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Abstract: Concrete structures that experience internal swelling reactions are often affected by other
deleterious mechanisms, such as creep and shrinkage. In Brazil and many other countries around
the world, numerous cases of building foundations and concrete dams were investigated due to the
damage associated with internal expansions. Macroscopic models for the numerical representation
of these expansions must take into account the influence of key environmental parameters such as
temperature, degree of saturation, and the rate of development of the chemical reaction. To be relevant
in structural applications, concrete creep models must consider several important phenomena, such
as non-linearity, multi-axiality, and thermal and drying effects. In order to prevent these pathologies,
to plan rehabilitation work, and to develop new design procedures, numerical simulation using
the finite element method (FEM) is a very useful tool. This work aimed to implement a chemical
model to simulate the advancement of the internal expansion reactions and a mechanical model to
simulate creep and shrinkage phenomena in COMSOL Multiphysics® to reassess concrete structures
suffering from these mechanisms. Both models were implemented separately to evaluate their
responses and compare them with the theoretical results and experimental benchmarks proposed by
the developers of these models. The numerical results obtained presented an excellent agreement with
the experimental results, with a deviation of less than 10%, which showed that the implementation
of the developed numerical models was very efficient. Moreover, this research holds significant
importance as the mathematical models used to simulate internal expansions in concrete are currently
only available in limited-use FEM software’s. Therefore, demonstrating the successful implementation
of these models in widely used finite element programs and their ability to produce reliable results
would be a valuable contribution.

Keywords: concrete; COMSOL Multiphysics®; creep; internal swelling expansions; numerical
simulation; shrinkage

1. Introduction

Concrete is probably the most used civil construction material in the modern world.
Among the biggest consumers of this material in the construction of buildings and public
infrastructure are developing countries such as China, India, and Brazil. In this context,
the durability of concrete structures has been an important research topic worldwide
because rehabilitation works on early deteriorated structures usually involve many financial
resources [1].
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Assessment of the structural behavior of the material under mechanical and environ-
mental loads usually requires consideration of its viscosity, elasticity, and plastic behavior.
Thus, the material can be considered as an elasto-viscoplastic material, and its deformation
properties can result from shrinkage, creep, and damage phenomena (in compression or
tension) [2].

Stresses associated with shrinkage and creep are considered to be two major factors
affecting the durability of concrete structures over time. To better understand how these
stresses evolve, many experimental test campaigns and numerical models have been
developed, with the main aim of predicting specific responses to these phenomena [3].

Another important issue that changes the material’s strength and strain properties is
the internal expansion response of concrete, which causes the material to expand. Chemical
and physical expansion processes activated by certain environmental conditions can lead
to significant losses in the strength and stiffness of concrete structures [3]. When these envi-
ronmental conditions exist, expansion damage may occur due to one or more pathologies
affecting concrete structures [1,4].

The inadequate durability of concrete can be seen in pathological manifestations.
Agents of these pathologies can arise within the material or from its interaction with
the external environment. Internally, these agents can be found in cement or aggregates’
chemical and mineralogical composition. Externally, aggressive substances penetrate the
interior of concrete structures through the capillary network (connected porous matrix) in
the form of gases, vapors, or liquids, leading to chemical deterioration, which may involve
the formation of expansive products (e.g., the alkali–aggregate reaction—AAR) [1,5].

Some pathologies such as the alkali–silica reaction (ASR) and delayed ettringite for-
mation (DEF), external sulfate attack, and even frost, are considered as internal swelling
processes (ISPs). ISPs cause internal expansions in the concrete, leading to an early cracking
occurrence with a consequent decrease in its mechanical properties and the durability of the
material. These pathological manifestations often cause severe problems in terms of service-
ability, structural integrity, and sustainable operation of concrete structures. ASR and DEF
are often observed to occur simultaneously in concrete structures, necessitating a precise
understanding of these processes when they occur in isolated or combined situations [6]. In
general, the alkali–aggregate reaction (AAR) is a phenomenon involving chemical reactions
in which some constituents of the aggregate react with the alkaline hydroxides dissolved
in the solution of the concrete pores. Under specific conditions, deleterious expansion of
concrete or mortar may result from AARs [7]

Four conditions must be satisfied to generate AARs in concrete:

• the use of reactive aggregate;
• an adequate level of alkalinity;
• sufficient moisture in the pores of concrete;
• high temperature.

Understanding AAR is very complex, and these processes play an important role in
the pathologies found in large structures such as bridges, railroads, dams, and building
foundations. The damage caused by AAR ranges from localized cracking to widespread
failure and performance degradation. The effective resolution of this problem is also
very complex, as the description of the reaction mechanism has not yet been conclusively
formulated and accepted worldwide, and experimental tests to carefully observe the
phenomenon require a considerable amount of time and resources.

As the evolution of ASR is a process that usually takes many years to produce visible
damage, it is very important to predict the behavior of concrete structures affected by ASR,
so that it is possible to assess the stability and durability of these structures. On the other
hand, numerical simulations of concrete structures affected by ASR generally neglect the
important interactions and effects of time on concrete, such as creep and shrinkage [1,8,9].

The research gap refers to the limited understanding of internal expansion reactions
in concrete structures at a microstructural level. While empirical data and macroscopic
models offer some insights, they lack the precision required to capture the complexities
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of these reactions. However, by utilizing finite element analysis, it becomes possible
to examine internal expansion reactions in concrete in great detail, taking into account
chemical processes, material properties, and structural interactions at a microscopic level.
This approach allows for more accurate predictions of expansion behavior, which is crucial
for designing durable concrete structures capable of withstanding the long-term effects
of internal reactions and improving the safety and reliability of infrastructure projects.
Moreover, this research holds significant importance as the mathematical models used to
simulate internal expansions in concrete are currently only available in limited-use FEM
software. Therefore, demonstrating the successful implementation of these models in
widely used finite element programs and their ability to produce reliable results would be
a valuable contribution.

Research Significance

The rapid development of large cities around the world has generated a growing
demand for new infrastructure equipment (such as highways, dams, long tunnels, bridges,
viaducts, and power stations). This demand usually requires the use of large quantities of
concrete, along with a significant volume of aggregates—both fine and coarse. Design and
construction engineers need to exercise caution in this regard, as the use of potentially reac-
tive aggregates can increase the risk of expansive reactions occurring within the concrete.
This is an important issue because reactive aggregates are readily available at a lower cost
and with a lower environmental impact compared to non-reactive materials [10]. How-
ever, the use of reactive aggregates can also lead to the development of internal expansive
reactions from various sources, which can damage the concrete, even at an early stage [5].

The internal expansion in concrete can result in significant deterioration, leading to
costly maintenance or rehabilitation expenses for affected structures. Numerous countries
have reported instances of delayed ettringite formation (DEF) and alkali–aggregate reac-
tions (AAR) occurring in concrete infrastructure equipment. These occurrences typically
coincide when siliceous aggregates, high temperatures, and moisture during the curing
phase are present.

In certain countries, significant financial resources have been allocated towards the
repair and upkeep of concrete structures impacted by internal expansions. For instance,
Broekmans [11] documented an annual expenditure of EUR 2 billion for the maintenance
and reconstruction of ASR-affected structures in Europe. Similarly, South Africa expended
approximately USD 350 million between 1970 and 1996. In 2008, sponsors of the ICAAR
Conference estimated that the yearly expense for rehabilitating and re-placing buildings
affected by internal expansion reactions amounted to USD 2.6 billion.

One important example is the Elgeseter Bridge. In the early 1990s, USD 6.8 million
was spent on rehabilitating a large part of the bridge’s superstructure, which had been
affected by the AAR, an amount much higher than that invested in its construction [12].

These significant sums of money are a major concern for the construction industry
and also for governments around the world. This has led to the creation and funding
of many research centers (e.g., LMDC-INSA) to develop appropriate technology for the
characterization, mitigation, and repair of affected structures. The main research centers
are located in France, Canada, the UK, Germany, and the USA.

In this context, conducting research that enhances the understanding of internal
expansions in concrete and enables the development of design and construction strategies
to minimize their impact is a significant scientific matter. From this perspective, utilizing
numerical simulations with the finite element method to analyze the phenomenon is a
promising approach to quantifying the extent of damage caused by these reactions. The
findings from these simulations can assist in making informed decisions regarding the
most suitable structural rehabilitation strategies to be implemented, and they can also serve
as a foundation for revising the design and construction criteria for concrete structures in
areas where these reactions are likely to occur [13].
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2. Swelling and Cracking Mechanisms Related to ASR

ASR causes expansion and cracking in concrete, and this process drastically reduces
the durability of the material. ASR is caused by certain rocks and siliceous minerals, such
as opal, chert, microcrystalline quartz, and acid volcanic glass, which are present in some
aggregates. This expansion reaction is recognized as one of the most important causes of
concrete structure deterioration in the USA and in several countries around the world [14].

Although it usually occurs in several stages, ASR expansions can be summarized
in two steps. The first one is the rupture of the aggregated siloxane networks (Si-O-Si)
caused by the attack of hydroxyl ions. This process produces alkali silicate and silicic
acid, which react immediately with more hydroxyl ions. The product resulting from this
reaction—alkali silicate or alkali–silica gel—is amorphous and hygroscopic. The second
stage is the expansion of the alkali–silica gel due to the absorption of free water, which
causes cracks in the cement paste and in the aggregate.

The ASR product is solid in the absence of water and in this state is usually referred to
as a basic gel. The gel has the ability to absorb water molecules, which causes it to swell
and transform into a fluid. From a microscopic point of view, the evolution of ASR can be
seen as a four-stage process. Stage I, generally referred to as the micro nucleation stage, is
the onset of the reaction that starts around the aggregate, causing practically no expansion.
The formation of the gel in the pores of the aggregates occurs in Stage II, when the stresses
that will crack the material are induced.

Acceleration of the reaction occurs in Stage III. At this point, the deterioration process
of the material becomes more visible, and cracks spread to the cement paste. At this stage,
the size and amount of cracks increase and the gel circulates between them, reaching
more distant voids inside the cement paste. The stage where material deterioration is
clearly visible with reinforcement bar rupture and loss of material integrity is referred to as
Stage IV.

The mechanism of expansion and cracking in concrete due to the ASR is very complex
and it is still not completely understood. Despite that, it is widely accepted that the resulting
deleterious process arises from the water absorption by the gel, causing its expansion and
increasing internal tensile stresses. When these tensile stresses overcome the material
strength, surface cracks form and spread in a non-uniform way.

Osmotic pressure theory states that the cement paste works as a semipermeable mem-
brane surrounding the reactive aggregate. This way, it avoids the diffusion of alkali–silicate
ions from the reactive locations into the surrounding cement paste, while the water can
move through the pore solution. Therefore, an osmotic pressure cell forms and the
alkali–silica gel swells with the increasing hydrostatic pressure, inducing cracking in the
cement paste [15–17].

Mechanical expansion theory suggests that a solid layer of alkali silicate forms on
the surface of the reactive aggregate. This layer absorbs water from the pore solution and
changes from a solid to a gel, and this is followed by the absorption of more water into the
gel. As a result, the gel swells, inducing cracks in the cement paste.

Another mechanism proposed by Ichikawa and Miura [18] states that the diffusion
of the viscous alkali–silicate gel does not occur due to the tight packing of the reactive
aggregate with an insoluble and rigid reaction rim. However, it does allow the alkaline
solution to penetrate. Once the rim is formed, any excess alkali–silica gel produced is
stored within the aggregate, resulting in the generation of expansive pressure. When the
material’s strength is surpassed, it leads to cracking in the aggregates and the surrounding
cement paste.

2.1. Factors Influencing the Evolution of ASR

There are several factors that can affect the expansion of a concrete structure induced
by ASR. These include the alkali content in the cement, the type and size of the aggregate,
the 3D confining stresses, the ambient temperature, and the relative humidity [19,20].
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The specific surface area of aggregates has an impact on swelling. More gel can migrate
into the connected porosity of a smaller aggregate compared to a larger one. Additionally,
a pessimum effect is observed, depending on the size of the aggregates. The size of the
aggregate that leads to the highest ASR expansion depends on the nature and composition
of the aggregate. For aggregates that react quickly, it has been found that the quantity of
soluble silica is similar for different particle sizes of a specific aggregate. However, the
expansion varies for different sizes, with higher expansions observed for coarse particles.
This phenomenon can be explained by the amount of silica consumed during the cracking
of the aggregate. When the aggregate is small, cracking occurs, and the silica is strongly
attacked. In contrast, for a larger aggregate, its core has not yet reacted at the time of
cracking. The resulting ASR gel only causes a small increase in pressure due to the space
created by the cracking [21,22].

Accelerated laboratory tests have shown that temperature directly affects the pro-
gression of ASRs. In other words, higher temperatures lead to faster reactions. This
phenomenon can be explained by the fact that as the temperature rises, the solubility of
silica increases while the solubility of calcium hydroxide decreases. This makes the silica
more conducive to reaction and reduces the ability of calcium hydroxide to combine with
the gel. As a result, the rate of expansion due to ASR increases [23].

The ASR gel is hydrophilic and has a high water absorption capacity. Experimental
data indicate that its expansion is directly influenced by the relative humidity (RH) of the
surrounding environment. Ulm et al. [24] showed that significant swelling occurs when
the relative humidity exceeds approximately 70%. Other studies have suggested that the
final swelling is less pronounced at 100% relative humidity compared to 96%, potentially
due to alkali leaching.

The confining stresses are widely recognized as crucial factors influencing the expan-
sion caused by ASR. These stresses have the ability to limit or even completely hinder the
free expansion of the concrete structure. When compression stress is applied in a specific
direction, it can decrease the expansion in that particular direction. Conversely, tensile
stress can amplify the expansion in that direction [25].

2.2. Numerical Modeling of ASR

Numerical models capable of describing the alkali–silica reaction (ASR) have been
developed since the 1980s. However, the scientific community has not yet reached a consen-
sus on a model that can fully describe and replicate the evolution of ASR-affected concrete
structures, as well as on the parameters that should be considered in the model [26–28].

Mathematical models can be categorized based on their scale as microscopic, meso-
scopic, and macroscopic models [9]. Microscopic models focus solely on chemical reactions
and typically analyze a representative volume element (RVE) consisting of a cement–
aggregate system. Mesoscopic models aim to capture the mechanical deterioration of ASR
on a material scale and propose establishing a connection with larger structures. Concrete
anisotropy is represented by coupling the multiphase nature of concrete (aggregate, cement
paste, pores, and ASR gel). ASR swelling is depicted as either the expansion of randomly
distributed gels or an equivalent expansion of aggregate particles. Macroscopic models
address the coupled chemo–mechanical behavior of ASR-induced expansion in affected
concrete structures by combining chemical reaction kinetics with linear or non-linear me-
chanical constitutive equations formulated within the framework of the finite element
method (FEM). These models aim to replicate and predict the long-term behavior observed
in real ASR-affected concrete structures.

3. Poromechanical Theory

Poroelasticity is a mechanical theory that explains the behavior of porous materials,
including soils and rocks, under stress. It combines the principles of fluid mechanics,
elasticity, and porosity to model the flow and deformation of fluids within porous materials.
The theory takes into account the effects of fluid pressure and stress on the solid matrix of
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the material, as well as the interaction between these factors, which ultimately affect the
overall deformation of the material.

3.1. Chemical Modelling

The ASR (alkali–silica reaction) causes the formation of new phases within the porous
matrix of concrete. This leads to increased pressure on the solid skeleton of the concrete
due to limited space, resulting in tensile stresses around the reactive locations (aggregates).
Therefore, the theory of poro-mechanics considers the impact of this intrapore pressure on
the solid skeleton of the concrete [20].

The physical phenomena responsible for the degradation of the mechanical behavior
of concrete structures affected by ASR typically involve the following phases: (a) creation
of the ASR gel—chemical reactions lead to the formation of a volume of intrapore swelling
product known as ASR gel; (b) creation of intrapore pressure—once the entire pore volume
surrounding the reactive site (silica aggregate) is filled with the reaction product, intra-pore
pressure is generated; (c) development of diffuse cracking—intra-pore pressures generate
tensile stresses in the cement paste, and when these stresses exceed the material’s tensile
strength, a process of diffuse cracking initiates; (d) creep due to intra-pore pressures—over
time, as the pressure from the gel continues to exert itself on the solid skeleton, creep occurs;
(e) development of localized cracking—when external loading is applied to the concrete
structure, localized cracks may form. These cracks facilitate the penetration of water and
other harmful agents such as CO2, which can accelerate or reactivate the swelling reaction.

The advancement of the reaction (Aasr) has values ranging from 0 (before the onset of
the reaction) to 1 (when the reaction is complete). This advancement can be calculated by:

δAasr

δt
=

1
τasr

re f
·CT,asr·CW,asr·〈Sr− Aasr〉+ (1)

where τasr
re f is the characteristic time (calibrated using a free-swelling test), Sr is the saturation

degree, CT,asr is the coefficient for temperature effect, and CW,asr is the coefficient for
humidity effect. The effect of temperature (CT,asr) is formulated with an Arrhenius’ law as:

CT,asr = exp

[
−Easr

R
·
(

1
T
− 1

Tre f

)]
(2)

where Easr is the thermal activation energy (40.000 J/mol), Tre f is the reference temperature
(calibrated on the same test as τasr

re f ), R is the perfect gas constant (8.1314 J/molK), and T is
the temperature in kelvin.

The relative humidity effect (CW,asr) is assessed using a potential law (Equation (3)),
which effectively captures the nonlinear escalation of humidity’s influence on ASR, particu-
larly the significance of saturation levels.

CW,asr =


(

Sr−Srth,asr

1−Srth,asr

)2
i f Sr > Srth,asr

0 i f Sr ≤ Srth,asr
(3)

where Srth,asr is the threshold saturation degree, representing the minimum saturation
degree required to initiate the chemical reaction. Consequently, the chemical reactions lead
to the formation of ASR gel (φasr) within a specified time period, t.

φasr(t) = φasr,∞·Aasr(t) (4)

where φasr,∞ represents the maximum volume ratio of gel that can be formed, and this is
determined through the free-swelling test under the same conditions as τasr

re f .
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Table 1 presents a summary of the key material parameters utilized for the calculation
of ASR gel volume. It also includes the range of values, units of measurement, and the
calibration tests necessary to determine these parameters.

Table 1. Material parameters for gel volume calculation.

Parameter Meaning Range Value in
Laboratory Tests Unit of Measure Calibration Test

φasr,∞ Maximum volume ratio of
ASR gel 0 ∼ 10−2 m3/m3 Free-swelling test

τasr
re f Characteristic time of ASR 0 ∼ 200 Days Free-swelling test

Srth,asr Saturation degree
threshold to activate ASR 0 ∼ 0.1 - Swelling test for different

hydric conditions

Tre f
Reference temperature at
which the test is carried out Temperature value °C -

Easr Activation energy for the
kinetics of ASR 40.00 J/mol Swelling test for

different temperatures

The intrapore pressure (Pasr) induced by the swelling of the ASR gel is determined by
the volume of gel produced. This volume (φasr) is compared to the available volume for
the gel to expand into (φv

asr) in order to calculate the pressure at any given moment:

Pasr = Masr·〈φasr − 〈φv
asr·

Pasr
∼
R

t

I

+ basr·tr(εe + εcr) + tr(εp,asr)〉+〉+ (5)

where Masr represents the Biot modulus, which governs the interaction between ASR
gel and the cement matrix; basr is the Biot coefficient used to account for the increase in
porosity volume caused by the evolution of intrapore pressure; φv

asr denotes the available

void volume;
∼
R

t

I refers to the micro-tensile strength of the material; tr(εe + εcr) represents
the variation of porosity due to concrete strain, comprising the sum of elastic strain (εe)
and creep strain (εcr) of the cement matrix; tr(εp,asr) is the variation of porosity due to
plastic strain, representing the volume of cracks generated by ASR and assumed to be
completely filled by the ASR gel, which is composed of the trace of the plastic strains (εp,asr)
of the cement matrix; and 〈〉+ denotes the Macaulay bracket, which indicates the positive
part operator.

The permeation of the gel (ϕv
asr) is affected by various factors, including connected

porosity, changes in the volume of voids where the gel forms (due to elastic strains or creep
of the cement matrix), and the volume of cracks caused by the ASR. Table 2 provides a
summary of the key material parameters used to determine the volume of the ASR gel,
along with the range of values, units of measurement, and necessary calibration tests.

Table 2. Material parameters for intrapore pressure calculation.

Parameter Meaning Range in Laboratory Tests Unit of Measure Calibration Test

φv
asr

Volume of porosity connected
to the reactive sites ≈10% of φasr m3/m3 Free-swelling test

basr Biot coefficient for ASR 0.1 ∼ 0.25 - Restrained swelling test

Masr
Biot modulus for
gel–matrix interaction 27, 700 MPa Free-swelling test
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3.2. Creep Modelling

In this model, the concrete is considered to be a porous material consisting of a pore
space filled with expansive gel products, embedded in a solid matrix that represents the
concrete skeleton. The drying effect, which impacts the material properties, is simulated
using the concept of effective stress. The strain over time is divided into three components:
elastic strain, permanent creep strain, and reversible creep strain. The latter two strains
correspond to the Maxwell chain and the Kelvin chain, respectively.

Although the microstructure of concrete is not explicitly simulated, the constitutive
equations of the model account for the various underlying phenomena caused by the hetero-
geneity of the material. The model assumes that the viscous behavior occurs in the C–S–H
interlayers, while the other hydrates and aggregates are considered non-viscous elements.

3.2.1. Permanent Creep—Maxwell Strain

Permanent creep is represented by a Maxwell module, which is assumed to be directly
derived from the corresponding elastic strain components (εE

I ). Experimental data support
the proportionality between the creep velocity and εE

I , indicating that multiaxial creep
begins with relative strain rates in different directions (I) that are proportional to εE

I . As a
result, the Maxwell strain component (εM

I ) can be expressed as:

∂εM
I

∂t
=

εE
I

τM
I

(6)

where τM
I represents the characteristic time associated with εM

I and I is the eigenvalue used
to represent the main directions.

The characteristic time is expressed as a function of the reference characteristic time
(τM

re f ), which characterizes the initial material state and the consolidation function (CC
I ).

τM
re f is a fitting parameter that is inversely proportional to the initial creep velocity under

controlled conditions (temperature, humidity, and mechanical loading). CC
I takes into

account the non-linear relationship between the creep potential and the loading rate.

τM
I = τM

re f ·C
C
I (7)

The consolidation function is written as an anisotropic formulation to consider the
varying rates of consolidation in the three main creep directions. Its purpose is to incor-
porate the decrease in the creep strain rate over time without depending solely on the
time variable.

CC
I =

1
k
·exp

(
1
k
·〈

εM
I

εE
I
〉+
)

(8)

where k is the creep coefficient for the same conditions as τM
re f and 〈〉+ is the Macaulay

bracket, which denotes the positive part operator.
The creep coefficient can be expressed as follows, as it is influenced by physical

conditions such as temperature (T), relative humidity (H), and mechanical stress (M):

k = kre f ·CT ·CH ·CM (9)

where kre f is the reference creep coefficient and CT , CH , and CM are the functions associated
with the impact of temperature, humidity, and mechanical loading, respectively.

The reference creep coefficient is then expressed as:

kre f =
εM

re f

εE
re f

(10)
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where εE
re f represents the reference elastic strain, which is a fitting parameter obtained for

a specific applied loading level, and εM
re f denotes the reference creep potential, which is a

fitting parameter associated with the amplitude of the creep function. Both εE
re f and εM

re f are
defined under the same conditions.

The reference elastic strain refers to the strain observed during the creep test when
the load is at 30% or less of the compressive strength. In cases where creep tests have not
been conducted on actual structures, this strain can be estimated by dividing the uniaxial
compressive strength (Rc) by the modulus of elasticity (E), and it is expressed as follows:

εE
re f =

(
Rc
3

)
E

(11)

The function related to the influence of relative humidity (CH) is taken to be equal to
the saturation degree (Sr), expressed as:

CH = Sr (12)

The function that describes the influence of temperature (CT) is considered as the
combination of two functions: the first one represents the impact of temperature on water
viscosity (CT

w) and the second one represents the impact of temperature on the differential
expansion between the inviscid and viscous phases (CT

p ).

CT = CT
w·CT

p (13)

The two functions CT
w and CT

p can be expressed as Arrhenius laws in the follow-
ing manner:

CT
w = exp

[
−Ea

w
R
·
(

1
T
− 1

Tre f ,creep

)]
(14)

CT
p =

{
exp

[
− Ea

p
R ·
(

1
T −

1
Tthr

)]
i f T > Tthr

1 i f T ≤ Tthr
(15)

where Ea
w is the activation energy of water viscosity, approximately 17,000 J/mol; R is the

ideal gas constant, 8.1314 J/(mol.K); T represents the ambient temperature; Tre f ,creep is
the reference temperature used for fitting τM

re f ; Ea
p is the activation energy for differential

dilation between phases, approximately 25,000 J/mol; and Tthr is the temperature threshold,
approximately 45 ◦C, at which thermal damage occurs and alters the creep potential.

The function associated with the influence of the mechanical loading (CM) begins
at 1 for materials with low loads and deviates once the loading level reaches a critical
value that leads to tertiary creep. Tertiary creep is assumed to occur only when there is
microstructural damage. Hence, CM is linked to an equivalent Drucker–Prager criterion
expressed as follows:

CM =
τDP

cr
τDP

cr − τDP ; τDP
cr > τDP (16)

where τDP
cr represents the critical stress that leads to tertiary creep and τDP represents

the Drucker–Prager equivalent shear stress. These two stresses (τDP and τDP
cr ) are then

expressed as:

τDP =

√
σD : σD

2
+ δ· tr(σ)

3
(17)

τDP
cr =

σcr√
3
·
(

1− δ√
3

)
(18)
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where σD represents the deviatoric part of the stress tensor, tr(σ)/3 denotes the hydrostatic
pressure, δ stands for the Drucker–Prager confinement coefficient, and σcr is the assumed
compression uniaxial critical stress. The expression for the uniaxial critical stress is:

σcr =
2
3
·
(

χM

χM − 1

)
·Rc (19)

where Rc represents the uniaxial compressive strength and χM is a fitting parameter that ac-
counts for the nonlinear behavior observed when the specific creep amplification increases
with the loading rate. Table 3 provides a summary of the key material parameters utilized
for calculating the reversible creep, including the range of values and their respective units
of measurement.

Table 3. Material parameters to calculate permanent creep.

Parameter Meaning Range Value in Laboratory Tests Unit of Measure

τM
re f

Reference characteristic time associated with
the Maxwell strain ≈14 Days

Ea
w Activation energy for water viscosity 17, 000 J/mol

Ea
p

Activation energy for differential dilatation
between phases 25, 000 J/mol

Tre f ,creep Reference temperature for which τM
re f is fitted 20 ◦C

Tthr

Temperature threshold for which the thermal
damage appears and modifies the
creep potential

40 ◦C

χM
Fitting parameter responsible for the
non-linear behavior when the specific creep
amplification increases with the loading rate.

2 -

εM
re f Reference creep coefficient 0.9× 10−4 -

3.2.2. Reversible Creep—Kelvin Strain

Reversible creep is modeled with a Kelvin modulus, and the asymptotic strain is
assumed to be proportional to the elastic strain components (εE

ij). The direction ij correspond
to the base in which the stress tensor is expressed. Therefore, the Kelvin strain component
(εK

ij) is written as:

∂εK
ij

∂t
=

1
τK ·

(
εE

ij

ψK − εK
ij

)
(20)

where τK represents the characteristic time associated with εK
ij and ψK is a fitting parameter

used to control the modification of kinetics, adjusting the final amplitude of the reversible
creep. It is obtained through a creep test with strain recovery.

The characteristic time of reversible creep is influenced by environmental factors such
as humidity (CH) and temperature (CT

w, specifically for water viscosity). Consequently, it
can be expressed as:

τK = τK
re f ·C

T
w·CH (21)

where τK
re f is the reference characteristic time associated with εK

ij, which has been calibrated

for the same condition as ψK.
Through an experimental test database, Sellier et al. [29] demonstrated that the re-

versible creep (Kelvin strain) value corresponds to 20–25% of the elastic strain. Table 4
presents a summary of the primary material parameters utilized for calculating the perma-
nent creep, including the range of values and their units of measurement.
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Table 4. Material specifications to determine reversible creep.

Parameter Meaning Range Value in Creep Tests Unit of Measure

ψK
Fitting parameter to control the kinetics
modification, adjusting the final amplitude of
the reversible creep

4 ∼ 5 -

τK
re f

Reference characteristic time associated with
the Kelvin strain 0.70 days

3.3. Implementation in COMSOL Multiphysics®

The models previously presented were implemented using the multiphysics sim-
ulation platform COMSOL Multiphysics® v. 5.5 (Stockholm, Sweden) [30]. COMSOL
Multiphysics is a simulation software designed for modeling and analyzing multi-physics
systems. It is widely used in various engineering and scientific applications, such as electri-
cal, mechanical, mechanical fluids, and chemical systems. COMSOL offers a user-friendly
interface for constructing and solving models, along with advanced post-processing tools
for visualizing and analyzing simulation results.

The solid mechanics interface in COMSOL Multiphysics® is built upon the momentum
balance equation (Equation (22)) as a standard. To simplify the analysis, inertial effects
are neglected, and displacements and strains are assumed to be small (Equation (23)).
Consequently, these equations are accompanied by suitable boundary conditions and a
constitutive law that establishes the relationship between stresses and strains, thereby
providing a comprehensive definition of the problem.

∇·σ + FV = 0 (22)

ε =
1
2
·
(
∇u +∇uT

)
(23)

where σ is the stress tensor, FV represents the body forces, ε is the strain tensor, and u
denotes the displacements.

In order to implement the chemical model, it was necessary to define the general
parameters (environmental parameters, loading, and time), the chemical model parameters,
and the internal variables of the problem. The advancement of the reaction (Aasr) was
implemented as a domain ODE.

For the shrinkage model, the general parameters are the same as before. It was
necessary to define the model parameters one more time, and the internal variables of the
model are shown. The capillary pressure (shrinkage stress) was applied as a pore-pressure,
regarding the poro-mechanical theory, using the external stress sub-node, which allows
the user to specify an additional stress contribution to the material that is not part of the
constitutive relation. The external stress can be added to the total stress tensor or act only
as an extra load contribution. It should be mentioned that when the pore pressure option is
selected, there is no contribution to the stress tensor and the only effect of the pressure is as
a load.

Finally, in the case of the creep model, the definition of the general parameters was the
same as before. Both strains were applied using the external strain sub-node, which allows
the user to provide inelastic strain contributions to the material on a variety of formats,
including using external coded functions. For both modules (Maxwell and Kelvin), the
external coded functions were implemented as ODEs to calculate the strain components in
the main directions (aij = a11, a22) regarding the 2D application.

4. Results and Discussion

This section presents the main numerical simulations and the corresponding experi-
mental results of the models. Two calibration methods, theoretical and experimental, were
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used for the implementation in COMSOL. To simplify the evaluation of the chemical model,
simulations in a 0-D framework were conducted, while simulations in a 2-D framework
were used to evaluate the creep model.

4.1. Results of the Chemical Model

The aim of this study was to evaluate the effectiveness of the chemical model imple-
mented in COMSOL Multiphysics® by examining the advancement of the reaction (Aasr),
which is the main factor responsible for gel formation. The impact of three key factors on
the reaction progression was investigated through parametric analysis: (i) characteristic
time (τasr

re f ); (ii) temperature (T); and (iii) saturation degree (Sr). The primary material
characteristics utilized in the modeling are presented in Table 3 from the previous section.

The initial method did not explicitly incorporate a material such as concrete, and
instead, it was represented within a 0-D framework. In this framework, the substance
is represented by a point, and the chemical reaction is depicted without considering the
material’s behavior. The analysis and validation of the chemical model were the only
aspects addressed.

The parametric investigation on the characteristic time (τasr
re f ) is shown in Figure 1,

with the material parameter set at 50, 100, 150, and 200 days. The temperature was set at
38 ◦C, and the saturation level was set at 100%. It can be observed that the development of
Aasr aligns well with the experimental results presented in [20].
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Figure 1. Effects of the characteristic time over the advancement of the reaction (experimental data
of [20].

The temperature (T) was subjected to a parametric investigation, with the environmen-
tal parameter set at 10, 20, 30, and 40 ◦C. Figure 2 illustrates the findings. The saturation
degree was maintained at 100%, and the characteristic time was set to 50 days. Compar-
ing the results to those presented in [20], the numerical model developed demonstrates
consistent and satisfactory performance.
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Figure 2. Effects of temperature over the advancement of the reaction (experimental data of [20]).

The parametric investigation on the saturation degree (Sr) is shown in Figure 3, with
environmental parameters set at 25%, 50%, 75%, and 100%. The characteristic time was
set to 50 days, and the temperature was set at 38 ◦C. Figure 3 demonstrates that the
advancement of the reaction (Aasr) is more moderate compared to the findings of [20]. For
example, the developed model shows an advance of 80% one hundredth of a day after the
reaction begins, for a saturation level of 100%. In contrast, the model from [19] shows an
advance of approximately 90% under the same conditions.
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The developed model consistently demonstrated a slow reaction evolution across
various saturation degrees, mirroring the behavior presented in [20]. However, an exception
to this pattern was observed at a saturation degree of 25%, where both the developed model
and the model from [20] yielded nearly identical results.

To investigate the possible origin of the observed discrepancy, we utilized the model
proposed by [20] to analyze the results for the following data: temperature of 38 ◦C,
characteristic time (τasr

re f ) of 50 days, and saturation degree of 100%. The initial analysis
aimed to evaluate the impact of the characteristic time, while the subsequent analysis
focused on assessing the degree of saturation. Figure 4 illustrates the comparison between
these two analyses. Initially, it was anticipated that these two curves would exhibit almost
identical behaviors. However, a disparity in the advancement of the reaction was observed
during the first two hundred days. Specifically, the curve evaluating the influence of
the degree of saturation displayed a faster progression of the reaction, approximately
12% higher, during this time period. The authors speculate that this discrepancy lacks a
clear and identifiable origin, but it could potentially be attributed to a modification in one
of the parameters employed in the research conducted by [20].
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4.2. Results of the Creep Model

To evaluate the implementation of the creep model in COMSOL Multiphysics® v. 5.5,
it was necessary to simulate the creep tests conducted by [31,32]. Previous studies con-
ducted by Sellier et al. [33] involved calibrating the main material parameters and com-
paring the results of their developed model with experimental data, which showed a very
good agreement.

In order to verify the behavior of the developed numerical model, the experimental
2-D models tested by [32] were computationally simulated. These models involved uniaxial
and biaxial compression tests on concrete cubic elements with a side length of 200 mm. The
concrete used in these tests had compressive strengths of 26, 44, and 54 MPa.

Figure 5 illustrates the simulated test configuration, while Table 5 provides the loading
configuration for each investigated scenario and type of concrete. Additionally, Table 6
presents a summary of the calibrated parameters utilized in the simulation of the creep
tests conducted by [32].
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Table 5. Loading scenarios for the multiaxial creep tests by [31].

Concrete Compressive
Strength (MPa)

Uniaxial Compression Biaxial Compression

Stress Level 1
(MPa)

Stress Level 2
(MPa)

Stress Level 1
(MPa)

Stress Level 2
(MPa)

Stress Level 3
(MPa)

26 σI = 4.9 σI = 9.8 σI = 4.9
σI I = 0.98

σI = 4.9
σI I = 1.96

σI = 9.8
σI I = 1.96

44 σI = 7.35 σI = 9.8 σI = 7.35
σI I = 1.47

σI = 7.35
σI I = 2.94

σI = 9.8
σI I = 2.94

54 σI = 9.8 σI = 12.25 σI = 9.8
σI I = 1.96

σI = 9.8
σI I = 3.92

σI = 12.25
σI I = 3.92

Figures 6–8 depict the strain evolutions over time for concretes C1, C2, and C3 in both
the numerical models developed and the specimens tested in [31], under uniaxial compres-
sion stress. Upon observing these figures, it is evident that the numerical models exhibit
excellent performance in replicating the experimental responses of the tested specimens
across all investigated concrete strengths.
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Table 6. Main material parameters used to simulate creep tests performed by [31].

Concrete# Parameter Value

C1

fc (MPa) 26

E (MPa) 24.010

υ 0.18

τK
re f (days) 2

τM
re f (days) 15

εM
re f 10 × 10−5

ψK 4

εE
re f 211 × 10−6

C2

fc (MPa) 44.1

E (MPa) 29.841

υ 0.18

τK
re f (days) 2

τM
re f (days) 15

εM
re f 9 × 10−5

ψK 4

εE
re f 246 × 10−6

C3

fc (MPa) 54.3

E (MPa) 34.006

υ 0.18

τK
re f (days) 3

τM
re f (days) 20

εM
re f 7.5 × 10−5

ψK 4

εE
re f 288 × 10−6

The most significant disparities between the numerical models and the experimental
tests were consistently observed at the highest levels of the applied stresses. However, it is
worth noting that the maximum difference observed was only 10%, and this was primarily
observed in concrete with higher compressive strength and a longer duration of strain
measurements. This level of difference is deemed acceptable for numerical simulations of
complex issues such as creep strains. The following factors can account for these differences
in the strain evolution over time: (a) variations in environmental conditions during testing,
(b) inadequately determined boundary conditions in the simulation, and (c) numerical
solvers that are not well-suited for complex problems.

Overall, the numerical models developed demonstrate a strong ability to accurately
replicate the experimental responses of the tested specimens, with only minor discrepancies
observed at the highest stress levels.

Figures 9–11 show the strain evolutions over time for concretes C1, C2, and C3 in both
the numerical models and the specimens tested in [30], under biaxial compression stress.
The numerical models of biaxial tests exhibited similar behaviors to the uniaxial tests. The
maximum difference between the numerical and experimental models was observed to be
13%. This difference is considered acceptable for such a complex problem, as the simulation
results were in good agreement with the experimental data.



Buildings 2023, 13, 2575 17 of 22

Buildings 2023, 13, x FOR PEER REVIEW 17 of 23 
 

differences in the strain evolution over time: (a) variations in environmental conditions 

during testing, (b) inadequately determined boundary conditions in the simulation, and 

(c) numerical solvers that are not well-suited for complex problems. 

Overall, the numerical models developed demonstrate a strong ability to accurately 

replicate the experimental responses of the tested specimens, with only minor discrepan-

cies observed at the highest stress levels. 

 

Figure 6. Evolution of the total strain for the 26 MPa compressive strength concrete under uniaxial 

compression (experimental data of [31]). 

 

Figure 7. Evolution of the total strain for the 44 MPa compressive strength concrete under uniaxial 

compression (experimental data of [31]). 

-0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0 10 20 30 40 50 60 70 80

S
tr

ai
n

 (
µ

m
/m

)

Time (days)

Kim (2005) - Uniaxial Compression Test (2D) - Concrete type C1 (Rc=26MPa / E=24.010 GPa)

 1 - U2 (9.8 MPa)  2 - U2 (9.8 MPa)  1 - U1(4.9 MPa)

 2 - U1 (4.9 MPa)  1 - U1 (4.9 MPa), Kim et al., 2005  2 - U1 (4.9 MPa), Kim et al., 2005

 1 - U2 (9.8 MPa), Kim et al., 2005  2 - U2 (9.8 MPa), Kim et al., 2005

-0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0 10 20 30 40 50 60 70 80

S
tr

ai
n

 (
µ

m
/m

)

Time (days)

Kim (2005) - Uniaxial Compression Test (2D) - Concrete type C2 (Rc=44,1MPa / E=29.841MPa)

 1 - U2 (9.8 MPa)  2 - U2 (9.8 MPa)  1 - U1(7.35 MPa)

 2 - U1 (7.35 MPa)  1 - U1 (7.35 MPa), Kim et al., 2005  2 - U1 (7.35 MPa), Kim et al., 2005

 1 - U2 (9.8 MPa), Kim et al., 2005  2 - U2 (9.8 MPa), Kim et al., 2005

Figure 7. Evolution of the total strain for the 44 MPa compressive strength concrete under uniaxial
compression (experimental data of [31]).
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Figure 8. Evolution of the total strain for the 54 MPa compressive strength concrete under uniaxial
compression (experimental data of [31]).

It is worth noting that the discrepancy in strain ε I (parallel to load σI) was higher
compared to strain ε I I (parallel to load σI I). This suggests that higher loads result in greater
discrepancies, as σI was 2.5 and five times higher than σI I . Additionally, the discrepancy
was found to be higher for longer periods of time, as the creep strain increased over time.

The accuracies of numerical models in predicting creep behaviors under different
temperature conditions were evaluated through the simulated experimental tests conducted
in [32]. Uniaxial creep experiments were performed on 24 cylindrical specimens of high-
performance concrete (HPC) with dimensions of 220 mm in height and 110 mm in diameter.
The HPC had a compressive strength of 86 MPa and Young’s modulus of 45 GPa. During
the experimental tests, creep strains were measured in the principal direction, which was
the direction of the loading. After one year of curing, the specimens were subjected to a
uniaxial compression stress of 26 MPa at temperatures of 20, 50, and 80 ◦C. A schematic
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representation of the simulated tests can be seen in Figure 12, and Table 7 provides the
material properties used in the numerical simulations.
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Figure 9. Evolution of the total strain for the 26 MPa compressive strength concrete under biaxial
compression (experimental data of [31]).
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Figure 10. Evolution of the total strain for the 44 MPa compressive strength concrete under biaxial
compression (experimental data of [31]).

The impact of temperature on the creep tests can be observed through the simulation
results at temperatures of 20, 50, and 80 ◦C. Figure 13 illustrates how the simulation results
demonstrate the influence of temperature on the creep tests. However, the experimental
results for the temperature of 80 ◦C after 56 days were not provided due to a malfunction
of the strain gauges. The high temperature condition caused a failure in the electrical
components of the gauges.
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Figure 11. Evolution of the total strain for the 54 MPa compressive strength concrete under biaxial
compression (experimental data of [31]).
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Table 7. Main material parameters to simulate the creep tests performed in [32].

Parameter Value

f c (MPa) 86

E (T = 20 ◦C) (MPa) 34.800

E (T = 50 ◦C) (MPa) 41.600

E (T = 80 ◦C) (MPa) 45.450

υ 0.28

Ea
p (J/mol) 23.700

τK
re f (days) 5

τM
re f (days) 10

εM
re f 5.5 × 10−5

ψK 5

εE
re f 590 × 10−6
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For all the temperature levels studied, the developed numerical models proved to be
highly effective in capturing the responses of the experimental tests. It was observed that,
for the temperatures of 20 ◦C and 50 ◦C, the numerical models slightly overestimated the
experimental results for extended periods of time. However, the maximum difference did
not exceed 5%, which ensures the reliability of the developed numerical models. Since
there were no test results available for ages beyond 56 days at a temperature of 80 ◦C,
an extrapolation was necessary to generate simulation results beyond that age. These
extrapolated results are also depicted in Figure 13.
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5. Conclusions

Finite element analyses were used to address the research gap in understanding in-
ternal expansion reactions in concrete structures at a microstructural level. The approach
considered chemical processes, material properties, and structural interactions at a micro-
scopic level, resulting in more accurate predictions of expansion behavior.

Numerical results obtained were compared with the data from the literature and the
overall behaviors of the numerical models proved to be very efficient in capturing the
internal expansion mechanism in concrete reported in the experimental tests. The primary
findings are summarized as follows.

For chemical models

• The impact of the characteristic time on the progress of the expansion reactions was
found to be very similar to the experimental tests, given a degree of saturation of 100%
and a temperature of 38 ◦C. However, the most significant difference between the
numerical model and the experimental result was observed for a characteristic time
of 50 days. This discrepancy can be attributed to the fact that the characteristic time
plays a crucial role in determining the reaction kinetics from the beginning to the end
of the swelling process. When the characteristic time is small, it indicates minimal
expansion. Consequently, the numerical model struggles to accurately capture this
phenomenon. Despite this limitation, the obtained results are still promising as the
observed divergence is not substantial.

• The effect of temperature on the progress of expansion reactions, for a degree of
saturation of 100% and a characteristic time of 50 days, was equally close to the
experimental tests. The most pronounced difference between the numerical model
and the experimental result was observed at a temperature of 10 ◦C. This behavior can
be explained for the same reasons as mentioned above, as lower temperatures result
in less progress of the reaction. For higher temperatures, the numerical model was
closer to the experimental results.
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• The effect of the degree of saturation showed the greatest discrepancies between
the numerical models and experimental data. For a fixed temperature of 38 ◦C and
a characteristic time of 50 days, the degree of saturation that led to the greatest
differences was 50%. This discrepancy may be due to an alteration of the parameters
presented in the lab tests, as the curves for the same parameters did not match.

Multiaxial creep tests

• The uniaxial compression results showed a maximum discrepancy of approximately
10% between the simulation and experimental results, which is considered satisfactory
for numerical simulations of the experimental benchmark.

• The biaxial compression results had a maximum discrepancy of approximately 13%,
which is very close to the discrepancy found in the uniaxial compression comparison.

• The discrepancy observed in strain εI (parallel to stress σI) was higher than the discrep-
ancy observed in strain εII (parallel to stress σII). This suggests that higher loads lead
to higher discrepancies, as σI was 2.5 and five times higher than σII. Additionally, the
discrepancy is higher for longer periods of time, as the creep strain increases with time.
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