to undergo continuous dissolution. The dissolution 
rate and time to complete dissolution were calculated under 
NaOH and CGW conditions using Eqs. (4) and (5), respec-
tively. To estimate repository-relevant parameters (e.g., ν  
and kdissolution), an additional 30-day test was conducted 
at 20 ℃ under the same solution chemistry as the acceler-
ated degradation experiments, representing the temperature 
conditions expected in domestic repositories. The acceler-
ated tests were therefore used to confirm the persistence of 
dissolution behavior, while quantitative lifetime estimates 
were obtained from the 20 ℃ data. Since the calculation 
is based on the 20 ℃ dataset, no temperature dependent 

and the glass surface, and that both systems exhibited com-
parable dissolution kinetics. Bashir et al. [6] evaluated the 
kinetics of glass dissolution in different high-alkalinity 
solutions (NaOH and KOH) using zero-order and shrink-
ing-cylinder models. Under identical concentration and 
temperature conditions, the activation energy (Ea) derived 
from the zero-order model was lower for NaOH than for 
KOH, indicating that more energy is required for hydroxyl 
ions to be transported to the reaction interface in NaOH. 
However, similar activation energies were obtained from 
the shrinking-cylinder model for both alkaline solutions, 
implying that the energy required for surface hydrolysis was 
largely independent of the alkaline medium.

As shown in Fig. 10, the concentration of Na+ increased 
markedly as Ca2+ ions in the solution were depleted. Con-
sidering the high Na content and solubility of soda–lime 
glass, the Na concentration near the surface was expected to 

Table 5  Normalized dissolution rates of GW in accelerated degrada-
tion conditions
Experimental condition Normalized dissolution rate 

( µ g/cm2/h)
Initial stage later stage

NaOH, 80 ℃ 0.254 0.0331
CGW, 80 ℃ 0.00174 0.0330

Fig. 11  Normalized mass loss of Si under accelerated degradation conditions: initial stage (1–12 h) in (a) CGW and (c) NaOH solutions; later stage 
(7–30 days) in (b) CGW and (d) NaOH solutions
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70 times lower than that measured under NaOH conditions 
at the same pH. Applying Eq. (5) with a mean fiber diameter 
of d = 7.66 μm and density ρ = 2.38 g/cm3, the corresponding 
times to complete dissolution were obtained. The results are 
summarized in Table 6.

Under repository-simulated conditions, the complete dis-
solution time of glass wool was estimated to be approxi-
mately 3.06 years in NaOH solution and 213 years in CGW 
solution. Similar to the accelerated dissolution experiments, 
the much lower dissolution rate in the CGW condition—
representing the composition of groundwater expected in 
a repository environment—resulted in a substantially lon-
ger dissolution time. Because the reaction proceeds very 
slowly at low temperatures, no resumption of alteration 
was observed. Furthermore, in domestic repository environ-
ments, alkaline groundwater is expected to exist in a flow-
through state rather than under static conditions. Under 
such conditions, the Ca concentration in the solution would 
likely remain high, thereby maintaining the passivated Ca–
Si layer formed on the glass surface. Nevertheless, if contact 
between the glass wool and the solution persists within con-
fined spaces or under limited flow conditions, accelerated 
dissolution could occur. Therefore, this potential scenario 
should be carefully considered in long-term safety assess-
ments of disposal systems.

Summary and Conclusion

This study investigated the degradation behavior of insu-
lation-grade glass wool—used for thermal insulation in 
nuclear power plants—under strongly alkaline conditions 
through two complementary experiments: (i) accelerated 
dissolution tests to evaluate the evolution of dissolution 
behavior under high pH and temperature, and (ii) reposi-
tory-simulated tests to quantify the dissolution rate under 
vault-type repository chemistries. Three solutions with 
identical pH values were employed to assess the effect of 
solution chemistry on glass wool dissolution. SEM, XRD, 
and ICP-OES analyses were performed on both the speci-
mens and the solutions to characterize dissolution behavior 
and precipitation products. The key conclusions are sum-
marized as follows:

	● The concentration of Ca in alkaline solutions, and its in-
teraction with dissolved silica, strongly influenced glass 
dissolution behavior.

	● In Ca-enriched solutions, gel densification at the glass 
surface formed a passivating layer that suppressed fur-
ther dissolution.

	● In accelerated CGW conditions, where Ca is consumed 
through carbonate reactions and secondary precipitation, 

extrapolation was applied. Only the NaOH and CGW solu-
tion conditions are reported because the Ca(OH)2 condition 
was excluded; the cumulative dissolved Si did not exhibit 
a consistent increase either in the accelerated degradation 
tests or at 20 ℃ (Fig. 12).

At 20 ℃, consistent with the accelerated degradation 
experiments, the normalized Si mass loss increased approxi-
mately linearly with time, with no apparent rate drop. The 
global dissolution rate, ν , decreased progressively with 
time over the observation period. Because different val-
ues of the dissolution rate constant ( kdissolution) can arise 
depending on glass composition and early-stage dissolution 
behavior, the present work follows the methodology pro-
posed by Campopiano et al. [26]: after day 14, kdissolution 
was evaluated from the three-point mean of the dissolution 
rate ( ν ) measured at 15, 20, and 30 days.

Using the average dissolution rates derived above, the 
dissolution rate constant kdissolution of GW at 20 ℃ in pH 
12.5 NaOH was calculated by Eq. (4) as 33.989 ng cm− 2 h− 1. 
Under the CGW solution conditions, a dissolution rate of 
0.049 ng cm− 2 h− 1 was obtained, which was approximately 

Table 6  Estimated complete dissolution time of GW under repository-
simulated conditions (days)
Experiment condition

tdissolution

NaOH (pH 12.5), 20 ℃ 1,117 (about 3.06 year)
CGW (pH 12.5), 20 ℃ 78,008 (about 213 year)

Fig. 12  Normalized mass loss of Si ( µ g/cm2) and global dissolution 
rate (v, nm/day) at 20 ℃: (a) CGW solution, (b) NaOH solution
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dissolution becomes hydrolysis-controlled, resulting in 
dissolution rates comparable to NaOH at the same pH.

	● Under strongly alkaline conditions, precipitates formed 
a continuous, percolated nanoparticulate layer mainly 
composed of amorphous CSH and silica. Due to its high 
porosity and low Ca content, this layer does not effec-
tively hinder ion transport, and no reduction in dissolu-
tion rate was observed.

	● In carbonate-containing systems (e.g., vault-type repos-
itories), persistent decalcification of CSH prevents the 
formation of a dense, passivating layer.

	● Under conservatively simulated disposal conditions 
(CGW solution, 20 ℃), the dissolution rate constant 
was 0.049 ng cm-2 h-1, corresponding to an estimated 
complete-dissolution time of about 213 years for the 
tested fiber geometry.

	● If highly alkaline solution remains near-stagnant or con-
fined, progressive Ca depletion may trigger resumption 
of glass alteration, potentially increasing the dissolution 
rate by ~ 70 times.
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