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Abstract: This paper investigates the gas transport behaviors of a special type of concrete—
shielding concrete—designed for use in nuclear structures, where mitigating radiation and ensuring
long-term durability in harsh environments are critical.

Cracking is identified as a key factor influencing gas transport in nuclear environments, where it

plays a critical role in determining material performance. In the current phase of the research, cracks
and gaps, caused by significant variations in the interfacial transition zone (ITZ) and influenced by
thermal treatment of concrete, depending on the type of aggregate and cement, were analyzed. Three
types of concrete mixtures incorporating magnetite, serpentinite, and a combination of both
aggregates are studied, alongside two types of cement: CEM | and CEM I11. The transport properties
of these concrete mixes, crucial for assessing their performance in nuclear shielding applications,
were evaluated using three complementary methods: the Cembureau method for gas permeability, the
Torrent method for measuring surface permeability, and the Air Permeability Index (API) using the
Autoclam method. Additionally, microstructural analysis was conducted using scanning electron
microscopy (SEM) to gain deeper insights into the material's behavior.
The impact of microcracks on permeability was examined, as such cracks often behave differently
under gas transport conditions. In the next phase of the research, supplementary cracking will be
intentionally induced, both mechanically and thermally, to simulate the conditions expected in typical
nuclear operations.

1 INTRODUCTION structures include protection against ionizing
Shielding concrete is a fundamental material radiation as well as mechanical, physical, and

in nuclear power plants, medical facilities, and durability  properties  under  specific

other environments exposed to high levels of environmental conditions, with a particular

radiation. Its dual role in containing hazardous ~ fOCUS on gas tightness.

materials and preventing radiation leakage is The selection of concrete components

criteria for designing concrete for shielding conditions and its shielding properties against
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gamma and neutron radiation. Additionally,
concrete  must maintain low permeability
throughout the facility’s operational lifespan to
prevent the leakage of harmful liquids and
gases [1-3], thereby protecting the external
environment. However, despite its dense and
durable design, shielding concrete is
susceptible to cracking caused by mechanical
stresses, thermal cycling, and prolonged
radiation exposure. These cracks can increase
gas permeability, compromising the concrete's
ability to contain radioactive gases and other
hazardous substances while reducing its
effectiveness in shielding against gamma rays
and neutron radiation [1,4-6].

Concrete cracking is a complex phenomenon
influenced by  material  composition,
environmental  factors, and operational
conditions. Microcracks, often resulting from
restrained shrinkage, due to hydration reactions
or temperature gradients, gradually affect the
microstructure, allowing the ingress of gases.
Macrocracks, which result from microcracks
coalescence, due to structural loading or
external impacts, create large, interconnected
pathways, significantly accelerating gas
transport [7,8]. Cracks pose challenges in
nuclear environments, where the release of
even trace amounts of radioactive gases can
have severe consequences [9]. Furthermore,
cracking not only increases permeability but
also disrupts the continuous dense structure
required for effective radiation attenuation,
leading to potential breaches in safety standards
[10]. In-situ studies on concrete gas
permeability used in second-generation
reactors have shown that some concrete
structures are nearing the allowable leakage
threshold [10,11], highlighting the need for
precise testing methods to quickly and
accurately determine the tightness of these
structures.

This study represents the first phase of a
larger research initiative aimed at optimizing
shielding concrete by controlling and
mitigating crack propagation. The broader goal
of the project is to enhance gas permeability
resistance and radiation shielding effectiveness
under operational conditions. In this initial
phase, we investigated the gas transport

behaviour of shielding concretes made with
magnetite and serpentine aggregates, also with
Portland cement and slag cement. The focus is
on understanding how differences in aggregate
type and ITZ microstructure influence
discontinuities in the ITZ, crack formation and
propagation. The effects of discontinuities in
the ITZ on gas permeability are characterized
using Cembureau permeability method, Torrent
method and Autoclam method (API) test
complemented by microstructural analysis
through scanning electron microscopy with
energy-dispersive spectroscopy (SEM-EDS).

The second phase of this project will build
on these findings, implementing strategies to
control crack propagation and maintain or
improve the material's shielding performance.
By addressing both permeability and radiation
shielding in tandem, the research seeks to
provide a comprehensive framework for the
design of durable shielding concrete tailored to
the demanding conditions of nuclear and other
high-radiation applications. The insights gained
from this study aim to advance international
standards for concrete durability and safety in
critical infrastructures.

2 MATERIALS AND METHODS

Two types of coarse aggregates: magnetite
aggregates (density of 4800 kg/m?) fractions O-
5 mm and 0-16 mm and serpentine aggregates
(density of 2600 kg/m?) fractions 0-2 mm, 2-8
mm and 8-16 mm were selected for their
gamma and neutron shielding properties.
Ordinary Portland cement CEM 1 42.5 N, slag
cement CEM 111/A 42.5 N and siliceous sand as
fine aggregate were used. Concrete mixtures
were prepared with a consistent water-to-
cement ratio (w/c=0.48) and adjusted
superplasticizer dosages (WRA) to achieve
target workability (S3 slump class), Table 1.

Table 1: Composition of the concrete mix in kg/m?3

M-I S-l MS-1 M-Il S-lI MS-
CEM | CEM 11l
350 350 350 350 350 350
water 168 168 168 168 168 168
sand 0/2 371 371 371 371 371 371

cement

mag 0/5 839 0 895 839 0 895
mag. 0/16 1846 0 0 1846 0 0
serp. 0/2 0 273 0 0 273 0
serp. 2/8 0 909 485 0 909 485
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M-I S-l MS-I M-Il S-lIl MS-llI
CEM | CEM 111
350 350 350 350 350 350
water 168 168 168 168 168 168
serp. 8/16 0 273 485 0 273 485
WRA 0.64 3 1.97 0.57 1.71 1.24

Three types of gas permeability test were
applied: Cembureau method, Torrent method
and Autoclam method. Cembureau method
evaluates gas permeability by measuring
nitrogen flow through a specimen at different
pressures, applying Klinkenberg regression to
determine the final intrinsic value. Torrent
method assesses permeability by recording the
pressure equalization rate after wvacuum
pressure (30-50 hPa) is released, calculating
the KT coefficient. APl method measures air
permeability by monitoring pressure decay at
500 mbar over 15 minutes, with results
expressed as the slope of the logarithmic
pressure-time  graph. Before conducting
measurements using all methods, the specimens
were dried to constant mass at 80°C to simulate
operational and quite harsh conditions,
however without inducing intuitionally any
localised artificial macrocracks. Then they were
conditioned for 48 hours at a temperature of
20£1°C in a desiccator. Drying at a higher
temperature (105°C), as recommended in the
API and Cembureau methods, was omitted due
to its much severe potential impact on the
microstructure of the concrete [12,13]. Due to
prior research experience, cubic specimens
with an edge length of 150 mm were prepared
to determine compressive strength and gas
permeability using the Torrent and API
methods. For the Cembureau method, cylinders
with a diameter of 100 mm were used instead
of 150 mm diameter specimens. Smaller
specimens required shorter drying times to
achieve a constant mass, and this dimension
was also chosen to align with further research
regarding shielding properties. The Torrent test
was conducted on three cubic samples, with the
result reported as the average kT value from
four measurements on each sample. The gas
permeability results from the Cembureau
method represent the average of three
cylindrical sample measurements. The API test
was performed on three cubic samples for each
concrete series.

cement

After conducting gas permeability tests on
the cylindrical specimens, the evaluation of the
concrete microstructure was performed on thin
sections using optical microscope with
transmitted light and plane sections using SEM-
EDS. Previously cut concrete specimens (40 x
50 mm) were vacuum-impregnated with low-
viscosity resin containing a yellow fluorescent
dye. The sections were ground and polished
using silicon carbide papers (up to 1,200 grit)
and diamond paste (6, 3, 1, and 0.25 pum) to
achieve a 20 + 2 um thickness with a mirror
finish. They were analysed using an Olympus
BX51 polarizing microscope with a digital
camera. The preparation process of polished
sections included cutting the specimens into
dimensions of 25x40x10 mm, drying them for
three days at 50°C, and impregnating them with
epoxy resin. The samples were ground and
polished. After further drying, a carbon coating
(20 nm) was applied. The analysis was
performed using a JEOL JSM-6460LV
scanning electron microscope equipped with an
EDS detector, allowing for qualitative and
quantitative  elemental analysis at an
accelerating voltage of 20 kV, a 110 pm
aperture, and a working distance of 8-9 mm.
For each concrete type, at least five polished
sections were analysed to determine the width
of the discontinuity zone between the aggregate
grains and the cement matrix.

3 RESULTS

Table 2 presents the slump, density, and
compressive strength of concrete after 28 days,
while Table 3 shows gas permeability results
obtained using three methods. All concretes,
with both Portland cement (CEM 1) and slag
cement (CEM I11), achieved the intended S3
plastic consistency without exceeding the
maximum admixture dose. Magnetite aggregate
concretes exhibited the highest density (3583
kg/m3 for CEM | and 3499 kg/m3 for CEM I11)
and compressive strength (70 MPa for CEM |1
and 73 MPa for CEM I11), while serpentinite
aggregate concretes had lower density (2319
kg/m?3) and reduced strength, with decreases of
17% for CEM I and 15% for CEM 11l compared
to magnetite.
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Table 2: The consistency test of the concrete mix, as
well as the density and compressive strength of concrete
after 28 days of curing.

Properties M-I S MS-1___M-ll__S-Il__MS-I
Slump 195 90 150 130 140 140
mm
Dke”'sgy 3538 2329 2723 3499 2309 2712
g/m
fc28
Vo, 70 58 67 73 62 69

Concretes made with slag cement (CEM 111)
exhibited lower gas permeability compared to
those made with Portland cement (CEM 1),
regardless of the testing method used. Among
all concretes, those with serpentinite aggregate
showed the highest air and nitrogen
permeability, while those with magnetite
aggregate had the lowest, for both types of
cement. Serpentinite aggregate concretes
demonstrated approximately 1.3 times (API)
and almost 2 times (Cembureau) higher gas
permeability compared to magnetite aggregate
concretes. Air permeability measured by the
Torrent method was 3 times and more than 20
times higher for serpentinite aggregate
concretes compared to magnetite aggregate
concretes, for CEM | and CEM IlI,
respectively.

Table 3: Gas permeability results.

M-I S-l MS-I M-IIl__S-llII MS-111

Cembureau, mean 1.48 2.58 2.20 0.95 2.10 1.80

x10%7
m? SD 027 036 030 026 032 031
kT,x10 mean 0644 2154 1.418 0.094 0.897 0.752
m? SD 0.018 0.076 0.072 0.011 0.071 0.025
Autoclam  mean 0.121 0.160 0.135 0.108 0.133 0.125
(API)
[In(mbar)) SD  0.011 0.009 0.015 0.010 0.007 0.008
min]

SD — Standard Deviation

Thin section and SEM analysis of shielding
concrete provided detailed insights into the
microstructure of the cement matrix and the
aggregate-matrix interfacial transition zone,
Figs. 1-4. AIll concretes showed evenly
distributed coarse and fine aggregate grains,
with a uniform and dense sand grain-matrix
contact layer (Fig. 1), regardless of the cement
or coarse aggregate type. While concretes with
magnetite aggregate displayed a compact ITZ,

serpentinite aggregate concretes exhibited
numerous discontinuities and voids, with
defects in the serpentinite grains observed
regardless of the cement type (Fig. 2).

Figure 1: Microstructure of the shielding concrete with
magnetite (M) and serpentinite (S) aggregate on thin
section in UV light.

b3 0.2 mm
Figure 2: Microstructure of the shielding concrete with
serpentinite aggregate on thin section in UV light.

SEM analysis confirmed the presence of a
dense contact zone between the magnetite
aggregate grains and the cement matrix (Fig.
3a) and the occurrence of discontinuity zones
between the serpentinite aggregate grains and
the cement paste (Figs. 3b and 4). The width of
the discontinuity zone between the serpentinite
aggregate grains and the cement matrix was
38.1+£10.2 pm for concrete with ordinary
Portland cement and 29.5+6.1 pum for slag
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Figure 3: SEM microstructure of the shielding concrete:

a) magnetite aggregate, b) serpentine aggregate;
magnification x500
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Figure 4: SEM microstructure of the shielding concrete
with serpentinite aggregate: a) CEM I, S_1, b) CEM Il
S_3; magnification x200

4 DISCUSSIONS

Obtained strength and permeability data as
well results of the microscopic observations on
thin sections of concrete and discontinuity
observations are consistent with each other.

Magnetite aggregate concrete had the
highest density (~3500 kg/ms3), while
serpentinite aggregate concrete had the lowest
(~2300 kg/ms?), with slightly higher densities
for Portland cement (CEM 1) than slag cement
(CEM 111). Similar density values for magnetite
and serpentinite concretes were found by other
researchers [14-16].

The use of serpentinite aggregate resulted in
about 16% reduction in compressive strength
compared to magnetite aggregate. Similar
strength values were reported by Kubissa et al.
[17] and Dabrowski et al. [18], while Jain et al.
[19] confirmed that serpentinite lowers
concrete strength. Sayyadi et al. [20] attributed
this reduction to poor hydration and weak
adhesion between the paste and serpentinite
aggregate, particularly with over 25%
serpentinite content. Dabrowski et al. [18]
observed increased porosity in the ITZ, and
Abdullah et al. [21] linked this to serpentinite’s
high water absorption, which leads to a more
porous ITZ.

The conceptualization of ITZ discontinuities
as microcracks offers a useful framework for
predicting and controlling concrete's durability
and performance [22, 23]. The ITZ is inherently
more porous than the bulk cement matrix due to
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localized effects during hydration, including
water segregation and incomplete packing of
cement particles [24]. This porosity creates a
discontinuity between the aggregate and the
matrix, which can be considered as a network
of microcracks, additionally influenced by
thermal treatment of concrete. In conducted
tests in the serpentinite aggregate concretes, the
ITZ exhibited larger discontinuities (up to 38.1
+ 10.2 um) compared to magnetite aggregate
concretes, which had a denser ITZ structure.
These microcracks serve as pathways for gas
movement, contributing to higher permeability.
The type of aggregate significantly affects the
ITZ [25]. Magnetite aggregates, characterized
by their high density and low water absorption,
promote a tightly packed ITZ with strong
adhesion to the cement matrix. This results in
lower permeability values, as confirmed by all
testing methods in the study. Conversely,
serpentinite aggregates, with higher water
absorption and weaker bonding properties, lead
to a more porous ITZ. The increased
microcracking in serpentinite concretes directly
correlates with higher gas permeability, as
observed for example in the Torrent method
results, which showed permeability values up to
2.154 x 107'* m2, more than twenty times higher
than magnetite concretes with slag cement.

Cracking significantly impacts gas transport,
with microcracks dominating permeability in
serpentinite  concretes and  macrocracks
expected to play a more critical role under
operational conditions. Microcracks primarily
impact serpentinite concretes due to their
expansive ITZ. However, macrocracks, though
not induced, are anticipated to dominate
permeability in real-world nuclear operations,
requiring further studies under simulated
operational loads.

Future studies will focus on modifying the
ITZ microstructure  through  advanced
admixtures or alternative  cementitious
materials to enhance bonding and reduce
porosity. Simultaneously, understanding the
mechanisms of microcrack coalescence into
macrocracks under operational loads is crucial
for long-term durability assessments of critical
infrastructure materials.

In  nuclear environments, where gas

containment is critical, the permeability of
concrete directly impacts its ability to confine
radioactive gases. The findings of this study
emphasize the importance of ITZ quality in
achieving low permeability. Magnetite
aggregates combined with slag cement
represent the optimal solution for minimizing
gas permeability. However, further innovation
IS required to enhance the performance of
serpentinite concretes, which offer superior
neutron shielding but are hindered by their high
ITZ porosity.

5 CONCLUSIONS

This study confirms the key role of material
selection and therefore microstructure and
especially the aggregate-cement matrix contact
zone in determining the gas transport behaviour
of protective concretes.

Based on the conducted research, the
following conclusions can be drawn:

e Permeability measurements using
Cembureau, Torrent, and Autoclam methods
confirmed the superior performance of
magnetite concretes in minimizing gas
transport.

e Concretes made with slag cement (CEM I11)
demonstrated lower gas permeability across
all testing methods compared to those with
Portland cement (CEM 1)

e Magnetite aggregates and slag cement (CEM
I11) demonstrated superior impermeability,
while serpentinite concretes exhibited higher
gas permeability due to ITZ porosity and
microcracking.

o ITZ microcracks, particularly in serpentinite
concretes, pose risks for nuclear shielding
structures by enabling gas transport under
stress or thermal cycling. On the one hand,
there is a critical need for methods to reduce
ITZ microcracking. On the other hand,
understanding the behavior of shielding
concrete under severe nuclear conditions
remains a key research priority.
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