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ABSTRACT

Alkali-silica reaction (ASR) is one of the common sources of concrete damage
worldwide. The surrounding environment, namely, temperature and humidity greatly
influence the alkali-silica reaction induced expansion. Global warming (GW) has caused
frequent change in the climate and initiated extreme weather events in recent years. These
extreme events anticipate random change in temperature and humidity, and convey
potential threats to the concrete infrastructure. Moreover, external loading conditions also
affect the service life of concrete. Thus, complex mechanisms of ASR under the impact of
seasonal change and global warming require a precise quantitative assessment to guide the
durable infrastructure materials design practices. Despite decades of phenological
observation study, the expansion behavior of ASR under these situations remains to be
understood for capturing the ASR damage properly. Within this context this research
focuses on the mathematical model development to quantify and mitigate ASR-induced
damage. Mesoscale characteristics of ASR concrete was captured in the virtual cement-
concrete lab where the ASR gel-induced expansion zone was added as a uniform thickness
shell. Finite element method (FEM) was used to solve the ASR formation and expansion
evolution. The results of this study are presented in the form of one conference and their
journal manuscripts.

The first manuscript focuses on the development of the governing equations based
on the chemical formulas of alkali-silica reaction to account for the ASR kinetics and

swelling pressure exerted by the ASR expansion. There is a fluid flow and mass transfer in
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the concrete domain due to ASR gel associated from ASR kinetics. This paper involves
derivation of the mass and momentum balance equation in terms of the thermo-hygro-
mechanical (THM) model. THM model accounts for thermal expansion and hygroscopic
swelling in addition to traffic loads to represent volumetric change in the concrete domain.

The second manuscript is a case study based on different cement-aggregate
proportions and alkali hydroxide concentrations. It is important to know how ASR evolves
under variable concentration of the chemical species. The simulated results show that high
concentration of hydroxide ion in concrete initiates more reaction and damage in concrete.
Also chemical reaction moves to the right direction with low cement to aggregate ratio
which means ASR expansion depends on the availability of the reactive aggregates in the
concrete domain.

The third manuscript attempts to develop a simplified ASR model that integrates
chemo-physio-mechanical damage under stochastic weather impact. Stochasicity
incorporates the random behavior of surrounding nature in the model. The simulated results
elucidate that ASR expansion is more severe under the influence of global warming and
climate change. This will support long-term damage forecasts of concrete subjected to
extreme weather events.

The fourth manuscript focuses on the quantification of mechanical damage under
ASR expansion and a dedicated mitigation scheme to minimize it. Added creep loads and
physics identify the role of creep damage on ASR expansion. The results from this paper
confirms that the ASR-induced damage significantly minimize the load carrying capacity
of concrete. It directly affects the compressive strength, tensile strength, and modulus of

elasticity of concrete. Damage in aggregates domain is more than the mortar phase under
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the creep loadings. Among many supplementary materials, fly ash is the most effective in
minimizing ASR expansion and damage. This work also includes a petrographic
comparison between different mineral types collected from different locations to identify
the reactivity of certain aggregates.

Thus, the final outcome of this research is a complete model which is a conclusive
solution to the long-term ASR damage prediction. The validated model provides better
understanding of ASR kinetics from mesoscale perspective. The developed model can
potentially accelerate the precise prediction of concrete service life and mitigation schemes

as well as can be used as an alternative scope to the costly laboratory tests methods.
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CHAPTER ONE: INTRODUCTION AND BACKGROUND
Problem Statement

Damage to concrete infrastructure has become more frequent nowadays. Almost all
types of concrete structures are being affected by this damage, e.g. pavements, bridges,
buildings, and hydraulic dams etc. Aging and detrimental chemical reaction are the major
sources of concrete damage in recent years. These are causing billions of dollars in
damages every year in the United States. Alkali-silica reaction (ASR) is a frequently
occurring undesirable phenomena for concrete damage worldwide.

Portland cement is a widely used construction material. It is frequently used and
preferred over other materials because of its durability, great economy, and long service
life. Cement is used in the construction of concrete materials. It is a binding agent which
reacts with water and aggregates to form the hard skeleton of concrete. However, there are
some undesirable chemical reactions in concrete that can lead to early damage to concrete.
Alkali-aggregate reaction is one of these kinds that is responsible for concrete degradation.
It happens due to the chemical reaction between different components of cement and
reactive aggregates. There are two major types of alkali-aggregate reaction: alkali-
carbonate reaction (ACR) and alkali-silica reaction (ASR). ACR mostly occurs with
dolomitic or ACR-susceptible aggregates which are hardly seen in a few restricted regions,
and thus, concrete damage due to ACR is very rare. On the other hand, ASR is a common
problem which starts with the chemical contact between reactive aggregates and alkali

hydroxides in concrete. Silica from reactive aggregates reacts with alkali hydroxide of



Portland cement to form alkali silica gel in a solid form [1]. This gel further absorbs water
from the surrounding and swells which induces increasing internal pressure in the
cementitious matrix of concrete structure [2]. This pressure can break the coherence
between the components of concrete structure and develop cracks in the concrete domain
with the progression of time. Damage from alkali-silica reaction is very significant across
the United States.

The concrete ASR problem can be influenced by many factors: surrounding
environment, concrete properties, mechanical loadings, aggregate/mineral types, use of
supplementary materials etc. Surrounding environment greatly influences the kinetics of
alkali-silica reaction and damage mechanisms. Effects of ambient temperature and
humidity on the evolution of ASR expansion are clear [3, 4]. High temperature and
humidity lead chemical reaction to the right direction and thus, initiate the ASR gel
production. Moreover, extreme weather events in recent years have increased the
complexity of ASR Kinetics to some extent. Extreme weather is the sudden change in
temperature or relative humidity. Climate change and global warming can alter the
environment and initiate many extreme weather events, i.e. heat waves, rainfall, humidity
or air vapor, snowfall during the winter etc. A small change in global warming can boost
the intensity of many extreme events like heat waves and rainfall [5]. These weather events
have already warmed the United States faster than the global rate since the late 1970s [6].
Heat waves contain warmer air which supplies more water vapor than the cooler air.
Human-induced warming has also increased the amount of available water vapor in the
atmosphere [7-8]. Moreover, some regions can show heavy snowfall during the winter

season. The intensity of snowstorms has increased since the 1950s [9], and become more



frequent across the northern part of the United States [10-11]. Thus, the occurrence of
extreme weather events is an emerging problem to the world. However, ASR kinetics and
its evolution under these extreme events are yet to be justified.

Strength defines the load carrying capacity of concrete which depends on the
interaction and bonding between mortar and aggregate phases of concrete. ASR expansion
and induced-damage reduce the concrete strength significantly. ASR damage reduces the
compressive strength of concrete [12]. Expansion from the alkali-aggregate reaction can
reduce the flexural capacity of concrete [13-15]. Tensile strength of concrete is more likely
to be affected by the ASR phenomena [16, 17]. ASR expansion also reduces the dynamic
modulus of elasticity [15] and Young’s modulus [18] of concrete.

Alkali-silica reaction is also greatly influenced by the type or reactivity of
aggregates. Reactivity of an aggregate depends on its irregular crystallinity as well as the
amount of energy stored in the crystal structure [19]. The swelling behavior of ASR gel
determines the extent of damage to concrete structures, and the mitigation of this damage
depends solely on the preventive measures to gel formation as well as its corresponding
swelling [20]. Several research studies have been conducted to identify ASR mechanisms
and evolution since the 1940s. The mechanism and properties of ASR kinetics under
surrounding environment, extreme weather events, service loadings, and the use of
supplementary materials should be clearly understood to make judicious choice of
materials. The research effort documented in the current master’s thesis focused on the
development of a multiphysics model to capture the ASR mechanisms under these factors

and precisely predict and mitigate ASR-induced expansion as well as damage.



Background
Manuscript - 1

Complex mechanisms of ASR kinetics works on three variables: sufficient alkali
from cement, silica from reactive aggregates and sufficient moisture from the surrounding
area [21]. Alkalies (K* and Na®) from cement reacts with the pore water in concrete and
thus, it produces high pH in the pore solution. This high pH solution breaks the silica bonds
of reactive aggregates and forms alkali-silica gel. Aggregate's reactivity to alkalis are
greatly influenced by its irregular crystallinity. Sometimes non-crystalline silicate
structures are formed by irregular tetrahedral arrangements which make it more porous
than crystalline silicate and thus, more susceptible to reaction. Moisture in concrete
facilitates the flow of ions in concrete. When hard ASR gel absorbs water it goes through
hygroscopic swelling and subsequent expansion. A minimum relative humidity of 80
percent is required to set out alkali-silica reaction and cause significant expansion [22].
Much research has been conducted to assess ASR related problems through lab
experiments and numerical models [23-26]. However, a detailed study on the chemical
species transport as well as ASR evolution in rigid pavement under traffic loads and the
surrounding environment remain to be explored to predict damage in concrete pavements
and other structures.

This manuscript (Chapter 2 of this thesis) evaluates the ASR Kkinetics on a
representative concrete block as a middle portion of a rigid pavement slab. Analysis is done
through a multiphysics model that combines ASR kinetics, traffic loads, and environmental
conditions in the same platform. Analysis is performed considering four key steps:

chemical ingress, traffic loadings, hygroscopic swelling & thermal expansion, and concrete



damage model to predict the service life of concrete. There are six chemical species that
are involved in the ASR kinetics. A finite-element method (FEM) is used to approximate
partial differential equation (PDE)-based governing equation sets that combines two major
fields of transport mechanism: mass balance and momentum balance. This determines the
concentration of each chemical species with the progression of time. A time-dependent
function based on equivalent single axle load (ESAL) data of highway 1084 is developed
to apply traffic loads in the model following the Idaho Transportation Manual (ITD) from
years 2018 to 2048 [27]. Other equation sets were developed to introduce temperature and
moisture variation. Thus, ASR expansion and damage under the impact of chemical
species, traffic loads, and environment are explored.
Manuscript - 2

Aggregates are more or less chemically inactive. However, some reactive
aggregates react with the alkalis in concrete that causes expansion and damage over a long
time. Aggregates consist of stone, gravel, and sands that lie in the concrete matrix. The
mortar or cement paste contain the alkali rich pore solution. Thus, ASR expansion
significantly depends on the proportion of aggregates and availability of alkali hydroxides
in concrete. Moreover, external loading can affect the ASR expansion. A case by case study
is needed to assess these phenomena accurately. Chemophysical mechanism of ASR under
different case studies from the meso-scale perspective is yet to be analyzed.

This manuscript (Chapter 3 of this thesis) attempts to predict ASR- induced damage
in concrete porous media on a case by case basis. A representative 2D concrete block is
considered as a middle portion of a concrete structure. It includes a time-dependent chemo-

mechanical model for different geometric proportions of cement and aggregate particles,



and hydroxile ion concentrations. Modeling is conducted considering four key steps: a
case study on mesoscale geometry, a case study on chemical species, solid mechanics, and
concrete damage. Five sets of concrete geometry are introduced to simulate variable
cement-aggregate proportions in concrete. Two different concentrations of alkali
hydroxide content are considered to simulate variance in concentration of chemical species.
This work identifies the mechanical deterioration in concrete due to ASR in terms of the
volume change, strain, and stress on a case by case basis. The added flexibility to change
cement-aggregate ratio per concrete mix, and alkali hydroxide and siloxane concentrations
per cement-aggregate mineralogy provides with in depth understanding of ASR evolution
and damage.
Manuscript - 3

Extreme weather events can initiate frequent change in certain environmental
conditions like temperature and humidity which will adversely affect the concrete
infrastructures. Climate change and global warming can maximize or minimize the
intensity of temperature and humidity surrounding the concrete structures. This random
change in environmental parameters creates uncertainty in ASR Kinetics, expansion and
associated damage. There is also sharp change in the degree of saturation of porous media
due to ongoing extreme weather events. This will generate frequent expansion and
shrinkage in the tiny pores of the concrete porous media. Thus, extreme weather events are
a potential source of damage to the ASR occupied concrete structures. However, impact of
extreme weather events on concrete structures have been frequently underestimated.
Moreover saturated porous media and constant environmental conditions assumption can

lead to over or under conservative design practices. To capture the evolution of alkali-silica



reaction precisely the effects of uncertain environmental and extreme weather conditions
on concrete porous media must be evaluated accurately.

Within this context, this manuscript (Chapter 4 of this thesis) develops a simplified
alkali silica reaction model to capture the uncertainties involved in the transport of the
chemical species in the variably saturated porous media of concrete under the impacts of
seasonal variation and extreme weather events in terms of a stochastic process. The
proposed model incorporates global warming impact-induced weather data and its
stochastic representation as input parameters, and provides a new perspective of ASR
evolution and damage under a real-world scenario.

Manuscript - 4

Alkali silica reaction deteriorates the concrete service life by reducing the load
carrying capacity of concrete. Study [28] performed lab tests on the ASR affected concrete
prism to record the ASR-induced mechanical damage with time. According to this study,
there are noticeable reductions in the compressive strength, tensile capacity, and Young’s
modulus of concrete due to the alkali-silica reaction, especially under the high temperature
and alkali content. Moreover, random distribution of aggregate particles from different
mineral sites adds complexity to ASR mechanisms.

The mitigation process of ASR damage is also a very challenging job. Several lab
experiments have been conducted to evaluate the effectiveness of supplementary materials
in mitigation measures [29-31]. These lab tests are mostly limited to certain test set ups
and fixed weather conditions which are costly and time consuming in many cases. No

promising work has been developed so far to assess the mitigation measures in a modeling



platform. A robust numerical model can potentially predict chemo-mechanical damage of
ASR and incorporate the mitigation scheme to minimize it.

This manuscript (Chapter 5 of this thesis) proposes a new modeling approach to
track the mechanical damage in concrete with the progress of alkali-silica reaction as well
as a mitigation module to minimize concrete damage. This work determines mechanical
properties of ASR affected concrete in terms of a modified strength model. It includes a
case study to evaluate the change in compressive strength, tensile strength, and Young’s
modulus of concrete with the progression of time under the impacts of ASR and creep
loadings. 17 different types of coarse aggregate are considered in the model as part of the
petrographic analysis. Added mitigation schemes define the applicability of different
supplementary materials, i.e. fly ash, slag and silica fumes in minimizing ASR expansion.

Research Objectives, Tasks, and Thesis Preparation

The main objective of this master’s thesis research was to develop numerical model
to quantify alkali-silica reaction damage in concrete pavement and structures in terms of
ASR Kinetics, disparate geometry and chemical species concentrations, global warming,
climate change and stochastic weather events, service loadings, and mitigation schemes.
The research work has been reported in the form of four different manuscripts.

This Master’s thesis document includes six chapters in it. Chapter 2 contains
manuscript # 1, titled “A Meso-Scale Multiphysics Model for Predicting Concrete
Pavement Performance Subject to ASR Degradation”. The primary objective of this
manuscript was to evaluate ASR expansion and damage in a concrete pavement under all
chemical species involved in the ASR kinetics. A 3D concrete geometry was developed to

replicate the middle portion of a rigid pavement, and also developed governing equation



sets incorporating complex chemophysics of ASR and traffic loadings into the pavement
model. Findings from these tasks have been detailed in Chapter 2 of this thesis.

Chapter 3 contains manuscript # 2, titled “A Time-Dependent Chemo-Mechanical
Analysis of Alkali-Silica Reaction for The Disparate Geometry of Concrete Meso-
Structure”. The primary objective of this manuscript was to introduce disparate geometry
and compositions in the ASR model to quantify ASR damage in terms of different cement-
aggregate proportions and alkali hydroxide concentrations. A 2D meso-scale geometry was
used as a representative concrete block to run case studies on the ASR model based on the
governing equation sets. Findings from these tasks have been detailed in Chapter 3 of this
thesis.

Chapter 4 includes manuscript # 3, titled “A Stochastic Model to Evaluate Alkali-
Silica Reaction (ASR) in Concrete Subject to Global Warming and Climate Change
Impacts”. The main objective of this manuscript was to evaluate the impacts of weather
uncertainty on the mechanism of ASR expansion. A stochastic approach was used to
produce randomized temperature and relative humidity data from climate change and
global warming effects. Thus, the 2D meso-scale model simulated ASR evolution under
extreme weather events. Findings from these tasks have been presented in Chapter 4 of this
thesis.

Chapter 5 includes manuscript # 4, titled “Mitigation Schemes for The Alkali-Silica
Reaction (ASR)-induced Damage: A Mineralogical Study on Concrete”. The main purpose
of this manuscript was to develop a robust model that can predict and mitigate mechanical
damage of concrete structures under the impacts of alkali-silica reaction and creep

loadings. A strength based mechanical model and different supplementary materials based
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mitigation scheme were developed to analyze ASR damage for 17 types of coarse
aggregate in a 2D meso-scale geometry. Findings from these tasks have been presented in
Chapter 5 of this thesis.

Finally, chapter 6 summarizes all the results and findings from these four
manuscripts, and presents potential scopes for future research and innovation. Table 1-1
summarizes all the individual tasks which were carried out under the scope of this master’s
thesis, and correlates each of the tasks to the technical manuscripts prepared.

Table 1-1 Individual tasks from technical manuscript

Tasks Manuscript

1 | Analysis of complex ASR chemophysics under chemical species | Manuscript #1

transport and traffic loadings in a concrete pavement

2 | Case studies on the ASR model in terms of different cement- Manuscript #2

aggregate proportions and alkali hydroxide concentrations

3 | Evaluation of the impacts of extreme weather events on the ASR | Manuscript #3

Kinetics and expansion

4 | Prediction and mitigation schemes for the mechanical damage of | Manuscript #4

ASR affected concrete structures
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CHAPTER 2: MANUSCRIPT ONE — A MESO-SCALE MULTIPHYSICS MODEL
FOR PREDICTING CONCRETE PAVEMENT PERFORMANCE SUBJECT TO ASR
DEGRADATION!

Abstract

Alkali-silica reaction (ASR) is a major concern as aggregates commonly contain
reactive silica materials and react with alkali hydroxide in concrete. Environmental
conditions, namely, temperature and humidity levels amplify ASR progression and
evolution. Complex mechanisms of alkali-silica reaction in Portland cement concrete
significantly deteriorates concrete service life and requires quantitative assessment.
Despite decades of phenological observation study, the expansion mechanism of ASR from
the mesoscale perspectives remains to be understood for clearly capturing the ASR induced
damage processes. Mesoscale characteristics of ASR concrete was captured using a 3-D
virtual concrete model, where the ASR gel-induced expansion zone was added as a uniform
thickness shell. A novel set of governing equations according to chemical formulas was
derived and proposed to account for ASR kinetics and swelling pressure exerted by the
ASR reaction. Based on the governing equations of ASR expansion, finite element method

(FEM) was used to solve the ASR formation and expansion evolution. The multiphysics

! This chapter includes results already published in the following publication. Contribution of the coauthor
is sincerely acknowledged: Rahman, M. A., and Lu, Y. “A Meso-Scale Multiphysics Model for Predicting
Concrete Pavement Performance Subject to ASR Degradation”, Transportation Research Board (TRB)
Annual Meeting Paper, 2019, 19-03839R1.
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model which involves multiple simultaneous physical phenomena was used to develop a
thermo-hygro-mechanical (THM) model. THM model accounts for thermal expansion and
hygroscopic swelling in addition to traffic loads to represent volumetric change in the
concrete domain. The validated model provided a new perspective from meso-scale
physics for a better understanding of ASR kinetics. This multiphysics scenario-based
model can serve as a concrete transportation infrastructure management system and as an
accurate tool to predict the service life of concrete, as well as on time maintenance decision.
Keywords: ASR kinetics, ASR mechanisms, Concrete damage model
1. Introduction

Portland cement concrete is a widely used construction material due to its
durability, long service life and great economy. The mechanism and properties related to
chemical kinetics under variable environmental conditions should be clearly understood to
effectively control the use of concrete in construction and make judicious choices of
materials. Cement acts as a binding agent when mixed with water and aggregates will react
chemically with each other to form concrete. However, in concrete many chemical
components of reactive aggregate & cement lead to undesirable chemical reaction which
has detrimental effects to concrete. One of the major sources of this deterioration is the
alkali-aggregate reaction. Since the 1940s, several research studies have been conducted to
identify chemical reaction between cement and aggregate that contribute to concrete
degradation. Though aggregates are chemically inert to a certain extent, reactive aggregate
particles make chemical contact with the alkali hydroxides in concrete, degrading
coherence between concrete materials and developing cracks in concrete structure over a

period of many years. The two major types of alkali-aggregate reaction are alkali-carbonate
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reaction (ACR) and alkali-silica reaction (ASR). Incidences of ACR are hardly seen and
generally formed with dolomitic or ACR-susceptible aggregates which are restricted to a
few isolated regions. In ASR, aggregates containing silica will react with alkali hydroxide
in concrete which form alkali silica gel in a solid form (1). This gel further swells when it
absorbs water from surrounding cement paste or the environment and induces increasing
internal pressure in the cementitious matrix of concrete structure (2). This pressure may
initiate expansion and develop cracks in concrete materials. Unlike ACR, ASR is
considerably more widespread and is of more significance in the United States.

The mechanisms governing ASR are quite complex (3). ASR kinetics depends on
three variables: (1) sufficient pH and alkalies from cement; (2) reactive silica from
aggregates and (3) sufficient moisture/water (4). Each of these criteria must be met for the
reaction to occur (5). The alkali-silica reaction takes place between silica and hydroxides.
Alkalies (namely K™ and Na*) coming from cement ultimately reside in the concrete pore
solution (6). Cement reacts with mixing water and thus concrete pore solutions are
associated with hydroxyl ion (OH) which produces high pH in the pore solution (7).
Reactive silica in aggregate tends to breakdown due to the high alkalinity of pore solution
in concrete and subsequently react with alkali-hydroxides to form ASR gel. Not all
aggregates containing silica are susceptible to react with hydroxides. There may be two
forms of silica in natural aggregates: crystalline or non-crystalline. In a crystalline silicate
structure like quartz (SiO2) there are no complete tetrahedron formed on the surface and
structural impermeability of such structures allow it to react only on the surface, and thus,
they are less reactive (8). Unlike crystalline silicate, non-crystalline silicate structures are

formed by irregular tetrahedral arrangements which make it more porous with greater
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surface area and thus, they are more susceptible to reaction (8). Hence, aggregate's
reactivity to alkalis are greatly influenced by its irregular crystallinity. Sufficient moisture
is important for potential ASR reaction (4). Moisture facilitates the flow of ions in the
porous media and allows hygroscopic gel to swell when it absorbs water. Expansion is
directly related to the percentage of relative humidity in concrete. Many researchers have
reported increasing ASR expansions as the relative humidity tends to increase (9). A
minimum relative humidity of 80 percent is required to set out alkali-silica reaction and
cause significant expansion (10). Moreover, increased temperature accelerates the alkali-
silica reactions to some extent (11). Much research has been conducted to figure out ASR
problems and develop numerical models to predict expansion caused by alkali-silica
reactions (6, 12-16). Existing research shows versatility in the field of ASR analysis and
modeling.

However, the mechanism of ASR from the mesoscale perspectives remains to be
understood for clearly capturing ASR induced damage processes. In this work, a
multiphysics model was developed that combines ASR Kinetics, traffic loads, and
hygroscopic and thermal expansion. Analysis was performed considering four key steps:
chemical ingress, traffic loadings, hygroscopic swelling & thermal expansion, and a
concrete damage model to predict the service life of concrete. First, finite-element method
(FEM) was employed to model the ingress of multiple chemical species into a variably
saturated concrete matrix. For chemical kinetics it was assumed that there was enough
moisture to stimulate chemical reaction. Several sets of governing equations were
established to simulate ASR kinetics. Second, traffic loads were applied to concrete slab.

Third, we introduced temperature and moisture variation. Two separate sets of governing
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equations were established to simulate temperature and moisture effects on concrete.
Finally, we developed a damage model in terms of changing volume to predict damage in
concrete structure. A representative concrete block was considered as a middle portion of
a rigid pavement slab and assumed to be situated in highway.
2. ASR Mechanisms

The alkali-silica reaction in Portland cement concrete occurs in multi steps (17). It
is believed that the process starts with the attacking of siliceous components on the surface
of the aggregate particles. Though researchers have studied the mechanisms governing
alkali-silica reaction since the mid-1900s, doubts remain for the expansion mechanisms. In
general, the chemical reactions involved in ASR mechanisms can be treated as acid-base
reactions where silica in aggregate is acid reactant, hydroxides (K* or Na*) remaining in
the pore solution are basic reactants, water is the reaction medium and calcium potassium
(or sodium) silicate hydrate are the reaction product (18). In this study the ASR mechanism
is divided into three stages: (1) Hydration, (2) Neutralization and (3) Osmosis. Equations
(1), (2), and (3) were considered to depict chemical reactions that represent three stages,
respectively (15). In the first stage hydrolysis of the reactive silica (siloxane) by hydroxyl
ions (OH") takes place. The siloxanes on reactive aggregate are attacked by the hydroxyl
ions that remain dissolved in the pore solution with high pH. This attack on silicate core
structure breaks down siloxane bonds (=Si-O-Si=) and alkali cations participate in doing
the charge balance, which forms silanol bonds (=Si—-O-H) and alkali-silicate gel (=Si—-O—
R) as illustrated by Eqg. (1). This is a slow process where aggregate participates very slowly
in the chemical reaction. In the second stage, weak silanol bonds (=Si—O-H) further react

with hydroxyl ions to generate alkali-silicate gel. Thus, readily available alkaline cations
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(K* or Na*) diffuse in the gel to balance the negatively charged species and thus neutralize
the basic pore solution (2). This stage can be defined as a charge neutralization process. At
the last stage hydrophilic alkali-silicate gel formed in the earlier stages imbibes water or
moisture from hydrated cement paste or the surrounding environment due to osmotic
pressure and increases in volume. Osmotic pressure is generated by the difference between
the mole fractions of water inside and outside of the membrane or the reaction rim (17).
Concrete structures subject to alkali-silica degradation typically show at least one of the
following degradation: cracking, expansion of concrete block, misalignments of structural
components, or gel ‘pop-outs’ (19).

It is noteworthy that less viscous Na-K rich gel generated inside the reactive
aggregates first followed by aggregate cracking and then cracking in paste. Thus, gel flows
along the cracks from the aggregate through the cement paste. When gel flows through the
fine crack, it participates in ion-exchange reaction and absorb Ca from the nearby cement
paste and produces relatively Ca-rich gel which is more expansive than the gel originally
formed inside aggregate. However, very slow ionic exchange by mutual diffusion between
alkalis in ASR gel and calcium in cement paste results in the conversion of expansive
alkali-rich ASR gel into non-expansive calcium silicate gel (CSH gel) per Eq. (4) (15).
This may happen during repeated drying and wetting or the freeze/thaw cycles which limit
the ASR expansion. C-S—H mechanism is not considered in the chemical model of this

study.
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where, R denotes an alkali ion (K™ or Na").

ASR kinetics is the study of reaction rates related to ASR mechanisms. Reaction
rate is different for each stage (15). Reaction rates, ki, ko, and ks were assigned to first,
second and third stages respectively. The reaction rates are dependent on temperature
through the Arrhenius equation (20) given as Eq. (5).

k= Ae~E/(ReT) (5)

where Kk is reaction rate, A is the frequency factor, E is activation energy, Ry is the
gas constant and T represents temperature.
The rate of change of concentration for each of the six species can be expressed in

the group Eq. (6) according to study (15).
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% = -ki[Siloxane][ROH]

% = -ky[Siloxane][ROH] — k[Silanol][ROH]

AIASR gel = ku[Siloxane][ROH] + ke[Silanol][ROH] - ks[ASR gel][H20]
w = ka[Siloxane][ROH] - kz[Silanol][ROH]

M

I = ko[Silanol][ROH] - k3[ASR gel][H20]

d[Expanded ASR gel]
dt

where [Siloxane], [ROH], [ASR gel], [Silanol], [H20], and [Expanded ASR gel]

= k3[ASR gel][H20] (6)

represents concentration of each species, respectively.

To solve ASR kinetics a system of six coupled governing equations is required that
will account for diffusion of the species and concentration of each species. For a realistic
simulation ASR model is needed to couple with mechanical loading as well as temperature
and moisture variation.

3. Mathematical Models

3.1. ASR Model

ASR mechanisms progress with the change in concentration of chemical species,
gel formation and penetration of gel into the pores. In this study, finite-element method
(FEM) was used to compute numerical approximation of PDEs and predict ASR-induced
expansion. There are six reacting species that participate in the ASR mechanisms according
to chemical kinetics discussed previously in section 2. To predict the concentration of each
relevant species in the different steps of ASR, this work developed a comprehensive FEM
model which couples the major relevant physics fields (transport mechanisms) based on

the principles of mass balance and momentum balance. The basic principle used in the
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modeling of a chemical engineering process is the concept of balance of momentum, mass
and energy, which can be expressed in a general form as eq. (7) according to study (21).

A= 1+G-0-C ©)

where, A is the accumulation built-up within system, | is input entering through
system surface, G means generation produced in system volume, O means output leaving
through system boundary and C is the consumption used in system volume.

Coupled Equation

One of the fundamental laws of physics states that mass can neither be produced
nor destroyed, that is, mass is conserved. Mass balance equation was developed using the
principle of Fick’s law. According to Fick’s 2nd law per Eq. (8), the accumulation rate is
proportional to the diffusivity and the 2nd derivative (or curvature) of the mass fraction (or

in this study in terms of concentration).
%(Ci) =V - (DivVci) 8
or, g(ci) -V - (DiVei) =0 (9)
where, %(ci) is the accumulation rate, D; is diffusivity, and V « (Vci) indicates the

2nd derivative of the concentration of each species I, i.e. ¢i. In this study, local rule for
accumulation was expressed by Fick's 2nd law of diffusion to simulate concrete as an
isotropic material.

On the other hand, momentum of a particle can be defined as the product of
particle’s mass and velocity. To simulate fluid flow and velocity in alkali-silica reaction

momentum balance was developed based on the principle of Newton’s law per Eq. (10).
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u-Vci=R; (10)

where, left term u *Vci accounts for convection i.e. fluid flow in the concrete matrix
and right term R; is consumption rate of each species i.

After combining Eq. (9) and Eqg. (10), we derived the coupled equation of mass and
momentum balance per Eq. (11).

Z(c) + V- (-Dive) +u Vo= R (11)

where, ci is the concentration of species i (mole/m®), Di denotes the diffusion
coefficient of species i (m?/s), u is the fluid velocity vector (m/s) with components in X, y,
and z direction respectively, and R; is a source term or consumption rate for the species i
(mole/(m3/s)). The dependent variable in this balance equation is the concentration of each
species, Ci.

Eq. (11) shows the two primary transport mechanisms of generic chemical species
in the porous concrete matrix, i.e., the natural diffusion by the second Fick’s law and the
carrying migration by fluid (moisture or pore water) in concrete matrix.

Brinkman Equation

The Brinkman equation was used in this study to compute the unknown fluid
velocity, u in Eq. (11) as well as pressure fields for the single-phase flow condition in
porous media. This equation extends Darcy’s law to describe the dissipation of the kinetic
energy by viscous shear. The dependent variables in the Brinkman equations are the Darcy
velocity and the pressure. The flow in porous media is governed by a combination of the
continuity equation and the momentum equation, which together form the Brinkman

equations:
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(ep) + V- (pU) = Qur (12)
plep (5o+(U.V) U /ep) = V.(-p)+V.[1/ep {u(Vu+(Vu)T) = Za(V.U)I}] - (i +Qur/ep?)u+
F (13)

where, p is the dynamic viscosity of fluid (kg/(m.s)), u is the velocity vector (m/s),
p is the density of the fluid (kg/m®), p is the pressure (Pa), p is the porosity, k is the
permeability tensor of the porous medium (m?), F is the volume force (kg/(m?.s?)), I is the
identity tensor, and Qur is @ mass source or mass sink of fluid (kg/(m?®.s)). The mass source,
Qur, accounts for mass deposit and mass creation within the domains. The mass exchange
IS assumed to occur at zero velocity.

The first equation, Eq. (12) of the Brinkman equations (12 & 13), is the equation
of Darcy’s law which combines the continuity equation and equation of state for the pore
fluid and is suitable for porous media. In this study, this concept was used to simulate low-
velocity flow in the porous media. Moreover, it was assumed in this study that reaction
occurs with sufficient moisture content and reactive silica. That’s why Darcy’s law was
applied to analyze a fully saturated concrete.

To simplify the Brinkman equations several assumptions were made based on this
study context. The inertial term in the free flow (Stokes-Brinkman) was neglected and thus
the term (u * V)(u/ gp) on the left-hand side of Eq. (13) was taken as zero. Influence of
volume forces were neglected here because there was no influence of gravity or other
volume forces (i.e. due to movement or external forces on the concrete body) considered,
and thus F was taken as zero. The model was simulated considering incompressible flow

where the density stays constant in any fluid particle, which can be expressed as
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7]
—(ep) +U.Vp=0 (14)

and the continuity equation, Eq. (12) was reduced to:

pV - u = Qpr (15)

Thus, according to this study context simplified Brinkman equations become:
plep(52) - V.(-p) - V.. [Vep {u(Vu + (VU)T) - Zu(V . u)l }] + (i + Qur/ep?)u = 0
(16)

PV - U= Qur (17)
Note that the physics expressed in Egs. (11), (16) and (17) were applied together

(as a multiphysics phenomenon) in the equation based finite element model to simulate
chemical reactions of all six species, their diffusion and convection, fluid flow in porous
media concurrently. Eq. (11) solves for the concentration of each species based on the
concept of mass & momentum balance in chemical kinetics discussed previously. Egs. (16,
17) solve for the unknown fluid velocity and pressure field of each species based on the
continuity and momentum equation, which is applicable to simulate flow in porous media.
To avoid the complexity in simulating ASR mechanisms it was assumed that: 1) reaction
occurs with sufficient moisture content and reactive silica (9), 2) no mass change occurs
during chemical reaction, i.e. always having a constant concrete mass (16), and 3) no
termination of ASR in terms of the (very slow) ionic exchange by mutual diffusion between
alkalis in ASR gel and calcium in cement paste (15).

3.2. Mechanical Model

Concrete used in roadway is subjected to traffic loading. Concrete experiences
change in shape or size when stresses are applied to it which in turn develop volumetric

strain. To analyze the concrete behavior and predict service life, a mechanical model was
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developed that accounts for time dependent traffic throughout the simulation period. In this
study, traffic loads from vehicles were characterized based on tire loads. To facilitate the
model simulation over a period of 30 years, ESAL data was collected from Idaho
Transportation Manual (ITD) for highway 1084, for years 2018 to 2048 considering one
way rigid pavement condition (22). A time-dependent function was developed per Eq. (18)
based on ESAR data.

q=0.007t2 + 0.85t +17.75 (18)

where q is single axle load (kN), t is time (years). Load exerted by each wheel is
g/2 (kN). To make the simulation process simple, a constant tire pressure of 344.5 (kPa)
was considered for a single wheel.

The radius of the tire contact area can be determined per Eq. (19) based on study

(23).

R = % (19)

where R is the radius of tire contact (m), p tire inflation pressure (kPa).

In this study, considered concrete block was assumed to be the middle of a roadway
slab. This is a small concrete block and whole concrete surface is in contact with the traffic
loads. In the simulation it was assumed that concrete block takes full load from a single
wheel when the wheel passes over the slab. Thus, single wheel load (q/2 kN) was divided
among the nodes of the top surface of the concrete block. To make a realistic simulation,
half of the single wheel load (g/4 kN) was applied to the edge of the concrete block. At the
corner of the slab load acts with a radius of R. To simulate the roadway geometry of a

pavement slab, subgrade soil below the concrete block was considered as an elastic

foundation. Elastic foundation was set based on Winkler foundation which consists of
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springs with a spring constant of 0.25 MPa/mm (23). The loss factor due to damping was
set to zero. Four side faces were assigned to symmetric boundaries assuming symmetry in
geometry and loads, since considered concrete block is in the middle of a roadway slab and
surrounded by other portions of the slab.

3.3. Thermo-Hygro Model

Variable heat and moisture distribution develop mechanical stress and strain in
concrete blocks. External temperature changes the internal temperature distribution in
concrete. Moisture transport is more complex compared to temperature variation. Thermal
and moisture-induced strain were calculated based on ambient change of temperature and
moisture, and then combined with ASR expansion-induced volumetric strain to analyze
coupled hygro-thermo-chemo effect of the concrete block.

Heat transfer governing equation

Internal temperature distribution in solid concrete can be expressed based on the
principle of energy conservation. Eq. (20) shows the heat transfer equation which is
governed by Fourier’s law (24).

pep e+ V - (KVT) = Qs (20)

where p is the density of the fluid (kg/m®), ¢, denotes specific heat capacity at
constant stress (J/(kg-K)), T is temperature (K) (i.e. 0°C = 273 K), k is the thermal
conductivity of concrete (W/(m-K)), and Qs is heat source or sink (W/m?).

In this study heat source Qs was ignored for hardened concrete. The density,
specific heat capacity, and thermal conductivity of concrete were assumed as constant

according to study (24).
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The thermal strain induced from temperature variation can be determined using Eq.
(21) according to study (24).

gh=o0 - AT (21)

where, & is the thermal strain; a is the thermal expansion coefficient (1/K), and AT
denotes temperature gradient (K). Temperature gradient is the difference of absolute
temperature (T) with a reference temperature (Tre). In this study reference temperature was
kept equal to room temperature.

To simulate external temperature variation, Eq. (22) was used as a boundary
condition for concrete block, where annual variation of ambient temperature follows a
sinusoidal function (24).

Tambient = 15 + 10 - sin(21 . t) (22)

where Tambient represents ambient temperature (K) and t is time elapsed (years).

Moisture transport governing equation

Moisture transport in concrete was simulated using Richards’ equation as the
governing equation. Eq. (23) shows the Richards’ equation which was used to analyze flow
in variably saturated porous media. Here, water head or pressure is the dependent variable.

P(Cr/pg + Se8) 2 +V - p(-Ksk: (Vp + pgVD)) = Qn (23)

where, p is the density of the fluid (kg/m®), Cm represents specific moisture capacity
(1/m), g is the acceleration due to gravity (m/s?), Se denotes effective saturation (1), S
denotes storage coefficient (1/Pa), p is the pressure (Pa), Ks represents hydraulic
conductivity (m/s), kr represents relative permeability (1), D is the elevation (m), and Qm
is the fluid source (kg/(md.s)). Inthis study, elevation, D and fluid source, Qm were assumed

to be zero.
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According to study (23), moisture transport in concrete can be determined by liquid volume
fraction as per Eq. (24). Liquid volume fraction of concrete in porous medium is related to

the pressure or water head in the medium.

05 — O

0 =0 + apnm

(24)
where 0 is the liquid volume fraction in concrete (1), 0s represents saturated water
content (1) and O represents residual water content (1). Here, a, m, and n are constants.
Values of 6s, 0, a, m, and n were set based on water retention curves according to study
(23) (Table 2-1). The constitutive parameter m is equal to 1-1/n (23).
The Richards' equation represents the movement of water in unsaturated condition.

'Specific moisture capacity’, Cm is a function describing the rate of change of saturation

with respect to the matric head. Crm can be expressed as:

_ 29

Cm= 3p

(25)
The moisture strain induced from moisture variation can be determined per Eq. (26)
according to study (23).

€mo = B ’ (9 - eref) (26)

where, emo is the moisture induced strain; B is the hygroscopic swelling/shrinkage
coefficient (1), 0 is the liquid volume fraction in concrete obtained from Eq. (24), and Orer
denotes a reference moisture content (1).

To simulate external moisture variation liquid volume fraction can be related to the
relative humidity in atmosphere per Eq. (27) (23) and used as a boundary condition for the

concrete block.

8 =8, - (1—2RHyi/c (27)
B
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where 0 and 05 are same as aforementioned, RH denotes relative humidity, B and C
are constants. The values of B and C are 0.57 and 0.64, respectively (23). Like ambient
temperature annual variation of ambient relative humidity follows a sinusoidal function
(24) as follows:

RH = 0.65 + 0.25 - sin (211. t) (28)

where t is time elapsed (years).

4 Concrete Damage Model
In an ASR model, damage progresses with the gel diffusion in the concrete block. The
density in the damaged state is not the same as that of initial density in a non-damaged
state. Volumetric strain is the ratio of volumetric variation to total volume of concrete and
can be expressed in terms of a relationship between concrete density in damaged and non-

damaged state (16) as following:

Egel = —%:1—L (29)

PctPgel

where ggel is the volumetric strain due ASR expansion, pc IS concrete density in non-
damaged state, p'is density in damaged state and pger IS the density i.e. mass concentration
of expansive ASR gel. In chemistry, the mass concentration is defined as the mass of a
constituent divided by the volume of the mixture (25). Due to ASR expansion and volume
increase, density is also increased and thus p' > p.

According to study (25) conversion to mass concentration, pge from molar
concentration, Cgel can be calculated per Eq. (30).

pgel = Cgel X Mgel (30)
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where Cgel denotes concentration of expansive ASR gel which is obtained from Eg.
(11) and Mgel denotes the molar mass of expanded ASR gel.

Stress induced in ASR mechanisms due to volumetric variation can be expressed
using Hooke’s Law per Eqg. (31).

o = Eg, (€2)

where ¢ denotes stress tensor, E is the modulus of elasticity, € is strain tensor from
volumetric variation, E is Young’s modulus and v is the Poisson’s ratio.
Strain tensor can be expressed as,

€11 €12 €13
e=| en &2 €2 (32)

€31 €32 €33

According to study (16), a chemical damage criteria can be formulated in terms of

damage function as following:
{ 0  when, g <0.1%
D= (33)
w  when, gger > 0.1%
where, w = 2.021 x gge1 — 0.195, where ggel represents volumetric strain generated from
ASR mechanisms.
5 Finite Element Analysis
To solve the governing equation set, a mesoscale geometry of a concrete block
(200mm x 200mm x 40mm) was generated in this work. For finite element analysis, a
concrete geometry was created in the virtual cement concrete testing lab following the

volume fraction of cement paste and aggregate particles (Table 2-1). We assumed elliptical

aggregates to represent aggregates for simulating ASR gel expansion (Figure 2-1).
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Ellipsoid of different sizes were created to consider irregular morphology of aggregate

particles.

() (b)

Figure 2-1  Meso-structure model of concrete block (a) Solid view (b)
Transparent view.

The concrete domain was divided into two phases: hardened cement paste and
aggregate. Mesh details and material properties vary in cement paste and aggregate domain

(Table 2-1).
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Table 2-1 Mesh Details and Material properties used in FEM modeling

Cement Paste Aggregate | Source
Type of Mesh Tetrahedron Tetrahedron
Maximum element size (mm) 20.8 20.8
Minimum element size (mm) 3.74 3.74 Calibrated
No. of elements 50314 38935
Volume fraction 0.4 0.6
Diffusion Coefficient of ASR gel (m?/s) 1x1010 1x1012 (16)
Young’s Modulus (Pa) 5x10° 60x10°
Poisson’s Ratio (1) 0.2 0.25 (23)
Density (kg/m?) 3150 2600
Viscosity of water (Pa.s) 8.9x10* NA (26)
Permeability (m?) 7.5%x10 NA Calibrated
Heat Capacity (J/(kg-K)) 1548 850
Thermal conductivity (W/(m-K)) 1.73 2.9
Thermal expansion coefficient (1/K) 7x10°® 10x10
Hygroscopic swelling/shrinkage coefficient (1) | 9.93x10°3 NA (23)
Saturated moisture content (1) 0.185 0.308
Residual moisture content (1) 0 0.08
Hydraulic conductivity [m/s] 6x1013 5.35x101!
Constant, o (1/m) 3.23x10* 15.3 (23)
Constant, n 1.217 1.406
Constant, m 0.178 0.289

Based on mathematical models and concrete damage models discussed in section 3

and 4, respectively, a comprehensive governing equations set was developed for finite

element analysis of coupled multiphysics per Eqg. (34-40) to predict damage of concrete

pavement slab in terms of volume change.

D =2.021x gyo1 — 0.195

€vol = €gel T Etraffic T Ethermo T Ehygro

[Expanded ASR gel] x 0.119
pc+[Expanded ASR gel] x 0.119

Egel —

Z{u) + V - (-DgaV[ASR gel]) + u -Vu=f(u)

u = [[Siloxane], [ROH], [ASR gel], [Silanol], [H20], [Expanded ASR gel]]"

(34)
(35)

(36)

(37)
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fisiloxane] = -k1[Siloxane][ROH]

flroH] = -kq[Siloxane][ROH] - kz[Silanol][ROH]

flasr gel] = ki[Siloxane][ROH] + kz[Silanol][ROH] — ks[ASR gel][H20]
fsitanol] = ky¢[Siloxane][ROH] - kz[Silanol][ROH]

flH20) = ko[Silanol][ROH] - k3[ASR gel][H20]

f[Expanded ASR gel] = k3[ASR gel][HZO]

pleo (G) - V.(P) - ¥ . [1/ep {(Vu+ (V0)) - Z(7 . U1 1] + (xc* + Quieg?)u = 0

(38)
pV U= Qbr (39)
Qor = 0.018 x fiH20) (40)

Percentage of damage can be calculated from Eq. (34) when volume change is
greater than 0.1%. Damage is expressed as a function of total volume change.

To determine total volume change an equation was developed in this study per Eg.
(35). This equation determines the total volumetric strain, evor in terms of resultant volume
change induced from expansive gel, traffic loads, temperature and moisture content
change. Here, g is the volume change due to ASR expansion, &yaffic denotes the traffic
induced volumetric strain, €thermo denotes thermal induced volumetric strain and enygro
denotes moisture induced volumetric strain.

Volumetric strain from expansive gel can be determined from Eq. (36). Here,
definitions of all symbols are the same as mentioned previously in this work. Density of
concrete was set to 2400 (kg/m®). Based on the atomic mass of chemical elements that form
expanded ASR gel, Si-O-R. (H20), per Eqg. (3), molar mass of gel was calculated and set
to 119 gm/mole (0.119 kg/mole). It is noteworthy that ASR gel does not have a unique
stochiometry. However, this study considered a unique density for the ASR gel for

simplification, which is a limitation to the model.
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Concentration of expanded ASR gel can be determined from Eq. (37). This
equation accounts for the diffusion of ASR gel as per diffusion coefficient, Dge (Table 2-
1). Here, u is the dependent variable which is a concentration tensor of all six species
involved in chemical kinetics. f(u) is the source term as a function of u. Note that in this
study, source term, was defined as a reaction term, which depends on rate change of
concentration for each individual chemical species based on Eq. (6). For numerical solution
reaction rate ki, ko, ks were kept constants according to study (15) and assigned to a value
of 6.34 x 10° mole/(m.sec), 3.17 x 10® mole/(m3.sec), and 1.6 x 107 mole/(m3.sec),
respectively.

The unknown fluid velocity in Eq. (37) can be calculated from Eq. (38). The mass
source Qor comes from water/moisture content and was assumed to be Mw % f[H20;, where
[H20] stands for water concentration as mentioned previously. My is the molar mass of
water which is 18 gm/mole (0.018 kg/mole).

Initial and reference values of different parameters used in finite element analysis
vary for cement paste and aggregate domain (Table 2-2). Initial concentration of chemical
species were set based on temporal variation of reactants and products according to study
(15). Initial concentration of siloxane species is zero in cement paste as it comes from
aggregate particles only. Initial concentration of hydroxyl ions, ROH and water is zero in
aggregate particles as those species come from cement paste only. Initial concentration of
Siloxane and ROH must be greater than zero for an ASR reaction to happen (15). In study
(15) assumptions of initial concentrations were taken considering two cases. In case 1,
Bo>2A0 and in case 2, Bo<2Ao; where, Ag means initial concentration of Siloxane and Bo

means initial concentration of ROH. Since in this present study initial concentration of
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Siloxane was taken as 1 (mole/m?®), to simulate both of the cases initial concentration of

ROH was taken as 0.7 (mole/m®) and 2.5 (mole/m?) respectively. Initially there was no

pressure gradient in the concrete block as reference pressure and internal initial pressure

both were considered with equal values.

Reference temperature was taken considering room temperature of 20°C or

293.15K. Value of reference moisture content was taken from study (23). The cement

paste/mortar phase of the model was considered as a typical saturation of 90% in field

conditions, which is equal to a moisture content of 16.5% based on the total volume of the

concrete block.

Table 2-2 Initial and reference values used in numerical analysis
Model Details Cement | Aggregate | Source
Paste

Initial concentration of Siloxane (mol/m?) 0 1
Initial concentration of ROH (mol/m?) 0.7,2.5 0
Initial concentration of H,O (mol/m®) 2 0
Initial concentration of Silanol (mol/m?®) 0 0
Initial concentration of ASR gel (mol/m?®) 0 0

ASR Initial concentration of expanded ASR gel | 0 0

model (m0|/m3) )
Velocity field at X direction (m/s) 0 0 Calibrated
Velocity field at Y direction (m/s) 0 0
Velocity field at Z direction (m/s) 0 0
Initial pressure (atm) 1 1
Reference pressure (atm) 1 1
Initial temperature (K) 293.15 293.15
Reference temperature (K) 293.15 293.15
Initial liquid volume fraction (1) 0 0

Thermo- | Reference moisture content (1) 16.5% NA

HYygro  [Minitial pressure head (m) -1 NA

model  pisplacement at X direction (m) 0 0 (23)
Displacement at Y direction (m) 0 0
Displacement at Z direction (m) 0 0
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It is noteworthy that ASR expansion does not become visible immediately after the
beginning of ASR mechanisms. A certain time is required for the reaction to happen
depending on the reacting environment of the domain. This phenomenon is defined as a
latency period which was analyzed in study (6). However, according to study (15), there is
no latency period in the expansion curves when initial concentration of water/moisture is
zero (i.e. unsaturated condition). Since this study deals with fully saturated conditions
(present of excess water in concrete), the reaction starts from the beginning of the time
interval and expansion curves do not show any latency period.

Initially ASR gel continues to fill up free pores in cement paste and during that time
there is no obvious volumetric change. When cement pores are completely filled up with
ASR gel, continuous gel diffusion initiate volumetric change and expansion becomes
visible. The initial time period during which there is no obvious volumetric change is
termed as the latency period. Latency period was justified by study (6).

6 Model Validation

To ensure the accuracy of the developed finite element model, predicted ASR
expansions were validated by established experimental data which follows a standard C
1293 test method. This is a concrete prism test (CPT) that determines the length change of
concrete due to alkali silica reaction. For the validation of the ASR model, experimental
data were collected from study (27). According to study (27), experimental data was
considered for concrete A which is composed of aggregate type A. Aggregate A is chlorite
schist in terms of rock type and amount of silicate is >95 and percent by number is 100.
For each type of aggregate, two samples with a combined surface area of approximately

40 cm? were prepared. They calibrated heat without stirring for 2 weeks at 38°C. The
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impacts on the kinetics order of the reaction was studied for different alkali levels, 0.4%,
0.8% and 1.2 % NaxOeq for concrete samples. The aggregate sections were observed by
Scanning electron microscopy (SEM) to identify the disorder induced by the reaction and
to evaluate the reactivity. Based on that result, aggregate A was found as potentially
reactive. However, in study (27), a modification of the standard test method was used
which consisted essentially of testing concrete incorporating the reactive aggregates at
varying alkali contents and temperatures. The concrete samples were immersed in water at
20, 40 and 60°C with alkali contents 0.4, 0.8, and 1.2 (mole/m®). To match with the
chemical, environmental and mechanical conditions of the prism tests conducted in study
(27), numerical simulation of ASR model was considered with Alkali concentration of 1.2
(mole/md), free expansion of ASR without any applied load, and constant temperature of
20°C (293.15K). Aggregate A was implemented in the model geometry which as a reactive
aggregate facilitates alkali-silica reaction. Validation models were simulated over a period
of 400 days. Since expansion varies for different points throughout the concrete block,

average expansion was calculated based on ASR induced volumetric strain per Eq. (41).

dv

Eavg = 100 x fv €gel 3 (41)

where Eayg is percentage of average expansion.

It is obvious from the comparison that the expansion curve of FEM simulated model
is following the trend of experimental curves (Figure 2-2). Thus, simulated outcomes

comply with experimental data and the ASR model is validated successfully.
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Figure 2-2  Validation of FEM simulated data with experimental data.

7 Results and Discussion

A developed FEM model was simulated for 30 years to assess long term condition
of concrete. Results are based on the representative three dimensional FEM model of the
reference concrete block. Concentration change and volumetric strain generated in the
model were taken as an average value over the volume of the whole domain to avoid
variation in results.

To predict how concrete behaves under ASR mechanisms for different
concentrations of chemical species, a FEM model was simulated in two cases. In the first
case the model was simulated considering low alkali contents in cement matrix (initial
concentration of ROH = 0.7 mole/m®). In the second case the model was simulated
considering very high alkali contents in cement matrix (initial concentration of ROH = 2.5
mole/mq). Initial concentrations of all other species were kept the same for both of the
cases. The concentration of expansive gel as well as ASR induced volumetric strain
increases with the increase in ROH concentration (Figure 2-3). This is because high ROH
concentration accelerates ASR gel production in concrete. In the first case maximum

volume change is 6.59 x 10 (0.066%) after 30 years (Figure 2-3b), which is less than the
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damage limit of 0.1%. However, for the second case maximum volumetric strain of 1.27 x
1073 (0.127%) exceeds the damage limit (Figure 2-3b). Thus, the first case was neglected

and concrete damage was predicted based on the second case with high alkali content.
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Figure 2-3  ASR mechanisms for different concentrations of ROH.
Concentration of expansive ASR gel generated due to ASR Kinetics increases as
time progresses (Figure 2-3a). This simulation result is based on the initial concentration
of species considered in this study, no applied loads, and constant temperature of 20°C,
model geometry and fully saturated conditions. There is a rapid increase in concentration

initially and at 5 years it is 0.23 (mole/m®). After 5 years the increment continues at a
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slower rate than before and concentration becomes 0.255 (mole/m?) at 15 years. After 15
years there is no significant change in concentration until 30 years when maximum
concentration becomes 0.257 (mole/m3). In the concrete matrix, distribution of expansive
gel varies for different time periods, as visualized in Figure 2-4. The concentration of
expansive ASR gel is higher in the space between closely positioned aggregate particles.
It is also found that the concentration of expansive ASR gel is high around the small sized
aggregate particles. This is because more surface area is provided by small particles
compared to larger ones. Actually, expansive gel generated inside the reactive aggregates
is first followed by aggregate cracking and then cracking in paste. Thus, gel flows along

the cracks from the aggregate through the cement paste.
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Figure 2-4  Concentration of expansive ASR gel (mole/m?) in concrete: (a) 0, (b) 5,
(c) 15, and (d) 30 years

Average concentrations of all six species involved in ASR kinetics change with the
progression of time (Figure 2-5). ROH concentration decreases at a faster rate from the
very beginning of alkali silica reaction and continues up to 5 years. The reduction in
concentration starts with the reaction between alkali hydroxides and siloxane, and further
continues when byproduct silanol reacts with alkali hydroxides. After a certain number of
years (15 years) the reduction rate of alkali hydroxides does not change significantly and

reaches a more or less stabilized concentration of 1.35 (mole/m®). Concentration of
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expansive ASR changes inversely with that of alkali ions. Thus expansive gel formation
speeds up after the latency period and increases at a decreasing rate. According to Eqg. (1),
(2), and (3) expansive gel formation continues with the chemical reaction and depletion of
all other species involved in the kinetics. For this reason, concentrations of siloxane,
silanol, water and ASR gel tend to decrease as time progresses. Silanol is a byproduct of
the chemical reaction which increases at first and then decreases later with the formation
of ASR gel. Concentration of ASR gel also increases initially and then decreases when it

starts to convert into expansive gel by absorbing water.
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Figure 2-5  Comparison between concentrations of all six species (mole/m3) in
concrete.

Volumetric strain was calculated from the developed comprehensive governing
equations set discussed in section 5 (Figure 2-6). ASR expansion is a slow process and
maximum volumetric strain due to ASR expansion is 1.27 x 107 after 30 years. In addition
to the traffic loads volume change becomes higher than that of gel expansion. Volumetric
change from coupled temperature and moisture variation is very low compared to traffic

loads. Thus, traffic loads govern the damage model in terms of volumetric variation in the
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concrete block. However, in a certain roadway condition, ASR expansion accelerates the
volume expansion. With the combined effect of ASR expansion, traffic loads, temperature
and moisture variation volumetric strain reaches up to a maximum value of around 0.1 after

30 years.
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Figure 2-6  Total volumetric strain developed in the concrete block.

Damage function was calculated based on total volumetric strain to predict
percentage of damage with time progression. From the damage evolution it is clear that the
percentage of damage increases linearly since applied ESAL loads are a linear function
that govern the damage model (Figure 2-7). Initially at the year of 2018, damage is just
above 5% which increases over time, and after 30 years at 2048, damage reaches around
20%. Hence, with the coupled FEM model it can be predicted that considered concrete
block of roadway pavement slab will degrade gradually and effective measure should be

taken accordingly.
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Figure 2-7  Damage progress in concrete block over time.

The results shown on Figure 2-6 and Figure 2-7 are based on total volumetric strain
(i.e. expansive gel, traffic load, thermal expansion and hygroscopic swelling). This is a
totally new idea to combine all of these effects and no experimental results are available
on this context. Hence, these figures cannot be validated.
8 Conclusions
This work proposes a three-dimensional multiphysics model for studying concrete
degradation at meso-scale subject to ASR degradation. A developed comprehensive set of
governing equations is the major contribution of this work to accurately predict the ASR
damage that integrated coupled THM, material mesoscale details and damage modes. A 30
year simulation period provides an in depth view of concrete degradation with the
progression of time. The findings of this paper confirmed that average expansion in
concrete starts after the latency period and then continues to increase with a decreasing
rate. For the first few years, alkali-silica reaction is amplified and then tends to stabilize
with the depletion of alkali-hydroxides concentration. Concentration of expansive alkali-

silica gel is higher in cement paste than aggregate and thus cement paste have larger



47

expansion and displacement than aggregate particles during ASR Kkinetics. This may
happen as expanded gel passes through the fine crack of aggregate and enters into the
cement matrix. Thus, ultimately high concentration of ASR gel remains in the cement
paste. However, traffic loads remain as the driving force to propagate damage in concrete.
ASR damage can be minimized by effectively following three strategies: using non-
reactive aggregates, limiting the maximum alkali content of concrete and limiting the
moisture availability in the field structures. Damage induced from temperature and
moisture variation can be avoided by limiting direct contact of concrete surface to the field
environments. Implementing thermo-hygro proof coatings on the concrete surface could
be one solution to this problem. Damage generated from traffic loads can be controlled by
future oriented roadway design and effective traffic control.

The developed governing equation set can be calibrated further for any pavement
slab by changing initial concentrations of chemical species and concrete density according
to roadway condition. The percentage of damage will propagate with time based on the
damage model discussed in this study. Thus, this physics-based model can be used to
accurately determine damage level and predict the service life of concrete. There is great
potential for this model to be used for future study and evaluation purposes.
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CHAPTER 3: A TIME-DEPENDENT CHEMO-MECHANICAL ANALYSIS OF
ALKALI-SILICA REACTION FOR THE DISPARATE GEOMETRY OF CONCRETE
MESO-STRUCTURE?

Abstract

Complex chemophysics of alkali-silica reaction (ASR) in Portland cement concrete
deteriorates concrete service life and requires quantitative assessment. Within this context,
the developed model provides a new perspective from mesoscale chemo-mechanical
scheme for a better understanding of ASR kinetics. The simulated results shows how ASR
expansion as well as ASR-induced damage progresses in concrete structure based on
different composition of reactive aggregate and alkali hydroxide concentrations. This
model can be used as an effective tool in the field of concrete materials to predict the
service life, as well as on time maintenance decisions of concrete structure.

Keywords: ASR Chemophysics, ASR model, Mechanical model, Concrete Meso-

structure, Anm model, Concrete damage model
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Alkali-Silica Reaction for the Disparate Geometry of Concrete Meso-Structure”, Journal of Construction
and Building Materials, 2019. Volume 211, 847-857.
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1. Introduction

Portland cement concrete is a common construction material that is frequently used
due to its durability, long service life and great economy. Chemical composition of cement,
aggregate particles, water and other binding agents forms the hard skeleton of concrete
structure which is the most popular load carrying component for construction. However,
chemical reactions between reactive aggregate particles & cement paste lead to concrete
degradation over time. Alkali-aggregate reaction is one of those undesirable chemical
reactions. The two major types of alkali-aggregate reaction are alkali-carbonate reaction
(ACR) and alkali-silica reaction (ASR). Though incidences of ACR are hardly seen and
generally formed with dolomitic or ACR-susceptible aggregates, ASR is the most common
source of concrete deterioration worldwide and is of more significance in the United States.
The chemophysical mechanisms governing ASR are also quite complex [1]. It is a slow
process and takes several years to manifest. Moreover, variable environmental conditions
and structural loading significantly influence ASR expansion.

Though aggregates are chemically inert to a certain extent, in ASR, reactive
aggregate particles make chemical contact with the highly alkaline pore solution present in
the cement paste. Reactive aggregates contain silica which reacts with alkali hydroxide in
concrete and forms solid alkali silica gel [2]. This gel further swells when it absorbs water
from surrounding cement paste or the environment and induce increasing internal pressure
in the cementitious matrix of concrete structure [3]. This pressure initiates expansion which
is capable of breaking down the concrete skeleton and developing cracks in concrete

structure with the progression of time.



53

ASR kinetics depends on three variables: (1) sufficient pH and alkalies from cement
clinker; (2) reactive silica from aggregates and (3) sufficient moisture/water [4]. Each of
these criteria must be met for the reaction to occur [5]. The alkali-silica reaction takes place
between silica and hydroxides. Alkalies (namely K* and Na*) coming from cement clinker
ultimately reside in the concrete pore solution [6]. Hydration in concrete pore solution are
associated with hydroxyl ions (OH") which produce high pH in the pore solution [7].
Reactive silica in aggregate tends to breakdown due to the high alkalinity of pore solution
in concrete and subsequently react with alkali-hydroxides to form ASR gel. There may be
two forms of silica in natural aggregates: crystalline or non-crystalline. In a crystalline
silicate structure like quartz (SiOz) there are no complete tetrahedron formed on the surface
and structural impermeability of such structures allow it to react only on the surface, and
thus, they are less reactive [8]. Unlike crystalline silicate, non-crystalline silicate structures
are formed by irregular tetrahedral arrangements which make it more porous with greater
surface area and thus, they are more susceptible to reaction [8]. Hence, aggregate's
reactivity to alkalis are greatly influenced by its irregular crystallinity. Sufficient moisture
is important for potential ASR reactions [4]. Moisture facilitates the flow of ions in the
porous media and allows hygroscopic gel to swell when it absorbs water. Expansion is
directly related to the percentage of relative humidity in concrete. Many researchers have
reported increasing ASR expansions as the relative humidity tends to increase [9]. A
minimum relative humidity of 80 percent is required to set out alkali-silica reaction and
cause significant expansion [10]. Moreover, increased temperature accelerates the alkali-

silica reactions in some extent [11].
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Since the 1940s, several research studies have been conducted to identify this
expansive characteristic of the alkali-silica reaction. Previous studies [6, 12-16] attempted
to clarify ASR mechanisms and develop expansion models to figure out the problems
related to ASR damage in concrete.

Despite decades of phenomenological observation study, the chemophysical
mechanism of ASR from the mesoscale perspectives remains to be fully understood for
clearly capturing the ASR induced damage processes. The proposed model attempts to
predict ASR- induced damage in concrete meso-structure on a case by case basis.

In this work, a time-dependent chemo-mechanical model was developed that
guantifies ASR kinetics and analyzes mechanical behavior under mesoscale characteristics
of ASR concrete for different geometric proportions of cement and aggregate particles.
Modeling was done considering four key steps: mesoscale geometry, concrete chemistry,
solid mechanics, and concrete damage model to predict the service life of concrete. Firstly,
a 2D geometry was defined based on the representative concrete meso-structure. Five sets
of geometry were introduced to simulate variable cement-aggregate proportions in
concrete. Secondly, finite-element method (FEM) was employed to model the ingress of
multiple chemical species into a variably saturated concrete matrix. For chemical kinetics
it was assumed that there was enough moisture to stimulate chemical reaction. Several sets
of governing equations were established to implement ASR kinetics into the model. Two
different concentrations of alkali hydroxide content were considered to simulate variance
in concentration of chemical species. Thirdly, mechanical deterioration due to ASR was
analyzed and mechanical properties like volumetric change, strain, stress were determined

on a case by case basis. A fixed load was applied and coupled with ASR expansion to
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simulate structures under loading conditions. Finally, a damage model was developed in
terms of the changing density of concrete block to predict damage in concrete structure. In
the analysis, representative 2D concrete block was considered as a middle portion of a
concrete structure.

Based on the simulation results, this proposed model has potential to predict ASR
damage in concrete up to 30 years. The flexibility to change cement-aggregate ratio per
concrete mix, and alkali hydroxide and siloxane concentrations per cement-aggregate
mineralogy add broader applicability to this model. Based on the analysis, concrete expects
to expand under alkali-silica reaction, and undergoes damage, large enough to form crack
on concrete structure. However, external loads or any confinement tend to mitigate ASR
expansion as well as damage to some extent.

2 ASR Chemophysics

The alkali-silica reaction in Portland cement concrete is a multi-stage process [17].
The process starts with the dissolution of siliceous components on the surface of the
aggregate particles. Though numerous research studies have been conducted since the mid-
1900s, to identify the mechanisms governing alkali-silica reaction, the exact chemistry of
ASR expansion is still unclear. In general, alkali-silica reaction can be treated as acid-base
reaction where silica in aggregate is acid reactant, hydroxides (K™ or Na*) remaining in the
pore solution are basic reactants, water is the transport medium for reaction and calcium
potassium (or sodium) silicate hydrate are the reaction product [18]. The pore water
facilitates mass transport of hydroxyl and alkali ions required for the reaction to occur.
ASR mechanism can be divided into three stages: (1) Hydration, (2) Neutralization and (3)

Osmosis. Equations (1), (2), and (3) were considered to depict chemical reactions that
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represent three stages, respectively [17]. In the first stage hydrolysis of the reactive silica
(siloxane) by hydroxyl ions (OH") takes place. The siloxanes on reactive aggregate are
attacked by the hydroxyl ions that remain dissolved in the pore solution with high pH. With
this attack on silicate core structure, siloxane bonds (=Si—O-Si=) are broken and replaced
by silanol bonds (=Si—-O-H) as illustrated by Eq. (1). This is a slow process due to sluggish
participation of aggregate compared to cement paste. In the second stage, weak silanol
groups further react with hydroxyl ions to generate alkali-silicate gel. This is a charge
balance stage. Readily available positive alkaline cations (K" or Na*) are attracted by the
negatively charged species and diffuse in the gel to initiate charge balance in the basic pore
solution [3]. Na* and K* are supposed to have the same effect, they are interchangeable in
the model. At the last stage hydrophilic alkali-silicate gel formed in the earlier stages
imbibes water or moisture from hydrated cement paste or the surrounding environment due
to osmotic pressure and increases in volume. According to osmotic cell pressure theory,
the difference in chemical potentials between the inside and outside layer of the gel, relates
moisture absorption and expansion of the alkali-silica [19]. This expansive gel induces
damage in the concrete structure. Concrete structures subject to alkali-silica reaction
typically show at least one of the following degradations: cracking, expansion of concrete
block, misalignments of structural components, or gel ‘pop-outs’ [20]. It is noteworthy that
ionic exchange between alkalis in ASR gel and calcium in cement paste converts ASR gel
into non expansive calciumsilicate gel (CSH) and thus limits the ASR mechanisms. Alkalis
(K* or Na*) in ASR gel are replaced by abundant calcium ions (Ca?*) in concrete per Eq.
(4) to form stable calcium silicate bond (C-S-H) [15]. However, C-S—H mechanism was

not considered in the chemical model of this study.
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(4)

where, R denotes an alkali ion (K™ or Na").

ASR kinetics is the study of reaction rates related to ASR mechanisms. Reaction
rate is different for each stage [15]. Reaction rates, ki, ko, and ks were assigned to first,
second and third stages respectively. The reaction rates are dependent on temperature

through the Arrhenius equation [21] given as Eq. (5).

k — Ae(—Ea/RgT) (5)

where Kk is reaction rate, A is the frequency factor, E, is activation energy, R, is

the gas constant and T represents temperature.
The rate of change of concentration for each of the six species can be expressed in
the group Eq. (6) according to study [15]. All chemical species participating in the chemical

kinetics of ASR were considered in this study to include their ionic exchange and thus,
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change in their concentrations. This will quantify the total concentration of ASR gel in

concrete after a certain time period based on all steps involved in the chemical kinetics.

%: — k,[Siloxane][ROH]

%: — k[Siloxane][ROH | - k,[ Silanol][ROH]

%: k, [Siloxane][ROH ] + k,[ Silanol[ROH ] — k,[ ASR gel][H,O]
W: k,[Siloxane][ROH | - k,[ Silanol][ROH | ©
% = kj[Silanol ROH] - k[ ASR gel][H,0]

d[Expanded ASR gel] _

= k,[ASR gel][H,0]

dt

where, [Siloxane],[ROH], [ASR gel], [Silanol], [H,0],and [Expanded ASR gel]

represent concentration of each species, respectively.
3 Mathematical Models

3.1. ASR Model

ASR mechanisms progress with the change in concentration of chemical species,
gel formation and penetration of gel into the pores in the cement matrix. It is noteworthy
that less viscous Na-K rich gel generated inside the reactive aggregates first followed by
aggregate cracking and then cracking in paste. Thus, gel flows along the cracks from the
aggregate through the cement paste. In this study, finite-element method (FEM) was used
to compute numerical approximation of PDEs and predict ASR-induced expansion. There
are six reacting species that participate in the ASR mechanisms according to chemical
Kinetics discussed previously in section 2. Therefore, to solve ASR Kinetics a system of six

coupled governing equations is required that will account for gel diffusion and
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concentration of each species. In this work, relevant physics of the ASR model were
coupled together based on the principles of mass balance and momentum balance. Mass
balance theory and Darcy’s Law were used here to simulate transport of diluted properties
and gel diffusion in the concrete porous media.

Mass Balance and Momentum Balance

Eq. (7) shows the coupled mass balance and momentum balance equation which
models chemical species transport through diffusion and convection of each chemical
species. The full derivation of this coupled equation was provided in author’s previous
paper per study [22]. This balance equation considers the two primary transport
mechanisms, i.e., diffusion transport and diluted species transport, for the chemical species
remaining in the porous concrete matrix. Fick’s law governs the diffusion of chemical
species and fluid (moisture/water) governs the migration of diluted species. The dependent

variable in this equation is the concentration of species.
0
E(ci) +V-(-D,vVc,) +u-Ve = R @)
where, ¢, is the concentration of species i (mole/m3), D, denotes the diffusion
coefficient of species i (m?/s), u is the fluid velocity vector (m/s) with components in X, Y,
and z direction respectively, and R is a source term for the species i (mole/(m?/s)).

Darcy’s Law

Eq. set (8) shows the equations of Darcy’s law. Darcy’s law provides a complete
mathematical model suitable for a variety of applications involving porous media flows. It
is used here to model low-velocity flows in the porous media where the pressure gradient

is the major driving force. Considering the gel to be a viscous fluid Darcy’s law is used to
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describe the gel permeation into the cement paste by generating pressure within the
aggregate. The dependent variable in the Darcy’s law is pressure.
0 v B
S (&P - (pu) = Q,
8

u=-=vp
u

where, ¢ is the porosity, p is the density of the fluid (kg/m®), u is the velocity

vector (m/s), Q. is a mass source or mass sink of fluid (kg/(m®.s)), « is the permeability of

the porous medium (m?),  is the fluid viscosity (Pa.s), and p is the pressure (Pa). The value
of the permeability was kept constant for the whole simulation period as this model
considered fully saturated condition only.

Note that equations set (7) and (8) are coupled equations where chemistry and flow
in porous media of all six species, their diffusion and convection progress simultaneously.

To avoid the complexity in simulating ASR mechanisms it was assumed that: 1)
reaction occurs with sufficient moisture content and reactive silica [9], 2) no mass change
occurs during chemical reaction, i.e. always having a constant concrete mass [16], 3) no
presence of calcium substances and hence, no reaction between ASR gel and calcium ions
[15], 4) Na* & K™ are supposed to have the same effect, i.e. they are interchangeable in the
model, and 5) the attack is uniform on the surface of the aggregate.

3.2. Mechanical Model

Due to ASR mechanisms damage progresses with the gel diffusion in the concrete
block. Expansion of ASR gel results in volume change of the concrete domain with time.
Volumetric strain is the ratio of volumetric variation to total volume of concrete and can

be calculated per Eg. (9).
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where, AV is the volume change and V is total volume of concrete.

It is noteworthy that, volumetric strain is not visible immediately after the
beginning of ASR mechanisms. Initially ASR gel continues to fill up free pores in cement
paste and during that time there is no obvious volumetric change. When cement pores are
completely filled up with ASR gel, continuous gel diffusion initiate volumetric change and
expansion becomes visible. The initial time period during which there is no obvious
volumetric change is termed as a latency period. Latency period was justified by study
[23].

Concrete used in construction is subjected to loading conditions. Concrete
experiences change in shape or size when stresses or loads are applied to it which in turn
develop volumetric strain. To visualize concrete behavior under loading condition a small
vertical stress of -1kPa (1 Pa=1N/m?) was applied on the top portion of the considered 2D
concrete block in modelling. A negative sign means that it was a downward loading. The
bottom portion was considered as a fixed constraint assuming concrete block was lying on
a fixed component of any structure. The other two portions at the left and right side were
assigned to symmetric boundaries assuming symmetry in geometry and loads, since the
considered block is in the middle of a concrete structure. Thus, due to this mechanical
boundary condition, the concrete block is experiencing compressive stresses under vertical
loading.

According to study [24], ASR damage is anisotropic under the loading conditions.

ASR expansion and progression of damage may not be isotropic under the real world
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scenario. However, the model was developed based on isotropy of concrete under the
applied load and ASR expansion for simplicity and to reduce computational cost.

Stress induced in concrete structure due to volumetric variation can be expressed
using Hooke’s Law per Eqg. (10).

o=Ee (10)

where, ¢ denotes stress tensor, E is the modulus of elasticity, and ¢ is strain tensor
from volumetric variation.

Strain tensor can be expressed as,

&g 1001
e=|1 ¢, 1 (11)
1 1 &

According to study [16], a chemical damage criteria can be formulated in terms of

damage function as following:

<0.1%

gel —

>0.1%

0 when,¢
{

w  when, g (12)

gel

where, w = 2.021x ¢, —0.195; where, &, represents volumetric strain generated

gel
from ASR mechanisms.

Chemical damage is the deterioration of concrete structure due to alkali-silica
reaction. The considered damage in this work is based on the change in density of concrete
after ASR expansion. Increased volume and thus, increased density puts the concrete
surface on tension. When developed stress surpasses the tensile capacity of concrete, crack
forms in the concrete structure. The density in the damaged state is not same as that of

initial density in non-damaged state.
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ASR induced volumetric strain (&) can be expressed in terms of a relationship

between concrete density in damaged and non-damaged states [16] as following:

b =1-Pe=1-Pe (13)

p pc +pgel

where, p,_ is concrete density in non-damaged state, p' is density in damaged state and
Py IS the density of expansive ASR gel.

4 Finite Element Analysis

To solve the governing equation set, a two dimensional mesoscale geometry of
concrete block (200mm x 200mm) was generated in this work. A mesoscopic approach
was introduced to this work for visualizing concrete material at larger scale comparing to
microstructures. For finite element analysis, concrete geometry was constructed in the
virtual cement concrete testing lab with the X-ray CT image processing captured from
actual concrete structure. X-ray computed tomography (CT) was initially used in the field
of non-destructive medical anatomy for recovering internal structure of a subject [25]. CT
images were further analyzed to justify the accuracy of it as a tool of finite element
modeling [26]. Note that a 3D material meso-structure model, entitled Anm, of mortar and
concrete [27-29] was created using the idea of representing actual measured shapes of star-
shaped aggregate particles by spherical harmonic series [30, 31] . A further development
of the Anm model is the ability to place a uniform-thickness shell around each aggregate
particle in cement paste or concrete models to simulate the ITZ regions [29]. This technique
makes use of an algorithm that has been developed for star-shaped particles to coat a
particle with a uniform-thickness shell [32]. In this work, 3D virtual concrete block was

created using the Anm model first. To save the computing cost, several 2D slices were
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generated from the 3D virtual block of concrete structure. For simplification, the domain

of concrete meso-structure was divided into two phases: cement paste and aggregate

particles, while ITZ and voids were not considered in the simulation process.

Five cases of geometry were created based on the ratio of cement and aggregate

particles (Table 3-1). The basic mechanism was considered as the same for all aggregate

sizes. Different cement-aggregate ratios were introduced to simulate ASR expansion for

irregular morphology of aggregate particles and their compositions in concrete (Figure 3-

1). Using a developed meshing code [33], relevant physics controlled meshing was done

for each set of the geometry to facilitate finite element analysis.

Table 3-1 Geometric properties and Mesh details used in FEM modeling
Geometry | Cement to | Cement Aggregate | Type of No. of No. of
Sets Aggregate | Proportion | Proportion | Mesh elementin | elementin

Ratio cement aggregate
(C/IA) paste particles
Case 1 1.13 0.53 0.47 Triangular | 11792 15746
Case 2 1.61 0.617 0.383 Triangular | 22589 16793
Case 3 2 0.67 0.33 Triangular | 18269 13540
Case 4 0.5 0.33 0.67 Triangular | 23639 25287
Case 5 1 0.5 0.5 Triangular | 23450 19916
| r;’]m | | 1
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Meso-structure domain of concrete block for case 1.
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Material properties are different for cement paste and aggregate domain (Table 3-

2).
Table 3-2 Material properties used in FEM modeling

Cement Paste | Aggregate | Source
Diffusion Coefficient of ASR gel (m?/s) 1x1010 1x1012 [16]
Young’s Modulus (Pa) 5x10° 60x10°
Poisson’s Ratio (1) 0.2 0.25 [34]
Density (kg/m®) 3150 2600
Viscosity of water (Pa.s) 8.9x10* NA [35]
Permeability (m?) 7.5x10° NA Calibrated

Based on mathematical models discussed in section 3, a comprehensive governing

equations set were developed for finite element analysis of chemo-mechanical analysis per

Eqgs. (14-20) to predict damage of concrete structure in terms of volume change.

D = 2.021x¢,, —0.195

gvol = ggel + gstress
p gel
8gel =
p c + pgel

pg =[Expanded ASR gel]xM

(14)

(15)

(16)

17)

(18)

u =[[Siloxane],[ROH],[ASR gel],[Silanol],[H 20],[Expanded ASR gel]]’

f[Siloxane] = = kl[Siloxane][ROH ]

firon; = —ki[Siloxane][ROH | — k[ Silanol][ROH]
foase ey = Ki[Siloxane][ROH | + k,[ Silanol][ROH | - k,[ ASR gel][H,O]
fisianoy = Ki[Siloxane][ROH | — k,[ Silanol][ROH |
fio = Ki[Silanol [ROH] - k,[ ASR gel][H,0]

f[E><panded ASR gel] = kS[ASR gEI][HZO]
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%(spp) +V - (pu) = Q,
7,

Estress — 11T €T &3 (20)
Percentage of damage can be calculated from Eq. (14) when volume change is
greater than 0.1%. Damage is expressed as a function of total volume change.
To determine total volume change an equation was developed in this study per Eqg.

(15). This equation determines the total volumetric strain, &, in terms of resultant volume

change induced from expansive gel and applied external stress. Here, ¢_, is the volume

gel

change due to ASR expansion, and ¢ .. denotes external stress induced volumetric strain.

stress

Volumetric strain from expansive gel can be determined from Eq. (16). Here,
definitions of all symbols are same as mentioned previously in this work. Density of
concrete was set to 2400 (kg/m®).

Density of ASR gel can be calculated per Eq. (17). Here, [Expanded ASR gel]
denotes concentration of expansive ASR gel which is obtained from Eg. (7) and M
denotes the molar mass of expanded ASR gel. Based on the atomic mass of chemical
elements that form expanded ASR gel, Si—O-R. (H,0) per Eq. (3), molar mass of gel

was calculated and set to 119 gm/mole (0.119 kg/mole).

Concentration of expanded ASR gel can be determined from Eq. (18). This
equation accounts for the diffusion of ASR gel as per diffusion coefficient, D, (Table 3-
2). Here, u is the dependent variable which is a concentration tensor of all six species

involved in chemical kinetics. f (u) is the source term as a function of u. Note that in this
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study, source term, was defined as a reaction term, which depends on rate change of
concentration for each individual chemical species based on Eq. (6). For numerical solution
reaction rate ki, ko, ks were kept constants throughout the simulation period and assigned
to a value of 6.34 x 10° mole/(m3.sec), 3.17 x 10® mole/(m3.sec), and 1.6 x 107
mole/(md.sec), respectively. ks impacts final expansion.

The unknown fluid velocity in Eq. (18) can be calculated from Eq. (19). The mass

source Q,, comes from water/moisture content and was assumed to be M, x f where

[H,0]?
[H,O] stands for water concentration as mentioned previously. M,, is the molar mass of

water which is 18 gm/mole (0.018 kg/mole).
Volumetric strain induced from external loading/stress, can be calculated from Eg.

(20) according to mechanical model. Here, &,

&£,,, £43 are strain tensor in XX, YY and
ZZ component, respectively.

Initial and reference values of different parameters used in finite element analysis
vary for cement paste and aggregate domain (Table 3-3). Initial concentration of chemical
species were set based on temporal variation of reactants and products according to study
[15]. Initial concentration of siloxane species is zero in cement paste as it comes from
aggregate particles only. Initial concentration of hydroxyl ions and water is zero in
aggregate particles as those species come from cement paste only. Initially there was no
pressure gradient in the concrete block as reference pressure and internal initial pressure

both were considered with equal values. ASR model was simulated considering constant

room temperature of 20°C (293K).
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Table 3-3 Initial and reference values used in numerical analysis
Details Cement | Aggregate | Source
Paste

Initial concentration of Siloxane (mole/m®) | 0 1

Initial concentration of ROH (mole/m?®) 1.2;25 0

Initial concentration of H,O (mole/m?®) 2 0

Initial concentration of Silanol (mole/m?) 0 0

Initial concentration of ASR gel (mole/m®) |0 0
zrrl:glil/(r:n%r;centratlon of expanded ASRgel |0 0 Calibrated
Velocity field at X direction (m/s) 0 0

Velocity field at Y direction (m/s) 0 0

Velocity field at Z direction (m/s) 0 0

Initial pressure (atm) 1 1

Reference pressure (atm) 1 1

5 Model Validation

To ensure the accuracy of the chemo-mechanical model, predicted ASR expansions
were validated by established experimental data. Standard test method ASTM C 1293 was
introduced for validation purposes. This is a concrete prism test (CPT) that determines the
length change of concrete due to alkali silica reaction. For the validation of ASR model
experimental data were collected from study [36]. Data was considered for concrete prism
with reactive aggregate type A [36]. To match with the chemical, environmental and
mechanical conditions of the prism tests conducted in study [36], numerical simulation of
ASR model was considered with Alkali concentration of 0.8 (mole/m?) and 1.2 (mole/m?3),
free expansion of ASR without any applied load, and constant temperature of 20°C
(293.15K). Validation model was simulated over a period of 400 days. Expansion varies
for different points throughout the concrete block. That’s why average expansion was
calculated for the cement matrix inside the concrete block. Unit thickness was assumed for

2d concrete block.
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E =100><I8 aa (21)

avg gel
\ A

where, E,,, is the percentage of average expansion. ‘A’ means area of the domain.

It is obvious from the comparison that the expansion curve of expansive gel
simulated in FEM model is following the trend of experimental curves (Figure 3-2).
However, the ASR expansion curve does not show any latency period at the very beginning
of the ASR mechanisms. This is because, since this study deals with fully saturated
condition (presence of excess water in concrete), the reaction starts from the beginning of
time interval. This phenomenon is also valid according to study [15], where there is no
latency period in the expansion curves when initial concentration of water/moisture is zero

(i.e. unsaturated condition).

0.12 " 1 M L M 1 2 0.12 A 1 i 1 i 1 i
0.10 _- ~—— Experimental Results -_ 0.10 o |—— Experimental Results L
g ' — FEM Simulated Results g i (= FEM Simulated Results
a 0.08 = - ‘a 0.08 < -
c 1 c
g 0.06 - - g- 0.06 -
|.|>j 0.04 - u’j 0.04 - -
e 1 ® ]
& 0.02 < o S 0.02 4 -
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Figure 3-2  Comparison of FEM simulated data with the experimental data as per
case 4 (C/A: 0.5): (a) 20°C ROH 0.8 mole/m?, (b) 20°C ROH 1.2 mole/m?®

In Figure 3-2(a), comparison is given for ROH concentration of 0.8 (mole/m?) and in
Figure 3-2(b), comparison is given for ROH concentration of 1.2 (mole/m®). Though,
simulated curves are not a perfect match compared to the experimental curves, they more

or less comply with the experimental data. The variation could be because of the
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assumptions and parameters considered in this model simulation. Thus, it can be said that,
proposed ASR model is validated successfully according to the assumptions and
considerations made in this proposed model.

6 Result and Discussion

Developed FEM model was simulated for 30 years to assess long term condition of
concrete. Results are based on the representative two dimensional FEM model of the
reference concrete block. All values including concentration, volumetric strain, stress and
damage of each species were calculated as an average value over the whole concrete
domain of FEM model to avoid variation in results.

To predict how concrete behaves under ASR mechanisms for different
concentrations of chemical species, FEM model for each of the five cases of geometry
discussed before was divided into two sub-cases. In the first the sub-case model was
simulated considering low alkali contents in cement matrix (initial concentration of ROH
= 1.2 mole/md). In the second the sub-case model was simulated considering very high
alkali contents in cement matrix (initial concentration of ROH = 2.5 mole/m®). Initial
concentrations of all other species were kept same for both of the sub-cases.

Concentration of expansive ASR gel generated due to ASR Kkinetics increases as
time progresses for all of the cases and shows the highest value at 30 years (Figure 3-3).
Concentration is maximum for case 4 with ROH of 2.5 mole/m?® (0.18 mole/m®) and
minimum for case 3 with ROH of 1.2 mole/m? (0.07 mole/m?®). If we focus on the trend of
the graphs (Figure 3-3), it is obvious that concentration of expansive gel increases with the
decrease of cement to aggregate ratio (C/A). That means when concrete domain contains

more aggregate particles than the cement paste concentration increases. The more
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aggregate particles in amount, the higher expansive gel gets in concentration. This is
because a higher aggregate proportion supplies more reactive particles that come in contact
with alkali hydroxide dissolved in the pore solution of the cement paste and accelerate
chemical reaction to produce more expansive gel. However, if all ROH concentration is
consumed by the reaction for the lowest aggregate proportion, additional aggregate
proportion would not have any effect on the expansion mechanisms. Like aggregate
particles concentration of expansive gel increases with the increase in ROH content. In all
of the cases concentration is maximum for ROH of 2.5 mole/m? and minimum for ROH of
1.2 mole/m3.  For example, in case 1 expansive gel concentration at ROH of 1.2 mole/m?
is 0.092 mole/m? and at ROH of 2.5 mole/m? is 0.137 mole/m®. This is because high ROH
concentration in pore solution attacks more reactive aggregate particles and accelerates

ASR gel production in concrete.
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Figure 3-3  Concentration of expansive ASR gel (mole/m?®) in concrete for
different cases.
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The change in concentration varies for different time intervals of the simulation
period. There is a rapid increase in concentration initially and then tends to increase with a
decreasing rate (Figure 3-3). If we consider the maximum one i.e. case 4 with ROH 2.5
mole/m3, the rate change of concentration of the expansive gel is higher after time 0 and at
5 years it becomes 0.157 (mole/m?®). After 5 years the increment continues at a slower rate
than before and concentration becomes 0.179 (mole/m?) at 15 years. After 15 years there
is no significant change in concentration until 30 years when maximum concentration
becomes 0.18 (mole/m®).

The distribution of expansive gel can be visualized for different time periods
(Figure 3-4). The concentration of expansive ASR gel is higher in the space between
closely positioned aggregate particles. The reason could be, closely positioned aggregates
limit the space for ASR gel to flow. It is also found that the concentration of expansive
ASR gel is high around the small sized aggregate particles. This is because of the more
surface area provided by small particles comparing to larger ones. Moisture movement
through pores and cracks in concrete can transport the ASR gel to the surface, where it can

exude. However, this phenomenon is not so common.
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0.4

0.35

Figure 3-4  Concentration of expansive ASR gel (mole/m?®) in concrete for case 4
with ROH of 1.2 mole/m3: (a) 0, (b) 5, (c) 15, and (d) 30 years

Average concentrations of all six species involved in ASR kinetics change with the
progression of time (Figure 3-5). ROH concentration decreases at a faster rate from the
very beginning of alkali silica reaction and continues up to 5 years. The reduction in
concentration starts with the reaction between alkali hydroxides and siloxane, and further
continues when byproduct silanol reacts with alkali hydroxides. After certain years (15
years) reduction rate of alkali hydroxides does not change significantly and reach a more
or less stabilized concentration of 0.714 mole/m®. At 30 years the concentration becomes

0.713 mole/m?3. Concentration of expansive ASR changes inversely with that of alkali ions.
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Thus expansive gel formation speeds up after the latency period and increases at a
decreasing rate. According to Eq. (1), (2), and (3) expansive gel formation continues with
the chemical reaction and depletion of all other species involved in the Kkinetics. For this
reason, concentrations of siloxane, silanol, water and ASR gel tend to decrease as time
progresses. Silanol is a byproduct of the chemical reaction which increases at first and then
decreases later with the formation of ASR gel. Concentration of ASR gel also increases
initially and then decreases when it starts to convert into expansive gel by absorbing water.
It is noteworthy that, after 10-15 years reactions tend to stabilize though there is high alkali
concentration in the solution. This is because, after certain time there are not sufficient H.0

and silica content in the solution to react with ROH.
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Figure 3-5  Comparison between concentrations of all six species (mole/m3) in

concrete for case 4 with ROH of 2.5 mole/m?.

Volumetric strain was calculated from developed comprehensive governing
equations set discussed in section 4. VVolumetric strain induced from ASR gel expansion

follows the changing trend of the concentration of expansive gel (Figure 3-6). Thus, ASR



75

induced volumetric strain is maximum for case 4 with ROH of 2.5 mole/m® (8.93 x 10%)
and minimum for case 3 with ROH of 1.2 mole/m? (3.49 x 10*%) at 30 years. Volumetric
strain is also higher for cases with more aggregate particles and more ROH concentration.
This is because volumetric strain is a function of the concentration of expansive gel and

change in the volume gets higher when more expansive gel is in the domain of concrete

block.
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Figure 3-6  ASR gel induced volumetric strain in concrete domain for different
cases.

Stress was calculated from the Mechanical model discussed in section 3.2. To
minimize computational cost a mechanical model was developed in a more simplified form
and the material was considered as isotropic in the simulation. Tensile stress induced from
ASR gel expansion was taken in terms of global stress, which was obtained by integrating
the local stresses through the concrete block thickness. In this case concrete was allowed

to expand freely, i.e. no external load/stress on concrete block. This follows the changing
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trend of the volumetric strain (Figure 3-7). Thus, maximum stress was generated for case
4 with ROH of 2.5 mole/m® (1.92 x 107 Pa) and minimum for case 3 with ROH of 1.2
mole/m?® (7.53 x 106 Pa) at 30 years. Hence, stress is also higher for cases with more
aggregate particles and more ROH concentration. This is because stress is proportional to
the volumetric strain and more stress generates for cases with larger volume change in the

concrete domain.
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Figure 3-7  Stress developed from ASR gel expansion in concrete domain for
different cases.

In addition to the external loads/stress on concrete block, ASR induced volumetric
strain tends to decrease (Figure 3-8). This is a significant finding of this work. Though,
ASR expansion accelerates the volume change, applied loading decreases the rate by which
volumetric strain changes. This is because applied vertical loading initiates compressive
loads by acting downward, which in turn mitigates the upward expansion of concrete block

since the bottom side of the block is at a fixed boundary. For case 4 with ROH of 2.5



7

mole/m3, maximum volumetric strain developed in the concrete domain is 8.93 x 10
without external load and 8.39 x 10 with external load at 30 years. However, at initial
time period, there is no visible expansion due to ASR and volumetric strain generated from
downward load surpasses the ASR induced volumetric strain. Thus, total volumetric strain

tends to be negative at that time interval.
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Figure 3-8  Total volumetric strain (ASR gel + external load) in concrete domain
for case 4.

Stress developed from ASR expansion in concrete also tends to decrease in addition
to external loadings (Figure 3-9). Due to downward loading stress generated from it also
acts downward which mitigates ASR induced stress and thus total stress is less than ASR
induced stress. Here, compressive stress is applied in a vertical direction only, and thus,
stress decrease also occurs in vertical direction only. For case 4 with ROH of 2.5 mole/m?,
maximum stress developed in the concrete domain is 1.92 x 107 Pa without external load

and 1.81 x 107 Pa with external load at 30 years. At initial time period, total stress also
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tends to be negative. This is because stress is a function of volumetric strain and

proportional to it as discussed before.
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Damage function was calculated based on volumetric strain following the equation

sets discussed in section 4, to predict percentage of damage with time progression.

Developing a tool to visualize the damage propagation in concrete structure with time is

one of the major contributions of this work. The percentage of damage follows the trend

of volume change (Figure 3-10). It is obvious from the figure that for a few initial years

damage is zero. At initial time periods, volume change in concrete is less than 0.1% and

damage was neglected. This is because, initially, there is no significant expansion or

volume change in the concrete block. Thus, damage propagation complies with the damage

criteria formulated in study [16]. Percentage of damage is larger in cases where there is

more aggregate particles and more concentration of ROH in the concrete domain. For

example in case 4, maximum damage is 3.74% with ROH of 1.2 mole/m? and 9.16% with
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ROH of 2.5 mole/m® at 30 years. External loadings also tends to mitigate damage
developed from ASR expansion. However, in concrete there could be cracking or other
damages due to loading conditions which were not considered in this study. Damage values
founded in this work are based on the assumptions and other compositions considered in
the model. Thus, developing the damage model per damage function and showing the

trend of damage propagation in concrete are the first time findings from this work.
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Figure 3-10 Percentage of damage in concrete domain for case 4.
Damage in 2d concrete block can be visualized for case 4 at different time intervals
(Figure 3-11). Hence, with the FEM model it can be predicted that considered concrete
block subjected to ASR mechanisms will degrade gradually and effective measure should

be taken accordingly.
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(d

Figure 3-11 Damage in concrete domain due to ASR gel case 4 with ROH of 1.2
mole/m3: (a) 0, (b) 5, (c) 15, and (d) 30 years

7 Conclusions
This work proposes a three-dimensional coupled chemo-mechanical model for
analyzing ASR chemophysics and mechanical properties of concrete at meso-scale. Virtual
cement concrete meso-structures considering various geometric proportions of cement and
aggregate particles were generated based on our novel model, Anm. Developing coupled
mass balance-momentum balance equations and their numerical implementation as per
chemical kinetics are the major contributions of this work to accurately predict the ASR

damage that integrated ASR expansion in addition to external loadings, material mesoscale
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details and damage modes. A 30 year simulation period as well as 10 case studies
corresponding to concrete domain and ROH concentration, provide an in depth view of
concrete degradation with the progression of time. The findings of this paper confirmed
that average expansion in concrete starts after the latency period and then continues to
increase with a decreasing rate. For the first few years, alkali-silica reaction is amplified
and then tends to stabilize with the depletion of alkali-hydroxides concentration. ASR
expansion continues as long as there are enough reactive silica, alkali hydroxide and water
content in concrete structure. Depletion of any one of these contents may limit the ASR
production and gel diffusion. ASR damage is not that significant initially, but, after certain
years damage surpasses the accepted limit based on the damage function, which can
deteriorate service life of concrete. External load or constraint has the potential to mitigate
ASR damage in concrete. Thus, ASR damage can be minimized by effectively following
three strategies: using non-reactive aggregates, limiting the maximum alkali content of
concrete and limiting the moisture availability in the field structures.

The developed model is based on the specific environmental conditions, initial
concentrations of the species involved and their compositions, and, the reaction rates
considered in this paper. In real cases, ASR expansion can continue for more than 30 years
as well as a latency period that may last for several years. Pressure of crystallization was
not included in this developed model. The effect of crystallization and subsequent
expansion is a mechanism of alkali-carbonate reaction (ACR). Thus, this model is valid for
alkali-silica reaction (ASR) only. This developed model is only valid for fully saturated
conditions with constant room temperature. The damage model is for isotropic concrete

block only.
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The developed governing equation set can be calibrated further for any concrete
structure by changing initial concentrations of chemical species, concrete density, and
loading conditions according to the purpose, proportion or properties of concrete domain.
Thus, this physics-based model can be used to accurately determine damage level and
predict the service life of concrete. There is great potential for this model to be used for
future study and evaluation purposes.
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CHAPTER 4: A STOCHASTIC MODEL TO EVALUATE ALKALI-SILICA
REACTION (ASR) IN CONCRETE SUBJECT TO GLOBAL WARMING AND
CLIMATE CHANGE IMPACTS®
Abstract

Alkali-silica reaction (ASR) is a most common source of concrete deterioration
worldwide. Global warming (GW) has anticipated frequent climate change and caused
global extreme weather events in recent years. These events convey potential threats to
infrastructure made by concrete due to ASR. That’s why complex mechanisms of ASR
under seasonal change and dynamic global warming impacts require a precise quantitative
assessment to guide durable infrastructure materials design practices. Given the set of facts,
this work captures the concrete meso-structure and develops a simplified ASR model that
integrates chemo-physio-mechanical damage under stochastic weather impact. The results
from the validated model elucidate that ASR kinetics and evolution of ASR expansion can
be more destructive under the influence of global warming and stochastic weather change.
Thus, this proposed model can support precise long-term degradation forecasts of concrete
infrastructure damage subject to alkali-silica reaction due to global warming and climate
change impacts.

Keywords: Chemical model, Seasonal change, Global Warming, Stochastic weather,

parametric study
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1. Introduction

Aging of concrete infrastructure, e.g. pavements, bridges, buildings, and hydraulic
dams, is a worldwide problem. Alkali-silica reaction (ASR) is one of many undesirable
chemical reactions that initiate concrete infrastructure deterioration over time. Alkali-silica
reaction have attracted significant research efforts to understand fundamental mechanisms
of damage growth [1-5]. The driving effect of ambient temperature and humidity on ASR
expansion have already been explained previously [6, 7]. The trajectory is clear — higher
temperature, higher humidity, and more severe ASR damage. Alkali silica reaction
becomes favorable to the right direction, and therefore, product generation tends to
accelerate, with the increased temperature and relative humidity (RH). However, the
evolution of ASR expansion under the impact of extreme weather condition is yet to be
justified.

Extreme weather can be defined as a sudden increase/decrease in temperature or
humidity. This is an emerging problem to the entire world. Frequent climate change along
with the global warming can elevate extreme weather condition. Climate change describes
overall change in the mean temperature and humidity or the moisture condition.
Researchers have found that climate change gives a boost to the frequency or intensity of
extreme events like heat waves, rainfall, humidity or air vapor, as well as snowfall during
the winter. Human-induced climate change has increased the chances of heat waves
recently [8-9]. Even a small change in global warming can boost the frequency of extreme
weather events, especially heat waves and rainfall [10]. These events have warmed the
United States faster than the global rate since the late 1970s [11]. Warmer air produced

through heat waves may contain more water vapor than cooler air. It is also evident that
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the human-induced warming has increased the amount of available water vapor in the
atmosphere [12-13]. There is also an increase in the heavy snowfall in some regions during
the winter season. Researchers have found that the intensity of snowstorms have increased
since the 1950s [14], and become more frequent across the northern part of the United
States [15-16].

Thus, climate change and global warming have initiated extreme weather events
with an increase in prolonged periods of extreme temperature and humidity. These events
supply extra moisture and temperature to the infrastructure. It may also be found in many
cases that maximum temperature gets maximized and minimum temperature gets
minimized. This intrinsic uncertainty of extreme events can alter the environmental
conditions and adversely effects our infrastructures, especially, their chemical processes
that rely on the surrounding environments. Particularly, the uncertain changes of the
environmental conditions can create an anomaly in the chemical kinetics of ASR, gel
production, and subsequent accelerated expansion. Favorable weather (i.e. high
temperature or humidity) initiates the ASR expansion, whereas, unfavorable weather (i.e.
low temperature or humidity) minimizes the further expansion. This frequent expansion
and shrinkage generate greater stress levels in concrete and can potentially lead to much
faster crack development in the concrete structure. Thus, extreme weather conditions may
create an even worse scenario and can cause more degradation to ASR damaged structures.
Extreme weather has also triggered sharp changes to the degree of saturation in the porous
media. Aggregates containing amorphous silica are more porous, provide a large surface
area, and thus, are more susceptible to deleterious alkali-silica reactions [17]. The moisture

absorption-induced volume expansion depends on the saturation status of this porous



90

material. Moisture effects on the ASR mechanism and relevant drying shrinkage of the
unsaturated or variably saturated porous media have already been justified [18-20]. With
the immediate change in temperature and random evaporation of the moisture content, the
tiny pores inside the porous concrete may feel an increase or decrease in the internal vapor.
This situation may generate a pressure gap inside the pores. This pressure drop between
unsaturated and saturated media may pose internal shrinkage stress and can cause further
damage.

Existing saturated porous media and highest alkali-silica reaction assumption (high
temperature or humidity) might lead to over conservative design, which is not cost
effective. Nevertheless, counting the influence of global warming and climate change on
the extreme weather events and its impact on concrete infrastructures have been frequently
underestimated. Present lab practice with constant temperature and humidity, also
disregard the random weather change and thus, can’t capture ASR damage accurately.
From an engineering point of view, the effects of uncertain environmental and extreme
weather conditions on the performance of concrete structure should be evaluated
accurately. Moreover, researchers have been struggling to develop numerical models that
can assess constitutive properties accurately and quantify the chemo-physical damage
induced by alkali silica reactions [21-26]. Within this context, a simplified alkali silica
reaction model is proposed in this work as an attempt to identify ASR properties and bridge
the existing research gap in the field of numerical modeling. A two-dimensional (2-D)
concrete meso-structure was generated as a representative of ASTM prism test. The aim
was to replicate environmental and material properties stated in ASTM C1293 standard

[27], to validate the model in first place. The model relies on several partial differential
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equation (PDE)-based governing equation sets, which represent relevant chemophysics of
ASR expansion. Richards’ equation was adopted to capture the unsaturated or partially
saturated porous media of concrete. Uncertainties involved in the transport of the chemical
species in the porous media were assessed through the regression analysis based on the
relevant unknown parameters. The effects of variable moisture conditions (i.e. ambient
humidity) and temperature were incorporated into the validated model by modifying the
rate constants involved in the ASR kinetics. Analysis was done on a case by case basis.
Stochastic processes were adopted to address extreme weather conditions in the model. All
the analyses were done on the same reactive media, to extrapolate the data in a meaningful
way. Finite element method (FEM) was applied to solve partial differential equation (PDE)
based governing equation sets. In sum, this work adopted the following framework for

ASR damage analysis:

Partially or variably saturated porous media to match with uncertain moisture
access
e Weather-dependent rate constants for the ASR kinetics
e Seasonal variation addressing four equal-length seasons in a year: winter, spring,
summer, and fall
e Extreme weather impact and its stochastic distribution
e Long-term damage assessment of concrete meso-structure
Damage in the concrete structure is considered when it passes the pre-defined
threshold. The simulated results from this work identified that ASR expansion is
maximized with the constant high temperature and humidity. However, seasonal change

and random weather manipulate the conventional rhythm of gel production and produces
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highly non-linear expansion. Hence, stochastic distribution of extreme weather damages
the concrete structure faster and in severe manners.

Thus, the proposed model integrates global warming impact-induced weather data
and its stochastic representation as input, and provides a new perspective from meso-scale
chemo-physio-mechanical scheme for a better understanding of ASR kinetics and the
ultimate consequences.

2 Governing Equation Sets

2.1. Chemical Model

The coupling between the hydroxyl ions in the pore solution of concrete and
siliceous components of the reactive aggregates produces ASR gel. This gel, in itself, does
not initiate any damage to concrete. Rather, hydrophilic ASR gel imbibes available water
or moisture from the surroundings, and thus, gets converted to expansive gel with a
noticeable increase in the percent volume expansion. As the gel continues to absorb more
water from the surroundings, it develops internal stress in the concrete domain. The
cumulative stress can surpass the tensile capacity of concrete and may result into visual or
internal cracking of the concrete domain. The basic chemical reactions involved in the ASR
mechanism can be found in study [28].

There are six chemical species involved in the gel production as presented in Table
4-1[28, 29]. Their evolutions were addressed through several PDE based equation sets.
This was done based on the principles of mass balance and momentum balance [30]. Mass
balance theory and Richards’ equation are used here to simulate chemical species transport

and diffusion in the partially or variably saturated concrete porous media.
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Table 4-1 Chemical species involved in the alkali-silica reaction

Species Comments
Siloxane Available in the reactive aggregates
ROH Hydroxyl ions, available in the cement paste
Silanol A byproduct of the chemical reaction
ASR gel Hydrophilic gel
H,0 Water or moisture
Expanded ASR Final product when ASR gel absorbs water and swells
gel

Mass & Momentum Balance Equation

Due to chemical reaction there is continuous migration and diffusion of chemical
species through the moisture or pore water available in the concrete matrix. Thus, along
with the mass transfer there is fluid flow in the matrix. These mass transfers and flow
velocities need to be counted on time to capture the transport mechanism and production
of the chemical process. Eq. (1) represents the mass & momentum balance equation for
chemical species transport in the porous media [25]. Instead of individual masses, the
concentration of each species was considered as a dependent variable in the equation, while
balancing the mass transport in the cement-aggregate interactive media. The rate change
of concentration is proportional to the diffusivity and instantaneous rate of change of the

concentration of each species.

= (c) +V.(-DV¢,) + u.Ve; = R; (1)
where c; is the concentration of each species i (mole/m®), D; denotes the diffusion
coefficient of species i (m?/s), u is the fluid velocity vector (m/s) with components in X, y,
and z direction, respectively, and R; is a source term, which is defined as the rate change

of concentrations of species i (mole/(m®/s)).
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Diffusion Coefficients of ASR gel (m?/s) were taken as 1x10° and 1x1072 for
Mortar and aggregate phases, respectively [26]. Diffusion Coefficient of H,O0 was
considered as 5x10° m?/s in mortar [31]. It was assumed there was no moisture diffusion
through aggregate. Diffusion coefficient of ROH was calculated through parameter
estimation as discussed in section 3.2. Initial concentration of ROH was taken based on the
validation standards and discussed on section 3.1. Initial concentration of H, O can be found
in the case studies presented in Table 4-4. Initial concentration of silanol and ASR gel were
assumed as zero based on the explanation presented in study [29]. Initial concentration of
siloxane for aggregate sample can be found in Table 4-3. The rate of change of
concentration for the species involved in the ASR can be found in author’s previous work
[29].

Rate Constants

The relationship between the rate constants and temperature is defined through the
Arrhenius equation as given by Eq. (2).

k= Aexp(—

=) @

where k is the rate constant, A is the pre-exponential factor (also known as
frequency factor), E, is activation energy, R, is the universal gas constant and T represents
absolute temperature.

To calculate the rate constants Eq. (2) was modified further as Eq. (3) to capture

the combined effects of temperature and relative humidity (RH) in the porous media.

k = Aexp(— %) frm ©)
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where fry is a factor to the relative humidity. This work assigned a factor to the
relative humidity to count their effects on the ASR expansion. Further details can be found
in section 2.2.

Rate constants as identified by the three stages of chemical reaction [29] were
correlated through Eq. (3), and assigned as k1= k, ko=50k1, and ks=100Kks, respectively [25].

Richards’ Equation

Richards’ equation can capture the fluid flow in partially or variably saturated
porous media. This is an improvement over the Darcy’s law which is limited to fully
saturated conditions only. Richards’ equation was first published by the English
mathematician and physicist Lewis Fry Richardson to develop empirical methods for
weather forecasting [32]. Later, the equation was attributed to Richards that describes the
fluid as capillary conduction through porous mediums [33]. Many attempts have been made
to simplify Richards’ equation while simulating fluid flow in porous media. A very general
form of Richards’ equation was used in this work as of Eq. (4) [34, 35]. Unsaturated or
fully saturated porous media can’t account for the variable moisture supply generated from
the extreme weather condition. This situation misestimates the ASR expansion, which is a
waste of designed materials. On the other hand, Richards’ equation provides an added
benefit to incorporate the variable moisture transport into the model. 1t’s a nonlinear partial

differential equation where pressure is considered as the dependent variable.

Cnm dap _
0 (p—g + ses) V.0 = Q, 4)

where p is the fluid density (kg/m®), C,, denotes the specific moisture capacity

(1/m), g is the acceleration due to gravity (m/s?), S, represents the effective saturation (1),



96

S represents storage coefficient (1/Pa), p is the pressure (Pa), u is the fluid velocity vector
(m/s), and Q, is the fluid source (kg/(m?>.s)).

The fluid velocity vector across the faces of an infinitesimally small surface can be

defined as Eq. (5).
Ks
u=- k-(Vp + pgVD) %)

where x, defines the hydraulic permeability (m?), p is the fluid dynamic viscosity
(Pa.s), k, represents the relative permeability (1), and D is the elevation (m).

In this work, effect of elevation, D was not considered and assumed as zero. Initial
pressure level and reference pressure level were kept the same to avoid any pressure
gradient at the initial stage. Hydraulic conductivity was considered as the permeability
model which combines the fluid permeability and dynamic viscosity. Hence, fluid dynamic
viscosity, 1 was ignored in this work. Thus, final Richards’ equation used in this study was

formulated as Eq. (6).

C dap
p(om +88) 50+ Tp- KT =Q,  (6)

where K; is the hydraulic conductivity (m/s). Value of K is presented in Table 4-

The compressibility of fluid or cement-concrete matrix was not considered in this
work and thus, the value of storage coefficient, S was simply defined as 1 (1/Pa). Fluid

source term was calculated as, Q. = Ry, * 0.018 [kg/mole] [29].

Retention model

Richards’ equation provides a platform under variably saturated media to input
weather randomness in the ASR model. However, a mathematical process is needed to add

these inputs in the model. Retention models can do this job by capturing the moisture
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content of the partially saturated media. In this work, the van Genuchten retention model
was used to calculate the unsaturated hydraulic properties of the flow medium, i.e., liquid
volume fraction, 0, effective saturation, S, specific moisture capacity, C_, and relative
permeability, k, [36]. Variably saturated media works through the liquid volume fraction,
which may range from a residual value, 6, to a saturated value, 6, or total porosity
depending on the available moisture content in the media [36]. According to the van
Genuchten model, unsaturated condition occurs when pressure head in the media becomes
negative and it reaches saturation level when pressure head is equal to or greater than zero

[36]. Eq. set (7) describes the van Genuchten equations.

Unsaturated C;ono(ljtion (Hp <0): Saturated Condition (H,, > 0):
0 =0, W =0, +S.(065- 6,) (;e:_ei

% = [+ @D en=0 2
C = T8, — 85, (1-5,m) =52 (1- (1-5.7) )

ke =8ex(1-(1- se%)m)2
(7)

1
where pressure head, H, = pgg, m=1 - and a, m, n are the van Genuchten

coefficients. Material properties along with other values of 6, 6, o, and, n are presented
in Table 4-2, based on the water retention curve for mortar and aggregate phases
(weathered granite) [37, 38].

Note that, Eq. (1) and Eq. (6) were simulated concurrently to quantify concentration

of expansive alkali-silica gel in the variably saturated porous media of concrete. Richards’
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equation took care of the Darcy’s velocity field of moisture flow, involved in the mass
balance equation.

2.2. Weather Impact Model

Environmental conditions greatly affect the frequency of ASR expansion and
induced damage in concrete structures. High humidity supplies more moisture to concrete
which creates a pressure difference inside concrete. This facilitates micro-structural flow
of moisture in concrete and induces hygroscopic swelling of alkali silica gel. Researchers
suggested a critical value of 80% for relative humidity to produce significant expansion of
the gel [39]. Moreover, global warming can influence the ASR expansion and carries a
potential threat to the existing concrete structures. Increasing temperature and seasonal
variations propel the reaction rate constants, involved in the ASR Kinetics, and thus,
concrete structures are more susceptible to ASR damage in warmer region. It is noteworthy
that global mean temperature can potentially increase by 5°C within the year 2100, based
on the projection of climate models [40]. For these reasons, a comprehensive model is
highly desired to assess in depth effects of the weather parameters, i.e. temperature and
relative humidity, on the concrete structures subjected to ASR expansion.

Temperature:

Heat transfer in porous media of concrete was simulated using the following

equation which corresponds to the differential form of the Fourier’s law.

pCpaa—f+ V- (q)=Q

q=-kVT (8)
where p is the density of the solid (kg/m®), C, denotes specific heat capacity at
constant pressure (J/ (kg-K)), T is temperature (K), k is the thermal conductivity of concrete

(W/ (m-K)), and Q. is heat source or sink (W/m?).
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In the model, concrete was considered without insulation and all sides were

subjected to ambient temperature at the boundary. The heat source, Q., usually considered

for early-age concrete under cement hydration was ignored for hardened concrete. Initial
and reference temperature were kept same to avoid any temperature gradient at the initial
stage. The values of specific heat capacity and thermal conductivity can be found in Table
4-2.

Relative Humidity

Percentage of ambient relative humidity was considered and fed into the model
through Eq. (3) as discussed in section 2.1, to account for its effects on ASR expansion.
From 2 years ASR expansion vs relative humidity relationship for Rhyolitic Tuff [41], an
empirical equation in terms of a RH factor was developed as Eq. (9). This factor was
addressed to easily connect the effects of ambient humidity to the ASR expansion. It has
been adopted in such a way that it becomes 1 when RH reaches 100%, and can vary in
between 0 to 1 depending on different humidity levels. For the lower values of RH, the
ASR expansion is minimal, and thus, associated factor is also very less in numbers.
However, after 80% RH, there is a sharp increase in the ASR expansion, and same is true
for the factor. Figure 4-1 depicts the plot of this equation and justifies the trend of change.

foy = 0-0006exp(0.0717RH); RH < 85
= 0.0485RH — 3.85;85<RH <100 9)

where RH is relative humidity expressed in %.
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Figure 4-2  Projected future global surface temperature increase [40]

Global Warming

Global warming comes up with a temperature increase, which can boost the ASR
kinetics through Eqg. (3). The effect of global warming was adopted based on the projection
of climate model under Representative Concentration pathway (RCP) 8.5 [40]. According
to this model, the global surface warming can increase by 3.6°C within the next 80 years
(2020-2100). The effect of global warming was modeled assuming a polynomial variation
of temperature with time as Eq. (10).

AT = —3exp(—6)t3 + 0.0005t*> + 0.0257t — 0.003; 0 <t < 80 (10)
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where AT is the temperature increase (°C), and t is the time (years). Figure 4-2

illustrates the polynomial relationship developed in this equation.

Table 4-2 Material properties used in the Chemical and Weather Model
Mortar Aggregate | Source
Activation Energy, E, (J/mole) for ASR 43000 43000 [42]
Universal gas constant, R, (J/(mole.K)) 8.3144598 8.3144598
Initial Pressure (atm) 1 1
Reference Pressure (atm) 1 1
Residual water content, 6,. 0 0.08
Saturated water content, 6 0.185 0.308 [37, 38]
van Genuchten coefficient, o (1/m) 3.23x10* 15.3
van Genuchten coefficient, n 1.217 1.406
Hydraulic Conductivity, K, (m/s) 6x1013 5.35x107!
Heat Capacity (J/(kg-K)) 1548 850 [43]
Thermal conductivity (W/(m-K)) 1.73 2.9
Initial Temperature (K) 293.15 293.15
Reference Temperature (K) 293.15 293.15

2.3. Stochastic Model

Chemical kinetics of alkali-silica reaction and possible expansion are highly

sensitive to the surrounding temperature and relative humidity. Moreover, climate change,

global warming and seasonal variations add uncertainty to the complex ASR mechanisms.

Thus, to conduct realistic simulation of concrete damage under variable environmental

conditions, extreme weather should be addressed properly. This can be done by

incorporating associated randomness or stochasticity of extreme weather in the model.

Hence, this work utilizes a stochastic approach to synthesize the random nature of weather

and associated uncertainty in the ASR-induced damage of heterogeneous concrete meso-

structure. The stochastic process was coupled with the Weather Model in reproducing the

temperature and humidity to imitate the real-world weather condition.
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The Karhunen-Loéve expansion (KL) was implemented to account for the
stochastic approach. KL expansion is a popular approach of series expansion, where the
stochastic process is represented as a truncated finite series [44]. Thus, it is adopted to
explicitly represent the weather anomaly in the predictive model. The Karhunen—Loeve
expansion of a zero-mean random process X (t, 8) as shown in Eq. (11) is based on the
spectral decomposition of its covariance function [44]. If the covariance function is
bounded, symmetric, and defined by the orthogonal Eigen-decomposition, the KL
expansion of random process X (t, 8) over the stochastic domain, D can be expressed as

Eq. (11) [44].

X(00) = > Aaon(6a(6) (1

where ¢,, and 4,, are the orthogonal deterministic Eigen functions and Eigenvalues
of the covariance function, respectively. &,(6) is a set of uncorrelated random variables.
The series is approximated by a finite number of terms, m for solving practical problems.
The deterministic set of Eigen functions is used to represent the stochastic process in
weather parameters.

The values of ¢,, and 1,, can be determined from the analytical solution for the

covariance kernel as Eq. (20) [12].
| 6tu ) 0a(6) = 22 (12)
D

where Cx(t;, t;) is the covariance function, ¢; and t; are the coordinates of point i
and j, respectively.
In this work, we implemented exponential covariance kernel as Eq. (13) in the

symmetrical domain, D = [—1, 1] to solve the integral problem. Exponential function was
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considered to simulate the randomness of extreme weather events. This function consists

of only two parameters (a2 and b).
t: — t:
C(tit;) = 0% exp (%) (13)

where a2 is the variance and b is a correlation length parameter. Variance is a
scaling factor which determines how far function values can vary from the mean. Length
parameter, defines the smoothness of the function, i.e. how frequent the value can change.
In this work, we assumed variance, o2 = 1 so that the function stays close to their mean
values, and correlation length parameter, b = 0.1 so that the function value can change
quickly to imitate abrupt change in temperature or humidity due to extreme events.

Thus, for a certain mean, ux for the process, the KL expansion of random process

X (t, 0) was further derived as Eq. (14).

XCO=p+) [Tap®6©® ()

Random variables set, &, (8) was assumed as a Gaussian process. Details derivation
for the Eigenvalues and Eigenvectors estimation can be found in study [44].
Stochastic Temperature and Humidity:

The derived KL expansion was used to consider time-dependent stochasticity of
both temperature and relative humidity. Eq. (14) was further modified as Eq. (15) to

calculate the stochastic temperature of the surrounding environments.

T(t,6) = (pean + 8D+ ) JTipn©6:0)  (15)

where T (t, 8) represents the stochastic temperature.
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Relative humidity and dew-point temperature indicate the amount of available
moisture in the air. Global warming increases the dew-point temperature, and thus, relative
humidity also increases with it. To calculate stochastic humidity, Eq. set (16) was derived

based on the relation between temperature and humidity [45].

100 — RH
Ta= (T, +AT)—( =)

RH=100—-5(T —T,) (16)

where T ean is the mean temperature (°C), T4 IS the dew-point temperature (°C),
T is the stochastic temperature (°C), RH,,.,, denotes mean relative humidity (%), and RH

is the stochastic humidity (%), at any certain time.

2.4. Damage Model

Volume change happened in the ASR-damaged concrete was calculated through

Eq. (17) according to study [29].

Pgel
Egel = 17
gel PgeltPc ( )
where g, is the volumetric strain from ASR expansion, pg.; and p represent mass

density of alkali silica gel and concrete, respectively. Concrete density, p. after 90 days
was calculated as 2475.5 kg/m?. The derivation of Pgel Can be found in study [29].
Intensity of ASR damage can be calculated from Eqg. (18), following the chemical
damage criteria presented in study [26]. Damage is considered when volumetric strain or
percent expansion is greater than 0.1%.
Dger = 2.021 X £4¢) - 0.195; €ge1 > 0.1%  (18)

where D, is the damage due to ASR expansion.

gel
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3 Numerical Analysis
In this work, a meso-scale model was developed to accommodate for the non-linear
evolution of ASR damage in both space and time. Based on the derivation discussed above
we came up with the governing equation sets to run the simulation. Mixed mineralogy
gravel, C8 [46] was considered for the validation purposes. This model was simulated 1
year for the parameter estimation and validation purposes. It was simulated further for 30
years to extrapolate data from the model and predict service life of concrete.

3.1. Mesoscopic Geometry

This work captured concrete geometry at the meso-scale, to replicate concrete
damage propagation subjected to ASR, in a 2D computational framework. A meso-scale
concrete prism with square cross section of 75mm was created according to ASTM C 1293
concrete prism test [27]. A 3D Anm geometric model of concrete prism was developed in
the virtual cement concrete testing lab according to study [47]. Details of the process and
algorithm for Anm model can be found in our previous publication [47, 48]. A uniform-
thickness shell as interfacial transition zone (ITZ) region was further added into the cement
paste around the aggregate particle to locate the transition area of alkali silica gel. To do
the easy meshing and saving simulation time a processed 2D slice of concrete prism
describing two basic phases (mortar and aggregate) was created from the 3D Anm model

as shown in Figure 4-3(a).
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Figure 4-3  Concrete meso-scale geometry: (a) 2D slice, (b) Meshing

A developed 2D slice was meshed using quadrilateral elements. An in-house
MATLAB code was developed to convert each pixel of 2D geometry into a quadrilateral
element. The meshed geometry was further processed to make it readable in the
NASTRAN bulk data format, a common format for importing 3D or 2D meshes into the
finite element solver. A total of 158 different faces were generated from the pixel meshing.
Figure 4-3(b) depicts the complete 2D mesh geometry of concrete prism block.

Material Properties

To match with the ASTM C 1293 concrete prism test [27], the concrete block was

considered with a cement content of 420 (kg/m?) and an alkali content of 1.25% Na;O¢q.

A corresponding initial hydroxyl ion concentration for cement was calculated as 875
(mole/m?) from the relationship between ROH concentration and % equivalent Alkali [39].
A detail case study of the effects of ROH concentration on ASR gel production can be
found in study [29]. Other material properties such as Young’s Modulus, Poisson’s Ratio,

and Density for mortar and aggregate domain can also be found in study [29].
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3.2. ASR Kinetics Parameter Estimation

Parameter estimation is the determination of the best values for uncertain
parameters in a numerical model. This is a sort of inverse modeling system through data
accumulation from any relevant experimental or technical setup. The value of many
parameters associated with the ASR kinetics, i.e. diffusion coefficients of ROH, initial
siloxane concentration of aggregate, pre-exponential factor etc. is not clear and
unspecified. These values depend on the reaction intensity, aggregate reactivity,
surrounding environments (temperature or humidity) etc. Variable environmental
conditions may also affect the intensity of these parameters. Thus, an effective approach is
needed to estimate these uncertain parameters so that the output from the developed model
aligns with the experimental observations. This can be done through the calibration of the
model by comparing with the available experimental data.

In this work, we developed an in-house MATLAB code to estimate the unknown
parameters through the regression analysis and to ensure reliability of them in the Chemical
Model. Experimental data of ASR expansion for mixed mineralogy gravel, C8 was
considered in this case [46]. The process started with an initial guess for the uncertain
parameters. Initial guesses for the diffusion coefficients of ROH in mortar and in aggregate
were considered as 7.5x102 m?/s [42], and 5x107* m?/s [42], respectively. Initial guesses
for pre-exponential factor and concentration of siloxane in aggregate were assumed based
on the results after first simulation, and were considered as 0.00035 (1/s), and 750
(mole/md), respectively.

A range of possible values was proposed as uniform random function based on

those initial guesses. This work utilized accept and reject methods where a threshold value
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of 0.001 was considered to limit the parameter values. Error calculation and estimations
were completed through the following algorithm:

Error = (T,—T))?;

If Error < 0.001: Accept the sample

Else: Reject the sample

where T; and T, are the experimental and simulated data, respectively.
Figure 4-4 shows the distribution of the sample values for the unknown parameters.
The values associated with the maximum frequency produce less error and thus, simulation

results align more accurately with the experimental data.
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From these histograms, the following values were adopted for the uncertain

parameters in the model.
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Table 4-3 Parameter estimation

Mortar Aggregate
Diffusion Coefficient of ROH (m?/s) 7x1012 4x10
Pre-exponential factor, A (1/s) 0.00029 0.00029
Initial Concentration of siloxane (mole/m®) 0 710

3.3. Parametric Study

There could be a common question: how ASR expansion would evolve under
different weather conditions. As an effort to address this question, this work implemented
a parametric study of temperature and relative humidity, to assess the weather events in the
model. A number of benchmark problems have been proposed in terms of the case study,
to account for the ASR evolution under variable weather conditions.

Temperature, relative humidity and boundary water level were fed into the Weather
Model as discussed in section 2.2 for a detailed case study. Case 1 was considered as a
validation case for weather conditions, which was required by ASTM C 1293 concrete
prism test [27].

Seasonal Variations

There exists a correlation between temperature and humidity. In this work, this
correlation is taken into account by considering the effect of water-vapor on relative
humidity. The water—vapor required to saturate air during cooler seasons is lower, and
therefore, the relative humidity is larger for these seasons. On the contrary, the relative
humidity has lower values for warmer seasons.

We incorporated seasonal variations of temperature and humidity in the model in
terms of the four seasons of equal duration— winter, spring, summer, and fall, which

follow one another regularly. Following sinusoidal functions as shown in Egs. (19-22) were
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developed to represent randomness in the daily weather due to seasonal variation. Figure
4-5 and 4-6 show the graphical representations of these functions. We assumed such abrupt
changes in the daily temperature and relative humidity to replicate the extreme weather
events.

Winter:

T (°C) = 5+10sin (2 T t/24) 0 <t<24h(1 day)

RH (%) = 82.5+12.5sin (2 m t/24) 0 <t <24h (1 day) (19)

T (°C) = 25+10sin (2 w t/24) 0 <t < 24h (1 day)

RH (%) = 70+15sin (2 ©t/24) 0 <t <24h (1 day) (20)

Summer:

T (°C) = 35+10sin (2 w t/24) 0 <t < 24h (1 day)

RH (%) = 65+15sin (2 1 t/24) 0 <t <24h (1 day) 1)

Fall:

T (°C) = 12.5+12.5sin (2 © t/24) 0 <t <24h (1 day)

RH (%) = 80+15sin (2 wt/24) 0 <t <24h (1 day) (22)
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A piecewise function was generated to capture all the seasons together ina 1 year

timeframe. Figure 4-7(a) and Figure 4-7(b) visualizes the piecewise function graphically

for temperature and relative humidity anomaly, respectively. Time is presented in months.

It has been found from the past 30 years of climate data that mean daily temperature

anomaly follows a half-sine distribution round the year [49]. Keeping that in mind, we

assumed daily temperature and humidity in such a way that it also produces a half-sine

distribution of these weather parameters at the end of a complete year.
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Figure 4-7  (a) Yearly temperature variations (T1), (b) Yearly relative humidity
variations (RH1)

Stochastic Distributions

Mean ambient temperature and humidity were added into the Stochastic Model as
discussed in section 2.3.

To represent the yearly seasonal temperature and humidity distribution as shown
above, we formulated the following half-sine functions as Eqgs. (23-24), which periodically
repeats each year throughout the simulation period. Figure 4-8 and 4-9 show the

distribution of these functions.

T (%) = Tmax; Tmin _ Tmax; Tmin 4 gin(2 tt — f 1) (23)

RH (%) = Xmax . Rmin _ Rimax = Rifmin , sin(2 wt — f) (24)

where T, and Ty, are the maximum and minimum temperature in a year which
were assumed as 45°C and -5°C, respectively. RH,,,x and RH,;, are the maximum and
minimum relative humidity in a year which were assumed as 95% and 50%, respectively.
The terms t represents the simulation time and f is a frequency factor. A value of 0.5 was

assigned to the frequency factor, f to produce half-sine curves that match with the



114

distribution of Figure 4-7. The temperature or relative humidity considered in this study

are for the purpose of a case study, and thus, do not represent any specific location.
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The temperature from Eq. (23) and relative humidity from Eq. (24) were further
imported as mean in the Stochastic Model, to facilitate the stochastic process. Figure 4-10
shows the random field realization of the KL expansion which added the randomness to

mean temperature and humidity plot.
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Figure 4-11 shows the stochastic distribution of temperature for the next 20 years.
It is obvious that temperature keeps increasing gradually due to global warming. Figure 4-
12 further shows the temperature and relative humidity for the next 80 years. It is noticeable
that the T and RH are decreasing at some points and also increasing sometimes later. Thus,
these stochasticity represent the extreme weather events that can happen due to the effects

of ongoing global warming and climate change.
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Finally, based on these temperature and humidity data, several case studies were
conducted to visualize environmental effects on the alkali silica expansion. Table 4-4

depicts the details of all the cases studied in this work.
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Table 4-4 Case studies for Weather Model
Case ID Ambient Ambient Initial Water Representing Conditions
Humidity | Temperature | Concentration
(%) (°C) [mole/m?]

Case 1 100 38 0 Validation [46];

Case 2 0 38 0 Fully coated/insulated,

Case 3 100 38 1000 Uncoated & maximum saturation;
A concrete dam submerged in water
from the beginning;

Case 4 0 60 0 Fully coated/insulated,;

High temperature;

Case 5 100 60 0 Uncoated & maximum saturation;
High temperature;

Case 6 100 60 1000 Uncoated & maximum saturation;
High temperature as Nuclear
storage;

Nuclear reactor submerged in water;

Case 7 70 25 0 Room temperature and ambient
humidity;

Case 8 100, 60 38 0 100% humidity for first half of the
year and then drying to 60% over
the last half of the year;

Case 9 60, 100 38 0 Drying with 60% humidity for first
half of the year and then boosted to
100% over the last half of the year;

Case 10 RH1 T1 0 Seasonal variation;

Case 11 RH> T 0 Stochastic distribution;

Based on the facts discussed so far, a developed model was analyzed in finite

element method (FEM) to simulate complex concrete matrix.

4 Results and Analysis

Analysis was done based on the material properties, case studies and input

parameters as discussed before. Accumulated results represent the average value over the

whole concrete domain, i.e. both mortar and aggregate phases

4.1. Validation of the developed Model

To ensure the accuracy of the extrapolated data, a deterministic analysis is needed

to check the compatibility of the simulation results with the governing equation sets and
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associated environmental conditions. In such, a developed model was validated comparing
with the 1 year experimental data of aggregate type C8 [46], by assuming free expansion
and adopting case 1 in the parametric study. Goodness of fit of the model was estimated

through Root Mean Square Error (RMSE) method through the following equation.

N
RMSE = E @By (25)
i=1

where (Z;—Z,)? is the differences, squared, and N is sample size.

Fig. 4-13 illustrates the validation plot along with the experimental data. Although
the model shows a slight discrepancy in the expansion from a certain point at the beginning,
simulation results intersect with it eventually at a later stage, which ensures better
extrapolation beyond the validation period. This model also shows a latency period at the
beginning stage, which is more logical for the ASR kinetics to manifest. Moreover, RMSE
values lie close to zero (1x102 ~ 0.1x10%), which identify the goodness of fit, and ensure
the accuracy of the estimated unknown parameters. Thus, the developed model predicts
well the expansion behavior, to guess the potential damage of concrete and decide on-time

remedy.
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Figure 4-13 Validation of the Developed Model

This validated model will perform in light of the following considerations:

NaOH and KOH are interchangeable in the model

This work focused on the ASR gel production and its evolution over time. Thus,
the production of non-expansive calcium silicate gel (CSH) which limits the ASR
expansion through reaction between available calcium and ASR gel, was kept out
of the consideration

ASR-induced volumetric expansion is not unidirectional, i.e. values may change
depending the boundary condition applied on each sides of the concrete block
This model representation the stationary boundaries, i.e. geometry is not changing

with time or expansion
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4.2. Sensitivity Analysis

ASR Expansion

Alkali silica reaction in concrete was evaluated in terms of the volume change.

VVolume change was expressed as percent expansion of the domain. As the ASR progresses

the concentration of each species involved in the chemical kinetics as well as the associated

expansion changes with time. Analysis was done for 1 year on the type C8 aggregate under

case 1

to visualize these relations. Polynomial functions were included to estimate these

relations in the future. Figure 4-14 explains how the concentration of expanded gel and

percent expansion vary with the concentration of ASR gel. It is obvious that, at the initial

stage concentration of the expanded gel doesn’t increase with ASR gel production. It takes

a while to show the ASR expansion. This happens because ASR gel needs favorable

weather condition (moisture) to expand, and there is a latency period to start this process.
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(b) 1 year ASR expansion

Figure 4-15 depicts the effects of temperature and humidity on the ASR expansion.

High temperature and humidity provide with most favorable condition for ASR kinetics to
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happen, and thus, boost the expansion further. Expansion is significant when temperature

is above 300K, and RH is above 85%.
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Figure 4-16 shows 1-year expansion of type C8 aggregate, for all cases of the
Weather Model. Maximum expansion happens for case 6 (0.48%). Case 6 represents a
nuclear reactor, which considers the most severe environmental conditions. High
temperature and submerged water increase the ASR expansion significantly. Unlike case
6, case 5 represents concrete with zero initial water concentration. Thus, expansion for case
5 is much less than that of case 6 (0.22%). Case 1 is the validation case that represents an
ASTM concrete prism test condition, and shows an expansion of 0.145%. Case 3 adds a
submerged water condition to those of case 1 and represents a concrete dam under water.
Thus, expansion in case 3 is larger than that of case 1 (0.35%). Case 2, 4, and 7 represent
some weak or restricted weather conditions and show a little or no visible expansion after
1 year.

Case 8 considers an uncoated state initially, and then it goes through drying during

last half of the year. With a high supply of RH, ASR expansion continues to increase
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initially, and reaches a value of 0.05%. When a drying stage is applied to concrete after
half the year, expansion doesn’t go back to zero, rather it continues showing no visible
increase in expansion. Finally, after 1 year expansion gets to a value of 0.055%. Case 9
represents a reverse phenomenon of case 8. Here, drying is done for the first half of the
year and shows no significant ASR expansion throughout that period. Later, expansion

increases significantly with an application of high RH and gets to a value of 0.1% after 1

year.
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Figure 4-17 2 years expansion of ASR gel in concrete: (a) case 10, (b) case 11
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Moreover, Figure 4-17 portrays the effects of extreme weather events on ASR
expansion. Case 10 shows sharp changes in the expansion due to the assumed piecewise
function of the seasonal weather change. Expansion takes a while to show up initially due
to the latency period needed for ASR gel to absorb available moisture from the
surrounding, and then expand. However, as soon as there is expansion it comes up with
visible fluctuations after 1 year due to the random change in weather parameters. Low
temperature of winter stabilizes the ASR gel production to some extent, whereas,
expansion is bumped up again with the available moisture from high humidity.
Concentration of ASR gel as well as associated expansion jumps up at the beginning of
spring, which further jumps up during the summer due to high temperature. On the other
hand, case 11 shows the stochastic weather variations. The change in expansion is more or
less flat because of the stochastic weather events which work on a periodic half-sinusoidal
mean. However, expansion behavior follows the trend as that of case 10 due to the seasonal
variations in temperature and humidity.

4.3. Long-term ASR Forecasts

An extended analysis was done for a 30 years period. Stochastic weather case 11
was considered in type C8 aggregate to represent the real-world scenario of an existing
concrete structure.

Figure 4-18 visualizes how ASR evolves at different locations on the concrete
prism. Expansion is maximum at a point located on the outer surface close to the reactive
aggregate (1.57%). Expansions in the middle and on concrete face located away from the

reactive aggregate are very slow and insignificant at the end of 30 years. That means,
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locations in the close proximity of reactive aggregate are more likely to show ASR

expansion and damage.
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Figure 4-18 Point graph for 1 year expansion: (a) cut plane 2d, (b) concentration
of expanded gel

Figure 4-19 visualizes the contour plots for concentrations of ASR gel and
expanded products. ASR gel is distributed on the aggregate surface. Concentration of

expanded gel is flowing through the aggregate micro cracks and diffusing into the mortar

phase.
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Figure 4-19 Contour plot for 30 years concentration: (a) ASR gel, (b) expanded gel

Figure 4-20 shows that damage due to ASR expansion is maximum around smaller
aggregate than the larger one. Hence, smaller reactive aggregates are more favorable to the
ASR process. It also confirms that the damage is visible after 7.5 years and keeps
worsening rapidly with the progression of time under the effects of stochastic weather

events.
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Figure 4-20 30 years ASR damage in concrete due to stochastic weather condition:
(a) 2D plot, (b) 1D plot
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Other weather cases were considered further for 30 year simulation periods to
compare the ASR expansion and damage propagation in concrete. Figure 4-21 depicts the
expansion in concrete after 30 years. Maximum expansion is found for case 5 (0.52%).
While 1 year expansion of case 7 is close to zero, it shows a significant expansion at the
end of 30 years (0.36%). It is obvious from case 10 that, for each single year, ASR
expansion increases significantly at the beginning due to high humidity in winter, which is
bumped up further in summer due to high temperature. Case 11 presents randomness of
the stochastic weather condition, and shows the sinusoidal rhythm in its changing pattern.
This case also shows consistency with the case 10 after boosting the expansion at the end
of each year due to high humidity. Moreover case 5 tends to stabilize within a 30 year
simulation period, whereas other cases still show potential scope of further damage. Thus,
considering constant weather parameters with conventional lab tests can lead to over or

under-estimation of ASR expansion as well as associated damage.
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Figure 4-21 Effects of weather cases on 30 years ASR expansion
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Figure 4-22 illustrates the 30 year evolution of ASR in concrete under the influence
of critical times for different global warming scenarios. Global warming increases the ASR
expansion gradually as time progresses. Stochasticity shows a major difference in
influencing ASR gel production due to extreme weather events. Thus, under the real
weather exposures inherent randomness of the extreme weather events affect the service
life condition of concrete. It is obvious that after 30 years the reduction in service life is
minimum (50.95%) for mean weather condition which further increased due to added

global warming (52.1%), and stochastic weather events (54.5%).
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Figure 4-22  Effects of extreme weathers on 30 years ASR evolution in concrete:
(2) ASR Expansion, (b) Lifetime reduction

It is evident that surrounding weather conditions, especially, RH and temperature,
greatly influence the ASR expansion, and thus, justify the consideration of extreme weather
events in the ASR prediction model. As such, the developed model of this work can
potentially predict the ASR damage, and service life of concrete under variable

environmental conditions.
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5 Conclusions

This work renders the concrete prism at the meso-scale from a two-dimensional
perspective, and proposes a stochastic model to predict ASR damage. Stochastic realization
adds the extreme values to the time-variant mean, which better represents the real-world
values. Construction of the model includes numerical analysis of mortar-aggregate
chemistry under the influence of extreme weather events. This is the first ever
implementation in a model to link extreme weather events to the concrete service life
assessment of ASR, to the best of the authors’ knowledge. This is our critical innovation
in the modeling phase which incorporates random behavior of the environmental
parameters into the ASR model.

Concentration of ASR gel is maximum on the aggregate surface which diffuses
back into the mortar as the time progresses, increases the overall concrete density, and
subsequently develop cracking. Concrete which is submerged in water and completely
uncoated under a high degree of saturation and temperature would lead to maximum
damage to the structures. This case study can be best suited for a nuclear reactor which can
come up with high expansion (0.48% at 1 year). A concrete dam submerged in water from
the beginning and open to high saturation and moderate temperature can also lead to high
amount of expansion (0.35% at 1 year). Any concrete superstructures which are not
submerged in water but still under high degree of saturation and temperature will show
significant amount of expansion (0.225% at 1 year). Concretes which are considered under
room temperature will have a low expansion (0.0056% at 1 year), whereas for a fully coated
or insulated structure expansion can be very insignificant (8.31x107% % at 1 year).

However, most interesting phenomena happens when we supply late moisture or drying to
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the structure under ASR expansion. When we apply drying under low humidity to a
previously uncoated structure exposed to high moisture, it stops to produce any significant
expansion further, and can potentially come to a complete stop after a certain period. Unlike
this, when we supply more moisture to a relatively low ASR structure, the expansion gets
boosted significantly and so the damage.

Seasonal change and stochastic weather conditions confirm how non-linearly ASR
expansion and damage can propagate under a real-world scenario. A mean weather
condition can lead to a low expansion (0.348% at 30 years). However, stochastic weather
events under global warming can produce further expansion (0.366% at 30 years), which
increases the expansion content by 5.2%. Even though the expansion under relevant
stochasticity looks less severe compared to the extreme constant weather cases, the
associated uncertainty can potentially bring more damage to the structure due the
consecutive contraction and expansion in the cement-mortar matrix.

The major findings from this work is to evaluate how ASR expansion and
associated damage propagate in partially/variably saturated porous media under the impact
of climate change and extreme weather events. Potential exposure to extreme weather
events can greatly influence the service life of concrete and infrastructure network.
Location and service condition of the existing structures can be the driving factors in
defining their ASR damage. These justify the importance to anticipate the adverse impacts
of climate change on ASR prone structures. This developed model can be very crucial for
other concrete structures in predicting the evolution of ASR expansion as well as service

life under the real world environmental conditions. Thus, this work will advance in the
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field of resilience and sustainable infrastructure development by supporting on-time
prediction and adaptive management to account for the weather uncertainty.
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CHAPTER 5: MITIGATION SCHEMES FOR THE ALKALI-SILICA REACTION
(ASR)-INDUCED DAMAGE: A MINERALOGICAL STUDY ON CONCRETE*
Abstract

Alkali-silica reaction (ASR) is responsible for long-term degradation in concrete
structure. In this work, a meso-scale mechanical model has been established to simulate
the effects of alkali-silica reaction on the mechanical properties of concrete over time as
well as the impacts of different mitigation approaches on affected concrete. The results
from this study confirms that the ASR expansion significantly reduces the compressive
strength, tensile strength, and modulus of elasticity of concrete. Fly ash as a supplementary
material is the most effective one in minimizing ASR expansion and associated damage. A
case study based on different mineral types provides with the petrographic comparison
between reactive or non-reactive aggregates. Thus, this developed model can accelerate the
precise prediction and optimize mitigation scheme management of ASR induced damage,
as well as can be used as an alternative scope to the costly laboratory tests methods. This
can potentially influence the research on cement-concrete materials for long-term damage
forecasts and lead to a conclusive solution for ASR damage of concrete infrastructure.

Keywords: ASR model, 3D Anm model, Concrete damage model, ASR mitigation

4 This chapter includes results which are under preparation for the submission to the Journal of
Cement and Concrete Research titled “Mitigation Schemes for The Alkali-Silica Reaction (ASR)-induced
Damage: A Mineralogical Study on Concrete”. Contribution of the coauthor is sincerely acknowledged:
Rahman, M. A,, and Lu, Y.
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1. Introduction

Concrete infrastructure damage is more frequent nowadays. Aging and detrimental
chemical reaction of concrete structure are the major sources of deterioration in the recent
years, causing billions of dollars in damages every year in the United States. Alkali-silica
reaction (ASR) is a significant undesirable phenomena for concrete infrastructure damage
worldwide.

The concrete ASR problem is influenced by many factors: aggregate/mineral types,
alkali content, surrounding environment, mechanical loadings, use of supplementary
materials etc. The alkali-silica reaction takes place between silica and hydroxides. Reactive
silica presents in aggregate tends to breakdown due to the high alkalinity of pore solution
in concrete and subsequently react with alkali-hydroxides to form ASR gel [1-3]. This
diffusion of ASR gel induces internal pressure in the cementitious matrix [4], which
eventually cracks the concrete surface. The swelling behavior of ASR gel determines the
extent of damage to concrete structures, and the mitigation of this damage depends solely
on the preventive measures to gel formation as well as its corresponding swelling [5].

Strength is the most important property and defines the load carrying capacity of
concrete. It mostly depends on the interaction between mortar and aggregate phases.
Alkali-silica reaction develops micro crack in the concrete domain and weakens this
interaction which can lead to the significant reduction in load carrying capacity. Several
investigations have been conducted to determine the effects of ASR damage on mechanical
properties of concrete. With the progression of ASR damage compressive strength of
concrete gets reduced [6]. Alkali-aggregate reaction can significantly reduce the flexural

capacity of concrete due to the ongoing expansion over time [7-9]. Tensile strength of
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concrete is more likely to be affected by the ASR phenomena [10, 11]. ASR expansion also
reduces the dynamic modulus of elasticity [9] and Young’s modulus [12] of concrete.
Study [13] performed a details lab tests on ASR affected concrete prism to record the
mechanical damage with time. According to this study, there is a strength gaining period
after which compressive strength tends to decrease with the progress of time. There is
noticeable reduction in the tensile capacity of concrete which is the most under high
temperature and alkali content. Young’s modulus is also significantly reduced with the
increase in temperature and alkali content.

The use of certain aggregates can lead to the undesirable chemical reactions.
Reactivity of an aggregate is greatly influenced by its irregular crystallinity as well as the
amount of energy stored in the crystal structure [14]. Aggregates containing amorphous
silica are more porous, provide a large surface area, and thus, more susceptible to
deleterious alkali-silica reactions [14]. It is also very difficult to incorporate the effects of
ASR in the model due to the random mineral sites from where aggregates are being
collected.

Mitigation of alkali silica reaction and its induced damage is also a challenging job.
Many experimental research efforts have been conducted to explore the mitigation
measures and their consequences [15-17]. Though these experimental studies were
supported by significant findings, they are limited by testing setups, cost, and time to
predict ASR-induced damage under service conditions. Given the empirical nature of
available findings, a robust numerical model is highly desirable to provide a modeling-
guided solution with sound theoretical basis. The researchers have been working hard to

quantify chemo-mechanical damage induced by the alkali silica reaction [18-21]. However,
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no existing model is available to assess the effectiveness of various mitigation measures.
Because of the complexity lying in the chemo-physio-mechanical behavior of ASR, we
need further development in the field of modeling framework to assess and mitigate ASR
related problems.

In this work, concrete mechanical properties were linked to the ASR kinetics on the
basis of a modified strength model as a function of concrete density. To visualize the
mechanical deterioration in concrete under ASR expansion its compressive and tensile
capacity as well as Young’s modulus were analyzed on a case by case basis. A 3D Anm
model of meso-structure was generated as a representative concrete prism to match with
size, properties, and environmental parameters as stated in ASTM C1293 standard [22].
Finite element analysis (FEA) was done to solve partial differential equation (PDE) based
governing equation sets. Material properties of 17 different coarse aggregates as presented
in Table 5-1 were incorporated in the model for petrographic comparisons [23]. A
mitigation scheme was implemented to evaluate the efficiency of different supplementary
cementitious materials (SCMs), i.e. fly ash, slag and silica fumes, in reducing ASR
expansion. ASR induced damage was combined with concrete aging to identify change in
mechanical properties of damaged concrete. Finally, a density-based damage model was
proposed to predict service life of concrete structure. A damage rating factor (DRF) was
assigned to each aggregate type based on their ASR damage after one year. Note that the

DRF was defined in this paper as a tool to evaluate the extent of ASR damage.
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Table 5-1 Coarse aggregates

Aggregate ID Mineral Type Aggregate Source
Cl Chert and quartzite Eagle Lake, TX
C2 Tan dolomite carbonate Eagle Pass, TX
C3 Limestone Elgin, OK
C4 Limestone Helotes, TX
C5 Mixed quartz/chert Ashtown, AR
C6 Limestone San Antonio, TX
C7 Limestone Ontario, CA
C8 Mixed mineralogy gravel Ontario, CA
C9 Chert with quartz and limestone Victoria, TX
C10 Rhyolitic volcanic rocks with quartz and granite Albuquerque, NM
C1l1 Mixtures of granodiorite and metadacite North East, MD
C12 Quartzite Dell Rapids, SD
C13 Quartzite New Ulm, MN
Ci14 Granite and Quartzite Gravel Cheyenne, WY
C15 Ryholite/Mixed Quartz Rockville, VA
C16 Granitic gneiss, metarhyolite North Garden, VA
C17 Greywacke Moscow, PA

It’s a new modeling approach to track the mechanical damage in concrete with the

progress of alkali-silica reaction and to offer a mitigation module based on the

requirements. Table 5-2 lists the abbreviations used in this work, to improve the readability.

Table 5-2

Summary of abbreviations

Abbreviations Anatomy/Terms
ASR Alkali-silica reaction
DRF Damage rating factor
SCMs supplementary cementing materials
CSH calcium silicate gel
ROH alkali hydroxyl
CH calcium hydroxide
FA Fly ash
SL slag
SF silica fume
ITZ interfacial transition zone
FEM Finite element modeling
PDE Partial differential equation
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2. Model Development

2.1. Chemical Kinetics

The chemical process starts with the dissolution of silicates into the alkaline pore
solution. Hydroxyl ions in the pore solution of concrete reacts with siloxane components
of reactive aggregates to produce ASR gel. ASR gel further absorbs water and swells to
produce expansive ASR gel. However, when calcium presents in the cement paste, it reacts
with the ASR gel, and produces non expansive calcium silicate gel (CSH). In this case,
abundant calcium ions (Ca®") replace the alkalis (K* or Na*) from alkali-silica gel
according to Eq. (1) [24]. Moreover, pozzolanic reaction, which is essentially a reaction
between lime and pozzolanic materials (siliceous or aluminous), occurs in concrete over
time. This is a long-term reaction which may take from months to years to manifest. In this
case, excess calcium ions (Ca?*) (coming from the mitigation materials, i.e. fly ash) react
with the hydroxyl ions (OH") and silica (SiO2) available in the concrete mix, and produce
hydrated CSH gels according to Egs. (2-3) [25]. This is the dominant hydration product
with higher density and strength which was considered in this work to predict the
mitigation scheme of alkali-silica reaction. Subsequently, reaction with aluminous
pozzolanic materials was kept out of the consideration to minimize the complexity of the
problem. The calcium silicate bond (C-S—H) forms by these ionic exchanges, is very strong

by nature, and thus, it limits the ASR production.
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where R* denotes an alkali ion. K* or Na* can be used interchangeably.

CSH gel production in Eqg. (1) would run for the whole 30 years. CH productions
in Eq. (2) tends to stabilize within one year of chemical reaction [26]. It was assumed that
the breaking of CH bond and CSH gel production in Eq. (3) also might get stabilized within
one year as Eq. (2). Thus, if we denote the three stages of chemical reaction [27] as k;, k,
and k5, the rate constants related to Egs. (1-3) can be defined as k,=k,, ks=30k,, and
k¢=30k, respectively.

The rate of change of concentration for the species involved in the ASR gel
production are presented in study [27]. The rate of change of concentration for additional
species involved in the CSH gel production can be expressed as Eq. set (4).

d[CSHgel]

7 = k,[Expanded ASG][Ca] + k¢[Calcium Hydroxide][Siloxane]

d[Calcium Hydroxide
dt

= k<[Ca][ROH]— k¢[Calcium Hydroxide][Siloxane] 4

where [CSH gel], [Expanded ASR gel], [Ca], [Calcium Hydroxide], [Siloxane],

and [OH] represent concentration of each species, respectively.
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This is an extension to author’s recent work [28] where Eqgs. (1-4) have been added
to the existing chemical equation sets to simulate the mitigation measures. Equations
defining rate constants can be found in study [28]. In this work, we predict the alkali-silica
gel production or its mitigation by accurately simulating the changing concentration of
each species involved in the mechanism. PDEs were developed to formulate the governing
equation sets representing chemical kinetics involved in the ASR gel and CSH gel.

There are six chemical species involved in ASR gel production [28] and three
additional species involved in the CSH gel production as discussed above. Thus, for this
work scope we needed nine coupled governing equations to replicate complete chemical
kinetics of the alkali-silica gel production and mitigation scheme. This was done based on
the principles of mass balance and momentum balance in the variably saturated porous
media [28].

The values of diffusion coefficients are presented in Table 5-3. The 3D concrete
prism was considered with a cement content of 420 (kg/m®) and an alkali content of 1.25%
Na,0.q to replicate ASTM C 1293 concrete prism test [29]. Initial ROH and CaO
concentrations for mitigation materials were found in study [17]. A corresponding initial
hydroxyl ion/Ca ion concentration as shown in Table 5-4, was calculated for each of the
species, from the relationship between ROH concentration and % equivalent Alkali [30].

Initial concentration of siloxane for type C8 aggregate was considered based on the
parameter estimation of study [28]. Initial concentration of siloxane for other aggregate
samples can be calculated by the following equation.

Siloxane; = Siloxane g X Factortype (5)
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where, Siloxane; is the initial concentration of siloxane (mole/m®), Siloxane.g is

the initial siloxane concentration for type C8 aggregate, and Factor,,,,. is a multiplication

factor for different aggregate types. A simulated list of initial siloxane concentration and

this type factor are presented in Table 5-8 for different aggregate samples.

Table 5-3 Diffusion coefficient of chemical species

Mortar Aggregate | Source
Diffusion Coefficient of ASR gel (m?/s) 1x1010 1x1012 [31]
Diffusion Coefficient of ROH (m?/s) 7x1012 4x10 [28]
Diffusion Coefficient of H,0 (m?/s) 5x1010 0 [32]
Diffusion Coefficient of CaO (m?/s) 2.17x101 0 Calibrated
Table 5-4 Initial concentrations of chemical species

Value Source

Initial concentration of ROH for cement, ROH (mole/m®) 875 [29]
Initial concentration of ROH for FA, ROHg, (mole/m?®) 1260
Initial concentration of ROH for SL, ROHg; (mole/m®) 406 [23]
Initial concentration of ROH for SF, ROHgg (mole/m®) 530
Initial concentration of CaO for FA, CaOg, (mole/m®) 784
Initial Concentration of siloxane for C8 aggregate (mole/m?) 710 [28]

2.2. Mitigation Model

In this work, application of SCMs was incorporated in the model, as an effort to

evaluate their efficiency in mitigating ASR expansion and corresponding damage. A

certain proportion of Fly Ash, Slag, and/or Silica Fume was used in the Mitigation Model

to predict and mitigate ASR-induced damage virtually. Initial concentration of alkali

hydroxyl (ROH) and CaO are greatly influenced by the application of either one or all of

these materials, along with the basic Portland cement. An equation was proposed as Eq.

(6) to calculate the combined ROH concentration, based on the proportion and initial ROH

concentration of each of the supplementary materials.
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Psp
100

ROH +EROH +EROH +
¢ 7100 FA 7100 SL

ROHcom - 100 ROHSF (6)

where ROH,,,, 1S the combined initial concentration of ROH for Portland cement
and other supplementary cementing materials. ROH¢, ROHg,, ROHg;,, and ROHgp are the
initial concentration of ROH for cement, fly ash, slag, and silica fume, respectively. P,
Pra, P51, and Psg are the percentage of cement, fly ash, slag, and silica fume, respectively
in the total cementitious materials.

To calculate initial concentration of Calcium, Eq. (7) was proposed based on the
proportion of fly ash available in the mix.

Pra
Cacom = WcaOFA (7)

where Ca.op, 1S the combined initial concentration of Calcium, and CaOg, is the
initial concentration of CaO generating from the available FA in the mix. It is noteworthy,
FA supplies high CaO content which can potentially reduce ASR expansion.

Initial concentration of ROH and CaO for these supplementary materials are shown
in Table 5-4. Case studies on these mitigation materials’ proportion are presented in Table
5-5.

With the application of these supplementary cementing materials, concrete’s
strength and aging behavior are also changed to some extent. To address these effects in
the Mitigation Model, a strength factor was proposed through the following equations.
These factors were formulated as an empirical function from the relationship between 28
days relative strength and materials proportion, presented in study [33].

fea = (-0.0113*Pg,p2 - 0.371*Ppp+ 101.12)/100 (8)

fs1, = (-0.0005*Pg; ® +0.0194* Pg; 2 + 1.0293* P, + 100.85)/100 9)

fop = (-0.1136*Py;2 + 3.9058*P; + 99.87)/100 (10)



147

where fg,, fsp, and fsg are the factors to the 28 days compressive strength of
concrete under the application of FA, SL, and SF, respectively.

Figure 5-1 re-plots the % relative strength with different proportion of
supplementary materials. These curves are derived based on the relationship between
concrete strength and proportion of each supplementary material. The % relative strength
for FA was directly found, and the % relative strength for SL and SF were calculated from

the strength data [33].
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Figure 5-1  Influence of the proportion of supplementary materials (by mass) on
strength of hardened cement paste [33]: (a) FA. (b) SL, and (c) SF

2.3. Mechanical Model

Concrete is designed to supply adequate compressive strength and durability
against the sustained loads throughout its life span. Strength depicts the overall quality of
concrete and an important factor in structural design. Density is also a function of
compressive strength and behaves proportionally with it. An increased compressive
strength ensures a denser concrete block, and, vice versa. These properties are also
changing with time. The randomness depends on the concrete aging, duration of curing,
mix design, porosity, compaction, material compositions etc. Concrete maturity also

significantly affects the strength of concrete. Strength gain is proportional to the age of
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concrete. The mechanical properties of concrete mostly depend on the density or strength
and define concrete’s resistance to potential damage. Thus, combined effects of mechanical
properties and intensity of damage develop a complex mechanics in concrete structure. It
Is necessary to introduce these mechanics in ASR damaged concrete. Thus, this ASR model
was analyzed under cement-concrete hydration and aging, and ambient weather conditions.

Strength Model

For concrete, the traditional practice is to consider 28-day strength as a measure to
the strength of concrete. It was further factored as Eq. (11) considering the effects of
mitigation materials.

feog = ¢ * fRes (11)

where f.,g is the factored 28 days compressive strength, f." is 28 days compressive
strength, and fr. is a resultant factor of all mitigation materials. Resultant factor fg.s was
further formulated as Eq. (12).

fres = fra * fsL * fsp (12)

Definition of the terms fg,, fsp, fsg can be found in the previous section.

Density of concrete after 28 days was represented as a function of compressive
strength as Eq. (13), through an empirical relation according to study [34].

fc28
10°

Pozg = 8.602 x—=2 42110  (13)

where p.,g is 28 days concrete density (kg/m?). Factored compressive strength, f.,g
must be expressed in Pa.

Young’s modulus can be calculated from Eqg. (14) [35].

E. = 0.043 * pczsl'S\/ feos (14)
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where E. stands for Young’s modulus in concrete (Pa). Young’s modulus of
concrete reaches 86% of its final value after 28 days and becomes maximum after 90 days
[36]. Within this context, Egs. (11-14) were solved to determine compressive strength,
density and Young’s modulus of concrete after 28 and 90 days. We assumed 28 days
compressive strength as 34 MPa, and thus, 28 days Young’s modulus and density were
calculated as 29.52 MPa and 2402 kg/m®, respectively. Maximum Young’s modulus after
90 days was determined as 34.5 MPa, and thus, maximum compressive strength and
density after 90 days were calculated as 43.5 MPa and 2475.5 kg/m®, respectively.

This work incorporated changing compressive strength and density in the model.
Based on the values of 28 days and 90 days compressive strength, a piecewise function as

Eq. (15) was developed to account for the dynamic compressive strength of concrete.

f
£, = 0.00347 * (t— 28) » (%) b fg (15) 0<t<90

where f. denotes final compressive strength (Pa) and t is time (days). Figure 5-2
shows the plot of this piecewise function. Value remains constant after 90 days.

Concrete density was generated from the compressive strength as Eq. (16).

f
pC=10*<1C)+ 2000 (16)

06

where p.. denotes final density of concrete (kg/m?).
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Figure 5-2:  Compressive strength with time.

Damage Model

Volume change due to ASR was calculated through Eq. (17) according to study
[27].

Pgel
PgeltPc

& =

gel (17)

where g4 is the volumetric strain developed from ASR expansion, pge; and p. are

the mass density of alkali silica gel and concrete, respectively. The value of p. can be

estimated from Eq. (16). pge has been defined in study [27].

ASR damage can be calculated from Eq. (18) with a threshold value of 0.1% [31]
Dge = 2.021 X g4¢ — 0.195; gge1 > 0.1%  (18)

where Dy represents the ASR-damaged concrete.

Damage rating factor (DRF) was assigned to the aggregates, based on this damage
model. DRF is the maximum damage at the end of the simulation period. Concrete DRF

can range from 0 to 1, where 0 means no damaged state and 1 means completely damaged

state.
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ASR-induced damage changes the mechanical properties of concrete. This work
developed a relation between ASR damage and concrete compressive strength as Eq. (19),
to quantify damage in the compressive strength.

D¢, = fc — fc X Dgel (29)

where D¢_defines damaged portion of the compressive strength of concrete.

Damage in tensile strength of concrete was calculated from Eq. (20) as following.

Dy, = 0.35% \/D_fc (20)

where D¢,_defines damaged portion of the tensile strength of concrete.

Damaged Young’s modulus of concrete can be estimated from Eq. (14), after
replacing 28 days compressive strength, f.,s by damaged compressive strength of concrete,
Dy..

3. Numerical Modeling

In this work, a 3D meso-scale concrete prism was developed in the virtual cement-
concrete testing lab based on the Anm geometric model [37]. Each sides of the prism were
considered as 75mm in length following the ASTM C 1293 concrete prism test [29]. The
Anm composite structure with irregular aggregate morphology were captured from real
size particles using a spherical harmonic expansion method as shown in Figure 5-3(a). A
details algorithm can be found in study [37-38]. A uniform-thickness shell as interfacial
transition zone (ITZ) region around the aggregate particle defines the transition area of
alkali silica gel. This model works based on two major phases of concrete, mortar and
aggregates. Material properties such as Young’s Modulus, Poisson’s Ratio, and Density

for mortar and aggregate domain can be found in study [27].
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Figure 5-3  Concrete meso-scale geometry: (a) 3D Anm model, (b) Geometry
under boundary conditions

A developed 3D prism was meshed using in-house MATLAB code to convert each
pixel of 2D geometry into a quadrilateral element. Figure 5-3(b) shows the 2D mesh
geometry of concrete prism block under loading conditions.

Case Studies of the Mitigation Materials

A case study for different proportions of the mitigation materials was also
conducted, to check the efficiency of the Mitigation Model, and to guess the potential
combination that can reduce the ASR expansion and damage. Mitigation scheme provided
with additional benefit to the model in predicting service life and maintenance decisions.

Table 5-5 shows this case study in detail.
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Table 5-5 Case studies for Mitigation Model

Cases ID Combinations Representing Conditions

Case 1 25% FA, 75% Cement Portland cement with moderate FA,

Case 2 50% FA, 50% Cement Portland cement with high FA;

Case 3 30% SL, 70% Cement Portland cement with moderate SL;

Case 4 50% SL, 50% Cement Portland cement with high SL;

Case 5 5% SF, 95% Cement Portland cement with moderate SF;

Case 6 10% SF, 90% Cement Portland cement with high SF;

Case 7 25% FA, 5% SF, 70% Cement | Portland cement with moderate FA and SF;
Case 8 25% SL, 5% SF, 70% Cement | Portland cement with moderate SL and SF;
Case 9 20% FA, 10% SF, 70% Cement | Portland cement with moderate FA and high SF;
Case 10 20% SL, 10% SF, 70% Cement | Portland cement with moderate SL and high SF;

Thus, the developed mother model provides a user-friendly scheme, to run the

model and simulate damage propagation in concrete. Figure 5-4 illustrates the algorithm

needed to conduct the numerical analysis of the Mother Model. Table 5-6 summarizes the

input parameters required by the algorithm.

Table 5-6 Input parameters for the Developed Model
Parameters Explanations
C Aggregate Type
RH Ambient Relative Humidity
T Ambient Temperature
H-0 Initial concentration based on surrounding water level
f! Concrete’s 28 days compressive strength
F Boundary load
Pea % of FA (by mass) in the cementitious materials
PsL % of SL (by mass) in the cementitious materials
Psk % of SF (by mass) in the cementitious materials
Pc % of cement (by mass) in the cementitious materials
tfinal Simulation time
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Here, concrete prism was considered as isotropic linear elastic material. Weather

conditions considered in this study are presented in Table 5-7.

Table 5-7 Case studies for weather conditions
Case ID Ambient Ambient Initial Water Representing Conditions
Humidit | Temperature | Concentration
y (%) (°C) [mole/m?]

Case 1 100 38 0 Validation [29];

Case 2 100 60 0 Uncoated & maximum
saturation;
High temperature;

Case 3 80 60 0 High temperature and ambient
humidity;

4. Results and Analysis

To extrapolate accurate data from the simulation results, a developed model was

validated comparing with the 1 year experimental data of different aggregate types by

assuming a free expansion under environmental case 1[23]. The simulated results

represent the average value over the concrete domain.

The model was calibrated for different aggregate types. It was done by quantifying

possible initial siloxane concentration and type factor for aggregates. Simulation was run
to match with their 1 year expansions, as discussed in study [23]. Table 5-8 depicts the

outcome of this study.
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Table 5-8 Development of the model based on aggregate types [23]

Aggregate ID | Initial Siloxane Concentration (mole/m?) Type Factor
C1 608 0.856
C2 510 0.718
C3 235 0.331
C4 96 0.135
C5 367 0.517
C6 57 0.08
Cc7 1170 1.648
C8 710 1
C9 735 1.035
C10 808 1.138
Cl1 468 0.659
C12 838 1.180
C13 433 0.610
Cl4 430 0.605
C15 897 1.263
Cl16 200 0.282
C17 830 1.169

Following these values, developed models can be run as a representative model

for each of the aggregate types, using their type factors.

An analytical comparison between simulated and experimental results [23] of all

the aggregate types is presented in Table 5-9. The data presented in this Table defines the

acceptability of the developed model.



Table 5-9

Comparison of results of the different coarse aggregates

Aggregate 1D

ASTM C 12931 Year
Expansion (%)

Simulated 1 Year
Expansion (%)

C1 0.129 0.128
C2 0.112 0.110
C3 0.055 0.051
C4 0.020 0.017
C5 0.085 0.081
C6 0.010 0.008
Cc7 0.204 0.211
C8 0.144 0.145
C9 0.149 0.149
C10 0.159 0.161
Cl1 0.086 0.102
C12 0.163 0.166
C13 0.098 0.095
Cl14 0.097 0.094
C15 0.171 0.174
Cl6 0.047 0.043
C17 0.162 0.165
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The 1 year simulated results lie closely with the experimental data. Thus, it is

evident from the above Table that developed model is working perfectly in predicting

future ASR expansions.

4.1. ASR Expansion

Figure 5-5(a) illustrates the evolution of ASR expansion with initial siloxane

concentration, for different aggregate types. Siloxane, i.e. available silica defines the

reactivity of each aggregate and ASR is accelerated as the concentration of it increases.

Figure 5-5(b) shows the relation between ASR expansion and concrete’s 28-days

compressive strength. It is clear that increased strength provides more confinement to the

structure, and thus, minimizes the expansion. The higher the strength, the lower the ASR

expansion.
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Figure 5-5  Evolution of 1 year ASR expansion with: (a) initial siloxane
concentration, (b) compressive strength of concrete

The expansion mechanism for different aggregate types was analyzed in this work.
Figure 5-6 explains how aggregate type influences the expansion mechanisms. After 1 year
ASR expansion is maximum for type C7 aggregate (0.21%) and minimum for type C6
aggregate (0.008). It is noteworthy, both aggregates are limestone material, but, they were
collected from different regions. Thus, location of the gravel pit is an important factor in

defining reactivity of coarse aggregates.
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4.2. Mechanical Impacts

This work studied how damage can potentially be evolved in concrete throughout
its life cycle. Analysis was done to portray time dependent damage in the mechanical
properties of concrete. Figure 5-7, 5-8, and 5-9 identify the changes in compressive
strength, tensile strength, and modulus of elasticity, respectively. It is obvious that the
concrete samples reached its maximum strength within around 90 days time period. This
is consistent with the Strength Model discussed in section 3.5. Case 2 is the most severe
case with high ASR expansion due to its extreme weather conditions, and hence, creates
more damage. Case 3 has a very low ASR expansion and thus, it does’t loss any strength
within 1 year time period. On the other hand, type C7 is the most reactive aggregate for
which concrete undergoes severe damage. Aggregate type C6 is a non-reactive aggregate
and thus, its ASR damage remains minimum. It is clear that, concrete’s strength reduces
significantly just after that strength gaining period due to the ongoing ASR expansion.
However, strength decreases with an increasing manner, and tends to stabilize by the end

of 1 year.
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It is noteworthy that, concrete strength for case 2 and type C7 aggregate goes down
beyond their initial strength at the end of 1 year. For instance, the peak of the compressive
strength is 3.96x107 Pa and 4.27x107 Pa, which ends up with 2.83x10’ Pa and 2.94x10’
Pa, for case 2 type C8 aggregate and case 1 type C7 aggregate, respectively. If this strength
reduction continues further and passes the threshold, it would damage the concrete
microstructure, and subsequently, crack the surface. ASR damage can also potentially
affect other related mechanical properties, i.e. modulus of rupture and reduce the fatigue
and service life of concrete.

This work also analyzed the damage in concrete, generating from ASR and these
mechanical changes.

Figure 5-10 depicts the aggregates damage propagation under ASR expansion.
Maximum damage happens in type C7 aggregate (0.32), whereas, type C6 doesn’t show

any damage at the end of 1 year, because of its low ASR expansion (<0.1%).
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Figure 5-10 ASR-induced damage for case 1 in different aggregates: (a) type C1-9,
(b) type C10-17

Figure 5-11 simulates ASR damage on these aggregates for 10 years period. C7 has
the maximum damage (0.91) and C6 has the minimum damage (0.09), at the end of 10
years. It is clear that damage in C6 is not zero anymore when subjected to ASR expansion
for a longer period. These are consistent with their expansions and aggregate mineralogy
as plotted in Figure 5-6. It is noteworthy that, coarse aggregates C4 and C6 can be

considered as innocuous because of their low damage after 10 years.
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Figure 5-11 ASR induced damage for aggregates under case 1 and 10 years
expansion: (a) type C1-9, (b) type C10-17
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Thus, a dedicated mitigation scheme is necessary to effectively minimize ASR

damage in concrete.

4.3. Mitigation Scheme

Mitigation schemes were studied based on the cases presented in Table 5. Analysis
was done for the most severe ASR condition (case 2 environment and type C7 aggregate).
Figure 5-12(a) compares the 1 year expansion for different supplementary cementing
materials. It is obvious that case 3-6, 8, and 10 can’t significantly minimize the ASR
expansion. Hence, SL and SF can’t mitigate the ASR damage alone. On the other hand,
case 1, 2, 7, and 9 significantly reduce the expansion and associated damage below 0.05%
and 0.05, respectively. Hence, FA is the most effective material in mitigating ASR damage.
FA reduces the ROH content through pozzolanic reaction in cement-concrete. Maximum
result is found for case 2 with 50% FA content. Figure 5-12(b) presents a snapshot of all

the supplementary materials used in the mitigation scheme.
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Thus, high FA content is useful in minimizing ASR expansion. However, high FA

content can cause low temperature problems in concrete mix during winter season. High

FA also reduces the relative strength of hard concrete significantly [33]. To solve this

problem, case 9 can be used (20% FA and 10% SF) instead. Furthermore, the effectiveness
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of FA in reducing ASR expansions depends on the type of fly ash and its chemical
composition (ROH content). That’s why, FA content to be applied should be decided based
on its type, reactivity of the aggregate, and weather condition around the concrete structure.

Figure 5-13 visualizes the effects of case 9 mitigation scheme on the mechanical
properties of concrete. The mitigation scheme significantly improves the mechanical
strength of ASR-damaged concrete. The 1 year compressive strength, tensile strength,
Young’s modulus before the mitigation scheme are 2.15x10’ Pa, 1735.6 Pa, and 2.52x10’
Pa, respectively which get boosted up to 4.48x10’ Pa, 2300.35 Pa, and 3.42x107 Pa,
respectively after the application of mitigation materials. Thus, case 9 effectively preserves
the concrete strength under ASR susceptible environment. Thus, no further reduction in

concrete’s strength is possible under this combination, at least not from ASR phenomenon.
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This work also determined damage function-based damage rating factor (DRF) for
the discussed 17 types of coarse aggregates. This is an effort to identify the reactivity of
these aggregates and their possible outcomes under the mitigation scheme. Table 5-10

shows the DRF for all aggregates under case 1 weather and case 9 mitigation scheme.



Table 5-10  Comparison of 1 year DRF for different coarse aggregates
Aggregate 1D Before Mitigation After Mitigation (Case 20)

Cl 0.151797871 0.000085

C2 0.115466367 0

C3 0.024206191 0

C4 0.0000032 0

C5 0.057517002 0

C6 0 0

Cc7 0.321199783 0.007

C8 0.187090331 0.0009

C9 0.195295601 0.0012

C10 0.218661571 0.002

Cl1 0.099125814 0

C12 0.228919562 0.0024

C13 0.085169005 0

Cl4 0.08372523 0

C15 0.246665444 0.0032

C16 0.016391689 0

C17 0.226516951 0.00238
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Finally, an extended analysis of a 30 year period was done on the developed model

on a type C7 aggregate under case 1 environment and case 9 mitigation scheme, to check

the effectiveness of supplementary cementing materials in minimizing long-term ASR

damage. Fig. 14 shows that before the mitigation scheme ASR expansion lies mostly in the

damage zone (expansion>0.1%) and maximum expansion becomes 0.54% after 30 years.

However, with the application of the mitigation scheme ASR expansion remains well

below the threshold limit (0.1%) throughout the 30 year simulation period.
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Thus, it is evident that the developed model of this work can potentially predict the
ASR damage, and service life of concrete under variable environmental conditions, and
can mitigate the damage with an effective combination.
5. Conclusions
This work presents the 3D concrete prism at the meso-scale and proposes a chemo-
physio-mechanical model to predict and mitigate ASR damage. A processed slice from the
3D Anm model captures the composite skeleton of hardened concrete. Model construction
includes time-dependent aging and mechanical damage along with a mitigation scheme for
different aggregate types. Strength based governing equations formulated in the model, are
the major contributions of this work. Moreover, introduction of the aggregate types and a
dedicated mitigation scheme in the damage model is the first ever implementation in a
model, to the best of the authors’ knowledge. The simulated results from the model capture
chemo-physic-mechanical processes involved in the ASR kinetics and gel production, from
a close perspective. The quantitative and comparative analysis of the results magnify these

phenomenon for a better understanding.
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ASR expansions progress proportionally with the silica content of reactive
aggregates. High initial concentration of siloxane from reactive aggregates will lead to
higher ASR expansion and damage. Stress generated from the ASR expansion greatly
affect the concrete mechanical strength, and ultimately crack the structure when the overall
capacity reduced beyond its threshold. The 17 types of coarse aggregates considered in this
work represent a wide range of mineralogical compositions. This is an effort in mapping
the reactive aggregates across North America. Aggregate type C7 Limestone from Ontario,
CA is highly reactive and contains high initial concentration of siloxane, i.e. silica (1170
mole/m?®). Thus, for obvious reason it comes up with the maximum damage after 10 years
(0.91). On the other hand aggregate type C6 Limestone from San Antonio, TX is highly
non-reactive and the maximum damage after 10 years is very low (0.09). Reactive
aggregate can also significantly reduce the overall capacity of structural concrete by
initiating chemical reaction to the right direction. Reactive C7 Limestone can reduce the
compressive strength by 32.1%, tensile strength by 18.8%, and Young’s modulus by
18.86% under a fixed environment at the end of 1 year simulation period. A damage rating
factor (DRF) has also been assigned to 17 aggregates from different locations and
mineralogy to facilitate the choice of materials in structural concrete design.

Ambient temperature and humidity accelerate the ASR mechanism, whereas better
compressive strength of concrete can impede such type of expansion. High temperature
and humidity increase the ASR expansion which further reduces the concrete strength. A
57.9% increase in temperature reduced the compressive strength by 19.6%, tensile strength

by 6.48%, and Young’s modulus by 6.46% for type C8 aggregate. A 25% increase in
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humidity reduced the compressive strength by 29.4%, tensile strength by 14.05%, and
Young’s modulus by 14.06% for type C8 aggregate.

Among the many supplementary cementing material combinations case 1(25%
FA), case 2 (50% FA), case 7 (25% FA, 5% SF) and case 9 (20% FA, 10% SF) are the
most active in minimizing ASR expansion, and they can keep ASR damage generated from
highly reactive type C7 Limestone way below the damage zone (expansion <0.1%). Thus,
it is evident that the amount of fly ash in the combination mostly defines the effectiveness
of the choice of SCMs in controlling ASR expansion. However, for the structures located
in the cold regions, this study suggests using case 9, a combination of 20% fly ash and 10%
silica fumes, to limit the gel production. Moreover, a 30 years simulation predicts that a
suitable mitigation scheme (case 9) can keep the ASR expansion as well as damage below
the threshold limit and thus, justifies its applicability for a long term damage prevention.

This developed model can be used further for any concrete structures by changing
the input parameters, to see the evolution of ASR expansion before and after the mitigation.
Mitigation scheme facilitates the application of fly ash, slag, and silica fumes in minimizing
ASR-induced damage. Thus, this model can be very crucial in decision making from the
management perspective, i.e. whether to replace or repair the structure, when or how to
repair the structures etc. It can save huge chunk of money and guide the cement-concrete
industry. There is also a great potential for this model to update in future. The analyzed
and processed data from different cases studies can be fed into a machine learning
algorithm to train it and develop a stand-alone software. Hence, developed model from this

work seems profitable and represents a powerful tool with versatile applications.
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CHAPTER SIX: CONCLUSIONS, RECOMMENDATIONS, LIMITATIONS AND
FUTURE RESEARCH SCOPE
Conclusions

This thesis work summarized four specific tasks to address in a modeling platform.
The first task and associated solutions are addressed in manuscript # 1. Here concrete
degradation in rigid pavement was analyzed in a three-dimensional multiphysics model.
Major contribution of the work was the development of governing equation sets which
integrated coupled thermo-hygro-mechanical (THM) model, material mesoscale details
and damage modes in the numerical model. Simulated results confirmed that average
expansion in concrete starts after the latency period and then continues to increase with a
decreasing rate. When reaction starts, the ASR expansion is amplified for the initial years,
and after that it tends to stabilize along with the depletion of alkali-hydroxides
concentration from the porous media. Traffic loadings on the pavement play a vital role on
the evolution of ASR expansion. ASR expansion and associated damage can be minimized
by following three strategies: using non-reactive aggregates, limiting the maximum alkali
content of concrete and limiting the moisture availability in the field structures.

The second task and associated solutions are addressed in manuscript # 2. This
work analyzes the ASR chemophysics and concrete properties in a two-dimensional model.
Meso-scale geometry was developed in virtual cement-concrete lab to develop concrete
media with different cement-aggregate proportions and chemical species concentrations.

Coupled mass and momentum balance equations and their application in the numerical
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model are the major contributions of this work. ASR expansion continues as long as there
are enough reactive silica, alkali hydroxide and water content in concrete structure.
Depletion of any one of these contents may limit the ASR production and gel diffusion.
ASR expansion is severe under concrete with high reactive aggregate proportions and high
hydroxyle ion concentrations. External load or constraint has potential to mitigate ASR
damage in concrete.

The third task and associated solutions are addressed in manuscript # 3. This work
renders concrete prism in a two-dimensional meso-scale geometry and adds stochastic
model to simulate effects of extreme weather events on the ASR evolution and expansion.
This is critical innovation of this work that links random environmental conditions to the
ASR mechanisms under partially/variably saturated porous media. Uncoated concrete with
easy access to water is more susceptible to ASR damage. Nuclear reactors or concrete dams
submerged in water can be a perfect examples of these situations. On the other hand, any
concrete structure which are effectively coated or don’t have easy access to water are less
susceptible to ASR damage. An ASR damaged concrete can show up further expansion
with late water supply to the structure. On the other hand, constant drying under low
humidity can minimize further expansion significantly. Frequent expansion-contraction
and non-linear change in concrete volume under the effects of extreme weather events can
break the cement-aggregate chemistry and damage the structure faster.

The fourth task and associated solutions are addressed in manuscript # 4. This work
processed a two-dimensional slice from the 3D Anm model to capture the composite
skeleton of hardened concrete. Model construction includes time-dependent aging and

mechanical damage along with a mitigation scheme for different aggregate types. Strength
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based damage model along with the mitigation scheme are the major contributions of this
work. This is the first ever implementation in a model, to the best of the authors’
knowledge. Reactive aggregate with high silica concentration will develop faster ASR
expansion and damage. This expansion will develop micro-cracks in the concrete skeleton
which can significantly reduce the load carrying capacity of the structure. This work also
analyzed the behavior of 17 different types of aggregate from different mineral sites to map
the reactive coarse aggregate across North America. ASR expansion is reduced under the
impact of creep loadings. However, a mitigation scheme with a diverse choice of
supplementary materials can be the conclusive solution to ASR problems. Among the many
supplementary cementing materials fly ash is most effective in minimizing ASR expansion.
Recommendations, Limitations and Future Research Scopes

The developed model from this thesis work can be very crucial for other concrete
structures in predicting the evolution of ASR expansion as well as service life under the
real world environmental conditions. It can be helpful in decision making from the
management perspective, i.e. whether to replace or repair the structure, when or how to
repair the structures etc. It can save huge chunks of money and guide the cement-concrete
industry. Thus, this work will advance in the field of resilience and sustainable
infrastructure development by supporting on-time prediction and adaptive management to
account for the weather uncertainty.

Pressure of crystallization was not included in this developed model. The effect of
crystallization and subsequent expansion is a mechanism of alkali-carbonate reaction
(ACR). Thus, this model is valid for alkali-silica reaction (ASR) only. The damage model

is for isotropic concrete block only.



179

However, the developed governing equation set can be calibrated further for any
concrete structure by changing the input parameters, initial concentrations of chemical
species, concrete density, and loading conditions according to the purpose, proportion or
properties of concrete domain. There is also a great potential for this model to update in
future. The analyzed and processed data from different cases studies can be fed into a
machine learning algorithm to train it and develop a stand-alone software. Hence,
developed model from this work seems profitable and represents a powerful tool with

versatile applications.
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