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Abstract

Managing the effects of Internal Swelling Reactions (ISR), Delayed Ettringite Formation
(DEF), and Alkali-Silica Reaction (ASR) on the integrity of concrete structures with
containment functions, such as nuclear facilities and dams, remains a major challenge for
both long-term operation and maintenance. However, the effect of cracking caused by ISR
on the mass transport properties of concrete has not been extensively investigated. To date,
there is limited characterization of water diffusive phenomena and permeability in
concretes affected by ISR. To address these gaps, a comprehensive and complete
characterization of mass transport properties evaluating water porosity, pore distribution,
diffusivity, and apparent air permeability in concrete affected by ASR and DEF is
conducted hereafter. This experimental work points out the impact of cracking induced by

expansion on these parameters. Water diffusivity is multiplied by a maximum of 2.8 for



0.22% expansion in DEF, while permeability can be multiplied by 44 for ASR concrete
after expansion to 0.22%. The cracking patterns induced by ASR and DEF are different,
leading to differences in the evolution of transport properties. Overall, crucial experimental
insights to enhance existing models are thus highlighted, particularly concerning the
intricate relationship between expansion advancement, cracking, and mass transport

properties in concrete.
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1. Introduction

Internal swelling reactions (ISR) such as Alkali-Silica Reaction (ASR) and Delayed
Ettringite Formation (DEF) develop slowly over years and jeopardize structural integrity
over decades. ISR cause concrete expansion and reduce its mechanical strength [1], [2],
[3], [4]. ISR also alter the transport properties of damaged concrete by affecting the
porosity network but this impact is little documented in the literature. In sound concrete,
permeability is low and fluid flows through the cementitious matrix pores according to a
given connectivity network [5]. As concrete often cracks in structures due to various
thermo-hydro-mechanical loads, permeability increases which makes the quantification of
cracking effects on durability crucial [6], [7], [8]. Indeed, cracks create pathways for
aggressive agents by aqueous or air transport and, when sufficiently developed, increase

the leakage rates in containment structures [9]. With that regard, cracks also create a
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favourable environment for the penetration of water which is an essential element for ASR
and DEF [7], [6], [10], [11], [12]. Concrete is a porous material, which underscores the
importance of transport properties with very practical implications for water and ionic
diffusivity, as well as air and water permeability. These transport properties are related to
open porosity, but also to pore size and less easily measured properties such as constriction
and tortuosity, which can be inferred by inverse analysis of the properties measured on
concrete specimens. In cracked concrete damaged by ISR, there is a combination of two
porous networks: the initial network formed by the combination of porosity in the cement
paste and the interfacial transition zones (highly porous interface between cement paste
and aggregate), and the network created by the cracks due to ISR. It is therefore essential
for the containment manager to characterize each of these networks and the effect of their
coupling.

The evolution of the mechanical properties of concrete damaged by ASR and DEF has
been well-studied in the literature [13], [14], [15], [16], [17], [18], [19], [20], [21]. The
impact of cracks induced by mechanical loading on the permeability of concrete has also
been highlighted in several studies in the literature [9], [22], [23], [24], [25], [26], [27],
[28], but mainly for concrete in dry state without evaluation of the impact of the saturation.
However, few studies examine ASR and DEF effects on transport properties. As the
morphology of cracks induced by ISR is very different from cracks induced by mechanical
loading, specific studies are necessary. The evolution of chloride diffusion with ASR [29]
and air permeability in standard conditions (after drying at 105 °C) with DEF [13], [30],
[31] have been studied. But, for structures that may be affected by ISR and whose primary

function is to ensure containment or waterproofing, the evaluation of air permeability for



different saturation rates is crucial [32], [33], [34], [35]. In fact, most structures have
concrete saturation rates between 50 and 100%. The core of massive structures and
locations exposed to rainfall are typically highly saturated (over 80% at 50 mm depth) [36],
[37], [38]. Even under normal dry conditions, the saturation of most structural concrete is
between 50 and 60%. Since water diffusivity and air permeability are strongly influenced
by the saturation rate, it is necessary to evaluate their evolution with ISR cracking under
realistic conditions and thus for common saturation rates of structures. Currently, no data
are available to evaluate the air leakage in structures damaged by ISR under real
environmental conditions. The experimental work presented in this paper is a first attempt
to provide and analyze the data necessary to quantify the evolution of the containment
properties of structural concrete damaged by ASR or DEF.

The differences in physicochemical mechanisms underlying ASR and DEF can lead to
different patterns of cracking (variation of the extent, the distribution, the location, the
opening, etc.) [3], [39], [40]. Moreover, ASR, DEF, and freeze-thaw (FT) cycles, both
individually and in combination was found to correlate well with expansion levels and
provided reliable assessments regardless of the extent of deterioration. Notably, FT and
DEF exhibited higher DRI values than ASR at low and intermediate expansion levels due
to the early formation of opened cracks in the cement paste. Combined mechanisms,
particularly ASR + FT, proved to be more damaging [41]. However, FT occurs primarily
in the skin of concrete structures. In fact, negative temperatures can hardly reach the core
of solid containment structures, unlike ASR and DEF, which develop throughout the depth

of the wall.



Accordingly, ASR and DEF may impact transport properties differently as new phases
from ASR and DEF may fill the induced cracks. Finally, this study aims at quantifying the
effect of ASR and DEF expansion on transport properties and addresses the issue as
following. First, water porosity and mercury porosimetry are analyzed with a special focus
on the average radius to characterize the porous network opening. Second, the drying
kinetics are investigated to assess the water diffusivity. Third, apparent air permeability is
evaluated at various saturation rates for expansion levels. Permeability can serve as an
indicator of the effects of the pore network and cracking due to chemical expansion. A
detailed characterization of the transport properties in concrete affected by ASR or DEF
for different saturation rates and expansion levels has not been extensively performed. This
complete characterization of the transport properties of damaged concrete is necessary to
develop accurate micro- and mesoscopic scale models. Models combining mass transport
in normal porosity and cracking due to ISR in high saturation conditions are needed to
predict the evolution of transport properties in such damaged concrete and to predict both
its performance and future life.

The data obtained in this study can be used to propose empirical laws for macro models or
to test the ability of micro or mesoscopic models to evaluate transport properties in concrete
affected by ISR. The database generated by this study can also support the development of
machine learning models that require a large amount of data. In this work, only the effect
of cracking due to ASR or DEF in the absence of any extrinsic mechanical loading is of

interest.



2. Materials and methods

The samples are cylindrical, 30 cm high and 15 cm in diameter, and were first used for
expansion measurements. When the targeted expansion was reached, they were cut into 5
cm thick slices for permeability measurements. Unless otherwise noted, three samples are
used for each permeability measurement and the and standard deviation average are

calculated.

2.1. Concrete mixes

The following three concrete mixes (Table 1) with the same composition are studied:

(1) Control concrete without swelling characteristics and cured for 28 days at 20 °C

and relative humidity of 95% (& 2%) — this serves as a reference case

(2) Concrete with coarse reactive siliceous limestone - susceptive to ASR

(3) Concrete exposed to high temperature (80°C) during curing - susceptive to DEF
The composition is representative of a wide range of concrete used in French nuclear power
plants, which must meet stringent durability requirements [40].
Table 1. Concrete mix proportions for control concrete, ASR and DEF, W/C = 0.56 based

on [13], [30], [42]

: DEF
Constituents [kg/m?] ASR Control Concrete
Cement CEM Il A-LL 42,5 R CE PM-CP2 NF 350
Limestone sand 0/4 772
Limestone aggregate 4/11,2 - 316
Limestone aggregate 11,2/22,4 - 784
Siliceous-limestone aggregate PR 4/14 316 -
Siliceous-limestone aggregate PR 14/20 784 -
Efficient water 195
Superplasticizer - | 1.225(0.35%)




Cement consists of 92% clinker, 6% limestone, and 2% secondary products such as slag

and fly ash. The elemental composition of clinker is listed in Table 2.

Table 2. Composition of clinkers

Constituent Elemental composition of clinkers (%)

S;0, 19.7
Al,0; 4.6
Fe,03 3.2

T;0, 0.3
MnO 0.1

CaO 63.5
MgO 1.2

S04 2.7

K,0 1.36
Na,0 0.11
P,0q 0.5

Loss on ignition 3.6

To obtain significant expansion for the study, the alkali content must exceed the minimum
threshold of 3 kg/m® of equivalent alkali, as defined in [43], [44] for instance. The natural
alkali content of cement is 0.11% for sodium oxide Na,O and 1.36% for potassium oxide
K20, which gives a value of NazOeq, = 0.658K20+Na,O = 3.517 kg/m®. Therefore, the
mixing water for both formulations was doped with NaOH to obtain 5 kg/m?® of NayOeq,
which is comparable to the material used in some previous works [13]. The NaOH pellets
were added the day before each casting to prevent the increase in mixing water temperature

during dissolution, which could affect the workability of concrete.

For both DEF and control concrete, non-reactive limestone aggregates are used. These
aggregates have the following composition: 53% CaO, 2.5% SiO, 0.6% Fe20s, and 0.5%

AlOs. The aggregates are angular in morphology, indicating they are crushed, and contain



0% reactive silica. The real density of the aggregates is approximately 2637 kg/m3, with a

water absorption capacity of 2.39%.

Reactive aggregates are of a siliceous-limestone nature, 'Potentially Reactive' (PR). It is a
highly studied aggregate in France, comparable to the Spratt aggregate from Canada,
whose reaction products correspond well to those of ASR, with no trace of ACR observed.
The real density of the aggregates is approximately 2657 kg/ms3, with a water absorption

capacity of 0.53%. The full characterization is given in this article [45].
The following mixing sequence was adopted for the castings in this study:

1. Dry mix the components for one and a half minutes,

2. Add the NaOH-doped water with the entire quantity of superplasticizer, then mix
for four minutes.

3. The specimens were cast in two layers, each vibrated for 15 seconds, to ensure

proper placement and prevent segregation of concrete.

2.2. Protocols for conservation and conditioning of

concrete expected to develop ISR

Various strategies for achieving optimal aging of concrete affected by ISR and for
preconditioning samples for measuring air permeability of concrete can be found in the
literature. In this study, the damaging strategies recommended by [33] and [34], have been
adopted with some adaptations for the studied concrete mixes. This damaging procedure
was chosen due to its representation of environmental conditions in damaged structures

with similar concretes, as presented in [12] and [35]. Sections 2.2.1 and 2.2.2 explain the



storage conditions for ASR and DEF to accelerate pathologies in the laboratory. The graphs

show the thermo-hygrometric conditions after demoulding 24 hours after casting.

2.2.1. Alkali-Silica Reaction

The development of ASR requires three essential elements: amorphous or non-crystalline
silica from reactive aggregates, alkalis from the interstitial solution or external supply, and
the presence of water. According to the previous study conducted by [3], [36] and [37], a
minimum relative humidity is necessary to generate expansion. The threshold humidity
value depends on temperature conditions and the reactivity of the concrete.

The concrete ASR maturation protocol (similar to that proposed by [2]) is depicted in
Figure 4. After casting, specimens undergo autogenous curing by sealing them in plastic
bags. They're stored at 20 +2°C and 95 +2% humidity for 28 days. Later, specimens are
submerged in a 38 +2°C isothermal tank until testing. A centrifugal pump used to
homogenize water inside a tank works by continuously circulating the water, ensuring
uniform temperature and chemical composition in the tank solution. Thus, all the species
leached from concrete during the specimen’s conservation are not over-concentrated in the

lower part of the tank.

40 3gC
~35 Autogenous curing
830 HR=95%

(0]
s 25 20°C

S 15

€10
)

Water curing

T
a1

0 10 20 30 40
Duration after demoulding (days)

Figure 1: Accelerated ASR conditioning test



The immersion water is not replaced and is maintained at a volume 1.5 times that of the
concrete. Additional water is added only to compensate for evaporation, which helps to

prevent excessive alkali leaching during sample removal.

2.2.2. Delayed Ettringite Formation

The accelerated DEF protocol adopted for this study consists of three distinct steps
presented in Figure 2 [30], [31]:

1. 30 minutes after casting, the specimens are stored in a climatic chamber to apply a
thermal treatment for 7 days to create favourable conditions for the dissolution of
primary ettringite at an early age, simulating a temperature rise at the core of a
massive structure.

2. Specimens are demoulded at the end of the thermal treatment and the specimens
are submitted to autogenous curing from 7 to 28 days.

3. Final immersion in water at 38°C to accelerate swelling kinetics.

During the autogenous curing, the specimens are wrapped in sealed plastic bags to prevent
any water exchange with the outside and stored in the curing room at a temperature of 20

+2°C and a relative humidity of 95% +2%.

100 1 1
. 80°C! Autogenous !
P 80 : curing : Wa.ter
g o ! HR=95% : curing
T : | 38°C
g 40 1 e
£ ' 20°C :
& 20 1 1
7d 1 28d I
0 1 1
0 10 20 30 40

Duration after demoulding (days)

Figure 2: Accelerated DEF conditioning test
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Prolonging the early heating period of concrete leads to an increase in the rate of expansion
[50]. An optimum effect to maximize expansions has been demonstrated by calculating
‘useful thermal energy' (UTE): it considers the heating duration after casting and
temperature in a single parameter with a minimum threshold temperature of 65°C. It is the
product of the heating duration and temperature. In Kchakech’s study, the optimum is
achieved for a UTE of around 1200°C.h with a maximum temperature of 81°C [18]. From
a theoretical standpoint, the thermal treatment procedure adopted in the present study
should generate a useful energy of 1179°C-h, very close to the optimal value for maximum
expansion development. With the intrinsic variations in the oven, a 5% error in the UTE
could be acceptable.

Immediately after casting, the test specimens are placed in a climatic chamber to apply
thermal treatment, up to 80°C for 3 days. The steps are explained by [1], and applied to
concretes developing ISR.

The acceleration of DEF was achieved by maximizing the amount of ettringite destabilized
at an early age; the thermal cycle used was controlled with a pre-setting period, a
temperature elevation phase, with a heating rate of 2.5°C per hour, a period of maintaining
a high temperature for 3 days, and finally, the cooling of the concrete with a cooling rate
of 1.0°C per hour (Figure 2 —[3], [51]).

At the end of the curing period, the specimens, are submerged in an isothermal tank at a

temperature of 38°C (x2°C), until test day with the ASR specimens.

2.3. Experimental program

The transport properties are measured at the following four states: (i) in the initial state

after the curing period, i.e., without swelling (0%), (ii) with the onset of cracking (0.06%),
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(iii) with cracking of 0.12%, and (iv) significant expansion (0.22%). The method for
expansions measurements is presented in section 2.3.1. Regular measurement of expansion
makes it possible to obtain the targeted levels. The specimens are then taken out of the
storage tanks and dried to 80% saturation to stop expansions totally.

To characterize the air permeability, six saturation states have been chosen, four represent
service conditions of structures. Wet concrete (core or water-exposed areas, 80% and 60%
saturation), dry concrete (regular sunlight exposure, 40% and 20% saturation). Two
represent lab conditions, after drying at 80°C (about 3% saturation), after drying at 105°C

(standard saturation reference).

2.3.1. Expansion and mass monitoring

The advancement of ASR and DEF is commonly characterized by concrete expansion. The
monitoring of expansions is based on the measurement of longitudinal deformation of the
specimens using a needle extensometer. For this purpose, six studs forming three
generators were glued in pairs along the height of the specimen. The pairs of studs were
spaced at 100 mm (deformation measurement base) and were glued at an equal distance
from the mid-height of the specimen. The generators are separated by 120° on the lateral
surface of the specimen. Mass monitoring is performed by a scale that is accurate to the

decigram. A schematic representation is shown in Figure 3.
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Concrete
sample

10 cm 22cm

Needle
extensometer

Figure 3: Schematic representation of longitudinal extensometer measurements on three

generatrices of concrete test specimens

2.3.2. Microscopy

Scanning electron microscopy analyses were done on concrete samples with ASR and
DEF. The central sample of the specimen was consistently used to minimize location-based
variations in the sample. The samples were polished and carbon coated. The SEM used for
the analysis is a JEOL 6380-LV model, equipped with a Bruker XFlash 6/30 EDS detector.
The observations were conducted at an accelerating voltage of 15 kV, utilizing the
Backscattered Electron (BSE) mode. Various magnifications were used, from x15 to x500,

to estimate crack lengths and openings.

2.4. Protocols for transport properties

15x 30 cm cylinders were cast. Tops and bottoms were cut off. Each cylinder was sliced
into five pieces of 5 cm thick. Three were for transport measurement and air permeability

testing, two for water porosity.
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2.4.1. Water porosity

The water-accessible porosity test [52] and apparent density measurement are conducted
following the hydrostatic weighing and complete drying. These tests quantify the volume
of the connected porous network within the material that is in contact with the exterior.

In this study, the porosity is measured on samples with a diameter of 150 mm and thickness
of 50 mm. They are placed in a desiccator under vacuum for 4 hours, then saturated in
water for 48 hours in three successive steps. After saturation, they are weighed in water
then wiped on the surface with a damp cloth and weighed in air. The porosity samples are
then dried in an oven at 105°C until the mass stabilization, determined by a criterion of
mass loss less than 0.05% over one day. The porosity p, is measured after drying at 105°C.
The purpose of drying at 105°C is to remove all free water; this temperature is

recommended by the standard [53].

2.4.2. Mercury porosimetry

The tests follow the procedure in [54] and only one sample was tested for each concrete,
for one expansion at a given saturation rate. A 1 cm® sample is taken from the concrete
sample, taking care not to over sample the aggregates to be representative of the cement
paste. Itis dried at 105°C until mass stabilization, and a vacuum chamber is used to remove
the air contained in the pores. Incremental mercury pressure is applied to accurately reach

pores between 1000 and 10 nm.

2.4.3. Drying Kinetics

After autogenous curing or water immersion, concrete specimens were saturated and

impermeable. Before measuring air permeability, draining some water from the porous

14



structure is necessary. Drying duration is crucial for quantifying transport property,
depending on the material's diffusivity coefficient. High-temperature drying can evaporate
bound water in the sample's porous network, altering hydrates, ettringite, and ultimately C-
S-H [55], [56]. This study focuses on internal swelling reactions in concrete. Minimizing
temperature effects on microstructure is crucial because ettringite is unstable around 65°C.
Excessive speed can cause thermal gradients, leading to differential expansion cracks
between the core and surface, and significant moisture gradients [57] throughout the
sample thickness. Also, it can lead to cracking due to restrained shrinkage between
aggregates and cement paste [3], [58]. The proposed drying method involves stepwise
increases in temperature, outlined in Table 3. Drying at 40°C continues until saturation
levels reach around 30%. Temperature then rises to 50°C to prevent prolonged drying at
low saturation levels. Transitioning from 20% to 3% saturation, temperature is increased
to 80°C, then to 105°C to reach 0% saturation. Current knowledge suggests that drying
microcracks are limited when temperatures do not exceed 50°C [57]. However, for
temperatures higher than 80°C, it is established that additional damage occurs [59], [60]
along with dehydration of the products formed during internal swelling reactions. This
approach could help to reduce moisture gradients and resulting shrinkage gradients, which
were primarily the main cause of micro-cracking [38]. These micro-cracks can affect

permeability measurements [61], [62], [63], [64].
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Table 3. Drying temperature to achieve the target saturation rates

Maximum drying

Saturation rate (%) temperature (°C)

80, 60, 40 40
20 50
3 80
0 105

Specimens' lateral faces are covered with watertight aluminium to ensure one-way drying.
Before permeability measurement and at the end of each drying cycle, concrete saturation
is homogenized as specified by [61]. The specimens were sealed and placed in airtight bags
in the oven at the same temperature for a duration at least equal to the last drying cycle.
The complete homogenisation is difficult to obtain without homogenizing at least four
times the drying time [38]. However, this step partially unifies the saturation within the

sample, leading to homogeneous permeability values.

2.4.4. Air permeability

The measurement of air permeability on cylindrical specimens is performed using a

constant-head permeameter of the Cembureau type according to the standard [65].

Specimens, 50 mm thick, are confined with an air chamber inflated to 8 bars to ensure
lateral tightness. They undergo unidirectional airflow under a pressure gradient.
Cembureau protocol has already been used for the air permeability measurement of
concrete damaged by DEF [13], [30], but the lateral confinement may result in partial
reclosure of cracks, leading to an underestimation of air permeability in heavily cracked
concretes. However, conducting permeability measurements on numerous specimens at
various saturation rates without the Cembureau technique is challenging. Other methods
for determining the permeability of cracked concrete are not easily scalable for numerous

measurements [24]. Moreover, the literature reports that the reclosure of ISR-induced
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cracks requires significant compressive stress [66]. Thus, the reclosure of such cracks by a
low radial confinement of less than 1 MPa is expected to be reduced, under the effect of
compressive stress performed after expansion. To quantify the impact of lateral
confinement, air permeability measurements on ISR-affected concretes have been
performed with confinement pressures between 0.5 and 0.9 MPa [67]. In this study, the
permeability reduction effect was always lower than 12% for ASR-damaged concrete and
20% for DEF-damaged concrete. These maximal reduction effects were obtained at the
lowest saturations (3 and 0%) on specimens with the largest expansion (0.22%). It was
lower for higher saturation and smaller expansion (between 3 and 7% of flow reduction for
saturation between 80 and 20% and ASR expansion of 0.12%). Therefore, the effect of
confinement pressure was moderate because the faces of the cracks induced by ISR are not
directly opposite each other, and the partial filling by swelling reaction products does not
allow the reclosure of the induced cracks, by compressive tests. However, the permeability
evaluated here should be considered as a low value of the increase of air permeability by
ISR. The standard deviations are shown in the graphs as error bars. The value of apparent
permeability (Kaoz2) is calculated from the average of three permeability samples for a
relative injected pressure of 1 bar (0.1 MPa), corresponding to 2 bars (0.2 MPa) absolute
pressure. Therefore, the apparent permeability is obtained according to the following

equation [68], [69]:

Qo 2uLP, Eg. 1

oy =20
4 S(Piz_Poz)

Where: ka: the apparent permeability obtained (m?), Qo: the volumetric flow rate (m?/s), u:

the dynamic viscosity of air (Pa.s), L: the thickness of the sample (m), Po: the absolute

17



pressure at the outlet (Pa), S: the cross-sectional area of the sample (m?), Pi: the absolute

pressure at the inlet (Pa).

3. Results

3.1. Expansion and cracking

Figure 4 presents the mass variation for the three types of concrete, control, ASR, and DEF,

during immersion at 38°C. In grey the control concrete, in blue DEF and in orange ASR.

e DEF ASR Control concrete
2.0

1.5 o © e oo ®

1.0 o ®

ariation (%)

> 05

SS

200 !
0 200 400 600 800
Duration after autogenous curing (days)

Figure 4: Mass variation for the control concrete, ASR and DEF
DEF concrete shows a significant increase in mass, reaching around 1.6%, reflecting
significant moisture absorption or water retention due to the formation of by-products such
as delayed ettringite. In comparison, ASR concrete shows a more moderate increase with
a plateau around 0.6% after about 100 days, probably due to water absorption associated
with the formation of expansive gels typical of the alkali-silica reaction. The control
concrete, on the other hand, remains stable with a low variation in mass of about 0.4%,

indicating minimal water absorption typical of a material not affected by pathological

reactions.
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Figure 5 presents the deformation for the three types of concrete, control, ASR, and DEF,

during immersion at 38°C. In grey the control concrete, in blue DEF and in orange ASR.

e DEF ASR
Control concrete ---Larive's model DEF
Larive's model ASR
0.50
,\30.40
< 030 111 S AR L
2 11101 &
2 il 3 0.22%
$0.20 f 54¢
>3 £
) R A 7 0.12%
0.10 $ =
S all 0.06%
0.00 f;‘:”‘ ”””””””””””””””””””””””””””””””””””” — 0.04% threshold
0 200 400 600 800

Duration after autogenous curing (days)

Figure 5: Expansion kinetics for the control concrete, ASR and DEF
The control concrete exhibits only a slight expansion due to water absorption during
immersion. The maximum expansion of this concrete reaches 0.02% and does not exceed
the expansion limit threshold set by standards. This limit qualifies concrete as susceptible
to ISR under accelerated conditions (0.04%). This expansion is typical for concrete
immerged in water and is due to the decrease in capillary tensions originally generated by
autogenous shrinkage. The expansion curve for ASR exhibits a usual sigmoidal shape and
can be characterized into three stages [10], [70]: latency period, expansion acceleration and
stabilization period. The Larive’s model is used to fit the two ISR expansion. The following

equation is given for ASR:
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-t
1 — eTk.ASR
€aSRexp = €00 " T —tr1y,
1 + e Tk.Asr Eq. 2

The calibration parameters used for ASR are: £,=0.280%, 112=81.48d and ©%=23.62d. With
€». the asymptotic expansion, tist: the latency time and t«: the characteristic time.

Transitions from the latency period to the acceleration phase occur at about 35 days (Figure
5. The acceleration phase lasts approximately 100 days before entering the stabilization
period indicating that probably some of the factors involved in the ASR had become
exhausted [71]. The final expansion does not exceed 0.28%. The progressive increase in
the standard deviations of ASR expansions, especially beyond 0.20% expansion, indicates
a growing localization of open cracks in the specimens. These results are in accordance
with the four cracking propagation stages described in [72]. Cracks form within the
aggregate particles in the early stages of the reaction, then extend into the cement paste
with increasing expansion to eventually connect the reactive aggregate particles in an
extensive cracking network. This crack evolution lead to the increase of expansion

variability.

DEF exhibits three phases similar to ASR, with a sigmoidal shape [73], [74]. The
calibration parameters used for DEF are: €,=0.355%, 11a=204.87d and t«=70.66d. The
latency phase lasts about 65 days. The acceleration phase is less steep and longer than
ASR's. DEF's stabilization phase is a deceleration rather than a pronounced stabilization.

DEF's final expansion level reaches nearly 0.35%, with no slowdown in kinetics [73].

ASR and DEF reached 0.22% expansion at 110 and 250 days respectively. Transport

properties were measured on control specimens at these ages to assess hydration effects.
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Standard deviations of expansions for DEF and control concrete were negligible

(<0.004%), indicating minimal cracking.

Figure 6: Cracking pattern for ASR and products in the crack (SEM) for expansion of

0.22%

Figure 7: Cracking pattern for DEF and products in the crack (SEM) for expansion of

0.22%

For the expansion of 0.22%, the localized cracks with an opening larger than 100 um are
observed for ASR (Figure 6), and dense cracking with a small opening (usually lower than

40 pum) for DEF (Figure 7).

ASR cracking can be divided into two categories. The first one is due to the alkali
concentration gradient between the core and surface of the specimens for conservation in

moisture or water [29]. This gradient results in the localized cracking that is visible to the
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naked eye, very open but shallow [75], [76]. The second is cracking in the aggregate, which
gradually spreads into the cement paste, and could fracture the aggregate [72]. The
disparate morphologies of the two types of cracks are anticipated to yield differing effects.
The initial category arises from edge effects and is contingent upon the geometric attributes
of the damaged elements. Consequently, it inadequately characterizes the material’s
permeability and may induce scale effects contingent upon the dimensions of the damaged
constituents, necessitating its consideration in result analysis. Conversely, in the case of
DEF, the crack network manifests greater density, attributed to product formation within
the concrete porosity. Typically, localized cracks are not observed, obviating the need for

distinguishing crack types in the analysis of permeability results.

3.2. Transport properties

3.2.1. Water porosity

Figure 8 shows water porosity evolution based on expansion from internal swelling

reactions. Control concrete is shown in grey, DEF in blue, and ASR in orange.
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Figure 8: Water porosity of concrete damaged by ASR and DEF
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The water porosity of the control concrete is around 16% and remains relatively stable over
time, increasing slightly from 16.2% initially to 16.5% after 249 days in water, which
remains within the usual variability of this test. During water immersion, the porous
network experiences no notable volumetric changes due to cement hydration. Similar
behaviour can be anticipated for ASR-damaged concrete under similar curing conditions.
Therefore, the evolution of water porosity in concrete damaged by ASR cannot be detected

by this common test.

The initial difference in water porosity between ASR concrete (less than 15%) and control
concrete arises from variations in aggregate composition and distribution. The
mineralogical makeup of aggregates influences the interfacial transition zone at the
paste/aggregate interface, impacting concrete's porosity and mechanical properties [73],
[74], [77]. Furthermore, the presence of fines in castings with siliceous aggregates might
partially account for this distinction. After autogenous curing, the water porosity of the
concrete used to create DEF is approximately 17%. The initial porosity difference with the
control concrete primarily results from early curing of DEF. The heat treatment up to 80°C
for DEF specimens yields two effects that contribute to the rise in water porosity:
accelerating hydration and forming various hydrates, as well as potentially inducing
delamination at paste-aggregate interfaces due to differential thermal expansion [57], [78],

[79].

The difference in crack localization between ASR and DEF is seen in the coefficient of
variation of porosity analysis. ASR has higher variation due to few open cracks, while DEF
shows more uniform small cracks. ASR skin cracks cause an increase in apparent volume,

not detectable during hydrostatic weighing, as the cracks may drain between water and air
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weighing. This seems to occur for ASR-damaged concrete. During DEF expansion,
damaged concrete's porosity increased from 17% to 18.3% with a 0.22% expansion,

consistent with previous findings. [13].

3.2.2. Mercury porosimetry

The mercury porosimetry curves for the three types of concrete are shown in Figure 9. (a)
represents the mercury porosimetry for control concrete, (b) for ASR and (c) for DEF. The
tests for each type of concrete and each level of expansion were conducted on a single
sample. For the control concrete, the curves are based on age after the end of the autogenous
curing. For concrete affected by ISR, porosimetry has been evaluated for the initial stage

and the three targeted expansions.
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Figure 9: Mercury porosimetry curves as a function of duration after curing for the (a)

control concrete, (b) or expansion for ASR, (c) and DEF

The analysis of the mercury porosimetry presented in Figure 9 is performed through the

analysis of the average pore radius and the total intrusion volume thereafter.

Figure 10 presents the total intrusion volume and Figure 11 the average pore radius of pores
smaller than 10 pum, deduced from the mercury porosimetry, for the control concrete
(according to age after curing period) and for concrete damaged ASR and DEF,

respectively.
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Figure 10: Total intrusion volume for control concrete and concrete damaged by ASR
and DEF
The three concretes in their initial state, without pathological development, have a similar
mercury intrusion volume of about 0.11 mL/g. DEF concrete shows an increase of 8% at
0.06% strain, stabilizing at about 5% at 0.12% and 0.22% strain. ASR concrete shows a

decrease of about 10% at 0.06% and 0.12% strain, followed by a 15% decrease at 0.22%
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strain. The control concrete shows a 5% reduction after 249 days of curing. These results
are consistent with the water porosity results presented in Section 3.2.1. The DEF concrete
undergoes diffuse damage within the cement paste, coinciding with the delayed formation

of ettringite. This increase in porosity leads to expansion of the pore network and cracking.

In contrast, the competition between damage and ASR gel formation does not result in
significant change at the volumetric level. In the control concrete, the incomplete curing

process refines the pore network and densifies the cementitious matrix.

In addition, regarding the influence of alkali addition on hydration, it is well documented
that alkalis can accelerate the hydration of certain cement phases, particularly C3A and
C3S, by raising the pH and promoting the dissolution of clinker phases [80]. This
acceleration typically results in the rapid formation of hydration products such as calcium
silicate hydrates and ettringite, leading to a denser microstructure in the early stages of

hydration [16], [81].

However, at later stages, the continued presence of alkalis can alter the pore structure
through secondary reactions. For example, in ASR-prone environments, alkalis promote
the formation of alkali-silica gel, particularly in the presence of reactive aggregates. This
gel can partially fill pores, thereby locally reducing porosity, but it also induces swelling
pressures that lead to microcracking in the cementitious matrix. These competing effects
significantly influence the pore size distribution by creating a more heterogeneous network

of pores and microcracks.
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Figure 11: Mean pore diameter for control concrete and concrete damaged by ASR and
DEF
The difference in mean radius between control and ASR concrete is less than 12% because
the effect of ITZ is not detectable with the mercury porosity instruments used here. The
difference in mean radius between control and DEF concrete is significant due to the
thermal curing at an early age. The differences in the hydration reactions according to
curing conditions can lead to the refinement of the pore network and the formation of
different hydrates, with lower C/S ratio, resulting in the formation of denser C-S-H [10],

[82].

Mercury intrusion volume does not change over time for control concrete, meaning that
there is no volumetric change in the 10 to 1000 nm porosity range. However, there was a
decrease in the average pore radius between 0 and 109 days, reflecting continued hydration

facilitated by storage in water at 38°C [83].
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For ASR, the volume of mercury intrusion decreases slightly, and the mean radius also
decreases with the development of pathology with time. The same conclusions can be
drawn for the control concrete with the effect of cement hydration on the mean radius.
Since the measurement technique does not detect ITZ or cracks caused by internal swelling,
both of these are generally greater than 1 um, microstructural changes are not apparent at

this scale of measurement, except for the continued hydration.

For DEF, there is also no change in the volume of mercury intrusion. There is a slight
decrease in pore radius at 0.22% expansion, but no significant change, as the hydration is
more advanced than for the two previous concretes due to thermal treatment at an early

age.

Overall, mercury porosity provides information on microstructural evolution for pore radii
between 10 and 1000 nm. This highlights hydration trends over time for concretes stored
in water at 38°C. However, cracking due to swelling, with crack openings generally larger

than 20 um, and ITZ between paste and aggregate are not detectable by this measurement.

3.2.3. Drying kinetic

Figure 12 presents the drying times required to achieve the target saturation levels for the
three types of concretes with aging and expansion. The heating temperatures were 40°C

until reaching 40% of saturation, then were set to 50°C.

28



100 Control Concrete\ 1 100 ASR

» w
Z 80 g 80
o ~
~ 60 i = 60 “I
% 40 I Z 40 P
5 20 - 5 20
S o o -
o 0 S o 2 () —=== I
% 80% 59% 40% 21% = 81% 60% 41% 20%
a Saturation rate (%) = Saturation rate (%)
m28d m108d m249d m0% ®0.06% ®0.12% =0.22%
(a) (b)
100
2
= 80
=
— 60
£ 40
g b
3 20 5 | | I
o = - [ | = | |
c O - 2
> 81% 61% 41% 20%
&)

Saturation rate (%)

m0% m0.06% ®m0.12% =0.22%

(©)

Figure 12: Drying duration for (a) control concrete, (b) concrete damaged by ASR (b)
and (c) concrete damaged by DEF
A comparable drying rate is noted in the control concrete from 80% to 40% saturation,
regardless of the material's age but there appears to be a very slight tendency toward faster
drying for the 0.22% expansion. It appears that the advancement of hydration does not
exert a significant influence within this moisture range. Below 40% saturation, a prolonged
drying time is necessary, potentially attributed to the observed decrease in the mean radius

of porosity and consequently greater hydration after 249 days of water curing.

Regarding concrete damaged by ASR, no trend is observable, the difference is of the same

order as that of the scatter. Despite ASR-induced expansion and cracking, the drying
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kinetics exhibit uniformity both with and without expansion for this type of drying up to
20% saturation and at corresponding temperatures of 40 and 50 °C, consistent with findings

reported in [84].

When comparing the different drying times for the various types of concrete, it is observed
that the drying time for the concrete damaged by ASR is higher than the other two, which
corroborates with the results observed in water porosity, with the smallest porosity for the
concrete used to obtain ASR. It seems that the overall water porosity is the best predictor

of drying Kinetics, up to 20% for the concretes studied here.

The effect of a very diffuse and dense cracking caused by DEF on drying time could be

more important than the effect of localised cracks due to ASR.

3.2.4. Apparent permeability at 2 bars

This section analyses apparent permeability at 2 bars of absolute pressure for each concrete
relative to saturation and expansion or age for the control concrete. Figure 13 illustrates
apparent permeability for the three concretes. Special focus is given to (a) control concrete,
(c) ASR, and (e) DEF, examining permeability for saturations between 80 and 20% to
highlight ISR's effect on permeability in service conditions. (b), (d), and (f) depict results

for measurements conducted under standard conditions (after drying at 80 and 105°C).
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Figure 13: Apparent permeability for control, ASR and DEF concretes in service

conditions (respectively a, c, e) and for standard conditions (b, d, f)
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For the control concrete, permeability remains consistent across the three measurement
periods throughout the saturation range. Evolution curves show similar trends and
magnitudes. Generally, the concrete is airtight up to 60% saturation. Beyond that,
permeability increases almost linearly between 60% and 20% saturation. At lower
saturations, there is a noticeable trend towards a sharp rise in permeability. These results

align with what's typically observed in the literature [85].

The ASR induced concrete has a permeability 3.7 times greater than the control concrete
prior to expansion. Both have undergone the same curing conditions, the difference being
water porosity and pore size. The latter parameter seems to be predominant. Conversely,
the DEF concrete is about 1.6 times less permeable than the control, probably due to early
hydration effects obtained during thermal activation. The thermal cycle in this study
increased porosity and water diffusivity, which is consistent with the findings on chloride
ion diffusivity in previous studies [13], [86]. Early thermal curing also resulted in finer

pore radii in the network, leading to a decrease in air permeability.

Air permeability of concrete damaged by ISR is significantly impacted both for ASR and
DEF, particularly for high saturation degrees. The effects seem to be different for the two
ISRs. The evolution of permeability with ISR based on Figure 13 is analysed in the

following discussion.

Variability in permeability observed here for ASR and DEF is correlated with expansion.
It has been shown that for significant expansions in ASR, the variability progressively
increases. This is due to the presence of widely open cracks. In DEF, the much more
homogeneous cracking at the material scale leads to lower variability in permeability

values.
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4. Discussion

4.1. Evolution of air permeability with ASR and DEF

The permeability values given here are the low values of air permeability. As explained in

section 2.4.4, the closure of certain cracks alters the permeability.

The difference between the permeability of damaged concrete, k.,,, and the initial
permeability, k,, has been plotted according to the saturation for expansions of 0.06% in
blue, 0.12% in red, and 0.22% in green (Figure 14). The y axis represents the difference of
permeability k.., — ko. It is the part of the air permeability due to the cracks induced by

ISR, without the effect of the initial pore network. The x axis are the saturation rates

studied.
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Figure 14: Difference of permeability, k., — ko, for ASR and DEF in service conditions

(a, ¢) and for standard conditions (b, d)

The evolution of permeability with ASR at 0.06% and 0.12% shows plateau in service
conditions. The cracking contribution to permeability is present from 80% saturation and
remains stable until 20%. At 3% and 0% saturation, the crack contribution increases by a
factor of 2. It is important to note the absence of dependence on saturation of the
contribution of ASR-induced cracks for these small expansions at high saturations (service

conditions).
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Under the microscope, the observed cracks have an average opening of 150 micrometers.
According to the Hagen-Poiseuille equation [87], this increase in permeability is consistent
with a crack length of 50 mm, the thickness of the sample. The observed crack opening of
150 micrometers matches the physical observations. From 80%, cracks with such openings
are removal of water. This can explain why it is not dependent on saturation. It also
highlights that the transport through the pore network does not show evolution at these
levels of expansion for high saturations. It can be explained by localisation of ASR cracks
mainly in the aggregate with little connection in the cement paste, similar to that observed
in [71], [72]. The evolution observed for low saturations (3 and 0% for standards) can be
explained by a combination of cracks induced by drying during the conditioning process.
In specimens already damaged by ASR, drying cracks can be initiated and have an easier
propagation than in the concretes without ASR. It leads to the combination between the
different cracks and to this important increase which is not representative of what happens

in structures.

For ASR at 0.22%, a slight increase in the permeability of concrete can be noted from 80%
to 20% saturation. The permeability of concrete at 3% and 0% is multiplied by a factor of
2, then 6 compared to 20%. Cracks initiated in aggregates propagate to cement paste [72],
contributing to the increase of the permeability by localized cracks and by a larger
connection in concrete due to multiple cracks in aggregates connected with the initial pore

network.

In DEF, permeability evolution with induced cracking shows significant divergence:
contribution steadily rises as saturation decreases. Interestingly, crack contribution stays

relatively low at 80% saturation, unlike ASR. Under service conditions, fine DEF-induced
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cracks enhance pore network connection without localized cracks. At low saturations,
particularly 3% and 0%, permeability significantly increases, suggesting strong
connectivity and dense pathology-induced cracking. This indicates that higher expansion

leads to greater connectivity, as induced cracking diffuses within the material.

Figure 15 (a) and (b) present the relative permeability k., (S7)/ko(ST) for concretes at
various saturation levels and exposed to ASR and DEF, respectively. This represents the
quotient for each expansion between the permeability measured at this expansion rate for
a given saturation and the permeability measured at the initial state for the same saturation.
The error bars on a logarithmic scale can appear very large or very small according to the
localisation of the dots along the vertical axis. This is due to the nature of the scale. This

scale compresses or expands the distances between values non-linearly.
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Figure 15: Relative permeability, ke, (S7)/ko(ST), for ASR(a) and for DEF (b)

The relative permeability exhibits minimal evolution at 20% of saturation for both
concretes, regardless of the expansion level. This indicates minimal impact of cracking
induced by ISR at 20% of saturation. The most pronounced effect for ASR is at high

saturation levels (the permeability is multiplied by 40 at 80%). Pathological cracking
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significantly contributes to percolation starting from 80%, a new finding in the literature.
Under 20% saturation, pathological cracking plays a predominant role at lower saturation
levels of 3% and 0%, albeit to a lesser extent. For DEF concrete, similar to ASR, there is a
strong contribution at 80% and 60% saturation from pathological cracking, forming a
plateau. Then, the relative contribution decreases, as for ASR, the part due to the initial

pore-network taking precedence over the permeability induced by DEF.

For lower saturation degrees (3 and 0%), the increase of relative permeability compared to
20% saturation can be explained by a greater appearance of cracks due to drying at high
temperatures (80 and 105°C) in concrete damaged by ISR than in concrete before ISR. The
dehydration of products formed by ISR by these high temperatures leads to a certain release
of the pore network involved in permeability transport, which probably also contributes to

this increase.

High saturation causes increased permeability, especially at 80%, due to significant crack
opening. Concrete is typically impermeable at these levels. Limited interaction occurs
between existing porous networks and ASR cracks. DEF's dense, diffuse cracking ensures

strong interaction with the porous network.
4.2. Evolution of transport properties with ISR-induced

cracking

For ASR, there is no change in water porosity. This can be attributed to disruption of
hydrostatic weighing or insufficient modification of the overall volume to be detectable.
No changes in mercury porosimetry have been observed according to the detection range

of the equipment, which does not allow for highlighting modifications at the interface

37



transition zone (ITZ) or in the cracks with an opening larger than 10 um. The drying time
and diffusivity are not affected by ASR-induced cracking, regardless of the expansion level
between 0.06% and 0.22%. However, the open and localized cracking strongly impacts
permeability, especially at high saturations from 80% onwards. This is particularly true

when expansion is significant high.

For DEF, expansion within concrete leads to a significant increase in water porosity. The
modifications in mercury porosimetry did not show any conclusive evidence regarding the
progression of the pathology. There seems to be a tendency to increase the drying rate with
increasing expansion, especially at 20% saturation. Permeability could be multiplied by 44
compare to the initial value, especially at high saturation levels for ASR and 1.8 for DEF.
These results can be correlated with the type of cracking induced by each pathology and
by their progressive filling by the products formed during the aging. ASR produces two
types of cracking: the first one is a macroscopic cracking at the surface of the specimens
due to the alkali gradient. It is a localized cracking at the sample scale. The second type of
cracking begins from the core of aggregates. Then, propagates through the aggregates, 1TZ
and cement paste. This makes the granular part permeable and highly connected to the
concrete pore network. Cracks due to ASR are usually partly filled by hydration products
but the rate of filling of cracks is low [72]. On the other hand, DEF involves microscopic
diffuse cracking with high density and interaction with the existing porous network. DEF-
induced cracks are often observed as largely filled by ettringite (Figure 7). ASR-induced
cracks do not lead to an increase in drying kinetics. Their total specific surface is not
sufficient to modify the drying rates, unlike DEF-induced cracks. DEF-induced cracks

provide a significant increase in specific surface area, conducive to an acceleration of
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drying. However, the significant opening of ASR-induced cracks, plays a predominant role
in increasing permeability, especially since the granular part of the material is no longer
impermeable at 0.22% for high saturation rates. For DEF, the extremely high density of
cracks, with openings ten times smaller, offers a much larger potential drying surface area.
Therefore, drying is accelerated with increasing expansion for low saturations, due to the

probability of interconnection with drying-induced cracking.

4.3. Importance for modelling

This study is pertinent for modeling, particularly in numerical analyses seeking to elucidate
the coupling between the chemical advancement and the evolution of mass transport during
crack propagation due to ISR. The influence of ISR on water diffusivity under drying
conditions is marginal, with no discernible impact observed for ASR and only a slight
augmentation noted for DEF. However, permeability is strongly affected by both
pathologies, which is crucial for calculating leakage flow rates in containment structures.
The high dependence of permeability on expansion level is also an important concern for
dams damaged by ISR. The data presented in this paper can be used to evaluate the
evolution of concrete permeability due to ISR-induced cracks without perturbation related
to reaction mechanisms between the fluid and the concrete. This is a key parameter to
model this highly combined thermo-hydro-chemo-mechanical problem with minimal

interaction between the different mechanisms.

The present work is the first tentative to quantify the effect of ISR on permeability in
parallel to the three other transport properties with the standardized method. Next, it will

be completed by a test performed with a new measurement device currently under
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development in the laboratory that eliminates the effect of confining pressure. In
conclusion, improving methods for monitoring permeability and saturation in massive
structures is critical to ensuring their performance and durability. The proposed
approaches, such as advanced instrumentation and numerical modelling allow a better
understanding and anticipating for variations in these properties and thus more effectively

manage the associated risks.

5. Conclusion

The characterization of mass transport properties in structural concrete is essential to
evaluate leakage evolution in containment structures damaged by ASR or DEF. These
chemical attacks induce swelling and internal cracking with different patterns, requiring
transport property quantification under realistic saturation conditions for operating

structures.

The main conclusions of this work are as follow:

(@) ASR does not significantly alter porosity or diffusivity but has a marked
impact on air permeability due to localized cracking. For an expansion level
of approximately 0.06%, ASR increases permeability by more than 10 times
compared to undamaged concrete, even under high saturation conditions,
meaning that cracks occur at early expansion level.

(b) DEF slightly accelerates drying with increasing expansion and significantly
modifies permeability. It produces finer and denser cracks compared to ASR

at similar expansion levels. For an expansion level of approximately 0.06%,
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DEF increases permeability by about 4 times compared to undamaged

concrete.

The permeability evolution of concretes damaged by ASR and DEF reflects the differences

in crack pattern produced by these two degradation mechanisms:

(a) ASR produces macroscopic skin cracks. These surface cracks have a significant
effect on air permeability, and this effect remains independent of saturation
conditions for expansions less than or equal to 0.12%. Above this threshold, the
progression of microstructural cracks extending from the interior of the aggregates
towards the cement paste leads to an increased connection between the initial
porous network and this newly formed network of cracks. This leads to a significant
increase in permeability throughout the volume of the damaged concrete.

(b) DEF on air permeability is strongly dependent on the degree of saturation. This
dependence results in the absence of macroscopic cracking for DEF expansions up
t0 0.22%. The cracking that does occur is mainly microcracking, diffuse and closely

associated with the initial pore network.

Practical implications :

(@) The consequences of ISR-induced permeability changes on leakage are
significant and must be considered in the management and maintenance of

containment structures.

41



(b) Empirical laws can be developed from this study to describe the evolution of
permeability with expansion and damage, enabling assessments of ISR effects on

leakage in structural concrete.
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